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Abstract
Accumulated adverse events, including insufficient nutrition, throughout pregnancy and infancy can disrupt brain
development as well as early learning and cognition. Food neuropsychology research in childhood investigates the
pathway from prenatal and postnatal nutrient supply to long-term brain function and mental health. Adequate
food supply and nutrition from conception through infancy play an essential role in normal brain development
and cognitive functioning and may also influence vulnerability to mental disease later in life. Neurodevelopmental
processes, such as neuron proliferation, myelination and synaptogenesis, occur rapidly during pregnancy and infancy and are critically dependent on a sufficient supply of a variety of nutrients, including protein, omega-3 polyunsaturated fatty acids, iodine, iron and zinc. The investigation of the molecular basis of food effects on cognition
and mood will help ascertain early-life nutritional requirements in order that brain functions and mental fitness
may be enhanced. There is currently no convincing evidence of beneficial effects of nutrients or food bioactives
in child mental disorders. Numerous issues in the examination of the effects of specific nutrients, including the
identification of nutrients critical at different phases of brain development and the optimal dosage and duration
of supplementation, require further research.
Keywords: Food neuropsychology; Brain development; Child cognition; Mental health; Prevention.

1. Introduction
Neural processes underlying early learning are influenced by genetic, epigenetic and environmental factors and have significant
effects on subsequent development and health (Weaver, 2014). Adverse experiences early in the life course are linked to adult health
(Black et al., 2017) and can have long-term disrupting effects on
brain development and cognitive functioning (Shonkoff and Garner, 2012; Luby, 2015). Among various adversities, inadequate nutrition in prenatal and early postnatal stages carries the risk in affected individuals of failure to attain their developmental potential
with respect to education, professional prospects, social relations
and mental health (Lake and Chan, 2015; Walker et al., 2007). The
important role of certain nutrients in the ontogenetic development
of the central nervous system is well established (Georgieff and
Rao, 2001; Kretchmer et al., 1996). Adequate nourishment and micronutrient supply is particularly important during pregnancy and

infancy, when the brain develops most rapidly. Brain growth and
function are dependent on a wide range of nutrients, but certain of
these play key roles during early development. For example, folate
is needed for neural tube development (Hibbard and Smithells,
1965) and iodine plays a vital role in neuronal plasticity (John et
al., 2017). Other nutrients with significant effects on brain development include protein, essential fatty acids, choline, iron and zinc
(Georgieff, 2007).
Most of the evidence regarding the biological mechanisms
through which nutrient deficiencies may interfere with neurodevelopment at molecular and cellular levels stem from animal experiments. Neurodevelopmental processes that can be affected by
these deficiencies in early life include proliferation of neurons,
growth of axons and dendrites, myelination of neuronal membranes, formation of synapses and neuronal apoptosis (Prado and
Dewey, 2014). While findings of animal studies have demonstrated the important role of food components in brain development,
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Table 1. Macronutrients and micronutrients in prenatal and infant brain development

Nutrient

Main role in developmental brain physiology

Main effects of deficiency

Protein

Cell proliferation and differentiation,
dendritic arborization, synaptogenesis

Mild neurodevelopmental abnormalities (e.g.
impaired visual recognition memory)

Omega-3
fatty acids

Myelination, synaptogenesis

Cognitive deficits (e.g. attention, information
processing); child mental disorders?

Folate

Neural tube development

Spina bifida, encephalocele

Iodine

Cerebral cortex cytoarchitecture

Cognitive impairment

Iron

Energy metabolism, myelination and
neurotransmitter production

Abnormal neurological reflexes and impaired auditory recognition
memory at birth; poorer neurodevelopment at school age

Zinc

Neurogenesis, neuronal migration,
myelination and synaptogenesis

Cognitive deficits (e.g. attention, learning, memory)

the development of permanent cognitive deficits or mental disorders as a consequence of inadequate nutrition in early ontogenesis
depends on the interaction of these components with various other
factors. Food neuropsychology is concerned with the way in which
food and its components influence the nervous system, brain-behavior interactions, cognition, emotion and motor functions. The
present short review summarizes the main scientific findings on
food and child brain development and provides suggestions for
future research.
2. Food neuropsychology and child cognition
The main macro- and micronutrients that have been identified as
necessary in prenatal and infant brain and cognitive development
include protein, omega-3 polyunsaturated fatty acids (PUFAs), iodine, iron and zinc (see Table 1).
2.1. Protein
The findings of animal models have demonstrated that protein restriction in early life results in reduced brain size, a less complex
dendritic architecture, reduced synaptic numbers and a decrease in
neurotransmitter and growth factor levels (Jones and Dyson, 1981;
Wiggins et al., 1984; Winick, 1985). The special importance of
protein, among other macronutrients, in achieving full neurodevelopment during the prenatal period and early childhood has also
been shown in human studies (Pollitt et al., 1995). Fetal protein
and/or energy malnutrition in humans causes intrauterine growth
retardation (Low and Galbraith, 1974), which may be associated
with impaired prenatal growth of the head (Strauss and Dietz,
1998) and mild neurodevelopmental abnormalities, including impairment of visual recognition memory (Gotlieb et al., 1988; Spinillo et al., 1993).

2.3. Iodine

2.2. Omega-3 fatty acids
Omega-3 PUFAs are constituents of cell membranes and are essential for normal brain function. Animal studies have demonstrated
that omega-3 PUFAs, particularly docosahexaenoic acid (DHA),
are involved in neurogenesis, neuronal migration, synaptogenesis
as well as fatty acid composition and fluidity of neuronal membranes (Innis, 2008). Since omega-3 PUFAs are essential for brain
growth and development during pregnancy and infancy (Kris-
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Etherton et al., 2009), sufficient dietary supply is indispensable for
normal cognitive and motor development in childhood (Clandinin
et al., 1980a, 1980b; Colombo et al., 2004; Helland et al., 2003;
Luxwolda et al., 2014). Dietary deficiency of omega-3 fatty acids
appears to impair learning and memory in rodents (Bourre et al.,
1989; Moriguchi et al., 2000). In non-human primates, early PUFA
levels have been found to have modulatory effects on prefrontal
cortex functions, such as attention, impulsivity and inhibition
(Neuringer et al., 1986). The findings of studies in preterm humans
have suggested beneficial effects of DHA for retinal and cognitive
development (O’Connor et al., 2001; SanGiovanni et al., 2000).
The results of other human studies of potential benefits of omega-3
PUFA supplementation during gestation, lactation and infancy on
attention and cognition have been mixed (Delgado-Noguera et al.,
2010; Simmer, 2001). However, long-term follow-up appears to
be essential in food supplementation studies, since benefits of PUFAs administered in the first year of life may become apparent
only at age 3–6 years (Colombo et al., 2013). The accumulation
of omega-3 PUFAs in neuronal membranes may contribute to increased information processing, improved attention and enhanced
cognition in children (Vollet et al., 2017). Maternal supplementation with omega-3 PUFAs during pregnancy and lactation has been
reported to augment children’s intelligence quotient at 4 years of
age (Helland et al., 2003). Dietary enrichment with PUFAs has
also been shown to positively impact children’s general cognitive
competence as well as learning, memory and language (Øyen et
al., 2018). Furthermore, omega-3 PUFA supplementation was associated with a decrease in deficits in reading and spelling in children with developmental coordination disorder (Richardson and
Montgomery, 2005). In children deemed “normal” in their general ability but “not fulfilling their potential at school”, improved
school performance was seen in those receiving omega-3 PUFAs
(Portwood, 2006). This finding needs to be confirmed by highquality randomized trials.

The role of iodine in brain development is related to thyroid hormone synthesis. An insufficient intake of iodine in prenatal stages
and infancy can permanently and irreversibly disturb the cytoarchitecture of the cerebral cortex (John et al., 2017; Williams,
2008). Animal studies have shown that prenatal iodine deficiency
is linked to deficient neurogenesis and neuronal migration, while
postnatal deficiency affects dendritogenesis, synaptogenesis and
myelination (Dong et al., 2005; Navarro et al., 2015). Behavioral
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abnormalities observed in animals include impairments in learning
and memory and sensory gating as well as increased anxiety-like
behaviors (Navarro et al., 2015). Severe prenatal iodine deficiency
in humans can cause cretinism with irreversible changes in brain
development, including deficits in hearing, speech and motor functioning (Skeaff, 2011), as well as a reduced intelligence quotient
(Bath et al., 2013).
2.4. Iron
A key role of iron in human brain development, including energy metabolism, myelination and neurotransmitter synthesis,
has been demonstrated in numerous studies (Beard and Connor,
2003). Rodent experiments have found that iron is necessary for
the structural, neurochemical and functional development of the
fetal brain (Carlson et al., 2009; Greminger et al., 2014; Lozoff et
al., 2006). Behavioral consequences of iron deficiency in rodents
include deficits in trace recognition memory (McEchron et al.,
2005), procedural memory (Beard and Connor, 2003) and spatial
navigation (Felt and Lozoff, 1996). Human infant iron deficiency
has been shown to be associated with abnormal neurological reflexes (Armony-Sivan et al., 2004) and impaired auditory recognition memory at birth (Siddappa et al., 2004). Infants with low cord
serum levels show poorer neurodevelopment at five years of age
(Tamura et al., 2002).
2.5. Zinc
Zinc is a cofactor in enzymes involved in the biochemistry of
proteins and nucleic acids (Sandstead, 1985), and fetal zinc deficiency leads to a reduced brain content in DNA, RNA and protein
(Duncan and Hurley, 1978). Animal studies have shown that zinc
is needed for neurogenesis, neuronal migration, myelination and
synaptogenesis (Adamo and Oteiza, 2010). Behavioral effects of
zinc deficiency in early life in humans include disturbed attention,
learning, memory and mood (Golub et al., 1995), and a positive
impact of zinc supplementation in early infancy has been reported
(Black et al., 2004; Colombo et al., 2014). Fetuses of zinc-deficient
mothers have been observed to show reduced movement and heart
rate variability, which suggests impaired stability of the autonomic
nervous system (Merialdi et al., 2004).
3. Food neuropsychology and child mental disorders
Food and diet are increasingly recognized as critical not only for
early brain development and cognition but also as potentially
modifiable factors influencing mental health outcomes in children
(Lange, 2018a). While the factors contributing to mental health are
manifold and complex, maternal nutrition and early-life diet appear to be associated with behavioral and emotional dysregulation
and neuropsychiatric conditions in childhood (O’Neil et al., 2014).
Severe macronutrient deficiencies during early development have
been linked to the pathogenesis of depressive and psychotic disorders (Brown et al., 1995; Susser and Lin, 1992). Furthermore,
the findings of several prospective cohort studies have shown that
prenatal and early postnatal nutrition are associated with internalizing and externalizing problems in children aged 5–7 years (Jacka
et al., 2013; Pina-Camacho et al., 2015; Steenweg-de Graaff et al.,
2014). In addition, various vitamins, trace elements and omega-3
fatty acids have been suggested to play a role in child mental dis-

orders (Lange, 2017, 2018b, 2020a; Lange et al., 2017). For example, dietary omega-3 PUFA deficiency has been associated with an
increase in the risk of several mental disorders in children, such as
attention deficit/hyperactivity disorder (ADHD), autism spectrum
disorders (ASD) and mood and psychotic disorders (Lange, 2020b,
2020c). However, epidemiological studies reporting correlations
between nutrient levels and the presence or severity of psychiatric
symptoms do not allow any conclusions on causality. Since numerous intervention studies examining the potential therapeutic effects
of nutrients in mental disorders have employed study designs lacking an appropriate control group, the results reported may be due to
placebo effects. Long-term randomized controlled trials are largely
absent. There is therefore no convincing evidence of beneficial effects of nutrients or food bioactives in child mental disorders.
3.1. Elimination diets
In addition to nutrient deficiencies, antigenic properties of food
components have been hypothesized to be involved in child mental disorders. For example, a causal involvement of the proteins
gluten and casein in the pathogenesis of ASD has been suggested
(Lange et al., 2015), and gluten-free/casein-free diets are believed
to be capable of ameliorating the behavioral symptoms in children.
However, the scientific rigor of many available intervention studies is low, and rigorous scientific evaluations found no evidence of
effectiveness of the gluten-free/casein-free diet in the treatment of
ASD (Reissmann et al., 2020).
On the basis of the hypothesis that artificial food additives may
be involved in the occurrence of ADHD symptoms, elimination
studies have examined the effects of the exclusion of artificial
food additives or of a few-foods diet in children with ADHD. A
meta-analytical review reported a small effect size of food additive
elimination (Nigg et al., 2012). Furthermore, the small effect sizes
found for artificial food color elimination in placebo-controlled
trials provide no convincing evidence of its therapeutic efficacy,
while the medium-to-large effects of the few-foods diet suggest
that this approach may offer a treatment option (Pelsser et al.,
2017). In addition, the use of oligoantigenic diets and subsequent
reintroduction of nutrients can reveal food-related intolerances or
allergies. This approach is currently under investigation (Dölp et
al., 2020) .
4. Future directions
While various nutritional deficiencies, such as chronic undernutrition and insufficient iodine and iron supply, have clearly been
shown to impair brain development, evidence of the effects of micronutrient powder supplementation and salt iodization is scarce,
and further investigations are therefore called for.
4.1. Time, extent and duration of nutrient deficiency
The effects of nutrient deficiencies on early brain development depend on time, extent and duration (Kretchmer et al., 1996). The
time of nutrient deficiencies appears to be of particular importance
(Cusick and Georgieff, 2012). Critical or sensitive ontogenetic periods are times of particular receptiveness or vulnerability to certain environmental and other factors, such as maternal health, social stimulation and deprivation, stress, toxins or nutrients. These
factors are of critical importance for normal brain development,
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with a deficiency resulting in irreversible long-term consequences
for brain structure or function (Bornstein, 1989; Colombo, 1982).
For example, the hippocampus develops earlier than the prefrontal cortex and therefore the time period of insufficient supply of a
nutrient affecting the arborization of neuronal dendrites will determine which of these brain regions sustains more profound damage.
A neuronal circuit requiring a balanced input from both hippocampus and prefrontal cortex, such as the ventral tegmental area, may
show significant behavior-related pathology, e.g. related to psychotic disorders, as a consequence of unbalanced input (Tseng et
al., 2009; White and McDonald, 2002).
The significance of the stage in infant development during
which iron supply is deficient has been investigated. While iron/
folic acid supplementation during pregnancy produced better results in the offspring in tests of intellectual, executive and motor
function in comparison with placebo controls (Christian et al.,
2010), supplementation in children aged 12–35 months showed no
effect (Murray-Kolb et al., 2012). Furthermore, excessive administration of iron may lead to worse neurodevelopmental outcomes.
In a 10-year follow-up study of iron supplementation in 6-monthold infants, those with high hemoglobin receiving iron performed
significantly worse 10 years later in a neurodevelopmental task
battery, while infants with low hemoglobin receiving iron showed
a significantly better performance (Lozoff et al., 2012). These findings demonstrate that a nutrient may be beneficial at one dose or
time and toxic at another.
Research on specific nutrients has yet to ascertain both the effects of individual compounds during critical phases of brain development and the optimal dosage and duration of supplementation.
4.2. Combination of nutrients and dietary patterns
The majority of available studies have investigated the brain-related and behavioral effects of individual nutritional components,
food bioactives or supplements. However, individual nutrients can
interact with one another and may have synergistic (or antagonistic) effects on specific functions. Food research has therefore
focused increasingly on dietary pattern analysis (Hu, 2002). Multiingredient supplementation may be needed to achieve beneficial
effects in mental disorders in particular, since they are clinically
complex and etiologically heterogeneous.
In a study assessing cognitive functioning, children aged 6–12
years receiving a beverage containing omega-3 fatty acids and
various micronutrients (iron, zinc, folate and vitamins A, B6, B12
and C) showed higher scores in tests assessing learning, memory
and verbal intelligence after 6 and 12 months (Osendarp et al.,
2007). In order to separate out the role of individual nutrients in
the improved test results, it would be necessary to perform several concurrent studies examining single components. However,
certain dietary components may act in an additive or synergistic
fashion, and the assessment of dose-response relationships for all
potentially relevant nutrients poses numerous logistic challenges.
A possible role of dietary patterns has been investigated in children and adolescents diagnosed with ADHD. A large populationbased cohort study reported that ADHD diagnosis was associated
with a higher score for a ‘Western’ dietary pattern, but not with a
‘healthy’ dietary pattern (Howard et al., 2011). An inverse association has been found between ADHD and a nutrient pattern rich in
zinc, protein and other minerals (Zhou et al., 2016). Furthermore,
low adherence to a Mediterranean diet was associated with an increase in the prevalence of ADHD diagnosis (Ríos-Hernández et
al., 2017). Hyperactivity was positively correlated with the con-
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sumption of processed meat and salty snacks and negatively associated with the consumption of vegetables, coarse cereals, aquatic
foods, beef and mutton (Liu et al., 2014). However, the findings
are based on observational study designs which allow no conclusions regarding causal relationships between ADHD and diet.
There is a paucity of randomized controlled trials examining
the effectiveness of dietary change in mental health. Emerging evidence in adults suggests that adherence to a Mediterranean-style
diet has beneficial effects on mental health in individuals with
depression (Parletta et al., 2019; Sánchez-Villegas et al., 2019),
and significant improvements in mood and decreased anxiety levels have been observed in adults with major depression (Jacka et
al., 2017; Jacka et al., 2018). However, randomized controlled trials assessing the Mediterranean or other diets in early life are not
available.
4.3. Role of the microbiome
Research on the interaction between intestinal microbiota and the
brain has come into focus in research, since the microbiome appears to provide a link between the gut and brain function (Dinan
et al., 2015; Fernandez-Real et al., 2015; Sarkar et al., 2018). In
particular, gut microbiota have been suggested to play a role in
responses to stress (Dinan and Cryan, 2012) and the risk of childhood mental disorders, such as ADHD and ASD (Lange et al.,
2020). However, the recent hype in microbiome research, including claims that interventions targeting intestinal microbiota might
offer potential avenues for the enhancement of cognition or the
treatment of mental disorders, needs to be put into perspective. The
available studies have shown correlational but no causal relationships and have been unable to detect distinct microbiota patterns
related to different mental disorders (Lange et al., 2020). Largescale, prospective trials need to investigate the clinical relevance
of findings in animals and the validity of the intestinal microbiome
as a target in the prevention or treatment of mental disorders.
4.4. Adverse effects of food supplements
In regard to the administration of nutritional supplements, possible
adverse effects of seemingly natural and healthy nutrients should
be taken into consideration. For example, long-term omega-3
PUFA administration may be associated with an elevated cancer
risk, possibly due to PUFAs, their oxidation products or added
α-tocopherol (Lange et al., 2019). Therefore, caution is needed
when food supplements are administered over extended periods
of time and during vulnerable phases of life, especially in infancy
and childhood. Adverse effects may become apparent many years
after supplementation and their cause may therefore fail to be recognized.
4.5. Further aspects
In addition to the above mentioned aspects of time, extent and
duration of nutrient deficiency, a child’s psychosocial environment should be considered in the design of future research. In a
recent cross-sectional cohort study of early school-aged children,
caregiving behaviors, such as quality of parent-child relationship
and parental stress, have been shown to modify the association of
children’s gut microbiome with socioeconomic risk and behavioral
dysregulation (Flannery et al., 2020). Nutritional supplementation
may produce positive effects on development only if combined
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Table 2. Research issues of food neuropsychology and child brain development

Further identification of foods critically important for normal brain development
Effects of time, extent and duration of nutrient deficiencies on early brain development
Long-term effects of early nutritional deficiency on behavior, cognition and mental health across the entire lifespan
Role of single nutrients versus dietary patterns and whole diets
Obesity and mental health problems in later life
Correlational or causal association of gut microbiota with cognition or mental disorders
Identification of distinct microbiota patterns related to different child mental disorders
Interaction of food-related factors with psychosocial and environmental factors
Food neuropsychology and public health policies
with a certain amount of stimulation from the environment. For
example, developmental benefits following zinc supplementation
were seen in Jamaican infants aged 9–30 months only if they participated in a psychosocial stimulation intervention (Gardner et al.,
2005). Thus, improvement of nutrition alone may be insufficient to
improve brain development.
Child brain development may be affected not only by nutritional deficiency but also by an overabundance of food resulting
in overweight and obesity. Maternal obesity during pregnancy appears to be associated with an elevated risk for a wide range of
physical health, cognitive and mental health problems in offspring
across the entire lifespan (Contu and Hawkes, 2017). High prenatal maternal body mass index has been found to be associated with
differences in cognitive performance of offspring at age 5 years
(Basatemur et al., 2013) and in affective and social functioning at
ages 5–6 years (Jo et al., 2015; Robinson et al., 2013; Rodriguez,
2010). Elevated prenatal body mass index has also been associated
with ADHD and ASD in early and middle childhood (Getz et al.,
2016; Sanchez et al., 2018). Furthermore, changes in fetal brain
connectivity, as assessed using functional MRI, have recently been
shown to be associated with elevated maternal body mass index
during pregnancy, with a tendency for elevated within-hemisphere
connectivity and a decrease in cross-hemisphere connectivity
(Norr et al., 2020). This may have implications for the long-term
cognitive development and mental health of the offspring. Little
is known about the associations between brain development and
overweight or obesity in children. In a group of over 3,190 children with a mean age of 10.0 years, those with a higher body mass
index were found to exhibit lower thickness of 18 regions of the
cerebral cortex, with the greatest correlation observed in the prefrontal cortex (Laurent et al., 2020). In addition, body mass index
was inversely correlated with scores in tests of executive functions,
such as working memory (Laurent et al., 2020). These findings
suggest that child obesity is associated with the development of the
prefrontal cortex. In addition, the complex relationships between
obesity and mental health are thought to potentiate the severity and
interdependence of each other (Small and Aplasca, 2016).
Research on the role of nutrients in mental disorders is hampered by their problematic classification and heterogeneous nature. An objective and reliable classification based on biological
hypotheses is needed (Haber and Rauch, 2010; Insel and Cuthbert,
2009). Most mental disorders are ill-defined constructs and lack
biological or neuropsychological markers underpinning their validity. At present, the preventive or therapeutic efficacy of nutrients
in child mental disorders can be evaluated using only subjective
and questionable symptom ratings rather than objective pathophysiological measures or neuropsychological biomarkers.

Major research issues of food neuropsychology and child brain
development are presented in Table 2.
5. Conclusion
Normal brain development is critically dependent on sufficient
food supply and nutrition. A balanced diet from conception through
infancy is essential in providing an adequate nutrient supply to allow an undisturbed development of brain and cognitive function.
Furthermore, food and diet seem to be modifiable intervention targets for the prevention of common mental disorders.
Current epidemiological findings on food and mental health
cannot establish causality or provide information on the underlying mechanisms. Further scientific evidence demonstrating an
unequivocal link between nutrition and mental health is therefore
needed. Foods and dietary components critically important for
brain health and possibly mental disease as well as the timing, dosage and duration of nutritional interventions providing preventive
and therapeutic efficacy require further investigation.
The effects of dietary factors normally become apparent in
the long term and their importance for public health is therefore
frequently underestimated. Nutritional deficiencies during pregnancy and infancy may have effects on behavior, cognition and
mental health throughout childhood, adolescence and adulthood.
Thus, prevention of nutritional deficits in early life may have longterm benefits for individuals and societies. The findings of food
neuropsychology and nutritional research on child mental development should inform public health nutrition practice and policymaking related to promoting healthy brain development.
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Abstract
The World Health Organization (WHO) stated that COVID-19 could be characterized as a pandemic in March 11,
2020. As for the food industry and related sectors, food safety and security were the first subject of concern. Since
there was no evidence that COVID-19 had any effect on food safety and security, the attention was changed to
the potential of nutraceuticals and functional foods in positively affecting immunity in the context COVID-19. As
for the feedstocks, our readership has shown a great deal of interest in fruits (e.g. pomegranate, grapes, berries,
mushrooms, and soybean) and the industrial products thereof (e.g. wine, smoothies, miso), while lipids, peptides,
and phenolic compounds were in the spotlight among the bioactive compounds. Considering the number of
downloads of each paper, this report provides a cursory account of selected examples to illustrate the trends in
food bioactives in the COVID-19 Pandemic Year.
Keywords: Coronavirus; SARS-CoV-2; Functional foods; Nutraceuticals.

1. The audience of Journal of Food Bioactives in in the COVID-19
Pandemic Year
The 9th volume was published on March 31, 2020. Therefore,
20 days after the World Health Organization (WHO) stated that
COVID-19 could be characterized as a pandemic. According to
the Summary Report on the Extraordinary Scientific Roundtable
of IUFoST-CIFST on March 21, 2020, it was stated that there was
no evidence that COVID-19 has any effect on food safety and
security as well as on food bioactives (Shahidi, 2020). This report
(Table 1) was downloaded almost four thousand times and, according to researchgate, has received 25 citations thus far. The
phenolic antioxidants of pomegranate were addressed by de Oliveira et al (2020). Their review presented the main antioxidant
compounds in pomegranate (e.g. ellagic and gallic acids, anthocyanins, ellagitannins, and procyanidins) and their biological effects, the antioxidant activity of pomegranate-based foods, the
application of pomegranate as a natural antioxidant food additive,

the role of pomegranate in the prevention and management of
chronic diseases, as well as the trends and prospects regarding the
application of pomegranate in innovative food and health. Finally,
the original paper by de Carvalho et al. (2020) studied the effects
of vineyard management practices in terms of physicochemical characteristics, phenolic profile, and antioxidant capacity of
Syrah tropical wines from São Francisco Valley in Brazil. The
interaction between the espalier training system and the rootstock
IAC 766 resulted in higher flavonol contents, phenolic acids, and
malvidin-3-O-glucoside, which was detected as the major phenolic as quantified by HPLC. This wine also presented significant
levels of procyanidins A2 and B2, which showed a positive correlation with the antioxidant activity.
COVID-19 also received much attention in the volume 10 of
the journal. Adequate nutrition is a prerequisite of an optimally
functioning immune system. Accordingly, the potential immunomodulatory effects of dietary sources of micronutrients and
food bioactives in the context COVID-19 was discussed by Lange
and Nakamura (2020). The supplementation of micronutrients,
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Table 1. Most downloaded articles from April 2019 to March 2021

Section

Title

Keywords

Meeting Report

Does COVID-19 affect food safety and security?

Coronavirus; SARS-CoV-2

Review

Pomegranate as a natural source of
phenolic antioxidants: a review

Ellagitannins; Anthocyanin;
Antioxidant; Polyphenols

Original

Physicochemical characteristics, phenolic profile,
and antioxidant capacity, of Syrah tropical wines:
effects of vineyard management practices

São Francisco Valley; Vitis vinifera L;
Phenolic compounds; Antioxidant
activity; Physicochemical composition

Perspective

Food bioactives, micronutrients, immune
function and COVID-19

Food bioactives; Micronutrients; Diet;
Immune function; Coronavirus; COVID-19

Original

An overview of Brazilian smoothies: from consumer profile
to evaluation of their physicochemical composition, bioactive
compounds, antioxidant activity and sensory description

Smoothies consumption; Bioactive
compounds; Antioxidant activity;
Sensory description

Review

Lipid-derived flavor and off-flavor of traditional
and functional foods: an overview

Maillard reaction; Volatiles and
non-volatiles; Lipid fatty acids;
Oxidation; Flavor and off-flavor

Opinion

Do natural antioxidants play a role in Alzheimer’s disease?

Alzheimer’s disease; Antioxidants; Oxidative
stress; Prevention; Prooxidant activity

Review

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

Aronia berry; Anthocyanin; Chronic
disease; Composition; Polyphenol

Original

Amber, red and blue LEDs modulate phenolic contents and
antioxidant activities in eight Cruciferous microgreens

Amber light; Antioxidants; Lightemitting diodes; Microgreens;
Phytochemicals; Secondary metabolites

Opinion

Food processing and effects on bioactive
constituents: an opinion piece

Food processing; Bioactive compounds;
Ultra-processing; Junk food; Controversies

Review

Bioactive compounds and bioactive properties of
chaga (Inonotus obliquus) mushroom: a review

Phenolics; Terpenoids; Polysaccharides;
Alkaloids; Nutraceutical/medicinal
properties; Bioactives and bioactivities;
Toxicity/safety concerns

Original

Identification of short-chain pyroglutamyl peptides in Japanese
salted fermented soy paste (miso) and their anti-obesity effect

Fermented food; Miso; Pyroglutamyl
peptide; Pyroglutamyl leucine; Obesity

Volume 9

Volume 10

Volume 11

Volume 12

including vitamins and trace elements, and food bioactives, such
as carotenoids and polyphenols, has been shown to be beneficial
in enhancing immunity in viral infections. However, the authors
highlight that the significance of these compounds in naturally
occurring infections derives primarily from studies using animal models while the findings of human studies are inconsistent.
According to these authors, nutritional approaches, including
administration of food bioactives and micronutrients, may therefore have the potential to augment immune function and defend
against COVID-19. Nevertheless, evidence evaluating dietary
supplementation in COVID-19 is lacking. At that moment the authors concluded that a reliance on supplements to prevent or treat
COVID-19 would be premature. A cursory account of the role of
lipids in flavor formation was provided by Shahidi and Oh (2020).
Lipid, as a major food component, contributes to the food flavor
formation via both interactions with other components and/or due
to its own degradation during food processing, cooking, and storage. According to the authors, this is particularly important when
dealing with functional foods that may contain a high proportion
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of highly unsaturated oils. Consumer’s preference and sensory science were also in the spotlight in the last year. Yassin et al. (2020)
worked with Brazilian smoothies and pointed out that of the 500
volunteers who participated in the evaluation work, 30% had never heard of smoothies. The regular consumers of smoothies were
young student and single women residing in the southern region of
Brazil. The strawberry, banana and pineapple were the preferred
smoothie flavors. The flavor, residual taste, odor, color intensity,
particle presence, homogeneity, turbidity and viscosity were the
main terms generated in the sensory description. Additionally, the
samples showed significant differences in the analytical parameters evaluated (e.g., phenols, ascorbic acid, and carotenoids), resulting in differences of 4.9, 5.4, 11.3 and 7.6 times on the antioxidant activity as evaluated by DPPH, ABTS, FRAP and CUPRAC
assays, respectively.
Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder characterized by globally impaired cognitive functions.
The perspective paper by Lange et al. (2020) focused on a very
important question “Do natural antioxidants play a role in Alzhei-
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mer’s disease?” and the audience of JFB has shown that COVID-19
was not the only subject of interest during 2020. The authors highlight that, since it may influence inflammation and oxidative stress
in the brain, diet has been recognized as a modifiable lifestyle factor capable of affecting the risk of developing AD. 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. Therefore, the authors conclude that the assessment of
the effectiveness of antioxidant-rich diets in AD deserves further
investigation. This is actually similar to the findings of Lange and
Nakamura (2020) when talking about the potential of supplementation with micronutrients and food bioactives in enhancing immunity in viral infections. Aronia berries have abundant levels of
anthocyanins, proanthocyanidins, flavonols, and phenolic acids
that may reduce the risk of non-communicable diseases. King and
Bolling (2020) reported that aronia polyphenols are bioavailable,
but the the majority are transformed into low molecular-weight
phenolics. The authors summarized 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. Alrifai et al. (2020) investigated different ratios of
amber, blue and red LEDs on the synthesis of antioxidant phytochemicals in 8 species of the Brassica genus of microgreens. Their
findings suggest the microgreens can be clustered into 3 groups
based on phytochemical 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.
Food processing and effects on bioactive constituents (Shahidi,
2020) was addressed in the opinion piece published in the 12nd
volume. This manuscript highlights that while, palatability and
wholesomeness of food are most important, over processing and
inclusion of excessive amount of salt, sugar and solid fat with high
content of trans isomers must be avoided. Additionally, while preservatives and additives are essential for safety of products and
shelf-life extension, when and where possible natural products
with established safety records should be used. The so-called,
ultra-processed food (UPF) that may refer to products that do not
follow these criteria are often associated with a myriad of diseases,
but again here, caution must be exercised to avoid misuse of terminologies that may create misconception. Various nutraceutical
and pharmaceutical potential, including antioxidant, anti-inflammatory, anti-tumor, immunomodulatory, antimutagenic activity,
anti-virus, analgesic, antibacterial, antifungal, anti-hyperglycemic,
and anti-hyperuricemia activities/effects, as well as main bioactive
compounds including phenolics, terpenoids, polysaccharides, fatty
acids, and alkaloids of chaga mushroom have been thoroughly reviewed by Peng and Shahidi (2020), and tabulated using a total 171
original articles. Besides, the up-to-date toxicity concerns and risk
assessment about the misuse of chaga, which limit its acceptance
and use as medicinal/nutraceutical products, have also been clarified. Miso, a paste of salted fermented soybean, which is a seasoning used extensively in traditional Japanese cuisine was studied
by Shirako et al. (2020). Their results suggest that the short-chain

hydrophobic pyroglutamyl peptides present in miso are effective
in suppressing high fat diet-induced obesity in rats.
2. Concluding remarks and future trends
The COVID-19 Pandemic Year was marked by uncertainties in
many areas. As for the food industry, the concern was initially related to the probable existence of SARS-CoV-2 contaminated food
and if such contamination could be dangerous to the consumer. After one year, still there is no evidence that COVID-19 had any effect on food safety and security. Considering that immune function
and inflammation are of great importance and that some nutraceuticals and functional foods present the potential to improve health,
some authors have speculated that bioactive compounds present
in these feedstocks would be of great importance in the context of
COVID-19. This relates mainly to the expectation that immuneenhancing effect of certain foods/food ingredients may provide
some level of protection in fighting viral infections. However, it is
too early to have strong evidences in this direction. Future research
in this area is expected to shed some light in terms of the potential
of the nutraceuticals and functional foods to contribute in this and
in future cases.
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Abstract
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by globally impaired cognition. AD research in animals has shown a substantial deficit in translational relevance. The most extensively used
transgenic mouse models overexpress human genes associated with rare familial early-onset AD, which results
in the formation of amyloid plaques. However, the most common form of AD (late-onset sporadic AD) is a multifactorial disorder involving different cytotoxic factors, including neurofibrillary pathology. Transgenic mice studies
have been valuable in elucidating pathogenetic mechanisms that may be relevant to human AD. However, their
utility in the development of novel treatment strategies and as preclinical testbeds of new drugs has been unsatisfactory. Animal models have so far failed to demonstrate predictive value in regard to novel therapies of AD,
including the use of bioactive food components. While many therapeutic approaches assessed in animals have
shown promising results, attempts to translate these findings to people with AD have been disappointing. Food
scientists should be aware that the available animal models appear to be unable to predict clinical success in humans. Therefore, food bioactive research should focus on human-centric preventive approaches to AD in clinically
meaningful settings rather than on highly questionable preclinical research in animals.
Keywords: Alzheimer’s disease; Animal models; Food bioactives; Prevention; Treatment.

1. Introduction
Alzheimer’s disease (AD) is characterized clinically by a progressive, global impairment of cognitive abilities, including memory,
learning, perception, attention, planning, decision-making and
language (Lange et al., 1995; Scheltens et al., 2016; Weintraub et
al., 2012). The disorder is associated with a marked decline in activities of daily life, with symptoms normally appearing late in life
following a long prodromal period of brain pathology over several
decades. Given its increasing global prevalence, AD has become a
major public health challenge worldwide (Prince et al., 2015). AD
is a proteinopathy associated with the aggregation and accumulation of misfolded proteins (Kosik and Shimura, 2005; DeTure and
Dickson, 2019). The neuropathological hallmarks of the progressive neurodegeneration in AD, needed to make a definite diagnosis of the disorder, are (1) extracellular amyloid deposits (senile
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plaques) containing misfolded amyloid-β (Aβ) peptides and (2)
intracellular aggregates of hyperphosphorylated tau protein forms
(neurofibrillary tangles) (Butterfield and Lauderback, 2002; Crews
and Masliah, 2010; DeTure and Dickson, 2019; Price et al., 1991).
It is noteworthy, however, that amyloid plaques and neurofibrillary tangles are commonly found in the brains of elderly people,
although usually to a lesser degree in those with unimpaired cognition. These changes constitute evidence of a biological process
and not necessarily a state of disease (Davis et al., 1999). Thus,
neither the clinical symptoms nor the neuropathological alterations
alone can establish the diagnosis of AD, indicating the limited diagnostic specificity of the clinical and pathological criteria. Major
pathophysiological mechanisms in the complex pathogenesis of
AD include oxidative stress and chronic neuroinflammation. The
aggregation of Aβ can lead to the generation of large quantities of
free radicals, such as active oxygen and nitrogen species, causing
oxidative stress and thereby accelerating neuronal dysfunction and
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ultimately leading to widespread neuronal death and brain atrophy
(Butterfield and Lauderback, 2002; Querfurth and LaFerla, 2010).
The majority of cases of AD are late-onset sporadic forms of
unknown etiology, without any obvious familial aggregation.
However, familial studies have determined an autosomal dominant
mode of inheritance in rare forms of AD, with systematic linkage
analyses characterizing APP, PSEN1 and PSEN2, coding for amyloid precursor protein, presenilin-1 and presenilin-2, respectively,
as the causative genes for early-onset (<60 years) forms of AD
(Cacace et al., 2016). The rare mutations in these genes have been
shown to selectively enhance the production of Aβ (Scheuner et
al., 1996). These mutations have given rise to the amyloid cascade hypothesis of AD, with Aβ imbalance and toxicity thought
to be the main causes of synaptic dysfunction and neurodegeneration (Golde, 2003; Hardy and Higgins, 1992; Karran et al., 2011;
Selkoe, 2001). Furthermore, epidemiological studies have shown
that 40–50% of individuals with AD are carriers of the ε4-allele
of the apolipoprotein E gene (ApoE), compared to 15% in healthy
people (Genin et al., 2011; Strittmatter et al., 1993). The presence
of ApoE4 appears to have no causal links to AD and to be an allelespecific risk factor of late-onset AD. The APP, PSEN1, PSEN2,
and ApoE-ε4 genes have been estimated to account for 30–50% of
genetic variance in AD (Tanzi, 2012; Tanzi and Bertram, 2001).
The symptomatic pharmacotherapy of AD, including the administration of acetylcholinesterase inhibitors and N-methyl-Daspartate receptor antagonists, has shown no significant efficacy
in AD (Scheltens et al., 2016). The success of new drugs in clinical trials has been low, with most failing to show efficacy in randomized controlled trials (Cummings et al., 2014). Furthermore, no
disease-modifying interventions capable of retarding the progressive neurodegenerative process are currently available (Scheltens et
al., 2016). The prevention of AD is therefore a major public health
challenge (Lange, 2018a) requiring the development of novel interventions capable of delaying the onset of the disease. Various lifestyle factors, such as obesity, diabetes, hypertension, “unhealthy”
diet and smoking may increase the risk of AD (Lange, 2018a; Sohn,
2018; Yu et al., 2020). The elimination of modifiable lifestyle factors has been estimated to decrease the incidence of dementia by at
least 30% (Bruijn et al., 2015), highlighting the potential value of
modifications in lifestyle-related factors in the primary prevention
of AD (Norton et al., 2014; Wu et al., 2016). Diet, in particular, is
receiving increasing recognition as an important modifiable factor,
since it can affect alterations of brain and behavior related to aging and disease (Gustafson et al., 2015; Huhn et al., 2015). Dietary
approaches to AD include the Mediterranean diet (Gu et al., 2010;
Lange, 2019), ketogenic diets (Lange et al., 2017) and some medical foods (Lange et al., 2019a; Lange et al., 2019b). The potential
therapeutic benefits of various food bioactives, such as natural antioxidants, probiotics and polyunsaturated fatty acids, on AD have
been investigated (Lange, 2018b, 2020a, 2020b; Lange and Li,
2018; Lange et al., 2020). Natural polyphenols, such as flavonoids,
appear to have the potential to modulate the neuropathological alterations and cognitive impairment associated with AD through
various mechanisms, including the modulation of oxidation and inflammation as well as of Aβ metabolism, catabolism and oligomerization (Gaudreault and Mousseau, 2019). Furthermore, prospective
studies in humans have found an association between high levels
of dietary flavonoid consumption and a lower risk of AD (Commenges et al., 2000; Engelhart et al., 2002; Holland et al., 2020).
2. Animal models of AD
As in other diseases, properly conducted animal models may be

useful in the search for preventive measures or a cure for AD.
The development of animal models with cognitive profiles and
pathological changes similar to those seen in humans with AD is
the goal of translational research (Sharbaugh et al., 2003). Such
models could be used in preclinical studies assessing the potential
of novel therapeutics. Although the “amyloid hypothesis” of AD
(Hardy and Higgins, 1992; Mattson, 2004) has been questioned
(Schnabel, 2011), it nevertheless forms the basis of a wide range
of animal models mimicking the human disease. Various animal
models have been used as a research tool in the investigation of
the pathogenesis and pathophysiology of AD as well as the preclinical development of novel therapeutics. Major models are mice
transgenically overexpressing mutated human genes that lead to
the formation of amyloid plaques (Esquerda-Canals et al., 2017;
Myers and McGonigle, 2019). Less commonly used animal models include zebrafish (Newman et al., 2014) and invertebrates, such
as Drosophila melanogaster and Caenorhabditis elegans (Bouleau
and Tricoire, 2015; Hannan et al., 2016; Tsuda and Lim, 2018).
Transgenic technology allows the reproduction of the cause of
the rare familial form of AD by transfecting mutant human APP.
Transgenic mice carrying gene mutations associated with familial
AD have been found to express high brain levels of mutant APP
and to develop Aβ deposits structurally similar to those seen in humans (Games et al., 1995), with mice carrying multiple gene mutations accumulating Aβ faster than single-mutation mice (Janus and
Welzl, 2016). Aged non-human primates may develop structural
and neurochemical changes similar to AD (Gearing et al., 1994;
Gearing et al., 1997; Perez et al., 2016; Picq et al., 2012). However, their use in research poses numerous practical and ethical
challenges.
2.1. Food bioactives in animal and human studies of AD
Natural antioxidants, such as the polyphenols resveratrol and (-)
epigallocatechin-3-gallate (EGCG), have been proposed as potential treatment options in AD. Plant polyphenolics are thought
to have various beneficial health effects due to their antioxidant
activity (Urquiaga and Leighton, 2000). The stilbenoid resveratrol (trans-3,5,4′-trihydroxystilbene) from edible plants, such as
grapes, berries and grains, has been shown to possess neuroprotective properties in various experimental settings and to reduce toxic
Aβ aggregation (Lange and Li, 2018; Richard et al., 2011; Smid
et al., 2012). For example, in an APP/PSEN1 transgenic mouse
model of AD, the long-term administration of resveratrol over 10
months markedly reduced memory loss and the amyloid burden
in the brain (Porquet et al., 2014). The effects of resveratrol on
Aβ1–42-induced impairment of learning and memory have been
examined in mice following microinfusion of Aβ1–42 bilaterally into hippocampal CA1 subregions (Wang et al., 2016). In this
study, resveratrol reversed Aβ-induced memory impairment in the
Morris water maze task (Wang et al., 2016). In another study, resveratrol was shown to protect rats from Aβ-induced hippocampal
neuron loss and memory impairment (Huang et al., 2011). The effects of resveratrol supplementation have also been investigated in
individuals with age-related cognitive decline. In a small sample of
people with mild cognitive impairment, the supplementation with
resveratrol (200 mg daily) over 26 weeks preserved hippocampal
volume and improved resting-state functional connectivity of the
hippocampus in comparison with controls (Köbe et al., 2017).
Whether these benefits of resveratrol supplementation can be extended to cognitive functioning is unknown. Chronic administration of resveratrol for 52 weeks in people with mild to moderate
AD (500 mg orally once daily; dose escalation by 500-mg incre-
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ments every 13 weeks; final dose of 1,000 mg twice daily) showed
no effects on Aβ42 levels or tau/phospho-tau 181 in plasma or
cerebrospinal fluid, hippocampal volume or entorhinal cortex
thickness (Turner et al., 2015). However, the administration of resveratrol increased brain volume loss compared to placebo (Turner
et al., 2015). These findings suggest no beneficial effects of longterm resveratrol supplementation.
The poor bioavailability of resveratrol is a limiting factor in its
supplementation. The naturally dimethylated resveratrol analog
pterostilbene (trans-3,5-dimethoxy-4′-hydroxystilbene), contained
in blueberries, may have greater therapeutic potential in AD (Lange
and Li, 2018) due to its more lipophilic nature (Kapetanovic et al.,
2011). For example, oral administration of pterostilbene has shown
better efficacy than resveratrol in improving cellular oxidative
stress and cognitive impairment in an AD mouse model (Chang et
al., 2012). However, findings from human trials are not available.
Bioactive components contained in tea have been proposed to
be of value in the prevention of neurodegeneration (Chen et al.,
2018). Several lines of evidence suggest that tea consumption
may decrease the incidence of AD (Mandel et al., 2008). In particular, the polyphenolic flavonoid EGCG appears to show neuroprotective activity in preclinical models. In transgenic mice with
an overexpression of Aβ, the administration of EGCG has been
found to significantly decrease Aβ deposition and oxidative stress,
to modulate tau pathology and to reduce cognitive impairment,
particularly in spatial memory tasks (Rezai-Zadeh et al., 2005;
Rezai-Zadeh et al., 2008). The preclinical findings of neuroprotective effects of EGCG in AD models have recently been reviewed
(Youn et al., 2021). Due to its high levels of EGCG (Lin et al.,
2003), the efficacy of green tea in age-related cognitive decline in
humans has been examined in several randomized controlled trials.
A small randomized, double-blind, placebo-controlled study found
beneficial effects of combined green tea extract and L-theanine on
cognition in individuals with mild cognitive impairment (Park et
al., 2011). In contrast, another 12-month double-blind, randomized
controlled study examining the effects of green tea consumption
in aged individuals with cognitive dysfunction found no significant differences in changes in the Mini-Mental State Examination
between the administration of green tea powder and placebo (Ide
et al., 2016). Limitations of this study include a small sample size,
a short follow-up duration and a lack of psychiatric assessment.
The clinical evidence regarding EGCG in AD has recently been
reviewed (Lange et al., 2021).
Potential effects of omega-3 fatty acids in the prevention of AD
are suggested by preclinical findings. For example, the long-term
administration of omega-3 PUFAs in animal models for more than
10% of the lifespan has been found to be capable of reducing Aβ
and improving cognitive function (Hooijmans et al., 2012). Other
animal studies have reported an association between omega-3
PUFA intake and a decrease in Aβ42 blood levels (Green et al.,
2007; Lim et al., 2005), neuro-inflammation (Cole et al., 2005;
Gil, 2002; Lukiw et al., 2005) and cognitive decline (Gamoh et al.,
2001; Hashimoto et al., 2002). A systematic review of seven studies examining supplementation of omega-3 PUFAs in AD reported
that most of the included studies found no statistically significant
benefits of omega-3 supplementation in comparison with placebo.
The beneficial effects that were found were confined to improvements in a few cognitive assessment scales in individuals with very
mild AD (Canhada et al., 2018). A Cochrane review of three randomized, placebo-controlled trials of high methodological quality
examining omega-3 PUFA supplements in 632 participants with
mild to moderate AD over 6, 12 and 18 months found no effects
on cognition, everyday functioning, quality of life or mental health
(Burckhardt et al., 2016). Furthermore, the administration of ome-
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ga-3 PUFAs for 26 weeks produced improvements in executive
functions, gray matter volume and white matter microstructure in
healthy elderly people (Witte et al., 2014). However, other studies
found no beneficial effects on cognitive health following the intake
of fish oil in healthy elderly individuals (Dangour et al., 2010; van
de Rest et al., 2008). A Cochrane review also found no benefits of
omega-3 PUFA supplementation on cognition in elderly individuals (Sydenham et al., 2012).
In summary, while the results regarding natural antioxidants
and omega-3 fatty acids in animal models of AD have been promising, attempts to translate these findings to individuals with AD
have been disappointing (see Table 1).
2.2. Discrepancy between animal and human studies of AD
The failure of transgenic mice and other animal models to forecast the efficacy of potential anti-AD compounds in humans is not
confined to food bioactives (Franco and Cedazo-Minguez, 2014).
Reasons why the success of animal models in predicting efficacious treatments in clinical trials has been limited may include
qualitative and quantitative differences between models and humans (Laurijssens et al., 2013). For example, an animal model may
not truly reflect the human condition, and the target of a novel drug
in animals may not be relevant to the disease in humans. In this
qualitatively different situation, the key elements of the preclinical model do not play a major role and are involved to different
degrees in the causal trajectory in people. A quantitative difference
may exist where, although the drug target is relevant, the dosage
may be inappropriate due to species differences in pharmacokinetics, target affinity or treatment duration needed.
A major problem related to the currently available AD models is their validation. A perfect animal model of human disease
does not exist, since such a model would need to be a scaled down
replica of human disease, with all important aspects of cause and
pathomechanisms, structural damage and biochemical changes as
well as symptoms. Given the complexity of AD, no animal model
is ever likely to satisfy these criteria. The criteria commonly used
for the evaluation of animal models, i.e. face validity, construct
validity and predictive validity, are met to different degrees in Alzheimer models.
Face validity (resemblance of the disease in humans on a phenomenological level, e.g. similar pathology in models and humans)
is at least partly satisfied in most animal models. All transgenic
mouse models show evidence of cognitive impairment, particularly in tasks assessing spatial memory. However, cognitive impairment is observed much earlier than in AD, with deficits in mice
usually occurring coincidently with plaque development, in contrast to several decades following the onset of plaque pathology in
humans (Janus and Welzl, 2016). Transgenic mice expressing mutant forms of human proteins related to early-onset AD were developed primarily for their ability to show early cognitive impairment
as a therapeutic target. For example, the transgenic Tg2576 mouse,
which carries a mutation of human APP, shows amyloid plaques
in cortex and hippocampus as well as cognitive deficits at the age
of 10–16 months (Frautschy et al., 1998; Hsiao et al., 1996). The
development of the phenotype may also be accelerated by mixing
two mutations of human APP in the transgene (Mucke et al., 2000)
or by crossing the Tg2576 mouse with another animal carrying
a human PSEN1 mutation (Holcomb et al., 1998). However, in a
number of aspects, the condition in mouse models deviates considerably from AD in humans. Murine models with an elevated aggregation of Aβ show cognitive impairment before Aβ pathology
begins (Janus and Welzl, 2016). Furthermore, most mouse models
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Table 1. AD-related effects of natural antioxidants and omega-3 PUFAs in animal models and humans

Food bioactives Main findings in animal models

Main findings in humans

Resveratrol

Significant decrease of memory loss and amyloid burden
following long-term administration of resveratrol in
APP/PSEN1 transgenic mice (Porquet et al., 2014).
Reversal of Aβ-induced memory impairment by
resveratrol following microinfusion of Aβ1–42 into
the hippocampus in mice (Wang et al., 2016).
Protection from Aβ-induced hippocampal
neuron loss and memory impairment by
resveratrol in rats (Huang et al., 2011).

Preservation of hippocampal volume and improved
functional connectivity of the hippocampus
following resveratrol supplementation in people
with mild cognitive impairment (Köbe et al., 2017).
No effects on hippocampal volume, entorhinal
cortex thickness or Aβ42 and tau/phosphotau 181 in plasma or cerebrospinal fluid and
increased brain volume loss following chronic
administration of resveratrol in people with
mild to moderate AD (Turner et al., 2015).

EGCG

Significant decrease of Aβ deposition, oxidative
stress and cognitive impairment in transgenic
mice with an overexpression of Aβ and various
other animal models (Youn et al., 2021).

Beneficial effects of combined green tea
extract and L-theanine on cognition in mild
cognitive impairment (Park et al., 2011).
No effects of green tea powder on cognitive
dysfunction in aged people (Ide et al., 2016).

Omega-3 PUFAs Decreased Aβ and improved cognitive function
following long-term administration of omega-3 PUFAs
in various animal models (Hooijmans et al., 2012).
Decreased Aβ42 blood levels (Green et al., 2007; Lim et
al., 2005), neuro-inflammation (Cole et al., 2005; Gil, 2002;
Lukiw et al., 2005) and cognitive decline (Gamoh et al., 2001;
Hashimoto et al., 2002) following omega-3 PUFA intake.
do not replicate the dysfunction of tau proteins, which is another
pathological hallmark of AD. Mice expressing physiological levels
of both human APP and human tau might provide better models
of the disease, since sporadic AD is a multifactorial disorder involving different cytotoxic mechanisms (Medina and Avila, 2014).
Tau-based strategies have only recently come into focus in animal research, and a triple transgenic AD mouse model harboring
transgenes of mutants of APP, PSEN1 and Tau has been developed
(Oddo et al., 2003).
In contrast to face validity, construct validity (sound theoretical
rationale of the animal model based on good understanding of the
disease, e.g. same pathomechanisms in models and humans) and
predictive validity (translation of findings in models to humans,
e.g. discrimination between successful and unsuccessful therapies
of the disease) remain problematic (Bilkei-Gorzo, 2014; Willner,
1986). In short, the available AD models have, at best, face validity, with the animal analogue merely sharing some phenomenological similarities with the disease.
The frequent failure to translate successful therapy from preclinical to human studies in AD research (Cummings et al., 2014;
Cummings, 2021) may be the result of too limited a mirroring of
human pathology in animal models (Banik et al., 2015). The main
goal in the development of animal models of AD is to simulate its
neuropathological characteristics and to correlate them to cognitive functions. However, whether the pathological changes have
similar biological consequences in animal models and humans
remains unknown. While some morphological similarities exist
between brain alterations in AD and transgenic mouse models,
there is a difference in biochemical composition of deposited Aβ
(Kalback et al., 2002). Moreover, on the basis of observations in
transgenic rats and mice, the causal relationship between amyloid
plaques and cognitive impairment has been called into question.
The Tg6590 rat model expresses the Swedish mutation of APP and
does not show mature plaque formation (Kloskowska et al., 2010),
while the Tg2576 mouse equivalent displays substantial plaques
(Hsiao et al., 1996). Interestingly, cognitive deficits have been

No significant benefits of omega-3 PUFA
supplementation in AD (Canhada et al., 2018).
No effects of omega-3 PUFA supplementation
on cognition or everyday functioning in mild
to moderate AD (Burckhardt et al., 2016).

found in both models.
Another limitation of transgenic mouse models is that the progressive neuronal loss found in the hippocampus and specific neocortical regions in human AD (Gómez-Isla et al., 1996) is not replicated in most models. Furthermore, cognitive impairment occurs
at different stages of the pathogenetic process in rodent models and
humans, with impairment of cognitive functions present in animals
prior to or at the onset of plaque development and in humans many
decades following the development of plaques (Drummond and
Wisniewski, 2017).
AD is not a homogeneous disease entity (Korczyn, 2013) and is
likely to be caused by multiple factors, including many modifiable
ones, with the action of varying combinations of these factors in
different individuals leading to the development of AD. Transgenic
murine models represent only those individuals with familial AD,
which constitute less than 1% of all people with AD. No existing
murine model is capable of fully reproducing the features of disease progression characteristic of the vast majority of AD cases,
i.e. sporadic, late-onset AD. Different etiopathogenetic processes
may lead to the same pathological phenotype. Due to cognitive
decline and the similarity of the neuropathological changes, the
genetic and sporadic cases of AD are (incorrectly) combined to a
single disease entity. However, genetic and sporadic cases of AD
result from different causes and do not therefore form a single nosological entity with a common etiopathogenesis. Amyloid deposition may be the result of various contributing factors, such as
trauma or hypoxia (Gatson et al., 2013; Huang et al., 2012; Lin,
2013), and does not therefore constitute a specific etiopathogenesis
(Korczyn, 2008, 2013; Robakis, 2014).
Since various clinical trials assessing compounds targeting amyloid have failed to reach the primary clinical end-points (Huang
et al., 2020; Mehta et al., 2017), it appears doubtful whether
strategies targeting a decrease in production of or removal of Aβ
are useful in AD treatment. A major translational issue is the discrepancy between the timeline of disease development in murine
models versus humans (Myers and McGonigle, 2019). Amyloid
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plaques can appear in relatively young mice only a few months
after birth, and this difference may partly explain why drugs that
are successful in animals are ineffective in humans. At best, mouse
models might reflect early stages of AD long before a diagnosis is
made. The clinical trials of drugs targeting Aβ may have failed because the treatments are introduced too late to halt neuronal death.
Whether or not anti-Aβ-based treatment strategies can provide
clinical benefits is questionable, and any potential benefits may
be limited to familial AD, with its prominent amyloid pathogenesis. Furthermore, treatment would probably need to be introduced
early in the course of the pathological process in order to prevent
neurodegeneration.
3. Future directions
Transgenic mouse models have been valuable tools in elucidating pathogenetic mechanisms that may be relevant to human AD
(Janus and Welzl, 2016). For example, they have provided valuable information on the importance of oxidative stress, inflammation and mitochondrial dysfunction in the pathogenesis of AD (Du
et al., 2008; Lee et al., 2010). However, the utility of transgenic
models in the development of novel treatment strategies and as
preclinical testbeds of new drugs has been less than satisfactory.
For many years, no new drugs effective in the treatment of AD
have been approved (Berk and Sabbagh, 2013; Cummings et al.,
2014; Cummings, 2021). The premature translation to humans
of highly successful reductions of certain pathological changes
in animal models that insufficiently mirror the neurobiology and
symptomatology of AD may be a cause of the failure to develop
effective treatments (Banik et al., 2015; Cummings et al., 2014).
Over 99% of potential AD drugs tested successfully in animal experiments have failed in human trials (Cummings et al., 2014). For
example, Tg2576 is a model strain based on a single familial AD
transgene, and the relationship between amyloid pathology and
impaired cognitive performance has been confirmed in this transgenic model. While Tg2576 mice have shown improved pathology
and cognition following the administration of hundreds of agents
in preclinical experiments (Zahs and Ashe, 2010), none of these
compounds have shown beneficial clinical effects in people with
AD. Taken together, the results of clinical trials in humans do not
match those of animal experiments. It has therefore been suggested
that research focus more on research in human patients (Horrobin,
2003).
Interventions using drugs or food bioactives need to ensure
that these treatments are administered in sufficient doses over
long enough periods of time. In view of the need to start trials in
preclinical stages of AD before the appearance of manifest symptoms, this may be problematic. In regard to food science, interactive effects of nutrients on brain health may be more significant
than those of single agents. In the prospective Oregon Brain Aging
Study, various plasma biomarkers related to diet were analyzed
in older participants with a mean age of 87 years (Bowman et
al., 2012). This analysis yielded three distinct patterns relevant
for age-related cognitive functioning and MRI measures. Two of
these patterns were positively associated with cognitive and MRI
outcomes: (1) a pattern high in plasma vitamins B, C, D and E
and (2) a pattern high in omega-3 fatty acids. In contrast, the third
pattern, which was high in trans-fatty acids, was associated with
worse cognitive performance and a greater reduction in brain volume (Bowman et al., 2012). These findings emphasize the role of
nutritional patterns in brain health, and the role of food bioactives
in age-related cognitive decline should be investigated in combina-
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tion with other dietary factors.
Since AD unfolds over several decades, trial design poses a
great challenge. Studies attempting to test disease-modifying approaches in AD face the problem that neuropathological alterations
begin to develop many years prior to the appearance of clinical
symptoms. Major challenges of AD prevention trials include the
need for large samples of community-dwelling people, long follow-up durations, an optimum time window for intervention and
clinically relevant outcomes (Whiteley et al., 2020). The identification of populations at increased risk of AD on the basis of age
and genetic or clinical factors will be important, as will the need
to administer preventive treatments to cognitively unimpaired elderly people before the disease is fully expressed. Without valid
biomarkers of subclinical AD, interventions in human trials cannot
be introduced before clinical symptoms appear, which, considering the extended pathogenesis of AD over many years, may be too
late. Furthermore, due to the heterogeneous etiology of AD with its
variant genetic, environmental and lifestyle risk factors, specific
biomarkers for different etiologies would be needed. The lack of
biomarkers does not allow patient stratification based on different
underlying pathologies.
4. Conclusion
The available animal models of AD have so far been unsuccessful
in identifying effective therapies. While some aspects of brain aging in humans can be found in aged non-human primates, AD and
other age-related neurodegenerative disorders are characterized
largely by pathological and clinical phenotypes that are specific
to humans. Transgenic murine models reproducing the cause of
rare, familial, early-onset AD have provided new insights into disease mechanisms, but they do not represent the common sporadic,
late-onset AD forms of unknown etiology. While animal models
should ideally replicate symptomatology, etiology and progression
of a disease, transgenic mice mirror only limited aspects of the
complex neurobiology of AD in humans. The use of these animals
is unlikely to be sufficient to develop new therapies. In view of
the heterogeneity of AD, a multi-target approach will probably be
necessary.
Food scientists should be aware that the available AD animal
models lack the ability to predict clinical success in humans. Thus,
in view of the fruitless translation of preclinical findings to clinical practice, the discontinuation of the use of the available animal
models of AD should be considered. Ultimately, hypotheses generated by animal experiments require confirmation in humans with
AD, using pharmacological intervention and clinical trials. These
trials need to distinguish between strategies enhancing cognition
and modifying/preventing disease. Food bioactive research on AD
should shift its focus and available resources from molecular studies in animals to human-centric, preventive approaches in clinically meaningful settings.
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Abstract
Stilbenoids are synthesized by plants in response to external stimuli such as infection and UV-irradiation, thus
known as phytoalexins. Stilbenoids include resveratrol, piceid, piceatannol, pterostilbene, astringin, and viniferin
and have been of interest due to their myriad of health benefits, such as antioxidant, anti-inflammatory, anticancer, and anti-diabetic effects. Despite their numerous health effects, the bioavailability of stilbenoids is poor.
However, the existing literature on this subject is fragmented and thus collective effort is needed to better understand their role before and after consumption. Therefore, this contribution provides an overview of the synthesis,
occurrence, bioavailability and health benefit of stilbenoids.
Keywords: Stilbenoid; Occurrence; Bioavailability; Health effect; Resveratrol.

1. Introduction
Stilbenes are naturally occurring secondary metabolites, which
have an important disease resistance mechanism and are known
as phytoalexins (Langcake and Pryce, 1977; Kuć, 1995; Roupe et
al., 2006a; Błaszczyk et al., 2019). Stilbenoids, named by Gorham in 1980, are hydroxylated derivatives of stilbenes (Gorham,
1980; Xiao et al., 2008). Stilbenoids consist of two benzene rings
joined by an ethylene bridge and belong to one of the categories
of phenolic compounds that share their synthesis pathway with flavonoids. So far, more than 1,000 stilbenoids have been identified
(Shen et al, 2013) and these include resveratrol, piceid, piceatannol, pterostilbene, astringin, and viniferin. Grapes are the primary
food source of stilbenoids (Adrian et al., 2000; Rimando et al.,
2004; Viñas et al., 2011; Vrhovsek et al., 2012).
Stilbenoids have been of interest due to their antioxidant (Oh
and Shahidi, 2017; Oh et al., 2019; Treml et al., 2019), anti-inflammatory (Leláková et al, 2019; Hošek et al, 2019), anticancer
(Cuzick et al., 2015) cardioprotective (Zamora-Ros et al., 2012),
anti-Alzheimer’s (Moussa et al., 2017), and anti-diabetic (Banaszewska et al., 2016) activities. In addition, resveratrol, for example,
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has a higher lipophilicity compared to other phenolic compounds,
which may lead to its better cell permeability (Neves et al., 2013).
Indeed, resveratrol shows better absorption compared to other phenolics (Walle et al., 2004). However, its bioavailability is relatively
poor due to its extensive metabolism, thus no correlation exists between in vitro and in vivo results (Walle et al., 2004; Roupe et al.,
2006b; Baur and Sinclair, 2006). Therefore, it is also important to
understand their absorption and metabolism. This review provides
details about the synthesis, occurrence, bioavailability and health
benefit of stilbenoids.
2. Chemistry and biosynthesis
Stilbenes are C6-C2-C6 compounds consisting of two bezene rings
linked by an ethylene bridge (Figure 1). The double bond located
between the two benzene rings can either assume E (trans) or Z
(cis) configuration. Trans-configuration is the predominant form
and it has better antioxidant and anticancer activities (Roupe et
al., 2006a). Stilbenoid backbone contains one or more hydroxyl
and can also have other substituents such as methyl, methoxy,
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4. Health benefit
Stilbenoids have received much attention in recent years due to
their general health benefits as antioxidants and anti-inflammatory
agents. In the past ten years, medical researchers have invested
much effort into exploring the benefits of stilbenoids on conditions
ranging from dry skin to Alzheimer’s disease.

Figure 1. Basic skeleton of stilbenes.

prenyl, and/or sugar groups and possibly with different degrees of
polymerization (dimer, trimer, etc.) (Shen et al., 2013). Stilbenoids
include resveratrol, piceid, pterostilbene, piceatannol, astringin,
pinosylvin, and rhapontigenin (Figure 2).
Stilbenoids are derived from phenylpropanoids pathway as
shown in Figure 3. The synthesis of stilbenoids starts from phenylalanine by phenylalanine ammonia lyase (PAL) forming carboncarbon double bond (Shahidi and Naczk, 1995). In some cases, tyrosine can replace phenylalanine in this pathway and the enzyme in
this process is tyrosine ammonia lyase (TAL). The product, transcinnamic acid, is further processed by monooxygenase (cytochrome
P450), yielding p-coumaric acid. CoA ligase turns p-coumaric acid
into p-coumaryl CoA and this interacts with 3 molecules of malonyl
CoA (Roupe et al., 2006a). The tetraketide formed undergoes aldol
reaction by stilbene synthase and forms resveratrol, the best known
stilbenoid (Dewick, 2002; Shen et al., 2013).
3. Occurrence
Stilbenes are produced in response to stress, injury, infection, or
UV-irradiation (Kuć, 1995; Soleas et al., 1997). In addition, the
concentration of stilbene is affected by many factors such as cultivar, genotype, soil type, climate, light exposure, pest management,
agronomy, ripeness, storage condition, and postharvest treatment
(Roupe et al., 2006a; Błaszczyk et al., 2019).
Table 1 shows representative food sources of stilbenoids.
Among stilbenoids, resveratrol has been distributed more widely
than others. The most abundant dietary source of resveratrol is
grape, thus it can also be found in grape products such as wine
and grape juice (Rimando et al., 2004; Vitrac et al., 2005; RomeroPérez et al., 1999). Stilbenoids also found in peanut and peanut
products. According to Sobolev and Cole (1999), roasted peanuts,
peanut butter, and boiled peanuts contained trans-resveratrol at a
level of 0.018–0.080, 0.148–0.504, 0.048 (liquid)-7.092 (kernel)
μg/g, respectively. Ibern-Gómez et al. (2000) also reported similar
results in peanut butter products (0.265–0.753 μg/g). In addition,
they observed trans-piceid that ranged from 0.067 to 0.225 μg/g in
peanut butter products. Hurst et al. (2008) studied the stilbenoids
(trans-resveratrol and trans-piceid) contents of cocoa-containing
and chocolate products that were correlated with the quantity of
non-fat cocoa solid in the products. Ragab et al. (2006) found
stilbenoids such as cis-resveratrol, trans-resveratrol, cis-piceid,
and trans-piceid in tomato varieties. These compounds were also
found in commercial seedless red table grape, with total stilbenoids content of at least 10-fold higher than that in tomato (Table
1; Ragab et al., 2006). Xie and Bolling (2014) reported that California almond (Prunus dulcis) contained piceid, trans-resveratrol,
and pterostilbene, however, the level of trans-resveratrol, and pterostilbene were less than the detection limit. Jerkovic et al. (2005)
observed trans-piceid (4.15–8.89 mg/kg), cis-piceid (2.30–6.01
mg/kg), and trans-resveratrol (0.22–1.00 mg/kg) in 9 hop varieties
(Sterling, Wilhamette, Cascade, Nugget, Vanguard, Simcoe, Warrior, Tomahawk, and Amarillo).

4.1. Antioxidant effect
Stilbenoids and related compounds are produced by plants for antifungal and antibacterial purposes. Nineteen stilbenoid derivatives
were tested in a cellular model system, some of which exhibited
antioxidant properties while others were pro-oxidative (Treml
et al., 2019). Among these, resveratrol was found to have direct
scavenging effect on reactive oxygen species (ROS) (Akinwumi
et al., 2018). However, this scavenging effect was relatively low
compared to other antioxidants such as ascorbate and cysteine (Bradamante et al., 2004; Li et al., 2012).
On a cellular level as a gene regulator, stilbenoids follow multiple mechanisms of action. Stilbenoids-rich Vitis vinifera (grape)
roots extract, which contained 7 identifiable naturally occurring
stilbenoid derivatives, exhibited antioxidant properties via different mechanisms. First, they were able to stop hydrogen peroxideinduced DNA damage, possibly by up regulation of genes that
lead to the activation of antioxidant enzymes which target hydrogen peroxide, such as superoxide dismutase (SOD), catalase
and glutathione peroxidases. Second, they activate nuclear factor
erythroid 2-related factor-2 (Nrf2) gene and its target genes encoding heme oxygenase-1 (HO-1) and γ-glutamylcysteine synthetase
(γ-GCS). The up-regulation of these effector molecules directly
decreases ROS. Grape root extract also increased in vitro paraoxonase 1 production, which is a high-density lipoprotein (HDL) associated liver protein that prevents low-density lipoprotein (LDL)
oxidation (Esatbeyoglu et al., 2016).
Resveratrol is the principle stilbenoid derivative in red wine
and is often purified and studied on its own. Its antioxidant effects are assessed in different ways. Resveratrol can bind to around
20 proteins with specific affinity (Britton et al., 2015), leading to
the up-regulation of antioxidants and down-regulation of ROS.
Among its targets, the activation of NAD+-dependent histone/
protein deacetylase sirtuin 1 (SIRT1), the Nrf2 gene, and estrogen
receptors are particularly important. Activation of SIRT1 leads to
SIRT1-dependent up-regulation of antioxidant enzymes in human
cells and in lab animals in vivo. Activation of the Nrf2 gene leads
to Nrf2-dependent up-regulation of antioxidant enzymes, both in
cells and in vivo. Binding of resveratrol to estrogen receptors in
the cytoplasm leads to the activation of a signaling cascade that
regulates the expression of many genes. The end result is both an
increase in ROS detoxification and a reduction in ROS production
from vascular NADPH oxidases, mitochondria, and uncoupled endothelial nitric oxide synthase (eNOS) (Xia et al., 2017).
4.2. Anti-inflammatory effect
Health benefits of stilbenoids are attributed to their antioxidant
properties and potent anti-inflammatory effects. In vitro testing of
25 non-prenylated stilbenoids revealed that 5 of them had significant inhibitory effect against cyclooxigenase-1 (COX1) and cycclooxigenase 2 (COX2), which are enzymes that induce inflammation. Among these, trans-resveratrol showed a higher inhibitory

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

21

Stilbenoids: Chemistry, occurrence, bioavailability and health effects–a review

Oh et al.

Figure 2. Chemical structures of selected stilbenoids.

effect against both COX1 and COX2 than ibuprofen, although it
was more selective for COX1 than COX2. Pinostilbene showed the
greatest selectivity for COX2, even greater than ibuprofen. This is
desirable because long-term use of nonsteroidal anti-inflammatory drugs (NSAIDS), which are more selective for COX1, can
cause gastrointestinal damage. When considering inhibitory effect
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against three inflammation enzymes, namely COX1, COX2, and
5-lipoxygenase (5-LOX), piceatannol and pinostilbene showed
activities comparable to zileuton and ibuprofen, respectively.
Most of the 25 tested stilbenoids showed inhibitory effect against
lipopolysaccharide (LPS) stimulated activation of both nuclear
factor (NF)-κB and activator protein (AP)-1 transcription factors.
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Figure 3. Synthetic pathway of stilbenoid and flavonoid from phenylalanine (Adapted from Shahidi and Naczk, 1995; Roupe et al., 2006a; Vermerris and
Nicholson 2008; Dewick, 2002; Shen et al., 2013). PAL denotes phenylalanine ammonia lyase.

Among these, 5 showed comparable effect to prednisone. Reduced
transcription of NF-κB and AP-1 gene attenuated the expression
of tumor necrosis factor (TNF)-α, which is a powerful pro-inflammatory cytokine. Stilbenoids inhibit NF-ĸB/AP-1 activity though
upstream inhibition of the phosphorylation of mitogen-activated
protein kinase (MAPKs) (Leláková et al, 2019).
Prenylated stilbenoids show similar effects in all of the abovementioned mechanisms (Hošek et al, 2019). Theoretically, because
of the additional hydrophobic group, prenylated stilbenoids have
higher bioavailability and higher distribution rate in the human
body than non-prenylated stilbenoids (Araya-Cloutier et al, 2018).
In an experiment that tested 13 stilbenoids and derivatives, natural non-glycosylated stilbenoids were found to down regulate the
PI3K/Akt pathway, which is a pathway involved in the regulation
of inflammation. The three most potent compounds, piceatannol,
pinosylvin, and pterostilbene, were tested in mice with carrageenan-induced paw inflammation. All three stilbenoids suppressed
inflammatory edema and down regulated inflammatory mediators

interleukin (IL) 6 and monocyte chemoattractant protein (MCP)-1
and their effects were comparable to commercial PI3K inhibitor
LY294002 (Eräsalo et al, 2018).
4.3. Cardiovascular protection
Due to its antioxidant and anti-inflammatory effects, stilbenoids
are tested for their health benefits in a wide range of diseases
and conditions. It seems that with the amount of resveratrol level
achieved in typical western diet, resveratrol level in the blood is
not correlated with protection from all-cause mortality in community dwelling older adult (Semba et al., 2014). For resveratrol
to exert any health benefit, supplementation is needed on top of
regular diet.
One disease/condition of particular interest is cardiovascular
disease (CVD). In a study that tested the effect of resveratrol in
the primary prevention of CVD, 75 patients were divided into
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24
2.475–6.471
Tr-1.691
0.327–1.074
0.406–0.453
0.863
0.125–0.519
0.9
0.768
0.047–0.503
5.884
0.924
1.77–5.34 mg/L (trans); 1.7–23.23 mg/L (cis)
Tr-1.09 mg/L (trans); Tr-0.23 mg/L (cis)
Tr-0.19 mg/L (trans); Tr (cis)
0.018–0.080 (trans)
0.148–0.504 (trans)
1.779–7.092 (trans)
0.409 ± 0.023 (trans)
0.652 ± 0.020 (trans)
6.78 ± 0.18(trans)
30.00 ± 2.8 (trans)
19.29 ± 1.53 (trans)
3.57 ± 1.05 (trans)
15.72 ± 2.05 (trans)
51–56 (trans); 6–24 (cis)
44–60 (trans); 7–26 (cis)
64–76 (trans); 10–25 (cis)
43 ± 4 (trans); 10 ± 1 (cis)
36 ± 4 (trans); 8 ± 1 (cis)
48 ± 9 (trans); 18 ± 2 (cis)
45 ± 4 (trans); 63 ± 3 (cis)
116 ± 11 ng/mL (trans); 39 ± 2 ng/mL (cis)

Grape

Rabbiteye blueberry

Highbush blueberry

Elliot’s blueberry

Lowbush blueberry

Sparkleberry

Cranberry

Bilberry

Deerberry

Lingonberry

Partridgeberry

Brazilian wine

Red grape juice

White grape juice

Roasted peanut

Peanut butter

Boiled peanut kernel

Peanut butter (blended)

Peanut butter (natural)

Bilberry

Cowberry

Cranberry

Strawberry

Red currant

Black tea

Red tea

Green tea

Breakfast tea

Ceylan tea

Lime blossom

Camomile

Black tea drink

Resveratrol

Contents (μg/g, unless otherwise stated)

Food source

Name

Table 1. Source of stilbenoids in food.
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Viñas et al. (2011)

Ehala et al. (2005)

Ibern-Gomez et al. (2000)

Sobolev and Cole (1999)

Romero-Pérez et al. (1999)

Vitrac et al. (2005)

Rimando et al. (2004)

Reference
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Piceid (polydatin)

Name

0.77–7.34 mg/L (trans); 0.09–5.66 mg/L (cis)
Tr-0.83 mg/L (trans); Tr-0.34 mg/L (cis)
4.15–8.89 (trans) ; 2.30–6.01 (cis)
Nr
5.3–20.0 mg/L (trans)
0.10 (trans); 0.26 (cis)
50 (trans); 30 (cis)

White grape juice

Beer hop

Wine, grape, cherry, green tea, strawberry, apple, raspberry

Brazilian wine

Tomato

Seedless red table grape

LOD

Almond

Red grape juice

0–48 (trans)

Grape

0.143 ± 0.008 (trans)

2680 (trans); 20 (cis)

Seedless red table grape

0.128 ± 0.010 (trans)

15.30 (trans); 2.71 (cis)

Tomato

Peanut butter (natural)

0.22–1.00 (trans)

Beer hop

Peanut butter (blended)

0.09 ± 0.02 (trans)

Chocolate syrup

0.35 ± 0.06 (trans)

0.10 ± 0.05 (trans)

Milk chocolate

Chocolate syrup

0.35 ± 0.08 (trans)

Dark chocolate

0.44 ± 0.06 (trans)

0.52 ± 0.14 (trans)

Semi-sweet chocolate chips

1.82 ± 0.36 (trans)

1.24 ± 0.22 (trans)

Unsweetened chocolate

Milk chocolate

1.85 ± 0.43 (trans)

Cocoa powder

Dark chocolate

0.239 ± 0.024 (trans); 0.082 ± 0.012 (cis)

White grape

2.01 ± 0.18 (trans)

1.639 ± 0.071(trans); 0.405 ± 0.031(cis)

Red grape

Semi-sweet chocolate chips

29 ± 3 ng/mL (trans); 11 ± 3 ng/mL (cis)

Peach juice

4.04 ± 0.14 (trans)

50 ± 6 ng/mL (trans); 13 ± 2 ng/mL (cis)

Peach/grape juice

7.14 ± 0.80 (trans)

62 ± 5 ng/mL (trans); 11 ± 2 ng/mL (cis)

Apple juice

Unsweetened chocolate

167 ± 6 ng/mL (trans); 25 ± 2 ng/mL (cis)

Peach flavor tea drink

Cocoa powder

Contents (μg/g, unless otherwise stated)

Food source

Table 1. Source of stilbenoids in food. - (continued)
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Ragab et al. (2006)

Vitrac et al. (2005)

Vrhovsek et al. (2012)

Jerkovic et al. (2005)

Romero-Pérez et al. (1999)

Ibern-Gomez et al. (2000)

Hurst et al. (2008)

Xie and Bolling (2014)

Adrian et al. (2000)

Ragab et al. (2006)

Jerkovic et al. (2005)

Hurst et al. (2008)

Reference

Oh et al.
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68 ± 2
11 ± 0.2
48 ± 1 ng/mL
23 ± 2 ng/mL
15 ± 3 ng/mL
36 ± 5 ng/mL
14 ± 4 ng/mL
0.374 ± 0.016
0.043 ± 0.005

Lime blossom

Camomile

Black tea drink

Peach flavor tea drink

Apple juice

Peach/grape juice

Peach juice

Red grape

White grape

Wine, grape

Tr, trace; LOD, limit of detection; Nr, not reported. Either trans or cis is not reported unless otherwise stated.

Wine, grape

Nr

Nr

0–15.6 (ε)

Grape

Pallidol

3.82–22.41 mg/L (δ); 0.19–4.32 mg/L (ε)

Nr

Grape, wine

Brazilian wine

4.35–25.72 mg/L (trans)

Brazilian wine

LOD

49 ± 4

Ceylan tea

0–4.7

36 ± 3

Breakfast tea

Almond

14–53

Green tea

Grape

34–40

Red tea

0.52

14–53

Black tea

Deerberry

22000 (trans)

Passion fruit (seed)

0.099–0.151

0.138–0.195

Rabbiteye blueberry,

0.186–0.422

7.19–8.52

Almond

Deerberry

0–77.9 (trans); 0–11.9 (cis)

Grape

Highbush blueberry

Contents (μg/g, unless otherwise stated)

Food source

Isorhapontin

Viniferin

Astringin

Pterostilbene

Piceatannol

Name

Table 1. Source of stilbenoids in food. - (continued)

Vrhovsek et al. (2012)

Vrhovsek et al. (2012)

Adrian et al. (2000)

Vitrac et al. (2005)

Vrhovsek et al. (2012)

Vitrac et al. (2005)

Xie and Bolling (2014)

Adrian et al. (2000)

Rimando et al. (2004)

Viñas et al. (2011)

Matsui et al. (2010)

Rimando et al. (2004)

Xie and Bolling (2014)

Adrian et al. (2000)

Reference
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three groups of placebo, resveratrol-rich grape supplement, and
conventional grape supplements without resveratrol. These patients were at risk of CVD, but did not yet have cardiovascular
event. After a year of consumption, compared to the placebo and
supplement without resveratrol, resveratrol-rich grape supplement significantly improved CVD biomarkers in the test group.
Improvement in biomarkers such as high-sensitivity C-reactive
protein, TNF-α, plasminogen activator inhibitor type 1, and IL-6/
IL-10 as well as anti-inflammatory IL-10, signified improved
inflammatory and fibrinolytic status in the test group, which is
directly correlated to CVD risk. No adverse effect was observed
in all patients (Tomé-Carneiro et al., 2012). An interesting study
conducted in Spain interviewed 100 participants for their lifestyle,
then took blood and urine samples for analysis. In this study, total
urinary resveratrol metabolites (TRMs) was used as a biomarker
for wine and dietary resveratrol consumption. From analysis of
the blood and urine samples, a clear correlation was established
that the test subjects with higher TRMs also had lower fasting glucose level, slower heart rate, and better blood lipid profile (lower
triacylglycerol and higher high density lipoprotein (HDL)). All
these parameters are closely related to CVD, and it can be inferred that resveratrol can decrease the risk of CVD (Zamora-Ros
et al., 2012). Another study showed that a 4-week intake of grape
pomace extract significantly increased serum resveratrol, and decreased trimethylamine N-oxide (TMAO), another risk factor of
CVD (Annunziata et al., 2019).
In overweight patients, effects of resveratrol in improving biomarkers of CVD, as well as anti-inflammatory effects were less
pronounced. In patients with schizophrenia, who were generally
overweight or obese and had several metabolic disorders, a 4-week
supplement of resveratrol (200 mg/day) did not bring changes to
body weight, waist circumference, glucose, and total cholesterol.
However, it is worth noting that the blood lipid level (triacylglycerol, HDL) worsened for the control group during the study, but did
not change for the test group (Zortea et al., 2016). In another study
involving overweight and slightly obese subjects, a 4-week resveratrol supplement (150 mg/day) did not result in differences in any
of the fasting serum or plasma metabolic risk markers such as Apo
A-I, Apo B100, HDL, LDL, triacylglycerol, glucose, and insulin.
No difference in plasma markers of inflammation or endothelial
function was observed (van der Made et al., 2015). In a smaller
scale, but well designed, study participants with central obesity
were fed high fat meals, which were thought to induce postprandial inflammation. Resveratrol/curcumin supplements were taken
before consuming the high fat meal. After the meal, serum samples
were taken and analyzed. The supplementation did not make any
significant difference in circulating inflammatory markers (C-reactive protein, IL-6, IL-8, MCP-1), adhesion molecules, or whole
blood NFκB1 and peroxisome proliferator activated receptor alpha
(PPARA) gene expression (Vors et al., 2018). However, this study
only tested acute administration of resveratrol/curcumin. Chronic
resveratrol intake can potentially give a different result. In a study
concerning patients with non-alcoholic fatty liver disease, a 12week supplementation of resveratrol (500 mg/day) did not result in
improvement of waist circumference, insulin resistance biomarkers, lipid profile or blood pressure. However, it improved alanine
aminotransferase (ALT) and hepatic steatosis, which are indicators
of liver health (Faghihzadeh et al., 2015). In patients with dyslipidemia, a 2-month supplementation of resveratrol (100 mg/day)
significantly improved serum concentration of total cholesterol
and trigacylglycerol, without significant improvements in HDL or
LDL (Simental-Mendía et al., 2019). This study lasted longer than
the other previously mentioned studies. Perhaps in overweight or
obese patients, it takes a longer duration of supplementation for

resveratrol (or other stilbenoids) to show effectiveness on improving CVD biomarkers.
4.4. Alzheimer’s disease
Stilbenoids can cross the blood brain barrier (BBB) due to their
hydrophobic nature. Due to anti-inflammatory effect on organs
outside the central nervous system (CNS), stilbenoids may have a
similar effect once they cross the BBB. There is also a hypothesis
that since mild stressors of caloric restriction (CR) can postpone
and prevent diseases of aging in animal models, and because they
do so through the activation of sirtuins, then resveratrol as a potent SIRT1 activator, can mimic the physiological effect of CR,
thereby postponing the diseases of aging (Pasinetti et al., 2015).
The above-mentioned hypothesis led to the testing of resveratrol
in Alzheimer’s disease (AD).
A 52 weeks long study which supplemented AD patients with
2 grams of synthetic resveratrol daily showed interesting results
regarding both the brain conditions and general health. Compared
to the placebo group, the test group patients experienced significant weight loss. Nanomolar amounts of native resveratrol were
observed in the cerebrospinal fluid (CSF), suggesting the crossing
of BBB and binding to molecular targets. Compared to the placebo, resveratrol stabilized the progressive decline in CSF Aβ40 and
plasma Aβ40 levels upon advancement of dementia. In individuals
with baseline level of CSF Aβ42 less than 600 ng/mL, a confirmation criterion of AD, resveratrol also stabilized CSF Aβ42 level.
In the one-year study period, resveratrol attenuated decline in the
Alzheimer’s Disease Cooperative Study-Activity of Daily Living
(ADCS-ADL) score. Because aging is a primary cause of cancer,
and resveratrol has anti-aging effect, fewer cases of cancer were
found in the resveratrol-treated group (1 vs 7 cancer in six participants in the placebo group). Notably, a high dose of resveratrol
increased brain volume loss, yet tau protein level remained unaffected (brain volume loss is not due to neuronal loss). This volume
loss could be due to the anti-inflammatory effect of resveratrol,
which decreases CNS edema in AD brain. Consistent with this
hypothesis, pro- and anti-inflammatory biomarkers were significantly better in the CSF and plasma of resveratrol-treated participants (Moussa et al., 2017). Similarly, another study which lasted
52 weeks used 500 mg resveratrol/day, similar but less pronounced
results were observed. This suggests that the health benefits of resveratrol are manifested in a dose dependent manner. In this study,
decline in CSF Aβ40 and plasma Aβ40 levels, which is a measure
of dementia progression, was less in the resveratrol group. There
was also a significant weight loss and increased brain volume loss
in the treatment group (Turner et al., 2015).
A lower dose of resveratrol, mixed with other nutritional supplements, showed interesting effects on the brain function of
healthy elderly individuals. In a 6-month study, healthy elderly
participants were supplemented with a combination of 3,000 mg
omega-3 PUFAs [1,500 mg docosahexaenoic acid (DHA) and
1,500 mg eicosapentaenoic acid (EPA)], 10 μg vitamin D3, 150
mg resveratrol and 8 g whey protein isolate. No improvement was
observed in their cognitive function test scores. However, the treatment group performed better in the Stroop Color and Word test at
the 3- and 6-months follow-up (Moran et al., 2018). Unfortunately,
it was impossible to determine how much of that enhanced performance was due to resveratrol. It would be interesting to see if a
combination of nutrients, in high doses, could postpone cognitive
deterioration in AD patients.
Raloxifene, a stilbene derivative, works as a selective estrogen receptor modulator. It has beneficial effects in patients with
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ovarian cancer, but does not seem to have any beneficial effect
in women with AD. A 52 weeks supplementation of 120 mg of
raloxifene daily showed no difference in dementia rating, activities
of daily living, behavior, or a global cognition composite score in
the treatment group compared to the control group (Henderson et
al., 2015).
4.5. Breast cancer
Tamoxifen, a stilbene derivative, functions as an estrogen receptor
modulator in vivo, and has long-term preventative effect against
breast cancer. In a study that tested the long-term effect of tamoxifen, participants who were at high risk of breast cancer received
either tamoxifen (20 mg daily) or placebo for 5 years. After this
5-year treatment, participants were followed for 10 years. During
this 10-year follow-up period, there was significantly less breast
cancer developed in the treatment group. However, the reduction
was mainly in invasive estrogen receptor-positive breast cancer
and ductal carcinoma in situ, not so much in invasive estrogen receptor-negative breast cancer (Cuzick et al., 2015). In women who
are diagnosed with estrogen receptor (ER)-positive early breast
cancer, treatment with tamoxifen for 5 years as an adjuvant substantially reduces the breast cancer mortality rate throughout the
first 15 years after diagnosis. If tamoxifen treatment duration was
increased to 10 years rather than stopping at 5 years, the mortality rate and recurrence rate were reduced even further, particularly
after year 10. The protective effect of tamoxifen was only seen in
ER-positive cases, and not in ER-negative type of breast cancer
(Davies et al., 2013). This study suggests that low-dose tamoxifen would not affect quality of life (Serrano et al., 2018). However, since tamoxifen is extensively metabolized by liver enzyme
CYP2D6, it may cause altered availability of other drugs, and its
own availability maybe different in patients who have substantially
different CYP2D6 gene profile. Using tamoxifen metabolite transendoxifen, instead of tamoxifen, can bypass the CYP2D6 metabolism. In endocrine-refractory metastatic breast cancer patients,
trans-endoxifen provided substantial drug exposure that was unaffected by CYP2D6 metabolism. It also showed acceptable toxicity,
and promising antitumor activity (Goetz et al., 2017). Tamoxifen
is an effective adjuvant therapy, but it may not be the optimal adjuvant therapy. In postmenopausal women with hormone-receptorpositive early breast cancer who are receiving ovarian suppression,
exemestane as an adjuvant seemed to be more effective than tamoxifen (Pagani et al., 2014).
4.6. Type II diabetes mellitus
Stilbenoids can improve metabolic syndrome, which leads to protective effect against CVD. Their effect on insulin sensitivity is not
only a benefit to metabolic syndrome, but also a protective factor
against type II diabetes. A study involving patients with polycystic
ovary syndrome found that compared to the control, supplementation with 1,500 mg resveratrol daily for 3 month decreased serum
fasting insulin level by 31.8%, and increased Insulin Sensitivity
Index by 66.3% (Banaszewska et al., 2016). Apart from resveratrol, piceatannol from passion fruit extract is also a stilbenoid of
interest. Supplementation of piceatannol (20 mg daily) for 8 weeks
significantly decreased fasting serum insulin level, improved insulin sensitivity, and also improved blood pressure and heart rate
in overweight men. These effects seemed to be less pronounced
in overweight female participants, possibly due to the difference
in body composition between overweight male and female par-
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ticipants (Kitada et al., 2017). Piceatannol has also been shown to
have protective effect against diabetes in mice models. Although it
did not prevent high calorie induced body weight gain or visceral
fat gain, it reduced fasting glucose level in obese mice (MarukiUchida et al., 2018). Another study in mice model showed that
piceatannol decreased body weight and prevented obesity in a
dose dependent manner compared to the control. Piceatannol also
improved lipid profile (total cholesterol, LDL, HDL), decreased
fasting glucose level, liver weight, spleen weight, as well as perigonadal and retroperitoneal fat. Fatty acid synthesis of liver was
reduced, therefore decreasing adipose accumulation in the liver.
Piceatannol also significantly altered mice gut microbiota composition compared to the control (Tung et al., 2016).
4.7. Dry skin
In vitro studies have shown that passion fruit extract rich in piceatannol can down regulate ROS generation in UVB irradiated human keratinocytes (Maruki-Uchida et al., 2018). It also promotes
collagen synthesis and inhibits melanin synthesis in human melanoma and fibroblast cells (Matsui et al., 2010). In women with dry
skin, oral supplementation of 5 mg piceatannol daily for 8 weeks
significantly increased skin moisture content at week 4 and week
8 compared to the placebo. Transepidermal water loss was also
reduced over time. In the end-trial questionnaire, the treatment
group also reported a significant reduction in perspiration and fatigue (Maruki-Uchida et al., 2018).
5. Bioavailability
5.1. Resveratrol
Despite the numerous health benefits of resveratrol, concerns have
been expressed due to its bioavailability. Resveratrol was investigated for its absorption, bioavailability, and metabolism in humans;
14C-resveratrol was administered orally and intravenously (Walle
et al., 2004). Although the highest level of resveratrol and its metabolites in plasma was around 491 ng/mL, unchanged resveratrol
was present at less than 5 ng/mL. A rapid decrease of intravenous
administration of labeled resveratrol (0.2 mg) was observed due
to the distribution, after that it continued to fall during 72-h study
period. The recoveries of resveratrol administered orally in the
urine and feces were 70.5 and 12.7%, respectively, whereas 64.1
and 10.4% were recovered in the urine and feces, respectively, in
the case of intravenous administration. The authors also found five
major metabolites using LC/MS and these were two isomers of
resveratrol monoglucuronide, dihydroresveratrol monoglucuronide, resveratrol monosulfate, and dihydroresveratrol sulfate. However, only trace amounts of unchanged resveratrol were identified.
They concluded that although the rapid metabolism led to low bioavailability of resveratrol, the metabolites and accumulated resveratrol in epithelial cells and aerodigestive tract might have health
benefits (Walle et al., 2004). In addition, resveratrol has extremely
low water solubility (less than 0.05 mg/mL), which may be another
reason for its low bioavailability (Bertacche et al., 2006; Das et al.,
2008). There have been many attempts to increase the bioavailability of resveratrol such as increasing its dose (Boocock et al., 2007;
Sergides et al., 2016), using cyclodextrin (Das et al., 2008; Silva et
al., 2014), solid lipid nanoparticles (Neves et al., 2013), encapsulation (Peñalva et al., 2018), and synthesis of resveratrol derivatives
(Sale et al., 2004; Lin and Ho, 2009; Walle, 2011).
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5.2. Piceatannol
Piceatannol is a naturally occurring stilbenoid, but is also a metabolite of resveratrol, found in Athymin mice (Niles et al., 2006). The
metabolites of piceatannol are piceatannol-diglucuronide, piceatannol monoglucuronide, O-methyl piceatannol monoglucuronide,
O-methyl piceatannol monosulfate, isorhapontigenin, and rhapontigenin in rats after oral administration (Setoguchi et al., 2014).
Setoguchi et al. (2014) reported that monoglucuronide metabolite
was predominant among the above-mentioned metabolites. They
also found that the maximum concentration (Cmax) of piceatannol
was 3.3 μmol/L at 90 μmol/kg, 7.5 μmol/L at 180 μmol/kg, and 8.1
μmol/L at 360 μmol/kg dose and it reached Cmax 15 min after the
administration. In addition, the area under the plasma concentration curve (AUC) of piceatannol and its metabolites was increased
in a dose-dependent manner. Roupe et al. (2006b) studied the pharmacokinetic characteristics of rhapontigenin, piceatannol and pinosylvin in Sprague-Dawley rats after intravenously administering
a single dose of 10 mg/kg. All of test compounds were glucuronidated and AUC of piceatannol, pinosylvin, and rhapontigenin were
8.48 ± 2.48, 5.23 ± 1.20, 8.39 ± 0.10 μg h/mL, respectively. The total plasma clearance of piceatannol, pinosylvin, and rhapontigenin
was 2.130 ± 0.920, 1.840 ± 0.435, and 1.180 ± 0.035 L/h/kg, respectively. More information on the bioavailability of piceatannol
and its role in metabolic disease is available elsewhere (Kershaw
and Kim, 2017). Lin et al. (2010) studied a pre-clinical pharmacokinetics of piceatannol analog (3,5,3′,4′-tetramethoxystilbene)
in Sprague-Dawley rats using 2-hydroxypropyl-β-cyclodextrin as
a dosing vehicle. They reported that the half-life, clearance, and
oral bioavailability of piceatannol analog were 313 ± 20 min, 33.1
± 3.9 mL/min/kg, and 50.7 ± 15.0%, respectively.
5.3. Pterostilbene
Pharmacokinetic study of pterostilbene, a 3,5-dimethyl derivative
of resveratrol, was carried out by Lin et al. (2009) in rats. The pterostilbene was administrated intravenously at a dose of 5.0 mg/kg.
They reported that the half-life, clearance, and oral bioavailability
of pterostilbene were 96.6 ± 23.7 min and 37.0 ± 2.5 mL/min/kg,
12.5 ± 4.7%, respectively, which was better pharmacokinetic characteristics than resveratrol. Kapetanovic et al. (2011) also conducted pharmacokinetics of resveratrol and pterostilbene in rats which
were administrated orally via gavage for 14 consecutive days (50
or 150 mg/kg/day for resveratrol; 56 or 168 mg/kg/day for pterostilbene). They also prepared two more groups which were administrated once intravenously (10 mg/kg resveratrol; 11.2 mg/kg
pterostilbene). The bioavailability of resveratrol and pterostilbene
were 20 and 80%, respectively. In addition, the plasma level of
pterostilbene and its sulfated metabolites was much higher than
that of resveratrol and its sulfated metabolites. On the other hand,
the plasma level of resveratrol glucuronide was greater than that of
pterostilbene glucuronide, however, the discrepancy of glucuronidated metabolites was smaller compared to the sulfated ones. The
authors concluded that pterostilbene had a better pharmacokinetics
than resveratrol.
6. Conclusion
Stilbenoids show various beneficial effects such as antioxidant,
anti-inflammatory, cardioprotective, neuroprotective, anticancer, and anti-diabetes effects. Among these, antioxidant and anti-

inflammatory activity of stilbenoids most probably lead to other
health promotion and disease prevention effects. However, the
results for stilbenoids, especially resveratrol may not necessarily
correlate between in vitro and in vivo due to their extensive metabolism. Therefore, in-depth bioavailability study of stilbenoids is
needed. Moreover, there have been many attempts to improve poor
bioavailability of resveratrol via substitution (methylation, esterification, etc), using different techniques (cyclodextrin, solid lipid
nanoparticles, encapsulation). More studies are needed to evaluate
the effect of these techniques in vivo. Except for resveratrol, limited information on health effects and bioavailability of stilbenoids
is available. Further research is necessary to assess their bioactivity and pharmacokinetic properties.
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Abstract
With the aging of the population and the growing pressure of social competition, brain-related neurodegenerative diseases and mental disorders increasingly affect quality of life and place a huge burden on health systems
globally. L-theanine is a unique non-protein amino acid from tea leaves, and now commercially available as a safe
food ingredient in the market. This review summarizes the studies on the effects of L-theanine on various mental
and brain conditions, including mental stress, anxiety, insomnia, depression, poor learning ability and memory,
neurodegenerative diseases, and discusses its potential application in functional foods for brain health.
Keywords: L-theanine; Brain diseases; Functional food; Brain health.

1. Introduction
Tea is an ancient herbal beverage derived from the leaves of the
plant Camellia sinensis, and currently ranked as the second most
widely consumed drink in the world after water. The popularity
of tea consumption is typically due to its pleasing astringent taste
and refreshing nature as well as its widely acknowledged health
benefits, including anti-aging, anti-diabetic, pro-metabolic, immune boosting, anti-depression effects (Rothenberg and Zhang,
2019; Sharangi, 2009). In recent years, increasing social competition pressure and aging population are associated with increasing
risks of mental illness, such as depression, insomnia and anxiety,
as well as neurodegenerative diseases, including dementia, Parkinson’s disease and Alzheimer’s disease (Rothenberg and Zhang,
2019; Deb et al., 2019). These mental conditions and brain diseases are more and more seriously affecting life quality, and placing
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a huge burden on health systems around world, while the treatment options are still limited. Meanwhile, it is common knowledge
that healthy diets, especially drinking tea, could exert beneficial
effects on the mood, memory, attention and brain health. A recent
epidemiological study conducted in a healthy Korean population,
demonstrated that tea consumption is inversely associated with the
development of depression (Kim and Kim, 2018). Another study
of people aged over 55 in Singapore suggested that long-term habitual tea consumption, even as less as one cup of tea per week,
might reduce the risk of dementia via improving the memory and
information-processing capacity (Feng et al., 2010). Among the
numerous bioactive compounds present in all major tea types, predominantly L-theanine, caffeine, catechins, flavonoids and their
metabolites, are capable of functioning through various pathways
simultaneously to improve mood and brain health (Rothenberg and
Zhang, 2019; Dietz and Dekker, 2017). Therefore, the scientists
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Figure 1. Chemical structure of L-theanine, glutamic acid and glutamate.

are exploring tea or its purified compounds as a natural dietary
agent in the role of nutrition in mental health and preventive medicine (Gilbert, 2019).
L-theanine, also known as γ-glutamylethylamide, is first discovered and isolated by Sakato (1950) in the 1940s. It is the most
abundant non-protein amino acid, accounting for more than 50%
of total amino acids in tea. L-theanine is water-soluble and considered as an important contributor to the distinctive aroma and
the ‘umami’ taste of tea infusion (Guo et al., 2018). Accumulating evidence reveal that L-theanine administration is strongly related to various benefits on brain health, such as anti-stress and
neuroprotective role through a number of potential routes (Deb et
al., 2019; Sharma et al., 2018; Hidese et al., 2019; Dramard et al.,
2018; Ben et al., 2016). First, L-theanine is structurally similar to
glutamic acid and glutamate (Figure 1). Glutamate, synthesized
from its precursor glutamine, is the most abundant amino acid in
the brain and has been found to be involved in several important
behavioral and physiological functions (Williams et al., 2020).
The healthy functions of L-theanine intake can partially be associated with its ability of regulating the binding of glutamate and
glutamate receptors in the brain (Deb et al., 2019). Second, chronic
L-theanine administration is able to facilitate neurogenesis in the
developing hippocampus. Third, L-theanine is effective in providing protection against neuronal cell apoptosis in the brain (Ben et
al., 2016) via reducing the oxidative stress-induced damages and
downregulating the abnormal expression of inflammatory marker
in the brain (Sumathi et al., 2016). Finally, animal and human
studies suggest that L-theanine intake has a significant effect on
the regulation of neurotransmitters like dopamine and serotonin,
stimulating the production of alpha brain waves, decreasing blood
pressure and heart rate (Yoto et al., 2012).
L-theanine can be daily supplemented through tea drinking,
while the L-theanine content of tea varies considerably. Keenan
et al. (2011) determined the amounts of L-theanine contained in
commercially-available teas and found that a standard cup (200
mL) of green tea and black tea prepared under the regular brewing
conditions contain around 8 and 25 mg L-theanine, respectively.
After L-theanine was orally administrated, it can be quickly absorbed and transported through the brush-border membrane by a

common Na(+)-coupled co-transporter in the intestine and enters
systemic circulation (Kitaoka et al., 1996). L-theanine reaches the
peak serum concentration after approximately 50 min of administration, and most of L-theanine is thought to be hydrolyzed to
ethylamine and glutamic acid (Van der Pijl et al., 2010; Scheid et
al., 2012). Absorbed L-theanine freely passes the blood–brain barrier and reaches the brain tissue within 30 min, which is also confirmed by the changes of resting-state α-wave activity in healthy
volunteers after oral intake of L-theanine (Juneja et al., 1999). The
concentration of L-theanine continuously increases and reaches its
maximum level in the brain within 5 hours. Within 24 hours, Ltheanine and its metabolites are gradually excreted by urine and
completely eliminated from plasma and the brain (Scheid et al.,
2012).
Explorations into the effects of natural compounds on mental
and brain health attract growing scientific and industrial interests
in the role of nutrition in mental health and preventive medicine.
As the most important amino acid derived from tea leaves, L-theanine has long been considered to exert both short- and long-term
beneficial effects on mental and brain health, without causing any
significant side-effects. Meanwhile, with development of massiveproduction technology of L-theanine, it is now commercially
produced at decreasing cost in the factories through biological
transformation, chemical synthesis or directly isolation from tea
leaves. As a result, L-theanine has great potential on developing
functional foods or drinks, which can be daily consumed to improve mood and promote brain-health. These L-theanine enriched
food products can be tastier with the addition of L-theanine, and
provide an effective and cheap way to tackle anxiety, depression
and prevent age-related brain diseases, all these conditions already
cause a huge burden on health systems in our modern society. This
review summarizes the studies on the effects of L-theanine on various mental and brain conditions, including mental stress, anxiety,
insomnia, depression, poor learning ability and memory, neurodegenerative diseases (Table 1), and discusses its potential use in
functional foods for brain health.
2. Health benefits of L-theanine on mental illness
2.1. Relieving stress and anxiety
Drinking tea has long been considered to be less stimulating and
more relaxing than drinking coffee, even both of tea and coffee
contain sufficient caffeine to induce alertness. This effect has
been suggested to be due to the abundant existence of a unique
amino acid L-theanine in tea. After tea consumption, L-theanine
is quickly absorbed in the small intestine and transported across
blood-brain barrier into the brain (Dassanayake et al., 2020). The
beneficial effects of L-theanine on stress and anxiety have been extensively investigated and proven in the animals. For instance, an
eight-week study examined the effects of L-theanine administration (25–50 mg twice daily) on the anxious dogs fearing unfamiliar
human beings. The results suggest that L-theanine is effective for
treating anxiety-related behaviors without causing any side effects
(Araujo et al., 2010). The similar anti-anxiety effect was confirmed
in mice suffered chronic restraint stress produced by restraining in
the polypropylene tubes. L-theanine (2 and 4 mg/kg) was administered orally followed by acute immobilized stress. Continuous
consumption of L-theanine significantly ameliorate chronic stressinduced disorders, such as cognitive impairments and increased
oxidative stress (Tian et al., 2013). In a recent human study, after
four-week L-theanine administration (200 mg daily), the stress-re-
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Table 1. Recent studies on the effects of L-theanine on various mental and brain conditions

Functions

Study design

Outcomes

Reference

Relieving stress
and anxiety

L-theanine (25–50 mg twice
daily) for the anxious dogs

Effective for treating anxiety-related
behaviors without causing any side effects

Araujo et
al. (2010)

L-theanine (2 and 4 mg/kg)
for the stressed mice

Ameliorated chronic stress-induced disorders

Tian et al.
(2013)

4-week L-theanine intake (200
mg/day) on healthy adults

Ameliorated stress-related ailments
and cognitive impairments

Hidese et.
al., 2019)

Oral administration of L-theanine
(200 mg) on the students

Increased α-brain wave activity in the
occipital and parietal regions of the brains

Kobayashi et
al. (1998)

Oral intake of 200 mg L-theanine
on the healthy participants
with induced high-stress

Attenuated the rise in heart
rate, salivary immunoglobulin A
responses and blood pressure

Kimura et al.
(2007); Yoto
et al. (2012)

Low (22.5 and 37.5 mg/kg) and
high (75 and 150 mg/kg) doses of
L-theanine administration on the rats

Low dose attenuated the caffeineinduced sleep disturbances, while high
dose exhibited the opposite effect

Jang et al.
(2012)

4-week administration of L-theanine
(200 mg daily) on healthy adults

Improved sleep quality via reducing
sleep latency, sleep disturbance,
and use of sleep medication

Hidese et
al. (2019)

6-week administration of L-theanine
(400 mg daily) on the boys with ADHD

Improved sleep percentage and sleep
efficiency scores, along with a non-significant
trend for less activity during sleep

Lyon et al.
(2011)

10-day L-theanine administration (1, 4
and 20 mg/kg) on the depressed mice

Reduced the immobility time in both the
forced swim test and tail suspension test

Yin et al. (2011)

21-day L-theanine administration (2
mg/kg) on the rats with depression

Ameliorate behavioral disorders and increased
circulating monoamine neurotransmitters

Shen et al.
(2019)

8-week L-theanine administration
(250 mg daily) on the patients with
major depressive disorder

Exerted multiple beneficial effects on
depressive symptoms, as well as anxiety,
sleep disorder and cognitive impairments

Hidese et
al. (2017)

4-month L-theanine administration
(180 mg daily) on the rats

Showed improved learning ability and memory

Juneja et
al. (1999)

6-week L-theanine administration
(4 mg/kg daily) on young rats

Facilitated neurogenesis in the
developing hippocampus, and thus
improve recognition memory

Takeda et
al. (2011)

There doses (100, 200 and 400 mg)
of L-theanine and a placebo were
consumed by 27 healthy young adults

Improved attention in a dosedependent manner

Dassanayake
et al. (2020)

The combination (200 mg L-theanine
and 160 mg caffeine) was consumed
by healthy participants

L-theanine and caffeine could exert
a synergistic effect to decrease fMRI
responses to distractor stimuli

Kahathuduwa
et al. (2018)

Oral administration of L-theanine
(200 mg/kg) by the rats with induced
oxidative damage in the brain

Increased the status of antioxidants, and the
activities of creatine kinase, AchE, and ATPases

Sumathi et
al. (2016)

L-theanine (25–50 mg/kg) intake by
the rats with induced striatal toxicity

Decreased proinflammatory cytokines
levels and restored striatal GABA,
glutamate and catecholamine levels

Jamwal and
Kumar (2017)

8-week injection of L-theanine (100
or 200 mg/kg/day) in the mice with
Cadmium (Cd)-induced brain injury

Reduced Cd level in the brain and plasma, and
inhibited Cd-induced neuronal cell death

Ben et al.
(2016)

Improving
sleep quality

Alleviating
depression

Enhancing learning
ability and memory

Decreasing
the risks of
neurodegenerative
diseases

lated symptoms, Self-rating Depression Scale, State-Trait Anxiety
Inventory-trait, and Pittsburgh Sleep Quality Index (PSQI) scores
decreased, indicating that L-theanine has the potential to be a novel nutraceutical ingredient for promoting mental health in the gen-
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eral population with stress-related ailments (Hidese et. al., 2019).
Research indicates that L-theanine is able to relieve stress and
anxiety by stimulating production of α-brain wave (Bryan, 2008),
which is indicative of wakeful relaxation and decreased anxiety,

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

Wang et al.

Theanine as a promising agent for health-promotion: a review

as well as improved creativity, learning and concentration (Lardner, 2014; Gomez-Ramirez et al., 2007). Eight female university
students, divided into high and low-anxiety groups, received a
dose of oral administration of L-theanine (200 mg). After 30 min,
significantly increased α-brain wave activity in the occipital and
parietal regions of the brains was detected in both groups using
electroencephalography (EEG). The emission intensity of α-brain
wave in the high-anxiety group was greater than that of low-anxiety group (Kobayashi et al., 1998). To investigate this effect at
more realistic dietary levels of L-theanine, EEG was measured at
0, 45, 60, 75, 90 and 105 min after ingestion of 50 mg L-theanine
in the healthy young participants (n = 16), who were resting with
their eyes closed during EEG recording. The results showed that,
compared with that of placebo (n = 19), α-brain wave activity in
the L-theanine group was significantly increased linearly with time
(Nobre et al., 2008). When people are engaged in acute stress tasks
such as the mental arithmetic and the public speaking, the physiological parameters, i.e. the heart rate and blood pressure, will be
evaluated due to increased stress. L-theanine is found to be able to
help regulate these stress-related physiological parameters, which
further contributes to its anti-anxiety effect. In the healthy participants with induced high-stress, oral intake of 200 mg L-theanine
could attenuate the rise in heart rate, salivary immunoglobulin A
responses (Kimura et al., 2007) and blood pressure (Yoto et al.,
2012), suggesting that L-theanine could reduce stress and anxiety
by inhibiting cortical neuron excitation.
2.2. Improving sleep quality
A lack of sleep is associated with an increased risk of various
diseases and also responsible for compromised social behaviors,
leading to a poor quality of life and negative socioeconomic consequences (Rao et al., 2015). As sleep inducers and sedatives always lead to undesired addiction and numerous side effects, such
as drowsiness, decreased alertness and depression, L-theanine attracts increasing attention for its potential as a safe natural sleep
aid.
In an animal study, low doses (22.5 and 37.5 mg/kg) of Ltheanine were found to attenuate the caffeine-induced sleep disturbances in rats through significantly promoting the slow-wave
sleep. However, this effect is not dose-dependent and excessive
L-theanine (i.e. 75 and 150 mg/kg) intake may have the opposite
effect and worsen sleep quality (Jang et al., 2015). The long-term
effects of L-theanine administration on the sleep quality were examined in healthy adults (n = 30), and four-week administration of
L-theanine (200 mg daily) could significantly improve sleep quality via reducing sleep latency, sleep disturbance, and use of sleep
medication, compared with the placebo administration (Hidese et
al., 2019). L-theanine also exhibits promising effects on improving sleep quality in the population associated with mental illness.
Sleep deprivation is commonly found among the population diagnosed with attention-deficit/hyperactivity disorder (ADHD). Lyon
et al. (2011) investigated the efficacy and safety of L-theanine (400
mg per day, six weeks) as an aid to improve objective sleep quality
in 98 boys with ADHD. It was found that, compared with the placebo group, L-theanine administration could significantly improve
sleep percentage and sleep efficiency scores, along with a nonsignificant trend for less activity during sleep. However, it was
noticeable that sleep latency remained unchanged in this study.
Moreover, daily high dose (400 mg) of L-theanine administration
was well tolerated without causing any significant adverse events.
Unlike many sleep inducers, L-theanine is suggested to be used
during the daytime due to its capacity on promoting relaxation

and attention without drowsiness. It can effectively improve sleep
quality through anxiolysis, which is required for the initiation of
high-quality sleep. The studies indicate that L-theanine does not
directly induce sleep but rather prepares the body and mind to
enter sleep efficiently. Moreover, in a recent study, it was found
that GABA/L-theanine mixture has a positive synergistic effect on
sleep quality and duration in ICR mice (Kim et al., 2019). The
results showed that, compared with GABA or L-theanine alone,
GABA/L-theanine mixture (100/20 mg/kg) could decrease sleep
latency by 20.7% and 14.9%, and increase sleep duration by 87.3%
and 26.8%, respectively.
2.3. Alleviating depression
In the modern society, depression is the most common psychiatric
illness in the population, associated with impaired social function
and increased suicide risks. Due to low efficiency and intolerable
side effects caused by many antidepressants, this mental illness is
becoming one of the most serious global health burden (Hidese
et al., 2017). It has been found that L-theanine could be used as
one of the natural herbal medicines for the potential application in
mental diseases. Antidepressant-like effects of 10-day administration of L-theanine at doses of 1, 4 and 20 mg/kg were confirmed
in the depressed mice model induced by physical (forced swim,
tail suspension) or reserpine treatments (Yin et al., 2011). Further
research has demonstrated that, using the rats with depression as
animal model, L-theanine (2 mg/kg) administration for 21 days
could ameliorate behavioral disorders, and significantly increased
circulating monoamine neurotransmitters, including serotonin (5HT), norepinephrine (NE) and dopamine (DA) in limbic-corticalstriatal-pallidal-thalamic-circuit related brain regions (Shen et al.,
2019). Moreover, after L-theanine is transported into the brain, it
is able to induce the expression of brain-derived neurotrophic factor (BDNF) protein in the hippocampus, and exert the agonistic
action on the N-methyl-D-aspartate (NMDA) receptor, which at
least partially contributes to its antidepressant effect (Wakabayashi
et al., 2012). Besides the promising results obtained from animal
experiments, in an open-label clinical trial, the anti-depressive
effects of chronic (8 weeks) L-theanine administration (250 mg
daily) was investigated in 20 patients with major depressive disorder. The result suggests that continuous L-theanine administration
exerts multiple beneficial effects on depressive symptoms, as well
as anxiety, sleep disorder and cognitive impairments in patients,
without causing side effects (Hidese et al., 2017).
2.4. Enhancing learning ability and memory
It has been shown that L-theanine intake has a significant effect
on the release or reduction of neurotransmitters like dopamine and
serotonin, which are closely related to learning ability and memory
(Juneja et al., 1999). Animal studies demonstrated that L-theanine
administration is strongly related to the enhancement of cognitive,
especially concerning learning and memory. A relatively high-dose
(180 mg daily) of L-theanine was administered to weanling male
Wistar rats for 4 months, and the rats showed improved learning
ability and memory through the Operant test and Avoidance tests
(Juneja et al., 1999). Chronic L-theanine intake also contributes
to the postnatal development of hippocampal function in young
rats fed with water containing 0.3% L-theanine (estimated to be
around 4 mg/kg daily) for weeks. The results demonstrated that
chronic L-theanine administration is able to facilitate neurogenesis in the developing hippocampus via inducing the production
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of BDNF protein, and thus improve recognition memory (Takeda
et al., 2011).
It was also found that low dose of L-theanine (i.e. one cup of
tea, 25 mg L-theanine) could not exhibit significant acute effect
on attention and learning ability in human (Kahathuduwa et al.,
2017). There doses (100, 200 and 400 mg) of L-theanine and a
placebo were consumed by 27 healthy young adults in a doubleblind, placebo-controlled, counter balanced, 4-way crossover
study. Compared to the placebo, L-theanine intake can improve
attention in a dose-dependent manner (Dassanayake et al., 2020).
Recent studies demonstrated that intake both caffeine and L-theanine through daily tea consumption contributes to the enhancement of cognitive, especially concerning learning and memory.
Therefore, it is becoming popular to determine and compare the
effects of L-theanine, caffeine or their combination on the learning and memory in human. In a randomized 4-way crossover human study, after 9 healthy participants took 200 mg of L-theanine,
160 mg of caffeine, their combination, or the placebo and rested
for 60 min, a functional magnetic resonance imaging (fMRI) scan
was performed during they performed a visual color stimulus discrimination task. It is confirmed that oral intake of L-theanine
alone or in combination with caffeine were able to decrease fMRI
responses to distractor stimuli in brain regions, and L-theanine
and caffeine could exert a synergistic effect. The findings suggest
that L-theanine helps human brain to attend to targets more efficiently through decreasing neural resource allocation to process
distractors (Kahathuduwa et al., 2018). A recent study extended
the findings by investigating effects of L-theanine (2.5 mg/kg),
caffeine (2.0 mg/kg) and their combination on sustained attention and inhibitory control in boys with attention deficit hyperactivity disorder (ADHD). It is notable that caffeine or L-theanine
alone worsened or had a trend of worsening inhibitory control
among boys with ADHD. However, L-theanine-caffeine combination showed therapeutic potential on ADHD-associated impairments in sustained attention, inhibitory control and overall
cognitive performance, partly through inhibiting mind wandering
(Kahathuduwa et al., 2020). Besides purified caffeine, green tea
extract could also be combined with L-theanine to enhance the
effects on attention and cognitive. The beneficial effects of 16week administration of a combination of green tea extract (1,440
mg daily) and L-theanine (240 mg daily) was examined among 91
subjects with mild cognitive impairment (MCI) in a randomized,
double-blind, placebo-controlled study. In the treatment group,
the brain theta waves, an indicator of cognitive alertness, were noticeably increased in the temporal, frontal, parietal, and occipital
areas. The supplementation of the combination improved memory
and selective attention among MCI patients (Park et al., 2011).
L-theanine is known to improve learning ability through enhancing attention. Considering all research, although the underlying
mechanisms are complex and mostly unknown, it is clear that
high dose of L-theanine (i.e. 200–400 mg daily), especially when
it is combined with caffeine or tea extract, has acute and chronic
beneficial effects in healthy human and the patients with impaired
learning ability and memory.
2.5. Decreasing the risks of neurodegenerative diseases
Aging is a major cause for neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease, which are characterized
by the progressive degeneration of the structure and function of the
central nervous system or peripheral nervous system. Along with
the increasing number of human population older than 60 years,
these neurodegenerative diseases lead to a significant social and
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economic burden (Zhu et al., 2018). Moreover, it remains a challenge of treating and managing these diseases using currently marketed therapeutic drugs due to their modest benefits and multiple
side effects (Kulisevsky et al., 2014).
Increasing evidence suggests that L-theanine, as a safe food
ingredient for long-term consumption, has a potential to reverse
the pathophysiological changes associated with neurodegenerative disease through complex mechanisms, including stimulating
the status of antioxidants in the brain, downregulating the expression of inflammatory cytokines, preserving striatal neurotransmitters homeostasis, and preventing glutamate excitotoxicity.
Although glutamate is the principal excitatory neurotransmitter
in brain and involved in important brain functions, excessively
released glutamate into the extracellular space leads to over activation of glutamate receptors, α-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid (AMPA) receptor, Kainate receptor, and
NMDA receptor (Balkhi et al., 2014). Over activation of glutamate
receptors results in a phenomenon called ‘neuronal excitotoxicity’,
which is responsible for neuronal cell death or damage. L-theanine
is structurally similar to glutamate and glutamine, and thus capable of binding to all the three glutamate receptors subtypes and
performing its neuroprotective effects through down-regulation of
glutamate excitotoxicity (Deb et al., 2019). It was found that in
an in vitro model of Alzheimer’s disease, L-theanine significantly
attenuated L-glutamate-induced apoptosis probably through blunting NMDA receptor-related pathways, modulating JNK-related
cell signaling pathways as well as decreasing production of nitric
oxide via down-regulating protein levels of inducible nitric oxide
synthase (iNOS) and neuronal nitric oxide synthase (nNOS) (Di et
al., 2010). In the rats with induced oxidative damage in the brain,
oral administration of L-theanine (200 mg/kg) increased the status of antioxidants, decreased the levels of lipid peroxide, nitric
oxide and increased the activities of creatine kinase (CK), acetylcholinesterase (AchE), and ATPases in the hippocampus, cerebellum and cerebral cortex (Sumathi et al., 2016). Similarly, another
animal study also found that treatment with L-theanine (25–50
mg/kg) significantly and dose dependently prevented 3-NP-induced striatal toxicity (Huntington disease-like neuropathology) in
rats by inhibiting detrimental nitric oxide production, decreasing
proinflammatory cytokines levels and restoring striatal GABA,
glutamate and catecholamine levels (Jamwal and Kumar, 2017).
Moreover, intraperitoneal injection of L-theanine (100 or 200 mg/
kg/day) in mice for 8 weeks was also found to be able to reduce
Cadmium (Cd)-induced brain injury, a factor leading to neurological degenerative disorders. L-theanine significantly reduced
Cd level in the mouse brain and plasma, and thus inhibited Cdinduced neuronal cell death in the mouse cortex and hippocampus.
L-theanine suppressed the activation of glycogen synthase kinase3b (GSK-3b) and thus inhibited tau protein hyperphosphorylation,
which greatly attributes to Cd-induced cytotoxicity. Meanwhile,
L-Theanine also improved the status of antioxidants in the mouse
brain, by elevating the levels of glutathione (GSH) and activities
of superoxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GSH-Px) (Ben et al., 2016)
3. Potential in functional foods
In modern society, an increasing number of people are facing
much fiercer stress and anxiety from their daily work, study and
life. Meanwhile, the incidence of neurodegenerative diseases is
rapidly increasing in this so-called aging society. Both stressinduced mental illness and aging-related neurodegenerative dis-
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eases cause huge economic burden and significantly negative effects on the daily life. Therefore, the functional foods designed
to enhance the mood and keep the brain healthy have recently
attracted growing interest. L-theanine, a natural tea component,
is emerging as one of the most popular ingredients in functional
foods and drinks since its appealing taste and multiple roles in improving mood state and brain health. Although certain amount of
L-theanine (around 20–100 mg) can be consumed through daily
tea drinking, there are still many people don’t have tea drinking
habits. Even for tea drinkers, the studies suggest that a much higher dose of pure L-theanine is needed to exert maximum effectiveness on brain health (Deb et al., 2019; Kahathuduwa et al., 2017).
Based on the findings of L-theanine, we suggest that integrating
of commercial L-theanine in food matrix will provide a convenient delivery method, in which L-theanine can be easily accessible
and bioavailable in concentrations sufficient to produce the desired physiological effects.
Besides its well-known functional effects on brain health, Ltheanine has several advantages to be applied in functional foods.
First, the safety of L-theanine has been well acknowledged. It
was first allowed to be used as a common food additive in Japan
in 1964, and then considered as a “generally recognized as safe”
compound in USA since 1985. The result of a chronic toxicity test
in mice indicated that even maximum tolerated dose of L-theanine
(5% of the diet) is safe and non-poisonous (Fujii and Inai, 2008).
Second, unlike dietary fiber and alkaloid, which could cause unpleasant flavor or taste after incorporating in the food matrix, Ltheanine provides the distinctive aroma and the ‘umami’ taste to
the food, making it more delicious. Third, L-theanine remains stable in the food processing conditions, such as a high temperatures
of 121 °C or an acid solution (pH 3.0 to 6.6), and able to be stored
at room temperature for 12 months (Juneja et al., 1999). Third,
pure L-theanine with reasonable cost is mass-produced in the factories and commercially available in the market.
Nowadays, increasing functional food products fortified with
L-theanine have been developed and widely accepted by more and
more consumers. The recommended dose of L-theanine in the food
products ranges from 50–200 mg, which can be taken once or twice
daily. In case of severe anxiety or stress conditions, 600–800 mg of
L-theanine intake may be considered in increments of 100 mg to
200 mg spaced over the day. Functional beverage fortified with Ltheanine may be the most convenient way to deliver the sufficient
dose of L-theanine due to it is soluble and stable in the solution. In
a recent study, the anti-stress effects of L-theanine-based nutrient
beverage (200 mg of L-theanine) was investigated in a human trial.
The results indicated that L-theanine drink significantly reduced
subjective stress response a cognitive stressor, while no differences
in cognitive performance were observed. This functional drink was
also found to be more helpful to the participants with higher trait
anxiety according to resting state MEG recordings (White et al.,
2016). L-theanine can also be easily incorporated into solid food
matrix, such as tropical fruit-flavored chewable tablet, gummy
candy, and chocolate. A chocolate product (40 g) containing 60%
cacao and 0.32% L-theanine was developed, and L-theanine was
found to be able to reverse the acutely increased blood pressure
stimulated by cacao ingestion in human. More interestingly, this
study suggests the possibility for the treatment of hypertension
through long-term administration of the combination of cacao and
L-theanine at higher doses (Montopoli et al., 2015).
Several natural compounds have been found to exhibit significant synergistic effects after being combined with L-theanine in
the functional foods. For instant, caffeine is usually taken with Ltheanine at a highly recommended ratio of 2:1 (L-theanine : caffeine) to improve attention and study ability. The combination of

L-theanine and tea extract containing both caffeine and L-theanine
is also popular, and the proportion of each compound should be
calculated to adjust the ratio of L-theanine to caffeine to be 2:1. If
this L-theanine product is taken before the meal, the effects should
be noticed in around 30 min and may last 8 to 10 hours.
Forementioned L-theanine products have relatively simple food
matrix, while the complex food matrix might have an impact on
the pharmacokinetics and absorption rate of L-theanine. The physiological responses of a single intake of mango sorbet containing
200 mg of L-theanine was determined in the healthy participants
(n = 18) in a randomized, double-blind, placebo-controlled trial.
It is notable that, this study found that L-theanine incorporated in
this mango sorbet product showed no significant effects on blood
pressure, heart rate or heart rate variability (Williams et al., 2020).
Therefore, to realize the desired physiological effects, the impact
of the composition of other food matrices like sugar, fat, protein,
dietary fiber and concomitantly ingested meals on the pharmacokinetic behavior of L-theanine is needed to be extensively studied in
future research.
4. Conclusion
With the pressures of an aging population and growing social
competition, the search for safe natural products that can improve
mood and prevent brain diseases is of great social importance. Ltheanine has long been considered as a safe functional food ingredient worldwide, and now commercially produced by the factories.
Research on the benefits of L-theanine intake on mental and brain
health is ramping up, and the results from both clinical, animal and
cell studies show that L-theanine has good pharmacological effects
in relieving stress, anti-anxiety, anti-depression, promoting sleep,
improving learning ability and memory, protecting against neurodegenerative diseases. Considered its stability during the food processing and storage, L-theanine shows a great potential in the development of functional foods designed for the brain health, such
as sleep aid, attention improvement and preventing brain disease.
However, researchers still need to strengthen the understanding of
the mechanisms of L-theanine intake in promoting mood and brain
health, as well as the optimal doses required to produce short- and
long-term therapeutical effects. Meanwhile, as integrated as part
of a food matrix, the interaction among L-theanine and other food
compounds and concomitantly ingested meals in humans has only
been partially investigated to date.
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Abstract
Pueraria lobata (Kudzu root) has been well documented as a food and also an herbal plant for its ability to alleviate hangover, diarrhea and cardiovascular diseases. However, the flower of Pueraria lobata has been attracted
attention only in recent decades. Bioactive phytochemicals such as isoflavones, saponins, essential oils and other
components have been isolated and identified in Pueraria flower extracts (PFE). Both in vivo and in vitro research
have indicated the health promoting effects of Pueraria flower including hepatoprotective property, estrogenic
effects, antioxidant activity, anti-inﬂammation activity and other pharmacological activities. In this review, we
have summarized the chemical compositions and pharmacological actions of Pueraria flower and updated knowledge with recent progress.
Keywords: Pueraria flower; Isoflavone; Saponin; Phytochemicals; Biological activities.

1. Introduction
Dietary plants are important sources of nutraceuticals and support 70–80% of the population as a primary and non-conventional
medicine worldwide (Chan, 2003). Growing evidence from epidemiological and case-control studies indicate that the reduced risk
of chronic diseases is tightly associated with the intake of phytochemicals originating from dietary plants (Li et al., 2020; Wen et
al., 2020; Wu et al., 2019). Indeed, dietary interventions including raw plant materials and nutraceuticals have been identified to
prevent various diseases such as obesity, diabetes, cardiovascular
diseases, Alzheimer’s disease, and cancers (Li et al., 2019; Sheng
et al., 2019; Wang et al., 2014; Wang et al., 2020; Wirngo et al.,
2016; Zhang et al., 2018).
Pueraria lobata belongs to Leguminosae family, and it is one of
the earliest medicinal plants used in traditional Chinese medicine.
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The components and pharmacological activities of the root of Pueraria lobata have been extensively studied (Keung and Vallee, 1998;
Wong et al., 2011; Zhang et al., 2017; Zhou et al., 2014). There
are more than 70 phytochemicals identified in the root of Pueraria
lobate (Kudzu root). Among these compounds, isoflavonoids and
triterpenoids are the major constituents. Thus, compounds-oriented tactics lead to Kudzu root as an effective medicinal intervention
for diabetes, cardiovascular diseases and imbalance in endocrine
systems (Wong et al., 2011).
As the flower-based herb from Pueraria lobata, Pueraria flower
(Puerariae Flos) has attracted increasing attention due to its bioactivities in hypoglycemia, hypolipidemia, and weight loss. Assessment of phytochemicals indicates that isoflavonoid and essential
oils are the chief components in Pueraria flower (Lertpatipanpong
et al., 2020; Wang et al., 2013; Yu et al., 2011). On the basis of its
promising development potential, we summarized the up to date
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Table 1. Major flavonoids in Pueraria flower

No.

compounds

R1

R2

R3

Reference

1

Rutin

glc-rha

OH

OH

Ding et al., 2013; Lertpatipanpong et al., 2020

2

Luteolin

H

OH

OH

Ding et al., 2013

3

Apigenin

H

OH

H

Lu et al., 2013Lertpatipanpong et al., 2020

4

Nicotiflorin

O-glc-(6→1)-xyl

OH

H

Lu et al., 2013

5

Apigenin 4′-O-β-D-glucoside

O-glc

H

H

Lu et al., 2013

knowledge regarding phytochemicals and pharmacological activities of Pueraria flower. In particular, key issues involving the relationship between active ingredients and molecular mechanisms are
highlighted in this review.
2. Methods
The current review considered the literature published prior to September 2020 on phytochemistry, pharmacology and toxicity of extracts isolated from Pueraria flower. All the available information on
Pueraria flower was collected via electronic search such as PubMed,
Google Scholar, and Web of Science. The literature was searched
from the databases using the keywords “Pueraria flower” with no
exact time limit (all fields) as well as various books that were accessed for information that were directly related to the present contribution. Information of all related books, full-text articles and conference notes written in English and Chinese were also very reliable.
3. Phytochemicals
3.1. Flavonoids
Chemical structures of flavonoids from Pueraria flower are summarized in Table 1. The flowers of Pueraria flower were extracted
with MeOH. Identification by high performance liquid chromatography (HPLC) and other methods showed that there were three major flavonoids, apigenin (0.0047 mg/g), nicotiflorin (0.034 mg/g),
and apigenin 4′-O-β-D-glucoside (0.016 mg/g) from the dry powder of Pueraria flower (Ding et al., 2013). In addition, rutin and
luteolin were analyzed using ultra-performance liquid chromatography coupled with quadrupole/time-of-flight mass spectrometry
(UPLC-QTOF/MS), their contents were 0.09 mg/g and 0.04–0.07
mg/g, respectively (Lu et al., 2013).
3.2. Isoflavones
Isoflavones are generally considered as the major bioactive com-

pounds in Pueraria flower. Isoflavones from Pueraria flower are
usually thought to be chemoprotective and also serve as an alternative therapy for female hormonal disorders including ovarian
cancer and menopausal symptoms (Han et al., 2018; Tousen et
al., 2019; Yang et al., 2012). Until now, more than 30 isoflavones
have been quantified in Pueraria flower (Table 2) and some of their
structures are well elucidated (Tong et al., 2018). A summary of
the current findings are presented below. Ultrafiltration with liquid chromatography and mass spectrometry (UF-LC-MS) coupled
with high-speed counter-current chromatography (HSCCC) are the
fundamental tools for rapidly screening and isolating isoflavones
from Pueraria flower. Tectoridin and kakkalide were identified
as the main isoflavones in Pueraria flower, followed by puerarin,
genistin, and tectorigenin which are valuable as α-glucosidase and
lactate dehydrogenase (LDH) inhibitors and are effective in drug
design for preventing and treating diabetes mellitus and stroke
(Wu et al., 2018).
Zhang et al.(2012) used HPLC combined with 2,2′-diphenyl1-picrylhydrazyl (DPPH) assays to access the antioxidant activity
of isoflavones identified in Pueraria flower. In this research, it was
found that the antioxidant activity of extracts from Pueraria flower
was strongly dependent on the solvent. Solvents with different polarities were used to further fractionate crude ethanolic extract of
Pueraria flower. The ethyl acetate fraction showed more potent capacity to scavenge DPPH radical than petroleum ether or n-BuOH
fractions (Zhang et al., 2012).
In addition, Lu et al.(2013) determined a total of 25 isoflavones
by using ultra-performance liquid chromatography-quadrupole
time-of-flight mass spectrometry and mass spectrometry (UPLC
-QTOF/MS). According to these authors, kakkalide and irisolidone
were abundant in Pueraria flower (10.3–17.7 mg/g kakkalide, and
2.76–4.95 mg/g irisolidone) (Lu et al., 2013). Interestingly, when
the estrogenic activity of kakkalide and its metabolite irisolidone
were investigated, the results showed that irisolidone had a better estrogenic effect than kakkalide (Shin et al., 2006). Moreover,
kakkalide was isolated as a potent 3-hydroxy-3-methylglutaryl
(HMG)-CoA reductase (HCR) inhibitor down-regulating the biosynthesis of triacylglycerols and cholesterol (Min and Kim, 2007).
Yuan et al.(2009) found 11 isoflavones from Pueraria flower with
therapeutic potential for alcoholism. Among them, two new isoflavones, 6-hydroxybiochanin A-6,7-di-O-β-D-glucopyranoside
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Table 2. Major isoflavones in Pueraria flower

No.

Compounds

R1

R2

R3

R4

R5

R6

Analysis

Reference

1

Kakkalide

OH

OMe

Glc-Xyl

H

H

Me

IR, UV

Kubo et al., 1975

2

3′-Hydroxypuerarin

OH

H

H

Glc

OH

H

UFLC-MS

Li et al., 2017

3

Puerarin

H

H

H

Glc

H

H

UFLC-MS

Li et al., 2017

4

Puerarinxyloside

H

H

Xyl

Glc

H

H

UFLC-MS

Li et al., 2017

5

Tectoridin

OH

OMe

Glc

H

H

H

UFLC-MS

Li et al., 2017

6

Tectorigenin

OH

O-CH3 H

H

H

H

UFLC-MS

Li et al., 2017

7

Ononin

OH

OH

Glc

H

H

H

UV, MS, TLC

Kurihara and
Kikuchi, 1976

8

Puerarin-4′-O-β-D-glucopyranoside

H

H

H

Glc

H

Glc

HPLC-MS/MS

Zhang et al., 2012

9

Glycitin

H

OMe

Glc

H

H

H

UPLC-QTOF/MS

Lu et al., 2013

10

Tectorigenin-7-O-β-D-xylosyl(1→6)-β-D-glucopyranoside

OH

OMe

Glc-Xly

H

H

H

HPLC-MS/MS

Wang et al., 2013

11

Genistein-8-C-β-D-glucopyranoside

OH

H

H

Glc

H

H

HPLC-MS/MS

Zhang et al., 2012

12

Irisolidone-7-O-β-D-glucopyranpsyl(1→6)-β-D-glucopyranoside

OH

OMe

Glc-Glc

H

H

Me

HPLC-MS/MS

Zhang et al., 2012

13

Biochanin A-7-O-β-D-glucopyranoside OH

H

Glc

H

H

Me

HPLC-MS/MS

Zhang et al., 2012

14

Daidzein

H

Glc

H

H

H

IR, NMR

Kurihara and
Kiruchi, 1973

H

15

3′-methoxydaidzin

H

H

Glc

H

OMe H

HPLC-MS/MS

Zhang et al., 2012

16

Irisolidone

OH

OMe

H

H

H

Me

IR, TLC

Kurihara and
Kiruchi, 1973

17

Formononetin

H

H

H

H

H

Me

UV, MS

Kurihara and
Kiruchi, 1973

18

6-Hydroxygenistein-6,7-di-O-glucoside OH

OGlc

Glc

H

H

H

UPLC-QTOF/MS

Lu et al., 2013

19

Tectorigenin-7-O-xylosylglucoside

OH

OMe

Glc-Xyl

H

H

H

UPLC-QTOF/MS

Lu et al., 2013

21

6-Hydroxybiochanin A-6,7di-O-glucoside

OH

OGlc

Glc

H

Me

H

UPLC-QTOF/MS

Lu et al., 2013

22

Gehuain

H

OMe

Glc-Xyl

H

Me

H

UPLC-QTOF/MS

Lu et al., 2013

23

Glycitein

H

OMe

H

H

H

H

UPLC-QTOF/MS

Lu et al., 2013

24

Genistein

OH

H

H

H

H

H

IR, NMR

Kurihara and
Kiruchi, 1973

25

Biochanin A

OH

H

H

H

Me

H

IR, TLC

Kurihara and
Kiruchi, 1973

26

Tectorigenin-7-O-[β-D-xylopyranosyl(1→6)-β-D-glucopyranoside]

OH

OMe

Glc-Xyl

H

H

H

HPLC-ESI-Q/
TOF-MS

Ma et al., 2019

27

Genistein-7-glucoside

OH

H

Glc

H

H

H

HPLC-ESI-Q/
TOF-MS

Wang et al., 2013
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Table 2. Major isoflavones in Pueraria flower - (continued)

No.

Compounds

R1

R2

28

3′-Hydroxytectorigenin-7-O-β-Dxylosyl-(1→6)-β-D-glucopyranoside

OH

OMe

29

Sissotorin

OH

H

30

Quercetin

OH

H

31

Genistein

OH

H

R3

R4

R5

R6

Analysis

Reference

H

OH

H

HR-ESI-MS
and NMR

Wang et al., 2013

Glc

H

H

Me

UV, MS, TLC

Kurihara and
Kikuchi, 1976

H

H

OH

H

IR, NMR

Kurihara and
Kikuchi, 1973

H

H

H

UV, MS, TLC

Kurihara and
Kiruchi, 1973

and 6-hydroxygenistein-7-O-β-D-glucopyranoside, were isolated
from the ethanolic extract of the flowers and their structures elucidated by ultraviolet (UV), infrared spectroscopy (IR), high resolution mass spectrum (HR-MS), and 1D and 2D nuclear magnetic
resonance (NMR) spectroscopic methods. The release of lipopolysaccharide (LPS)-induced nitric oxide, using primary cultured rat
cortical microglia, was tested for all these 11 isoflavones. Tectorigenin, genistein and irisolidone were stronger in inhibiting nitric
oxide release activity than gehuain, tectoridin, tectorigenin-7-O-βD-xylosyl-(1→6)-β-D-glucopyranoside and 6-hydroxygenistein6,7-di-O-β-D-glucopyranoside. However, there was little inhibitory
activity for 6-hydroxybiochanin A-6,7-di-O-β-D-glucopyranoside,
6-hydroxygenistein-7-O-β-D-glucopyranoside, 6-hydroxygenistein7-O-β-D-glucopyranoside genistin and 6-hydroxygenistein-7-O-βD-glucopyranoside kakkalide. As far as the structure–activity relationship is concerned, the glycosylation at the C-7 hydroxyl group
reduced the inhibitory activity of microglial activation. The methoxylation of 4′-hydroxyl group of 7-glycosylated isoflavones reduced
the inhibitory activity, while the methoxy group at the 6-position
enhanced the activity (Yuan et al., 2009).
Additionally, prolonged storage of Pueraria flower led to chemical transformation of some compounds. For example, tectoridin in
Pueraria flower could be methylated and transform into kakkalide
(Kim et al., 2003). Thus, tectoridin is a prodrug of tectorigenin.
3.3. Saponins
Saponins are a large family of amphiphilic glycosides of steroids
and triterpenes found in plants and some marine organisms (Yang
et al., 2014). Naturally occurring saponins constitute a structurally
diverse class of glycosides that are composed of one or more sugar
moieties and aglycones linked via glycosidic bonds (Sahu and
Achari, 2001). The amounts of total saponins varied from 0.43 to
2.00% according to analysis of Pueraria flower collected from 30
different areas (Niiho et al., 2010). Based on the chemical structure
of saponins, a number of saponins identified from Pueraria flower
are listed in Table 3.
Lu et al.(2013) simultaneously quantified 12 saponins by UPLC
-QTOF/MS analysis. The total content of the saponins was 23.2–
60.6 mg/g (Lu et al., 2013). The major saponin compositions are
kaikasaponin III (1.26∼15.2 mg/g) and soyasaponin I (2.65∼19.1
mg/g). The contents of saponins secondary to kaikasaponin III were
kaikasaponin II (1.63∼5.74 mg/g) and kakkasaponin I (5.08∼12.3
mg/g). The rest of saponins identified included soyasaponin IV and
baptisiasaponin I, phaseoside IV, astragaloside VIII, kaikasaponin
I, azukisaponin I, kakkasaponin II, and kakkasaponin III, which

were detected at a much lower amounts compared to those mentioned above.
The health promoting activities of saponin compositions found
in Pueraria flower are reported in the literature. Kaikasaponin III
was found to possess hypoglycemic and hypolipidemic effects in
the streptozotocin (STZ)-induced diabetic rat (Choi et al., 2004).
Soyasaponin I and kaikasaponin III from Pueraria flower have
been reported to inhibit testosterone 5α-reductase and to promote
hair growth (Murata et al., 2012).
3.4. Essential oils (EOs)
EOs are characterized by volatile and semi-volatile compounds
with lower molecular weight (Song et al., 2019). Generally, EOs
are secondary plant metabolites containing complex mixtures of
volatile organic compounds (Aziz et al., 2018) such as terpenes
and their oxygenated derivatives, and some aromatic and aliphatic
compounds (Abad et al., 2012).
Kurihara and Kikuchi (1973) identified 13 essential oil components extracted from Pueraria flower. A total of 2.9 g essential oils
were obtained, including 2.4 g neutral oil and 0.5 g acid oil. The
neutral oils included 1-octen-3-ol, cis-3-hexene-1-ol, benzyl alcohol, eugenol, isoamyl alcohol, octyl alcohol, phenethyl alcohol, llinalool; and acid oil included methyl benzoate, methyl propionate,
methyl isovalerate, and methyl caproate (Table 4).
In addition, at least 12 more compounds from Pueraria flower essential oils were identified by gas chromatography-mass spectrometry
(GC-MS). These were nonanal, camphor, terpinyl acetate, trans-caryophyllene, thujopsene, humulene, 2.6-bis (1-dimethylethyl)-4-methyl-phenol, hexahydrofarnesy lacetone, methyl palmitate, dibutyl
terephthalate, hexadecanoic acid, n-docosane. Among them, hexahydrofarnesy lacetone was the richest compound with a content of
15.9% and was considered as a spice (Wang et al., 2002).
3.5. Other bioactive compounds
Apart from isoflavones, saponins and essential oils, some other
compounds were identified in Pueraria Flower. β-sitosterol, and
β-sitosterol-3O-β-D-glucoside were isolated from the methanolic
extract of the Pueraria flower.(Kurihara and Kikuchi, 1976) Additionally, 10 compounds were isolated from Pueraria flower including 3,5-di-tert-butyl-4-hydroxybenzaldehyde, palmitic acid,
1-octadecene, octadecanoic acid, eicosanoic acid, squalene, (E)-23ethylcholesta-5,22-dien-3β-ol, 24-methylenecycloartanol, β-amyrin,
lupenone. Among them, β-amyrin was present atthe highest percent-
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Table 3. Major saponins in Pueraria flower (Lu et al., 2013)

No.

Compounds

R1

R2

R3

1

AstragalosideVIII

H, OH

CH2OH

Xly-rha

2

SoyasaponinI

H, OH

CH2OH

Gal-rha

3

SoyasaponinIII

H, β-OH

CH2OH

Gal

4

SoyasaponinIV

H, OH

CH2OH

Ara

5

KaikasaponinIII

H, OH

Me

Gla-rha

6

KaikasaponinII

H, OH

Me

Glc-rha

7

KaikasaponinI

H, OH

Me

Gal

8

KakkasaponinI

H, OH

Me

Ara-rha

9

AzukisaponinI

H, OH

Me

Glc

10

BaptisiasaponinI

H, OH

Me

Xyl-rha

11

PhaseosideIV

O

Me

Gal-rha

12

KakkasaponinII

O

Me

Gal

13

KakkasaponinIII

O

Me

Xyl-rha

14

Sophoradiol monoglucuronide

O

Me

Rha-gal

age of 19.7%, followed by palmitiic acid (6.8%), lupenone (5.6%),
and 24-methylenecycloartanol (4.0%) (Kim et al., 2015).
4. Pharmacological activities
Both in vivo and in vitro research suggest that Pueraria flower has a
wide range of biological activities including hepatoprotective and
estrogenic effects, as well as antioxidant, and anti-inﬂammation
activities. The current findings regarding the main bioactive components of Pueraria flower and their underlying action mechanisms
are summarized in this contribution (Table 5).
4.1. Hepatoprotective effect
Akin to other herbal medicines, extracts or compounds from Pueraria flower possess protective effects and therapeutic properties
against liver diseases. Among the bioactives, isoflavones obtained
from Pueraria flower have been well documented to be active
against liver dysfunction and damage caused by liver diseases (Miltonprabu et al., 2017). Tectoridin, one of the main isoflavones in
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Pueraria flower, showed significant protective effect on hepatic steatosis induced by ethanol through the modulation of PPARα pathway
and protection of mitochondrial injury. The hepatoprotective effect
may be connected with inhibiting the increased levels of alanine
aminotransferase (ALT), aspartate aminotransferase (AST) and triacylglycerol (TG), adjusting the levels of mitochondrial permeability
transition (MPT) and transmembrane potential (Δψm) (Xiong et al.,
2010). Furthermore, tectoridin is an inhibitor of β-glucuronidase and
treatment with tectoridin attenuated the increase of β-glucuronidase
in blood caused by liver damage. In addition, the hepatoprotective
effect of tectoridin could be linked to the metabolism with intestinal bacteria (Lee et al., 2005). Intraperitoneal tectorigenin injection
protected mice from CCl4-induced liver injury by inhibiting the increase of ALT, AST and lactic acid dehydrogenase levels by 22.4,
44.4 and 58.7%, respectively (Lee et al., 2003).
4.2. Estrogenic effects
Estrogenic effects are associated with a variety of physio- or pathological effects, in addition to regulating female reproduction and
secondary sex characteristics. Abnormal estrogen is closely asso-
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Table 4. Major essential oils in Pueraria flower

Compounds
1-Octen-3-ol

Chemical structure

Analysis
IR, GLC, IR, GLC

Molecular weight
128.21200

References
Kurihara and Kikuchi, 1973

Leaf Alcohol

IR, GLC

100.15900

Kurihara and Kikuchi, 1973

Benzyl Alcohol

IR, GLC

108.14

Kurihara and Kikuchi, 1973

Eugenol

IR, GLC

164.2

Kurihara and Kikuchi, 1973

Isoamyl Alcohol

IR, GLC

88.1481

Kurihara and Kikuchi, 1973

Octyl Alcohol

IR, GLC

130.2279

Kurihara and Kikuchi, 1973

l-Linalool

IR, GLC

154.25

Kurihara and Kikuchi, 1973

Methyl Benzoate

IR, GLC

136.15

Kurihara and Kikuchi, 1973

Methyl Propionate

IR, GLC

100.159

Kurihara and Kikuchi, 1973

Methyl Isovalerate

IR, GLC

116.16

Kurihara and Kikuchi, 1973

Methyl Caproate

IR, GLC

130.18

Kurihara and Kikuchi, 1973

Nonanal

GC-MS

142.24

Kurihara and Kikuchi, 1973

Camphor

GC-MS

152.23

Wang et al., 2002

Terpinyl acetate

GC-MS

196.29

Wang et al., 2002

Trans-caryophyllene

GC-MS

204.35

Wang et al., 2002
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Table 4. Major essential oils in Pueraria flower - (continued)

Compounds
Thujopsene

Analysis
GC-MS

Molecular weight
204.35

References
Wang et al., 2002

Humulene

GC-MS

204.35

Wang et al., 2002

2.6-Bis(1-dimethylethyl)4-methyl-phenol

GC-MS

220.35

Wang et al., 2002

Hexahydrofarnesyl
acetone

GC-MS

268.48

Wang et al., 2002

Methyl palmitate

GC-MS

270.45

Wang et al., 2002

Dibutyl terephthalate

GC-MS

278.34

Wang et al., 2002

Hexadecanoic acid

GC-MS

256.42

Wang et al., 2002

GC-MS

310.60

Wang et al., 2002

n-Docosane

Chemical structure

CH3(CH2)20CH3

ciated with broad spectrum of diseases. Pueraria flower is rich in
isoflavones, which is the most well-known subgroup of phytoestrogens and plays protective roles against abnormal estrogenic effects (Ososki and Kennelly, 2003; Wang et al., 2020). Therefore, it
is not surprising that Pueraria flowers possess estrogenic effects.
The estrogenic effect of Pueraria flower has been confirmed by
many researchers. Park et al. (2002) found that Pueraria flower
could cause significant reversal of stress-induced deficits in learning and memory on a spatial memory task, and also increased
choline acetyltransferase (ChAT) immunoreactivities in ovariectomized (OVX) mice. Besides, tectorigenin has estrogenic effect
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through attenuating the levels of RANKL, follicle-stimulating
hormone (FSH) and luteinizing hormone (LH) and enhancing the
levels of estrogen, estrogen receptor (ER)-β, 5-HT1A, 5-HT2A,
and tryptophan hydroxylase (Han et al., 2018). In addition, Shin et
al. (2006) found that kakkalide was metabolized to irisolidone and
tectoridin, which were further metabolized to tectorigenin by human intestinal microflora. Interestingly, kakkalide and tectoridin
showed less potent estrogenic effect than their metabolites (Shin
et al., 2006).
In addition, Pueraria flower extracts displayed anti-endometriotic effects. Pueraria flower extracts suppressed the adhesion
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Table 5. The main bioactives of Pueraria flower.

Compounds

Bioactivities

Experimental models

Tectoridin

Hepatoprotective Effect

Ethanol-induced mice ↓ALT, AST, TG, MDA MPT,
Δψm levels.↑PPARα, MCAD,
CYP 4A10/14, DGAT, GPAT

Xiong et al., 2010

Kakkalide, irislidone

Hypolipidemic effect

Trition WR1339induced mice

↓HCR activity, TC, TG level

Min and Kim, 2007

Kakkalide, irislidone

Anti-inﬂammation

TNBS-induced mice

↓NF-κB activation, M1
macrophage polarization
marker expression. ↑gut
Proteobacteria population

Jang et al., 2019

Kaikasaponin,
Tectorigenin

Antimutagenic, anti-lipid
peroxidative effect

Bromobenzene
induced rats

↓Salmonella typhymurium
TA100, AFB1, MDA

Park et al., 2002

Tectorigenin

Hepatoprotective Effect

CCl4-induced mice

↓ALT, AST, LDH, MDA, calcium
levels, ↑GSH, GST activity

Lee et al., 2003

Tectorigenin

Antioxidant

H2O2-induced
HUVECs

↓LDH, MDA levels. Bax and
Cleaved Caspase-3. ↑Bcl-2
expression, SOD and GSH-Px.

Chen et al., 2021

Tectorigenin,
Tectoridin

Antioxidant

In vitro

↓hydroxy radical, Superoxide
anion radical, DPPH radical,
Lipid peroxidation levels

Han et al., 2012

KaikasaponinIII

Antidiabetic

Streptozotocininduced rat

↓lipid peroxide, hydroxy
radical levels, ↑SOD, TF, PhaseI,
PhaseII enzymes activities

Choi et al., 2004

Tectorigenin, genistein Antileukemia

HL-60cells

↓Bcl-2, EGF-receptor expression

Lee et al., 2001

Irisolidone, kakkalide

Anti-gastric injury

ethanol-induced mice ↓TNFα, IL-8, IFNγ, COX2expression, NF-κB activation

Kang et al., 2016

Tectorigenin

Anti-inﬂammation

Palmitate-stimulated
HUVECs

↓ROS production, Δψm, IKKβ/NFκB and JNK activation, TNF-α, IL-6
expression, IRS-1serine/tyrosine
phoshorylation, NO production,
ET-1, VCAM-1 expression

Qi et al., 2013Zhang
et al., 2013

Kakkalide, irisolide

Anti-inﬂammation

Carrageenan-Induced

↓TNFα, IL-β, PGE2, COX-2
expreesion, NF-κB activation.

Min et al., 2011

Tectorigenin

Antioxidant

MPP+-induced
SH-SY5Y cell

↓cell cytotoxicity and
poptosis, Bax/Bcl-2, ROS, NOX,
antioxidant enzyme expression

Min et al., 2011

Irisolidone

Hepatoprotective effect

Tert-Butyl
Hyperoxide(t-BHP)Induced mice

↓cell cytotoxicity, ALT, AST.

Lee et al., 2005

Irisolidone

Antibacterial activity

Helicobacter pylori

↓H+/K+ ATPase

Bae et al., 2001

KaikasaponinIII,
Tectorigenin

Hypoglycemic, hypolipid
effect, antioxidant

StreptozotocinLnduced rats

↓glucose, body weight, LDL,
VLDL cholesterol, DPPH,
XOD, superoxide anion, lipid
peroxidation.↑HDL cholesterol

Lee et al., 2000

Puerarin

Antioxidant, antiinﬂammation

DSS-induced mice

↓myeloperoxidase (MPO)
activity, NF-κB, pro-inflammatory
mediators, Nrf2↑tight junctions

Jeon et al., 2020

Tectoridin

Estrogenic effects

Ovariectomyinduced mice

↓osteoclastogenesis. Trap,
Ctsk, ATP60, DC-Stamp,
c-Fos, and NFATc1, NF-κB

Wang et al., 2020

of human endometriotic11Z and 12Z cells to human mesothelial
Met5A cells through targeting extracellular signal regulated kinase

Effects

References

(ERK)1/2 pathway to inhibit matrix metalloproteinase (MMP)-2
and MMP-9 in endometriotic cells (Kim et al., 2017).
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4.3. Antioxidant activity
Oxidative stress is an imbalance between the production of reactive oxygen species (ROS) and the antioxidants to scavenge the
ROS (Nocella et al., 2019). ROS consist of radical and non-radical
oxygen-based molecules, such as hydroxyl radical (•OH), hydrogen peroxide (H2O2), singlet oxygen (1O2), and superoxide (O2•) (Yang et al., 2019). To investigate the correlation between the
phytochemicals in Pueraria flower and their antioxidant capacity,
measurement of antioxidant capacity of isoflavones with different
structures was performed in vitro. The results so obtained for antioxidant activity from high to low was tectorigenin sodium sulfona
te>tectorigenin>tectoridin, demonstrating that appropriate chemical modifications could greatly improve the biological activities
of the naturally occurring products (Han et al., 2012). Eighteen
antioxidants were screened and identified from Pueraria flowers
by DPPH spiking HPLC-MS/MS (Zhang et al., 2012).
Pueraria flower extracts were beneficial in improving the antioxidative function in ethanol-treated rats by modulating redox enzymes such as Cu/Zn SOD, CAT and GSH-Px(Lee et al., 2001). In
addition, tectorigenin prevented MPP+-induced human neuroblastoma SH-SY5Y cells damage due to its potent antioxidant activity.
The addition of tectorigenin blocked MPP+-induced ROS formation and NADPH oxidase (NOX) expression to protect the antioxidant enzyme activities from MPP wreckage (Gong et al., 2017).
Notably, by means of targeting oxidative stress, tectorigenin and
kaikasaponin III were reported to alleviate the streptozotocin-induced toxicity and to contribute to hypoglycemic and hypolipidemic effects (Lee et al., 2000). Besides, puerarin, one of components of Pueraria flower, showed antioxidant effect by regulating
the expression of Nrf2 pathway and antioxidant enzymes dextran
sulfate sodium-induced colitis mice model.(Jeon et al., 2020).
4.4. Anti-inﬂammatory activity
Increasing evidence proved that the bioactive extracts of various
natural plants including Pueraria flower display a variety of pharmacological effects on acute and chronic inflammatory diseases
(Lowry, 1993; Arulselvan et al., 2016). Research from a rat model
suggested that methanol extracts of Pueraria flower prevented osteoarthritis by inhibiting the pro-inflammatory mediators iNOS,
MMP-9 and MMP-3 in the knee tissues (Sun et al., 2019).
Tectorigenin attenuated endothelial dysfunction associated with
insulin resistance through inhibiting ROS-related inflammation
and facilitating insulin IRS-1/PI3K/Akt/eNOS signaling pathway
(Qi et al., 2013). Another isoflavone, kakkalide ameliorated insulin
resistance in human umbilical vein endothelial cells induced by palmitate via inhibiting ROS-associated inflammatory tumor necrosis
factor-α (TNF-α) and interleukin-6 (IL-6) production and facilitating insulin PI3K/Akt/eNOS signal pathway (Zhang et al., 2013).
Furthermore, observation from LPS-stimulated peritoneal macrophages suggested that kakkalide and irisolidone down-regulated
TNF-α, interleukin-1 beta (IL-1β) and cyclooxygenase-2 (COX-2)
via the NF-κB pathway (Min et al., 2011). In addition, kakkalide
and irisolidone alleviated the inflamed gut by inhibiting TLR4-NFκB signaling pathway and reversing the transition of M1 into M2
macrophage polarization (Jang et al., 2019).

Wang et al.
eraria flower are reported to have anti-cancer, anti-allergic, and
antimicrobial activities.
As for the anti-cancer activity, tectorigenin was found to enhance paclitaxel cytotoxicity against ovarian carcinoma cells involved in the activation of apoptotic caspases and regulation of
the NF-κB and Akt pathways (Yang et al., 2012). Additionally,
tectorigenin also exhibited antiproliferative activity against human
leukemia HL-60 cells and this activity may be based upon the induction of differentiation and apoptosis (Lee et al., 2001).
Allergic diseases such as asthma and atopic dermatitis are based
on IgE-mediated pharmacologic processes of a variety of cell populations such as mast cell and basophils (Park et al., 2004). Orally
administered tectoridin can be transformed, by intestinal bacteria,
into the more active agent tectorigenin which potently inhibited
the passive cutaneous anaphylaxis reaction. In vitro experiments
suggest that tectorigenin inhibited the release of β-hexosaminidase
from RBL-2H3 cells induced by IgE (Stevens and Austen, 1989).
Tectorigenin is also considered as inhibitors for expression of IgE
receptor (FcεRI), the key molecule triggering the allergic reactions, on human mast cells (Tamura et al., 2010). These findings
indicate that tectorigenin has potential to be an antiallergic agent.
Akin to the Pueraria root, PFE has traditionally been used as
an anti-amnesic medicine for treatment of alcoholic intoxication.
Data from the observation of passive avoidance behavior in mice
supported that aqueous extract of Pueraria flower improved the
scopolamine-induced memory impairment (Yamazaki et al., 2005).
5. Toxicity
Although very few reports are available so far, the toxicity of PFE
or compounds from PFE is still needed. Takano et al.(Takano et al.,
2013) performed oral toxicological studies of PFE and their results
provided a fundamental reference for further development and
clinical translation of functional food based on Pueraria flower.
In their acute toxicity study with 14 days observation, no death or
abnormalities were observed and the estimated oral LD50 of PFE
was higher than 5 g/kg body weight. Likewise, subchronic toxicity
study using Sprague-Dawley rats for 90 days showed no apparent
toxicological issues. Thus, the corresponding human equivalent
dose of PFE for low toxicity was estimated to be 5.0% in the diet.
6. Conclusion
This review provides a comprehensive review on bioactive compounds derived from Pueraria flower. The main baioctive classes
of compounds present included isoflavones, saponins, and flavonoids, among others. Although Pueraria flower as a dietary source
is broadly used in traditional medicine, toxicological assessments,
pharmacokinetics, and the metabolites of phytochemicals needs to
be further investigated.
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Abstract
The concentrations of polyphenols, vitamin C, and sugars, as well as antioxidant and anti-inflammatory capacity
of commercial apple beverage products in Singapore were investigated. The concentrations of vitamin C, total polyphenol content, and specific polyphenols, quercetin, and catechin of commercial apple beverages were
determined using their respective high-performance liquid chromatography−ultraviolet detection method. The
1,1-diphenyl-2-picrylhydrazyl (DPPH) assay and in vitro studies were conducted to examine the antioxidant and
anti-inflammatory capacity. The apple beverages (n = 17) exhibited significant antioxidant activity as determined
by DPPH radical scavenging assay, inhibition of cellular F2-isoprostanes and lipid hydroperoxide formation as well
as anti-inflammatory capacity (inhibition of cellular leukotriene B4 formation and myeloperoxidase activity). These
were found to be associated with vitamin C (10.35 ± 1.18 g/100g), total polyphenols (9.9 ± 1.2 mg GAE/100g),
catechin (1.60 ± 0.10 mg/100g), and quercetin (0.46 ± 0.09 mg/100g) concentrations in the tested beverages. A
separate simulation experiment demonstrated that antioxidant and anti-inflammatory capacity were augmented
by increasing vitamin C, total and specific polyphenol concentrations.
Keywords: Apple beverage; Polyphenols; Vitamin C; Sugars; Antioxidant, anti-inflammatory.

1. Introduction
Apple beverage products are readily available in many commercial markets around the world. They are convenient to consume
and considered to be made from apple. Apple and apple beverages offer similarities in numerous nutrient contents, such as
sugar, vitamins, and minerals. Recently, apple beverage products
are considered as sugar-sweetened beverages (SSB) by nutritionists and consumers owing to their sugar contents regardless of
whether the sugars are added or originated naturally from the apples. The consumption of SSB has been found to associate with
the development of metabolic diseases, such as obesity (Ahmad
et al., 2020), metabolic syndrome (Ferreira-Pêgo et al., 2016),
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hypertension (Ahmad et al., 2020), diabetes mellitus (Malik and
Hu, 2019), and cardiovascular diseases (Malik and Hu, 2019).
While it is mainly accepted that the overconsumption of SSB
may lead to adverse effects on health (Malik and Hu, 2019),
the evidence on the consumption of apple beverages is a matter of debate (Pepin et al., 2019). It is well accepted that apple
intake offers protection against human diseases (Bondonno et al.,
2017), but there is no clear consensus about the health effects of
consuming apple beverages. The relatively high sugar contents
in apple beverages, commonly between 8 and 15% have become
a health concern for discerned consumers. The fruit sugars,
though natural, do not differ from added sugars physiologically,
and may present unwanted calories in the human diet. Sugars,
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commonly sucrose, are also added as sweeteners into some of
the apple beverages for desirable sensory attributes (Hutchings
et al., 2019). Despite the similarity of apple beverages to the
other SSB in terms of free sugar content, it remains unclear in
the current literature whether they lead to the same metabolic
consequences if consumed in equal doses. Unlike other SSB, apple beverage products can serve as a dietary source of various
bioactive compounds such as apple polyphenols and vitamin C.
The consumption of polyphenols and vitamin C are beneficial to
human health by protecting against the development of chronic
diseases (Granger and Eck, 2018; Durazzo et al., 2019). The vitamin C contained in apple beverage products originates naturally
from the fruit, which is partially retained after juice extraction
and subsequent processing. It can also be added as an antioxidant
into apple beverage products. Polyphenols, like quercetin and
catechin, are usually inherited from the fruit and are less likely
to be added as ingredients into the commercial apple beverage
products. Polyphenols and vitamin C have been reported to protect against numerous chronic diseases (Granger and Eck, 2018;
Durazzo et al., 2019) via the antioxidant and anti-inflammatory
mechanisms of action (Loke et al., 2009; Granger and Eck, 2018;
Durazzo et al., 2019).
Currently, there are limited data on the concentrations of total
and specific polyphenols, vitamin C, sugars present in the commercial apple beverages in Singapore. The effects exerted by total
and specific polyphenols, vitamin C, and sugar present in these
commercial beverages on the antioxidant and anti-inflammatory
capacity are also less known. The study examined the concentrations of total and specific polyphenols, vitamin C, and sugar
present in commercial apple beverage products. The same study
also evaluated if their concentrations affect the antioxidant and
anti-inflammatory capacity of the tested beverages. These data are
valuable to nutritionists and food scientists to evaluate the nutraceutical values of consumer-ready fruit-derived SSB, such as commercial apple beverage products.
2. Materials and methods
2.1. Chemicals and materials
F2-isoprostanes-d4, F2-isoprostanes, leukotriene B4 (LTB4), leukotriene B4-d4, and arachidonic acid (AA) were purchased from
Cayman Chemical (Ann Arbor, MI, USA). Glucose, dextran
500, sodium carbonate, Folin–Ciocalteu’s reagent, gallic acid,
1,1-diphenyl-2-picrylhydrazyl radical (DPPH), = vitamin C, Tris
(2-carboxyethyl)-phosphine hydrochloride (TCEP-HCl), trichloroacetic acid (TCA), decylamine, quercetin, catechin, phorbol
12-myristate 13-acetate (PMA), calcium ionophore, trypan blue,
phosphate-buffered saline (PBS), pyridine, toluene, isooctane,
hydrogens peroxide (50% by volume), guaiacol, xylenol orange,
ammonium ferrous sulfate, vitamin C, 2,2′-azobis(2-methylpropionamidine) dihydrochloride (AAPH), 2,3,4,5,6-pentafluorophenylbromide, and bis(trimethylsilyl) trifluoroacetamide were purchased from Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile,
ethyl acetate, methanol, ethanol, and sulfuric acid were purchased
from Tedia (Fairfield, OH, USA). Ficoll-paque was purchased
from GE Healthcare (Uppsala, Sweden).
Apple polyphenols were extracted from a combined mixture of
apple beverages (100 g from each of the seventeen commercial
apple beverages) using a previously published method. Briefly,
the combined apple beverage (100 g) was extracted by sonicating
with aqueous ethanol (50:50, v/v, 2 × 50 mL) at 40 °C for 30 min

(Matsuyoshi ultrasonic cleaner KS-120N, Japan). The aqueous
ethanolic extractant was combined and concentrated via evaporation at 40 °C (Ika rotary evaporator RV10, Germany). The final
apple polyphenol concentrate was standardized to 5 g gallic acid
equivalents (GAE)/100g total polyphenol content using a modified
Folin-Ciocalteu assay (Loke et al., 2016). The standardized apple
polyphenol concentrate was used to prepare the experimental mixture.
2.2. Nutrient profiling
All the apple beverage products found on the shelves and chillers of ten randomly selected local supermarkets were included
in this study. They were subdivided into apple juice and apple
drinks. Apple juice is defined as the unfermented liquid extracted
from sound, ripe, fresh apple, with or without sugar, dextrose,
invert sugar, liquid glucose, permitted coloring matter, chemical
preservatives, and ascorbic acid (Singapore Food Agency, 2019).
Apple drinks are beverages for consumption without dilution and
may contain apple juice (Singapore Food Agency, 2019). The
nutrient contents (including the sugar content) declared on the
nutrition information panel were recorded by trained research
personnel.
2.3. Total polyphenol, catechins, quercetin, and vitamin C measurements
The amounts of polyphenols in the commercial apple beverages
were determined using a modified Folin-Ciocalteu assay (Loke et
al., 2016). Briefly, the apple beverage (100 g) was extracted by
sonicating with aqueous methanol (80%, 2 × 50 mL) at 25 °C
for 30 min (Matsuyoshi ultrasonic cleaner KS-120N, Japan). The
extract was assayed for its total polyphenol, quercetin, and catechin contents. The total polyphenol content in each test sample
was quantitated against standard gallic acid solutions and was expressed as mg GAE/100g beverage.
The amounts of total catechin and quercetin were measured using high performance liquid chromatography coupled with a diode
array detector (HPLC-DAD) (Loke et al, 2017). Briefly, the extract was hydrolyzed in methanolic potassium hydroxide (3 mol/
dm3) under nitrogen gas at 60 °C for 3 hours. The supernatant was
filtered through a 0.45 µm cellulose acetate syringe filter before
HPLC injection. The filtered supernatant (20 µL) was chromatographed isocratically on a reversed-phase C18 column (Merck
Purospher® Star RP-18, 5 µm particle size, 8 A pore size, 100
× 4.60 mm) at a flow rate of 1.0 mL/min using a Waters HPLC
series 2695 with mobile phase methanol, acetonitrile, and water
(60:20:20, v/v/v). Quercetin and catechin were measured at 262
nm and 276 nm, respectively, and determined by comparing the
quercetin and catechin integrated peak areas with respective, predetermined calibration curves.
The vitamin C content of the resulting mixture was determined
by a modified HPLC – ultraviolet detection (HPLC-UVD) method. (Fontannaz et al., 2006). Briefly, the apple beverage (10 g)
and TCEP-HCl (250 µg/mL, 40 mL) were added into a 100 mL
volumetric flask before topping up to the mark with 1% TCA. The
resulting solution was shaken for about 1 min and filter. The filtered supernatant (20 µL) was chromatographed isocratically on
a reversed-phase C18 column (Merck Purospher® Star RP-18, 5
µm particle size, 8 A pore size, 100 × 4.60 mm) at a flow rate of
1.0 mL/min using a Waters HPLC series 2695. The mobile phase
was prepared as follow: decylamine (1.6 g), acetonitrile (80 mL),

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

53

Loong et al.

Antioxidant and anti-inflammatory effect of apple beverages
sodium acetate solution (0.25 mol/L, 100 mL), and distilled water
(820 mL) were introduced into a 1,000 mL flask; then the pH of the
solution was adjusted to 5.4 with phosphoric acid 85% and 50 mg
TCEP-HCl. Vitamin C was measured at 265 nm and determined
by comparing the vitamin C integrated peak area with a predetermined calibration curve.

high (equal or greater than 20 mg/100g) vitamin C, low (lower
than 10 mg GAE/100g) and high (equal or greater than 10 mg
GAE/100g) total polyphenols, low (lower than 1.2 mg/100g)
and high (equal or greater than 1.2 mg/100g) catechin, and low
(lower than 0.5 mg/100g) and high (equal or greater than 0.5
mg/100g) quercetin concentrations.

2.4. Antioxidant and anti-inflammatory capacity

2.5. Effects of total polyphenols, catechin, quercetin,, vitamin C
and fructose concentrations on the antioxidant and anti-inflammatory capacity

The radical scavenging capacity of the apple beverage was determined using the DPPH radical scavenging assay (Miliauskas et
al., 2004). The radical scavenging results were expressed in mg
vitamin C-equivalents/100g.
The cellular antioxidant capacity was determined by measuring the inhibition of F2-isoprostanes and lipid hydroperoxides
(LPO) productions from freshly isolated human neutrophils.
The cellular anti-inflammatory capacity of the apple beverage
was determined by measuring the inhibition of LTB4 production and MPO activity of freshly isolated human neutrophils.
Human neutrophils were isolated from the neutrophil/erythrocyte pellet of fresh human whole blood after Ficoll-Paque gradient centrifugation and dextran sedimentation of red blood cells
(Tsen et al., 2016). The whole human blood was obtained in kind
from the study researchers and as suchdid not require dethics
approval. The freshly isolated neutrophils were resuspended in
PBS at a concentration of 5 × 106 cells/mL. Cell viability was
assessed using trypan blue exclusion and was typically >98%.
The freshly isolated neutrophils (5 × 106 cells/mL in PBS, 1
mL) were incubated with the aqueous methanolic extract of
the beverage (1 g/mL, 100 µL), AA (final concentration, 10
mmol/L) at 37 °C for 5 min before stimulation. The neutrophils
were incubated with PMA (final concentration, 200 nmol/L) at
37 °C for 15 minutes to stimulate the F2-isoprostanes production. For LPO productions, the neutrophils were stimulated with
AAPH (final concentration, 5 mmol/L) at 37 °C for 15 min. The
neutrophils were incubated with calcium ionophore (final concentration, 200 nmol/L) at 37 °C for 15 min to stimulate the
production of LTB4in vitro (Loke et al., 2008). Positive control
experiments were performed by incubating neutrophils with AA
(final concentration, 10 mmol/L) before activating with either
PMA (final concentration, 200 nmol/L), AAPH (final concentration, 5 mmol/L), or calcium ionophore (final concentration,
200 nmol/L). Negative control experiments were carried out
by incubating neutrophils with AA (final concentration, 10
mmol/L). The supernatant from the cell suspension was collected and stored at −80 °C before F2-isoprostanes, LPO, and
LTB4 analyses. F2-isoprostanes and LTB4 were quantified using stable isotope-labeled gas chromatography-mass spectrometry (Mori et al., 1999; Loke et al., 2008b). The formation of
LPO was quantitated using the ferrous oxidation-xylenol orange
assay (Nourooz-Zadeh et al., 1994). To examine the effects of
the apple beverage on the functional MPO activity, the aqueous
methanolic extract of the beverage (1 g/mL, 100 µL) was added
into the freshly isolated human neutrophils (1 × 106 cells/mL
in PBS, 1 mL). The mixture was incubated for 5 min at 37 °C
before the neutrophils were resuspended in fresh PBS and lyzed
by sonication. Untreated neutrophils (1 × 106 cells/mL in PBS,
1 mL) were used as positive controls. Functional MPO activity
was determined by measuring its catalytic action on the oxidation of guaiacol in the presence of hydrogen peroxide (Klebanoff et al., 1984). The apple beverages were compared after
segregation into low (lower than 10 g/100g) and high (equal or
greater than 10 g/100g) sugar, low (lower than 20 mg/100g) and

54

The following experimental beverage mixtures were freshly prepared:
• Beverage mixture, Apple Beverage with Low Polyphenol Contents (AL) contained apple polyphenols (10
mg GAE/100g), catechin (1.2 mg/100g), quercetin (0.5
mg/100g), and vitamin C (20 mg/100g) in deionized water;
• Beverage mixture, Apple Beverage with Sugar and Low
Polyphenol Contents (ALS) contained apple polyphenols
(10 mg GAE/100g), catechin (1.2 mg/100g), quercetin (0.5
mg/100g), vitamin C (20 mg/100g), and fructose (10 g/100g)
in deionized water;
• Beverage mixture, Apple Beverage with High Polyphenol Contents (AH) contained apple polyphenols (40
mg GAE/100g), catechin (5 mg/100g), and quercetin (2
mg/100g), and vitamin C (80 mg/100g) in deionized water;
• Beverage mixture, Apple Beverage with Sugar and High
Polyphenol Contents (AHS) contained apple polyphenols
(40 mg GAE/100g), catechin (5 mg/100g), quercetin (2
mg/100g), vitamin C (80 mg/100g), and fructose (10 g/100g)
in deionized water;
• Apple Beverage (AB) was one of the studied commercial
apple beverage measured to contain apple polyphenols (9.5
mg GAE/100g), catechin (1.35 mg/100g), quercetin (0.42
mg/100g), vitamin C (20.5 mg/100g), and fructose (10.2
g/100g);
• Beverage, Apple Beverage with Heightened Polyphenol
Contents (ABH) contained AB and added apple polyphenols
(30.5 mg GAE/100g), catechin (3.65 mg/100g), quercetin
(1.58 mg/100g), and vitamin C (59.5 mg/100g).
The mixtures AL and ALS were prepared to simulate the vitamin C, total polyphenols, catechin, quercetin concentrations
without and with fructose in the commercial apple beverages. The
mixtures AH and AHS simulated the heightened vitamin C, total
polyphenols, catechin, quercetin concentrations (four folds greater
than the AL and ALS) without and with fructose in the proposed
apple beverage. AB was one of the studied apple beverage whose
vitamin C, apple polyphenol, catechin, and quercetin contents
matched the simulated ALS. ABH was prepared from AB to match
the vitamin C, apple polyphenol, catechin, and quercetin concentrations to those of AHS.
The DPPH radical scavenging capacity, inhibitions of cellular
F2-isoprostanes, LPO, LTB4 production, and MPO activity of each
of the freshly prepared aqueous mixture were determined as previously described. Triplicate experiments were performed.
2.6. Statistical analysis
Statistical analyses were performed using IBM SPSS Statistics
version 26.0 (USA). Data were presented as mean ± standard deviation (SD). Differences between two and more than two groups
were compared using two-sample independent t-tests and ANOVA

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

Loong et al.

Antioxidant and anti-inflammatory effect of apple beverages

Table 1. Nutritional profile, total and specific polyphenol contents of apple beverages (N1)

Nutrients

All

Juices

Drinks

Energy (N) (kJ/100g)

45.07 ± 3.74 (17)

46.08 ± 2.28 (12)

42.65 ± 5.58* (5)

Protein (N) (g/100g)

0.10 ± 0.12 (17)

0.11 ± 0.13 (12)

0.09 ± 0.09 (5)

Fat (N) (g/100g)

0.03 ± 0.07 (17)

0.03 ± 0.08 (12)

0.02 ± 0.05 (5)

Carbohydrate (N) (g/100g)

11.08 ± 1.03 (17)

11.34 ± 0.68 (12)

10.43 ± 1.50 (5)

Sugar (N) (g/100g)

10.35 ± 1.18** (17)

10.64 ± 0.88** (12)

9.65 ± 1.61* ** (5)

Dietary fibre (N) (g/100g)

0.01 ± 0.04 (9)

0.00 ± 0.00 (6)

0.04 ± 0.07 (3)

Sodium (N) (mg/100g)

6.78 ± 8.55 (16)

4.73 ± 5.91 (12)

12.94 ± 13.05 (4)

Vitamin C (N) (mg/100g)

33.35 ± 21.87 (17)

19.50 ± 9.88 (12)

44.42 ± 23.19 (5)*

Total polyphenols (N) (mg gallic
acid equivalent/100g)

9.9 ± 1.2 (17)

10.7 ± 1.2 (12)

9.4 ± 0.8 (5)*

Total catechin (mg/100g)

1.60 ± 0.10 (17)

1.65 ± 0.07 (12)

1.50 ± 0.08 (5)*

Total quercetin (mg/100g)

0.46 ± 0.09 (17)

0.50 ± 0.06 (12)

0.36 ± 0.07 (5)*

1N

represents the number of fruit beverage products out of the 17 apple beverages with declared respective nutrient contents on their product labels. *p < 0.05 vs. juices using
two-sample independent t-tests. **p < 0.05 vs. healthy 5.0 g/100 mL reference sugar value using one-sample t-tests.

with Bonferroni post-hoc test, respectively. A significant difference was observed when p < 0.05.
3. Results
3.1. Nutritional profiling, total polyphenol content, and specific
polyphenol content
Seventeen apple beverages (twelve juices and five drinks) were
included in the study. The nutritional profiles, total polyphenol,
total catechin, and total quercetin contents of the apple beverages–
juices and drinks were presented in Table 1.
The apple beverages offered significant amounts of energy, almost all contributed by their sugar content, and vitamin C. They
contained significantly greater sugar concentrations than the
healthier 5% limit for sugar-sweetened beverages set by the Singapore Health Promotion. Similar observations were made after
stratification between apple juices and drinks. The apple juices
provided significantly larger amounts of sugar and energy than apple drinks. Fat and protein were nearly absent from the apple beverages. The drinks contained significantly higher vitamin C concentrations than the tested juices (Table 1). The juices and drinks
did not differ in the concentrations of the other macronutrients and
micronutrients.
The apple beverages offered significant amounts of polyphenols with the apple juice containing significantly higher polyphenol concentrations than the drinks (Table 1). Significant higher
concentrations of total catechin and quercetin were present in the
apple juices than in the apple drinks (Table 1).
3.2. Antioxidant and anti-inflammatory capacity of commercial
apple beverages
The beverages were found to exhibit antioxidant and anti-inflammatory activities. The apple drinks demonstrated significantly
stronger DPPH radical scavenging capacity and inhibitions of cellular F2-isoprostanes and LPO productions than the juices (Table

2). Contrary, the apple juices inhibited cellular production of LTB4
and MPO activity to significantly greater extents than the apple
drinks (Table 2).
3.3. Effects of total polyphenols, quercetin, catechin, vitamin C,
and sugar contents of apple beverages on the antioxidant and
anti-inflammatory capacity
Total polyphenol, quercetin, and catechin concentrations did not
significantly influence the DPPH radical scavenging activity and
inhibition of cellular F2-isoprostane and LPO productions (Figures 1–3). Similar observations remained after stratifying by beverage types – juices vs. drinks (Figures 1–3). The DPPH radical scavenging activity, inhibition of cellular F2-isoprostane, and
LPO productions were significantly higher in the presence of high
vitamin C compared to low vitamin C concentrations (Figure 4).
The inhibitions of cellular LTB4 and MPO productions were significantly greater in the presence of high compared to low total
polyphenol, catechin, and quercetin concentrations (Figures 1–3).
The vitamin C concentrations did not affect the cellular LTB4 and
MPO productions (Figure 4). The observations were unchanged
after stratifying into juices and drinks (Figures 1–4). The presence
of low and high sugar concentrations did not affect the antioxidant
and anti-inflammatory capacity of the apple beverages (data not
shown).
3.4. Fructose and increased total polyphenol, quercetin, and
catechin contents on antioxidant and anti-inflammatory capacity
The presence of fructose did not influence the DPPH radical scavenging activity, inhibitions of cellular productions of F2-isoprostanes, LPO, and LTB4, and cellular MPO activity of the vitamin C,
apple polyphenols, quercetin, and catechin mixtures (Table 3). The
mixture containing higher vitamin C, apple polyphenols, quercetin, and catechin concentrations significantly elevated DPPH radical scavenging activity, cellular F2-isoprostanes, LPO, LTB4 production inhibitions, and cellular MPO activity when compared to
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Table 2. Antioxidant and anti-inflammatory capacity of apple beverages (N1)

Nutrients

All

Juices

Drinks

1,1-diphenyl-2-picrylhydrazyl radical scavenging antioxidant
capacity (N) (mg vitamin C equivalents/100g)

0.64 ± 0.14 (17)

0.56 ± 0.05 (12)

0.85 ± 0.06 (5)*

Inhibition of cellular F2-isoprostane production
(N) (% relative to the positive control)

34.1 ± 3.7 (17)

33.1 ± 3.8 (12)

36.6 ± 1.6 (5)*

Inhibition of cellular lipid hydroperoxide production
(N) (% relative to the positive control)

18.0 ± 1.6 (17)

17.6 ± 1.6 (12)

19.1 ± 0.9 (5)*

Inhibition of cellular leukotriene B4 production
(N) (% relative to the positive control)

24.0 ± 1.14 (17)

24.3 ± 0.1 (12)

23.1 ± 1.1 (5)*

Inhibition of cellular myeloperoxidase activity
(N) (% relative to the positive control)

25.2 ± 1.4 (17)

25.1 ± 1.5 (12)

23.1 ± 2.6 (5)*

1N represents the number of fruit beverage products out of the 17 apple beverages with declared respective nutrient contents on their product labels. *p < 0.05 vs. juices using
two-sample independent t-tests.

Figure 1. (a) 1,1-diphenyl-2-picrylhydrazyl radical scavenging activity, (b) inhibitions of formation of F2-isoprostanes, (c) lipid hydroperoxides, (d) leukotriene B4, and (e) myeloperoxidase activity by freshly isolated human neutrophils in vitro of apple beverages – juices and drinks with low (lower than 10
mg GAE/100g; apple beverages n = 8, juices n = 6, drinks n = 2) and high (equal or greater than 10 mg GAE/100g; apple beverages n = 9, juices n = 6, drinks
n = 3) total polyphenol contents. *p < 0.05 using two-sample independent t-test.
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Figure 2. (a) 1,1-diphenyl-2-picrylhydrazyl radical scavenging activity, (b) inhibitions of formation of F2-isoprostanes, (c) lipid hydroperoxides, (d) leukotriene B4, and (e) myeloperoxidase activity by freshly isolated human neutrophils in vitro of apple beverages – juices and drinks with low (lower than 1.2
mg/100g; apple beverages n = 9, juices n = 6, drinks n = 3) and high (equal or greater than 1.2 mg/100g; apple beverages n = 8, juices n = 6, drinks n = 2)
total catechin contents. *p < 0.05 using two-sample independent t-test.

the one with lower concentrations (Table 3).
4. Discussion
Oxidative stress and inflammation have been implicated as mechanisms involved in the pathogenesis of cardiovascular and chronic metabolic diseases (Dhalla et al., 2000; Furman et al., 2019).
F2-isoprostanes are stable prostaglandin-like isomers formed in
situ in cell membranes by free radical-induced peroxidation of
arachidonic acid (Morrow et al., 1990). It has been established
as a stable in vivo marker of oxidative damage (Basu, 2008).
LPO are products of lipid peroxidation and have been regarded as an in vivo marker of lipid peroxidation (Proudfoot et al.,
2009). The results demonstrated that apple polyphenols, querce-

tin, catechin, and vitamin C exert significant total DPPH radical
scavenging activity and inhibited the cellular productions of F2isoprostanes and LPO. Vitamin C exerted significantly stronger
antioxidant effects than the apple polyphenols, quercetin, and
catechin at concentrations usually present in the apple beverage
products. Radical-initiated reactions form the main mechanisms
for the formation of F2-isoprostanes and LPO (Morrow et al.,
1990; Proudfoot et al., 2009), explaining similar associations
between the DPPH free radical scavenging and cellular antioxidant results. LTB4 is a potent chemoattractant for neutrophils,
monocytes, and eosinophils (Hersberger, 2010), and is usually
involved in inflammatory diseases such as rheumatoid arthritis
(Chen et al., 2006) and atherosclerosis (Libby, 2002). MPO, a
heme-containing enzyme found in neutrophils, monocytes, and
macrophages, catalyzes the conversion of hydrogen peroxide and
chloride ions to hypochlorous acid (Zhang et al., 2002). Thus,
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Figure 3. (a) 1,1-diphenyl-2-picrylhydrazyl radical scavenging activity, (b) inhibitions of formation of F2-isoprostanes, (c) lipid hydroperoxides, (d) leukotriene B4, and (e) myeloperoxidase activity by freshly isolated human neutrophils in vitro of apple beverages – juices and drinks with low (lower than 0.5
mg/100g; apple beverages n = 10, juices n = 7, drinks n = 3) and high (equal or greater than 0.5 mg/100g; apple beverages n = 7, juices n = 5, drinks n = 2)
total quercetin contents. *p < 0.05 using two-sample independent t-test.

MPO has been suggested as a physiological catalyst for in vivo
LDL modification in studies using monocytes and neutrophils
isolated from humans (Zhang et al., 2002). The results showed
that apple polyphenols, quercetin, catechin, and vitamin C exhibited significant anti-inflammatory activity via the inhibition
of cellular LTB4 production and MPO activity. Apple polyphenols, like quercetin and epicatechin, had previously been shown
to inhibit LTB4 production and MPO activity in vitro (Loke et al.,
2008a) and in vivo (Loke et al., 2010). Vitamin C exhibited a significantly lesser LTB4 and MPO inhibition compared to the apple
polyphenols, quercetin, and catechin. These results suggest that
the bioactive constituents, such as apple polyphenols, catechin,
quercetin, and vitamin C, in apple beverages exert differential
health benefits.
Evidence on the health benefits associated with apple juice
consumption has been encouraging. In an unblinded, randomized,

58

crossover intervention study involving healthy men and women,
apple juice consumption over six weeks increased ex vivo coppermediated low-density lipoprotein oxidation lag time compared to
baseline, and reduced conjugated diene formation (Hyson et al.,
2000). Another blinded, randomized, and crossover intervention
study showed that the consumption of vitamin C-rich (60 mg/L) apple juice, but not polyphenol-rich (993 mg catechin equivalent/L),
over four weeks elevated plasma antioxidant capacity in healthy
men and women (Soriano-Maldonado et al., 2014). It is widely hypothesized that apple polyphenols and vitamin C were responsible
for the reported bio activity. These results also suggest that apple
polyphenols and vitamin C in apple juice exert differential bioactivity, and their bioactivity requires them to be present at higher
than the normal concentrations. Pharmacological studies have
suggested that the bioactive molecules may need to be ingested at
higher doses for increased bioavailability and effective biological
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Figure 4. (a) 1,1-diphenyl-2-picrylhydrazyl radical scavenging activity, (b) inhibitions of formation of F2-isoprostanes, (c) lipid hydroperoxides, (d) leukotriene B4, and (e) myeloperoxidase activity by freshly isolated human neutrophils in vitro of apple beverages – juices and drinks with low (lower than 20
mg/100g; apple beverages n = 7, juices n = 7, drinks n = 0) and high (equal or greater than 20 mg/100g; apple beverages n = 10, juices n = 5, drinks n = 5)
vitamin C. *p < 0.05 using two-sample independent t-test.

activity. Ingestion of pure quercetin and (−)-epicatechin (200 mg)
augmented nitric oxide products and reduced endothelin-1 acutely in healthy men (Loke et al., 2008c). Quercetin and theaflavin
(350 mg/d equivalent to human dose) attenuated atherosclerosis in
ApoE −/− knockout mice by alleviating inflammation, improving
nitric oxide bioavailability, and inducing heme oxygenase-1 (Loke
et al., 2010). The reported doses used in those pharmacological
studies were much higher than those normally present in food
and beverages. Our results demonstrated that apple polyphenols,
catechin, quercetin, and vitamin C in apple beverages exerted a
concentration-dependent antioxidant and anti-inflammatory effect.
In other words, increasing the concentrations of these antioxidant
and anti-inflammatory molecules in the beverages can potentially
improve the health-benefiting efficacy, and thereby nutraceutical
value of these functional beverages.
The results indicated that apple beverages contained significant amounts of sugar and energy. Most apple beverages, regard-

less of the juices or drinks, exceeded the healthy levels of sugar
(below 5%) as suggested by Singapore Health Promotion Board,
and were classified as the less healthy “C” band (5 to 10% sugar content) and “D” band (11 to 15% sugar content) of the SSB
(Goh, 2020). Sugars present in beverages are gaining focus in the
field of food and health sciences as SSB consumption has been
found to associated with metabolic diseases (Ahmad et al., 2020;
Ferreira-Pêgo et al., 2016; Malik and Hu, 2019). Fructose is the
most prevalent sugar in apple and was therefore assumed to be the
predominant sugar present in apple beverages. The sugar contents
of the apple drinks may be deliberately managed by the manufacturers to keep the amounts of sugar in their products within
specified lower levels while maintaining acceptable sensory attributes. This may explain why commercial apple drinks were
found to contain significantly lower amounts of sugar than apple juices. The beverage industry in Singapore had pledged to reduce the sugar content of their products to less than 12% by 2020
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Table 3. Antioxidant and anti-inflammatory capacity of simulated apple beverages

AL1

ALS2

AH3

AHS4

AB5

ABH6

1,1-diphenyl-2-picrylhydrazyl radical
scavenging antioxidant capacity (N)
(mg vitamin C equivalents/100g)

1.02 ± 0.08a 1.03 ± 0.09a

3.65 ± 0.08b 3.79 ± 0.16b 0.52 ± 0.03a 3.35 ± 0.19b

Inhibition of cellular F2-isoprostane production
(N) (% relative to the positive control)

33.7 ± 0.8a

32.2 ± 1.6a

53.6 ± 2.7b

57.3 ± 3.1b

35.2 ± 2.1a

59.1 ± 1.1b

Inhibition of cellular lipid hydroperoxide
17.0 ± 1.6a
production (N) (% relative to the positive control)

18.0 ± 1.5a

32.4 ± 3.1b

29.8 ± 1.3b

18.2 ± 0.3a

30.6 ± 1.7b

Inhibition of cellular leukotriene B4 production
(N) (% relative to the positive control)

25.8 ± 3.2a

26.1 ± 3.0a

48.7 ± 4.0b

46.4 ± 1.6b

25.8 ± 1.3a

48.9 ± 1.4b

Inhibition of cellular myeloperoxidase activity
(N) (% relative to the positive control)

25.2 ± 1.5a

24.9 ± 2.2a

40.7 ± 0.3b

42.1 ± 1.9b

24.9 ± 3.4a

45.1 ± 4.6b

1AL represented a simulated apple beverage containing vitamin C (20 mg/100g), apple polyphenols (10 mg gallic acid equivalent/100g), catechin (1.2 mg/100g), and quercetin
(0.5 mg/100g). 2ALS represented a simulated apple beverage containing vitamin C (20 mg/100g), apple polyphenols (10 mg gallic acid equivalent/100g), catechin (1.2 mg/100g),
quercetin (0.5 mg/100g), and fructose (10 g/100g). 3AH represented a simulated apple beverage containing vitamin C (80 mg/100g), apple polyphenols (40 mg gallic acid
equivalent/100g), catechin (5 mg/100g), and quercetin (2 mg/100g). 4AHS represented a simulated apple beverage containing vitamin C (80 mg/100g), apple polyphenols (40 mg
gallic acid equivalent/100g), catechin (5 mg/100g), quercetin (2 mg/100g), and fructose (10 g/100g). 5AB was one of the studied commercial apple beverage measured to contain
vitamin C (20.5 mg/100g), apple polyphenols (9.5 mg GAE/100g), catechin (1.35 mg/100g), quercetin (0.42 mg/100g), and fructose (10 g/100g). 6ABH represented AB and added
vitamin C (59.5 mg/100g), apple polyphenols (30.5 mg GAE/100g), catechin (3.65 mg/100g), and quercetin (1.58 mg/100g). a,bdifferent alphabets represent significant difference
using ANOVA with Bonferroni adjustment.

(Lai, 2017). This move is aligned with the Singapore government
policy to reduce sugar intake by Singapore residents (Singapore
Health Promotion Board, 2020a). The sugar contents of the apple
beverages can be further reduced to healthier levels by replacing
the added sugar completely or partially with alternative low- or
non-caloric sweeteners, like stevia and erythritol (Malik, 2019).
The challenges of costs and sensory retention, however, remain.
Reducing the innate sugar content of apple juice seems to be a
bigger challenge. The presence of sugar or fructose did not affect the antioxidant and anti-inflammatory capacities of the apple
beverages, as shown by the experiments with the simulated apple
beverages. Sugar in commercial apple beverages may pose health
concerns, but the bioactive apple constituents are still able to exert
their innate biological activities.
Vitamins have been regarded as the main nutrient driver of fruit
consumption (Mielgo-Ayuso et al., 2017). Vitamin C was known
by consumers to be omnipresent in fruits and their beverages. The
results verified the consumer belief and showed that the consumption of one cup (250–300 mL) of apple beverage daily should suffice to fulfill the Recommended Daily Allowance of vitamin C
(75–90 mg) (Singapore Health Promotion Board, 2020b). In addition to its nutritional value, vitamin C exhibited antioxidant activity that may help reduce oxidative stress and damage in the human
body (Granger and Eck, 2018). Polyphenols have been shown to
contribute to the nutraceutical property of fruits and vegetables.
As demonstrated in our results, fruit beverages, like apple beverages may serve as a dietary source of polyphenols and vitamin C.
This is particularly important when consumers are not ingesting
sufficient fruits and vegetables in their usual diet. Fortification of
polyphenols and vitamin C may potentially elevate the nutraceutical value of these apple beverages. Vitamin C is commonly added
as an antioxidant into beverage products. The addition of polyphenols, however, is less common. The manufacturing processes
of apple beverages allow better control and customization of the
nutrient contents, such as sugars, vitamins, minerals, and unique
phytochemicals, like polyphenols that may offer additional nutraceutical benefits. However, such practices pose a challenge for
food technologists to upkeep the consumers’ sensory acceptance of
the final beverage product.
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5. Conclusion
Albeit of the diminishing effects of food processing on the polyphenol and vitamin C contents (Shahidi, 2020), the commercial
apple beverages sold in Singapore were found to contain significant amounts of apple polyphenols, quercetin, catechin, and vitamin C. The results demonstrated that polyphenols and vitamin C at
the concentrations present in the commercial apple beverages were
capable of providing significant biological activities via antioxidant and anti-inflammatory mechanisms. Elevating the concentrations of polyphenols and vitamin C in these commercial beverages
may likely increase their antioxidant and anti-inflammatory capacity. The presence of fructose at concentrations normally present in
these beverages did not influence the antioxidant and anti-inflammatory capacity. Apple beverages may be consumed as sources of
bioactive compounds, rather than just SSB. Food scientists may
want to increase the polyphenol and vitamin C contents of apple
beverages to further improve their nutraceutical value.
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Abstract
The “Submédio do Vale do São Francisco” (S.V.S.F.), located in the Brazilian Northeast, is an emerging winemaking
region in South America. Touriga Nacional (T.N.) grapes originated in Portugal, thrive under the climatic conditions found in the S.V.S.F. The effects of extended maceration on different parameters of red wine must produced
with T.N. grapes from two harvest years from S.V.S.F. were studied. Increased maceration time (16 to 20 days)
resulted in greater total phenolic contents (40 to 85%) compared to eight days of maceration, along with higher
antiradical activity (15 to 36%). Regardless of the harvest year, the antiradical activity was mostly related to the
contents of resveratrol, (+)-catechin, isorhamnetin-3-O-glucosidase, and (−)-epigallocatechin gallate. In contrast,
color intensity was not affected. The increase in the maceration period induced a positive effect on the phenolic
composition, which was reflected in the higher antiradical activity of T.N. red wine.
Keywords: Tropical wines; Touriga Nacional; HPLC-DAD-FD; Extended pre-fermentation maceration; Bioactive composition.

1. Introduction
Located in the Brazilian Northeast region, the “Submédio do Vale
do São Francisco” (S.S.F.V.) is an emerging winemaking region
in South America, focusing on the production of high-quality
tropical wines (Pereira et al., 2016; Pereira et al., 2018). Tropical
viticulture practices are possible in regions where minimum temperatures are not low enough to induce natural vegetative repose
in the vines (Oliveira et., 2019). The S.S.F.V. is located at an
altitude of 350 m, between parallels 8° and 9°S, with an average
temperature of 26 °C, annual precipitation around 500 mm, and
3,000 h of sunshine per year. The semiarid tropical climate condition, associated with the absence of winter and water availability
for irrigation, allows the production of grapes on a large-scale,
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reaching up to two and a half harvests in the same vineyard per
year (Teixeira et al., 2013). Tropical wines began to be vinified
in Brazil after advancing table grape production in the S.S.F.V
(Camargo et al., 2011).
Touriga Nacional is one of the most prominent Portuguese
grape varieties and is currently one of the main cultivars in the
S.S.F.V. for red wines, once the vine is fairly vigorous and presents
good adaptation to high temperatures and solar irradiance (Jackson, 2003; Oliveira et al., 2019). Touriga Nacional red wines from
S.S.F.V. have shown high antioxidant capacity associated with a
significant content of phenolic compounds, including abundant
concentrations of (+)-catechin, (−)-epicatechin, (−)-epicatechin
gallate, procyanidin A2, B1 and B2, rutin, gallic acid and stilbenes,
as well as the anthocyanins malvidin 3-O-glucoside, peonidin 3-O-
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glucoside, and delphinidin 3-O-glucoside (Padilha et al., 2017a).
Besides their well-known antioxidant properties, the mentioned
anthocyanins also contribute to the intense color of the Touriga
Nacional red wines produced in the S.S.F.V.
Wine composition is directly affected by the conditions in
which grapes are processed, including destemming and crushing of
the berries, pressing, addition of sulphite, and the maceration step
(Lima et al., 2015; Sun et al., 2001; Gomez-Miguez et al., 2007;
Ribéreau-Gayon et al., 2006). Maceration, which traditionally occurs along with alcoholic fermentation, is the stage where grape
components are extracted. This step depends on the time and temperature in which the skin and seeds are in contact with the wine
must. Maceration usually takes less than eight days (Kocabey et
al., 2016; Jordão et al., 2001). Therefore, this is one of the crucial
steps in winemaking, once phenolic acids and flavonoids found
in red wine are generally located in the grape’s skins and seeds
(Barbará et al., 2019; Rivero et al 2019; Kelebek et al., 2006).
High contents of phenolic compounds positively affect the flavor,
structure, color, and stability of wine (Granato et al., 2016). Hence,
maceration time is a critical factor in obtaining a satisfactory balance among red wine components, also enhancing the product’s
bioactive potential and antioxidant capacity (Jordão et al., 2001,
Jordão et al., 2012; Sun et al., 2001).
Recent findings (Lukic et al., 2016) have compared several
wine maceration procedures and looked into the effects of cryomaceration and thermovinification. The study showed discrepant results due to the different grape cultivars that were tested
(Lukic et al., 2016). Nevertheless, Yilmaztekin et al. (2015) used
extended conventional maceration during fermentation (up to 15
days) to produce wine with grape cultivar Karaoglan from Arapgir (Malatya, Turkey) and obtained a high content of volatile
compounds. Alencar et al. (2018) also used extended maceration
(up to 30 days) to produce tropical red wine from Syrah grape
from the S.S.F.V. region, and the product showed a high concentration of phenolic compounds as well as increased antioxidant
capacity.
Although little is known about the effects of extended conventional maceration on red wines produced with Touriga Nacional
grape, wine quality is highly influenced by the maceration process.
The success of this step depends on the grape cultivar, environmental conditions, and harvest period. Therefore, the objective of
this study was to evaluate the influence of extended maceration on
the phenolic compounds, antiradical activity, and color intensity of
red wines produced from Touriga Nacional grapes grown in tropical conditions and harvested in different seasons.
2. Material and methods
2.1. Feedstock
Grapes from the cultivar Touriga Nacional (Vitis vinifera L.) from
an experimental area (9°2′S, 40°11′W, 365.5 m, Lagoa Grande,
Pernambuco, Brazil) composed of 360 plants were harvested
(Fig. 1). Each area consisted of 6 plants in each side, totalizing 12
plants. The grapevines grafted under the ‘Paulsen 1103’ rootstock
were conducted in a trellis system with 1.5 m spacing between
plants, being further drip irrigated. The grapes were harvested in
two crops in distinct seasons – Vintage 2016 (October 2016–February 2017) and Vintage 2017 (March–July), harvested with 119
and 125 days after pruning, respectively, when the content of soluble solids reached over 24°Brix. The climatic conditions of the two
crops were monitored, as shown in Table S1.

Figure 1. Scheme showing the field experiments that originate the wines
used in this study for 2016 and 2017 harvests.

2.2. Winemaking
Wines were produced 50 km away from the harvest site, using traditional winemaking procedures for young red wines (Peynaud,
1997). Twenty-five kilograms of grapes from each experimental
area block (R1, R2 and R3) shown in Figure 1 were collected.
To obtain the must, grapes from blocks R1, R2, and R3 were
destemmed and crushed, promoting a slight pressure on the pomace. Next, each block of must was transferred to three 20 L glass
bottles closed with airlock valves. Maceration and fermentation
were initiated after the addition of potassium metabisulfite (0.10
g/L), pectinolytic enzyme Everum Thermp Everintec (0.01 g/L),
commercial yeast Maurivin PDM Coatec Saccharomyces cerevisiae bavanus (0.20 g/L), and ammonium phosphate as a fermentation starter Gesferm plus Coatec (0.20 g/L) under controlled temperature (24 ± 1 °C). During the maceration period, which lasted
20 days, 50 mL aliquots of must (R1, R2 and R3) were drawn in
four days intervals in triplicate (Table 1) and stored in an ultra
freezer (−80 °C).
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Table 1. Maceration time planning and samples

Sample code

Time of maceration (days)
2016 Harvest year

P0

1 st (must)

P1

4

P2

8

P3

12

P4

16

P5

20 t
2017 Harvest year

P0

1 st (must)

P1

4 th

P2

8 th

P3

12 th

P4

16 th

P5

20 th

2.3. Color intensity (CI) and total phenolic content (TPC)
Color intensity (CI) was determined spectrophotometrically (Cary
50 Bio U.V./ Visible Spectrophotometer, Palo Alto, CA, USA) using the sum of readings at wavelengths 420, 520, and 620 nm,
according to Ribéreau-Gayon et al. (2006). Total phenolic content
was determined by the Folin-Ciocalteu method as explained by
Singleton and Rossi (1965). Gallic acid was used as a standard to
build a calibration curve, and the results were expressed as mg of
gallic acid equivalents (GAE)/L of sample.
2.4. Antioxidant capacity towards DPPH radical and ABTS radical cation
Antioxidant capacity was determined by the DPPH (Sigma-Aldrich, St. Louis, MO, USA) (1,1-diphenyl-2-picrylhydrazyl) assay
according to Brand-Williams et al. (1995). Samples were mixed
with an ethanolic solution (61 μM) of DPPH and kept in the dark
for 30 min. Antioxidant capacity was also evaluated by the scavenging of ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) radical cation (Sigma-Aldrich, St. Louis, MO, USA), as reported by Mcrae et al. (2019). The absorbances were read at 515
(DPPH assay) and 734 nm (ABTS assay). Trolox (6-hydroxy2,5,7,8-tetramethylchroman-2-carboxylic acid) was used to build
calibration curves for both assays, and the results were expressed
as μmol Trolox equivalent (TE)/ mL.
2.5. Phenolic profile by HPLC-DAD-FD
Phenolic compounds were identified by high-performance liquid
chromatography (Waters Alliance 2695, Milford, MA, USA) with
diode array detector (DAD) and fluorescence detector (FD), according to Natividade et al. (2013) and Costa et al (2020). The
chromatographic parameters for each phenolic standard used are
shown in Table S2. For column separation, a Gemini-NX18 precolumn (4,0 mm x 3,0 mm, Phenomenex®, Torrance, CA, USA)
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and a Gemini-NX18 column (150 mm x 4,60 mm x 3 μm, Phenomenex®, Torrance, CA) were used. Mobile phases were composed
of (A) 0.85% orthophosphoric acid solution and (B) acetonitrile
(HPLC grade, J.T. Baker, Phillipsburg, NJ, USA). The flow rate
was set to 0.5 mL/min. The oven (Waters Alliance 2695, Milford, MA, USA) temperature was 40 °C, with an elution gradient
composed of: 0 min 100% A, 10 min 93% A, 20 min 90% A, 30
min 88% A, 40 min 77% A, 45 min 65% A, and 55 min 100%
B. Sample aliquots were filtered using a nylon membrane of 0.45
µm (Phenomenex®, Torrance, CA, USA) prior to injection into the
system. Samples were injected in triplicate (10 µL). Phenolic compounds were detected at 280, 320, 360, and 520 nm using DAD,
and with FD (emission of 280 nm and excitation at 320 nm). Data
were processed by the software Waters Empower ™ 2 (Milford,
MA, USA).
For quantification, standard curves were built using phenolic
acids, namely gallic, caffeic, p-coumaric, and chlorogenic acids
(Sigma-Aldrich, St. Louis, MO, USA). Flavonoid standards included kaempferol-3-O-glucoside, isorhamnetin-3-O-glucoside,
myricetin, quercetin 3-β-D-glucoside, rutin, (+)-catechin, (−)-epigallocatechin gallate, (−)-epicatechin gallate, procyanidin A2, procyanidin B1, and procyanidin B2. The identification and quantification of anthocyanins were performed according to Costa et al.
(2020), using the standards pelargonidin 3-O-glucoside, cyanidin
3-O-glucoside, delphinidin 3-O-glucoside, malvidin 3-O-glucoside, peonidin 3-O-glucoside, and petunidin 3-O-glucoside (Extrasynthese, Genay, France). Stilbenes were also quantified using
cis-resveratrol, piceatannol, and trans-resveratrol (Extrasynthese,
Genay, France). All the standards presented a purity grade ≥ 98%.
2.6. Data analysis
Data were submitted to ANOVA and Tukey means test (p ≤ 0.05)
by the software SAS® University (S.A.S. Institute Inc, Cary, NC,
USA). Predictive models for monitoring the maceration process
were built using polynomial regression and the statistical software OriginPro® 8.0 (OriginLab Corporation, Northampton, MA,
USA). Principal Component Analysis (PCA) was generated using
Pearson correlation matrix, additional variables (antioxidant activity values) and the XLStat software (Addinsoft Inc., Anglesey,
UK). Additionally, Pearson correlation analysis was also applied
to identify the positive and negative correlations between phenolic
compounds and antioxidant activity at 5% level of significance.
3. Results and discussion
3.1. Phenolic profile determined by HPLC-DAD-FD
The phenolic composition of Touriga Nacional wine is shown in
Table 2. A total of 27 phenolic compounds were identified in musts
with different maceration times. When comparing the content of
each identified phenolic, significant differences (p≤0.05) were observed throughout the maceration period and also between the two
harvests (within the same maceration time).
The sum of identified phenolic acids varied from 318.58 to
568.65 mg/L for the 2016 harvest and from 195.71 to 514.34 mg/L
for the 2017 harvest. Gallic acid increased during maceration time
up to 16 days in the 2016 harvest, while for the 2017 harvest, both
gallic acid and chlorogenic acid presented increasing concentrations up to 20 days of maceration. However, the same was not observed for ferulic, caffeic, and p-coumaric acids, which presented
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Table 2. Phenolic compounds (n = 27) of Touriga Nacional musts from vintages 2016 and 2017 throughout maceration period

Phenolic compounds (mg/L)

Maceration time (days) vintage 2016
P0

P1

P2

P3

P4

P5

Gallic acid

2.50d

11.80cd

24.03bc

34.55ab

48.58a

39.28ab

Caftaric acid

287.51d

475.87a

488.33a

373.93bc

386.60b

342.81c

Chlorogenic acid

10.05b

10.46b

13.18ab

11.28b

15.35a

13.78ab

Caffeic acid

16.16d

35.47a

34.53a

25.43b

23.98b

20.50c

p-Coumaric acid

1.12c

1.48bc

1.58bc

2.12b

3.49a

3.62a

Ferulic acid

1.23c

6.13ab

6.98a

5.36ab

5.35ab

4.63b

318.58d

541.23a

568.65a

452.69bc

483.35b

424.64c

(−)-Epicatechin gallate

1.88b

2.23a

1.99ab

1.86ab

1.84ab

1.39c

(−)-Epigallocatechin gallate

2.41d

2.69cd

3.23abc

3.12bc

3.74ab

3.93a

(+)-Catechin

1.38c

5.45b

6.45b

6.41b

7.86ab

8.25a

(−)-Epicatechin

2.76d

20.63c

48.03ab

68.25b

72.07a

66.10b

Procyanidin A2

0.88d

1.23c

1.45bc

1.63ab

1.81a

1.83a

Procyanidin B1

6.65d

49.25c

112.50bc

161.96ab

168.35a

155.73b

Procyanidin B2

2.61d

18.63c

40.15b

61.65bc

67.87a

67.11a

18.596d

100.12c

213.81b

304.91ab

323.56a

304.36ab

cis-Resveratrol

0.18c

0.48b

0.66ab

0.65ab

0.74a

0.66ab

Piceatannol

0.80c

1.20bc

1.75a

1.30ab

1.36ab

1.23bc

trans-Resveratrol

0.41b

0.83ab

1.01a

0.76ab

0.95a

0.73ab

1.40c

2.51b

3.43a

2.71ab

3.06ab

2.62ab

Kaempferol-3-O-glucoside

0.51b

0.60ab

0.63a

0.61ab

0.60ab

0.60ab

Quercetin 3-β-D-glucoside

3.41c

6.53bc

8.85a

7.50b

8.36ab

6.31bc

Isorhamnetin-3-O-glucoside

1.88c

6.26ab

6.86a

5.48bc

6.35ab

5.85b

Myricetin

1.00c

2.11a

1.93ab

1.66ab

1.71ab

1.51bc

Rutin

1.33c

6.60ab

7.33a

6.50ab

6.10ab

5.23b

Total flavonols

8.15d

22.11bc

25.61a

21.76ab

23.13b

19.51c

Pelargonidin 3-O-glucoside

6.81e

15.16ab

15.68a

12.41bc

11.70cd

8.75de

Cyanidin 3-O-glucoside

1.21a

0.53c

0.50c

0.93b

0.61ab

0.61ab

Delphinidin 3-O-glucoside

4.88bc

7.06a

6.56ab

4.86bc

4.11c

3.00c

Malvidin 3-O-glucoside

77.11d

227.20ab

255.40a

207.11b

207.30b

164.55c

Peonidin 3-O-glucoside

14.15ab

15.05a

14.10ab

9.68abc

8.68bc

6.51c

Petunidin 3-O-glucoside

1.42d

2.40bc

3.28a

2.72ab

2.58b

1.86cd

105.60c

267.42ab

295.53a

237.73b

235.00b

185.30bc

P0

P1

P2

P3

P4

P5

Gallic acid

1.01d

9.42cd

22.74bc

31.54b

48.03ab

51.88a

Caftaric acid

191.97c

421.91ab

475.52a

448.525a

392.66ab

328.35b

Chlorogenic acid

1.01c

5.28bc

9.02abc

9.55abc

11.24ab

14.69a

Caffeic acid

0.36ab

0.35ab

0.39ab

0.16b

0.45a

0.35ab

p-Coumaric acid

1.07c

4.26ab

5.45a

2.67bc

2.47bc

3.10bc

Total phenolic acids

Total flavanols

Total stilbenes

Total anthocyanins
Phenolic compounds (mg/L)

Maceration time (days) vintage 2017
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Table 2. - (continued)

Phenolic compounds (mg/L)

Maceration time (days) vintage 2017
P0

P1

P2

P3

P4

P5

0.29c

0.70b

1.20a

0.76b

0.64b

0.57b

195.71c

441.94ab

514.34a

493.21ab

455.51ab

398.97b

(−)-Epicatechin gallate

0.37c

0.68bc

0.94b

2.51a

2.10ab

2.04ab

(−)-Epigallocatechin gallate

1.08c

2.52bc

2.91ab

4.42a

3.23ab

3.09ab

(+)-Catechin

1.06e

7.75d

23.59cd

32.83bc

48.20ab

54.56a

(−)-Epicatechin

1.29e

10.80de

30.48cd

44.26bc

64.20ab

71.70a

Procyanidin A2

0.42c

0.90b

1.45ab

1.28bc

1.63ab

1.73a

Procyanidin B1

1.49c

9.73b

15.96bc

14.38bc

17.64ab

19.47a

Procyanidin B2

0.46c

3.55c

13.42bc

23.31b

45.82ab

54.94a

6.20e

35.95de

88.77cd

123.02bc

182.84ab

207.55a

cis-Resveratrol

0.25b

0.69ab

0.82a

0.69ab

1.04a

0.84a

Piceatannol

0.27c

0.42b

0.62b

0.64a

0.65a

0.63b

trans-Resveratrol

0.25c

0.59ab

1.01a

0.98b

0.58ab

0.54ab

0.78c

1.70ab

2.45a

2.32ab

2.27ab

2.03b

Kaempferol-3-O-glucoside

0.23c

1.02b

1.34ab

1.84a

1.45ab

1.18ab

Quercetin 3-β-D-glucoside

0.73c

4.26b

5.71a

5.39ab

4.65b

3.56bc

Isorhamnetin-3-O-glucoside

0.65c

6.32b

8.79a

7.70ab

7.87ab

6.57b

Myricetin

0.44c

1.21bc

2.21ab

2.78a

2.33ab

2.03ab

Rutin

0.23c

0.73b

1.08ab

1.47a

1.18ab

1.13ab

Total flavonols

2.29c

13.57b

19.15a

19.19a

17.51ab

14.48ab

Pelargonidin 3-O-glucoside

5.20c

86.74ab

115.41a

81.95ab

70.43b

86.74ab

Cyanidin 3-O-glucoside

2.82d

7.66ab

8.00a

6.36b

5.03bc

3.48c

Delphinidin 3-O-glucoside

3.50c

66.27ab

77.45a

57.37ab

47.33b

36.45bc

Malvidin 3-O-glucoside

27.55c

325.44ab

267.53b

341.39a

312.99ab

267.02b

Peonidin 3-O-glucoside

17.62c

78.07ab

85.17a

64.78ab

50.76abc

40.04bc

Petunidin 3-O-glucoside

0.67d

17.21ab

20.33a

15.29abc

11.90bc

9.33c

57.38d

581.14a

573.91ab

567.18b

498.47bc

417.62c

Ferulic acid
Total phenolic acids

Total flavanols

Total stilbenes

Total anthocyanins

1Means with the same lowercase letter in the same lines do not differ significantly according to Tukey’s test (p ≤ 0.05). P0 = 1 st (must), P1 = 4 th, P2 = 8 th, P3 = 12 th, P4 = 16
th, P5 = 20 th.

an increase up to day 8 of maceration in both harvests. From this
point on, the content of these phenolic acids was reduced until
day 20 (Table 3). The behavior of caffeic and chlorogenic acids
during maceration in the 2016 harvest can be due to the reaction
between caffeic, quinic, shikimic, and tartaric acids to form phenolic acid esters, such as chlorogenic acid (Kosseva et al., 2017).
The concentrations of gallic, ferulic, and p-coumaric acids found
in the present study were similar to those reported by Alencar et
al. (2018).
Besides its antioxidant activity, chlorogenic acid is also potentially associated with health-promoting effects. These benefits include inhibition of liver cancer cells and potential prevention of
type 2 diabetes and cardiovascular ailments (Garambone et al.,
2008).
During the maceration procedure, gallic acid is extracted from
grape seeds after hydrolysis of gallate esters from flavonoids by
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the action of esterases. Subsequently, it is esterified with ethanol,
forming ethyl gallate. This chemical process seems to also take
place during fermentation, benefiting wine ageing (Lingua et al.,
2016). According to Kocabey et al. (2016), maceration of grape cv.
Karaoglan (Malatya, Turkey) for up to 15 days released 7.15 mg/L
of p-coumaric acid and 1.62 mg/L of ferulic acid. The interaction
between phenolic compounds may strongly influence wine quality,
even though they are present in minor amounts (Moreno-Arribas
and Polo, 2008).
The total flavanol content, from the start to day 20, varied from
100.12 to 304.91mg/L in must samples for the 2016 harvest and
from 6.20 to 207.55 mg/L in must for the 2017 harvest (Table 2).
Regarding the flavanols identified in the 2016 sample, (−)-epicatechin gallate, (−)-epicatechin, procyanidin B1, and procyanidin B2
showed increasing levels up to 16 days of maceration, while the
concentrations of (−)-epigallocatechin gallate, (+)-catechin, and
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Table 3. Pearson correlation analysis (p≤0.05) results for phenolic compounds and antioxidant activity of Touriga Nacional musts from 2016 and 2017
harvests

Phenolic Compounds

DPPH (Vintage 2016)

ABTS (Vintage 2016)

DPPH (Vintage 2017)

ABTS (Vintage 2017)

Pearson r

p-Value

Pearson r

p-Value

Pearson r

p-Value

Pearson r

p-Value

0.93

0.01*

0.87

0.03*

0.84

0.04*

0.83

0.04*

Phenolic acids
Gallic acid
Caftaric acid

0.70

0.12

0.76

0.08

0.24

0.65

0.38

0.46

Chlorogenic acid

0.76

0.08

0.80

0.06

−0.22

0.67

0.02

0.98

Caffeic acid

0.24

0.64

0.39

0.45

0.89

0.02*

0.88

0.02*

p-Coumaric acid

0.72

0.11

0.71

0.11

0.35

0.50

0.47

0.35

Ferulic acid

0.67

0.15

0.77

0.07

0.49

0.32

0.62

0.19

Flavanols
(−)-Epicatechin gallate

−0.49

0.32

−0.47

0.35

0.88

0.02*

0.77

0.07

(−)-Epigallocatechin gallate

0.79

0.06

0.81

0.05*

0.94

0.01*

0.84

0.03*

(+)-Catechin

0.94

0.00*

0.98

0.00*

0.83

0.04*

0.82

0.04*

(−)-Epicatechin

0.96

0.00*

0.88

0.02*

0.84

0.04*

0.82

0.04*

Procyanidin A2

0.95

0.00*

0.91

0.01*

0.89

0.02*

0.94

0.00*

Procyanidin B1

0.95

0.00*

0.87

0.02*

0.92

0.01*

0.96

0.00*

Procyanidin B2

0.93

0.01*

0.86

0.03*

0.73

0.10

0.71

0.11

0.98

0.00*

0.94

0.00*

0.86

0.03*

0.95

0.00*

Stilbenes
cis-Resveratrol
Piceatannol

0.61

0.20

0.67

0.14

0.96

0.00*

0.98

0.00*

trans-Resveratrol

0.70

0.12

0.79

0.06

0.68

0.14

0.68

0.13

Flavonols
Kaempferol-3-O-glucoside

0.97

0.00*

0.95

0.00*

0.95

0.00*

0.90

0.01*

Quercetin 3-β-D-glucoside

0.69

0.13

0.76

0.08

0.82

0.05*

0.86

0.03*

Isorhamnetin-3-O-glucoside

0.78

0.07

0.89

0.02*

0.88

0.02*

0.94

0.01*

Myricetin

0.53

0.28

0.64

0.17

0.95

0.00*

0.93

0.01*

Rutin

0.80

0.05

0.85

0.03*

0.97

0.00*

0.92

0.01*

Anthocyanins
Pelargonidin 3-O-glucoside

0.50

0.32

0.59

0.21

0.66

0.16

0.74

0.09

Cyanidin 3-O-glucoside

−0.84

0.03*

−0.92

0.01*

0.33

0.52

0.40

0.43

Delphinidin 3-O-glucoside

−0.19

0.71

−0.10

0.84

0.60

0.21

0.66

0.15

Malvidin 3-O-glucoside

0.67

0.15

0.76

0.08

0.87

0.02*

0.83

0.04*

Peonidin 3-O-glucoside

−0.64

0.17

−0.55

0.26

0.47

0.35

0.53

0.28

Petunidin 3-O-glucoside

0.81

0.05

0.79

0.06

0.59

0.21

0.66

0.16

DPPH

1.00

0.00*

0.96

0.00*

1.00

0.00*

0.96

0.00*

ABTS

0.96

0.00*

1.00

0.00*

0.96

0.00*

1.00

0.00*

*Valor p ≤ 0,05

procyanidin A2 continued to increase during the entire maceration
period (20 days). However, for the 2017 samples, the levels of all
flavanols consistently increased throughout the 20 days of maceration. Among flavanols, procyanidin B1, (−)-epicatechin, procyanidin B2, and (+)-catechin presented the highest concentrations
between 16 and 20 days of maceration for both harvests (Table 2).

According to Lingua et al. (2016), (+)-catechin and (−)-epicatechin are mainly concentrated in grape skins and seeds. In the
present study, both compounds reached their concentration peaks
around 16–20 days of maceration. Alencar et al. (2018) reported
that after 20 days of maceration, cv. Syrah must contained 14.5
mg/L of (−)-epicatechin and 5.6 mg/L of (+)-catechin. These re-
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sults are significantly lower than those obtained in the present
study, indicating the high bioactive potential of wines produced
with Touriga Nacional grapes grown in the S.V.S.F. region.
Procyanidin B1 has been reported as the main flavanol present in grape skin, while the seeds are abundant in procyanidin
B2 (González-Manzano et al., 2004), in agreement with the results
obtained in the present study (Table 2). Procyanidins are related
to flavor, astringency, bitterness, oxidation, and color stability in
wines, as well as a myriad of health benefits due to their potential as antioxidant and anti-inflammatory substances (Garrido and
Borges, 2013; Kennedy, 2008; Vauzour et al., 2010).
The stilbenes cis-, trans-resveratrol, and piceatannol were identified in musts from both harvests (Table 2). Interestingly, after
eight days of maceration, the levels of total stilbenes did not undergo drastic changes as opposed to what was observed for phenolic
acids and flavanols (Table 2).
Maceration for 16 days resulted in the highest concentrations
of cis-resveratrol for the 2016 (0.74 mg/L) and 2017 (1.04 mg/L)
samples. However, for trans-resveratrol, the highest yield was
achieved after eight maceration days in both harvests (1.01 mg/L).
Padilha et al. (2017b) reported a higher trans-resveratrol content
for Touriga Nacional wine from S.V.S.F. (3.0 mg/L). Granato et al.
(2016) reported trans-resveratrol levels ranging from 1.02 to 4.30
mg/L in wines from temperate climate regions, namely the South
of Brazil, Argentina, and Chile. On the other hand, cis-resveratrol
results were in agreement with wines produced with the cultivars
Syrah, Tannat, Cabernet Sauvignon, and Merlot from the S.V.S.F.
region (Lucena et al., 2010). The discrepancy in results from several studies can be explained by differences in winemaking practices
and climate conditions (Lima et al.,2015). The presence of resveratrol in Touriga Nacional wine is beneficial as this compound
is related to cardioprotective and anticarcinogenic effects due to
its antioxidant properties (Fernandez-Mar et al., 2012; Vauzour et
al., 2010).
Must samples did not benefit from extended maceration regarding total flavonol content, as opposed to phenolic acids and
flavanols (Table 2). Baseline concentrations of total flavonols
were 8.15 mg/L for the 2016 harvest and 2.29 mg/L for the 2017
harvest, reaching 25.61 mg/L (2016) and 19.15 mg/L (2017) after
eight maceration days, with no significant variations until 20 days
of maceration, where the total flavonol content decreased to 19.51
mg/L (2016) and 14.48 mg/L (2017). Quercetin-3-O-glucoside
and isorhamnetin-3-O-glucoside were identified in significant
amounts, while kaempferol-3-O-glucoside, rutin, and myricetin
were present in lower concentrations. According to Casassa et al.
(2013), flavonols are progressively extracted during the first five
to nine days of maceration. From this point on, these molecules
undergo acid hydrolysis, releasing unstable aglycones that may be
lost by ethanolic precipitation. Flavonols from grape skin are yellow compounds released during the extraction process. In wines,
they are usually responsible for flavor features, such as astringency
and bitterness (Tsanova-Savova and Ribarova, 2012; Monagas et
al., 2003). Although extended maceration results in higher contents of phenolic acids and flavanols, flavonols do not change in
the same way, which prevents the wine from altering its sensory
characteristics. Conjugated flavonols have a more significant presence than their free counterparts, as reported by Tsanova-savova
and Ribarova (2012) for Bulgarian Merlot and Cabernet wines.
Total anthocyanins were significantly reduced with extended
maceration (8–20 days), ranging from 295.53 to 185.30 mg/L for
the 2016 samples, and from 573.91 to 417.62 mg/L for the 2017
samples (Table 2). Overall, six anthocyanins were identified in the
must (pelargonidin 3-O-glucoside, cyanidin 3-O-glucoside, delphinidin 3-O-glucoside, malvidin 3-O-glucoside, peonidin 3-O-
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glucoside, and petunidin 3-O-glucoside), increasing their amounts
up to day 8 of maceration (Table 2).
The decline in anthocyanin content after eight days of maceration has been attributed to ionic adsorption by negatively charged
yeasts, adsorption in bitartrate crystals, and incorporation in polymeric pigments (Harbertson and Spayd, 2006). Anthocyanin reduction might cause decreased co-pigmentation in wines as a
result of the increase in the must’s ethanol concentration due to
fermentation. This causes the medium to become more hydrophobic, contributing to anthocyanin loss and, consequently, conferring
a less appealing color (Hermosin-Gutiérrez, 2003). Therefore, it is
noteworthy that the present study showed a lower malvidin-3-Oglucosidase concentration than Touriga Nacional wine (888.31
mg/L) produced after nine maceration days in the Viseu region,
located in the North of Portugal (Jordão et al., 2012).
3.2. Predictive models
The effect of maceration (up to 20 days) on color intensity, total phenolic content, antioxidant capacity (DPPH and ABTS), and
specific phenolic classes (total phenolic acids, total flavanols, total
stilbenes, total anthocyanins, and total flavonols) of Touriga Nacional wine are summarized in Figure 2. For each variable, the
predictive models obtained high coefficients of determination
(R2), varying from 0.844 (color intensity) to 0.997 (total anthocyanins) for the 2016 harvest and from 0.643 (total flavonols) to 0.986
(color intensity) for the 2017 harvest.
The model in Figure 2a (R2 0.844, p = 0.005) for the 2016 harvest showed a higher color intensity between four and 12 days of
maceration, with no large variations observed until the end of the
maceration period. Samples from the 2017 harvest (R2 0.986, p
≥ 0.004) followed the same trend. Gil et al. (2012) studied extended maceration (up to 30 days) for Tempranillo and Cabernet
Sauvignon wines and found a similar trend to the one detected in
the present study, with the color intensity stabilizing after ten days
of maceration. However, the Touriga Nacional cultivar has shown
greater potential for color extraction (~24.0) when compared to the
cultivars Tempranillo and Cabernet Sauvignon (14.1 and 13.5, respectively). Gomez-Mıguez et al. (2007) and McRae et al. (2019)
observed that color intensity and total phenolic content increased
after four days of maceration. In the present study, after eight days
of maceration, color intensity remained relatively constant. This is
usually the maceration period used in standard commercial wines.
As shown in Figure 2b, an increase of 45% in total phenolic
content was observed from day 8 to 16 of maceration in the 2016
must. After 16 days, the concentration declined. On the other hand,
the must from the 2017 harvest (R2 0.948, p = 0.012) registered
an increase in phenolic concentration from 16 to 20 days of maceration, which evidences the influence of harvest on this bioactive
group. Alencar et al. (2018) studied extended maceration (up to
30 days) to produce Syrah wine and observed that total phenolic
content was higher after 15 days of maceration. These results show
that phenolics are more affected by extended maceration than color
intensity in tropical wines. Phenolic content and antioxidant activity are influenced by environmental factors, such as grape cultivar,
climatic conditions, area of cultivation, and winemaking conditions (Gómez-Cordovés, Faitová et al., 2004; De Coninck et al.,
2006; Gonçalves and Jordão, 2009).
The antioxidant capacity of Touriga Nacional must, determined
by DPPH and ABTS assays, presented significant variations
throughout the maceration period for both harvests, as shown in
Figure 2c (R2 0.810, p = 0.083 for the 2016 harvest; R2 0.972, p
= 0.033 for the 2017 harvest) and Figure 2d (R2 0.978, p = 0.001
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Figure 2. Predictive models for the maceration time of Touriga Nacional red must regarding color intensity (a), Total phenolic content (b), Antioxidant
capacity expressed by the radical DPPH (c) and ABTS (d), Total phenolic acids (e), Total flavanols (f), Total Stilbenes (g), Total anthocyanins (h) and Total
Flavonols (i). *Equations for the predictive models can be found in Table S3.
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Figure 2. - (continued)

for the 2016 harvest; R2 0.983, p = 0,007 for the 2017 harvest).
Regarding the sample from the 2016 harvest, DPPH radical scavenging capacity peaked at 12 days of maceration, while the highest
efficiency for ABTS radical scavenging capacity was observed at
8 days of maceration, then declining until the end of the maceration period. Contrarily, must from the 2017 harvest displayed an
increasing trend for DPPH radical scavenging activity throughout
the entire maceration period. Regarding ABTS radical cation scavenging activity, the peak was reached between 10 and 15 days of
maceration, with no further variations for the rest of the maceration period.
Alencar et al. (2018) observed that the DPPH radical scavenging activity of wine produced from Syrah grapes grown in
the Brazilian Northeast was 16.00 μmol TE/L by using 15 days
of maceration. This result is similar to that found in the present
study. According to Leeuw et al. (2014), the antioxidant activity
determined by the DPPH assay for wines produced from Cabernet Sauvignon, Merlot, Syrah, Pinot Noir and Malbec produced in
France, Italy, United Kingdom, United States, Chile, Australia, and
Argentina varied from 3.71 to 7.67 μmol TE/L.
Predictive models for specific phenolic classes have also been
obtained in the present study. The model for phenolic acids shown
in Figure 2e (R2 0.925, p = 0.012 for the 2016 harvest; R2 0.822,
p ≥ 0.042 for the 2017 harvest) demonstrates that, regardless of
the harvest, phenolic acids are most efficiently extracted by eight
days of maceration, decreasing the concentration after this period.
Meanwhile, total flavanols reached their highest amount at 16 days
of maceration in samples from the 2016 harvest, while total flavanol levels continued to increase up to 20 days of maceration in
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must from the 2017 harvest (Fig. 2f). Stilbenes (Fig. 2g), anthocyanins (Fig. 2i) and flavonols (Fig. 2h) followed a similar trend
by decreased levels after reaching the peak. All these phenolic
classes were more predominant in the must from the 2016 harvest
compared to those from the 2017 harvest. The presence of several
phenolic classes and the interaction between different compounds
play an essential role in the antioxidant capacity of wine, related to
the protection against oxidative stress in the human body (Oroian
and Escriche, 2015; Roleira et al., 2015, Gris et al., 2013; Samoticha et al., 2017).
3.3. Analysis of Pearson correlation
Figure 3 presents the principal component analysis representing
the interaction between the phenolic profile and antiradical activity
of must samples from the 2016 and 2017 harvests.
The extended mapping explains approximately 77.36% of the
variation among phenolic compounds and antiradical activity,
mainly due to phenolic compounds’ presence on the right of PC1
(40.88%). Among these phenolics, there are phenolic acids, stilbenes, flavonols, flavanols, and anthocyanins. Sample distribution
(Fig. 3b) shows the formation of four different groups, as follows
– group 1 (SF17P1), group 2 (SF16P0 and SF17P0), group 3 (2016
harvest from P1 to P5), and group 4 (2017 harvest from P2 to P5).
Group 3 samples showed a high correlation with phenolics located
on the left side of PC1, indicating the group’s rich concentration
in such compounds. The same can be said for group 4 samples,
highly correlated with compounds located on the right side of PC1.
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Figure 3. PCA representing (a) DPPH (µmol TE/L) and ABTS (µmol TE/L) and phenolic compounds (n = 27); (b) the special representation of the samples.

On the other hand, group 2 samples did not show correlation with
any compound, which may indicate their lower concentration of
phenolics compared to the samples that have undergone maceration. This once again shows the importance of the maceration step
for the presence of phenolic compounds in wines.
Maceration periods within group 3 were associated primarily
with higher contents of chlorogenic acid, ferulic acid, caffeic acid,
flavonols (rutin and quercetin-3-β-D-glucoside), flavanols (procyanidin A2, B1, B2, (−)-epicatechin, (−)-epigallocatechin gallate),
and stilbenes (piceatannol, trans-resveratrol). On PC 2 (36.48%),

the samples SFP2, SFP3, SFP4, and SFP5 from the 2017 harvest
demonstrated a greater interaction between antiradical activity
and anthocyanins (pelargonidin 3-O-glucoside, delphinidin 3-Oglucoside, malvidin 3-O-glucoside, peonidin 3-O-glucoside, and
petunidin 3-O-glucoside), phenolic acids (gallic, caftaric, and pcoumaric), and flavonoids (myricetin, kaempferol-3-O-glucoside,
isorhamnetin-3-O-glucoside, (−)-epicatechin gallate, (+)-catechin,
and cis-resveratrol) contents. These results confirm the effect of
harvest on the content of phenolic compounds.
Table 3 shows the correlation between antioxidant capacity
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(DPPH and ABTS) and phenolic profile in must from Touriga Nacional grapes. Among all phenolic acids, gallic acid showed the
highest correlation with antioxidant activity for samples from both
harvests. For the 2017 harvest, caffeic acid presented a significant
correlation with antioxidant activity (r = 0.89 for DPPH and r =
0.88 for ABTS).
In general, flavanols showed a high positive correlation with
antiradical activity in samples from both harvests, with the only
exception being (−)-epicatechin gallate in the 2016 must (Table 3).
Among stilbenes, cis-resveratrol had the highest correlation with
antiradical activity in both harvests. A high correlation pattern was
also observed for flavonols, except for myricetin in the 2016 must.
4. Conclusions
Extended maceration increased the concentration of phenolic compounds, color intensity, and antioxidant capacity in wine. Grape
harvest influenced the phenolic composition and antioxidant capacity, with samples from the 2016 harvest showing the best results. This outcome could have been favored by climate conditions
in those years, with higher synthesis and accumulation of phenolics in grapes, possibly contributing to high-quality wine. However, after 12 days of maceration, the phenolic content stabilized
until the end of the maceration period. Little variation was noted
for the color intensity. Thus, extended maceration between 16 and
20 days is recommended in order to enhance antioxidant activity
due to the increase in the content of bioactive compounds.
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Abstract
Phosvitin (PV) is an egg protein. Our recent study showed both phosvitin and phosvitin hydrolysate (PVH) could
promote osteoblast differentiation in osteoblast cells. The objective of the study was to investigate the effects of
PV and PVH on osteoclastogenesis and possible signalling pathways in RAW264.7 cells. Both PV and PVH inhibited osteoclastogenesis (fewer tartrate-resistant acid phosphatase (TRAP) positive cells and lower TRAP activity),
reduced levels of transcription factors, c-Fos and NFATc1 (nuclear factor of activated T-cells, cytoplasmic 1), and
suppressed inflammatory biomarkers TNF-α (tumor necrosis factor alpha), MCP-1 (monocyte chemoattractant
protein 1), RANTES (regulated on activation, normal T cell expressed and secreted), and inducible nitric oxide
synthase. The inhibitory effects of PV and PVH on RAW264.7 cells differentiation were likely mediated through
p38, c-Jun N-terminal kinases (JNK) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)
pathways. These results indicated that PV and PVH might inhibit bone resorption activities.
Keywords: Phosvitin; Phosvitin hydrolysate; Osteoclast; Bone resorption; Inflammation.

1. Introduction
Bone is a metabolic tissue that constantly produces new bones to
replace old/damaged bones to maintain a healthy and integrate
skeleton system. It is often referred as bone remodeling (Alford
et al., 2015). Osteoclast and osteoblast cells play a critical role
in bone remodeling by resorbing old bones and secreting new
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bones, respectively. During bone resporption, mature osteoclasts
are formed and start to resorb old bones under stimulation of macrophage-colony stimulating factor (M-CSF) and receptor activator
of nuclear factor kappa B-ligand (RANKL). Following resorption,
osteoblast progenitors are then recruited on the site of the cavity to
form mature osteoblasts and synthesize new bones (Bellido, 2014).
The activities of osteoclasts are essential for bone remodeling
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by resorbing the mineralized bone matrix. Lack of osteoclasts will
result in osteopetrosis which can be described as the bone marrow cavity filled with un-resorbed bone tissues (Chen et al., 2018).
Osteoclasts are differentiated from monocyte/macrophage lineage
and featured with their extraordinary large shape and multiple nucleus. Many factors could affect osteoclast differentiation/activities including calcitriol, parathyroid hormone (PTH) and some inflammatory cytokines (Cappariello et al., 2014). RANKL plays a
central role in the regulation of osteoclastogenesis. It can bind the
receptor activator of nuclear factor kappa-Β (RANK, receptor of
RANKL) to stimulate osteoclasts differentiation and maintain their
resorption activities by triggering a series of signaling pathways
(Honma et al., 2014). Once bound by RANKL, the cytoplasmic
domain of RANK recruits tumor necrosis factor (TNF) receptorassociated factor 6 (TRAF6) to trigger a series of cellular reactions
involving osteoclast-related proteins including c-Jun N-terminal
kinase (JNK), p50/65 nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-κB) and p38 mitogen-activated protein
kinases (MAPK) (Boyle et al., 2003). Osteoprotegerin (OPG) is a
secreted protein that has more affinity to RANKL than RANK thus
negatively regulates osteoclastogenesis by binding with RANKL.
This RANKL/RANK/OPG interaction dominantly regulates osteoclast differentiation (Martin and Sims, 2015).
It was also well known that many age-related diseases e.g. osteoporosis are associated with inflammation; inflammation results
in bone loss when it is associated with diseases such as multiple
myeloma, rheumatoid arthritis and periodontal disease (Gibon et
al., 2016). In postmenopausal women, estrogen deficiency results
in excessive secretion of RANKL in osteoblasts, and RANKL will
trigger osteoclasts to produce inflammatory cytokines. Some of
these cytokines e.g. interleukin-1 (IL-1), interleukin-6 (IL-6) and
tumor necrosis factor-alpha (TNF-α) could promote osteoclasts differentiation/activities and thus elevate bone resorption (Guo et al.,
2016; Sang et al., 2016); other chemokines e.g. monocyte chemoattractant protein 1 (MCP-1) and regulated upon activation normal T
cell expressed and secreted (RANTES), could stimulate osteoclast
cell to accelerate its differentiation and resorption activities in an
autocrine loop (Kim et al., 2005a; Mulholland et al., 2019).
Food protein and its derived peptides have been widely reported
to exert physiological activities (Ambigaipalan and Shahidi, 2017;
Ejike et al., 2017). Phosvitin (PV) is a highly phosphorylated protein existing in egg yolk. Phosvitin and phosvitin phosphopeptides have raised considerable research attention due to antioxidant, anti-inflammation, calcium absorption promoting, and bone
organogenesis activities (Young et al., 2011; Xu et al., 2012; Hu
et al., 2013; Liu et al., 2013; Liu et al., 2017). To investigate the
potential of phosvitin, new procedures were developed to extract
phosvitin (Ren and Wu 2015) and prepare phosvitin hydrolysate
(PVH, rich in phosphopeptides; Ren et al., 2015); using osteoblast
cells, we further showed PV and PVH promoted osteoblast differentiation and arrested production of anti-inflammatory cytokines
by regulating ERK and AKT signaling (Ren et al., 2019). Given
the critical roles of osteoclasts played in bone remodelling and inflammation, it is necessary to investigate the role of PV/PVH on
osteoclastogenesis and possible RANK-mediated signalling pathways in osteoclasts.
2. Materials and Methods
2.1. Chemicals and reagents
Dulbecco’s Modified Eagle’s medium (DMEM) (11995-065),

penicillin-streptomycin (15140122), fetal bovine serum (FBS;
A31605) and Alamar blue (DAL1025) were manufactured by
Thermo Fisher Scientific (Thermo Fisher Scientific Inc., Carlsbad,
CA, USA). Triton-X-100 (97062-208) was manufactured by VWR
International (VWR International Inc., West Chester, PA, USA).
RANKL (462-TEC-010) was manufactured by R&D Systems Inc.
(R&D Systems Inc., Minneapolis, MN, USA). Primary antibodies
JNK (mouse monoclonal, cat# mab2076), p-JNK (rabbit monoclonal, cat# mab1205) were purchased from R&D Systems Inc.
(Minneapolis, MN, USA); phospho-p65 (rabbit polyclonal, cat#
sc-3033), p65 (mouse monoclonal, cat# sc-8008) were purchased
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA);
NFATc1 (rabbit monoclonal, cat# mab8032) was purchased from
Cell Signaling Technology Inc. Danvers, MA, USA); inducible nitric oxide synthase (iNOS) (rabbit polyclonal, cat# ab-3523), and
α-tubulin (rabbit polyclonal, cat# ab15246) were purchased from
Abcam Inc. (Cambridge, MA, USA); Phospho-p38 (p-p38) (rabbit polyclonal, cat# NB500-138), c-Fos (rabbit polyclonal, cat#
NB110) were purchased from Novus Biologicals Inc. (Littleton,
CO, USA); Goat anti-rabbit (925-68071) and Donkey anti-mouse
(926-32212) fluorochrome-conjugated secondary antibodies were
purchased from Licor Biosciences (Lincoln, NB, USA).
Phosvitin was prepared according to Ren and Wu (2015) with
88.0% purity determined by chromatography; PVH was prepared
by pancreatin (p7545-25G; Sigma-Aldrich, Ltd., Oakville, ON,
Canada) hydrolysis and the characterization information about this
product has been reported by our previous research (Ren et al.,
2015).
2.2. Cell culture
The RAW 264.7 cells (TIB-71; American Type Culture Collection,
Manassas, VA, USA) were cultured as previously described (Ren
et al., 2019). Briefly cells were grown in DMEM. RANKL (50
ng/mL) was added to induce osteoclastogenesis while PV or PVH
were added for different analysis as described in the following sections. Alamar blue is a fluorescence dye and used to determine the
toxicity as per manufacturer’s manual. Briefly, RAW 264.7 cells
were incubated with PV/PVH at 50–500 μg/ml for 72 hr before
20 μL Alamar blue was added for incubation of another 4 hr. The
readings with excitation of 560 nm and emission of 590 nm were
recorded. No significant difference was detected between PV/PVH
treated cells and untreated cells at the concentrations used in experiments (Figure s1).
2.3. Determination of tartrate-resistant acid phosphatase
(TRAP) activity and staining of TRAP positive cells
RAW264.7 cells were cultured as described by Rahman et al.
(2006). Briefly RAW264.7 cells were treated with 50 ng/ml
RANKL for 24 h to induce osteoclastogenesis, and then 50, 100
and 500 µg/ml PV/PVH were added. At the end of day 5, cell
lysate was collected to test TRAP activity by using Sigma’s TRAP
kit (CS0740) following the manufacturer’s instruction. Absorbance at 405 nm was measured by using a Molecular Devices SpectraMax M3 microplate reader (Molecular Devices LLC, San Jose,
CA, USA). In another experiment, cells were not lysed but stained
with Sigma’s TRAP staining kit (387A-1KT) following the manufacturer’s instruction. Morphology of the cells were captured by an
Axiocam 105 color camera and processed by using Zen 2 software
on a Zeiss Primovert microscope system (Carl Zeiss Microscopy
LLC, White Plains, NY, USA).
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2.4. Preparation of cell lysate for RANKL induced signaling pathways study
RAW264.7 cells were cultured as previously described (Rahman et
al., 2006). To study the effects of PV/PVH on signaling pathway, cells
were treated with PV or PVH (500 μg/ml) for 48 hr and then RANKL
(50 ng/ml) for another 30 min NF-κB pathway, or 45 min for mitogen-activated protein kinase (MAPK) pathway. To study the changes
in nuclear factors of activated T-cells, cytoplasmic 1 (NFATc1) and cFos, cells were incubated with RANKL (50 ng/ml) for 24 hr and then
PV/PVH (500 μg/ml) for another 3 days. Cell lysate was collected as
previously described (Chakrabarti and Davidge, 2016).
2.5. Inflammatory cytokines/chemokines in RANKL stimulated
RAW264.7 cells by enzyme-linked immunosorbent assay (ELISA)
RAW264.7 cells (1×105 cells/well) were cultured in a 24-well
plate for 24 hr, followed by treatment with PV/PVH for another
24 hr, and then RANKL (50 ng/ml) to stimulate the production
of cytokines/chemokines. At day 3, the medium was collected for
analysis of tumor necrosis factor alpha (TNF-α), regulated on activation, normal T expressed and secreted (RANTES) chemokine
and monocyte chemoattractant protein-1 (MCP-1) by their respective kits. RANTES ELISA kit (MMR00), TNF-α ELISA kit
(NBP1-92681) and MCP-1 ELISA kit (KA1831) were purchased
from R&D Systems, Inc. (Minneapolis, MN, USA).
2.6. Western blot
The cell lysate from section 2.4 was subjected to Western blot according to a previously published method (Chakrabarti and Davidge, 2016). Briefly, proteins were first separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
and then incubated with various primary antibodies against JNK,
p-JNK, phospho-p65, p65, NFATc1, iNOS, Phospho-p38 (p-p38), cFos, and α-tubulin. After further incubation with fluorochrome-conjugated secondary antibodies, the images of cellular proteins were
captured and densitometry was quantified by using a Licor Odyssey
BioImager (Licor Biosciences, Lincoln, NB, USA) equipped with
the Image Studio Lite 5.2 software (Licor Biosciences, Lincoln, NB,
USA ). The densitometry of treated groups was compared to that of
untreated control and presented as a percentage of the latter.
2.7. Statistics
Three independent experiments were carried out and the results were
expressed as mean ± standard error of the mean. Data was processed
by PRISM 6 statistical software (GraphPad Software, San Diego,
CA) using one way analysis of variance (ANOVA) with Dunnett’s
post-hoc test to determine the effects of treatments and to generate
graphs. A p < 0.05 indicates significant effect was detected.
3. Results and Discussion
3.1. Effects of PV/ PVH on RANKL-stimulated RAW264.7 cells
differentiation
RANKL is widely used to differentiate RAW264.7 cells into tar-
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trate-resistant acid phosphatase (TRAP)-positive osteoclast-like
cells. TRAP activity is commonly used to evaluate osteoclasts’
functions (Shevde et al., 2000). Effects of PV/VPP on the TRAP
activities were shown in Figure 1a and b. A group of representative images under each treatment was shown in Figure 1c.
The TRAP activity of RAW264.7 cells was not affected by
PV/PVH at concentrations of 50 and 100 μg/ml, but was significantly suppressed at a concentration of 500 μg/ml (Figure 1a, b).
RAW264.7 cells differentiated into large, multi-nucleated osteoclast cells (stained with purple color) in the presence of RANKL
alone; the differentiation was not affected by adding PV/PVH at
low concentrations (50 μg/ml), but was significantly suppressed
at higher concentrations of 100 and 500 μg/ml (Figure 1c). The
presence of mononuclear RAW264.7 cells stained as TRAP positive indicated that these cells were activated but not differentiated.
RANKL-RANK interaction plays a central role in regulating
osteoclasts’ signalling pathways and expression of transcription
factors including nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1) and c-Fos, two critical transcription factors for
osteoclastogenesis. NFATc1 is the master transcription regulator for osteoclastogenesis, regulating osteoclast specific genes
such as TRAP, cathepsin K and calcitonin receptor etc. (Takayanagi et al., 2002; Kim et al., 2005b). The mRNA expression
of NFATc1 is selectively regulated by RANKL (Asagiri et al.,
2005). Monocytes and macrophages are the precursors of osteoclasts. The role of c-Fos is to commit these precursors into osteoclasts instead of mature macrophages through the formation
of activation protein 1 (AP1) (Teitelbaum, 2000). Besides, c-Fos
is essential for the autoamplification of NFATc1 as NFATc1 expression was completely inhibited in cells lack of c-Fos (Matsuo et al., 2004). In this experiment, the presence of RANKL
stimulated osteoclastogenesis and therefore upregulated the expression of NFATc1 and c-Fos; however, the treatment with PV/
PVH significantly downregulated these two transcription factors to the level of untreated cells (Figure 2). These results agree
well with the observation in TRAP activity assay, and further
confirmed the inhibitory effects of PV/PVH on osteoclast differentiation.
3.2. Effects of PV/PVH on inflammatory response in RANKL stimulated RAW264.7 cells
RAW264.7 is a macrophage-like cell line and a frequently used
model for inflammation studies. In this experiment, addition of
RANKL at 50 ng/ml not only induced osteoclastogenesis but also
elevated inflammatory response. The production of inducible nitric
oxide synthase (iNOS), tumor necrosis factor alpha (TNF-α), regulated on activation, normal T expressed and secreted (RANTES)
and monocyte chemoattractant protein-1 (MCP-1) were all elevated by RANKL treatment. Adding 500 μg/ml PV/PVH however
significantly reduced the production of these inflammation products, which supported the anti-inflammation activity of PV/PVH
during osteoclast differentiation (Figure 3). One major function of
iNOS is to catalyze the production of NO (Surh et al., 2001), which
is one of the key factors to maintain the physiological activities of
osteoclasts. Thus downregulation of iNOS might result in reduced
osteoclast activities (Brandi et al., 1995). Many inflammatory cytokines could cause bone loss in rheumatoid arthritis (Tracey et al.,
2008). It was reported that excessive TNF-α formation might have
negative effects on bone remodelling by stimulating osteoblast to
express RANKL and directly working on osteoclasts to accelerate
bone resorption (Kim et al., 2005a). RANTES and MCP-1 were
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Figure 1. Effects of PV/PVH on the formation of TRAP-positive cells in RANKL-stimulated RAW264.7 cells. RAW264.7 cells were incubated with 50 ng/ml
RANKL for 24 hr followed by PV or PVH for another 5 days, then the cells were lysed by 0.2% Triton X-100. TRAP activity in cell lysate was determined by
using Sigma’s TRAP kit (CS0740). (a) TRAP activity of PV treated RAW264.7 cells; (b) TRAP activity of PVH treated RAW264.7 cells, (c) A set of representative images of cells stained with Sigma’s TRAP staining kit (387A-1KT). Results were expressed as the mean ± standard error of the mean (n = 3). *, ** and
*** indicate p < 0.05, p < 0.01 and p < 0.001 respectively, as compared to the group of RANKL alone. (RL, RANKL; PV, phosvitin; PVH, phosvitin hydrolysate)

produced when osteoclast precursor differentiated into mature osteoclasts; the released RANTES and MCP-1 also stimulated osteoclast differentiation and formed an autocrine loop (Kim et al.,
2005a; Mulholland et al., 2019). PV/PVH have been reported to
exert anti-inflammation activities with other cell lines (Young et
al., 2011; Xu et al., 2012; Hu et al., 2013). The results from our
experiment suggested PV/PVH also possessed anti-inflammation
ability in RANKL stimulated osteoclast differentiation which
might have potential implications in the studies on inflammation
related bone diseases.
3.3. Effects of PV/PVH on signalling pathways in RAW264.7 cells
Next, we studied the effects of PV/PVH on the signalling pathways
involved with RANKL-induced osteoclastogenesis. The RANKLRANK interaction triggered cytoplasmic domain of RANK to
recruit tumor necrosis factor (TNF) receptor-associated factor
6 (TRAF6), and then two important osteoclast-related signaling

pathways, p50/65 nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB) and mitogen-activated protein kinases
(MAPKs), are activated afterwards, associated with regulating osteoclastogenesis (Boyle et al., 2003).
The MAPK p38 and c-Jun N-terminal protein kinase (JNK)
pathways are critical for osteoclastogenesis as the either JNK or
p38 MAPK inhibitor could inhibit the differentiation (Takayanagi
et al., 2002; Ikeda et al., 2004). Studies suggested that p38 pathway
was essential for RANKL-induced osteoclast differentiation, but
not for RANKL-induced osteoclast function (Li et al., 2002). JNK
is a type of serine/threonine kinases with a wide spectrum of functions to support cell growth, differentiation, and apoptosis (Zhang
and Liu, 2002). In osteoclasts, RANKL elevates the expression of
c-Jun, which binds c-Fos to form activator protein 1 (AP-1) and
thus regulates NFATc1 expression via AP-1 level (Asagiri et al.,
2005).
In this experiment, RANKL treatment elevated the levels of
phosphor-p38 and phosphor-JNK in RAW264.7 cells. Pre-treatments with PV/PVH for 48 hours significantly reduced the levels
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Figure 2. Effects of PV/PVH on osteoclastogenesis transcription factors in RANKL-stimulated RAW264.7 cells. RAW264.7 cells were cultured with RANKL
(50 ng/ml) for 24 hr and followed by PV (500 µg) or PVH (500 µg) for another 72 hr. A: Whole cell lysates were analyzed by Western blot using antibodies
against NFATc1. A set of representative images was shown. B: Whole cell lysates were analyzed by Western blot using antibodies to c-Fos. A set of representative images was shown. Results were expressed as the mean ± standard error of the mean (n = 3). *, ** and *** indicate p < 0.05, p < 0.01 and p <
0.001 respectively, as compared to the group of RANKL alone. (Untr, untreated group without RANKL or PV/PVH; RL, RANKL; PV, phosvitin; PVH, phosvitin
hydrolysate)

Figure 3. Effects of PV/PVH on inflammation protein expression/secretion in RANKL-stimulated RAW264.7 cells. RAW264.7 cells were cultured for 24 hr.
Then, cells were incubated with either PV (500 µg) or PVH (500 µg) for 24 hr. RANKL (50 ng/ml) was added to stimulate inflammatory cytokines/chemokines
secretion for 16 hr. At the end of culture, medium was collected and analyzed by using corresponding ELISA kits or the cell lysates were analyzed by Western
blot. (a) Whole cell lysates were analyzed by Western blot using antibodies against iNOS. A set of representative images was shown. (b) TNF-α secretion in
cell medium. (c) MCP-1 secretion in cell medium. (d) RANTES secretion in cell medium. Results were expressed as the mean ± standard error of the mean (n
= 3). *, ** and *** indicate p < 0.05, p < 0.01 and p < 0.001 respectively, as compared to the group of RANKL alone. (Untr, untreated group without RANKL
or PV/PVH; RL, RANKL; PV, phosvitin; PVH, phosvitin hydrolysate)
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Figure 4. Effects of PV/PVH on different signaling pathways in RANKL-stimulated RAW264.7 cells. RAW264.7 cells were incubated with either PV (500 µg)
or PVH (500 µg) for 48 hr, followed by treatment with RANKL (50 ng/ml) for 30 min for JNK/P36, or 45 min for P-65 expression. (a) Whole cell lysates were
analyzed by Western blot using antibodies against JNK and phosphor-JNK. A set of representative images was shown. (c) Whole cell lysates were analyzed by
Western blot using antibodies against p38 and phosphor-p38. A set of representative images was shown. (a) Whole cell lysates were analyzed by Western
blot using antibodies against P65 and phosphor-P65. A set of representative images was shown. Results were expressed as the mean ± standard error of the
mean (n = 3). *, ** and *** indicate p < 0.05, p < 0.01 and p < 0.001 respectively as compared to the group of RANKL alone. (Untr, untreated group without
RANKL or PV/PVH; RL, RANKL; PV, phosvitin; PVH, phosvitin hydrolysate)

of phosphor-p38 and phosphor-JNK (Figure 4a, b). These results
indicated PV/PVH could inhibit RANKL-induced p38 and JNK
activation.
NF-κB includes a series of transcription factors that target at a
specific gene fragment known as κB. These transcription factors
are named as Rel (cRel), RelA(p65), RelB, NF-kappaB1 (p50) and
NF-kappaB2 (p52) respectively. In the classical pathway of NFκB, RANKL induces the formation of active subunit of p65/p50
and translocation to nucleus to change gene transcription (Hayden
and Ghosh, 2004). The transcription factor of NFATc1 is also regulated by NF-κB pathway since it was observed that NF-κB inhibitor could reduce NFATc1 expression in RANKL stimulated osteoclasts (Takatsuna et al., 2005). NF-κB is also a classical pathway
that regulates cellular response to a stimulus (Gilmore, 2006). NFκB pathway mediated iNOS expression has been widely reported
(Surh et al., 2001). RANKL induced inflammatory responses in
our experiments could be explained as RANKL activated NFκB pathway. RANKL elevated NF-κB phosphor-p65 expression,
while adding PV/PVH significantly reduced phosphor-p65 expres-

sion especially for PVH (Figure 4c). This observation indicated
that PV/PVH treatment suppressed the NF-κB pathway, leading to
the reduced level of NFATc1 as well as the inflammatory markers
shown in Figure 3.
4. Conclusions
We reported that both PV and PVH reduced TRAP activity and
expression of transcription factors of NFATc1/c-Fos in RANKLinduced RAW264.7 cells, indicating an inhibitory role of PV/
PVH RANKL-induced osteoclastogenesis. PV/PVH treatments
also supressed the secretion of inflammatory cytokines/chemokine
(TNF-α, MCP-1, RANTES) and expression of iNOS. The inhibitory effects of PV/PVH on RANKL-induced osteoclastogenesis and
inflammatory response were probably mediated through MAPK
JNK/p38 or NF-κB p65 pathways, or both. Our results suggested
the potential of PV and PVH for use in the prevention of osteoporosis.
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Supplementary Material
Figure S1. Cell viability of PV/PVH treated RAW 264.7 cells.Cells
were incubated in a 96 well tissue culture plate with PV/PVH at
50, 100, 500 μg/ml for 5 days (with medium change on day 3) and
then 20 μL Alamar blue for another 4 hr. The fluorescence of the
medium was read with excitation wavelength of 560 nm and emission wavelength of 590 nm. Results were expressed as the mean ±
standard error of the mean (n = 4).
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Abstract
Herbal teas play a major role in the global traditional food cultures. There are a variety of herbal teas used for
general wellness and prevention and management of chronic diseases including diabetes mellitus. The present
study aimed to determine the phenolic content and antioxidant activities of herbal teas prepared with matured
jackfruit (Artocarpus heterophyllus) leaves after senescence and abscission, and dried Cassia (Cassia auriculata)
flowers and buds. The sensory evaluation was performed using 50 untrained panelists to determine the amount
of herbal ingredient to be used in the preparation of herbal tea. Furthermore, the potential single dose efficacy of
three herbal teas, namely, Jackfruit leaves tea (JLT), Cassia flower tea (CFT) and mixed jackfruit leaves and Cassia
flower tea (JCT) on postprandial glycemic response and plasma antioxidant capacity (PAC) of healthy adults were
investigated. Phenolics were identified using high performance liquid chromatography-tandem mass spectrometry. A randomized crossover study was led with 16 healthy adults who consumed 250 mL of freshly prepared
herbal beverage with 50 g glucose and 50 g glucose in 250 mL water as the control randomly within three visits
with a washout period of four days between two visits. Blood samples were collected using microcapillary tubes
at the baseline and postprandial at 30, 45, 60, 90, and 120 min. The plasma was analyzed for glucose concentration (PGC) and PAC. JLT and JCT showed a significant reduction of PGC compared to the control at 30, 45, and
60 min time points. JLT and JCT showed higher efficacy in plasma glucose reduction than CFT. All herbal teas
significantly increased PAC at the end of 120 min post ingestion. Further research is warranted to examine the
synergistic effect of two mixed ingredients for herbal tea and the long-term efficacy of multiple dose ingestion of
respective herbal teas in the prevention and management of hyperglycemia and type 2 diabetes.
Keywords: Artocarpus heterophyllus; Cassia auriculata; HPLC; Mixed ingredients.

1. Introduction
Sedentary lifestyle pattern and unhealthy dietary choices play a
critical role instigating obesity, postprandial hyperglycemia and
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hyperlipidemia that cause enhanced oxidative stress leading to inflammation and metabolic derangement. Diabetes mellitus (DM)
is a group of metabolic disorders characterized by increased blood
glucose levels and is at increase all over the world at an alarm-
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ing rate. According to the International Diabetic Federation (IDF,
2019), half a billion people live with DM worldwide. Furthermore,
an increase of 51, 33, 74, 55 and 143% cases was estimated in the
world, North America and Caribbean, South East Asia, South and
Central America, and Africa, respectively, by the year 2045 (IDF,
2019). Persistent high blood glucose levels exert vascular damages
that affecting heart, eyes, kidneys and nerves, and reduce the quality of life and increase healthcare cost and mortality of the people
in affected countries.
For centuries herbs have been used for their preventive and medicinal values of diseases. Herbal teas are popular among other
common beverages in their habitual food cultures in many countries (Chandrasekara and Shahidi, 2018). In addition to fulfilling
part of the daily fluid requirement, herbal teas serve a number of
purposes including boosting of optimum health, management of
several diseases and reducing the risk of ailments with aging in addition to serving as cosmetics (Chandrasekara and Shahidi, 2018).
The trend among individuals with diabetes to use complementary
and alternative medicine (CAM) treatment modalities is increasing worldwide and include herbal teas, encompassed with other
potential dietary supplements. The external sources of phenolic
antioxidants are reasonably helpful in attenuating defied level of
oxidative stress in the body due to overproduction of free radicals
and reactive oxygen species (ROS). In addition, phenolic compounds can inhibit alpha-amylase and alpha-glucosidase, which
are hydrolases related to the absorption of carbohydrates (Pinaffi
et al., 2020; Li and Tsao, 2019; Silva et al., 2019).
In the recent past, popularity of herbal teas as natural health
products has increased (Li et al., 2019). Several types of herbal teas
are consumed by health-conscious consumers in different countries
depending on the availability of the respective plants in their localities. Herbal teas are rich sources of a number of groups of bioactive
compounds such as carotenoids, phenolic acids, flavonoids, coumarins, alkaloids, polyacetylenes, saponins and terpenoids. Antioxidant, antibacterial, antiviral, anti-inflammatory, antihyperglycemic, antihyperlipidemic, anticarcinogenic and antiaging activities
are some of the expected health effects of these compounds (Shahidi, et al., 2019; Zhao et al., 2019; Akalin et al., 2019; Chandrasekara
and Shahidi, 2018; Chandrasekara et al., 2018).
Cassia auriculata L (Ranawara), commonly known as Tanner’s
Cassia, is a plant which grows abundantly in India and Sri Lanka.
It is widely used in Ayurvedic medicine as a tonic, astringent and
as a remedy for diabetes, conjunctive and ophthalmic conditions.
Dried flower and leaves of the plant are used for therapeutic purposes (Kalaivani and Umamaheswari, 2008). The extract of dried
flowers of Cassia exhibited demonstrated potent antihyperglycemic activity against maltose challenge in a diabetic rat model,
similar to the drug acarbose, and also showed strong alpha-glycosidase inhibitory activity (Abesundara et al., 2004).
Artocarpus heterophyllus (jackfruit) is a large evergreen tree belonging to the family Moraceae abundant in Asia including China,
India, Malaysia, Bangladesh, Philippines, Indonesia and Sri Lanka
and Africa and in some regions of South America (Wang et al.,
2017). The parts of the tree have been used traditionally in folklore
medicine to treat a number of ailments (Prakash et al., 2009). A
number of flavones, namely morin, dihydromorin, cynomacurin,
artocarpin, isoartocarpin, cylcoartocarpin, artocarpesin, oxydihydroartocarpesin, artocarpetin, norartocarpetin, cycloartinone and
artocarpanone have been reported from different morphological
parts of A. heterophyllus (Rama Rao et al., 1973). The leaves have
been used in attenuating several disease conditions such as hyperglycemia, hyperlipidemia, antioxidant and antibacterial activities,
among others (Thapa et al., 2016; Biworo et al., 2015; Swami et
al., 2012; Omar et al., 2011; Loizzo et al., 2010; Chandrika et al.,

2006). Leaves are a rich source of phenolics, including tannins,
and other bioactive constituents such as terpenoids, coumarin,
alkaloids , chalcones, stibenoids, lignans, steroids and saponins
(Thapa et al., 2016; Wang et al., 2017). In previous studies, fresh
jack fruit leaves were used and reported several therapeutic effects
in animal models (Chandrika et al., 2006).
In addition to using a single herb in tea preparation, a mix of
two or more herbs are also used to improve sensory characteristics
such as colour, taste and health effects, which may be influenced
by their phenolic profiles (El-Azim et al., 2015; Tipduangta et al.,
2019; de Camargo and Schwember, 2019). Furthermore natural
product mixtures may provide effective health outcomes due to
beneficial synergistic interactions among bioactive constituents
therein (Caesar and Cech, 2019). However, there are no published
reports on bioactivities of herbal tea preparations using a mix of
matured jackfruit leaves after senescence and abscission and dried
Cassia buds and flowers.
Furthermore, information on plasma antioxidant activities and
postprandial glycemic response of herbal teas prepared with, matured jackfruit leaves and Cassia buds and flowers are limited.
Therefore, the objective of the present study was to determine the
phenolic content and antioxidant activities of herbal teas prepared
with matured jackfruit leaves after senescence and abscission and
dried Cassia buds and flowers. In addition, the single-dose efficacy of herbal teas on postprandial glycemic response and plasma
antioxidant capacity of healthy adults were determined.
2. Materials and methods
2.1. Herbal samples
Dried buds and flowers of Tanner’s Cassia (Cassia auriculata)
were purchased from a local market in Sri Lanka and matured
jackfruit leaves after senescence and abscission belonging to firm
variety (Waraka) of jackfruit (Artocarpus heterophilus Lam.) were
collected from home gardens in the North Western Province in Sri
Lanka. Herbal parts were cleaned to remove debris and dust by
washing and sun-dried before use.
2.2. Chemicals
Sodium nitrite and Folin-Ciocalteu’s reagent were procured from
Research Lab Fine Chem Industries (Mumbai, India). Sodium
carbonate and ferric chloride were purchased from Thomas Baker
(Chemicals) Ltd. (Mumbai, India). The compound 3-(2-pyridyl)-5,6diphenyl-1,2,4-triazine-4,4-disulfonic acid sodium salt (Ferrozine)
was purchased from SERVA Electrophoresis GmbH, (Heildberg,
Germany). The compounds 2,2-diphenyl-1-picrylhydrazyl (DPPH),
2,2′-azino-bis (3-ethylbenzothiazoline-6-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
bought from Sigma-Aldrich, (St Louis, MO, USA). Aluminum chloride, and dibasic potassium phosphate were procured from Techno
Pharm Chem (Delhi, India). Sodium hydroxide (NaOH), and
monobasic potassium phosphate, were purchased 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
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Scientific Ltd (Ottawa, ON, Canada). Glucose GOD-PAP reagent
was purchased from BIOLABO (Maizy, France).
2.3. Preparation of herbal extracts
The hot water extracts of each herbal material were prepared
separately by boiling dried jackfruit leaves, and Cassia buds and
flowers, in water (1:15, w/v) at 100 °C for 20 min. The residues
were filtered using 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 for further analysis.
2.4. Identification and quantification of phenolic compounds of
herbal extracts
2.4.1. HPLC-DAD-ESI-MSn analysis
RP-HPLC analysis of phenolic composition of aqueous extracts
was carried out 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 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, Palo Alto, CA, USA) (de Camargo et al., 2015). A
SUPELCOSILTM LC-18 column (4.6 × 250 mm, 5 μm; Merck,
Darmstad, Germany) was used for separation of phenolic compounds. Formic acid (1%) was used as eluent A and 1% formic
acid in acetonitrile as eluent B in the binary mobile phase. 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 maintained at 0.5 mL/min and the compounds
were detected at 280 nm. Samples were filtered through a 0.45
µm PTFE membrane syringe filter (Thermo Scientific, Rockwood,
TN, USA) before injection.
Identification of phenolic compounds was conducted using their
relative retention times (RT), and UV spectra and ESI-MS spectra
and comparison with authentic compounds. HPLC-MS analysis
was performed using the same HPLC analytical conditions explained above with 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 performed using Agilent LC/MSD
Trap software (Agilent Technologies, Palo Alto, CA, USA). 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 those in
the available literature and quantified as equivalents of the closely
related standards. The external standard method in which reference
compounds were chromatographed under similar conditions separately from samples was used for quantification purposes.
2.4.2. Determination of total phenolic content (TPC) of herbal
extracts
The total phenolic contents of herbal extracts were determined ac-
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cording to the method of Singleton and Rossi (1965) as explained
in Chandrasekara et al (2020). Briefly, a methanolic solution of
herbal extract was prepared using the lyophilized crude extracts at
a concentration of 1 mg/mL. Folin Ciocalteu’s reagent (0.25 mL)
was added to centrifuge tubes containing 0.25 mL of each extract
and the contents were mixed thoroughly by vortexing. To the reaction mixture0.5 mL of saturated sodium carbonate was added,
followed by the addition of distilled water (4 mL) to each tube and
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 resultant 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 phenolic in each
extract was determined based on a standard curve of gallic acid
and expressed as µmol gallic acid equivalents (GAE) per gram of
crude extract.
2.5. Determination of total flavonoid content (TFC)
Total flavonoid content was determined using a colorimetric method as previously reported (Chandrasekara et al., 2020). In this 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. Catechin was used to prepare the standard curve and the total flavonoid
content was calculated and expressed as µmol catechin equivalents
(CE) per gram of crude extract.
2.6. DPPH radical scavenging activity (DRSA)
The DPPH radical scavenging ability was determined by the method of Lee et al. (2007) as explained by Kumari et al. (2019). 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. After the
mixture was vortexed, it was allowed to stand at room temperature
in the dark for 20 min. The absorbance of the solutions was red
at 517 nm with appropriate blank. The DPPH radical scavenging
activity was expressed as µmol trolox equivalents (TE) per gram
of crude extract.
2.7. Trolox equivalent antioxidant capacity (TEAC)
The TEAC of extracts was determined according to the method
previously explained by 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 with an 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 reduce the diminished absorbance of radical solution. PBS solution was used to prepare herbal extract (1 mg/mL)
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which was 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 reaction mixture was measured at 734 nm
immediately at the point of mixing (t0) and after 6 min (t6). The decrease in th 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.
2.8. Reducing power (RP)
The determination of RP of samples was carried out using a
spectrophotometric method as explained by Chandrasekara et al.
(2020). Briefly, 0.5 mL of extract 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 values were
read using a spectrophotometer at 700 nm. The absorbance values
were read at 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.
2.9. Ferrous ion chelating activity (FICA)
The ability of herbal tea extracts to chelate ferrous ions was measured as explained by Chandrasekara et al. (2020). Briefly, 0.4 mL
of crude extracts in distilled water (1mg.mL) 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 the vigorous vortexing. After leaving
10 min at room temperature the absorbance of the reaction mixture
was measured at 562 nm. Distilled water was used 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 by 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.
2.10. Testing of herbal tea preparation
Preliminary sensory studies were conducted to determine the level
of herbal ingredient for tea preparation based on color, taste preference, acceptance, and willingness of panel members to drink
herbal tea regularly. Three types of herbal teas, each with three
formulations were prepared. Three formulations of Cassia flower
tea (CFT) were prepared with dried Cassia flowers and buds in
water (1:500, 1:200, and 1:100; w/v). Three formulations of jackfruit leaves tea (JLT) included matured jackfruit leaves in water in
the ratio of 1:100, 1:50 and 1:25 (w/v). Jackfruit leaves and Cassia
flower mixed tea (JCT) three formulations were prepared using

dried Cassia flowers and buds and jackfruit leaves in the ratio of
1:13, 1:6 and 1:8 (w/w) and ingredients in water in the ratio of
1:24, 1:48 and 1:37 (w/v), respectively. Each tea was prepared by
adding ingredient(s) to 1L of water and then allowed to boil for 20
min with medium heat followed by 20 min standing at room temperature. Residues were discarded by straining and the lukewarm
tea was used.
2.11. Sensory evaluation of herbal teas
Sensory properties were evaluated to select one formulation among
three preparations for each herbal tea type using fifty untrained
panelists (25 males and 25 females in the age range of 24–40 years
old). The panelists were mainly students (80%) and university staff
(20%) of the Makandura premises of Wayamba University of Sri
Lanka. For each type of tea, three formulations, 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 were instructed to rinse their mouth
with warm water before the commencement of tasting and in between each tasting of the formulation of herbal teas. The panelists
waited 90 seconds before tasting the next sample and crackers
were provided between tastings to eliminate any carry over effect.
The panelists were not required to drink 50 mL of each tea and
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 used a 7-point hedonic scale for scoring five attributes, namely color, taste preference, after taste, overall acceptance, and willingness to drink regularly of the each formulation
of the herbal tea. 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 attributes favorably was selected for further experimentation based on the results of Friedman ranking test
(Milton, 1937).
2.12. Determination of phenolic content of herbal teas
The total phenolic contents of selected formulation of each herbal
tea were determined as explained by Chandrasekara et al. (2018)
using 0.25 mL of herbal tea with necessary dilution. The TPC in
each herbal tea was expressed as µmol GAE per 250 mL serving.
2.13. Determination of antioxidant activity of herbal teas
Antioxidant activities of selected formulation of each herbal tea
were determined by TEAC as explained by Chandrasekara and
Shahidi (2010). The TEAC was expressed as µmol TE per 250
mL serving.
2.14. Determination of glycemic response and plasma antioxidant capacity
2.14.1. Subjects
Sixteen healthy individuals with fasting blood glucose between 70
and 110 mg/d were recruited to the study after screening through
an opened advertisement from Makandura premises of Wayamba
University of Sri Lanka. The protocol was explained before their
recruitment for the study and a written consent was obtained from
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each subject. Ethical approval was obtained from the Ethics Review Committee of Faculty of Livestock, Fisheries and Nutrition,
Wayamba University of Sri Lanka (201810HI06). Those having
any microvascular complications, alcohol and cigarette consumption, known allergies to herbal teas, and continuous use of any kind
of medications were excluded from the study.
2.14.2. Protocol
A randomized single blind cross over study design was employed.
Participants were asked to restrict their intake of tea, including any
herbal teas and involvement in intensive physical activities such
as exercises and running two days prior to a test day. Each person
made four visits after 10–12 hours of fasting each day to complete
the protocol and during the first visit anthropometric measurements (weight and height) and 24 h dietary recall were taken. On
each study visit, a blood sample was collected immediately before
administering herbal teas or control. Three test herbal teas, namely
CFT, JLT and JCT, each 250 mL of serving with 50 g glucose and
the control, 250 mL water with 50 g of glucose were served to
participants in amber glass tumblers to eliminate the effect of color
of teas and instructed to drink within 10 min.
Blood samples were withdrawn by finger pricking 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 by finger pricking for the determination of plasma antioxidant capacity (PAC). A
four-day washout period was maintained between two test herbal
teas. The plasma was separated using a micro-hematocrit centrifuge (Model HC-12A, Zenith Lab Inc, CA, USA) at 15,300 ×g for
3 min. The plasma samples were stored in Eppendorf tubes at −80
°C for subsequent analysis of PGC and PAC after completing the
intervention study.
2.14.3. Determination of plasma glucose concentration
A commercial kit (Glucose GOD-PAP liquid ready for use from
BIOLABO (Maizy, France) was used to determine the plasma glucose concentrations as explained by Chandrasekara et al (2020).
The absorbance of the mixture of 10 µL of plasma and 1 mL of reagent was read after 20 min at 30 °C at 500 nm against the reagent
blank. Plasma glucose values were expressed as mg/dL.
2.14.4. Determination of plasma antioxidant capacity
The TEAC assay described by Re et al. (1999) was used with minor modifications as explained by Kumari et al. (2020). Briefly,
20 µL of the plasma sample was mixed with 980 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 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.
2.14.5. Statistical analysis
All experiments regarding chemical analysis of test herbal extracts
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were carried out in triplicates and the data were reported as mean
± standard deviation. The differences of mean values between two
herbal extracts were determined by Student’s t-test at p ≤ 0.05.
Friedman analysis was performed to determine the mean ranking of sensory scores (Milton, 1937). The data of the glycemic
response efficacy study were reported as mean difference ± standard error of mean. Two factor repeated measures design was laid
out for the study and General Linear Model with nested repeated
measurers ANOVA was carried out to assess the plasma glucose
concentration changes over time among the groups administered
three herbal teas. The control and each herbal tea were 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 each herbal tea group were compared using paired t-tests. All statistical analyses were performed
by hsing SPSS version 23 (IBM Analytics, USA).
3. Results and discussion
This study comprised of two phases. In the first phase, phenolic
contents and antioxidant activities of two herbal extracts were
determined using different in vitro methods. The identification
of phenolic compounds of the extracts was performed by HPLCDAD-ESI-MSn analysis. In the second phase three selected herbal
tea preparations based on sensory characteristics were tested in
a randomized single blind cross over design to determine single
dose efficacy on glycemic response and plasma antioxidant capacity of healthy adults. To the best of our knowledge, this study for
the first time demonstrated single dose efficacy of herbal teas prepared with matured jackfruit leaves, Cassia buds and flowers and
mixture on plasma antioxidant capacity and improved postprandial
glycemic response of teas as potential dietary supplements in attenuating hyperglycemic conditions.
3.1. Identification of phenolic compounds
Individual phenolic compounds and their contents in aqueous extracts of dried Cassia flowers and buds, and jackfruit leaves are
reported in Table 1. Several compounds belonging to different
phenolic groups, such as phenolic acids, flavonoids, and proanthocyanidins were present.
The phenolic acids that were positively identified in Cassia
flowers and jackfruit leaves included ellagic acid using an authentic standard and ESI-MS spectra. The flavonoids tentatively
identified in Cassia flowers included gallocatechin, and derivatives of isorhamnetin, myricetin, and phloridzin (Table 1). Dimeric
gallocatechin and trimeric propelargonidin were two major proanthocyanidins tentatively identified in aqueous extracts of Cassia
flowers and their contents were 1,450 and 367 µg/100 g of crude
extract, respectively. The results showed that compounds belonging to flavonoids were predominant in the aqueous extracts of Cassia flowers compared to phenolic acids (Table 1). In agreement,
several flavonoids, namely kaempferol-3-O-rutiniside, kaempferol, quercetin and luteolin were identified from the arial parts of
Cassia auriculata (Juan-Badaturugae et al., 2011).
In the present work ellagic acid and a derivative of monomeric
flavonol, epigallocatechin, were identified in the aqueous extracts
of jackfruit leaves and their contents were 0.17 and 436.4 µg/100
g of extract, respectively (Table 1). A number of phytochemicals
found in jackfruit leaves extracted with organic solvents and hot
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Table 1. Phenolic compounds identified and their contents (µg/100 g) in test herbal extracts

Compound

[M-H]− (m/z)

Other product ions (m/z)

Cassia flowers and buds

Jackfruit leaves

Ellagic acid

301

283

1.23 ± 0.06

0.17 ± 0.01

Gallocatechin*

305

289

272.6 ± 21.2

nd

Isorhamnetin derivative

461

317

3726 ± 52.2

nd

Myricetin derivative

509

317

130.6 ± 8.75

nd

Phloridzin derivative

529

435

982.4 ± 36.9

nd

Epigallocatechin derivative*

579

305, 179

nd

436.4 ± 8.00

Dimeric gallocatechin*

609

305

1,450 ± 90.8

nd

Trimeric Propelargonidin*

849

561, 407, 289

367.0 ± 0.80

nd

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 catechin. nd: not detected.

water have previously been reported (Chandrika et al., 2006; Omar
et al., 2011; El-Azim et al., 2015; Wang et al., 2017). Omar et al.
(2011) isolated a flavonoid, isoquercitrin, from n-butanol extract
of jackfruit leaves. El-Azim et al. (2015) reported identification
and quantification of several phenolic acids, including ellagic acid
and a number of flavonoids. However, in the present work we
identified only two compounds, and this could be due to the use
of hot water extracts of matured leaves after the senescence and
abscission in the present work whereas other studies used dried
powder of mature fresh leaves for the extraction of compounds.
There could change the composition as well as the contents of phenolic compounds during senescence of leaves of jackfruit leaves.
Kandil et al. (2004) showed changes of polyphenolic compounds
of Rhizophora mangle leaves during development and senescence
and reported that prior to leaf abscission flavonol glycosides and
low oligomeric tannins disappeared from leaves leaving behind
only large tannin polymers.
3.2. Total phenolic contents of herbal extracts
Table 2 presents total phenolic contents and antioxidant activities of aqueous herbal extracts used in the present study. The TPC
of extracts were determined using Folin Ciocalteu’s reagent. The
TPC of two herbal extracts were 68.8 to 549.6 µmol GAE/g of
jackfruit leaves and Cassia flowers and buds extracts, respectively.
All tested herbal materials were subjected to similar boiling conditions and solid to water ratio (1:15, w/v) for the extraction. The
extract of Cassia flowers had the highest TPC which was 8 times
higher than that of jackfruit leaves.

Flavonoids have demonstrated antioxidant, anticancer, antiallergic, anti-inflammatory, and anti-neuro-inflammatory properties,
among others (Shahidi et al., 2019; de Camargo et al., 2019; Zhang
and Tsao, 2016). The TFC of crude extracts in the present study
ranged from 8.3 to 102 µmol CE/g extract (Table 2). The crude extract of Cassia flowers showed the highest TFC and was 13 times
higher than that of jackfruit leaves and further showed that aqueous
extracts of Cassia flowers were rich sources of phenolic compounds.
3.3. Antioxidant activities of herbal extracts
Table 2 presents the antioxidant activities of the tested aqueous
herbal extracts. Except for FICA, Cassia flower extracts showed
significantly (p < 0.05) higher level of TEAC, DRSA and RP compared to those of jackfruit leaves. The TEAC of the extracts of
Cassia flowers were 22 times higher than that of Jackfruit leaves
and were 523.9 and 23.4 µmol trolox equiv/g of extract, respectively.
In DRSA assay antioxidant compounds donate a hydrogen atom
or an electron to the stable DPPH radical to convert it to the nonradical form (Yeo and Shahidi, 2019). DRSA of Cassia flower extracts was 21 times higher than those of jackfruit leaves.
Compounds with reducing ability donate electrons to render
their antioxidant effect. The RP of aqueous extracts of Cassia flowers and buds and Jackfruit leaves were 694 and 143 µmol ascorbic acid equiv/g extract thus exhibited a considerable RP thereby
acting as effective reductones. It was noteworthy that extracts of
Cassia leaves had significantly higher RP than that of Jackfruit
leaves which had 8 and 12 times more TPC and TFC, respectively.

Table 2. Phenolic contents and antioxidant activities (per g) of extract of herbal teas

Cassia flowers and buds
4.7a

Senescent jackfruit leaves
68.8 ± 4.3b

TPC ( µmol gallic acid equiv)

549.6 ±

TFC ( µmol catechin equiv)

102.2 ± 2.3a

8.3 ± 2.4b

TEAC (µmol trolox equiv)

523.9 ± 12.0a

23.4 ± 6.6b

7.9a

27.1 ± 2.8b

DRSA ( µmol trolox equiv)

567.7 ±

RP ( µmol ascorbic acid equiv)

693.8 ± 5.7a

143.0 ± 5.1b

FICA ( µmol EDTA equiv)

0.03 ± 0.01b

0.09 ± 0.01a

Abbreviations: Total phenolic content, TPC; Total flavanoid content, TFC; Trolox equivalent antioxidant capacity, TEAC; 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging ability, DRSA; Reducing power, RP; Ferrous ion chelating ability, FICA; and Ethylenediaminetetraacetic acid, EDTA Values with the same letters in each raw for tested herbal extracts
are not significantly different (p > 0.05).
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Table 3. Mean scores for sensory attributes and Friedman test ranks for different preparations of herbal teas

Cassia flowers and buds tea (CFT)
459

353

721

Colour

5.7 ± 1.1a

4.4 ± 1.4b

4.4 ± 1.4b

Taste preference

5.9 ± 1.1a

4.7 ± 1.3b

3.8 ± 1.2c

After taste

5.5 ± 1.0a

4.7 ± 1.1a

3.6 ± 1.1b

Overall acceptance

5.3 ± 1.1a

5.3 ± 1.2a

3.3 ± 1.3b

1.3a

1.3a

3.5 ± 1.1b

Willingness to drink regularly

5.2 ±

Friedman test mean rank

2.43

5.2 ±
2.06

1.51

Jackfruit leaves tea (JLT)
824

276

599

Colour

5.8 ± 1.5a

4.7 ± 1.1b

4.8 ± 1.3b

Taste preference

5.4 ± 1.1a

3.7 ± 1.3b

4.8 ± 1.0c

After taste

5.6 ± 0.9a

4.4 ± 1.1b

5.3 ± 0.9ab

Overall acceptance

5.2 ± 1.2a

4.9 ± 1.4a

5.0 ± 1.4a

1.1a

1.0b

4.8 ± 1.3ac

Willingness to drink regularly

5.3 ±

Friedman test mean rank

2.26

4.3 ±
1.87

1.87

Jackfruit leaves & Cassia flowers mixed tea (JCT)
602

411
1.5a

5.2 ±

905
1.1b

5.5 ± 1.3b

Colour

6.1 ±

Taste preference

5.9 ± 1.2a

4.6 ± 1.3b

3.7 ± 1.0c

1.2a

1.3b

3.5 ± 1.4c

After taste

5.4 ±

4.4 ±

Overall acceptance

5.6 ± 1.1a

5.4 ± 1.3a

3.8 ± 1.4b

Willingness to drink regularly

5.5 ± 1.1a

5.2 ± 1.0a

4.3 ± 1.1c

Friedman test mean rank

2.45

1.95

1.60

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

Furthermore, the compositional analysis showed that the aqueous
extracts of Cassia flowers contained a high level of phenolic compounds belonging to phenolic acids, flavonoids and proanthocyanidins (Table 1). This explains the high antioxidant activity demonstrated by the extracts of Cassia flowers over Jackfruit leaves.
FICA of Cassia flowers extracts showed a lower value while
those of jackfruit leaves exhibited 3 times higher value of 0.09
µmol EDTA equiv/g extract in this study. Compounds that act as
chelating agents, reduce the concentration of metal ions available
for catalyzing peroxidation thus serve as effective secondary antioxidants. In the body hydroxyl radicals are formed by ferrous
ions via the Fenton’s reaction. Presence of chelating agents decreases the intensity of the purple color of the complex of ferrous
ions with Ferrozine. The reducing power of food phenolics is well
recognized in many studies. Andjelković et al. (2006) determined
the binding constants of selected phenolic acids and reported no
complex formation for compounds lacking a catechol or galloyl
moiety. Many compounds bearing these characteristics were identified in the herbal extracts evaluated in the present study. The ratio
of ferric to ferrous ion is relevant for quick reaction during the
initiation of lipid peroxidation via Fenton reaction.
Extracts of Cassia flowers showed the highest free radical scav-
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enging activity and reducing power between the herbal extracts
tested in the present work. These activities correspond with the
highest content of phenolics as determined by TPC and TFC determinations in the present work.
3.4. Sensory evaluation
In the present study, Cassia flower tea (CFT), jackfruit leaves tea
(JLT) and mixed jackfruit leaves and Cassia flower tea (JCT) were
prepared. Three formulations of each herbal tea were prepared and
tested for evaluation of their sensory characteristics using a 7-scale
hedonic scale. Table 3 presents the results of sensory evaluation of
the tested herbal teas. The formulations, 459 of CFT, 824 of JLT
and 602 of JCT received the highest mean rank according to the
Frideman test for each herbal tea.
3.5. Phenolic content and antioxidant (AO) activity of herbal tea
preparations
Total phenolic content and antioxidant activities of herbal tea prep-
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Table 4. Total phenolic content and antioxidant activity (per 250 mL of serving) of test herbal teas

Total phenolic content
(µmol gallic acid equiv)

Trolox equivalent antioxidant
capacity (µmol trolox equiv)

Cassia flowers tea (CFT)

1843.9 ± 16.4a

1880.8 ± 40.5a

Jackfruit leaves + Cassia flowers tea (JCT)

1722.0 ± 14.8b

421.6 ± 26.8b

Jackfruit leaves tea (JLT)

670.1 ± 3.1c

49.7 ± 2.5c

Values in each column having the same letters are not significantly different (p > 0.05).

arations per serving of 250 mL are presented in Table 4. The TPC
ranged from 670 to 1,844 µmol GAE per serving and CFT had the
highest content whereas JLT showed the least. The TPC of CFT,
and JCT were 2.8 and 2.6 times higher (p < 0.05) than those of
JLT, respectively. The antioxidant activity as assessed by TEAC
of herbal teas ranged from 49.7 to 1,880.8 µmol TE per serving of
250 mL. Further, they followed the same order as that of TPC of
herbal teas as CFT > JCT > JLT. It was noted that TEAC of CFT,
and JCT were 37.6, and 8.5 times higher (p < 0.05) than those
of JLT, respectively. In agreement with the composition results
obtained for the extracts of herbal materials in the present study
(Table 2), CFT and JCT which were a mix of jackfruit leaves and
Cassia flowers had higher phenolic content and antioxidant activity than JLT.
3.6. Effect of herbal teas on glycemic response
Sixteen healthy subjects were recruited in the study and there was
one drop out from the study due to change of personal work arrangement. The mean age of the 15 remaining subjects, 11 males
and 4 females, was 24 ± 2 y and their mean body mass index was
21.7 ± 3.4 kg/m2. The 24 h dietary recalls of the subjects revealed
a daily intake of 1,322 ± 257 kCal, from 216 ± 49, 39 ± 8, and 36 ±
9g of carbohydrate, protein and fat, respectively. None of subjects
had any adverse effects due to the ingestion of herbal teas during
the study period.
Table 5 and Figure 1 present the change of mean PGC of healthy
adults over the time from baseline (0 min) to 120 min. All tested
herbal teas showed lower PGC than the control of glucose solution
at each postprandial time point except at the baseline (Figure 1a).
However only two herbal teas, namely JLT and JCT showed significantly lower (p < 0.05) PGC compared with that of the control
at different postprandial times (Figure 1b and Table 5). The reduction of PGC at time points of 30, 45, 60 min by JLT and JCT were
significantly lower (p < 0.05) than the control and demonstrated
the highest hypoglycemic efficacies at 60 min after ingestion of
herbal teas. JCT is a blend of Cassia flowers and buds and Jackfruit
leaves. The TPC and TEAC of JCT was lower than that of CFT,
however, the results showed that the reduction of PGC did not follow this trend. Instead, considering the results obtained at 60 min,
JCT showed a higher reduction of PGC (10.1%) than that of CFT.
Therefore, a slight but significant positive synergy could be ex-

plained from these unexpected results. In presence of mixture of
bioactive compounds those acting on intracellular targets can exert synergistic effects. Hellmann et al (2010) showed a synergetic
effect of epigallocatechin gallate and digitonin on plasmodium
sporozoite survival and motility.
There are limited human studies investigating how JLT, and
CFT improve the postprandial glycemic control and none have reported the efficacy of JCT. This study showed that ingestion of a
single dose of 250 mL of JCT herbal tea with 50 g of glucose challenge improved postprandial glycemic response in healthy adults.
Previous study showed an improvement of the glucose tolerance in normal individuals and maturity on set diabetic patients
upon the ingestion of aqueous extract of A. heterophyllus leaves
(Fernando et al., 1991). Fernando et al. (1990) demonstrated improved glucose tolerance in Sprague-Dawley rats upon the administration of aqueous A. heterophyllus extracts. Chandrika et
al. (2006) showed that administration of flavonoid fraction from
hot water extract of jackfruit leaves to normal Wistar rats lowered
postprandial blood glucose concentration compared to those of the
control. The significant reductions compared to the control were
reported at 60 min (17.5%) and 120 min (37%) after administration. Their results revealed that flavonoid fraction was effective in
reducing postprandial blood glucose level (Chandrika et al., 2006).
Furthermore, a streptozotocin (STZ) diabetic induced animal model showed a postprandial hypoglycemic effect upon administration
of ethyl acetate fraction of jackfruit leaf constituents (Chackrewarthy et al., 2010).
In the present study the maximum reduction of JLT and JCT
were reported at 60 min and compared to the control showed 29
and 32% reduction, respectively (Table 5). The possible reason
for lower PGC could be the lower intestinal absorption of glucose
as concentrations were measured within the time course of 120
min. The high content of epigallocatechin derivative present in
Jackfruit leaves could be responsible for the reduction of PGC in
the present work by JLT and JCT. Kobayashi et al. (2000) showed
that dietary glucose uptake can be inhibited by tea polyphenols
such as epicatechin gallate and epigallocatechin gallate which
interact with sodium-dependent glucose transporter, SGLT1. The
transport activity of SGLT1 was inhibited in a competitive manner by epicatechin gallate controlling glucose absorption at the
intestinal tract (Shimizu et al., 2000). In addition, multiple dose
studies of jackfruit leaf extract on rat models showed the reduction of fasting blood glucose levels and improved other health

Table 5. Difference of postprandial plasma glucose response of healthy adults on herbal teas compared to the control

0 min

30 min

45 min

60 min

90 min

120 min

Cassia flowers tea (CFT)

−4.9 ( 3.8)

10.3 ( 7.2)

7.8 (7.9)

18.5 ( 7.3)

8.2 ( 7.4)

4.9 ( 5.1)

Jackfruit leaves tea (JLT)

−4.9 ( 4.2)

20.0* ( 9.4)

28.1* ( 7.8)

28.8* (5.5)

23.2* (3.8)

3.9 ( 3.2)

Jackfruit leaves + Cassia flowers tea (JCT)

−8.5 ( 3.6)

20.1* ( 6.7)

29.6 * ( 9.1)

31.7* (8.5)

16.2 ( 5.8)

2.4 ( 5.0)

Values are mean difference (SEM); n = 14; *Difference from control is significant (p < 0.05).
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Figure 1. (a) Mean plasma glucose concentration of healthy adults (herbal tea × time); (b) Comparison of glycemic response of test herbal teas with the
control (If an interval does not contain zero, the corresponding mean is significantly different from the control mean). CFT, Cassia flowers tea; CJT, Cassia
flowers and Jackfruit leaves mix tea; JLT, Jackfruit leaves tea.

outcomes, suggesting beneficial effects of JLT and JCT dietary
supplementation in the long run (Omar et al., 2011; El-Azim et
al., 2015). Omar et al. (2011) showed that administration of ethanol or n-butanol extracts of jackfruit leaves for 10 days reduced
fasting blood glucose level of STZ induced diabetic rats by 72
and 61%, respectively, compared to the untreated diabetic rats. ElAzim et al. (2015) reported that administration of aqueous extract
of jackfruit leaves to diabetic rats for 8 weeks partially reversed
the elevated fasting blood glucose levels. These improved effects
could be due to epigallocatechin derivative and other flavonoids
found in aqueous extract of jackfruit leaves. Previous studies have
shown that dietary supplementation of tea epigallocatechin gallate (EGCG) in multiple doses improved glucose tolerance and
increased glucose stimulated insulin secretion in animal models
(Wolfram et al., 2006; Ortsäter et al., 2012). In another study
reduction of hepatic glucose production by EGCG was demonstrated (Waltner-Law et al., 2002). Furthermore, Kotowaroo et al.
(2006) showed α-amylase inhibition in vitro by the aqueous ex-
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tract of the jackfruit leaves.
3.7. Effect of herbal teas on plasma antioxidant capacity (PAC)
The PAC of healthy subjects were measured at the baseline and
at 120 min after ingestion of herbal teas. All herbal teas, namely
CFT, JLT and JCT, showed a significant (p < 0.05) increment of
PAC compared to the baseline and the change varied from 37.7 to
71.1%. Furthermore, PAC of subjects after 120 min of ingestion of
herbal teas were significantly higher than that of the control (Table
6). The increment of PAC for each herbal tea compared to the corresponding baseline varied from 87.8 to 134.5 µmol TE/L. Villano
et al. (2010) demonstrated an increment of PAC in healthy adults
after load of 500 mL single dose of fermented or unfermented rooibos teas. Furthermore, the increment of PAC for green tea beverage and green tea extract in adults with metabolic syndrome was
reported by Basu et al. (2013).
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Table 6. Plasma antioxidant capacity (µmol trolox equiv/L) of healthy adults at baseline and 120 min after ingestion of herbal teas

Baseline
Control

End
Difference between Percentage change (%) com(120 min after ingestion) baseline and end
pared to baseline at the end

206.9 ± 44.1a 196.1 ± 43.5a
26.2a

325.5 ±

54.2b

Jackfruit leaves tea (JLT)

237.7 ±

Cassia flowers tea (CFT)

207.7 ± 28.4a 342.2 ± 36.0b

Jackfruit leaves + Cassia flowers tea (JCT) 204.8 ±

38.4a

338.9 ±

64.4b

−10.8

–

87.8

37.7*

134.5

67.0*

134.1

71.1*

All values are mean ± SEM; n = 14; 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 each tea compared to the respective baseline is significant (p > 0.05).

The CFT showed a significantly higher difference of PAC of
µmol 134.5 TE/L between baseline and at the end of 120 min after
ingestion compared to other herbal teas. Furthermore, CFT and JCT
showed high increment of PAC of 67.0 and 71.1 %, respectively, at
the end of 120 min compared to the baseline value. JLT prepared
with jack fruit leaves alone showed only 37.7% increment of PAC.
In the present work the compositional analysis showed that CFT
contained a number of compounds belonging to several phenolic
groups. Only ellagic acid and epigallocatechin derivatives were
identified in JLT (Table 1). In a previous study Gurib-Fakim et
al., (1995) reported the content of cycloartenone, cycloartenol, β
sitesterol and tannin in the leaves. All these phenolic compounds
are potent antioxidants and may render beneficial effects to prevent and manage non-communicable disease conditions. It is noteworthy that JCT which is a mixture of Jackfruit leaves and Cassia
showed the highest increment of PAC suggesting a synergistic effect of ingredients on the plasma antioxidant activity.
The foregoing results show that selected herbal teas are potential sources of antioxidant compounds and are effective in attenuating oxidative stress that leads to a plethora of non-communicable
diseases, including type 2 diabetes. It is also suggested that these
teas have the potential to reduce hyperglycemic conditions. However, in the present work hypoglycemic efficacy was determined
against a pure glucose challenge in healthy adults who can adjust
blood glucose concentration under normal carbohydrate metabolism. Hence, further studies are in progress to understand the efficacy of herbal teas against different carbohydrate loads as a meal
in healthy and diabetic individuals. Furthermore, investigation of
long-term efficacy of herbal teas with multiple doses in healthy
and hyperglycemic individuals is underway.
4. Conclusion
Herbal teas of Cassia flowers and buds, and jackfruit leaves of the
firm variety are rich sources of water-soluble phenolic compounds
which demonstrated potent antioxidant activity. All tested herbal
teas increased the plasma antioxidant capacity, thus demonstrating
the potential of herbal teas in reducing oxidative stress. Hypoglycemic efficacy also varied with the type of herbal tea considered.
Although Cassia flower herbal teas are rich sources of phenolic
compounds such as flavonoids, jackfruit leaves and mix of jackfruit leaves and Cassia flowers herbal teas proved to be most effective hypoglycemic dietary supplement suggesting different effects
of the constituents present in herbal teas.
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Abstract
Type 2 diabetes (T2D) is one of the fast growing diet-related chronic diseases throughout the world. Tea contains
several bioactive compounds, some of which render health benefits. Black tea polysaccharides (BTPS), extracted from low grade quality tea leaves, after processing, were examined for their in-vitro antidiabetic activities
(α-glucosidase inhibitory and glucose uptake activities), chemical compositions (yield, monosaccharides, amino
acids, and minerals), and antioxidant activities as well as toxicity (cytotoxicity and genotoxicity). In addition, 50%
lethal dose (LD50) for BTPS was determined using an acute toxicity test to assess the safe use of it as a dietary
ingredient. BTPS had strong α-glucosidase inhibitory activity with IC50 value of 3.4 µg/mL. This was much lower
than that of the positive control, pharmaceutical glucosidase inhibitor acarbose with IC50 of 687.5 μg/mL. BTPS
also increased glucose uptake into the adipocyte differentiated 3T3-L1 MBX cells. Neither cytotoxic nor mutagenic
effects were found for BTPS. The LD50 of BTPS for acute toxicity demonstrated that it was safe to use. The present
work suggests that BTPS can be used as an antidiabetic dietary ingredient without posing any potential health
risk.
Keywords: Black tea polysaccharides; Antidiabetic activity; α-Glucosidase inhibitory activity; Glucose uptake activity; Toxicity.

1. Introduction
Diabetes mellitus has become one of the biggest global public
health challenges in the 21st century with type 2 diabetes (T2D)
being the most common form, accounting for 90–95% of all cases
(Wang et al., 2016). In the early therapy for diabetes, one approach

to decrease postprandial hyperglycemia is to retard absorption of
glucose through inhibition of carbohydrate hydrolyzing enzymes
(such as α-amylase and α-glucosidase) in the digestive tract (Chen
et al., 2009). Due to the serious adverse effects associated with
the oral synthetic hypoglycemic agents, exploration of novel, safe,
and effective bioactive compounds with antidiabetic activity has
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become an important research area (Shori, 2015; Wang and Zhu,
2016).
A large number of studies have shown that soluble tea polysaccharides are the main hypoglycemic factor in tea (Fan et al., 2018;
Akalın et al., 2019). It has been reported that glucose levels in the
blood is reduced by black tea (Akalın et al., 2019) and green tea
extracts (Tsuneki et al., 2004; Zhou et al., 2007). It is also believed
that tea reduces dietary glucose intake by suppressing the activity
of glucose transporters in the intestinal epithelium (Ramadan et
al., 2009).
Compared to green tea, the enzymatic oxidation in black tea
process changes its chemical composition in terms of polyphenols,
soluble sugars, amino acids, organic acids, colourings, and volatile constituents, among others. Although there are a considerable
number of studies on antidiabetic effects of green tea polysaccharides (GTPS) (Zhou et al., 2007; Cao, 2013; Cai et al., 2013; Wang
et al., 2016; Karadag et al., 2018), studies on antidiabetic effects
of black tea polysaccharides (BTPS) are scarce (Chen et al., 2009).
Thus, the aim of the study was to assess the in-vitro antidiabetic
activities, chemical compositions, antioxidant activities, and toxicity of BTPS as a potential source of dietary ingredients.
2. Materials and methods
2.1. Samples and reagents

analysed accordingly. Values were expressed as mean ± standard
deviation (n = 3).
2.3.2. Antioxidant activity
Antioxidant activities of BTPS were determined according to a
previous publication (Karadag et al., 2018). Two test methods,
2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS)
radical cation activity and ferric reducing antioxidant potential
(FRAP), were used to assess the antioxidant activities (Cheng et
al., 2013). Each sample was dissolved in water and the results were
expressed as milligrams of Trolox equivalents (TE) per 100 g of
BTPS for ABTS assay and mg of FeSO4.7H2O equivalents per 100
g of BTPS for FRAP assay.
2.3.3. Spectroscopic analyses
Ultraviolet-visible (UV) spectra of BTPS was recorded with a
spectrophotometer (Jasco V-650, Tokyo, Japan). Fourier transform
infrared (FT-IR) spectra of BTPS was recorded with FT-IR spectrophotometer (Perkin Elmer Spectrum 400, Waltham, MA, USA).
The finely powdered sample was pressed into the sample holder
for FT-IR measurement in the frequency range of 4,000–650 cm−1.
2.4. Inhibition of α-glucosidase activity of BTPS

Black tea samples (low quality-grade 6) were procured from
ÇAYKUR (State-Owned Tea Enterprise, Rize, Turkey). All chemical reagents were obtained from Sigma-Aldrich Co. Ltd. (Dorset,
UK), unless otherwise stated.
2.2. Extraction of BTPS and determination of yield
The BTPS was extracted from black tea as described by Karadag et
al. (2018), with slight modifications. Briefly, black tea was mixed
with ethanol (1:5; w/v) and left overnight. After filtration, tea leaves
were air-dried and submitted to hot-water extraction with a horizontal extractor (Niro Atomizer, AC-27, Soeborg, Denmark). The
extract was then centrifuged at 5,870 ×g (Westfalia D-4740, Wesseling, Rheinland, Germany). The supernatant was subsequently
mixed with four volumes of ethanol and kept at 4 °C overnight.
Finally, the precipitates were obtained by centrifugation (Hettich,
Rotina 420, Tuttlingen, Germany) at 15,000 ×g for 20 min at chill
temperature (4 °C), and the pellet was washed with acetone and
ethanol. The percentage yield of BTPS was calculated as follows:
Yield (%) = 100 × (WBTPS/Wtea)
where WBTPS is the weight of BTPS and Wtea is the weight of black
tea leaves.
2.3. Characterization of BTPS
2.3.1. Chemical compositions
Total polysaccharides (DuBois et al., 1956), uronic acid (Blumenkrantz and Asboe-Hansen, 1973), total phenolics (Horszwald
and Andlauer, 2011), soluble and insoluble dietary fiber (AOAC,
1994), amino acids (Gheshlaghi et al., 2008), monosaccharides
(Dai et al., 2010), mineral compositions (AOAC, 1999), and molecular weight (Mw) distribution (Cai et al., 2013) of BTPS were
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The effects of BTPS on α-glucosidase activity were determined according to the method given by Wei et al. (2010) with α-glucosidase
from Saccharomyces cerevisiae (Sigma G5003, Sigma-Aldrich
Co. Ltd., Dorset, UK). Acarbose (Sigma PHR1253) was used as
a positive control. The α-glucosidase activity was determined by
measuring the yellow-coloured nitrophenol released from p-nitrophenyl α-D-glucoside (pNPG) at 405 nm, and inhibitory activity
was expressed as the percentage of the control sample (acarbose).
Percentage inhibition was calculated as follows:
Inhibition (%) = [(Abscontrol – Abssample) / Abscontrol] × 100
where Abscontrol was the absorbance of the control, and Abssample
denotes the absorbance of the sample.
2.5. Glucose uptake of BTPS
Adipocyte differentiation was induced by treated 3T3-L1 MBX
(ATCC® CRL-3242™) cells with 100 μL of differentiation cocktail per well containing 0.25 μM dexamethasone, 0.5 mM IBMX,
1 μg/mL insulin, and 2 μM rosiglitazone with 10% fetal calf serum
and Dulbecco’s Modified Eagle’s Medium. Adipocyte cells were
exposed with BTPS at 0.5 and 1 mg/mL doses of serum-free medium for 20 min. The glucose uptake test was carried out according
to the Glucose Uptake Colorimetric Assay Kit (Sigma MAK083)
protocol. A 100 μL of insulin solution with 1 μg/mL final concentration was used as a positive control. As a negative control,
differentiated cells were stimulated with phosphate buffered saline
in the absence of insulin. Glucose uptake levels were expressed as
2-deoxyglucose (2-DG, pmol/well).
2.6. Cytotoxicity of BTPS
NIH/3T3 mouse embryonic fibroblast (ATCC® CRL-1658™)
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cell line was used to investigate the cytotoxicity of BTPS against
healthy cell lines. Briefly, NIH/3T3 cells were incubated according to the instructions of the supplier at 37 °C (at least 95% humidified atmosphere with 5% CO2). NIH/3T3 cells were seeded
at 1 x 104 cells into each well of 96-well plates. After 24 h of incubation, the metabolites were added to the wells at 9 different
concentrations range between 0.019 and 5 mg/mL with a dilution
factor of 2 (0.019, 0.039, 0.078, 0.156, 0.313, 0.625, 1.25, 2.5,
5.0 mg/mL) in quadruplicates. The 2,3-bis-(2-methoxy-4-nitro5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) assay
(Xenometrix AG, Gewerbertrasse, Switzerland) was performed
according to the manufacturer’s instructions, after 24 h incubation with the metabolites. The absorbance was determined after
2 h incubation at 480 nm with a reference wavelength of 680 nm
using a microplate reader (BioTek, Winooski, VT, USA). Cell viability inhibition percentage was calculated for each concentration
of BTPS according to the formula given below; obtained from the
instructions of the supplier and IC50 (concentration that induced
50% enzyme inhibition) values were estimated by plotting a dose
response curve of the inhibition % versus the concentration of test
compound.
Inhibition (%) = 100 − [(corrected mean OD sample)/
(corrected mean OD solvent controls) × 100]
where OD is optical density.
The stock solutions of the metabolites were prepared in distilled
water and further dilutions were made with fresh culture medium.
All data were obtained from three independent experiments in
quadruplicates.
2.7. AMES microplate format test of BTPS
AMES assay was performed to determine the mutagenicity of
BTPS using AMES microplate format test 98/100 mutagenicity
assay sample kit (Xenometrix AG), as described earlier (Altıntop
et al., 2012, 2016). Salmonella typhimurium strains (TA98 and
TA100) were used to mimic frameshift mutations and base-pair
substitutions, respectively. First, the bacterial cultures were grown
in an incubated shaker (SI-600, Jeio Tech, Daejon, Korea) overnight. The concentrations of the compound were selected according to the previous guidelines. The concentrations were 5.0, 2.5,
1.25, 0.625, 0.3125, 0.156 mg/mL in dimethyl sulfoxide (DMSO)
(Chandrasekaran et al., 2011). The mutagenicity of the compounds
were then determined with/without metabolic activation which
was provided by Aroclor™-1254 induced male Sprague-Dawley
rat liver microsomal enzyme (S9) mix (Xenometrix AG) with a
final concentration of 4.5% (v/v). After that, 2-nitrofluorene (2NF; 2 μg/mL) and 4-nitroquinoline N-oxide (4-NOQ; 0.1 μg/mL)
were used as positive controls in the assays without of S9 mix.
2-Aminoanthracene (2-AA) was used as a positive control with
S9 mix against TA 98 and TA100 (1 and 2.5 μg/mL, respectively).
Solvent control was prepared as 4% DMSO. Finally, the number
of positive wells in triplicates were counted and compared with
the negative control. Fold induction over the negative control, fold
induction over the baseline, and zero dose baseline were calculated as described earlier (Chandrasekaran et al., 2011; Altıntop
et al., 2012; Flückiger-Isler and Kamber, 2012; Altıntop et al.,
2016). All doses were tested according to Student’s t-test at p <
0.05. Mutagenity was determined according to the previous criteria (Flückiger-Isler and Kamber, 2012), which were as follows: if
baseline was ≤ 3.0, then 2.0 and 3.0-fold increases: weak positive,
≥ 3.0-fold increases: positive; if baseline was > 3.0, 1.5 and 2.5fold increases: weak positive, ≥ 2.5-fold increases: positive.

Table 1. Yield and compositional parameters of BTPS

Parameters
Yield (%)

3.26 ± 0.11

Total carbohydrates (%)

51.8 ± 4.8

Uronic acid (%)

4.35 ± 0.58

Insoluble dietary fibre (%)

1.21 ± 0.11

Soluble dietary fibre (%)

30.2 ± 0.1

Total phenolics (g GAE/100 g BTPS)

10.9 ± 1.3

ABTS (mg TE/100 g BTPS)

8.77 ± 0.67

FRAP (mg FeSO4.7H2O/100 g BTPS)

3.01 ± 0.29

Data are expressed as the mean ± SD (n = 3). Abbreviations: ABTS, 2,2′-azino-bis
(3-ethylbenzothiazoline-6-sulphonic acid); FRAP, ferric reducing antioxidant potential; GAE, gallic acid equivalents; BTPS, black tea polysaccharide, TE, trolox equivalents.

A mutagenic compound should show significant increases at
least in two adjacent doses or a significant increase at the highest
concentration (5 mg/mL). Compounds which did not have any of
above properties were classified as negative.
2.8. Lethal dose 50 (LD50) of BTPS
The LD50 assay of BTPS was performed according to the “OECD
423-Acute Oral Toxicity (acute toxicity classification method)”
standard test protocol. The LD50 value of BTPS was determined
by applying the limit test protocol as described by Karadag et al.
(2018).
2.9. Statistical analysis
Each determination was replicated three times. The value was expressed as the mean ± standard deviation. Differences were estimated by analysis of variance (ANOVA) followed by Tukey’s
multiple comparison tests. Differences were considered to be significant at p ≤ 0.05. All statistical analysis were performed using
the SPSS 20.0 version (SPSS Inc., Chicago, IL, USA)
3. Results and discussion
3.1. Yield, chemical compositions, and antioxidant activities of
BTPS
The yield of BTPS was 3.26% (w/w), which was similar to those
previously found for different teas (Sun et al., 2013; Karadag et al.,
2018). The contents of carbohydrate, uronic acid, total fiber, and
total phenolics of BTPS are given in Table 1.
The relative mole percentages of monosaccharides, amino acids, and mineral compositions of BTPS are given in Table 2. The
monosaccharide compositions of BTPS were mainly composed of
galactose, arabinose, and glucose with the presence of some glucuronic and galacturonic acids. The latter two were acidic heteropolysaccharide. These results are similar to those in previous studies,
showing that tea polysaccharides have arabinogalactan structures
(Chen et al., 2009; Scoparo et al., 2016; Karadag et al., 2019).
BTPS was a protein-bounded polysaccharide and the major pro-
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Table 2. Monosaccharide, amino acid, and mineral compositions of BTPS

Monosaccharides

mol ratio (%)

Amino acids

mg/100 g

Minerals

mg/100 g

D-mannose

2.38 ± 0.02

Aspartic acid

446 ± 86

Calcium

41.2 ± 1.7

D-ribose

2.72 ± 0.02

Alanine

114 ± 11

Chromium

0.78 ± 0.0

L-rhamnose

2.86 ± 0.03

Arginine

89.5 ± 12

Copper

1.37 ± 0.0

D-glucuronic

2.46 ± 1.01

Glutamic acid

822 ± 11

Iron

9.8 ± 0.2

D-galacturonic

2.89 ± 1.02

Glycine

337 ± 60

Magnesium

815 ± 27

D-glucose

7.00 ± 0.07

Histidine

9.50 ± 7.80

Manganese

423 ± 4

D-galactose

47.5 ± 0.5

Isoleucine

Phosphorus

1,970 ± 50

D-xylose

1.89 ± 0.02

Leucine

54.5 ± 3.5

Potassium

9,155 ± 47

D-arabinose

28.5 ± 0.3

Lysine

182 ± 12

Sodium

15.3 ± 0.8

L-fucose

1.45 ± 0.08

Zinc

6.22 ± 0.20

Methionine

nd

nd

Proline

85.0 ± 9.9

Phenylalanine

20.0 ± 4.2

Serine

144 ± 12

Threonine

67.0 ± 0.0

Tyrosine

40.0 ± 14.1

Valine

37.5 ± 3.5

Total

2,498 ± 1

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

portions of amino acids composition consisting of glutamic acid,
aspartic acid, and glycine, with a total content of 2,498 mg/100
g. The amino acid compositions of black and green tea polysaccharides were similar to those reported by Scoparo et al. (2016)
and consisted mainly of glycine, glutamic acid, and aspartic acid
(Chen et al., 2005).
Among the studied minerals, BTPS was rich in potassium,
phosphorus, magnesium, and manganese. The mineral composition of tea may also be affected by variety, geographical origin,
harvest time and year as well as climate and composition of the
soil (Street et al., 2007).
The radical scavenging ability and reducing potentials of BTPS
were determined by both ABTS and FRAP assays, respectively
(Table 1). Wang et al. (2013a) revealed that tea polyphenols are
the major antioxidant in the crude tea polysaccharide extract. The
beneficial effect of antioxidants has been reported in animal models of diabetes and in diabetic patients (Rizvi et al., 2005; Babu et
al., 2006; Bhattacharya et al., 2013). The plasma antioxidant potential showed a significant decrease (73%) in diabetic rats. Black
tea extract supplementation, rich in polyphenols, was effective in
ameliorating diabetes associated with oxidative stress parameters
(Kumar and Rizvi, 2015). Therefore, the presence of polyphenol
in BTPS would contribute to its potential use as an antidiabetic
ingredient.
3.2. Molecular weight distributions and spectroscopic analyses
of BTPS
The Mw distributions and the peak pattern of BTPS are illustrated in Figure 1a. Mw (weight-average molecular weight) value
was calculated by the regression equation [log(Mw) = −0.081x3
+ 2.215x2 − 20.965x + 72.956; R2 = 0.998 obtained by dextran
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standards and retention time]. BTPS contained three peaks and
predominant peak (94.15%) was eluted at 10.27 min with a Mw
of 1.864x103 Da and its polydispersity was 1.23. The minor
fractions eluted at a retention time of 9.84 (0.80%) and 10.87
(5.06%) had Mw of 14.27 × 103 and 174 Da, respectively. This
was lower than the value of 3.8–37.2 kDa found previously, and
it also indicated that the Mw of BTPS was lower than oolong and
green tea polysaccharides (Chen et al., 2009). The changes in the
Mw of tea polysaccharides were observed with different degrees
of fermentation by Wang et al. (2012). Therefore, the lower Mw
determined in the present study may not only be related to the
origin of tea leaves, but also fermentation conditions of Turkish
black tea.
The UV spectrum of the BTPS is shown in Figure 1b. BTPS
clearly emerged with a stronger absorption peak at 200–250 nm,
which indicates that the samples might contain an unsaturated carbonyl, carboxyl group related the polysaccharide structure. The
shoulder-shape absorption peak was observed in the 260-280 nm
region, with the inflection at 270 nm which is mostly related to the
presence of protein portion (Wang et al., 2013b).
The FT-IR spectroscopy (Figure 1c) can be used for approximate identification of polysaccharides and proteins when combined with chemical analyses. Peaks at 1,000–1,200, 2,800–3,200,
and 3,200–3,600 cm−1 were characteristics for polysaccharides,
the broadly intense peak at 3,250 cm−1 represents the stretching
vibrations of O-H, while the weak band at 2,920 cm−1 is attributed
to stretching of asymmetric CH2. The presence of protein component was demonstrated by the occurrence of two bands of decreasing intensity: amide I towards 1,611 cm−1 and amide II towards
1,516 cm−1 with N-H and C-N links. The peaks between 1,400 and
1,300 cm−1 were the characteristic of C-O stretching and C-H or
OH bending, and the peak of 1,390 cm−1 might be attributed to the
stretching of OH of phenolics in the structure. The broadband at
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Figure 1. Gel permeation chromatogram (a), UV Spectra (b), and FT-IR spectra (c) of BTPS.

1,047 cm−1 suggests the presence of C-O-H side groups and C-O-C
glycosidic band vibration and should be due to the characteristic
absorption bands of pyran glycosides. The peaks around 920 and
880 cm−1 corresponds to skeletal modes of pyranose rings, which
is characteristic of β-glycosidic type linkages between the sugar
units (Chen et al., 2009; Zhao et al., 2014).
3.3. Inhibitory effects of BTPS on α-glucosidase activity
The α-glucosidase inhibitors are currently of interest owing to their
promising therapeutic potential for treatment diabetes as oral hypoglycaemic agents. The α-glucosidase inhibitors act on the brush
border of intestinal mucosa to inhibit the post-meal blood glucose
increase and to decrease fasting blood glucose to some extent by
inhibiting the hydrolysis of oligosaccharides and disaccharides to
monosaccharide and their intestinal absorption (Wei et al., 2010).
Acarbose is an α-glucosidase inhibitor used for treatment of T2D,
but it is also responsible for many side effects such as abdominal
distention, flatulence, diarrhea, and meteorism. Therefore, many
efforts have been made to identify novel, safe and effective polysaccharides with antidiabetic activity.
As shown in Figure 2a, BTPS obtained from black tea, had a
dose-dependent effect on α-glucosidase inhibitory activity, and inhibition varied from 4.35 to 93.17% with a concentration increase
from 1.25 to 6.25 µg/mL. IC50 value of BTPS was found to be 3.40
µg/mL. As a positive control, the IC50 of acarbose was 1.06 mM

(687.5 µg/mL). BTPS obtained in the present study showed a higher α-glucosidase inhibitory activity compared to that of a study by
Chen et al. (2009), where BTPS showed 91 and 14.3% inhibition
at a concentration of 200 and 25 µg/mL, respectively. These differences may be due to the facts that the coarse tea, its processing
conditions, and the preparation and extraction methods of samples
are different. It was revealed that α-glucosidase inhibitory activity
of tea polysaccharides depends on fermentation time. Wang et al.
(2012) found that IC50 value was 20 µg/mL for heavily fermented
oolong teas, whereas it was >500 µg/mL for lightly fermented teas.
3.4. Glucose uptake activity of BTPS
Insulin signals the uptake of glucose from blood to produce energy
in liver, fat, muscle, and other body cells (Du et al., 2012). This
ensures that the glucose level in the blood remains at a normal
level. In T2D, this balance is disturbed and a high glucose level is
observed in the blood because of the impaired insulin action (Del
Prato et al., 2002). Therefore, the results of glucose uptake studies
provide an important information in terms of effectiveness of the
remedy.
In the present study, in-vitro antidiabetic activity of BTPS was
also evaluated using 2-DG uptakes in 3T3-L1 adipocytes. Compared to the control group, 3T3-L1 MBX cells treated with BTPS
at two different concentrations (0.5 and 1 mg/mL) increased glucose uptake into the cells (Figure 2b), and no significant differ-
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Figure 2. The α-glucosidase inhibitory activity of BTPS (a), 2-deoxyglucose (2-DG) uptake in adipocytes in the absence (0 nM) and in the presence (1 µg/
mL) of insulin at indicated concentrations of BTPS extract (0.5 and 1 mg/mL) (b), and percentage viability of BTPS (c). Abbreviations: GC, growth control;
SC, solvent control. Data are expressed as the mean ± SD (n = 3). Means ± SD followed by different letters are significantly different (p < 0.05) for Figures 2a
and b. For Figure 2c, a significant difference from GC (p < 0.001) and b significant difference from SC (p < 0.001).

ences (p > 0.05) were observed in glucose uptake values with
change in the concentration of BTPS. Our results suggest that
BTPS may possess insulin-mimetic properties. Insulin stimulation of glucose uptake by adipose tissue is critical in lowering postprandial blood glucose level. Abnormal regulation of
this process is one of the significant factors in the development
of T2D. The inhibition effect of epigallocatechin-3-O-gallate
(EGCG) was shown on the dexamethasone-induced insulin resistance. Additionally, EGCG improves insulin-stimulated glucose uptake in rat L6 cells. This effects were associated with the
glucose transporter type 4 (GLUT-4) membrane protein (Zhang
et al., 2010). The expression of genes related to glucose uptake
and insulin-signalling pathway can be regulated by green tea
polyphenol extract in rats fed with a fructose-rich diet (Cao et al.,
2007). In this study, dose dependent gene expression differences
were reported in several genes classified in glucose transporter
family and insulin signalling pathway. These reported findings
are in good agreement with our results.
3.5. Cytotoxicity of BTPS
The tea extracts which might be used for food additives or a treatment agent should be evaluated in terms of their toxicological as-
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pects. Therefore, the cytotoxicity of BTPS was investigated using
the NIH/3T3 mouse embryonic fibroblast cells. The IC50 values of
BTPS was 0.615 mg/mL (Figure 2c). According to the results of
XTT assay, the tested compounds were found to be non-cytotoxic
at their active concentrations, hence demonstrating their therapeutic value.
It is an expected that tea polysaccharides do not show cytotoxic
effects. Chen et al. (2018) investigated the cytotoxicity of Fuzhuan
brick tea polysaccharides (FBTPs) at concentrations ranging from
25 to 400 μg/mL in human hepatic epithelial (L-02) cells. They
found that cell viability remained between 80 and 120% and suggested that none of FBTPs exhibited cytotoxic effect (Chen et al.,
2018). Indeed, biosafety of polysaccharides from natural resources
has confirmed in several studies (Nie and Xie, 2011).
3.6. AMES microplate format test of BTPS
According to the results, Salmonella typhimurium strains, TA98
and TA100, showed more than 25 positive wells against the positive controls known as, 2-AA (with S9), 4-NOQ and 2-NF (without S9). The negative control wells were found to be less than
8 against TA98 and TA100 with and without S9. Therefore, our
tests reached the validity criteria based on the instructions of the
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Table 3. The result of AMES microplate format genotoxicity test of BTPS

Mutagenity
Concentrations
(mg/mL)

Baseline
S9+

0.156

S9−

TA 98 (positive wells)
S9+

3.82 4.18 2.00 ± 1.00

S9−

TA 98 (Fold
increase over
baseline)

Baseline

TA 100 (positive wells)

TA 100 (Fold
increase over
baseline)

S9+

S9−

S9+

S9−

S9+

S9−

S9+

3.00 ± 1.73 0.52

0.72

5.55

4.89

6.33 ± 0.58

3.33 ± 1.15 1.14*

S9−
0.68

0.313

2.00 ± 2.00

3.00 ± 1.00 0.52

0.72

7.33 ± 0.58

6.67 ± 2.08 1.32*** 1.36*

0.625

2.00 ± 1.00

3.33 ± 1.53 0.52

0.80

7.67 ± 0.58

7.00 ± 1.00 1.38*** 1.43***

1.250

1.33 ± 0.58

1.00 ± 0.00 0.35*

0.24***

5.33 ± 3.06

3.67 ± 1.15 0.96

0.75

2.500

0.33 ± 0.58

2.00 ± 1.00 0.09***

0.48***

4.00 ± 2.00

2.33 ± 1.53 0.72

0.48*

5.000

1.00 ± 1.73

1.33 ± 0.58 0.26*

0.32***

6.67 ± 1.53

7.00 ± 1.00 1.20*

1.43***

Data are expressed as the mean ± SD (n = 3). *p < 0.05, significant level according to the student-t test. ***p < 0.001, significant level according to the student-t test.

manufacturer. BTPS showed a baseline of 3.82 and 4.18 against
TA98 with and without S9, respectively (Table 3). The number
of revertants did not reach 1.5–2.5-fold over the baseline so the
compound was accepted as non-genotoxic. The same compound
showed a baseline of 5.55 and 4.89 against TA100 with and without S9, respectively. Any of the doses tested did not reach 1.5–2.5
fold increases (Figure 3). Therefore, BTPS was accepted as nongenotoxic against TA100 with and without metabolic activation.
This compound, which has biological activites, should undergo
further investigations as a therapeutic ingredient due to its nongenotoxic potential.
In contrast to genotoxicity, anti-genotoxic effects of polysacharides was reported by plasmid DNA strand break assay. The inhibition of supercoiled plasmid DNA strand breakage was used to investigate the DNA protective properties of crude polysaccharides
extracted from Schinus terebinthifolius (PSTF) and Schinus molle
(PSMF) fruits. The results of this study showed that PSTF and
PSMF at 25 and 50 μg/mL concantrations significantly reduced

the percentage of DNA damage (Feriani et al., 2020). These results
indicate that the tested polysaccharides may have anti-genotoxic
effect.
3.7. The lethal dose 50 (LD50)
According to the limit test protocol, BTPS was administrated to
mice by gavage 5.000 mg/kg dose level. For the following 5 days,
BTPS administered animals were monitored for mortality and
clinical signs. None of the BTPS administrated mice died during
the trial and abnormal clinical findings were not observed during
the entire experiment. At the end of the experiment, gross pathology and histopathological examination was showed no abnormality in the test and control animals. According to these results and
the survival of all tested mice, BTPS was categorized as “GHS 5
or unclassified” according to the OECD 423-Acute Oral Toxicity
(acute toxicity classification method) test method.

Figure 3. The results of AMES microplate format test of BTPS in TA 98 and TA 100 strains.
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4. Conclusions
The in-vitro antidiabetic potential of BTPS was evaluated by
both α-glucosidase inhibitory activity and glucose uptake activity. The α-glucosidase is a key enzyme that plays a crucial role
in the digestion of carbohydrates. Its inhibitors can decrease the
release of D-glucose from carbohydrates and retards intestinal
glucose absorption. These actions of α-glucosidase inhibitors can
help reducing plasma glucose levels and the regulation of glucose
metabolism. Hence, α-glucosidase inhibitors are accepted as hypoglycemic agents due to their promising therapeutic potential for
treatment of diabetes. The uptake of glucose from blood provides
vital energy to cells and maintains the balance of blood glucose
level. Therefore, the molecules that have an effect on the mechanism of glucose uptake also serve to establish a normal blood glucose level and prevent T2D. Our results confirmed glucose uptake
and α-glucosidase inhibitory activities of BTPS. Additionally, any
toxicological effects that may cause a serious health risk was not
recorded for investigated BTPS. Therefore, BTPS should be considered as a potent antidiabetic candidate for developing functional
foods and/or dietary supplements. This compound, which has biological activities, should undergo further investigations as a therapeutic ingredient due to its non-genotoxic potential.
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