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Abstract
The development of targeted therapeutics against the novel coronavirus disease 2019 (COVID-19) is highly desirable but may present a challenge in the foreseeable future. Adequate nutrition is a prerequisite of an optimally
functioning immune system. Nutritional approaches, including the administration of food bioactives and micronutrients, may therefore have the potential to augment immune function and defend against COVID-19. The
supplementation of micronutrients, including vitamins and trace elements, and food bioactives, such as carotenoids and polyphenols, has shown itself to be beneficial in enhancing immunity in viral infections. However, the
purported significance of these compounds in naturally occurring infections derives primarily from studies using
animal models. The findings of human studies are inconsistent. The efficacy of micronutrients and food bioactives
in infectious diseases can be affected by a wide array of factors, including the type of pathogen, the dose, timing
and duration of supplementation and the characteristics of target populations. High-dose supplementation over
extended periods of time may be associated with serious adverse effects, including aggravation of infectious diseases. Evidence evaluating dietary supplementation in COVID-19 is lacking. A reliance on supplements to prevent
or treat COVID-19 would therefore be premature.
Keywords: Food bioactives; Micronutrients; Diet; Immune function; Coronavirus; COVID-19.

1. Introduction
In recent decades, the evolution of novel coronaviruses has resulted
in an ongoing global threat to humans. Outbreaks of the severe acute
respiratory syndrome (SARS) epidemic in 2002 and the Middle
East respiratory syndrome (MERS) in 2015 were caused by highly
pathogenic coronaviruses (De Wit et al., 2016; Yin and Wunderink,
2018). In December 2019, another previously unknown coronavirus, the severe acute respiratory syndrome coronavirus 2 (SARSCoV-2), emerged, causing the novel infectious coronavirus disease
2019 (COVID-19), which has been declared a global pandemic by
the World Health Organisation (WHO, 2020). Typical symptoms
of COVID-19 include cough, fever, respiratory problems, gastrointestinal symptoms and, in severe cases, atypical pneumonia (Zhu
et al., 2020). The cardiovascular, urinary and nervous systems may
also be affected. Since the infection may be associated with mild

symptoms or proceed asymptomatically, the number of undetected
and unreported cases is likely to be high. The extent of the threat
posed by the pandemic, in terms of infectiousness, virulence, need
for medical care and case fatalities is currently unknown (Lange,
2020a; Lange, 2020b). Large-scale endeavours seeking to develop
preventive and therapeutic strategies, including vaccination, antiviral agents and passive immunotherapy have been embarked upon.
However, no drugs are currently known to shorten the duration,
mitigate the severity or reduce the death rate of COVID-19. The
efficacy of monoclonal antibody therapy also remains to be investigated. Moreover, the production, manufacture and global distribution of an effective and safe COVID-19 vaccine may require several
years (Lange, 2020a). While the development of targeted therapeutics against COVID-19 is highly desirable, many problems remain
to be solved and it may be unrealistic to expect effective prevention
and treatment in the foreseeable future.
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2. Immune functions
The immune system is a highly complex biological system that has
evolved to protect the host from various pathogens, such as bacteria, viruses, parasites and fungi as well as cancer cells, while tolerating non-threatening organisms, food and self (Parkin and Cohen,
2001). Immunity comprises two types of responses (innate and
adaptive), which are involved in the identification and eradication
of pathogens. Both innate and adaptive immunity involve cellular
and humoral responses. The innate immune response depends, in
part, on phagocytes and natural killer cells (Murphy and Weaver,
2016) and provides a fast, nonspecific response to pathogens without previous exposure or immunization. However, the speed and
efficacy of innate immune responses do not increase in response to
repeated exposure to pathogens. In contrast, adaptive, or acquired,
immunity provides an immunological “memory” and is capable
of generating an antigen-specific response to repeated infection
with the same pathogen. The adaptive response involves antigenspecific cells (e.g. T lymphocytes), which coordinate the overall
adaptive response or destroy virally-infected cells, and B lymphocytes, which can secrete antibodies (immunoglobulins) specific to
the infecting pathogen (Murphy and Weaver, 2016). Induction of
immunological memory is the mechanism underlying the protection provided by vaccines against subsequent pathogen exposure.
Nutrition is critically important for the immune system, with
both malnutrition and overnutrition adversely affecting immune responses. The findings of epidemiological and clinical studies have
shown that nutritional deficits may alter immune functions and
increase the risk of infection (Chandra, 1991; Chandra, 1996; Watson, 1984). Infection with human immunodeficiency virus (HIV)
increases the demand for micronutrients, such as essential trace
minerals, while simultaneously causing a loss of these nutrients.
The resulting deficiency can be compensated by supplementation
of micronutrients (Bogden and Oleske, 2007; Stone et al., 2010).
The present viewpoint attempts to provide an overview of the
evidence supporting a role of food bioactives and micronutrients
in enhancing immune functions and will consider the obstacles
needing to be overcome before recommendations regarding supplementation of micronutrients and food bioactives in the prevention and treatment of COVID-19 can be made.
3. Micronutrients
Nutrition is undoubtedly an important building block of immunity,
and the inﬂuence of micronutrients on immune function has been
widely investigated. Preservation of micronutrient homeostasis is
a key factor in the maintenance of a healthy immune system, and a
range of vitamins and trace elements have been shown to play an
essential role in immune functions (Wintergerst et al., 2007). Deficiencies in micronutrients reduce immunity to disease while the
supplementation of these compounds has been shown to enhance
immunity in viral infections (Jayawardena et al., 2020).
Vitamins have long been known to influence immune functions,
playing a role in both innate and adaptive immune responses (Mora
et al., 2008). While the effects of some vitamins, such as vitamins
C and E as well as B vitamins, are brought about in a relatively
nonspecific manner (e.g. by anti-oxidative action), other vitamins,
such as vitamins A and D, influence immune responses in highly
specific ways (Mora et al., 2008). Reactive oxygen species are important in host defence and immunity (Rada and Leto, 2008). Viral
infections, including those with HIV, hepatitis B and C viruses,
Epstein-Barr virus, herpes simplex virus type 1 and inﬂuenza vi-
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ruses, frequently lead to the production of reactive oxygen species
(Molteni et al., 2014). Oxidative stress is believed to play an important role in the infection process (Schreck et al., 1991). Furthermore, reactive oxygen species can enhance the replication of the
HIV virus (Baruchel and Wainberg, 1992).
Vitamin A is a retinoid and a fat-soluble vitamin involved in the
development of the immune system and in the regulation of cellular and humoral immune processes (Huang et al., 2018; Stephensen, 2001). A deficiency of vitamin A can cause impaired immunity
and its supplementation has been shown to produce therapeutic
effects in infectious diseases such as measles, pneumonia and contagious digestive diseases in children (Huang et al., 2018). While
vitamin A supplementation does not appear to affect infection with
the human immunodeficiency virus (HIV) per se, it may mitigate
susceptibility to and reduce the incidence of other infectious diseases in individuals with HIV (Campa et al., 2017). Retinoids are
molecules related to vitamin A that can increase and potentiate the
actions of type 1 interferons, which are cytokines involved in the
early innate immune response to viruses. The effects of retinoids
combined with other antiviral agents could be assessed in pre-clinical SARS-CoV-2 studies (Trasino, 2020).
In addition to its well-established effects on calcium and bone
homeostasis, vitamin D has often been suggested to be involved in
decreasing the risk of microbial infection (Grant et al., 2020) by increasing physical barriers, cellular natural immunity, and adaptive
immunity (Prietl et al., 2013; Rondanelli et al., 2018). An increase
in susceptibility to immune-mediated disorders, such as chronic infections, has been linked in epidemiological studies to inadequate
vitamin D concentrations (Baeke et al., 2010). Observational studies have found that vitamin D deficiency was associated with an
increased risk of viral acute respiratory infection, and vitamin D
supplementation has shown protective effects in a meta-analysis
of clinical trials (Greiller and Martineau, 2015). However, the evidence in support of a role of vitamin D in the prevention of influenza infections is contentious (Gruber-Bzura, 2018).
A recent retrospective study assessed the plasma 25-hydroxyvitamin D levels in a cohort from Switzerland (D’Avolio et al.,
2020). It was found that participants who were PCR-positive for
SARS-CoV-2 (N = 27) had statistically significantly lower 25-hydroxyvitamin D concentrations (median value 11.1 ng/mL) than
PCR-negative individuals (N = 80, median 24.6 ng/mL). This was
also confirmed when the participants were stratified according to
age >70 years (median values of 9.3 [N = 18] versus 23.1 ng/mL
[N = 43]) (D’Avolio et al., 2020). These preliminary observations
suggest that vitamin D supplementation might be useful in reducing the risk of SARS-CoV-2 infection. However, large population
studies and randomized controlled trials need to confirm the findings.
Vitamin E is a lipid-soluble antioxidant that has been found to
have immunomodulatory effects in cell-based, preclinical and clinical studies (Lee and Han, 2018; Lewis et al., 2019). Investigations
in animal models have shown that vitamin E deficiency impairs
immune functions, which can be corrected by vitamin E repletion
(Wu and Meydani, 2019). However, the findings concerning the
clinical significance of beneficial immune effects of vitamin E in
humans, such as reducing the risk for respiratory infections, are
inconsistent (Wu and Meydani, 2019)
Vitamin C (ascorbic acid) is a water soluble vitamin found in
many foods, particularly citrus fruits and green vegetables. It is a
potent antioxidant with anti-inflammatory and immune-supporting
effects. Vitamin C accumulates at high levels in most immune
cells and is involved in the immune defense through its support of
various cellular functions of both the innate and adaptive immune
systems (Ang et al., 2018). Although vitamin C supplementation
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is often claimed to exert preventive and therapeutic effects on the
common cold (Bucher and White, 2016), a meta-analysis of available studies found no decrease in the incidence, severity or duration of the infection when vitamin C was administered as a daily
supplement or at the onset of cold symptoms (Hemilä and Chalker,
2013). However, subgroup analysis found that regular vitamin C
supplementation in people experiencing a high level of physical
stress reduced the incidence of the common cold by 50% (Hemilä
and Chalker, 2013). Vitamin C supplementation may be useful
in the treatment of respiratory and systemic infections (Carr and
Maggini, 2017). For example, the administration of vitamin C to
people with acute respiratory infections appears to ameliorate the
severity of respiratory symptoms (Hunt et al, 1994).
B vitamins are water-soluble and act as components of coenzymes. They may mediate the interaction with immune cells involved in inflammation and various pathophysiological pathways
(Spinas et al., 2015). B vitamin deficiency may weaken the host
immune response (Yoshii et al., 2019).
Zinc is an essential trace element, whose role in immune function has been known for several decades and has been investigated
extensively. Zinc is required for the release of vitamin A from the
liver and its deficiency may lead to immune effects similar to those
observed following vitamin A deficiency (Katona and Katona-Apte,
2008). Altered zinc homeostasis plays a crucial role in innate and
adaptive immunity. The effects of zinc deficiency on immune cells
can result in altered host defence, an increased inflammation risk
and even death. Chronic zinc deficiency causes an increase in the
production of pro-inflammatory cytokines, affecting the outcome
of various inflammatory diseases (Bonaventura et al., 2014). Zinc
supplementation can have anti-inﬂammatory and immunomodulatory effects and is capable of reversing the negative effects of zinc
deficiency. Zinc can stimulate a wide range of signaling events,
including antiviral responses (Maywald et al., 2017; Read et al.,
2019). There is abundant evidence demonstrating effects of free
zinc and zinc-binding proteins, such as metallothioneins, against
various viruses, including measles and human immunodeficiency
virus (HIV) (Gammoh and Rink, 2017; Read et al., 2019). The
administration of zinc has the potential to significantly increase the
clearance of both acute and chronic viral infections (Read et al.,
2019). Zinc supplementation may improve the antiviral response
and systemic immunity in zinc-deficient individuals and may also
have the potential to specifically inhibit viral replication or symptoms related to infections (Read et al., 2019).
Selenium offers a wide array of health effects (Rayman, 2012).
Dietary selenium levels and selenoprotein expression have been
shown to impact the regulation of immune cell functions. Low selenium status has been found to be associated with poor immune
functioning, while a higher selenium status promotes antiviral
effects (Broome et al., 2004; Hoffmann, 2007). Selenium deficiency, which is the main regulator of selenoprotein expression,
leads to impaired innate and adaptive immune responses (Avery
and Hoffmann, 2018) and has been associated with the pathogenicity of several viruses (Guilin et al., 2019). A study in humans has
demonstrated a functional outcome of selenium supplementation
on the immune system. Individuals with low selenium status who
received selenium supplementation and who were challenged with
an orally administered, live, attenuated poliovirus cleared the virus
more rapidly than placebo controls (Broome et al., 2004).
Iron and immunity are closely linked. Iron is an essential micronutrient for both humans and pathogenic microbes. Most human
pathogens require iron, and the innate immune system is involved
in limiting iron availability to invading microbes (Cassat and
Skaar, 2013). Many aspects of the competition for iron between
microorganisms and their hosts remain to be investigated (Ganz

and Nemeth, 2015). Cross-regulatory interactions between iron
homeostasis and immune function exist (Nairz et al., 2014). Alterations in iron homoeostasis, e.g. induced by pathological states
involving iron loading or depletion, can adversely affect the ability of cells to respond to inﬂammation and infection (Ward et al.
2011). The interaction between iron status, iron supplementation
and susceptibility to infection has been the subject of much debate,
and the evidence is inconclusive. Supplementation of iron has been
shown, for example, to decrease respiratory infection rates in children, while having deleterious effects on susceptibility to malaria
(Oppenheimer, 2001). Iron supplementation may therefore be detrimental to immune function.
Copper plays an important role in the human immune system.
It is involved in the functions of T helper cells, B cells, natural
killer cells and macrophages (Percival, 1998). Dietary copper deficiency has been shown to affect both innate and adaptive immunity (Muñoz et al., 2007). Copper-deficient humans appear to have
an increased susceptibility to infections, and copper may have the
capacity to kill several infectious viruses, such as bronchitis virus,
poliovirus and human immunodeficiency virus type 1 (Koller et
al., 1987; Percival, 1998). It has been hypothesised that increasing
plasma copper levels may have preventive and therapeutic effects
against COVID-19 (Raha et al., 2020). This requires further investigation.
Magnesium has been shown in animal models to play a role
in both innate and acquired immune reponses (Galland, 1988). A
compromised immune system may be found in elderly people, and
a balanced magnesium homeostasis may be important in strengthening resistance to infection in the elderly (Tam et al., 2003). Suggestions have also been made that magnesium deficiency could
contribute to the immunological alterations observed following
strenuous exercise (Laires and Monteiro, 2008).
4. Food bioactives
Findings of epidemiological studies indicate that diets rich in carotenoids are associated with a lower incidence of infectious diseases,
such as HIV infections (see Milani et al., 2017). Several studies
have demonstrated the ability of dietary carotenes to prevent a
wide range of infections in vitamin A-deficient rats (Green and
Mallanby, 1930) and to reduce ear infections in children (Clausen,
1931). Since β-carotene exhibits provitamin A activity, the findings
of these studies could be attributed to its conversion to vitamin A.
However, the specific role of carotenoids can be investigated, for
example, by administering carotenoids without provitamin A activity (e.g., lutein, lycopene, canthaxanthin, astaxanthin). Numerous investigations using non-provitamin A carotenoids have been
able to show the immunomodulatory action of dietary carotenoids
(Chew and Park, 2004). Non-provitamin A carotenoids were found
to be as active or even more active than β-carotene in enhancing
cellular and humoral immune responses in both experimental animals and humans (Chew and Park, 2004).
In addition to the well-established antioxidant properties of
polyphenols, evidence suggests that they may be capable of modulating immune responses. The antiviral, antimicrobial, anti-inflammatory and cytotoxic capacity of flavonoids has been suggested
to benefit the immune system (González-Gallego et al., 2010).
Polyphenols have been demonstrated to influence the regulation
of immune cells, the synthesis of pro-inﬂammatory cytokines and
the suppression of pro-inﬂammatory gene expression (Yahfoufi et
al., 2018).
Resveratrol (trans-3,5,4′-trihydroxy-stilbene) is a naturally oc-
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curring polyphenolic phytoalexin, which is present in the skin and
seeds of various plants. Resveratrol administered at high doses has
been found to activate adenosine monophosphate kinase, which is
involved in the negative regulation of the NLRP3-inflammasome
(Kulkarni and Cantó, 2015). The findings of experimental studies
suggest a potential activity of resveratrol in a variety of human
diseases, including viral infections such as acquired immunodeficiency syndrome (AIDS) and Middle East respiratory syndrome
(MERS) (Lin et al., 2017; Malaguarnera, 2019). In a study assessing the antiviral properties of resveratrol against MERS-CoV, the
compound was shown to significantly inhibit MERS-CoV infection and to prolong the survival of MERS-infected cells after infection (Lin et al., 2017). The expression of nucleocapsid protein
essential for MERS-CoV replication was found to be reduced following the administration of resveratrol. In addition, resveratrol
down-regulated the apoptosis induced by MERS-CoV in vitro (Lin
et al., 2017).
Another mechanism underlying the antiviral activity of resveratrol may be the upregulation of the angiotensin-converting enzyme
2 (ACE2). ACE2 has been shown to be a functional SARS-CoV
receptor in vitro (Li et al., 2003) and in vivo (Kuba et al., 2005)
and is required for host cell entry and subsequent viral replication.
SARS-CoV-2 also gains entry to the cell via the ACE2 receptor,
with the viral trimeric spike protein of SARS-CoV-2 binding to the
ACE2 receptor (Gheblawi et al., 2020; Yan et al., 2020). SARSCoV-2 predominantly infects the lower respiratory tract through
binding to ACE2 on alveolar epithelial cells (Jiang et al., 2020).
While the levels of ACE2 expression appear to correlate with the
susceptibility to SARS-CoV infection, the relationship with susceptibility to SARS-CoV-2 infection is unclear (Sommerstein et
al., 2020). Upregulation of ACE2 has a protective effect on SARSCoV illness severity (Horne and Vohl, 2020). Thus, the ACE2 cellular receptor has been proposed as a key target of SARS-CoV
treatment (Yu et al., 2018; Zhang et al., 2020). Dietary intake has
been demonstrated to impact the expression and function of the
ACE2 gene, with upregulation of ACE2 showing a protective effect on SARS-CoV illness severity (Yu et al., 2018). While a high
intake of dietary fat may downregulate ACE2, high intake of resveratrol may upregulate ACE2 and play a protective role (Horne
and Vohl, 2020).
The bioavailabllity of orally administered resveratrol is
very low (Walle et al., 2004). The naturally dimethylated analogue of resveratrol, pterostilbene (trans-3,5-dimethoxy-4′hydroxystilbene) may be more effective due to its higher in vivo
bioavailablity (Estrela et al. 2013; Walle et al., 2004). Stilbene
derivatives may have antiviral effects against the SARS virus (Li
et al., 2006). Quercetin is a ﬂavonol found in fruits and vegetables and has biological properties that may reduce the risk of
infection (Li et al., 2016). Quercetin has been shown to exhibit
anti-inflammatory properties in cells from animals and humans
and to ameliorate experimentally induced impairment of immunity function in animal models (Li et al., 2016). No effects on
innate immune function or reduction of upper respiratory tract
infection could be observed in humans (Li et al., 2016). The
chronic supplementation of quercetin or ﬂavonoid-rich foods appears to have minimal effects on immunity in humans (Peluso et
al., 2015). However, a systematic review and meta-analysis assessing the effects of dietary ﬂavonoids on upper respiratory tract
infections found that flavonoids reduce the incidence of these
infections when compared with controls, with no conclusive evidence regarding changes in duration or severity (Somerville et
al., 2016). Furthermore, flavonoids stimulate natural killer cell
activity and may therefore have some potential in the prevention of viral infections (Burkard et al., 2017). Potential immune
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boosting effects of polyphenols need to be established in future
investigations with adequate scientific rigour.
Dietary fatty acids play a significant role in immune responses
(Radzikowska et al., 2019). Omega-3 polyunsaturated fatty acids
(PUFAs), in particular, are capable of altering the activation of
cells of both the innate and the adaptive immune system (Gutiérrez et al., 2019). PUFAs have been shown in animal studies to
exert powerful anti-inﬂammatory and immunomodulatory effects
in a wide range of diseases (Fritsche, 2006). The impact of the
administration of omega-3 PUFAs on the risk and outcome of infections is a matter of debate, since their intake may have both
beneficial and deleterious effects in infectious diseases (Husson
et al., 2016). The administration of eicosapentaenoic acid and docosahexaenoic acid in animals, corresponding to a daily dose of
500 mg in humans, is beneficial against experimental infections
caused by various pathogens. This effect may be attributed to the
anti-inflammatory action of omega-3 PUFAs (Husson et al., 2016).
However, omega-3 PUFAs administered at doses 2-to-4-fold higher or over extended periods of time may be detrimental in certain
intestinal infections, since they may promote anti-inflammatory
responses in people whose inflammatory response is critical for
survival. High-dose and long-term supplementation of omega-3
PUFAs in humans should therefore be administered with great caution. Omega-3 PUFAs also appear to adversely affect the immune
cell response in infections caused by intracellular pathogens such
as mycobacterium tuberculosis, herpes simplex virus and influenza
virus (Husson et al., 2016).
Specific probiotics, prebiotics or a combination of both exert
significant effects on host immunological networks of the mucosal
and systemic immune systems through their activation of multiple
immune mechanisms (Frei et al., 2015; Maldonado Galdeano et
al., 2019). Probiotics seem to have a supportive role in enhancing immune responses (Kang et al., 2013). Meta-analyses have
reported modest efficacy of probiotics in reducing the incidence
and duration of viral respiratory tract infections (Hao et al., 2015;
King et al., 2014). Some patients with COVID-19 in China showed
microbial dysbiosis with decreased Lactobacillus and Bifidobacterium (Xu et al., 2020). However, whether Lactobacilli and Bifidobacteria can support the balance of a diverse gut ecosystem
in combating COVID-19 is unknown. The use of conventional
probiotics for COVID-19 cannot be recommended before further
studies reveal in more detail the effects of SARS-CoV-2 on gut
microbiota (Mak et al., 2020).
Green tea and epigallocatechin-3-gallate appear to have multiple modulatory effects on innate and adaptive immunity (Pae and
Wu, 2013). However, findings relevant to infectious diseases are
not available.
5. Problems surrounding the available findings
Nutritional deficiency or inadequacy can impair immune functions,
and optimal nutritional status is important in protecting against viral infections (Calder et al., 2020; Zhang and Liu, 2020) (see Table
1). Most evidence suggesting protective and other beneficial effects of micronutrients and food bioactives against infection stems
from animal studies using various infection models. Ethical issues
limit the use of experimental infections in humans. Human studies
conducted to determine the impact of food compounds on naturally occurring infections are therefore observational.
A wide range of factors can affect the efficacy of micronutrients
and food bioactives in infectious diseases. These factors include
the type of pathogen, the dose, timing and duration of supplemen-
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Table 1. Potential involvement of micronutrients and food bioactives in viral infections

Agent

Virus

Vitamin A

Measles virus, HIV, avian coronavirus

B vitamins

MERS-CoV

Vitamin C

Avian coronavirus; lower respiratory tract infections

Vitamin D

Viral acute respiratory infections; bovine coronavirus, SARS-CoV-2?

Vitamin E

Respiratory infections; coxsackievirus, bovine coronavirus

Selenium

Influenza virus, avian coronavirus, poliovirus

Zinc

Herpes simplex virus, HIV, measles virus, SARS-CoV?

Iron

Respiratory tract infections; viral mutations

Copper

Bronchitis virus, poliovirus, HIV

Carotenoids

HIV

Polyphenols

HIV, MERS-CoV

Omega-3 PUFAs

Herpes simplex virus, influenza virus (possibly harmful)

Probiotics

Viral respiratory tract infections

tation as well as characteristics of target populations (age, health
status, nutritional status, immunological status, lifestyle, genetics).
Given the concerns surrounding the potential aggravation of infectious diseases associated with omega-3 PUFAs (Husson et al.,
2016), the dosage of supplementation is important. A U-shaped
relationship may exist between micronutrient status and health effects, as has been found, for example, regarding selenium intake
(Bleys et al., 2008; Rayman, 2008). While additional intake derived from supplements may have benefits in individuals with low
micronutrient status, those with adequate or high status may show
adverse effects. Serious adverse outcomes may be associated with
the administration of large amounts of micronutrients, such as selenium, anti-oxidative vitamins and omega-3 PUFAs (Klein et al.,
2011; Lange et al., 2019; Miller 3rd et al., 2005; Rayman, 2008;
Rutkowski and Grzegorczyk, 2012; Yang et al., 2012).
Distinct immune features can be observed in different stages
of life, resulting in age-related differences in prevalence, type and
severity of infections (Maggini et al., 2018). Numerous studies
have presented evidence of decreasing immune function with
ageing. Immunosenescence weakens the ability of elderly people to respond to infection and may be responsible for elevated
morbidity and mortality from infectious diseases in the elderly
(Gavazzi and Krause, 2002). Nutrition may carry the potential
to delay or reverse age-related adverse changes in the immune
system. However, different responses to nutritional interventions
among different age groups should be considered. For example,
ageing has been shown to alter the immune response to omega-3
PUFAs and probiotics (Yaqoob, 2017). Micronutrients that appear
to be important in regard to immunosenescence include vitamin
E (Wu and Meydani, 2014) and zinc (Mocchegiani et al., 2013).
Enhancing immune functions with vitamin E may have significant
clinical implications since its supplementation appears to be associated with improved resistance to influenza infection in aged
mice and a decreased risk of upper respiratory infections in elderly humans (Wu and Meydani, 2014). Trials supplementing zinc
in elderly people have shown contradictory effects on immunity
(Mocchegiani et al., 2013).
A wide variety of dietary supplements, including “immunostimulants”, antioxidant bioactives and anti-inflammatory micronutrients, are currently advertised as preventive measures against

infections. Plausible arguments supporting the supplementation
of micronutrients such as selenium or vitamin D derived mainly
from cell culture or animal studies (Grant et al., 2020; Guilin et al.,
2019). Recommendations regarding food bioactives such as polyphenols and carotenoids are based on similar experimental methods (Burkard et al., 2017; Chew and Park, 2004). However, no
controlled human intervention studies have been conducted, and
any benefits of nutrients in viral infections are therefore questionable. Even for HIV infection, with its increased demand for micronutrients, there are no meaningful clinical studies on the benefits of
nutritional interventions (Tang et al., 2015). Furthermore, whether
and, to what extent, there is an additional need for micronutrients
or bioactives in other viral infections, including COVID-19 is
unclear. A sufficient intake of food bioactives and micronutrients
involved in immune function may be achieved through the consumption of a varied and well-balanced diet. However, nutrient
deficiencies and inadequacies appear to be widespread (Bailey et
al., 2015; Calder et al., 2020; Maggini et al., 2018).
6. Conclusions
Poor nutritional status predisposes to infections, and various micronutrients, including vitamins and trace elements, are essential
for immunocompetence. Micronutrients and food bioactives can
contribute in varying degrees to the maintenance of physical barriers to pathogens and to the two major types of immunity, innate and adaptive immunity. Nutritional immune support has the
potential to augment viral defence. While the findings of animal
studies confirm the importance of a wide range of food bioactives
and micronutrients in immune functions, their specific roles in the
prevention and treatment of viral infectious diseases, including
COVID-19, in humans is far from clear. The lack of randomised
controlled trials assessing the efficacy of food bioactives and micronutrients in the management of viral infections presents a major
challenge in the evaluation of the role of these nutrients. Largescale epidemiological studies and well-designed clinical studies
addressing dosage and combinations of these compounds in different populations are required to substantiate the benefits of supplementation in infection. If effective, micronutrient and bioactive
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Table 2. Major problems surrounding the use of food bioactives and micronutrients to boost immune function

Most evidence of protective effects of micronutrients and food bioactives against infection comes from animal studies
High-quality investigations on food bioactives and micronutrients, particularly randomised controlled trials, and immunity in humans
are not available
Many factors can affect the efficacy of micronutrients and food bioactives in infectious diseases (type of pathogen; dosage, timing and
duration of supplementation; age, health and nutritional status of target population)
Micronutrient and bioactive supplementation needs to be tailored to specific age-related needs
It is unclear whether and to what extent there is an additional need for micronutrients or bioactives in viral infections, including COVID-19
Prolonged supplementation of micronutrients and food bioactives at high doses may have adverse effects and may even aggravate
infectious diseases
Evidence evaluating dietary supplementation in COVID-19 is lacking
supplementation would need to be tailored to specific age-related
needs (see Table 2).
The experimental findings in animals and observations in humans suggesting a role of food bioactives and micronutrients in
the prevention of viral infections including COVID-19 call for
further studies. Evidence evaluating dietary supplementation in
COVID-19 is lacking. Healthcare providers and patients should
not therefore rely on supplements to prevent or treat COVID-19.
A balanced diet containing diverse food bioactives and micronutrients may have supportive effects in COVID-19. At present,
however, the most effective means of preventing the spread of
the novel coronavirus is the avoidance of exposure to the virus
by physical distancing and the wearing of facial masks and eye
protection (Chu et al., 2020).
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Abstract
In this work, the smoothies produced in Brazil were assessed through their consumption profile, chemical composition, antioxidant activity and sensory descriptions. Of the 500 volunteers who participated in this 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. Strawberry, banana and pineapple were the preferred flavours. The samples
(n = 17) showed significant differences (p < 0.05) in the analytical parameters evaluated. Phenols (612–1.498
mgGAE/L), ascorbic acid (8.87–24.65 AAE/L) and carotenoids (0.40–14.40 mg/L) showed high amplitude, resulting in differences of 4.9, 5.4, 11.3 and 7.6 times on the antioxidant activity of DPPH, ABTS, FRAP and CUPRAC,
respectively. The flavour, residual taste, odour, colour intensity, particle presence, homogeneity, turbidity and viscosity were the main terms generated in the sensory description. These data can contribute to the development
of new smoothies to better meet consumer expectations.
Keywords: Smoothies consumption; Bioactive compounds; Antioxidant activity; Sensory description.

1. Introduction
Smoothies are beverages which have variable physical, chemical and sensory characteristics due to their formulation, which
contain a mixture of juice and/or fruit pulps with added (or not)
cereals, vegetables, honey, tea and milk. Fibre, fructooligosaccharides (FOS), vitamins, minerals and organic acids may be naturally
present, or added by processes such as fermentation, conferring
various health effects and better functionality (Müller et al., 2010;

Keenan et al., 2012; Nowicka and Wojdylo, 2016; Cano-Lamadrid
et al., 2018).
Smoothies originated in the 1960s in the USA and returned to
popularity in the 2000s when, in a short period of time, smoothies,
conquered consumers worldwide in numerous different formulations (Müller et al., 2010; Titus, 2011). Studies about the applications of thermal (Markowski et al., 2017) and non-thermal food
processing technologies, including high pressure processing (HPP)
(Andrés et al., 2016), ultrasound (US) and ultraviolet (UV) (Wang

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

9

Brazilian smoothies: consumer, composition and sensory description
et al., 2020), pulsed electric fields (PEF) (Timmermans et al., 2016)
and ozone (Bevilacqua et al., 2018) are being developed. These
technologies can extend the shelf life due to microbial and enzymatic inactivation, physical and coloring stability, better retention
of functional components and antioxidant properties and also keep
good sensory quality attributes of the smoothies, which is of high
interest for the smoothie industry (Bevilacqua et al., 2018; Tiwari,
2018). Estimates indicate that global sales of smoothies in the beverage sector will reach U.S. $15.8 billion by the year 2022; 45.7% of
this generated in the USA; 9.1% in Asia, and the remainder in other
regions of the world (Global Industry Analysts, 2015). This resulted
in a significant increase in the number of patents (decade 2010-20)
related to smoothies (equipment, processes, formulations and packaging) belonging to American, European and Asian industries.
Different fruits are increasingly explored to develop inovative
drinks with health-promoting properties. The industries that develop
such products are concerned about new designs, attractive products,
and the fact that such products should be compatible with health
trends (Nowicka and Wojdylo, 2016; Bevilacqua et al., 2018).
However, billions of dollars are annually spent by the food and
beverage industry on designs for failed products. The challenge
in developing healthy new beverages is to simultaneously provide
customer service, sensory acceptance and differentiation in order
to achieve customer loyalty. In addition, the success of novel products and technologies in the area of foods and beverages is dependent on consumer demand (Chen et al., 2013). It is important
to design products to fulfill the expectations of consumers regarding super foods, of which smoothies are considered to be typical
(Medina, 2011).
Therefore, the objective of this research was to describe the current scenario regarding the consumption of smoothies in Brazil,
evaluating (i) their consumption profile, (ii) their physical, chemical and nutritional composition, and (iii) their sensory characteristics.
2. Materials and methods
Samples of smoothies (n = 17) produced in Brazil were assessed.
The label specifications and characteristics were evaluated (flavour, predominant colour, ingredients, weight/volume, material
package and price per kg or L expressed in US $). The samples
were divided in the laboratory for sensory analysis (approved
by the University of Ponta Grossa, Paraná, Brazil (UEPG) Ethics Committee, CAAE No. 56282916.0.0000.0105 and issue No.
1.649.931) and frozen (−18 °C) until the chemical analyses were
performed.
Folin-Ciocalteu reagent; TPTZ (2,4,6-Tris (2-pyridyl)-S-triazine); DPPH (2,2-diphenyl-1-picrylhydrazyl); ABTS (2,2-azinobis(3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt);
Trolox
(6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic
acid); gallic acid; chlorogenic acid; p-coumaric acid; caffeic acid;
catechin; epicatechin; phloridzin; sucrose and D-glucose were purchased from Sigma-Aldrich (Steinheim, Germany). D-fructose,
acetonitrile and acetic acid were purchased from Merck (Darmstadt, Germany) and J.T. Baker (Phillipsburg, NJ, USA). The other
reagents were of analytical grade. All the aqueous solutions were
prepared using ultrapure water (Millipore, São Paulo, Brazil).
2.1. Consumption profile of smoothies
This part of the research was carried out by using a virtual question-
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naire prepared using the Google® Forms platform. The questions
were formulated with reference to market research questionnaires
(Global Industry Analysts, 2015; Mintel Group, 2015). In the first
phase, the single response questions were related to the consumer
profile (age, gender, marital status, education level, monthly income, region of residence, religion, lifestyle and frequency of
physical exercise) and the last question was regarding the concept
of smoothies. The second phase of the questionnaire consisted
of multiple choice questions relating to the consumption pattern
(motivation for consumption, frequency, location, time, quantity
and season of consumption, tastes and preferred ingredients). The
research was disseminated via email and linked to social media
networks. To evaluate the correct answers to the question “what
is a smoothie?” similar phrases to the following definition were
considered correct: “smoothies are beverages obtained by mixing fruits, fruit juices and yogurt or milk; they can be prepared at
home with fresh fruit or frozen fruit pulp, or they can be purchased
commercially ready to consume (Keenan et al., 2012)”. Triangulation analysis was applied to verify the convergence between the
words cited in the answers to the open question about the concept
of smoothies usingh the previously cited concept (Modell, 2005).
The data were tabulated using the Excel® software programme and
were expressed as means and percentages.
2.2. Physicochemical analysis
The soluble solids were measured using a refractometer (ABBE
AR 1000 S, Megabrix, São Paulo, Brazil). The pH analyses were
performed using a pH meter (Tec-3 MP, Tecnal, São Paulo, Brazil).
The total titratable acidity was expressed as citric acid (g/100mL)
(Latimer, 2019). The β-carotene and lycopene were extracted and
quantified according to the method proposed by Rodriguez-Amaya
(2001) with some modifications (Zielinski et al., 2014b). The samples were analysed in a spectrophotometer (Model Mini UV 1240,
Shimadzu) at wavelengths of 450 and 470 nm for β-carotene and
lycopene, respectively. The total phenols (TPC) were determined
in quadruplicate by colorimetric analysis using Folin-Cicalteu reagent, as described by Singleton and Rossi (1965), and simultaneous quantification of ascorbic acid (AA), as suggested by Isabelle
et al. (2010). This method is a simple modification of Folin-Ciocalteu assay and it allows to obtain the correct value of total phenols
by subtracting the interference of the ascorbic acid.
2.3. Chromatographic analysis of sugar
For the quantification of sugars, the method described by Zielinski et al. (2014a) was employed. The samples were diluted 1:3
(g/mL) with ultrapure water. The suspension was maintained at
40 °C for one hour under agitation (150 rpm) (Incubator MA
1415/300, Marconi, São Paulo, Brazil) and centrifuged at 10,000
× g for 10 min (Centrifuge Excelsa II, Fanem, Brazil). The supernatant was then filtered through a membrane (0.22 μm) prior
to analysis. The HPLC system used was a Waters 2695 Alliance
(Milford, MA, USA), composed of a quaternary pump, degasser, an auto-injector and Waters RI 2414 refractive index detector
(Milford MA, USA). The injection volume was 10 µL and the
flow was 0.5 mL/min in isocratic condition with ultrapure water
(Milli-Q). The column used was a Waters Sugar PakTM 1 (300
× 6.5 mm) and the detection of the samples was established by
comparing the retention times with the reference standards. The
quantification was calculated for the analytical curves of sucrose,
D-glucose and D-fructose.
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2.4. Colour parameters
The colour parameters (L*, a*, b*) were determined using a colorimeter (Minolta CM-5, Minolta Co. Ltda., Osaka, Japan). The
equipment was previously calibrated with water. The samples
were placed in a glass cuvette (MC A98, 10 mm) and the L*, a*,
b* values were obtained in sextuplicate (Spectra Magic NX CMS100w software, Osaka, Japan) with an observation angle of 10°.
The chroma parameter (C*) was calculated according to Equation
(1). The hue angle (h*) was calculated according to Equation (2).
C* = (a*2+ b*2)1/2
h*

=

tan−1(b*/a*)

+ 180°

(1)
(2)

2.5. Viscosity analysis
The apparent viscosity (mPa.s) of the samples was measured using an RV DV-II + Pro Brookfield® rotary viscometer (Brookfield
Engineering Labs, Middleboro, MA, USA) with a SC4-21 spindle shaft equipped with a SC4-13RPY small sample adapter, and
a MVS1Y Flag Impeller spindle coupled to a Brookfield TC-112P
bath (Middleboro, MA, USA). Ten grams of sample were added
to the equipment. The measurements were performed by applying
423 × g for two minutes at 10 ± 0.5 °C. The apparent viscosity was
calculated using Rheocalc® software.
2.6. Phenolic compounds profile
The analyses of the individual phenolic compounds were performed
using HPLC, as previously described by Alberti et al. (2014). The
HPLC apparatus was a 2695 Alliance (Waters, Milford, MA, USA)
with quaternary pump, auto-sampler, photodiode array detector PDA
2998 (Waters, Milford, MA, USA) and Symmetry C18 (4.6 × 150
mm, 3.5 mm) column (Waters). The samples (10 g) were lyophilised
(LD 1500, Terroni, São Paulo, SP, Brazil) and solubilised in a solution of acetic acid (2.5%) and methanol (99.9%) (1:3 mL/mL). The
samples were subsequently homogenised, centrifuged (8,160 g, 20
min at 4 °C) (HIMAC CR-GII, Hitachi, Japan), filtered through
a 0.22 mm nylon syringe filter (Waters, Milford, MA, USA), and
stored in vials for analysis. The runs were monitored at 280 nm (flavan-3-ols and dihydrochalcones), 320 nm (hydroxycinnamic acids)
and 350 nm (flavonols). The identification and quantification of phenolic compounds were performed by comparing their retention time
with those of standards, and by using analytical curves. The validation parameters of the identified compounds are: Gallic acid: Y =
24,519X − 29,541, R2: 0.998, LOD: 0.18 µg/mL, LOQ:0.57 µg/mL;
Catechin: Y = 5,999X − 9,084, R2: 0.999, LOD: 0.19 µg/mL, LOQ:
0.33 µg/mL; Epicatechin: Y = 5,729X + 13,748, R2: 0.992, LOD:
0.27 µg/mL, LOQ: 0.99 µg/mL; Phloridzin: Y = 17,194X − 30,986,
R2: 0.997, LOD: 0.09 µg/mL, LOQ: 0.30 µg/mL; Chlorogenic acid:
Y = 25,239X − 13,321, R2: 0.997, LOD: 0.19 µg/mL, LOQ: 0.62 µg/
mL; Caffeic acid: Y = 39,960X + 80,223, R2: 0.984, LOD: 0.13 µg/
mL, LOQ: 0.44 µg/mL; p-coumaric acid: Y = 61,187X − 85,345, R2:
0.998, LOD: 0.03 µg/mL, LOQ: 0.09 µg/mL.

to prepare the analytical curve [DPPH = 2.77 × absorbance; R2
= 0.9934] (50–500 μmol/L). The ABTS method was performed
according to Re et al. (1999). A standard curve using different
concentrations of trolox (50–400 μmol/L) was prepared [ABTS =
4.30 × absorbance; R2 = 0.9974]. The antioxidant activity using
the FRAP method was performed according to Benzie and Strain
(1996) with minor modifications. An analytical curve [FRAP =
1,000 × absorbance; R2 = 0.9936] was obtained using different
concentrations of trolox (100–1,000 μmol/L). The cupric reducing
antioxidant capacity (CUPRAC) method was performed according
to Apak et al. (2008). An analytical curve [CUPRAC = 3,333.33
× absorbance, R2 = 0.9969] was obtained using different concentrations of trolox (100–1,000 μmol/L). All experiments were performed in quadruplicate using a microplate reader (Epoch microplate spectrophotometer, Synergy-BioTek, Winooski, VT, USA).
2.8. Flash profile analysis
All samples were sensorially described by using Flash profile analysis following the method described by Dairou and Sieffermann
(2002), nine volunteers, students and professsors of the Graduate
Program in Food Science and Technology of State University of
Ponta Grossa (UEPG, PR-Brazil), were selected according to their
experience in descriptive sensory analysis and their availability to
participate. The volunteers aged from 22 to 43 years old, being 5
female and 4 male. The tests were carried out in individual booths
with white light. A quantity of 50 mL of sample was served at 11 ±
1 °C in transparent plastic cups (Copobras, Carmopolis, Brazil), in
triplicate, and coded with three random digits. The Flash profile was
applied in four sections. In the first section, after a brief description
of the method and products to be tested, the evaluators were asked
to individually generate a list of attributes for appearance, odour,
flavour and residual flavour, which was complete enough to discriminate all the samples, avoiding hedonic terms. In the second
session, the terms that were generated were collected and presented
to the evaluators, who could choose the definitive list of attributes
and then perform the evaluation by placing them in order; each attribute of the samples was ordered from the highest intensity to the
lowest intensity. The third and fourth sessions were replicates of the
ordination session (Montanuci et al., 2015).
2.9. Statistical analysis
The data were presented as mean and standard deviation. The differences between the samples were assessed by one-way ANOVA,
followed by the Fisher’s LSD averages test. Principal component
analysis (PCA) was the multivariate tool applied to separate the
samples according to their response values. The statistical analyses
were implemented using Statistica 13.3 software (TIBCO Software
Inc., Palo Alto, CA, USA). The data from the Flash profile analysis
were subjected to generalized procrustes analysis (GPA) and ANOVA in order to verify the discrimination potential and repeatability,
and also to generate descriptive maps of the samples in the Idiogrid®
version 2.4 software programme (Dairou and Sieffermann, 2002).

2.7. In vitro antioxidant activity

3. Results and discussion

The DPPH scavenging activity was performed as described by
Brand-Williams et al. (1995). The antiradical capacity was determined by the DPPH method. Trolox was used as the standard

3.1. Profile of smoothie consumption
Five hundred volunteers participated in the online research; 74.8%
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lived in the south of Brazil and the remaining 25.2% were distributed among the other regions of the country. A total of 84.2%
of the volunteers were female. The ages of the volunteers ranged
from 13–65, and 74.2% were aged 19–35. A total of 52% of the
participants were single, and 45.2% were married or in a stable relationship. A total of 48% had a monthly income of 4–10 minimum
salaries (minimum salary corresponded to US $ 253.92); 36.8%
received up to two minimum salaries; 12.2% received 11–20 minimum salaries; and 3% earned over twenty minimum salaries per
month.
In this study, 93% of the volunteers did not follow a lifestyle
that was influenced by the consumption of healthy foods, such as
veganism. When the research participants were asked about the
concept of smoothies, 32.2% answered that smoothies were “equal
to a vitamin”; 25.2% said that they were “equal to a shake”, 12.4%
said they were “a juice”; and 27.5% answered that they did not
recognise any of the alternatives to describe a smoothie. Only 3%
of the volunteers wrote a response about the concept of a smoothie
and, of these, 0.4% wrote a response that was similar to the standard concept of smoothies used to evaluate the responses.
In Brazil, smoothies do not have a standard of identity and
quality defined by legislation. Therefore, pre-defined concepts are
generally based on the correlation that consumers are guided by
experiences that they have already had with other beverages. In
the case of the present study, the concept was associated with a
“fruit vitamin”.
The participants who had most access to the consumption of
smoothies were female, living in the south of Brazil, and who received 4–10 minimum salaries per month. This finding was similar
to the results of a study in Ireland, where smoothies were most consumed by young females of high social class. The research agency
Mintel reported that 74% of people who frequented smoothie bars
in the USA were aged 18–24 (Mintel Group, 2015).
In our study, 62.4% of the participants indicated that the health
factor was the main reason why they would consume smoothies,
followed by 60% who highlighted the importance of flavour. A
total of 19.6% of the participants stated that the appearance of a
smoothie was important, and 15.2% indicated that they consumed
smoothies to lose weight.
When questioned about why they did not consume smoothies,
83.1% of the volunteers reported that they had never had a chance
to try a smoothie, followed by 12% who said that the reason was
that their price was prohibitive. In countries where these products
are most popular people tend to state that they do not consume
smoothies because they prefer fresh fruit; due to a lack of habit;
they dont like the consistency; or because they are too sweet or
very expensive (Sijtsema et al., 2012).
In our study, the six most preferred fruits were strawberry
(54.20%), banana (40.50%), pineapple (32.11%), grape (29.22%)
and blueberry and passion fruit, both with 25.57%.
Therefore, a lack of knowledge about smoothies, their price,
and the lack of evaluation of the characteristics expected by the
consumers of smoothies can be limiting factors in terms of their
consumption, making them unpopular and restricted to a small sector of the population, i.e. young, single women living in southern
Brazil who are motivated to consume smoothies for health reasons
and because of their flavour.
3.2. Characteristics of Brazilian smoothies
The smoothies were divided into yellow (30%), red (52.9%), green
(11%) and white (5.9%) colours due to their main ingredients,
namely, apple pulp (29%); banana pulp (17%); orange juice (17%)
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and kiwi fruit or pulp (12%), followed by other fruits such as mango, yellow fruits, red fruits, native fruits and açaí pulp (Table 1).
The weight or volume of the products ranged from 90 to 300
mL and was inversely correlated with their viscosity (> viscosity < volume/weight). A total of 82% of the samples were marketed in glass containers (250–300 mL). The period of validity of
the smoothies ranged from 30 to 360 days. Three samples were
in packages cheer pack, which allowed the pasteurisation of the
product inside the package and extended the shelf life to 360 days.
The price per litre or kilogram of the smoothies ranged from US$
7.15 to 24.29 (Table 1). This price difference was related to the
value of the fruit used in the formulation and also the processing
technology used (Tiwari, 2018; Bevilacqua et al., 2018).
3.3. Physicochemical composition of smoothies
The soluble solids content varied from 10.13 to 18.03 degrees Brix
(S8 and S13). All the samples presented fructose, sucrose and glucose, with a high variability between the lowest and highest values (Table 2). None of the samples reported the addition of sugars
on the product label. However, the samples presented from two to
seven fruits in different proportions in their formulations (Table 1).
The pH ranged from 3.21 to 4.33, and acidity from 0.34 to 1.02
g/100mL (Table 2). The smoothie with the highest acidity (S11)
contained apple, blackberry and raspberry pulp. The addition of
berries to apple juice/pulp can increase the acidity by three-fold or
more (Zielinski et al., 2014b).
Colour parameters contribute to the visual identity of a product;
they are one of the first aspects to be evaluated by consumers and
they can directly affect the decision to purchase (Medina-Meza et
al., 2015). The highest values for saturation (C*) and colour tone
(ho) were observed in the groups of yellow and green smoothies,
respectively. The C* values ranged from 1.51 to 69.87 in the S13
and S4 samples, respectively, and the hue angle ranged from 15.44
to 84.52 in the S11 (blackberry with raspberry) and S6 (kiwi, pineapple and lemon) samples, respectively.
The lowest and highest values for apparent viscosity were in
the S4 and S12 samples, respectively (Table 2). Viscosity stands
out as an indicator of quality because it contributes considerably
to the sensory perception and appreciation of beverages (Camacho
et al., 2015).
The TPC ranged from 612 to 1,498 mg gallic acid equivalents
(GAE)/L due to the different fruit mixtures (Table 3). The samples
including cherries, apples and berries, such as raspberry, grape
and açaí (S3, S8, S12 and S13, respectively), showed higher values for TPC. The carotenoids were most concentrated in the S1
and S4 samples, which were based on yellow fruits (Table 3), with
an emphasis on the S1 sample, which was based on mango and
orange.
The S3 sample (acerola with papaya) showed the highest results
for ascorbic acid, DPPH, FRAP and ABTS. Acerola pulp can contain between 300 and 4,600 mg of vitamin C/100g (Vendramini and
Trugo, 2000) and it also contains phenolic compounds, especially
cyanidin 3-rhamnoside and quercetin 3-rhamnoside (Mezadri et
al., 2008). Thus, the antioxidant activity of acerola pulp can increase antioxidant activity eight times more than other fruit pulps
(Müller et al., 2010). The carotenoids present in papaya can also
increase antioxidant activity as it has a significant content of betacarotene, beta-cryptoxanthin and lycopene, which are known to be
potent antioxidants (Rodriguez-Amaya, 2001).
Chlorogenic acid was present in all the samples and phloridzin
was found in 15 of the 17 samples (Table 4). The presence of phloridzin confirmed the presence of apple in the formulation of most
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Yellow

Mango with Orange rosa

Tropical fruits

Acerola with papaya

Mango with passion fruit

Yellow fruits

Kiwi with pineapple
and lemon

Kiwi with pineapple

Apple with raspberry
and grape

Red fruits

Wild fruits

Black Berry with raspberry Red

Apple with banana

Açaí with banana

Banana with strawberry

Red fruits with banana

Banana with strawberry
and coconut milk

Banana with oats
and coconut milk

S1

S2

S3

S4

S5

S6

S7

S8

S9

S10

S11

S12
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S13

S14

S15

S16

S17

White

Red

Red

Red

Red

Red

Red

Red

Red

Green

Green

Yellow

Yellow

Yellow

Yellow

Predominant color

Sample Flavors

Banana whole pulp

Banana whole pulp

Banana whole pulp

Orange juice

Açaí pulp

Apple pulp

Apple pulp

Wild fruits (blackberry,
blueberry, cassis)

Red fruits (strawberry,
cherry, raspberry)

Apple pulp

Kiwi pulp

Kiwi

Yellow fruits (apricot,
mango, acerola, passion
fruit, cupuaçu)

Orange juice

Orange juice

Apple pulp

Integral mango

Main ingredient

Table 1. List of coded smoothies with label specifications and characteristics.

Light coconut milk, oats and water

Water, light coconut milk and strawberry juice

Strawberry juice, grape juice, water,
apple juice and orange juice

Strawberry, banana, apple
squash and lemon juice

Orange juice, apple pulp,
banana and lemon juice

Banana pulp and ascorbic acid

Blackberry, blackberry squash,
raspberry, orange juice and lemon

Concentrated juice (Apple, Plum, Cranberry),
FOS, vitamins (A and D), selenium, zinc, pectin

Concentrated juice (apple, plum,
cranberry, pomegranate), FOS, vitamins
(A and D), selenium, zinc, pectin

Raspberry pulp, grape pulp, ascorbic acid

Orange juice, pineapple pulp, apple pulp,
white grape juice, banana and spinach

Pineapple, Concentrated juice (apple,
lemon), green tea extract, peppermint,
chlorophyll, fruit pectin stabilizer

Concentrated juice (apple, pomegranate),
FOS, vitamins (A, C and D), selenium,
zinc, fruit pectin stabilizer

Mango pulp, apple pulp, passion
fruit pulp and banana

Pulp of papaya, pulp of apple, pulp of
acerola, banana and juice of lemon

Banana pulp, mango pulp, pineapple pulp,
passion fruit pulp, chia, ascorbic acid

Orange rosa juice, water.

Others

300 mL

300 mL

300 mL

250 mL

250 mL

90 g

250 mL

250 g

250 g

90 g

250 mL

250 g

250 g

250 mL

250 mL

90 g

300 g

Weigh or
volume

Glass

Glass

Glass

Glass

Glass

Cheer Pack with
dosing nozzle

Glass

Glass

Glass

Cheer Pack with
dosing nozzle

Glass

Glass

Glass

Glass

Glass

Cheer Pack with
dosing nozzle

Glass

7.15

7.15

7.15

10.29

10.29

24.29

10.29

10.29

10.29

24.29

10.29

10.29

10.29

10.29

10.29

24.29

7.15

Package material US$/kg or L
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14
3.10ef ± 0.01

11.6fg ± 0.3

S3

3.00f
4.80a ± 0.01
3.01ef ± 0.01
4b
2.44gh ± 0.01
4.37b ± 0.01
1.40k ± 0.01
2.30i
3.44d ± 0.01
2.54g ± 0.01
2.4h

11.5g ± 0.3

11.6fg

18.0a ± 0.1

15.2c ± 0.2

14.3d

10.2h ± 0.3

17.1b ± 0.2

10.1h ± 0.2

11.3g

14.4d ± 0.4

13.1e ± 0.2

15.1c

S5

S6

S7

S8

S9

S10

S11

S12

S13

S14
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S15

S16

S17

± 0.1

± 0.01

±1

± 0.02

± 0.02

± 0.01

± 0.01

4.28l
± 0.01

4.41k ± 0.01

4.56j ± 0.01

2.94p

2.40q ± 0.01

8.16c ± 0.01

3.73n ± 0.01

9.12a

6.96f ± 0.01

8.78b ± 0.01

6.39g

7.28e ± 0.02

7.45d ± 0.03

3.01o

6.29h ± 0.02

5.89i ± 0.01

3.95m ± 0.01

Fructose
g/100mL

± 0.1

± 0.01

± 0.01

± 0.02

4.60b
± 0.06

4.61h ± 0.01

4.20c ± 0.01

3.02f

3.95d ± 0.01

3.46e ± 0.01

2.6l ± 0.2

1.69k

2.30h ± 0.01

1.71k ± 0.01

1.97i

2.30h ± 0.01

2.6g ± 0.2

5.2a

1.87j ± 0.01

3.48e ± 0.02

5.23a ± 0.02

Sucrose
g/100mL

± 0.06

± 0.09

± 0.05

± 0.3

4.3a

± 0.1

4.15ab ± 0.05

3.94bc ± 0.04

3.5efg

3.90c ± 0.04

3.6def ± 0.3

3.21i ± 0.02

3.26hi

3.44efgh ± 0.01

3.39ghi ± 0.01

3.74efg

3.5efg ± 0.1

3.42fghi ± 0.05

3.81cd

3.88c ± 0.02

3.6de ± 0.2

3.87c ± 0.01

pH

± 0.02

± 0.05

± 0.09

± 0.02

0.35k

± 0.04

0.34k ± 0.02

0.47j ± 0.00

0.76c

0.53hi ± 0.00

0.47j ± 0.00

1.02a ± 0.02

0.68de

0.95b ± 0.02

0.70d ± 0.01

0.57gh

0.60fg ± 0.02

0.70d ± 0.02

0.49ij

0.6fg ± 0.1

0.63ef ± 0.02

0.63ef ± 0.02

Acidity g/100mL

Note: C*: Chrome; h°: angle hue.Values are means ± SD. Different superscript letters in the same column indicate significant differences (p < 0.05).

± 0.1

± 0.3

± 0.5

± 0.01

3.41d ± 0.01

14.5d ± 0.3

S4

± 0.3

3.12e ± 0.01

12.0f
± 0.2

4.01c ± 0.03

17.3b ± 0.5

S2

± 0.06

2.36hi ± 0.01

13.5e ± 0.5

S1

1.6j

Glucose
g/100mL

oBrix

Sample
code

Table 2. Physical, chemical and instrumental characteristics of Brazilian smoothies.

± 0.6

± 1.1

±1

± 0.00

55.3h

± 0.6

53.7i ± 0.6

53.00i ± 0.00

47.00k

86.00e ± 0.00

328.00a ± 0.00

38.00m ± 0.00

51j

25.00o ± 0.00

180.7c ± 0.6

61.7f

60.3g ± 0.6

42.7l ± 1.1

22.7p

93d ± 1

210.7b ± 0.6

27.7n ± 0.6

Viscosity mPa.s

± 0.04

± 0.06

± 0.06

± 0.01

33.0j

± 0.2

13.5o ± 0.1

16.31n ± 0.03

35.83i

1.51q ± 0.02

39.32h ± 0.02

8.87p ± 0.05

30.82k

50.77d ± 0.08

18.98m ± 0.05

48.01e

46.1f ± 0.4

65.99b ± 0.04

69.87a

46.47g ± 0.02

29.22l ± 0.02

62.95c ± 0.06

C*

57.71e ± 0.08

25.1k ± 0.2

21.2m ± 0.1

32.97j ± 0.08

16.6o ± 1.5

54.98f ± 0.04

15.4p ± 0.3

22.03l ± 0.08

46.79g ± 0.07

18.96n ± 0.08

84.3a ± 4.2

84.52a ± 0.08

70.43c ± 0.02

76.04b ± 0.01

39.34i ± 0.03

45.22h ± 0.07

67.29d ± 0.02

h°
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Table 3. Bioactive compounds and antioxidant activity in Brazilian smoothies.

Sample TPC mg
Code
GAE/L

Ascorbic acid
mg AAE/L

Carotenoids*
DPPH µmol
β-carotene mg/L Licopene mg/L TE/L

FRAP µmol
TE/L

ABTS µmol
TE/L

3,315g ± 229 9,253i ± 57

CUPRAC
µmol TE/L

S1

793l ± 27

11.54g ± 0.77

9.50a ± 0.01

4.90a ± 0.01

2,429g ± 82

1,073l ± 11

S2

797k ± 13

12.61f ± 1.09

3.5bcd ± 0.4

0.50f ± 0.01

1,955j ± 80

3,382h ± 106 3,049g ± 97

S3

1,498a

24.65a

4.50bc

2.90b

7,333a

9,548a

S4

747n ± 16

11.53g ± 0.77

5.60b ± 0.01

4.50a ± 0.07

1,951j ± 50

3,128i ± 5

1,819h ± 83

4,093k ± 332

S5

652p

8.87n

1.50cd

2.40bc

4,164c

6,898d

6,990b

31,306a ± 503

S6

825h ± 5

13.85b ± 0.75

0.20d ± 0.01

0.20f ± 0.01

2,198hi ± 42

2,988i ± 267

3,790f ± 203

S7

764m

11.09k

0.20d

0.20f

2,342gh

7,963b

5,378d

S8

1,256b ± 17 11.27h ± 0.69

1.10d ± 0.01

0.60f.g ± 0.01

4,176c ± 140 5,598e ± 74

5,904c ± 39

25,906c ± 1,222

S9

971f

0.90d

0.90defg

2,833f

5,371d

12,920g ± 173

S10

1,000e ± 28 11.13j ± 0.70

0.90d ± 0.02

3.00b ± 0.02

2,111ij ± 36

1,779k ± 85

6,078c ± 112 9,970i ± 212

S11

612q

1.70cd

1.10defg

5,009b

706m

2,105h ± 103 11,040h ± 282

S12

1,027d ± 26 12.96c ± 0.71

1.90cd ± 0.01

1.40def ± 0.01

3,582d ± 70

2,994i ± 32

5,475d ± 146 22,570d ± 1,626

S13

1,238c

2.80bcd

1.70cd

3,260e

2,527j

4,582e ± 194 27,520b ± 529

S14

961g ± 22

12.69j ± 0.28

2.70bcd ± 0.03

2.70b ± 0.03

3,347e ± 44

4,763f ± 19

3,975f ± 63

S15

813i

11.19i

1.20d

0.90defg

2,431g

4,076g

6,041c

S16

668o ± 4

10.29l ± 0.27

2.70bcd ± 0.05

1.6cde ± 0.1

1,686k ± 34

1,721k ± 63

3,808f ± 176

S17

798j

12.69e

0.70d

0.70efg

1,487l

2,639j

4,571e

±1

± 19
± 42

± 22
± 43
± 26

±9
± 13

± 0.35

± 0.43

11.19j

± 0.79
± 0.72

10.21m
12.69d

± 0.42
± 0.59

± 0.73
± 0.45

± 0.01
± 0.01

± 0.01
± 0.02
± 0.01
± 0.01

± 0.01
± 0.01

± 0.01
± 0.01

± 0.01
± 0.01
± 0.01

± 0.01
± 0.01

± 0.02

± 347
± 50
± 26

7,374c

± 78
± 35
± 86
± 40
± 68

± 47
± 122
± 181
± 101

± 25
± 50
±8
± 144

9,801a

12,553g ± 565

± 609 25,266c ± 1,040
± 72

17,053f ± 152

± 317 19,820e ± 141
± 86

5,520j ± 360

± 146 19,953e ± 1,242
16,686f ± 115

± 269 9,020i ± 173

Note: TPC: total phenolic compounds; GAE: Gallic acid equivalents; AAE: Ascorbic acid equivalents; TE: Trolox equivalents. Values are means ± SD (n = 3). Different superscript
letters in the same column indicate significant differences (p < 0.05).

of the smoothies (Table 1) (Herrera-Alvarez et al., 2017). The S12
sample (apple and banana) presented the highest values for epi-

catechin, phloridzin, chlorogenic acid and caffeic acid, as well as
high antioxidant activity for ABTS and CUPRAC (Table 3). This

Table 4. Individual phenolic compounds (mg/L) analyzed in Brazilian smoothies.

Sample

Gallic acid

Catechin

Epicatechin

Phloridzin

Chlorogenic acid

Caffeic acid

p-coumaric acid

S1

25.1a ± 0.7

nd

nd

nd

6.95m ± 0.02

0.19e ± 0.0

0.18g ± 0.01

S2

23.8b ± 0.5

nd

nd

4.89i ± 0.04

24.16 f ± 0.09

0.15f ± 0.01

0.18g ± 0.01

S3

nd

nd

10.3a ± 0.06

5.10h ± 0.01

23.39g ± 0.05

nd

nd

S4

5.4e ± 0.3

8.6c ± 0.1

4.9c ± 0.5

3.87k ± 0.01

17.1k ± 0.2

nd

nd

S5

nd

nd

nd

5.08h ± 0.01

35.75c ± 0.08

0.21c ± 0.01

0.17h ± 0.01

S6

9.06c ± 0.05

nd

3.76d ± 0.04

5.73f ± 0.01

23.47g ± 0.04

0.25b ± 0.01

0.19f ± 0.01

S7

nd

nd

nd

5.91d ± 0.00

24.32f ± 0.05

0.25b ± 0.01

0.19f ± 0.01

nd

2.08m

± 0.02

6.00n

± 0.09

nd

nd

nd

7.17c

± 0.02

33.5d

± 0.1

0.25b

± 0.01

0.37a ± 0.01

± 0.09

36.28b

0.21c

± 0.01

0.23d ± 0.01

S8

nd

nd

S9

7.32d

10.38a

± 0.03

± 0.04

S10

nd

nd

nd

5.23g

S11

nd

nd

9.9a ± 1.5

5.82e ± 0.03

22.1i ± 0.5

nd

0.24c ± 0.01

S12

3.9f ± 0.3

nd

9.7a ± 0.2

20.03a ± 0.04

54.8a ± 0.1

0.26a ± 0.01

0.28b ± 0.01

S13

1.71g

nd

6.7b

4.18 j

± 0.04

19.87j

nd

nd

± 0.01

24.7e

nd

0.18g ± 0.01

± 0.03

± 0.2

± 0.05

± 0.06

S14

nd

nd

nd

2.60l

S15

nd

9.73b ± 0.06

nd

8.2b ± 0.1

22.12h ± 0.06

0.20d ± 0.01

0.20e ± 0.01

5.82e

15.68l

0.19e

± 0.01

0.18g ± 0.01

0.25b ± 0.01

0.19f ± 0.01

S16

nd

nd

4.5c

S17

nd

nd

6.85b ± 0.04

± 0.2

nd

± 0.00

± 0.4
± 0.01

22.57h ± 0.08

Note: Values are means ± SD (n = 3). nd: not detected. Different superscript letters in the same column indicate significant differences (p < 0.05).
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Figure 1. 2-D scatter plot of the Brazilian commercial smoothies (a) and their respective correlated variables (b).
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Figure 2. Result of the sensory analysis applied to Brazilian commercial smoothies by generalized procrustes analysis (GPA).

sample contained added ascorbic acid, which may have influenced
the antioxidant activity.
All the data that were obtained regarding the chemical composition of the smoothies were analysed by multivariate analysis.
Principal component analysis (PCA) was performed. Factor 1
explained up to 23.19% of total variance and Factor 2 explained
up to 18.09%, totalling 41.28% of total variance (Fig. 1a). Seven
samples (S2, S5, S6, S7, S9, S10 and S12) presented similarity,
despite containing different ingredients because two were based
on yellow fruits; two were based on green fruits, and three were
based on red fruits.
The set of characteristics used to correlate these samples were
the glucose and fructose content, brix, viscosity, a*, FRAP and
ABTS analyses, and the similarity in the presence of caffeic acid,
p-coumaric acid, chlorogenic acid and phloridzin in the samples.
The only common ingredient among these seven samples was apple, in the form of concentrated juice or pulp. This may explain
some of the similar characteristics shared by these samples. Due
to their fructose content and low cost, apples can be used in beverages to correct acidity and provide a sweet taste. In the form of
pulp, they may also contribute to viscosity. Beverages containing
chlorogenic acid, catechins, epicatechins, cyanidines, quercitins,
rutins and phloridzin have increased levels of antioxidant activity
(Zardo et al., 2013).
The S13, S14 and S16 samples least resembled the other samples. They all contained banana and red fruits, which may explain
the presence of sucrose and low pH values. The similarity between
samples S1 and S4 was influenced by their carotenoid, catechin
and gallic acid content, as well as their colour parameters (Fig. 1a
and b). The total phenol content, epicatechin content, and antioxi-

dant activity by CUPRAC and DPPH, characterised the group that
contained samples S3, S8, S11 and S15.
3.4. Sensorial description of Brazilian smoothies
Generalized procrustes analysis, which approximates results, and
generates average positions for attributes, allowed us to obtain
the results presented in Figure 2. The accumulated variance between F1 and F2 was 52.42%. Samples located in the same quadrant were considered similar. The samples in the upper and lower
left quadrant of the figure, which were S2, S8, S12, S13, S15,
S16 and S17, had in common the characteristics of a residual
and acid taste, vivacity and intensity of the colour, a fruity, citrus
and herbal odour, a herbal flavour, as well as a fibrous and bitter residue (Fig. 2). These characteristics were correlated with
preference and attractiveness by the evaluators. All these samples contained banana (except S8) and six of them had some red
fruit in their composition such as açaí, raspberry, strawberry or
grape (Table 1). The S1, S4, S9 and S14 samples were described
as viscous, turbid and bitter-tasting, and two of them contained
mango as a common ingredient. The S3, S5, S6, S7, S10 and S11
samples were described as homogeneous, with an artificial and
fruity flavour, a sweet residual taste, a sweet taste, and an artificial and intense odour. Most of these samples contained fruits
classified as acid and/or astringent such as acerola, kiwi, lemon
and blackberry.
The S12 sample can be highlighted because it was the closest
to the characteristics of consumers’ preference, and also had high
antioxidant activity. The category of fruit juices is currently under
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strong pressure to reduce sugar content. The S3 sample, which
despite its low sugar content had a high content of beta carotene,
catechin, total phenols and high antioxidant activity, was not a
preferred flavour (acerola and papaya) in the online survey. Nowicka and Wojdylo (2016) studied different formulations with
added ingredients that made smoothies more interesting from the
nutritional point of view. They found a higher rejection rate by
the tasters in the sensory analysis in their study. In view of these
results, the challenge to develop a product with the sensorial, nutritional and functional characteristics desired by consumers remains difficult.
4. Conclusions
The pattern of consumption of smoothies in Brazil can be described
as being the preference of young women, students, single women
living in the southern region of Brazil, who consume smoothies
for health reasons and also because of their flavour. An important
limiting factor in the consumption of smoothies in Brazil may be a
lack of knowledge about this beverage.
Although the physicochemical characteristics were quite distinct, due to the variety of formulations, it was possible to generate
common descriptive terms for the smoothies. These were related
to the flavour (artificial, fruity and herbal), residual taste (acidic,
bitter, sweet and fibrous), taste (acid and sweet), odour (artificial,
citric, sweet, fruity and herbal) odour intensity, colour intensity,
presence of particles, homogeneity, turbidity and viscosity. The
Brazilian smoothies presented from two to seven fruits in different
proportions in their formulations. These mixtures influenced the
antioxidant activity values, mainly in the FRAP method, with difference of 11 times. The samples containing cherry, apple, raspberry, grape and açaí, showed higher values for TPC. Smoothies with
acerola and papaya showed the highest results for ascorbic acid,
beta-carotene, lycopene and antioxidant activity by DPPH, FRAP
and ABTS method. Chlorogenic acid, phloridzin, caffeic acid and
p-coumaric acid were present in almost all the samples, indicating
the presence of apple in the formulation of most of the smoothies.
This study allowed us to conclude that the existing products
available in the Brazilian market are not shaped by consumer
expectations, possibly because they have not been formulated
based on information collected from the population. Designing a
moulded product with the information presented in this study can
increase the chances of raising the consumption of this beverage
by the public and also attract new consumers.
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Abstract
Flavor is an important aspect of both traditional as well as functional food acceptability and can be favorable or
unfavorable depending on the chemical nature of the volatile compounds present, their potency, and the presence of non-volatile components. 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. This is particularly important when dealing with functional foods that may contain a high proportion
of highly unsaturated oils. Lipid may be involved in the Strecker degradation and Maillard reaction, which occurs
during food processing, and as a result, it forms a myriad of volatile compounds. Lipoxygenases and autoxidation
of unsaturated fatty acids also play an important role in the development of volatile compounds as well as the
storage conditions of oils under display lights in the supermarkets, if kept in clear bottles. In this contribution, a
cursory account of the role of lipids in flavor formation is provided.
Keywords: Maillard reaction; Volatiles and non-volatiles; Lipid fatty acids; Oxidation; Flavor and off-flavor.

1. Introduction
Flavor is an important sensory aspect of the overall acceptability
of food. While aroma volatiles have a major influence on flavor,
taste properties of high-molecular-weight components and contribution from non-volatile precursors should also be considered.
In addition, the effects of color, texture, juiciness, mouthfeel and
temperature are among other factors that influence the overall sensory character of foods. In this case, special attention must be paid
to functional and fortified foods in which flavor of such products
should resemble those of their traditional counterparts.
The raw products often have little aroma and only a mild taste,
but they serve as a rich reservoir of compounds with taste tactile
properties as well as aroma precursors and possibly flavor enhancers. Upon processing, food develops its specific aroma. For example, coffee upon roasting produces a myriad of volatile compounds
that are responsible for the desirable flavor attributed to coffee. In
addition, meat upon heat processing, whether cooking, roasting,
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grilling or frying, produces specific meaty flavor that is dictated by
the meat source such as species, breed, and feed as well as other
variables (Yanagimoto et al., 2002; Yang et al., 2016). Apart from
heating, fermentation plays a crucial role in the flavor development of many food and beverages (e.g. beer and wine) (Styger et
al., 2011; Lee et al., 2015; Pan et al., 2014; Heitmann et al., 2017).
In general, the flavor of fats and oils as well as lipid-containing
foods is also influenced by their constituents which may be undesirable, such as those produced upon autoxidation of unsaturated
fatty acids or be desirable as in the case of most lipoxygenasederived lipid-based volatiles (Ho and Chen, 1994). In addition, the
non-volatile taste-active constituents of muscle foods, including
red meat, poultry, and seafood, contain free amino acids, reducing
sugars, vitamins and nucleotide, among others (Shahidi, 1989; Shahidi, 2002). The interaction of these components with one another
and/or their degradation products via the Strecker degradation and
Maillard reaction produces a large number of intermediates and/or
volatiles which contribute to the overall desirable aroma of such
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foods upon thermal processing and heating experienced during
cooking, frying and grilling (Perez-Locas and Yaylayan, 2010).
Lipids also serve as important contributor to the overall flavor of
meat and seafoods and are responsible, at least in part, for distinct
species-dependent aroma character and taste of muscle food. Of
course, dietary regimes also influence the flavor of red meat, poultry and seafood products. In terms of plant oils, depending on their
origin such as oilseeds, fruit oils and fruit seed oils, their fatty acid
composition, triacylglycerol profile and presence of minor components, including bioactives, and storage conditions dictate their
flavor and oxidative stability (Shahidi and Zhong, 2010; Chen et
al., 2011; Li et al., 2016).
2. Inter-relationship of aroma and Maillard reaction
Maillard (1912) described the formation of brown pigments,
named “melanoidins”, when a reducing sugar was heated with an
amino acid. He published 8 papers in the period of 1912–1916 on
this topic. Maillard reaction is important in the development of
color and flavor in foodstuffs, including those of roasted coffee and
heat-processed meats, among others. Maillard reaction is responsible for the formation of a large array of chemical compounds
belonging to furan, thiazole, oxazole, thiophene, pyrrole, pyridine
and pyrazine products, among others. However, the importance of
Maillard reaction was not recognized until l950’s.
Hodge (1953) was first to provide the basis for understanding
the mechanisms involved in the early stages of Maillard reaction.
The initial stages of Maillard reaction involved interaction of reducing sugars and carbonyl compounds with amino compounds
to afford glycosylamines that were rearranged and dehydrated to
various products such as furfurals and furanone derivatives, hydroxyketones and dicarbonyl compounds. Subsequent stages of
Maillard reaction involved the interaction of these compounds
with amines, amino acids, aldehydes, hydrogen sulfide and ammonia which eventually led to the formation of the characteristic
aroma compounds of cooked meats. The desirable meaty aroma of
cooked meats is influenced by sulfur-containing compounds (Mottram, 1998). Such sulfur compounds may be formed from the reaction of ribose and cysteine, among others. Thus, furan-3-thiol and
thiophan-3-thiol and their derivatives are among desirable meaty
aromas and bis-(2-methyl-3-furanyl) disulfide with an odor threshold of 0.02 ng/kg is known to possess a strong meat-like aroma.
The content of some of the thiols found in boiled meats was summarized by Kerscher and Grosch (1998).
3. Lipid Degradation and their Interaction with the Maillard
reaction products
Autooxidation of lipids leads to the formation of many volatile
compounds that are often associated with the undesirable flavor
and off-flavor development in cooked meats. The oxidative breakdown of the unsaturated portion of lipids involves a free radical
chain reaction which proceeds via the formation of hydroperoxides (Choe and Min, 2006; McClements and Decker, 2007). Hydroperoxides do not have any of their own flavor but are unstable
species. Thus, their subsequent decomposition produces carbonyl
compounds, alcohols, ketones, furans, epoxy compounds and hydrocarbons, among others (Shahidi, 2002; Shahidi and Zhong,
2015). Some of these lipid degradation products possess off-flavor
notes but some of them, such as hydrocarbons, have little influence on the overall flavor of cooked or thermally processed meat

because of their relatively high threshold values (Shahidi, 2002).
However, low threshold compounds such as aldehydes, unsaturated alcohols, ketones and lactones are thought to be important in
meat aroma. Meanwhile, 2-pentylfuran, a heterocyclic compound,
may be formed directly from the oxidation of linoleic acid (Fig.
1) and this compound is identified in cooked pork. 2-pentylfuran
is known to be responsible for an off-flavor note, also known as
reversion flavor (Ho et al., 1978). The probable mechanism for its
formation is via cleavage of 9-hydroxyl radical of linoleic acid.
The product, a conjugated diene radical, interacts with oxygen and
forms a vinyl hydroperoxide. The vinyl hydroperoxide releases a
hydroxyl radical and subsequently becomes alkoxyl radical. This
then cyclizes and forms 2-pentylfuran.
The thermal degradation products of lipids, mainly aldehydes
and ketones, serve as important reactive intermediates in the
Maillard reaction. Mottram and co-workers (Mottram and Edwards, 1983; Whitfield et al., 1988; Farmer et al., 1989; Mottram, 1994) found that involvement of phospholipids in Maillard
reaction led to the formation of 2-alkyl heterocyclic compounds
and proposed that they were formed from the reaction of alkadienals, such as 2,4-decadienal, derived from oxidation of lipids,
with H2S and NH3. Thus, interaction of decadienal with H2S and
NH3 afforded 2-pentylpyridine, 2-hexylthiophene and 2-pentyl
(2H)-thiapyran. Lipid-derived heterocyclic compounds found in
beef and lamb included 2-alkylthiazoles, 2-alkyl-3-thiazolines,
2-alkyl(2H)-thiapyrans and 2-alkylthiophenes. The formation
mechanisms of formation of these heterocyclic components are
provided in Figure 2. Mottram and co-workers (Mottram and Edwards, 1983; Whitfield et al., 1988; Farmer et al., 1989; Farmer
and Mottram, 1990) followed the reaction of cysteine with ribose
under three different conditions. These were in the absence of
lipids, with beef triacylglycerols (BTAG) or with beef phospholipids (BPL). The reaction afforded different levels of selected
volatiles, as shown in Figure 3. In this, there was somewhat
higher level of mercaptopentane, furan, and thiophenethiol when
BTAG was present compared to BPL; but these concentrations
were much higher than when no lipid was available. Therefore,
such compounds, or their breakdown products, might have been
reacting with other components via Maillard reaction. However,
in the absence of lipids, no 2-pentylpyridine, 2-pentylthiophene,
2-hexylthiophene, and 2-pentyl-(2H)-thiapyran were present in
their volatiles while in the presence of BPL, their contents were
considerably higher than when BTAG were included. Similar
conclusions could be reached for pyrrole, pyrazine, thiazole,
thiolane and oxazole compounds with alkyl derivatives in different positions. Therefore, flavor of cooked meat arises from a
complex series of reactions involving both Maillard reaction and
lipid breakdown products. As demonstrated, compounds contributing to the roasted flavor notes are derived from Maillard reaction whereas those responsible for species-specific character are
formed from lipid degradation (Mottram, 1998). Xu et al. (2011)
found that presence of lard in cysteine and xylose model system
reduced the formation of sulfur-containing compounds such as
2-methyl-3-furanthiol, 2-furanmethanethiol, 2-methylthiophene,
and 3-methylthiophene from the Maillard reaction. The level of
furfural in lard with cysteine and xylose model system was also
less than that without lard. In addition, they also evaluated the effect of cysteine and xylose on production of oxidation products.
They found that oxidation products were influenced by the presence of cysteine and xylose. More lipid-derived alcohols, alkylfurans, and acid were generated, whereas less aldehydes were
produced in the presence of cysteine and xylose compared to the
lard only containing system.
Compounds produced from the reactions of intermediates in-
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Figure 1. Formation of hexanal, 2,4-decadienal, 2-octenal and 2-pentylfuran from autoxidation of linoleic acid.

volved in the Maillard reaction and lipid degradation products
were already noted to be alkyl substituted pyridines, thiophenes,
thiazols and thiazolines, among others. These compounds may
contribute to the aroma of all cooked meat by their own effect or
indirectly by influencing the formation of other flavor active compounds in the Maillard reaction (Mottram, 1998; Shahidi, 1994;
Arshad et al., 2018). Thus, the effects observed are complex and
continue to be important both from a fundamental as well as ap-
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plied viewpoints.
It is important to mention the potential positive effects of the
presence of a minimum amount of oxidation products in aroma
generation in certain foods. As examples, the aroma generated
upon preparation of French fries and donuts and perceived by consumers is due to the interaction of lipid oxidation products with
the free amino acids present in the raw material. Therefore, it is
important to pay particular attention to all positive as well as del-
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Figure 2. Formation of alkyl substituted heterocyclic, 2-hexylthiophere and 2-pentyl (2H-) thiapyran from 2,4-alkadienal with hydrogen sulfide (adopted
from Farmer and Mottram, 1990).

Figure 3. Relative concentration (%) of selected acyclic and heterocyclic compounds formed by the reaction between cysteine and ribose in the absence
or presence of beef triacylglycerols and beef phospholipids (data from ref. Mottram, 1998; Farmer et al., 1989; Farmer and Mottram, 1990).
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eterious effects of lipid oxidation products in flavor and off-flavor
generation in foods.
4. Relationship between secondary oxidative products of lipid
and Strecker degradation
Strecker (1862) observed that α-amino acids degraded upon contact with alloxan, a cytotoxic analog of glucose [5,5-dihydroxyl
pyrimidine-2,4,6-trione] (Ighodaro et al., 2017) then produced
NH3, CO2, and one carbon less aldehyde (Rizzi, 1999). This reaction is called Strecker degradation, and plays an important role
in the formation of volatile compounds of food flavors such as
Strecker aldehydes, pyrazines, pyridines, pyrroles, and oxazoles.
Hidalgo and Zamora (2004) hypothesised that secondary products
of lipid oxidation which contain a dicarbonyl group at α-carbon
could also be involved in the degradation of amino acids. In order
to test their hypothesis, 4,5-epoxy-2-alkenals and phenylalanine
were employed. They reported that the flavor compounds which
were known to be produced by the Maillard reaction might also
be formed by lipid oxidation. The secondary oxidation products
of lipid were able to form the Strecker aldehydes. The authors
studied the formation of Strecker-type degradation using different types of secondary product of lipid oxidation such as methyl
9,10-epoxy-13-oxo-11-octadecenoate and methyl 12,13-epoxy9-oxo-11-octadecenoate and found that other lipid oxidation products could decompose the amino acids by Strecker-type degradation (Zamora et al., 2007). In addition, amino acids (cysteine and
serine) and phenolic compounds can also affect the formation of
Strecker aldehydes (Hidalgo and Zamora, 2004; Hidalgo et al.,
2013; Rizzi, 2006). According to Rizzi (2006), quinones, derived
from phenolic compounds which contain catechol, and amino acids could form flavor-important volatile aldehydes via Strecker
degradation in a non-enzymetic model system. They found that
phenolic compounds (caffeic acid, chlorogenic acid, catechin, and
epicatechin) were able to react with amino acids (methionine and
phenylalanine) and generate Strecker aldehydes (methional and
phenylacetaldehyde) in the ferricyanide-based model system. This
is an important consideration for plant foods as raw material and
participation of their bioactive phenolics in flavor generation.
The different types of reactants originating from different sources can have their own mechanism, which may contribute to the
generation of diverse flavor compounds (Delgado et al., 2016).
This may be an explanation of the endless production of flavor
compounds during Strecker degradation. However, one study
(Delgado et al., 2016) found that m-diphenols (resorcinol, 2,6-dihydroxybenzoic acid, and phloroglucinol) were able to react with
2-pentenal (reactant) as well as phenylacetaldehyde (resultant),
therefore they observed a decreased amount of phenylacetaldehyde in the presence of phenolic compounds mentioned above.
They suggested that this result might be used for controlling the
flavor formation by lipid-derived carbonyl compounds.
5. Flavor volatiles of processed meat
Processing of food leads to the generation of a large number of
volatile compounds, each having a different impact on the overall flavor sensation that it displays. As an example, several hundred compounds have been identified in the volatile constituents
of heat processed foods, including those of plant origin and also
muscle foods, many of which are derived from lipid degradation
(Mottram, 1998). Thus, the role of lipids in the latter group, both
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adipose tissue and fat contained within the lean in meat flavor has
been considered with great interest. In the early sixties, Hornstein
and Crowe (1960, 1963) found that aqueous extracts of red meat
from beef, pork and lamb had similar aroma when heated while
thermal processing of their corresponding fat yielded speciesspecific aromas. These authors suggested that while the lean was
responsible for the basic meat flavor common to all species, species-character aromas were generated from lipid constituents. Of
course, this is an over-simplification of the contribution of lipids to
flavor of muscle foods as will be explained further in subsequent
sections. In general, lipid-derived aroma compounds are generated from oxidation of unsaturated fatty acids present, but some
oxidation products may also subsequently participate in Maillard
reaction. The phospholipids in the intramuscular lipids which
contain a higher percentage of unsaturated fatty acids than triacylglycerols are an important source of volatiles generated upon
cooking (Farmer and Mottram, 1990). Of these lipid-derived products, saturated and unsaturated aldehydes with C5–C10 are major
volatile components of all cooked meats and, as already noted, the
characteristic flavor of different meat species is believed to be derived from lipid sources. The latter is exemplified by the presence
of methyl branched saturated fatty acids such as 4-methyloctanoic
and 4-methylnonanoic acids in sheep and goat meat (Wong et al.,
1975).
Among the volatile compounds derived from lipids in meat,
hexanal is a dominant aldehyde and is generally found together
with 2,3-octanedione (Shahidi and Pegg, 1994). Hexanal is produced from the oxidation of linoleic and arachidonic acids which
are omega-6 fatty acids. This is formed directly from linoleic or
arachidonic acids or indirectly from 2,4-decadienal which is another breakdown product from oxidation of the omega-6 fatty
acids (Fig. 1). However, seafoods which contain high amounts
of omega-3 fatty acids produce propanal and propenal (acrolein)
which are dominant short-chain aldehydes and these could be used
as markers of oxidation despite their minimal or no direct effect on
flavor (Wang and Cui, 2015).
Warmed-over flavor (WOF) or the off-flavor note in meats, especially poultry, upon only a few hours of refrigerated storage of
such cooked products, is of interest. Tims and Watts (1958) first
coined the off-flavor of reheated meat as WOF, although this definition may be expected to include other stored products. Thus, the
aroma profile of stored fresh meat, although somewhat different
from that of the characteristic WOF of reheated meat, includes
compounds which are qualitatively the same, but present at different concentrations. Needless to say, WOF is a major concern for the
hotel/restaurant/institution (HRI) food service industries. Moreover, the consumption trend has been increasing towards ready-toeat meals, therefore WOF of reheated meat after chilled storage is
of interest to the public (Yang et al., 2002). The WOF has also been
referred to as meat flavor deterioration (MFD) by USDA researchers (Spanier et al., 1988) who found that such a process not only
involved oxidation of lipid constituents in meat, but also included
degradation of proteins, and important odor impact compounds of
cooked meats. Kerler and Grosch (1996) investigated the odorant
of WOF of refrigerated cooked beef. They found that WOF was
due to the decrease of desired odorant (4-hydroxy-2,5-dimethyl3(2H)-furanone and 3-hydroxy-4,5-dimethyl-2(5H)-furanone) and
increase of lipid oxidation products (n-hexanal and (E)-4,5-epoxy(E)-2-decenal). Shahidi and co-workers (Shahidi, 1991; Shahidi
1992; Shahidi and Pegg, 1992) in dealing with nitrite-free cured
meats, proposed that the flavor of cooked cured meat was in fact
the basic flavor of meat without being influenced by the overtone
from aldehydes and other oxidation products that are generally
produced during storage of thermally processed uncured meats
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a potent antioxidant and prevents WOF development, thereby extending the shelf-life of cooked meat products. Together with salt,
nitrite provides bacteriostatic action against spore germination of
C. botulinum. In this relation, it is reported that the antioxidant
action of nitrite might be duplicated by the use of curing adjuncts,
as reflected in the level of thiobarbituric acid reactive substances
(TBARS) as well as other oxidation product markers (Shahidi,
2002). The content of selected volatile compounds was also very
similar when comparing adjuncts in the curing mixture, together
with that of the pre-formed cooked cured-meat pigment (CCMP)
which also has its own antioxidant effect, without that of nitrite.
Thus, the action of nitrite in the control of MFD may not be unique
(Fig. 5). In addition, when plant-based protein extenders are used
in formulated meat products and sausages, their endogenous phenolic compounds may also exert an effect on flavor characteristics
of the products although this effect might be minimal as these are
generally added to the formulation at a level of 2% (Greuell, 1974;
Shahidi et al., 1993).
In an interesting recent study, Patinho et al. (2019) used Agaricus bisporus mushroom as a potential source of natural antioxidant, fat/salt substitute, and flavor enhancer. They reported that the
mixture containing the lowest fat content, a moderate amount of
mushroom, and the highest concentration of salt showed the best
oxidative stability. Furthermore, mushroom and salt were the main
components primarily responsible for the observed sensory effects
and changes. Therefore, they concluded that mushroom could potentially be used to partially reduce fat content.

Figure 4. The basic structure of heterocyclic flavor compounds in cooked
meat.

6. Flavor of roasted coffee

(Fig. 4). The basic meat curing ingredients include sodium nitrite
(and/or sodium nitrate), sodium chloride, sugar, sodium ascorbate
or erythrobate), polyphosphates and seasoning. These ingredients,
more specifically sodium nitrite, are believed to be responsible
for imparting the characteristic pink color of cooked cured-meats
and contribute to the delicate flavor associated with cured meat
(Pegg and Shahidi, 2000). In addition, sodium nitrite also acts as

On the plant material side, coffee flavor has been extensively
studied, however its key flavor compounds have not yet been
fully identified due to its complexity (Sunarharum et al., 2014).
Among commercial processing operations, roasting plays a critical role in flavor formation and is associated with generation of
nearly one thousand chemical compounds (Yanagimoto et al.,
2002; Sunarharum et al., 2014; Yang et al., 2016). Upon roast-

Figure 5. Inhibitory effect on the generation of selected volatile oxidation products in nitrite- and nitrite-free cured meats (adopted from Shahidi, 2002).
TBARS, 2-thiobarbituric acid reactive substances; 1, sodium ascorbate; 2, sodium tripolyphosphate; 3, cooked cured-meat pigment; 4, t-butylhydroquinone;
and 5, sodium nitrite.
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ing, numerous chemical reactions occur such as Maillard reaction, Strecker degradation, breakdown of polysaccharides, sugars,
amino acids, and lipids (Buffo and Cardelli-Freire, 2004). Czerny
and Grosch, (2000) compared the odorant of Arabica coffee before
and after roasting. They reported that 3-isobutyl-2-methoxypyrazine, 2-methoxy-3,5-dimethylpyrazine, ethyl 2-methylbutyrate,
ethyl 3-methylbutyrate, and 3-isopropyl-2-methoxypyrazine were
possible odorant of raw coffee. Among these, 3-isobutyl-2-methoxypyrazine showed the highest odor activity. After roasting, the
level of methional, 3-hydroxy-4,5-dimethyl-2(5H)-furanone, vanillin, (E)-β-damascenone, and 4-vinyl- and 4-ethylguaiacol were
increased, whereas 3-isobutyl-2-methoxypyrazine remained the
same as that in the raw coffee. Baggenstoss et al. (2008) studied
the effect of time-temperature conditions on aroma formation during roasting. They found that physical properties and kinetics of
aroma formation was different between low temperature-long time
roasting and high temperature-short time roasting. In addition, the
color of the roasted coffee bean did not represent the same aroma
and physical properties (density, roast loss, and water content).
Although main flavour is developed by Maillard reaction, the
overall sensation we perceive is responsible for the aroma of roasted coffee. These, like those of muscle foods, are also impacted by
the generation of a large number of heterocyclic compounds with
extremely low-threshold values and hence the impact they have is
not just concentration dependent but primarily imposed by their
chemical nature and the threshold value of each (Shahidi, 2002).
Lipids in roasted coffee, known as coffee oil, carry most of the
coffee aroma. The lipids move to bean’s surface during roasting
and are extracted when coffee is brewed (Sunarharum et al., 2014).
These form the so called “crema” emulsion which provides flavor
volatiles, texture, and mouthfeel (Oestreich-Janzen, 2010). In addition, furan, a frequently identified volatile compound in roasted
coffee, can be formed not only from thermal degradation of sugar
but also via thermal oxidation of lipids (Yang et al., 2016). Furthermore, oxidation products of lipids may participate in the generation of certain Maillard reaction products, thus impacting the
overall flavor of roasted coffee.
Linoleic and palmitic acids are the major fatty acids in coffee. Linoleic acid, a polyunsaturated fatty acid, is susceptible
to oxidation especially when coffee beans are subjected to the
roasting process. Typical secondary oxidation products such as
2-octenal, 2,4-decadienal, 2,4-heptadienal, 4-hydroxynonenal,
and 4,5-epoxy-2-decenal are found in roasted coffee in high concentrations (Kocadağlı et al., 2012). Furthermore, the amounts of
2-octenal, 2,4-decadienal, 2,4-heptadienal were increased during
roasting in a time-dependent manner. In addition, chlorogenic acid
and other phenolics present in coffee might influence the overall
flavor of coffee due to their potential effect on taste of coffee beverages (Izawa et al., 2010) and potential interaction with lipids and
their derived products.
7. Beany flavor in soybean products
Soybean is an important legume that has been utilized in many
different ways in food such as oil, flour, soymilk, tofu, fermented
bean paste, and soy sauce, as well as animal meal and nutraceuticals and functional foods. However, a beany flavor is noted upon
ageing of the oil and in products such as soymilk and other soybased products. This phenomenon of beany, grassy, and paint-like
flavor is called reversion. Hoffmann (1961) reported beany flavor
was due to 3-(Z)-hexenal, but this was not the case as its concentration in oxidized oil was very low and the results could not be
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confirmed (Krishnamurthy et al., 1967). Chang et al. (1966) found
2-pentylfuran in slightly oxidized soybean oil and later Krishnamurthy et al. (1967) reported that 2-pentylfuran was a key compound with beany flavor when present at 1–10 ppm. However,
although it was a dominant volatile in slightly oxidized soybean
oil, it was not a dominant one in cottonseed oil and hence its importance in cottonseed oil was not evident. Later, Ho et al. (1978)
synthesized (Z) and (E)-2-(1-pentenyl) furan and examined their
organoleptic properties. They confirmed that these compounds at a
concentration of 8 ppm and 2 ppm, respectively, could contribute
to the reversion flavor of soybean oil. Min et al. (2003) reported
that 2-pentylfuran and 2-pentenylfuran were found, by solid-phase
microextraction-gas chromatography-mass spectrometry, in oxidized soybean oil containing 5 ppm chlorophyll. The level of these
compounds was elevated as light exposure time and chlorophyll
concentration increased. Lee and Min (2010) found 2-pentylfuran
in chlorophyll photosensitized linoleic acid.
Dutton et al. (1951) hypothesized that the precursor of beany
flavor in soy products was linolenic acid, however, Krishnamurthy
et al. (1967) suggested that linoleic acid, a dominant fatty acid in
soybean oil, was the source. Smouse and Chang (1967) examined
the volatile compounds in reverted soybean oil at a 4.3 meq/kg
of peroxide value and identified a total of 71 volatile compounds,
mainly formed by autoxidation of oleic and linoleic acids and suggested that linolenic acids in soybean oil might affect the autoxidation of linoleic acid and change the degradation pattern of its
hydroperoxides. Volatile compounds in soybean products are summarized in Table 1. Furthermore, using soy protein in food formulations may make an indirect contribution to flavor as well as presence of bioactive compounds. The isoflavones in soy might affect
lipid stability and hence the overall impact on flavor (Drewnowski
and Gomez-carneros, 2000). Zhang et al. (2012) evaluated the effect of soybean variety, grinding, and heat-processing of soymilk
on the off-flavor generation. They reported that a combination of
hot grinding and two-phase ultrahigh temperature (120 °C/80s +
140 °C/4s) showed that most of the odor compounds were present in less than the limit of detection. Especially ambient grinding
had the highest 2-pentylfuran, followed by cool and heat grinding
method. They suggested that the heat inactivated the lipoxygenases and this might partly reduce the production of 2-pentylfuran.
8. Fishy, fusty/musty off-flavor in non-fish oils
The beany flavor perceived from other soy products such as
soymilk is also due to the lipid oxidation products but a fishy odor
often perceived is due to the presence and interaction of non-lipid
components with lipid oxidation products. Jiang et al. (2016) reported that trimethylamine (TMA) formed from phosphatidylcholine (PC) was responsible for fishy off-flavor in soybean oil when
present together with other components. This was particularly noticed for rapeseed/canola oil in which ammonia was generated from
the breakdown of glucosinolates and/or sinapine. This was nicely
demonstrated by Matheis and Granvogl (2019a) in their recent research findings. In addition, the authors (Matheis and Granvogl,
2016) also found that the main difference of key odorant between
desired sensory attributes and fusty/musty off-flavor in rapeseed
oils was the discrepancy of concentration of certain compounds,
such as 2- and 3-methylbutanoic acid, 2-methoxyphenol, and ethyl
2-methylbutanoate. Further, they (Matheis and Granvogl, 2019b)
reported that 4-methylphenol, 3-methylbutanoic acid, 2-phenylethanol, 2-ethyl-3,6-dimethylpyrazine, and 2-methylbutanoic acid
could be used as marker compounds for fusty/musty off-flavor.
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Table 1. Volatile compounds found in soybean products

Raw soybean (Cowan et al., 1973)

Soymilk ( Lv et al., 2011) Cooked soymilk ( Lv et al., 2011) Soybean oil (Steenson et al., 2002)

Acetaldehyde

3-Methylbutanal

Beany flavor compounds

Pentane

n-Hexanal

2-Ethylfuran

n-Hexanal

Pentanal

2-Pentanal

Pentanal

1-Hexanol

Hexanal

Pentanol acetate

Butyl acetate

1-octen-3-ol

2-Butanone

Hydrogen sulfide

n-Hexanal

(E)-2-hexenal

Heptanal

Acetone

D-limonene

(E,E)-2,4-decadienal

2-Heptenal

Methanol

(E)-2-pentenal

Non-beany flavor compounds

2-Pentylfuran

Ethanol

Heptanal

(E)-2-octenal

2,4-Heptadienal

Isopentanol

2-Pentylfuran

Nonanal

(E)-2-Octenal

n-Pentanol

(E)-2-hexenal

(E)-2-nonenal

Nonanal

n-Hexanol

1-Pentanol

(E)-2-Nonenal

n-Heptanol

Octanal

2-Decenal

Dimethylamine

(E)-2-heptenal

Acetic acid

n-Hexanol
Nonanal
(E)-2-octenal
Acetic acid
1-octen-3-ol
Heptanol
(E,E)-2,4-heptadienal
Benzaldehyde
(E)-2-nonenal
(E)-2-decenal
(E,E)-2,4-nonadienal
(E,E)-2,4-decadienal

9. Off-flavors in supplement capsules of omega-3 oils
The omega-3 polyunsaturated fatty acids (PUFAs) such as
α-linolenic acid (ALA; 18:3 ω-3), stearidonic acid (SDA; 18:4
ω-3), eicosapentaenoic acid (EPA; 20:5 ω-3), docosapentaenoic
acid (DPA; 22:5 ω-3), and docosahexaenoic acid (DHA; 22:6 ω-3)
have been of much interest to the public because of their numerous
health beneficial effects (Shahidi and Ambigaipalan, 2018). The
omega-3 PUFAs are mainly present in the blubber of marine mammals such as whales and seals, the body of fatty fish such as herring, mackerel and salmon, the liver of white lean fish such as cod
and halibut, as well as algal or fungal oils (Shahidi, 2015). Among
PUFAs, EPA and DHA are well known for their cardioprotective,
anti-inflammatory, and immune-modulatory effects (Shahidi and
Finley, 2001). For this reason, omega-3 PUFAs can be easily found
in the nutraceutical market, most often in the capsule form. However, omega-3 PUFAs are very susceptible to oxidation due to their
high degree of unsaturation, and readily form primary oxidation
products which break down to secondary oxidation products. Jackowski et al. (2015) collected 171 PUFA supplements in Canada
and assessed the international voluntary safety standards (peroxide
value, p-anisidine value, and total oxidation (TOTOX)). The au-

thors found that 50% of the tested products exceeded at least one
of the voluntary recommendations. Among supplements, encapsulated form showed the highest oxidative stability. However, it
is almost impossible to conduct these tests to evaluate their freshness at home. Nonetheless, consumers may cut the capsules with a
razor blade and check for the presence of any extensive off-flavor,
which, if present, may lead to an undesirable odor in the breath
following consumption (fishy burp). According to the Global Organization for EPA and DHA Omega-3s (GOED) (2019), the main
reason for potential consumers not considering taking EPA and
DHA is the fishy taste.
The fishy off-flavor in the oxidized omega-3 oils is due to the
presence of secondary oxidation products, such as 2,4,7-decatrienals and other carbonyl compounds (Lindsay, 1990). Early studies
reported that trimethylamine was responsible for the fishy flavor,
however it was revealed that fishy flavor from trimethylamine
became apparent only when it was added to oxidized fish oil at
high concentrations (Stansby, 1962; Lindsay, 1990). Meijboom
and Stroink (1972) first reported that (E,Z,Z)-2,4,7-decatrienal and
(E,E,Z)-2,4,7-decatrienal were mostly responsible for the fishy
odor in oxidized fish oil. Later, Karahadian and Lindsay (1989)
confirmed that the isomers of (E,Z,Z) and (E,E,Z)-2,4,7-decatrienal
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contributed to the fishy flavor.
In order to avoid oxidation of omega-3 supplements, some
technique including the use of antioxidants, minimum exposure
to ambient air, using an inert gas when filling the capsules, and
microencapsulation using multi-layer coacervation might be considered. However, masking of off-flavors with lemon and other flavors might be considered and these have proven effective although
one report indicates possible oxidation acceleration (Jackowski et
al., 2015), but we could not verify this in our own work. In addition, mixed tocopherols and other phenolic antioxidants might be
added to such products and these are found effective in controlling
off-odor generation in these important supplements to retain their
prime quality and health benefits (Sheldon et al., 1997; Yuwanti et
al., 2011).
10. Lipid oxidation in low-moisture foods
Water content in food is closely related to food deterioration, thus
reducing water content in many foods extends their shelf life. Of
course, this can affect lipid oxidation as well. If the water content is high enough to act as a solvent, metal catalysts become
mobilized and start acting as pro-oxidants (Labuza et al., 1971).
Water activity (aw) around 0.3–0.4 renders the highest oxidative
stability. The antioxidant activity arises from hydrogen bonding
of peroxides and hydration of metal catalysts, that decreases their
effectiveness; this is called the monolayer theory (Labuza et al.,
1972). However, foods with very low aw can accelerate the rate of
lipid oxidation. According to Reed et al. (2002), roasted peanuts at
aw of 0.19 showed higher peroxide value than that at aw of 0.60.
They suggested that this might be due to the direct exposure to
the oxygen as proposed by Labuza and co-workers (Labuza, et al.,
1970; Labuza et al., 1971). In addition, they found that the retained
peanutty flavor was more in the peanuts with higher aw during storage than the peanut at aw of 0.19. On the other hand, the peanuts at
aw of 0.19 showed more painty, cardboardy, and bitter flavor than
that at aw of 0.60. In addition, volatile compounds such as pyrazines and aldehydes were identified. The aldehydes such as pentanal, hexanal, octanal, nonanal were responsible for the painty and
cardboardy flavor, whereas peanutty flavor came from pyrazines
such as 2-methylpyrazine, 2,5-dimethylpyrazine, ethylpyrazine,
and 2,3,5-trimethylpyrazine. The peanuts with lower aw contained
more pyrazines and less aldehydes compared to those at higher aw.
Cereals are generally stable, however, after processing, they
may experience sensory defect due to enzymatic and non-enzymatic reactions (Lehtinen et al., 2003). Among enzymes, lipoxygenase oxidizes 1,4-pentadiene moieties in polyunsaturated fatty
acids (PUFAs). Rice bran, wheat germ, and oats have high activity
of enzymes such as lipase and lipoxygenase, thus enzyme inactivation is necessary. Lehtinen et al. (2003) found a trend when oat
kernels after heat treatment showed generation of more volatile
compounds (hexanal) than oat with no heat treatment during 12
months of storage. Heiniö et al. (2002) reported that the major offflavor sensation was due to the production of volatile compounds
as affected by processing and storage condition. Volatiles responsible for rancid flavor in oat were hexanal, pentanal, 3-methyl1-butanol, pentylfuran, 2-butyl-2-octenal, 2-propyl-2-octenal,
(E)- and (Z)-3-octene-2-one, (E,E)- and (E,Z)-3,5-octadien-2-one
(Heydanek and McGorrin, 1986; Molteberg et al., 1996a). In addition, it was speculated that hydroxyoctadecadienoic monoacylglycerols caused the bitter flavor in stored ground oat (Biermann
and Grosch, 1979). Wheat germ is also susceptible to oxidation
due to high content of PUFAs as well as activities of lipase and li-
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poxygenase (Sjövall et al, 2000). Sjövall et al. (2000) reported that
1-pentanol could serve as an indicator of the degree of oxidation of
wheat germ and the most abundant volatiles present were hexanal,
α-pinene, 1-hexanol, and 3-carene. On the other hand, wheat flour
has limited lipoxygenase activity, thus other ingredients such as
beans or soya are used to improve the required activity for baking
(Pozo-Bayón et al., 2006).
11. Phenolic compound-derived flavor
Phenolic compounds are secondary metabolites of plants and play
an important role in plants by regulating growth (Shahidi and Yeo,
2018). These are added as such or as ingredients of other material
to lipid-based food due to their antioxidant activity. Although the
amounts of phenolic compounds are generally small, these can still
affect the flavor of foods via their own taste and/or by retarding the
formation of other flavor compounds, such as oxidation products
(Molteberg et al., 1996b). According to Molteberg et al. (1996b),
some 29% of the sensory (odor and flavor) variation in oat grouts
was due to the 11 phenolic compounds identified. Phenolic compounds possess bitter and astringent taste and these are important
in, but not limited to, beverage industry such as beer, wine, tea, and
coffee (Soto-Vaca et al., 2012). Phenolic compounds are necessary
to extend the shelf life of lipid-based foods, however their level
needs to be adjusted to avoid bitterness. For example, olives are
inedible due to the high amount of oleuropeins, one of their endogenous phenolic compounds. Therefore, olives should go through
alkali treatment to hydrolyze oleuropeins (Johnson and Mitchell,
2019). The taste and flavor of phenolic compounds depends on
the concentration and their degree of polymerization; the contribution of phenolics originating from those of oak in aged wine is a
good example in this regard (Peleg et al., 1999). As noted already,
phenolic compounds also affect the flavor via retarding oxidation
and reducing the rate of formation of secondary oxidation products
(Zhou et al., 1999). In view of the important bioactivity of phenolic
compounds as natural sources of antioxidants and in functional
foods, their role in flavor perception and contribution to aroma
should not be ignored.
12. Modern analysis of key aroma compounds
Food flavor and aroma has been extensively studied and numerous
volatile compounds have been identified. In fact, less than 5% of
the volatiles in food can actually contribute to aromas (Grosch,
2000; Grosch, 2001; Dunkel et al., 2014). Thus, different concepts
to determine odor activity values (OAVs) have been applied such
as aroma extract concentration analysis (AECA), aroma extract
dilution analysis (AEDA), and charm analysis (Schieberle and
Grosch, 1987; Marin et al., 1988; Grosch, 2001; Reineccius and
Peterson, 2013). Among these, AEDA is the most popular method
and considered as a first step due to its simplicity (Ferreira et al.,
2002). According to AEDA, the flavor extracts diluted then analyzed by gas chromatography-olfactometry (GCO) and the results
are expressed by flavor dilution (FD) factor. The maximum dilution is determined by at least one of the judges. Song and Cadwallader (2008) studied aroma compounds in American country ham
using different techniques such as direct solvent extraction-solvent
assisted flavor evaporation (DSE-SAFE), dynamic headspace
dilution analysis (DHDA), and aroma extract dilution analysis
(AEDA). Compounds such as 1-octen-3-one, 2-acetyl-1-pyrroline, 1-nonen-3-one, decanal, and (E)-2-nonenal were identified
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as major odorants (FD factor ≥ 125) in DHDA method, whereas
1-octen-3-one, methional, guaiacol, (E)-4,5-epoxy-(E)-decenal, pcresol, 3-methylbutanal, hexanal, 2-acetyl-1-pyrroline, phenylacetaldehyde, γ-nonalactone, short-chain volatile acids were found
as dominant compounds in DSE-SAFE method. On the other
hand, 3-methylbutanal, hexanal, 1-octen-3-one, 2-acetyl-1-pyrroline, methional, (Z)-2-nonenal, phenylacetaldehyde, (E,E)-2,4decadienal, guaiacol, 2-phenylethanol, (E)-4,5-epoxy-(E)-decenal,
γ-nonalactone, and p-cresol were predominant odorants (log3FD
factor ≥ 3) in AEDA method. They concluded that lipid oxidation,
amino acid degradation, and Maillard/Strecker and associated reactions were responsible for the generation of these compounds.
Hammer and Schieberle (2013) reported key aroma compounds
derived from ω-3 fatty acids (ALA, EPA, and DHA) oxidation induced by copper (II) ions or lipoxygenase and then used AEDA
to analyze aroma compounds. While the copper-induced oxidation of EPA and DHA produced fishy odor, ALA did not generate
any unpleasant odor in both copper-induced and enzyme-induced
oxidation. They found that (E)-4,5-epoxy-(E,Z)-2,7-decadienal,
(Z)-1,5-octadien-3-one, and (Z)-3-hexenal showed the highest FD
factors (≥ 1,000) from EPA and DHA oxidation induced by copper
ion or enzyme. In addition, (E,E,Z)-2,4,6-nonatrienal exhibited the
highest FD factor (≥ 1,000) from EPA oxidation induced by copper
ion or enzyme, whereas, (Z,Z)-3,6-nonadienal was another dominant compound (FD factor ≥ 1,000) from DHA oxidation induced
by copper ion or enzyme. Meanwhile, in ALA oxidation induced
by copper ion or enzyme, (E)-4,5-epoxy-(E,Z)-2,7-decadienal, (Z)3-hexenal (E,Z)-2,6-nonadienal, (E,E,Z)-2,4,6-nonatrienal were
predominant aroma compounds (FD factor ≥ 1,000). They reported that the qualitative analysis of all samples showed similarity,
however the quantitative analysis was quite different. Therefore,
they concluded that the ratio between the odorant might be responsible for the production of fishy off-flavor. An et al. (2020) reported
that compounds such as hexanal, (Z)-4-heptenal, (Z)-4-decenal,
(E,Z)-2,6-nonadienal, (E,E)-2,4-nonadienal, (E,Z)-2,4-decadienal,
(E,E)-2,4-decadienal, (E,E,Z)-2,4,6-nonatrienal, (E,Z,Z)-2,4,7tridecatrienal, and (E)-4,5-epoxy-(E)-2-decenal in surimi were the
most potent aroma-active compounds for fishy, green, oily, or metallic odors.
13. Conclusions
Lipids are a major source of flavor in food, both desirable and undesirable. We demonstrated in this review that lipid-derived flavor
and off-flavor may be generated upon food processing via involvement of Strecker degradation and Maillard reaction, as well as
oxidative processes. It is possible to control the development of
off-flavor and to produce desirable flavor by better understanding
of the mechanisms involved and by inclusion of bioactive or bioactive-containing components in production of novel functional
foods. It is hoped that this review provides an incentive to catalyze
further research and development to advance this important field
that would be of interest to producers, consumers and regulatory
agencies.
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Abstract
Carotenoids are one of the major food bioactives that provide humans with essential vitamins and other critically
important nutrients that contribute to the maintenance of human health. This review provides a summary of the
most current literature data and information on most recent advances in dietary carotenoids and human health
research. Specifically, it addresses the occurrence and distribution of carotenoids in different dietary sources, the
effect of food processing and impact of gastrointestinal digestion on the bioaccessibility, bioavailability and bioactivities of dietary carotenoids. Emphasis is placed on the antioxidant and anti-inflammatory effects of carotenoids
and their optical/geometric isomers and ester forms, and the molecular mechanisms behind these actions. A
particular focus is also on the modulatory ability of carotenoids on biomarkers related to low-grade inflammation,
immune response and gut health.
Keywords: Carotenoids; Bioaccessibility; Bioavailability; Antioxidant activity; Anti-inflammatory effect; Low-grade inflammation.

1. Introduction
Carotenoids are bioactive compounds that belong to the class of
isoprenoids with specific colors such as yellow, orange and red.
More than 700 carotenoids have been found thus far, although
only ca. 10–15 carotenoids are present in our diets and found in
measurable concentrations in human blood and tissues (Pietro et
al., 2016). In this review, the main focus will be on research of
the most consumed carotenoids, i.e. α/β-carotene, lycopene, lutein,
zeaxanthin and astaxanthin in foods and food products.
Carotenoids are C40 isoprenoid polyene compounds, a group of
secondary plant metabolites that can be divided into two groups:
the hydrocarbon carotenes such as β-carotene, α-carotene, lycopene and the oxygenated carotenoids, xanthophylls, such as lutein,
zeaxanthin and astaxanthin (Figure 1). They are one of the major
food bioactives that not only provide humans with essential vitamins but contribute to the maintenance of human health. Although
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the physicochemical properties of carotenoids have been studied
extensively, their bioavailability, metabolism and biological functions and further applications in foods or dietary supplements are
still hot topics of research. Particularly, in recent years, attention
has been drawn to the geometric isomers of different carotenoids
because of their higher bioavailability in human body (Yang et al.,
2017). Xanthophylls are of more interest because of their stronger
antioxidant activity and potential role in lowing risk of chronic
diseases. Xanthophylls are often found in ester forms in plants,
algae and marine life.
In this contribution, the authors intend to review the new knowledge reported in recent literature in the areas of carotenoid chemistry and biochemistry. The main topics cover the geometric and
stereoisomers, ester forms and protein complex, effect of processing and extraction, analytical methods, and updated information
for carotenoid bioaccessibility, bioavailability, intestinal uptake
mechanism and biological functions related to health, particularly

Copyright: © 2020 International Society for Nutraceuticals and Functional Foods.
All rights reserved.
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Figure 1. Common dietary carotenoids and different isomeric structures in free and ester forms of carotenoids as represented by astaxanthin. R represents saturated or unsaturated alkyl chains.

inflammation and intestinal health.
2. Dietary carotenoids
2.1. Biosynthesis and occurrence
The biosynthetic pathway of carotenoids in plants is depicted in
Figure 2. It starts with the condensation of two C20 geranylgeranyl pyrophosphate (GGPP) molecules which are synthesized from
isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate
(DMAPP) by GGPP synthase in the methylerythritol 4-phosphate
(MEP) pathway to form the first C40 tetraterpene, the colorless
phytoene via phytoene synthase. Then, phytoene desaturase,
ζ-carotene desaturase and carotenoid isomerase (CRTISO) separately convert phytoene to ζ-carotene and further the red colored lycopene. The pathway is then branched into two paths from
lycopene including different cyclization reactions catalyzed by
lycopene ε-cyclase (LCYE) and lycopene β-cyclase (LCYB), respectively. The cyclization of both ends of the linear lycopene by
LCYB generates carotenoids with two β-rings such as β-carotene,
while the coordinated action of LCYE and LCYB produces carotenoids with one β-ring and one ε-ring such as α-carotene (Rodriguez-Concepcion et al., 2018). The xanthophylls are then derived
from oxygenated α-carotene and β-carotene by the ring-specific
hydroxylation. Hydroxylation of α-carotene produces zeinoxanthin or α-cryptoxanthin and further to produce lutein by ring hydroxylase (enzyme CYP97C or/and CYP97A). Hydroxylation of

β-carotene produces β-cryptoxanthin and then zeaxanthin by carotene β-hydroxylase. Zeaxanthin can be transformed to antheraxanthin and violaxanthin by epoxidation reactions, and the de-epoxidation reaction could also convert violaxanthin to zeaxanthin with
antheraxanthin as the intermediate with the help from the enzymes
called violaxanthin de-epoxidase (VDE) and zeaxanthin epoxidase
(ZEP). Violaxanthin could also be transformed to neoxanthin by
neoxanthin synthase and further to abscisic acid (ABA).
The biosynthesis of carotenoids in bacteria and archaea is different from that in plants. While both pathways start from GGPP
to give lycopene, bacteria employ only a single enzyme, the bacterial phytoene desaturase for the catalysis (Rodriguez-Concepcion
et al., 2018). Bacterioruberin, a C50 carotenoid derivative is synthesized in archaea using GGPP, so are other carotenoids such as
spheroidenone, okenone, isoreniaratene. The geometric isomers of
bacterioruberin, namely, 5-cis (Z-), 9Z-, 13Z-, and all-trans (E)bacterioruberin isomers are produced in Halobacterium salinarum
and accounted for 13, 4, 11, and 68%, respectively of the total
carotenoids (Mandelli et al., 2012). Additionally, carotenoids from
cyanobacteria, a photosynthetic bacteria, are mainly β-carotene,
zeaxanthin, canthaxanthin, β-cryptoxanthin instead of lutein, violaxanthin or neoxanthin that are abundant in eukaryotic photosynthetic species.
The carotenoid biosynthesis pathway in microalgae is more
diverse and produces downstream products such as β-carotene,
lutein, zeaxanthin, violaxanthin, diatoxanthin, fucoxanthin and
neoxanthin from lycopene (Henríquez et al., 2016). Different microalgae can produce unique carotenoids or higher amount of a
specific carotenoid over others. Cultural conditions can also affect
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Figure 2. The biosynthetic pathway of carotenoids in plants. The colors of the frames represent the appearance of different compounds. GAP represents
glyceraldehyde 3-phosphate; MEP, methylerythritol 4-phosphate; IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl pyrophosphate; GGPP, geranylgeranyl pyrophosphate. CRTISO, carotenoid isomerase; LCYB, lycopene β-cyclase; LCYE, lycopene ε-cyclase; CYP97C, carotene ε-hydroxylase; CYP97A, cytochrome P450 carotene β-hydroxylase; ZEP, zeaxanthin epoxidase; VDE, violaxanthin de-epoxidase.

the biosynthesis of certain carotenoids in alga. For instance, the
stress conditions including nitrogen deprivation or strong solar irradiation or hyper salinity can cause the accumulation of astaxanthin in Haematococcus pluvialis, β-carotene in Dunaliella salina,
and lutein in Muriellopsis sp. and Scenedesmus almeriensis (Del
Campo et al., 2007). Research also found that accumulation of carotenoids under stress is often co-occurring with massive production of lipids (Solovchenko, 2012).
Carotenoids are also synthesized by certain fungi, for example
neurosporaxanthin, torularhodin, astaxanthin and β-carotene with
β-carotene and lycopene are predominant products found in Mucoromycotina such as Blakeslea trispora. β-Carotene is also found in
Ustilago maydis and Cercospora nicotianae. A dietary xanthophyll
astaxanthin is produced by yeast species such as Xanthophyllomyces dendrorhous and Rhodotorula sp. The biosynthesis of astaxanthin in fungi is considered to be in the branch of the β-carotene side
(Rodriguez-Concepcion et al., 2018).
In recent years, genetic engineering techniques have been applied to increase the production or target specific carotenoids
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in crop plants, microbes and even in arthropods such as hemipteran, dipteran insects and mites (Rodriguez-Concepcion et al.,
2018). Astaxanthin for example is a red pigment carotenoid with
higher antioxidant activity thus economic value than most other
dietary carotenoids such as β-carotene and lycopene. For this reason, astaxanthin has been frequently set as target end-product for
metabolic engineering of plants with the endogenous carotenoid
pathway. Huang et al. reported that a transgenic tomato plant
can produce free (3.12 mg/g in leaves) and esterified astaxanthin
(16.1 mg/g in fruits), a 16-fold increase of total carotenoid content (Huang et al., 2013). Tobacco (Nicotiana tabacum) expressing both genes encoding CrtW (β-carotene ketolase) and CrtZ
(β-carotene hydroxylase) from a marine bacterium Brevundimonas
sp., strain SD212 was able to produce astaxanthin at 0.5% on a
dry weight (DW) basis (Hasunuma et al., 2008). Using the same
technique, a transgenic potato (Solanum tuberosum) expressing the
4, 4′ β-oxygenase (crtW) and 3, 3′ β-hydroxylase (crtZ) genes from
Brevundimonas spp. produced ketocarotenoids such as astaxanthin
with significantly higher yield, from the 13% in the wild-type to
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Table 1. Quantitative distribution of common carotenoids and their predominant isomers in selected dietary foods

Carotenoid

Food sources (concentration)

Reference

all-E-lutein

Squash, Sweet Momma flesh (18.6μg/g FW); Spinach
(37.4μg/g FW); Kale (123.1μg/g FW); Potato, Yukon
Gold flesh (4.1μg/g FW); Tomato (6.41 μg/g DW)

Tsao and Yang (2006);
Li et al. (2012)

13Z- or 13′Z-lutein

Tomato (0.76 μg/g DW)

Li et al. (2012)

9Z- or 9′Z-lutein

Tomato (0.53 μg/g DW)

Li et al. (2012)

all-E-β-carotene

Cassava root, sweet yellow (7.27 μg/g FW); Squash, Sweet Momma
flesh (3.7 μg/g FW); Kale (23.8 μg/g FW); Tomato (81.29 μg/g DW)

Carvalho et al. (2012); Tsao and
Yang (2006); Li et al. (2012)

9Z-β-carotene

Cassava root, sweet yellow (0.35μg/gFW); Tomato (2.15 μg/g DW)

Carvalho et al. (2012);
Li et al. (2012)

13Z-β-carotene

Cassava root, sweet yellow (0.5μg/gFW); Tomato (1.85 μg/g DW)

Carvalho et al. (2012);
Li et al. (2012)

15Z- or 15′Z-β-carotene

Tomato (1.15 μg/g DW)

Li et al. (2012)

all-E-lycopene

Tomato (145.85 μg/g DW)

Li et al. (2012)

5Z- or 5′Z-lycopene

Tomato (4.24 μg/g DW)

Li et al. (2012)

15Z- or 15′Z-lycopene

Tomato (2.79 μg/g DW)

Li et al. (2012)

13Z- or 13′Z-lycopene

Tomato (2.25 μg/g DW)

Li et al. (2012)

9Z- or 9′Z-lycopene

Tomato (1.75 μg/g DW)

Li et al. (2012)

all-E-astaxanthin

Antarctic krill, boiling (90.71μg/gDW)

Cong et al. (2019)

13Z-astaxanthin

Antarctic krill, boiling (15.65μg/gDW)

Cong et al. (2019)

9Z-astaxanthin

Antarctic krill, boiling (15.39μg/gDW)

Cong et al. (2019)

FW, fresh weight; DW, dry weight.

45% in the transgenic tubers (Mortimer et al., 2016). Other crops
such as sweet potato and oil seeds, could also produce non-native carotenoids or higher amount of its endogenous carotenoids
through genetic engineering (Park et al., 2015).
Since humans cannot synthesize carotenoids, we can only rely
on dietary sources to meet the nutritional needs for carotenoids,
beyond that of the provitamin A carotenoids. Fruit, vegetables
and cereals as plants, and certain fungi and marine microalgae are
among the most consumed dietary sources rich in carotenoids. Distribution of common carotenoids and their predominant isomers in
selected foods are listed in Table 1.
2.2. Carotenoids in plants
The color (chromophore) of carotenoids depends on the conjugated carbon–carbon double bonds in the chemical structure. Usually,
the existence of carotenoids in fruit or vegetables can be assumed
from the distinctive yellow, orange or red color. For example, we
now know the red pigment in tomato is from lycopene; the yellow,
orange-red color of carrots or pumpkin are from the α-carotene
and β-carotene, or lutein. Green leafy vegetables such as kale and
spinach can contain very high lutein, at 12.3 mg/100 g FW and 3.7
mg/100 g FW, respectively (Tsao and Yang, 2006). Carotenoids
are found in free or esterified forms in plants, and are mostly in
all-trans configuration (Figure 1). All-E-lycopene and β-carotene
are the most predominant isomers that naturally present in fruits
and vegetables. All-E-β-carotene, and its 9Z-, and 13Z-isomers are
found in yellow sweet cassava (Carvalho et al., 2012) (Table 1).
Study showed that the all-E-lycopene was the predominant carotenoid in 20 tomato cultivars in Canada, ranging from 6.17 to 218

μg/g DW. In addition, all-E-lutein, 9Z-lutein, 13Z-lutein, 5Z-lycopene, 9Z-lycopene, 13Z-lycopene, 15Z-lycopene, di-Z-lycopene,
all-E-β-carotene, 9Z-β-carotene, 13Z-β-carotene, 15Z-β-carotenes
and di-Z-β-carotene were also found in these tomato cultivars (Li
et al., 2012). Lutein used in most dietary supplements is prepared
from marigold flowers, which naturally contain high levels of lutein mono- and diesters (Tsao, 2006; Tsao et al., 2004).
Carotenoids may not be distributed evenly in a fruit or vegetable
and their content and composition may also change during fruit ripening (Lado et al., 2016). Tsao and Yang, (2006) found that lutein
and β-carotene in the flesh of squashes were significantly lower than
that in the peel (Tsao and Yang, 2006). Study shows that the formation of xanthophyll esters is closely related to ripening. The transformation of chloroplast (in green fruits) into chromoplast (in ripe
fruit) occurs during the ripening and the acylation of xanthophylls is
beneficial to its incorporation into chromoplasts through increased
liposolubility (Minguez-Mosquera and Hornero-Mendez, 1994).
The greater attention given to the well-known major carotenoid
pigments may have missed some opportunities for some minor intermediates of the carotenoid pathway. For instance, in raw and
processed tomato products, in addition to lycopene, there are significant quantities of other carotenoids including β-carotene, phytoene, and phytofluene. The colorless phytoene and phytofluene
are often ignored, however their bioaccessibility, bioavailability
and nutritional/physiological effects have been gaining increased
attention in the past decade (Mapelli-Brahm et al., 2017).
The biosynthesis and occurrence of carotenoids in plants have
been extensively studied due to its importance in human diet and
nutrition. However, many challenges still remain. Questions on
the health impact of esterification pattern of xanthophylls, how to
direct profile changes and distribution during carotenoid biosyn-
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thesis, and rational usage of genetic engineering for improved carotenoid composition and quantity still need to be answered. These
new knowledge will help improve the nutritional quality and nutrient density in foods and dietary supplements.
2.3. Carotenoids in algae
Microalgae are ubiquitous in nature as the world largest group of
photosynthetic organisms capable of survival using CO2 as the sole
carbon source and light as energy. There are significant amount
of undescribed microalgae species, however among the already
known approximately 60,000 species, only a countable number of
microalgae are currently harnessed for commercial use (Henríquez
et al., 2016).
Carotenoids are generally accounted for 8–14% of the biomass
in microalgae (Henríquez et al., 2016). Insofar Dunaliella sp. and
H. pluvialis have been used for commercial scale production of
β-carotene and astaxanthin, respectively (Rodriguez-Amaya,
2016). The species D. salina is a unicellular, bi-flagellate and halotolerant green alga with no cell wall. It is the richest natural source
of β-carotene, and when exposed to high solar irradiation or nutrient starvation, its production of β-carotene can be over 10% DW
(Lamers et al., 2008). Similarly, H. pluvialis is the richest natural source of astaxanthin. It can accumulate lutein and β-carotene
when growing under favorable conditions, however, once exposed
to stressed conditions such as nitrogen deprivation and intense solar irradiation, the cells stop to divide and start to be transformed
to aplanospores, which can produce the red pigment astaxanthin
up to 1.5–4% DW (Tanaka et al., 2012) and lipids up to 35% DW
(Saha et al., 2013). It was also found that all-E-astaxanthin and its
cis- and optical isomers also existed in ester forms in the dark red
aplanospores (Shah et al., 2016; Yuan and Chen, 1997). Another
alga, Chlorella zofingiensis can also synthesize keto-carotenoids
including astaxanthin under photoautotrophic, heterotrophic, and
mixotrophic conditions (Liu et al., 2014).
Microalgae such as Muriellopsis sp., C. zofingiensis, Scenedesmus sp. and Chlorella protothecoides have been explored for producing lutein (Sun et al., 2018). Some brown algae or diatoms have
been studied for producing unique xanthophylls such as diatoxanthin, diadinoxanthin and fucoxanthin (Bertrand, 2010; Mulders et
al., 2014). Moreover, genes such as phytoene synthase from D. salina (Couso et al., 2011) and C. zofingiensis (Fernández Cordero et
al., 2011) have been expressed in other species to improve the yield
of lutein through genetic engineering. Details on content of bioactive carotenoids in microalgae species can be found in recent literature (Matos et al., 2017). Microalgae such as Chlorella, Dunaliella,
Haematococcus, Spirulina and Schizochytrium species containing
high concentrations of bioactives such as carotenoids, fatty acids
and protein are recognized as GRAS (Generally Regarded as Safe)
by the U.S. Food and Drug Administration (García et al., 2017).
As new species of carotenoids continue to be discovered, and
more microalgae are being explored for their potential health benefits to humans, the next challenge is to focus on the optimization
of cultural conditions of algae and adoption of novel approaches
such as by genetic engineering for developing high carotenoid
yielding microalgae and commercially viable functional foods and
nutraceuticals.
2.4. Carotenoids in marine life
In addition to the algal species, carotenoids and/or carotenoproteins exist in crustaceans (shrimp, lobster, crab), crayfish, trout,
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salmon, redfish, red snapper, tuna, mollusks (mussel, clam), squid,
octopus, sea cucumber, sea bream, Antarctic krill, Pacific herring,
pink salmon, sponges, star fish, sea urchin, sea anemones, corals
endowed the marine life, with distinctive colors (Cong et al., 2019;
Shahidi and Brown, 1998). The distribution and content of carotenoids can vary at different growth stages of marine lives (Persia
Jothy et al., 2019), and in the gonads of scallops of different genders (Tan et al., 2020).
Although astaxanthin is not commonly found in plants, it is the
major and most valued xanthophyll in marine lives. For instance,
crustaceans contain large amounts of astaxanthin in their shells and
eggs, significantly higher than that in the flesh (muscle) (HorneroMéndez, 2019). In some cases, astaxanthin is in a form of carotenoprotein complex and is only released by cooking (Shahidi and
Brown, 1998). Astaxanthin is also found in esterified forms with
EPA (eicosapentaenoic acid) or DHA (docosahexaenoic acid) in
crustaceans (Hornero-Méndez, 2019). In addition, optical (3R, 3′R
and 3R, 3′S isomers) and geometric (9Z-, 13Z-, 15Z-, di-Z) isomers
of astaxanthin are also found in crustaceans (Yu and Liu, 2020)
(Figure 1).
Research has also been carried out to recover carotenoids from
the wastes such as shells, shrimp wastes and wastewaters generated from the seafood processing industry. This has been considered
a potential way to acquire carotenoids or other highly bioactive
molecules for commercialization (Amado et al., 2016; Cahú et al.,
2012).
3. Characterization of carotenoids
3.1. Extraction, separation and detection
Different methods have been applied to efficiently extract carotenoids, including oil extraction, organic solvents, ionic liquids,
supercritical CO2, and assistance of high pressure, microbial fermentation, enzyme- (Catalkaya and Kahveci, 2019), microwaveor ultrasound-assisted extractions (Routray et al., 2019).
Some extraction techniques include enrichment or purification
as well. Liquid-liquid extraction, solid-phase extraction (SPE)
with silica or reversed-phase materials such as C18 alkyl-chains
can be used to extract and purify carotenoids (Bohn, 2019). Hollow fiber liquid-phase microextraction with a mixed solvent
(1-octanol:1-undecanol = 6:4, v:v) was employed to extract lutein
from egg yolk; a method that is low-cost, sensitive and easy-tooperate, although not suitable for the industrial extraction (Wang
et al., 2016). Recently, pulsed electric field (PEF) and moderate
electric field (MEF) assisted extractions have been reported for
high extraction yield of carotenoids albeit currently they are only
limited to laboratory-scale (Saini and Keum, 2018).
In terms of solvent extraction, organic solvents including dimethylsulfoxide (DMSO), tetrahydrofuran (THF), ethanol, methanol, acetone, isopropanol, hexane and their mixtures have been
mostly used. The selection of extraction solvent can depend on
sample properties such as the matrixes, the state of the samples
(solid or liquid), and the polarity of carotenoids to be extracted. In
some cases, treatment with acids or alkalis is applied to digest the
exoskeleton or saponify carotenoid esters for carotenoid extraction from crustacean shells, and ultrafiltration for the astaxanthin
shrimp cooking wastewater (Amado et al., 2016).
More eco-friendly (green) and efficient extraction methods
are being developed for the extraction of bioactive carotenoids.
Vieira et al. (2017) reported a single-step method using non-ionic
surfactant Tomadol 25-7 that had higher selectivity and less con-
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taminants in extracting carotenoids from brown macroalgae than
using ethanol (Vieira et al., 2017). Most recently, naturally occurring sulphides such as isothiocyanates, allyl isothiocyanate and
polysulfides have been used as additive to improve the extraction
efficiency of carotenoid (astaxanthin, adonirubin, adonixanthin)
from Paracoccus carotinifaciens (Honda et al., 2020). The study
showed that isothiocyanates and polysulfides can further act as a
trans-cis-transformation catalyst favoring the solubility of Z-carotenoid isomers over the all-E-isomers.
The majority of carotenoids absorb lights in the visible (Vis)
region of the spectrum with characteristic three-headed absorption
maximum between 400–500 nm. cis-Isomers of carotenoids normally have an additional absorption peak in the ultraviolet (UV)
region (330–380 nm) depending on the position of the cis double bonds and the type of carotenoids. The UV-vis spectrum and
absorption maximum are thus most frequently used to detect and
even identify different carotenoids, and the absorption coefficients
for quantification. Q-ratio (the absorbance ratio of the cis peak to
the middle maximum absorption peak) is used for identifying the
cis-isomers (Tsao et al., 2004). UV-Vis absorption has been the
conventional detection method for carotenoids in an extract, however, UV-vis spectrum alone is not sufficient to discriminate carotenoids from other compounds with similar chromophores, nor is
able to detect those in samples with different geometric or other
isomeric configurations.
Carotenoids in an extract must be separated and purified before
they can be accurately identified, and this is achieved by applying
the various chromatographic techniques. While in-depth review of
all separation and detection techniques is beyond the scope of this
review, combinations of high performance liquid chromatography (HPLC) or ultra-HPLC (UHPLC) with a diode array detector
(DAD) and other hyphenated techniques such as LC coupled with
mass spectrometry (MS) and nuclear magnetic resonance (NMR) are
worth mentioning as they are particularly important for identification
and quantification of the low concentrations of carotenoids and metabolites in biological samples (Yang et al., 2018; Yang et al., 2017).
Both C18 and C30 columns have been applied to HPLC separation
(Melendez-Martinez et al., 2013; Sun et al., 2016; Yang et al., 2019).
UHPLC systems operate under very high pressure using columns packed with sub-2 μm particles thus offer faster separation of
compounds with high resolution (Eriksen et al., 2017). A ultra-high
performance supercritical fluid chromatography-MS (UHPSFCMS) method was reported to separate carotenoids within less than
6 min using a 1-aminoanthracene (1-AA) column (Jumaah et al.,
2016). An on-line method coupling the supercritical fluid extraction and supercritical fluid chromatography with triple quadrupole
mass spectrometry detection (SFE-SFC-QqQ/MS) has shown to
separate and detect carotenoids and apocarotenoids in yellow tamarillo that contained free carotenoids, carotenoid esters and apocarotenoids (Giuffrida et al., 2018). This method is also considered
highly efficient for analyzing different carotenoids in human blood
samples without preliminary treatment (Zoccali et al., 2018).
3.2. Stability and effect of processing
Different food processing technologies such as thermal, non-thermal, chemical and physical treatments may significantly affect the
stability of carotenoids in foods or food products. Thermal treatments include steaming, roasting, boiling, frying and microwave,
and non-thermal treatments include high pressure, high-intensity
pulsed electric fields and ultrasound processing, may have positive or negative impact on the stability and bioavailability of carotenoids depending on the methods (Cilla et al., 2018). Thermal

processing generally lower the carotenoid contents but in different
degrees. Boiling was found to decrease the total carotenoids in potato by 92% compared to baking (88%), and lutein was relatively
more stable (decreased by 24–43%) than β-carotene (decreased by
78–83%) during thermal processing (Kotikova et al., 2016). Heating treatment not only causes degradation, but leads to isomerization of all-E-carotenoids to cis-isomers (Le Bourvellec et al.,
2018). Other food ingredients may contribute to the isomerization
of carotenoids during cooking. A recent study showed that cooking
with onion, which contains disulfide compounds could facilitate
the isomerization of lycopene; increased cooking time and onion
content resulted in higher production of 5Z-, 9Z- and 13Z-lycopene
in sofrito (de Alvarenga et al., 2017). Similar results have been
reported for other tomato-based food products (Honda et al., 2018;
Yu et al., 2019). However, all-E-carotenoids are structurally more
stable than their cis-isomers. Reverse isomerization from 15Zcarotenoid isomers to all-trans configuration was found to occur
in light-harvesting complexes of photosynthetic organisms upon
light-induced excitation (Koyama and Fujii, 1999). These findings
suggest the mechanisms of the trans-cis and cis-trans isomerization need to be further studied.
In addition to isomerization, conventional thermal pasteurization
and ultrasound treatment also caused de-esterification and further
degradation of carotenoids profiles in golden berry (Physalis peruviana L.) puree (Etzbach et al., 2019). High-pressure processing on
whole-peeled orange fruits before juicing could increase the concentration of certain carotenoids in the juice (De Ancos et al., 2020).
Acidic conditions and metal ions in carotenoid-containing foods or
beverages could also affect their stability (Yang et al., 2017).
The instability of carotenoids under light or heat is due to the
lack of protection by cell walls or embedding system in plant foods
(Soukoulis and Bohn, 2018). A study has shown that built-in biomass could greatly maintain the stability of astaxanthin by the
thick cell wall of H. pluvialis but not that in its acetone extract
(Gouveia and Empis, 2003). Besides, the lipid-core nanocapsules
loaded with β-carotene, α-carotene and lutein offered a greater
stability of the carotenoids than ethanol extract upon exposure to
heat and UV-vis light (da Silva et al., 2017). The presence of lipid
or unsaturated fatty acids could also affect the stability of carotenoids. Lycopene and β-carotene in tomato puree and α-carotene
and β-carotene in carrot puree containing 5% olive oil were found
to be stable with ≥ 97% retention after 6 months of storage in the
dark at 20, 30 and 40 °C (Mutsokoti et al., 2017). These indicate
that content and composition of lipid and food matrix can affect the
stability and degradation of carotenoids.
Nonenzymatic oxidation and isomerization often co-occur to
both Z- and E-isomers of carotenoids (Yang et al., 2017). The
isomerization of carotenoids can slightly reduce the color saturation, while the oxidation lead to complete color loss of carotenoids.
A recent study showed that when exposing to gaseous ozone (80
mg/min) for 5 min, the β-carotene content was significantly reduced because of the oxidation (Mohammadi et al., 2017).
Overall, the effects of food processing and different factors involved in the various processing technologies on the stability of
carotenoids are complicated and multifaceted. Further research
into the effects of food processing on the bioaccessibility and bioavailability of carotenoids are important as they determine the
health and nutritional values.
3.3. Bioaccessibility and bioavailability
The absorption of the lipophilic carotenoids generally include
three key steps: (1) release from the food matrix and transfer into
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the emulsion and mixed micelles during digestion; (2) uptake by
the enterocyte; (3) enterocyte transport and packaging into the chylomicrons for secretion into the lymph. Bioaccessibility is defined
as fraction of ingested component released from food matrix and
available for intestinal absorption, and bioavailability is termed as
fraction of ingested component available for utilization in normal
physiological functions (Guerra et al., 2012). Therefore, food composition and matrix before ingestion, during digestion and the final
metabolism can all impose significant impact on the bioaccessibility and bioavailability of carotenoids in humans.
The bioaccessibility and bioavailability of carotenoids can depend on the molecular structures, such as the different geometric
isomers like Z- and all-E forms, optical isomers and patterns of esterification. Studies have shown that Z-astaxanthins and Z-luteins
exhibit higher bioaccessibility than their all-trans counterparts during the in vitro gastrointestinal digestion and 9Z-astaxanthin exhibits higher transport efficiency than all-E- and 13Z-astaxanthins in
a Caco-2 cell monolayer model, implying a higher bioavailability.
The higher solubility of Z-carotenoids is one important factor that
lead to better micellization of these isomers with bile salts and pancreatin in the intestinal phase, resulting in improved bioaccessibility (Yang et al., 2018; Yang et al., 2017). Similar results were found
for Z-lycopenes in different test models (Failla et al., 2008; Sun
et al., 2016). In general, bioaccessibility of different carotenoids
are in a decreasing order as follows: phytoene and phytofluene
> lutein > β-carotene > lycopene. However, the bioaccessibility
and bioavailability of different carotenoids depend on the mechanisms of cellular uptake and transport and models used as well
(Mapelli-Brahm et al., 2019). Carotenoid esters generally need to
be hydrolyzed prior to absorption because the esters are seldom
detected in biological samples, but the effect of esterification pattern on carotenoid bioaccessibility and bioavailability is presently
not clear. Contradictory results have been reported for the different bioaccessibilities reported for free carotenoids and their esters
such as between lutein and its diester (Mercadante et al., 2017).
As different forms of carotenoids are found in nature and used in
various functional foods or dietary supplements, ways to increase
the bioaccessibility and bioavailability of carotenoids by proper
esterification may present as an opportunity for enhanced bioactivity. Studies have also shown that competition exists between certain carotenoids for bioavailability. Lutein and β-carotene when
co-ingested through one meal were found to mutually influence
the bioavailability (Reboul et al., 2005). Difference in diffusion
process between these two compounds was cited as the reason,
however, further validation studies are necessary.
Cellular transport and uptake mechanisms of carotenoids are
also one of the key factors for the difference in carotenoid bioavailability. It is generally understood that the intestinal absorption of
carotenoids occurs by passive diffusion (Reboul, 2013). However,
the scavenger receptor class B type I (SR-BI), an enterocyte apical
membrane transporter for cholesterol, and cluster determinant 36
(CD36), a fatty acid transporter have been found to be involved in
active cellular uptake of β-carotene and α-carotene (Borel et al.,
2013; During et al., 2005). SR-BI is also found to be involved in
the cross-membrane transport of lutein and lycopene (During et
al., 2005; Reboul et al., 2005). More recently, facilitated diffusion
process mediated by SR-BI instead of CD36 has been reported for
the transport of astaxanthin isomers, phytoene and phytofluene
(Mapelli-Brahm et al., 2018; Yang et al., 2019). These indicate that
certain transport proteins in intestinal epithelial cells are also important factors that influence the absorption and bioavailability of
dietary carotenoids. More studies are necessary to further elucidate
the involvement of these and other transport proteins in the absorption of different forms of carotenoid (isomers and esterified forms).
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Fats and oils have been shown to aid the solubilization of carotenoids into mixed-micelles and enhance their bioavailability (Nagao, 2014). Furthermore, dietary fats rich in saturated fatty acids
such as butter lead to a higher bioavailability of lutein and zeaxanthin than olive or fish oils that are rich in monounsaturated and
polyunsaturated fatty acids. The higher bioaccessibility of these
xanthophylls in the presence of saturated fatty acids are partially
due to the smaller mixed micelles in which the carotenoids are
incorporated (Gleize et al., 2013). The bioaccessibility of carotenoids from different food sources can be different. The transfer
efficiency of astaxanthin into mixed micelles during digestion
of uncooked wild salmon was 43%, but only 12% for uncooked
acquacultured salmon (Chitchumroonchokchai and Failla, 2017).
Lycopene is markedly more bioavailable from tangerine tomatoes
(Solanum lycopersicum) with 94% Z-lycopenes than from red tomato juice with 10% Z-lycopenes (Cooperstone et al., 2015). The
presence of dietary fiber was found to interfere with the bioaccessibility of carotenoids, possibly due to its entrapment in the lipids
and bile salt molecules in place of carotenoids (Cilla et al., 2018).
The food processing technology not only impacts on the stability of carotenoids but also on their bioaccessibility and bioavailability. Study shows that processing increased the bioaccessibility of
carotenoids in persimmon to 54% treated by high hydrostatic pressure compared to 25% in those by thermal pasteurization (Cano et
al., 2019). High pressure homogenization (HPH) could increase
both the release and micellar incorporation of α- and β-carotene
in carrot emulsions to 1.5- to 1.6-fold higher, however, the bioaccessibility of lycopene from tomato was not affected (Svelander
et al., 2011). Sonication would increase the bioaccessibility of carotenoids from Chlorella vulgaris to a level comparable to that of
Chlamydomonas reinhardtii (β-carotene≥10%; lutein≥15%) (Gille
et al., 2016). The bioaccessibility of entrapped astaxanthin in potato protein-astaxanthin nanoparticles is 11 times higher than that of
unencapsulated astaxanthin (Edelman et al., 2019). This suggests
that entrapping systems such as nanoemulsion and nanostructured
lipid carriers can work as efficient delivery system to improve the
bioaccessibility and even bioavailability of dietary carotenoids in
foods, beverages and nutraceuticals (Sotomayor-Gerding et al.,
2016; Yang et al., 2019).
4. Roles of dietary carotenoids in human health
It is generally confirmed that there is a positive relationship between higher consumption of fruits, vegetables and whole grains
and reduced risk of chronic diseases such as cardiovascular disease
(CVD), cancers, osteoporosis and diabetes. Some of these chronic
diseases are often related to metabolic syndrome, which is a collective term for medical conditions that involve risk factors such
as obesity, high blood pressure, high blood sugar, and unhealthy
cholesterol levels. These conditions are particularly closely associated with the risk of developing CVD and type 2 diabetes. Healthy
diets high in fruit, vegetables and whole grains have been known
for their ability to improve the cholesterol, insulin resistance, and
blood pressure, thus help lower risk of diabetes and cardiovascular
disease. These healthy diets are known for their high carotenoid
content and have been studied in the context of obesity and diabetes and CVD, and covered in several recent reviews (Le Goff et al.,
2019; Mejia et al., 2020).
Most importantly, recent studies have also shown that different
chronic diseases are closely related to one another and have overlapping aspects, and the key overlapping aspect is the low grade
systemic inflammation. Low grade systemic inflammation is also
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closely related to immune system and gut health (Cani et al., 2012;
Das, 2010; Emanuela et al., 2012). For these reasons, instead of
discussing the link between carotenoids and metabolic syndrome,
the present review focuses more on the fundamental roles of carotenoids, i.e. their mediating effect on oxidative stress, inflammation
and gut health, and molecular mechanisms.
4.1. Antioxidant activities
Oxidative stress (OS) is caused by the imbalance between reactive oxygen or nitrogen species (ROS/RNS) production and the
antioxidant defense. Excessive and long term exposure to OS results in damage to vital molecules in human cells such as proteins,
membrane lipids, sugars, and nucleic acids, affecting their normal
functions and leading to reduced cell viability or cell death. Dietary phytochemicals such as carotenoids are antioxidants that help
restore redox homeostasis in the body. Since in situ analysis of the
antioxidant activity in vivo is currently unattainable, the antioxidant properties of phytochemicals in plants are mostly evaluated
by chemical-based assays (Zhang et al., 2018). Chemical-based
antioxidant activity assays such as 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) radical-scavenging activity, 2, 2′-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) radical cation (ABTS+),
oxygen radical absorbing capacity (ORAC), photochemiluminescence (PLC), and ferric reducing antioxidant power (FRAP) assays
are widely used to determine the antioxidant capacity of different phytochemicals including carotenoids. However, such methods neither provide information on the actual cellular antioxidant
mechanisms nor take into consideration the bioavailability (cellular uptake) and metabolism of the antioxidant molecules (Yang
et al., 2018). Recently, a cellular antioxidant activity (CAA) assay was developed using cell-permeable 2′, 7′-dichlorofluorescin
diacetate (DCFH-DA) as a fluorescence probe. Till now, several
cell lines such as Caco-2, human endothelial cell line (EA.hy926),
human macrophage cell line (U937), human breast epithelial cell
line (MCF-10A) and human lung fibroblasts (WI38, IMR-90) have
been adopted for the antioxidant capacities by CAA assay (Yang et
al., 2018). In spite of this, both chemical assays and CAA are still
widely used in preliminary assessment of antioxidant capacities.
As summarized in Table 2. The antioxidant activity of carotenoids tested by ABTS+ assay follows the order of: lycopene >
β-carotene > lutein > α-tocopherol (Zanfini et al., 2010). Furthermore, the antioxidant activity of astaxanthin is at least 10 times
stronger than that of β-carotene and more effective than that of
α-tocopherol (Matos et al., 2017). The presence of the hydroxyl
and keto moieties on each ionone ring could explain its higher antioxidant activity (Liu and Osawa, 2007). However, the antioxidant
activity of an individual carotenoid can largely depend on the assay methods. For example, β-carotene showed highest scavenging percentage in the DPPH assay, whereas violaxanthin was most
efficient in ABTS+ and other two assays followed by lutein (Fu
et al., 2011; Müller et al., 2011; Rodrigues et al., 2012). These
studies also showed that assay outcomes were also determined by
the solvent used in the protocol. When in combination, carotenoids
can exert synergistic antioxidant activities. Study demonstrated
that mixtures of lycopene-lutein, lycopene-β-carotene and luteinβ-carotene had higher antioxidant activity than individual compounds alone (Zanfini et al., 2010). It was proposed that the synergism between xanthophylls such as astaxanthin and carotenes such
as lycopene, starts with the more hydrophilic xanthophylls serving as molecular wiring across membranes in the electron transfer
networks through anchoring in water/lipid interfaces, resulting in
synergism with more lipophilic carotenoids (Skibsted, 2012). Fur-

ther studies are needed to better understand the role of carotenoid
structures in their physiological activities and the mechanisms of
synergism.
The different antioxidant activities exhibited by carotenoid
isomers are important as seen in recent studies. 13Z-Astaxanthin
had higher antioxidant activity than all-E- and 9Z-astaxanthins in
ORAC assay for lipophilic compounds (ORAC-L), PLC and CAA
assays, whereas that of 9Z-astaxanthin was higher in DPPH assay
(Liu and Osawa, 2007; Yang et al., 2017). The two cis-isomers
9Z- and 13Z-astaxanthins also showed higher protective effect than
all-E-astaxanthin against oxidative stress by lowering the secretion and gene expression of the pro-inflammatory cytokine IL-8
in Caco-2 cells treated by H2O2 (Yang et al., 2017). A recent study
also showed that 9Z-, 13Z- and all-E-astaxanthin were all able to
extend the median lifespan of Caenorhabditis elegans by 59.39,
24.99, and 30.43%, respectively. The ability of lifespan extension
was found to be consistent with the degree of decreased intracellular ROS accumulation by astaxanthin isomers, particularly by the
9Z-astaxanthin (Liu et al., 2018).
The 13′Z-lutein also exhibits higher antioxidant activity than
9Z- and all-E-luteins in FRAP, DPPH and ORAC-L assays, but
no significant difference was found among the three isomers in
CAA assay (Yang et al., 2018). The antioxidant activity of different
xanthophyll isomers by chemical-based assays are as follows: 9Zastaxanthin ≈ 13Z-astaxanthin > all-E-astaxanthin ≈ 13′Z-lutein
> 9Z-lutein ≈ all-E-lutein (Yang et al., 2018; Yang et al., 2017).
Similar results are found for lycopene isomers in their scavenging
activity against peroxyl radicals generated by thermal degradation
of 2, 2′-azobis (2-amidinopropane) (AAPH). The AAPH activity
of Z-lycopenes was higher than the all-E-isomer, and among cisisomers 5Z-, 9Z- and 13Z-lycopenes, 5Z-lycopene was the strongest antioxidant. However, significant differences were not found
among the isomers in FRAP and ABTS+ assays (Muller et al.,
2011), and conflicting results have been reported for the antioxidant activities of geometric isomers of β-carotene and zeaxanthin
(Böhm et al., 2002; Lavy et al., 1993; Levin et al., 1997; Mueller
and Boehm, 2011).
In addition to the geometric isomers of carotenoids, optical or
stereoisomers such as those of astaxanthin are also widely found
naturally in some marine lives, and the antioxidant activity of the
stereoisomers have not been studied in-depth. One study however
showed that the 3S,3′S-astaxanthin exhibited higher antioxidant
activity than the 3R,3′R-astaxanthin and a mixture of 3S,3′Sastaxanthin, meso-astaxanthin and 3R,3′R-astaxanthin at 1:2:1 ratio, in both chemical assays and CAA (Liu et al., 2016).
Esterification does not appear to have significant effect on the
antioxidant activity of free xanthophylls. The antioxidant activities
among lutein, lutein monomyristate and lutein dimyristate, and esters of β-cryptoxanthin and capsanthin were not influenced by esterification (Fu et al., 2010; Matsufuji et al., 1998). However, free
astaxanthin showed significantly higher antioxidant effects than its
esters in certain assay systems but not in others, again, suggesting
the effect of methods used in the assessment (Sowmya and Sachindra, 2012). Further research is required to better understand the
effects of fatty acids, especially the polyunsaturated fatty acids, as
some of them are known to possess antioxidant activities.
Available research data suggest that although chemical based
antioxidant assays lack biological relevance, they are still valid
tools for preliminary assessment and quick comparison of the potential antioxidant capacity of carotenoids. The CAA assay offers
a good alternative and can serve as a starting point for further in
vivo investigations. Considering the various isomers that exist in
nature, future studies are warranted to compare and elucidate the
mechanisms of antioxidant actions of the different carotenoid geo-
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Controversial results
Controversial results
Macular degeneration
Protection against age-related macular degeneration (AMD)
Deposit in the retina of mammals
Play an important role in retinal synthesis

Anti-inflammatory activity
Caco-2 monolayers treated with TNF-α
Through inhibiting the nuclear NF-κB p50 subunit
translocation and down-regulating the JNK activation
Against LPS-induced inflammation in macrophages
Lower the production of inflammatory mediators
in UV-irradiated or IL-1-treated fibroblasts
Through regulating pathways including Akt and MAPK pathways
Anti-cancer effects
Benign prostate hyperplasia (BPH) treatment in mice
Inhibiting the colon cancer cell growth

AAPH assay
TEAC assay
Inhibiting LDL oxidation
Rat oral-dosing test
Chemical-based assays and CAA assay

ORAC-L, PLC and CAA assays
DPPH assay
Against oxidative stress in H2O2 induced Caco-2 cells
Extending the median lifespan of Caenorhabditis elegans
DPPH and ORAC-L assays

HO• scavenging capacity

ABTS+ assay
DPPH assay
ROO• scavenging capacity

Antioxidant activities
ABTS+ assay
aTEAC assay

Firdous, Kuttan, and Kuttan (2015)
Fuller et al. (2006)
Cho et al. (2018)
Zou et al. (2014)
Liu, Song, et al. (2016)
Woodside et al. (2015)
Woodside et al. (2015)
Tsao, R. (2006)
Guerin et al. (2003)
Matos et al. (2017)

fucoxanthin
Z-lycopenes ≧ all-E-lycopene
3S,3′S-astaxanthin ≈ 3R,3′R-astaxanthin ≈ a mixture of
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9Z-astaxanthin ≧ 13Z-astaxanthin ≧ all-E-astaxanthin
carotenoid extract rich in 9Z- or 9′Z-βcarotene and all-E-β-carotene
meso-zeaxanthin [(3R, 3′S)- β, β-carotene-3, 3′-diol]
phytoene and phytofluene

lycopene > β-carotene > lutein > α-tocopherol
lycopene > β-carotene = α-carotene >
neurosporene > phytofluene = phytoene
violaxanthin > lutein > β-carotene
β-carotene > lutein > violaxanthin
astaxanthin> lutein > zeaxanthin > α-tocopherol
> fucoxanthin > β-carotene > lycopene
α-tocopherol > astaxanthin > zeaxanthin >
fucoxanthin > lutein > β-carotene > lycopene
13Z-astaxanthin > all-E-astaxanthin ≈ 9Z-astaxanthin
9Z-astaxanthin > 13Z-astaxanthin > all-E-astaxanthin
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all-E-β-carotene > 9Z-β-carotene
9Z-β-carotene > all-E-β-carotene
3S,3′S-astaxanthin > 3R,3′R-astaxanthin > a mixture of
different stereoisomers of astaxanthin (S: meso: R = 1:2:1)
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Figure 3. Schematic depiction of inflammatory signaling pathways and actions of carotenoids. Increased ROS causes the oxidative stress inside cells. During
exposure to oxidants, IκB (inhibitors of NF-κB) proteins which are bound with NF-κB are rapidly degraded and release NF-κB protein to the nucleus. NF-κB
could then bind to DNA sequences, and activate the expression of pro-inflammatory cytokines. The mitogen-activated protein kinase (MAPK) pathway activation begins with the activation of MAPKK-kinases (MAPKKKs). MAPKKKs phosphorylates MAPK-kinases (MAPKKs) subsequently, and the MAPKK further
activates and phosphorylates MAPKs. Activated MAPKs then mediate the gene expression in nucleus. Certain carotenoids can inactivate the NF-κB pathway
and MAPK signaling pathways to exhibit the anti-inflammatory effects.

metric and stereoisomers and esters, their synergistic effects, and
how food matrix (e.g. protein complex) and formulation affect the
total antioxidant activity in foods or supplements.
4.2. Anti-inflammatory activity, immune response, metabolic
syndrome and gut health
As mentioned earlier, low grade systemic inflammation is a key
overlapping aspect among different conditions of metabolic syndrome, the immune system response and gut health. OS triggers
inflammation, and is also implicated in these and other degenerative diseases such neurological disorders (e.g. Parkinson’s and
Alzheimer’s diseases) and aging (Yang et al., 2018). The oxidative
damage to cells caused by long-term exposure to OS in intestinal
epithelial cells can trigger a series of immune system responses
resulting in low-grade and sustained inflammation, which is the
root cause of chronic diseases such as inflammatory bowel disease
(IBD) (Yang et al., 2019).
Results from studies using cellular and animal models have
demonstrated that carotenoids such as lycopene and β-carotene are
potent anti-inflammatory agents that act by suppressing various inflammation pathways (Cho et al., 2018) (Figure 3). All-E-astaxanthin is reported to relieve retinal OS and exhibit anti-inflammatory
effects in cell line and mouse models (Cho et al., 2018). It does
not only down-regulate the nuclear factor-κB (NF-κB) signal-

ing pathway, but also improves the insulin signaling cascade by
regulating the insulin receptor-beta (IR-β), IRS-1-associated PI3K,
phosphorylated Akt/Akt ratio, and translocation of the GLUT-4
(Mohammadzadeh Honarvar et al., 2017). Recently, the cis-isomers of astaxanthin have also been found to exhibit anti-inflammatory effects. Z-Astaxanthins, especially 9Z-astaxanthin exhibited
greater anti-inflammatory effect than all-E-astaxanthin by downregulating pro-inflammatory cytokines COX-2 and TNF-α gene
expression in Caco-2 monolayers treated with TNF-α (Table 2).
The anti-inflammatory effects of Z-astaxanthin isomers were also
found to be via modulating the NF-κB signaling pathway as they
down-regulated TNF-α-induced phosphorylation of IκBα (Yang et
al., 2019).
Another xanthophyll, lutein, is the pigment in the retina especially the macula of human eyes to filter the damaging blue light
and reduce OS, thus contributes to eye health. It reduces lipid
peroxidation and pro-inflammatory cytokine release through suppressing the activation of the NF-κB pathway in the presence of
OS (Cho et al., 2018). Moreover, Z-luteins are found disproportionally high in human plasma and retina, however, the physiological roles of Z-luteins in humans, including the various protective
effects such as anti-inflammatory and anti-macular degeneration
activities, remain unknown (Yang et al., 2018).
Carotenoid extract of D. salina containing all-E-β-carotene
and 9Z- or 9′Z-β-carotene was demonstrated to exert its anti-inflammatory effects by inhibiting the nuclear NF-κB p50 subunit
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translocation and down-regulating the c-Jun NH2-terminal kinase (JNK) activation (Yang et al., 2013). meso-Zeaxanthin [(3R,
3′S)-β, β-carotene-3, 3′-diol] exists in the Henle fibers of retina of
primates is found to inhibit paw edema induced by carrageenan,
dextran, and formalin in mice and exhibit anti-inflammatory effect against LPS-induced inflammation in macrophages through
down-regulating the gene expression of inflammatory mediators
like COX-2, TNF-a, and iNOS (Firdous et al., 2015). Colorless
carotenoids such as phytoene and phytofluene could also lower
the production of inflammatory mediators in UV-irradiated or IL1-treated fibroblasts by acting either additively or synergistically
with CoQ10 (Fuller et al., 2006). In addition to the NF-κB pathway, the anti-inflammatory effects of carotenoids such as fucoxanthin are also found through regulating other pathways including Akt and mitogen-activated protein kinase (MAPK) pathways
(Cho et al., 2018). Thus far, little information can be found in the
literature about the anti-inflammatory effects of carotenoid esters,
largely owing to the fact that only free forms are found in human
tissues and organs.
Emerging evidence on the interrelationships between diet,
nutritional status, the immune system and gut microbiota in humans has brought explosion of new knowledge in the last decade.
Past research has been focused mainly on dietary fibers and their
prebiotic effects, however, prebiotic-like effect by phytochemicals
especially by carotenoids has not been widely examined. Only a
few reports have been published on the role of carotenoids in immune regulation and gut health. Fucoxanthin is a marine carotenoid known for its antioxidant, anti-inflammatory and various
other effects, most notably in reducing body fat and obesity. Most
recent research showed that in a high-fat diet (HFD) mouse model,
fucoxanthin supplementation for 4 weeks significantly changed
the composition of both cecal and fecal microbiota, especially the
Firmicutes/Bacteroidetes ratio and the abundance of S24-7 and
Akkermansia that are best known gut microbes modulating events
associated with anti-obesity (Guo et al., 2019). Similar results
were also found for astaxanthin. Supplementation of astaxanthin
or astaxanthin-producing red yeast (Xanthophyllomyces dendrorhous) for 8 weeks not only reduced the HFD-induced body
weight gain, improved the plasma and liver lipid profile, but significantly altered the gut microbiota. Again, the ratio of Bacteroides/
Firmicutes was improved, especially in Akkermansia (Wang et
al., 2019). These studies demonstrate that carotenoids, especially
xanthophylls, are capable of modulating immune responses and
gut microbiota composition and ameliorating metabolic syndrome,
therefore present a great opportunity for improving gut health and
reducing risk of chronic diseases. Further research is needed for
other carotenoids, and collective effects by carotenoids and other
food components. It is also important to closely examine the effect
of carotenoids on the pathogenic bacteria in the gut, as dysbiosis in the gut microbiome increases the number of harmful bacteria in the gut, which may release enterotoxins. Endotoxins can
increase the permeability of the intestine, trigger the production
of pro-inflammatory cytokines and result in immune dysfunction,
damage in intestinal epithelial cells, alteration in energy metabolism, which lead to intestinal inflammation, the ultimate culprit of
various chronic diseases.

modulation of antioxidant activity, carcinogen metabolism, and
regulation of cell growth, cell cycle progression and cell-to-cell
gap junction communication, prevention of cell proliferation, immune modulation and apoptosis induction. Lycopene was found to
inhibit disease progression in patients with benign prostate hyperplasia (BPH), and astaxanthin was effective against BPH and prostatic cancer through inhibition of the enzyme 5α-reductase which
is involved in abnormal prostate growth (Vílchez et al., 2011). ZLycopenes were found to be equivalent and better inhibitors than
all-E-lycopene in benign BPH treatment in mice (Zou et al., 2014).
The inhibitory effects of 3S,3′S-astaxanthin from H. pluvialis, 3R,
3′R-astaxanthin from Phaffia rhodozyma, and a mixture of different stereoisomers of astaxanthin (S: meso: R = 1:2:1) all inhibited
the colon cancer cell growth with statistically same potency (Liu
et al., 2016). Despite these positive effects of carotenoids on cancer, cautions have also been made for their potential negative effects. Controversial results on the anti-cancer effects of lycopene
on prostate cancer and the protective effects of β-carotene on lung
cancer have been reported (Woodside et al., 2015). The source of
the carotenoids including dietary foods and supplements, dosage
and time intervals for the intake of carotenoids and the life style
(e.g. smoking) of the subjects could all impact the results. Tumor
growth stage is also important for treating by carotenoids. Astaxanthin given prior to tumor initiation could suppress mammary
tumor growth, and increase the natural killer cell populations and
plasma interferon-g concentration in BALB/c mice injected with a
mammary tumor cell line. However, the astaxanthin supplementation after tumor initiation resulted in more rapid tumor growth and
elevated plasma inflammatory cytokines IL-6 and TNF-α (Nakao
et al., 2010). All this suggests the importance of checking the redox
homeostasis prior to disease initiation and the timing for the supplementation of carotenoids.

4.3. Cancer

Research on dietary carotenoids has clearly demonstrated the significant roles that these food bioactives play in promoting health
and preventing chronic disease, particularly the OS-associated
diseases. Their unique chemical structures allow for extraordinary
ability to quench ROS and reduce OS, and the strong antioxidant
activities help maintain the redox homeostasis in our body. Ca-

Increased intake of carotenoid-rich diet has been linked to reduced
risk of various cancer types. However, the roles of extracts or food
supplements in cancer prevention and treatment are not as clear.
The mechanisms of the anti-cancer effects by carotenoids include
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4.4. Macular degeneration
Carotenoids also show protective effects against degenerative diseases such as macular degeneration. Two of the leading causes of
visual impairment and blindness are age-related macular degeneration (AMD) and age-related cataracts. Both diseases are related to
light-induced oxidative damage to the eyes. Lutein and zeaxanthin
are concentrated in the macula of the eye. These carotenoids act
as a filter of the UV and visible blue light to reduce the light injury and free radical damage in the eyes. As aforementioned, only
the cis-isomers have significant UV absorption. This is especially
intriguing because even though dietary lutein and zeaxanthin are
predominantly all-trans, the cis-isomers are disproportionally
higher in the macular. Study also shows that astaxanthin as well as
lutein are capable of crossing the blood–brain barrier and deposit
in the retina of mammals (Guerin et al., 2003). β-Carotene, in addition to being a pro-vitamin A carotenoid, was also found to reduce
the premature aging action of UV rays on the skin and play an
important role in retinal synthesis (Matos et al., 2017).
5. Conclusions and perspectives
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rotenoids are bioavailable, however the inherent physicochemical
properties of carotenoids such as structure, geometric and stereoisomers and esterification pattern, and food processing, food matrix
and formulation, can all affect the bioaccessibility and bioavailability of carotenoids, leading to varied bioactivities. Meanwhile,
the OS is also a causative factor for inflammation, especially
chronic inflammation. Review of the latest literature in the present paper shows that dietary carotenoids can inhibit production
of pro-inflammatory cytokines through modulating cell signally
pathways, thereby having strong anti-inflammatory and immune
modulatory effects (Figure 3). Existing evidence in vivo also
strongly suggests that intake of carotenoids-rich diet or supplements can lower risk of chronic diseases, particularly in alleviating
metabolic syndrome. Recent studies on the ability of carotenoids
in ameliorating intestinal dysbiosis suggest that these food bioactives may play a significant role in maintaining immune balance
and good gut health, an emerging area of research that warrants
further exploration. In addition, carotenoids have also been shown
to inhibit cancer growth and slowed down progression of degenerative diseases, particularly age-related macular degeneration,
although caution should be taken when treating cancer. Overall,
carotenoids are a healthy component of diet, and significant evidence does exist for the link between high carotenoid intake and
lower risk of various chronic diseases. The present review also led
to the following perspectives for future research:
1. Means to increase carotenoid content and profile in food crops
and microbes. Conventional breeding and rational usage of genetic engineering can lead to better composition in terms of specific carotenoid molecules, geometric and stereoisomers, more
bioavailable free or ester forms.
2. Means to increase the stability and bioaccessibility of carotenoids during food processing, formulation or large-scale extraction.
3. Further studies on the mechanisms of synergistic effects between different carotenoids, different isomers, and with other
food bioactives; also, on the interactions with food matrices in
terms of their antioxidant and anti-inflammatory activities and
potential health benefits.
4. The role of carotenoids in modulating gut microbiome, intestinal inflammation and immune response.
These future studies will not only generate new knowledge on
how carotenoids contribute to good health beyond their regular
nutritional function i.e. provitamin A for some compounds, but development of novel and more efficient functional foods and health
products.
Acknowledgments
This project is supported by the A-Base Project (#J-002252.001.04)
of Agriculture & Agri-Food Canada and grants from the Fundamental Research Funds for the Central Universities (JUSRP11907), the
Natural Science Foundation of Jiangsu Province (BK20190592)
and the Natural Sciences Foundation of China (31901654).
References
Amado, I.R., González, M.P., Murado, M.A., and Vázquez, J.A. (2016).
Shrimp wastewater as a source of astaxanthin and bioactive peptides. J. Chem. Technol. Biotechnol. 91(3): 793–805.
Bertrand, M. (2010). Carotenoid biosynthesis in diatoms. Photosynthesis
Res. 106(1-2): 89–102.
Böhm, V., Puspitasari-Nienaber, N.L., Ferruzzi, M.G., and Schwartz, S.J.

(2002). Trolox equivalent antioxidant capacity of different geometrical isomers of α-carotene, β-carotene, lycopene, and zeaxanthin. J.
Agric. Food Chem. 50(1): 221–226.
Bohn, T. (2019). Determinants and determination of carotenoid bioavailability from infant food formulas and adult nutritionals including liquid dairy products. J. AOAC Int. 102(4): 1044–1058.
Borel, P., Lietz, G., Goncalves, A., Szabo de Edelenyi, F., Lecompte, S., Curtis, P., Goumidi, L., Caslake, M.J., Miles, E.A., Packard, C., Calder, P.C.,
Mathers, J.C., Minihane, A.M., Tourniaire, F., Kesse-Guyot, E., Galan,
P., Hercberg, S., Breidenassel, C., González Gross, M., Moussa, M.,
Meirhaeghe, A., and Reboul, E. (2013). CD36 and SR-BI are involved
in cellular uptake of provitamin A carotenoids by Caco-2 and HEK
cells, and some of their genetic variants are associated with plasma
concentrations of these micronutrients in humans. J. Nutr. 143(4):
448–456.
Cahú, T.B., Santos, S.D., Mendes, A., Córdula, C.R., Chavante, S.F., Carvalho, L.B., Nader, H.B., and Bezerra, R.S. (2012). Recovery of protein, chitin, carotenoids and glycosaminoglycans from Pacific white
shrimp (Litopenaeus vannamei) processing waste. Process Biochem.
47(4): 570–577.
Cani, P.D., Osto, M., Geurts, L., and Everard, A. (2012). Involvement of gut
microbiota in the development of low-grade inflammation and type
2 diabetes associated with obesity. Gut Microbes 3(4): 279–288.
Cano, M.P., Gómez-Maqueo, A., Fernández-López, R., Welti-Chanes, J.,
and García-Cayuela, T. (2019). Impact of high hydrostatic pressure
and thermal treatment on the stability and bioaccessibility of carotenoid and carotenoid esters in astringent persimmon (Diospyros kaki
Thunb, var. Rojo Brillante). Food Res. Int. 123: 538–549.
Carvalho, L.M., Oliveira, A.R., Godoy, R.L., Pacheco, S., Nutti, M.R., de Carvalho, J.L., Pereira, E.J., and Fukuda, W.G. (2012). Retention of total
carotenoid and β-carotene in yellow sweet cassava (Manihot esculenta Crantz) after domestic cooking. Food Nutr. Res. 56(1): 15788.
Catalkaya, G., and Kahveci, D. (2019). Optimization of enzyme assisted extraction of lycopene from industrial tomato waste. Sep. Purif. Technol. 219: 55–63.
Chitchumroonchokchai, C., and Failla, M.L. (2017). Bioaccessibility and intestinal cell uptake of astaxanthin from salmon and commercial supplements. Food Res. Int. 99: 936–943.
Cho, K.S., Shin, M., Kim, S., and Lee, S.B. (2018). Recent advances in studies on the therapeutic potential of dietary carotenoids in neurodegenerative diseases. Oxid. Med. Cell. Longev. 2018: 4120458.
Cilla, A., Bosch, L., Barberá, R., and Alegría, A. (2018). Effect of processing
on the bioaccessibility of bioactive compounds–a review focusing on
carotenoids, minerals, ascorbic acid, tocopherols and polyphenols. J.
Food Compost. Anal. 68: 3–15.
Cong, X.Y., Miao, J.K., Zhang, H.Z., Sun, W.H., Xing, L.H., Sun, L.R., Zu, L.,
Gao, Y., and Leng, K.L. (2019). Effects of drying methods on the content, structural isomers, and composition of astaxanthin in Antarctic
krill. ACS Omega 4(19): 17972–17980.
Cooperstone, J.L., Ralston, R.A., Riedl, K.M., Haufe, T.C., Schweiggert,
R.M., King, S.A., Timmers, C.D., Francis, D.M., Lesinski, G.B., Clinton,
S.K., and Schwartz, S.J. (2015). Enhanced bioavailability of lycopene
when consumed as cis-isomers from tangerine compared to red tomato juice, a randomized, cross-over clinical trial. Mol. Nutr. Food
Res. 59(4): 658–669.
Couso, I., Vila, M., Rodriguez, H., Vargas, M., and Leon, R. (2011). Overexpression of an exogenous phytoene synthase gene in the unicellular
alga Chlamydomonas reinhardtii leads to an increase in the content
of carotenoids. Biotechnol. Prog. 27(1): 54–60.
da Silva, M.M., Paese, K., Guterres, S.S., Pohlmann, A.R., Rutz, J.K., Flores
Cantillano, R.F., Nora, L., and Rios, A.O. (2017). Thermal and ultraviolet–visible light stability kinetics of co-nanoencapsulated carotenoids. Food Bioprod. Process. 105: 86–94.
Das, U.N. (2010). Metabolic syndrome is a low-grade systemic inflammatory condition. Expert Rev. Endocrinol. Metab. 5(4): 577–592.
de Alvarenga, J.F.R., Tran, C., Hurtado-Barroso, S., Martinez-Huélamo, M.,
Illan, M., and Lamuela-Raventos, R.M. (2017). Home cooking and ingredient synergism improve lycopene isomer production in Sofrito.
Food Res. Int. 99: 851–861.
De Ancos, B., Rodrigo, M.J., Sánchez-Moreno, C., Pilar Cano, M., and Zacarías, L. (2020). Effect of high-pressure processing applied as pre-

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

43

Chemistry and biochemistry of dietary carotenoids

Yang et al.

treatment on carotenoids, flavonoids and vitamin C in juice of the
sweet oranges ‘Navel’ and the red-fleshed ‘Cara Cara’. Food Res. Int.
132: 109105.
Del Campo, J.A., García-González, M., and Guerrero, M.G. (2007). Outdoor
cultivation of microalgae for carotenoid production: current state
and perspectives. Appl. Microbiol. Biotechnol. 74(6): 1163–1174.
During, A., Dawson, H.D., and Harrison, E.H. (2005). Carotenoid transport
is decreased and expression of the lipid transporters SR-BI, NPC1L1,
and ABCA1 is downregulated in Caco-2 cells treated with ezetimibe.
J. Nutr. 135(10): 2305–2312.
Edelman, R., Engelberg, S., Fahoum, L., Meyron-Holtz, E.G., and Livney,
Y.D. (2019). Potato protein-based carriers for enhancing bioavailability of astaxanthin. Food Hydrocoll. 96: 72–80.
Emanuela, F., Grazia, M., Marco, D.R., Maria Paola, L., Giorgio, F., and Marco, B. (2012). Inflammation as a link between obesity and metabolic
syndrome. J. Nutr. Metab. 2012: 476380.
Eriksen, J.N., Madsen, P.L., Dragsted, L.O., and Arrigoni, E. (2017). Optimized, fast-throughput UHPLC-DAD based method for carotenoid
quantification in spinach, serum, chylomicrons, and feces. J. Agric.
Food Chem. 65(4): 973–980.
Etzbach, L., Pfeiffer, A., Schieber, A., and Weber, F. (2019). Effects of thermal pasteurization and ultrasound treatment on the peroxidase activity, carotenoid composition, and physicochemical properties of
goldenberry (Physalis peruviana L.) puree. LWT-Food Sci. Technol.
100: 69–74.
Failla, M.L., Chitchumroonchokchai, C., and Ishida, B.K. (2008). In vitro
micellarization and intestinal cell uptake of cis isomers of lycopene
exceed those of all-trans lycopene. J. Nutr. 138(3): 482–486.
Fernández Cordero, B., Couso Liáñez, I.C., León, R., Rodríguez Martínez,
H., and Vargas Muñoz, M.A. (2011). Enhancement of carotenoids biosynthesis in Chlamydomonas reinhardtii by nuclear transformation
using a phytoene synthase gene isolated from Chlorella zofingiensis.
Appl. Microbiol. Biotechnol. 91(2): 341–351.
Firdous, A.P., Kuttan, G., and Kuttan, R. (2015). Anti-inflammatory potential of carotenoid meso-zeaxanthin and its mode of action. Pharm.
Biol. 53(7): 1–7.
Fu, H., Xie, B., Fan, G., Ma, S., Zhu, X., and Pan, S. (2010). Effect of esterification with fatty acid of β-cryptoxanthin on its thermal stability
and antioxidant activity by chemiluminescence method. Food Chem.
122(3): 602–609.
Fu, H., Xie, B., Ma, S., Zhu, X., Fan, G., and Pan, S. (2011). Evaluation of antioxidant activities of principal carotenoids available in water spinach
(Ipomoea aquatica). J. Food Compost. Anal. 24(2): 288–297.
Fuller, B., Smith, D., Howerton, A., and Kern, D. (2006). Anti-inflammatory
effects of CoQ10 and colorless carotenoids. J. Cosmet. Dermatol.
5(1): 30–38.
García, J.L., de Vicente, M., and Galán, B. (2017). Microalgae, old sustainable food and fashion nutraceuticals. Microb. Biotechnol. 10(5):
1017–1024.
Gille, A., Trautmann, A., Posten, C., and Briviba, K. (2016). Bioaccessibility of carotenoids from Chlorella vulgaris and Chlamydomonas reinhardtii. Int. J. Food Sci. Nutr. 67(5): 507–513.
Giuffrida, D., Zoccali, M., Arigò, A., Cacciola, F., Roa, C.O., Dugo, P., and
Mondello, L. (2018). Comparison of different analytical techniques
for the analysis of carotenoids in tamarillo (Solanum betaceum Cav.).
Arch. Biochem. Biophys. 646: 161–167.
Gleize, B., Tourniaire, F., Depezay, L., Bott, R., Nowicki, M., Albino, L., Lairon, D., Kesse-Guyot, E., Galan, P., Hercberg, S., and Borel, P. (2013).
Effect of type of TAG fatty acids on lutein and zeaxanthin bioavailability. Br. J. Nutr. 110(1): 1–10.
Gouveia, L., and Empis, J. (2003). Relative stabilities of microalgal carotenoids in microalgal extracts, biomass and fish feed: effect of storage
conditions. Innov. Food Sci. Emerg. Technol. 4(2): 227–233.
Guerin, M., Huntley, M.E., and Olaizola, M. (2003). Haematococcus astaxanthin: applications for human health and nutrition. Trends Biotechnol. 21(5): 210–216.
Guerra, A., Etienne-Mesmin, L., Livrelli, V., Denis, S., Blanquet-Diot, S., and
Alric, M. (2012). Relevance and challenges in modeling human gastric
and small intestinal digestion. Trends Biotechnol. 30(11): 591–600.
Guo, B., Yang, B., Pang, X., Chen, T., Chen, F., and Cheng, K.-W. (2019).
Fucoxanthin modulates cecal and fecal microbiota differently based

44

on diet. Food Funct. 10(9): 5644–5655.
Hasunuma, T., Miyazawa, S.-I., Yoshimura, S., Shinzaki, Y., Tomizawa, K.-I.,
Shindo, K., Choi, S.-K., Misawa, N., and Miyake, C. (2008). Biosynthesis of astaxanthin in tobacco leaves by transplastomic engineering.
The Plant Journal 55(5): 857–868.
Henríquez, V., Escobar, C., Galarza, J., and Gimpel, J. (2016). Carotenoids in
microalgae. In: Stange, C. (Ed.). Carotenoids in Nature: Biosynthesis,
regulation and function. Springer International Publishing, Cham, pp.
219–237.
Honda, M., Kageyama, H., Hibino, T., Sowa, T., and Kawashima, Y. (2020).
Efficient and environmentally friendly method for carotenoid extraction from Paracoccus carotinifaciens utilizing naturally occurring Zisomerization-accelerating catalysts. Process Biochem. 89: 146–154.
Honda, M., Sato, H., Takehara, M., Inoue, Y., Kitamura, C., Takemura, R.,
Fukaya, T., Wahyudiono, Kanda, H., and Goto, M. (2018). Microwaveaccelerated Z-Isomerization of (all-E)-lycopene in tomato oleoresin
and enhancement of the conversion by vegetable oils containing disulfide compounds. Eur. J. Lipid Sci. Technol. 120(7): 1800060.
Hornero-Méndez, D. (2019). Occurrence of carotenoid esters in foods. In:
Mercadante, A.Z. (Ed.). Carotenoid esters in foods: Physical, chemical and biological properties. The Royal Society of Chemistry, Cambridge, UK, pp. 182–284.
Huang, J.C., Zhong, Y.J., Liu, J., Sandmann, G., and Chen, F. (2013). Metabolic engineering of tomato for high-yield production of astaxanthin.
Metab. Eng. 17: 59–67.
Jumaah, F., Plaza, M., Abrahamsson, V., Turner, C., and Sandahl, M. (2016).
A fast and sensitive method for the separation of carotenoids using
ultra-high performance supercritical fluid chromatography-mass
spectrometry. Anal. Bioanal. Chem. 408(21): 5883–5894.
Kotikova, Z., Sulc, M., Lachman, J., Pivec, V., Orsak, M., and Hamouz, K.
(2016). Carotenoid profile and retention in yellow-, purple- and redfleshed potatoes after thermal processing. Food Chem. 197(Part A):
992–1001.
Koyama, Y., and Fujii, R. (1999). Cis-Trans Carotenoids in photosynthesis:
Configurations, excited-state properties and physiological functions.
In: Frank, H.A., Young, A.J., Britton, G., and Cogdell, R.J. (Ed.). The
Photochemistry of Carotenoids. Springer Netherlands, Dordrecht,
pp. 161–188.
Lado, J., Zacarías, L., and Rodrigo, M.J. (2016). Regulation of carotenoid
biosynthesis during fruit development. In: Stange, C. (Ed.). Carotenoids in Nature: Biosynthesis, regulation and function. Springer International Publishing, Cham, pp. 161–198.
Lamers, P.P., Janssen, M., De Vos, R.C., Bino, R.J., and Wijffels, R.H. (2008).
Exploring and exploiting carotenoid accumulation in Dunaliella salina
for cell-factory applications. Trends Biotechnol. 26(11): 631–638.
Lavy, A., Amotz, A.B., and Aviram, M. (1993). Preferential inhibition of LDL
oxidation by the all-trans isomer of β-carotene in comparison with
9-cis β-carotene. Clin. Chem. Lab. Med. 31(2): 83–90.
Le Bourvellec, C., Gouble, B., Bureau, S., Reling, P., Bott, R., Ribas-Agusti,
A., Audergon, J.-C., and Renard, C.M.G.C. (2018). Impact of canning
and storage on apricot carotenoids and polyphenols. Food Chem.
240: 615–625.
Le Goff, M., Le Ferrec, E., Mayer, C., Mimouni, V., Lagadic-Gossmann,
D., Schoefs, B., and Ulmann, L. (2019). Microalgal carotenoids and
phytosterols regulate biochemical mechanisms involved in human
health and disease prevention. Biochimie 167: 106–118.
Levin, G., Yeshurun, M., and Mokady, S. (1997). In vivo antiperoxidative
effect of 9-cis β-carotene compared with that of the all-trans isomer.
Nutr. Cancer 27(3): 293–297.
Li, H., Deng, Z., Liu, R., Loewen, S., and Tsao, R. (2012). Ultra-performance
liquid chromatographic separation of geometric isomers of carotenoids and antioxidant activities of 20 tomato cultivars and breeding
lines. Food Chem. 132(1): 508–517.
Liu, J., Sun, Z., Gerken, H., Liu, Z., Jiang, Y., and Chen, F. (2014). Chlorella
zofingiensis as an alternative microalgal producer of astaxanthin: biology and industrial potential. Mar. Drugs. 12(6): 3487–3515.
Liu, X., Chen, X., Liu, H., and Cao, Y. (2018). Antioxidation and anti-aging activities of astaxanthin geometrical isomers and molecular mechanism
involved in Caenorhabditis elegans. J. Funct. Foods 44: 127–136.
Liu, X., Luo, Q., Rakariyatham, K., Cao, Y., Goulette, T., Liu, X., and Xiao, H.
(2016). Antioxidation and anti-ageing activities of different stereoi-

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

Yang et al.

Chemistry and biochemistry of dietary carotenoids

someric astaxanthin in vitro and in vivo. J. Funct. Foods 25: 50–61.
Liu, X., and Osawa, T. (2007). Cis astaxanthin and especially 9-cis astaxanthin exhibits a higher antioxidant activity in vitro compared to the
all-trans isomer. Biochem. Biophys. Res. Commun. 357(1): 187–193.
Liu, X., Song, M., Gao, Z., Cai, X., Dixon, W., Chen, X., Cao, Y., and Xiao, H.
(2016). Stereoisomers of astaxanthin inhibit human colon cancer cell
growth by inducing G2/M cell cycle arrest and apoptosis. J. Agric.
Food Chem. 64(41): 7750–7759.
Mandelli, F., Miranda, V.S., Rodrigues, E., and Mercadante, A.Z. (2012).
Identification of carotenoids with high antioxidant capacity produced
by extremophile microorganisms. World J. Microbiol. Biotechnol.
28(4): 1781–1790.
Mapelli-Brahm, P., Corte-Real, J., Meléndez-Martínez, A.J., and Bohn, T.
(2017). Bioaccessibility of phytoene and phytofluene is superior to
other carotenoids from selected fruit and vegetable juices. Food
Chem. 229: 304–311.
Mapelli-Brahm, P., Desmarchelier, C., Margier, M., Reboul, E., Meléndez
Martínez, A.J., and Borel, P. (2018). Phytoene and phytofluene isolated from a tomato extract are readily incorporated in mixed micelles and absorbed by Caco-2 cells, as compared to lycopene, and
SR-BI is involved in their cellular uptake. Mol. Nutr. Food Res. 62(22):
1800703.
Mapelli-Brahm, P., Margier, M., Desmarchelier, C., Halimi, C., Nowicki, M.,
Borel, P., Meléndez-Martínez, A.J., and Reboul, E. (2019). Comparison of the bioavailability and intestinal absorption sites of phytoene,
phytofluene, lycopene and β-carotene. Food Chem. 300: 125232.
Matos, J., Cardoso, C., Bandarra, N., and Afonso, C. (2017). Microalgae as
healthy ingredients for functional food: a review. Food Funct. 8(8):
2672–2685.
Matsufuji, H., Nakamura, H., Chino, M., and Takeda, M. (1998). Antioxidant activity of capsanthin and the fatty acid esters in Paprika (Capsicum annuum). J. Agric. Food Chem. 46(9): 3468–3472.
Mejia, E.G.d., Zhang, Q., Penta, K., Eroglu, A., and Lila, M.A. (2020). The
colors of health: Chemistry, bioactivity, and market demand for
colorful foods and natural food sources of colorants. Annu. Rev. Food
Sci. Technol. 11(1): 145–182.
Melendez-Martinez, A.J., Stinco, C.M., Liu, C., and Wang, X.-D. (2013). A
simple HPLC method for the comprehensive analysis of cis/trans
(Z/E) geometrical isomers of carotenoids for nutritional studies. Food
Chem. 138(2-3): 1341–1350.
Mercadante, A.Z., Rodrigues, D.B., Petry, F.C., and Mariutti, L.R.B. (2017).
Carotenoid esters in foods-A review and practical directions on analysis and occurrence. Food Res. Int. 99: 830–850.
Minguez-Mosquera, M.I., and Hornero-Mendez, D. (1994). Changes in carotenoid esterification during the fruit ripening of Capsicum annuum
cv. Bola. J. Agric. Food Chem. 42(3): 640–644.
Mohammadi, H., Mazloomi, S.M., Eskandari, M.H., Aminlari, M., and Niakousari, M. (2017). The effect of ozone on Aflatoxin M1, oxidative
stability, carotenoid content and the microbial count of milk. Ozone
Sci. Eng. 39(6): 447–453.
Mohammadzadeh Honarvar, N., Saedisomeolia, A., Abdolahi, M., Shayeganrad, A., Taheri Sangsari, G., Hassanzadeh Rad, B., and Muench,
G. (2017). Molecular anti-inflammatory mechanisms of retinoids and
carotenoids in Alzheimer’s Disease: a review of current evidence. J.
Mol. Neurosci. 61(3): 289–304.
Mortimer, C.L., Misawa, N., Ducreux, L., Campbell, R., Bramley, P.M., Taylor, M., and Fraser, P.D. (2016). Product stability and sequestration
mechanisms in Solanum tuberosum engineered to biosynthesize
high value ketocarotenoids. Plant Biotechnol. J. 14(1): 140–152.
Mueller, L., and Boehm, V. (2011). Antioxidant activity of β-carotene compounds in different in vitro assays. Molecules 16(2): 1055–1069.
Mulders, K.J., Lamers, P.P., Martens, D.E., and Wijffels, R.H. (2014). Phototrophic pigment production with microalgae: biological constraints
and opportunities. J. Phycol. 50(2): 229–242.
Müller, L., Fröhlich, K., and Böhm, V. (2011). Comparative antioxidant activities of carotenoids measured by ferric reducing antioxidant power
(FRAP), ABTS bleaching assay (αTEAC), DPPH assay and peroxyl radical scavenging assay. Food Chem. 129(1): 139–148.
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Abstract
Cherry laurel (dark purple or black when mature) is a popular summer fruit in the Black Sea region of Turkey. It
has been gaining popularity as a valuable source of healthy fruit over the last two decades and is a good source of
nutrients and polyphenols together with high antioxidant activity. This contribution discusses nutritional characteristics, antioxidants, polyphenols, and health benefits of cherry laurel. Where available, comparisons are made
with other cherry fruits (Cornelian, sweat, and sour) and blueberry. Although several health benefits of this fruit
and its seeds have been known as home-made and traditional medicine, in vivo and well-designed human clinical
trials are scarce. Therefore, additional carefully-designed human clinical trials are needed to validate the health
benefits of this fruit.
Keywords: Cherry laurel; Nutrients; Antioxidants; Polyphenols; Health benefits.

1. Introduction
Cherry laurel (Laurocerasus officinalis Roem.) belongs to
the Rosacea family and is a popular fruit (dark purple or black
when mature), mainly distributed and cultivated in the coasts of
the Black Sea region of Turkey and is locally called “Taflan” or
“Karayemiş” (Alasalvar et al., 2005; Liyana-Pathirana et al., 2006;
Alasalvar, 2016). It is native to some Asian countries, the Caucasia, Iran, some Mediterranean countries, Bulgaria, Serbia, and
Western Europe (Kolayli et al., 2003; Sahan et al., 2012). Cherry laurel is mostly consumed as fresh fruit in local markets but
may also be dried, pickled, and processed into syrup (known as
pekmez), jam, and marmalade. Besides its use for food, both fruit
and seeds of cherry laurel are well-known as traditional medicine
in Turkey and have been used for many years for the treatment of
stomach ulcer, digestive system complaints, bronchitis, eczemas,
hemorrhoids, diuretic agent, wound healing, and hyperglycemia,
among others (Baytop, 1984; Yeşilada et al., 1999; Kolayli et al.,

2003; Colak et al., 2005; Halilova and Ercisli, 2010; Turan et al.,
2013; Alasalvar, 2016; Ayla et al., 2019).
This review article highlights nutritional characteristics, antioxidants, polyphenols, and health benefits of cherry laurel.
2. Nutritional characteristics of cherry laurel
The proximate compositions of cherry laurel are summarized in
Table 1 (Kolayli et al., 2003; Alasalvar et al., 2005; Ozturk et al.,
2017; Turkish Food Composition Database, 2020). Cherry laurel is
a nutrient-dense fruit. Carbohydrate (13.96–20.23 g/100 g) is the
predominant component, followed by small amounts of protein and
lipid. It contains 1.61–4.02 g/100 g dietary fibre and 11.38–11.51
g/100 g sugar. Glucose is the predominant sugar, followed with
fructose, in cherry laurel. With respect to minerals, cherry laurel
is an excellent source of manganese (2.27–2.42 mg/100 g). The
recommended dietary allowance (RDA) of manganese is 2.3 and
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Table 1. Nutritional characteristics of cherry laurel (per 100 g)

Unit

Cherry laurel fruita

Water

g

77.28–81.21

Energy

kcal

74–76

Protein

g

0.54–1.59

Lipid (fat)

g

0.10–0.56

Ash

g

0.43–0.79

Carbohydrate

g

13.96–20.23

Dietary fiber

g

1.61–4.02

g

11.38–11.51

Xylose

g

0.19–0.23

Arabinose

g

0.07–0.08

Fructose

g

4.84–5.16

Glucose

g

5.43–5.88

Sorbitol

g

1.51–4.80

Sucrose

g

tr

Nutrient
Proximate composition

Sugars

Minerals
Calcium

mg

14.8–53

Copper

mg

0.08–0.09

Iron

mg

0.44–0.83

Magnesium

mg

17.9–27.0

Manganese

mg

2.27–2.42

Phosphorus

mg

21–22

Potassium

mg

157–222

Selenium

μg

–

Sodium

mg

1.0–5.5

Zinc

mg

0.16–0.37

Vitamins
Folate (DFE)

μg

–

Niacin

mg

0.20–0.35

Pantothenic acid

mg

–

Pyridoxine (B-6)

mg

0.06–0.07

Riboflavin

mg

0.02–0.03

Thiamin

mg

–

Vitamin A (RAE)

μg

tr-3.0

Vitamin C

mg

2.00–204

Vitamin E (ATE)

mg

–

Vitamin K

μg

–

Carotenoids

References
Alasalvar et al. (2005); Turkish Food
Composition Database (2020)

Kolayli et al. (2003); Turkish Food
Composition Database (2020)

Ozturk et al. (2017); Turkish Food
Composition Database (2020)

Turkish Food Composition Database (2020)

Beta-carotene

μg

tr-38

Lutein

μg

23–35

Abbreviations: ATE, alpha-tocopherol equivalents; DFE, dietary folate equivalents; RAE, retinol activity equivalents; tr, trace.
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Table 2. Antioxidant activities of cherry laurel determined by various assays

Antioxidant assays

Unit

Cherry laurel

References

ABTS

μmol TE/g

23.21

BCB

% inhibition/mL

61

Celep et al. (2012);
Ozturk et al. (2017)

CUPRAC

mg AAE/g

23.7–46.9

DPPH

μmol TE/g

43.54

FRAP

μmol TE/g

14.74

Hydrogen peroxide scavenging

% inhibition

3.5–16.3

LDL oxidation inhibition

% inhibition

42.7–58.5

ORAC

μmol TE/g

3,633–7,996

Alasalvar et al., 2005

Superoxide radical scavenging

% inhibition

82.3–100

Liyana-Pathirana et al., 2006

Liyana-Pathirana et al., 2006

Abbreviations: AAE, ascorbic acid equivalents; ABTS, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid; BCB, beta-carotene bleaching; CUPRAC, cupric reducing antioxidant
capacity; DPPH, 2,2-diphenyl-1-picrylhydrazyl; FRAP, ferric reducing antioxidant power; LDL, low-density lipoprotein; ORAC, oxygen radical absorbance capacity; TE, trolox equivalents.

1.8 mg per day for males and females, respectively (DRIs, 2001).
It is also interesting to note that cherry laurel is rich in ascorbic
acid (2.0–204 mg/100 g). Vitamin C, free radical scavenger, has a
RDA of 90 and 75 mg per day for males and females, respectively
(DRIs, 2000). Considering RDA values, consuming approximately
100 g fresh cherry laurel supplies 100% of manganese and vitamin
C daily.

Capanoglu et al. (2011) reported that the antioxidant capacities
of cherry laurel [28.4, 46.9, and 13.3 mmol TE/100 g dry weight
(dw)] was significantly higher than sour cherry (17.8, 29.7, and
7.6 mmol TE/100 g dw), determined using ABTS, CUPRAC, and
FRAP assays, respectively. However, the antioxidant capacities of
both cherry laurel and sour cherry were significantly lower than
Cornelian cherry. This happens since Cornelian cherry had the
lowest degree of polymerization (DP) of proanthocyanidins (3.9)
compared to both cherry laurel and sour cherry with high DP of
proanthocyanidins (45.2 and 62.9, respectively) (Capanoglu et al.,
2011). The DP is one of the most important properties in fruits and
vegetables since antioxidant activity has been shown to depend on
the DP (Hagerman et al., 1998; Jerez et al., 2007).
Table 3 presents contents of total anthocyanins, carotenoids, flavonoids, phenolics, and proanthocyanidins in cherry laurel (Alasalvar et al., 2005; Capanoglu et al., 2011; Celep et al., 2012; Ozturk et al., 2017). Cherry laurel contains much higher contents of
total anthocyanins [124–174 mg cyanidin 3-glucoside equivalents
(C3GE)/100 g fresh weight (fw)] and total phenolics [944-4,919
mg gallic acid equivalents (GAE)/100 g fw] than that of sweet
cherry cultivars (0.5-29.7 mg C3GE/100 g fw and 75-407 mg
GAE/100 g fw, respectively (Chaovanalikit and Wrolstad, 2004).
In addition, cherry laurel contains the same amount of total anthocyanins (40.62-378 mg C3GE/100 g fw) and higher amount of
total phenolics (275-695 mg GAE/100 g fw) than that of blueberry
cultivars (Rodrigues et al., 2010). In terms of total carotenoids,
cherry laurel has 2-fold higher total carotenoids (254-261 μg/100
g) than that of sweet cherry (123 μg/100 g) and blueberry (112

3. Antioxidants in cherry laurel
Antioxidant activities of cherry laurel have been reported using
various assays. These include 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS), beta-carotene bleaching (BCB),
copper reducing antioxidant capacity (CUPRAC), 2,2-diphenyl1-picrylhydrazyl (DPPH), ferric reducing antioxidant power
(FRAP), hydrogen peroxide scavenging, low-density lipoprotein
(LDL) oxidation, oxygen radical absorbance capacity (ORAC),
and superoxide radical inhibitory assays (Table 2).
The antioxidant activities of cherry laurel vary according to the
type of antioxidant assay used (Table 2). The antioxidant capacities of cherry laurel, determined using ABTS, DPPH, FRAP, and
ORAC assays, were 23.21, 43.54, 14.74, and 3,633–7,996 µmol
trolox equivalents (TE)/g, respectively (Alasalvar et al., 2005;
Celep et al., 2012; Ozturk et al., 2017). Celep et al. (2012) reported that cherry laurel demonstrated similar antioxidant capacities
with Cornelian cherry determined using BCB, CUPRAC, DPPH,
FRAP, and superoxide radical inhibitory assays. In another study,
Table 3. Contents of total polyphenols in cherry laurel

Polyphenols

Unit

Cherry laurel

References

Total anthocyanins

mg C3GE/100 g

124–174

Total carotenoids

μg/100 g

254–261

Alasalvar et al. (2005); Capanoglu
et al. (2011); Ozturk et al. (2017)

Total flavonoids

mg QE/100 g

11.76

Total phenolics

mg FAE/100 g

454–651

mg GAE/100 g

944–4,919

mg EGCGE/100 g

3.40

Total proanthocyanidins

Celep et al. (2012)

Abbreviations: C3GE, cyanidin 3-glucoside equivalents; EGCGE, epigallocatechin gallate equivalents; FAE, ferulic acid equivalents; GAE, gallic acid equivalents; QE, quercetin
equivalents.
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Table 4. Reported polyphenols in cherry laurel

Types of polyphenolic compounds

Unit

Content

References

Anthocyanins

mg/100 g fw

4.6

Capanoglu et al. (2011); Karahalil and
Şahin (2011); Bayrambaş et al. (2019);

Flavan-3-ols

Flavonols

Phenolic acids

Procyanidins

Cyanidin-3-glucoside
Cyanidin-3-rutinoside

6.6

Keracyanin chloride

2.4–14.97

Pelargonidin-3-glucoside

11.0

(-)-Catechin

0.02–23.3

(-)-Catechin gallate

0.8–4.3

(-)-Epigallocatechin

1.7–27.2

(-)-Epigallocatechin gallate

0.4–41

Epicatechin

0.3–17.2

(-)-Gallocatechin gallate

1.4–6.4

Kaempferol

0.5–3.8

Quercetin-3-glucoside

0.97–2.8

Rutin

nd–0.3

Caffeic acid

64.6–74.8

Chlorogenic acid

103–160

o-Coumaric acid

nd–2.24

p-Coumaric acid

11.5–49.7

Ferulic acid

nd–6.2

Gallic acid

0.2–37.6

p-Hydroxybenzoic acid

2.3–3.0

Protocatechuic acid

nd–1.12

Protocatechuic acid ethyl ester

0.04–19.0

Syringic acid

1.0–56.2

Vanillic acid

1.5–12.4

Procyanidin B2

14.4–52.4

Alasalvar et al. (2005); Capanoglu et al. (2011);
Karahalil and Şahin (2011); Karabegović et al. (2014);
Ozturk et al. (2017); Bayrambaş et al. (2019)

Abbreviations: fw, fresh weight; nd, not detected.

μg/100 g) (USDA, 2019). Thus, cherry laurel may be considered
as a rich source of polyphenols.
4. Polyphenols in cherry laurel
To the best of our knowledge, limited polyphenols (anthocyanins,
flavan-3-ols, flavonols, phenolic acids, and procyanidins) have
been reported in cherry laurel (Table 4). Phenolic acids (11 in total)
are the main polyphenols reported in cherry laurel. Chlorogenic
acid is the most abundant phenolic acid, followed by caffeic, pcoumaric, syringic, and gallic acids. Besides, o-coumaric, ferulic,
p-hydroxybenzoic, protocatechuic, protocatechuic acid ethyl ester,
and vanillic acids are also present (Alasalvar et al., 2005; Karahalil & Şahin, 2011; Karabegović et al., 2014; Ozturk et al., 2017;
Bayrambaş et al., 2019). Ayaz et al. (1997) reported the presence of
protocatechuic, p-hydroxybenzoic, vanillic, caffeic, and p-coumaric acids in several cultivated and wild cherry laurel varieties where
vanillic acid was the most abundant phenolic acid.
Four anthocyanins have been reported in cherry laurel (Table
4). Keracyanin chloride was the most abundant anthocyanins, as
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reported in a a recent study (Bayrambaş et al., 2019). Besides,
cyanidin-3-glucoside, cyanidin-3-rutinoside, and pelargonidin3-glucoside were also detected in cherry laurel (Karahalil and
Şahin, 2011).
Capanoglu et al. (2011) reported that the total flavan-3-ol
content in cherry laurel was 1,089 mg/100 g dw where (-)-epigallocatechin gallate and (-)-epigallocatechin were the most
abundant flavan-3-ols. Besides, kaempferol was the most abundant flavonols detected in cherry laurel, followed by quercetin3-glucoside and rutin. Cherry laurel also contains procyanidin
B2 (14.4–52.5 mg/100 g fw) (Bayrambaş et al., 2019). Figure 1
shows chemical structures of the phenols and polyphenols present in cherry laurel.
5. Health benefits of cherry laurel
Since cherry laurel has high contents of phenolic acids, anthocyanins, and flavan-3-ols, it is able to provide health benefits beyond
basic nutrition (Karahalil and Şahin, 2011; Bayrambaş et al., 2019).
Cherry laurel renders beneficial effects on human health such as
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Figure 1. Chemical structures of the phenols and polyphenols present in cherry laurel.

neuroprotective, anti-diabetic, dimethoate-induced liver damage,
antioxidative stress, anti-microbial, wound healing, and cytotoxic
activities (Orhan and Akkol, 2011; Orhan et al., 2015; Demir et al.,
2017; Eken et al., 2017; Ayla et al., 2019; Bayrambaş et al., 2019).
These health effects of cherry laurel are reviewed below.
Orhan and Akkol (2011) evaluated the neuroprotective potential
of cherry laurel extract. Results demonstrated that dichloromethane extract of cherry laurel (100 and 200 µg/mL) showed 16.3
and 19% inhibitory activity on acetylcholinesterase, respectively,
but had no effect on the activity of butyrylcholinesterase enzyme.
These enzymes play important roles in the pathogenesis of Alzheimer’s disease (Orhan and Akkol, 2011). More research should
be conducted to ascertain the neuroprotective potential of cherry
laurel.
Orhan et al. (2015) determined the effect of ethanolic extract
of pitted and non-pitted cherry laurel on blood glucose levels in
healthy glycemic, glucose-loaded, and streptozotocin-induced diabetic rats. Results demonstrated that pitted extract of cherry laurel
(500 and 1,000 mg/kg) showed a notable hypoglycemic effect in
healthy male rats. However, pitted cherry laurel extract (1,000 and
2,000 mg/kg) had weak inhibitory effect on blood glucose levels
in glucose-loaded rats. All cherry laurel extracts had no effect on
blood glucose levels in streptozotocin-induced diabetic rats (Orhan
et al., 2015).
More recently, Eken et al. (2017) evaluated the protective role
of methanolic extract of cherry laurel against dimethoate-induced
liver damage and oxidative stress in vivo. Their results showed that
pre- and post-treatment with cherry laurel extract significantly reduced the activity of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) as well as total bilirubin level compared to
the control group. Besides, administration of cherry laurel extract

also normalized total antioxidant status by increasing the enzymatic activities of superoxide dismutase, catalase and glutathione
peroxidase, reducing the malondialdehyde level, and DNA damage
significantly (Eken et al., 2017). Supplementation with cherry laurel extract protected liver against hepatotoxicity by improving the
structural integrity of hepatocyte cell membrane and regeneration
of damaged liver cells, thus maintaining normal hepatic physiology. The liver-protective effects of cherry laurel extract were comparable to the positive control, vitamin C (Eken et al., 2017).
The antimicrobiall effects of methanolic extract of cherry laurel against five microbial strains including Gram-positive bacteria
(Bacillus cereus and Staphylococcus aureus) and Gram-negative
bacteria (Escherichia coli, Klebsiella pneumoniae, and Pseudomonas aeruginosa) was determined by Ayla et al. (2019), using agar diffusion method. Cherry laurel extract exhibited potential inhibitory activities against growth of the five tested human
pathogenic microbes where there were no significant differences
between the antimicrobial effects between Gram-positive and
Gram-negative bacteria. In addition, cherry laurel extract was also
investigated for wound healing effects in excisional wound mice
model for ten days. Results demonstrated that topical application
of cherry laurel extract on wound area accelerated wound contraction rate and enhanced epithelialization and angiogenesis in the
wound healing compared to the control group (Ayla et al., 2019).
The authors postulated that the antioxidant and antimicrobial effects of cherry laurel contributed to the wound healing effects.
Finally, Bayrambaş et al. (2019) investigated the cytotoxic effect of methanolic extract of three cherry laurel varieties on HCT
116 human colon cancer cell line. Treatment with 61K04 variety
prevented the growth of cancer cells (55% apoptosis), followed
by 61K05 (27% apoptosis), and 55K06 (36.9% apoptosis) varie-
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ties. In another study, Demir et al. (2017) reported that dimethyl
sulphoxide extract of cherry laurel exhibited potential cytotoxic
effect on human colon cancer cells (WiDr) and human lung cancer
cells (A549) in vitro. However, cherry laurel extract did not show
any effect on the cell viability of human prostate cancer cells (PC3), hepatocarcinoma cells (HepG2), cervix adenocarcinoma cells
(HeLa), and breast adenocarcinoma cells (MCF-7). These findings
should be validated in animal models to provide better indication
of the use of cherry laurel extract in preventing severity of various
types of cancer.
6. Conclusion
The available data to date reveal that cherry laurel is rich in antioxidant phenolics and possesses strong radical scavenging activity.
It is a good source of nutrients and polyphenols (mainly phenolic
acids, anthocyanins, and flavan-3-ols). Limited data exist in the
literature on the detailed polyphenol profiles of cherry laurel. Further research is warranted to identify other polyphenols present in
cherry laurel such as anthocyanins, ellagitannins, and proanthocyanidins as well as to adressing its health benefits using welldesigned human clinical trials.
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Abstract
Milk thistle (Silybum marianum) seeds are a good source of dietary polyphenols. The bioactive component of
milk thistle seeds, silymarin, contains flavonolignans including silybin A, silybin B, isosilybin A, isosilybin B, silychristin, isosilychristin, and silydiain along with the flavonol taxifolin. Silymarin is used traditionally as a natural
herbal medicine with minimal side effects. Structurally, each silymarin component possesses phenolic hydroxyl
groups and thus works as an antioxidant. In addition to free radical scavenging capacities, silymarin’s anti-cancer
activities were reported for many different types of cancers including bladder, breast, colon, gastric, kidney, lung,
oral, ovarian, prostate, and skin. The current review will discuss silymarin’s chemical components, total phenolic
content, free radical scavenging capacities, and anti-cancer activities.
Keywords: Milk thistle; Silymarin; Flavonolignan; Polyphenols; Antioxidant; Cancer.

1. Introduction
Silymarin is a mixture of flavonolignans found in milk thistle (Silybum marianum) seeds. Silymarin has been used since ancient times
due to its hepatoprotective effects (Flora et al., 1998). An ancienct
Greek pharmacologist and botanist, Dioscorides, noted that tea of
milk thistle seeds could cure the bite of a poisonous snake (Flora
et al., 1998). Milk thistle seeds’ hepatoprotective effects have been
extensively studied. Currently silymarin is widely used as a dietary supplement for the treatment of liver-related diseases such as
jaundice, cirrhosis, liver cancer, and fatty liver disease (Federico et
al., 2017). In addition, silymarin possesses free radical scavenging
capacity and anti-cancer activity. However, compared to hepatoprotective effects, silymarin’s free radical scavenging capacities
and anti-cancer activities have not been thoroughly reviewed.
A free radical is an unpaired electron found in reactive oxygen
species (ROS) such as superoxide (O2•−) and the hydroxyl radical
(•OH). ROS can cause damage to lipids, protein, and DNA, known

as oxidative stress. Oxidative stress can trigger pro-inflammatory responses and inflammation is associated with many chronic
diseases such as Alzheimer’s disease, diabetes, cardiovascular
disease, inflammatory disorders, asthma, and cancers (Willcox et
al., 2010). Therefore, dietary antioxidants may reduce the risk of
chronic diseases by quenching free radicals.
Well-known dietary antioxidants include vitamins A, C, and
E. Additionally, polyphenolic compounds found in fruits, vegetables, and herbs can work as antioxidants and play an important
role in free radical scavenging. In general, polyphenolic content
is positively correlated with the free radical scavenging capacity
of a plant extract. However, free radical scavenging capacity is
not always directly proportional to total phenolic content. Antioxidants in plants may have capacity to quench various types of free
radicals. Therefore, to have a better understanding and idea of the
health beneficial effects of polyphenolic compounds, measuring
both total phenolic content and free radical scavenging capacity
is necessary.
Another important health benefit of polyphenolic compounds

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

53

Total phenolic content, free radical scavenging capacity, and anti-cancer activity of silymarin

Choe et al.

Figure 1. Chemical components of silymarin and their chemical structures.

is anti-cancer activity. Throughout diverse biochemical processes,
polyphenolic compounds can modulate pathways involved in carcinogenesis. This is mainly due to the chemical structure of polyphenolic compounds. Polyphenolic compounds possess a number
of phenolic hydroxyl groups. These phenolic hydroxyl groups
can quench free radicals and possibly block or suppress oxidative
stress that causing cancer. Cancer is the second highest cause of
death in the world and associated with oxidative stress. More than
9 million people in the world died as a result of cancer in 2018
(World Health Organization, 2018). According to the National Institutes of Health, estimated national expenditures for cancer care
in the United States in 2017 were $147.3 billion (National Institutes of Health, 2020). Prevention of cancer with dietary components, particularly polyphenols, has often been studied. Silymarin
is a mixture of polyphenolic compounds that possess strong antioxidant and anti-cancer activity with minimal physiological side
effects. Hence, silymarin may be used in nutraceutical and functional foods targeting oxidative stress and cancer. This review will
discuss silymarin’s chemical components, total phenolic content,
free radical scavenging capacity, and anti-cancer activity.
2. Chemical components of silymarin
Silymarin is composed of flavonolignans and taxifolin (Fig. 1).
Flavonolignans include silybin A, silybin B, isosilybin A, isosilybin B, silychristin A, silychristin B, isosilychristin, and silydianin.
These flavonolignans are isomers and have the same molecular
weight and chemical formula of 482 g/mol and C25H22O10, respectively (Lee and Liu, 2003). Taxifolin belongs to a flavanonol
which is a subclass of flavonoids and silymarin flavonolignans
are derived from taxifolin (AbouZid and Ahmed, 2013). Among
flavonolignans, six flavonolignans including silybin A, silybin B,
isosilybin A, isosilybin B, silychristin A, and silydianin are the major flavonolignans found in silymarin. The other flavonolignans,
Silyhristin B and isosilychristin, are the minor compounds (Fig. 1).
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Silymarin accounts for about 70 to 80% of milk thistle seed
extract and the remaining components are other polyphenols and
fatty acids (Karimi et al., 2011). The composition of silymarin varies depending on milk thistle’s cultivar, growing condition, harvesting stage, and extraction methods. For example, in 2006, Martin and others extracted silymarin from German and New Zealand
milk thistle seeds using the Soxhlet apparatus and ethyl acetate as
the solvent and evaluated chemical compositions. In German milk
thistle, the total silymarin content was 6 g/kg of milk thistle while
the New Zealand milk thistle had silymarin content of 18 g/kg. The
primary component of silymarin from German milk thistle was
silybin B followed by silychristin A (18.2%) silydianin (17.6%),
silybin A (16%), isosilybin A (12.2%), isosilybin B (6.7%), and
silychristin B (4.8%). For the New Zealand silymarin composition,
the primary component was silybin B (36.8%) followed by silybin
A (24.1%), silychristin A (23.7%), isosilybin A (8.6%), silychristin
B (4.4%), and isosilybin B (2.3%) (Martin et al., 2006). It is noted
that the total silymarin content and composition from German and
New Zealand’s milk thistle seeds were different. Previously, our
group extracted milk thistle seed flour using 50% acetone as a solvent and evaluated its chemical composition. The primary component was silychristin followed by silybin B, isosilybin A and B,
and silybin A (Choe et al., 2019). The primary component of both
silymarins from German and New Zealand milk thistle seeds was
silybin B (Martin et al., 2006). However, the primary component
found in our previous study was silychristin. As mentioned earlier,
this difference in chemical compositions may due to variation in
milk thistle cultivar, growing condition, harvesting stage, and extraction methods.
The primary component of silymarin found in Martin’s study,
silybin B, is often regarded as a primary component of silymarin.
Together with silybin B’s diastereomer, silybin A, the mixture is
called silibinin (Fig. 1). Both silybin A and B have five hydroxyl
groups (3-OH, 5-OH, 7-OH, 20-OH, and 23-OH). Among them,
three hydroxyl groups, 5-OH, 7-OH, and 20-OH possess a phenolic nature (Bijak, 2017). The number of phenolic hydroxyl
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groups is directly related to the free radical scavenging capacities
(Chen et al., 2020). For solubility, the silibinin is soluble in polar
solvents such as ethanol, methanol, dimethyl sulfoxide (DMSO),
acetone, and dimethylformamide (DMF) but not very soluble in
water (Biedermann et al., 2014).
Similar to silibinin, the 1:1 ratio mixture of isosilybin A and B
are often called isosilibinin. Isosilibinin has the same molecular
weight and formula as silibinin which is 482 g/mol and C25H22O10,
respectively. The hydroxyl groups of isosilybin A and B are located
at the same positions as silybin A and B which are at C3, C5, C7,
C20, and C23 (3-OH, 5-OH, 7-OH, 20-OH, and 23-OH). The difference between silibinin and isosilibinin is the R group attached
to C10 and C11. In silybinin, the hydroxymethyl group is attached
to C10, and 2-methoxyphenol is attached to C11. Isosilybinin has a
hydroxymethyl group in its C11 and 2-methoxyphenol in C10 positions (Fig. 1).
Silychristin also has diastereomers A and B. However, unlike
silibinin and isosilibinin, the mixture of silychristin A and B’s ratio
is not 1:1 and does not have a name for its mixture. Silychristin A
makes up 95% of the mixture and only 5% is silychristin B. Silychristin A and B have six hydroxyl groups and they are located at
C3, C5, C7, C19, and C22 (3-OH, 5-OH, 7-OH, 15-OH, 19-OH, and
22-OH) (Fig. 1).
Isosilychristin has a very similar structure to silychristin. The R
group attached to C2 is the same for silychristin and isosilychristin.
The only difference is its connected position. For silychristin, the
R group is connected through C2 and C13 while isosilychristin’s R
group is connected through C2 and C12 (Fig. 1).
Silydianin is one of the major components of silymarin and accounts for about 5 – 10% of silymarin (Chambers et al., 2017).
Silydianin is structurally the most complex and has a distinctive
structure compared to other flavonolignans found in silymarin.
The structural complexity of silydianin comes from the bicyclic
structure with the keto group which is attached to the C2 position
(Fig. 1). Unlike silybin or isosilybin, silydianin does not have its
diastereomer. Silydianin possesses four hydroxyl groups at C3, C5,
C7, and C19 (3-OH, 5-OH, 7-OH, and 19-OH) (Fig. 1).
Taxifolin is a flavonoid and has molecular weight and chemical formula of 304 g/mol and C15H12O7, respectively (Fig. 1).
Flavonolignans found in silymarin are synthesized from taxifolin
and therefore the basic structures of silymarin flavonolignans are
taxifolin (Althagafy et al., 2014). There are five hydroxyl groups
in taxifolin and they are located at C3, C5, C7, C12, and C13 (3-OH,
5-OH, 7-OH, 12-OH, and 13-OH) (Fig. 1). As mentioned above,
the number of phenolic hydroxyl groups are directly associated
with free radical scavenging capacity. The position of the hydroxyl
group also plays an important role in free radical scavenging capacity. The compound with the ortho position of hydroxyl groups
was found to be more active in antioxidant activity followed by
para and meta positions of compounds due to the compound’s
ability to form intramolecular hydrogen bonding (Bendary et al.,
2013). In taxifolin, two hydroxyl groups, 12-OH and 13-OH are
in the ortho position and this may contribute a large portion of the
free radical scavenging capacity of taxifolin.
3. Total phenolic content of silymarin
Silymarin is a mixture of polyphenolic compounds. Dietary polyphenols are natural compounds found in fruits, vegetables, herbs,
spices, and tea (Shahidi and Ambigaipalan, 2015) and possibly
work as antioxidants in the human body. In the human body, reactive oxygen species (ROS) are continuously generated either

endogenously (mitochondria, phagocytes, and peroxisomes) or
exogenously (cigarette smoking, ultraviolet light, pesticides, and
alcohol) (Babusikova et al., 2012). The excessive amount of free
radical generated inside the body can cause oxidative stress which
is an imbalance between free radicals and antioxidants. Oxidative
stress can cause damage to proteins, lipids, DNA, and RNA. As a
result, oxidative stress can cause many chronic diseases such as
cardiovascular disease, cancer, Alzheimer’s disease, and diabetes
(Willcox et al., 2010). Therefore, quenching free radicals through
dietary intervention (polyphenols) may lower the risk of chronic
diseases. However, different foods have varying amounts of phenolics, and thus measuring total phenolic content (TPC) is important for nutraceutical and functional foods development. The total
phenolic content in foods is associated with free radical scavenging capacity.
Asghar and Masood evaluated TPC of silymarin purchased from
a pharmaceutical company (Asghar and Masood, 2008) (Table 1).
The concentration of silymarin was 0.1 mg/mL and TPC value was
0.484 ± 0.017 mg gallic acid equivalent/mg of dry weight (Asghar
and Masood, 2008). Malekinejad and others tested the total phenolic content of five different concentrations of silymarin (Malekinejad et al., 2012) (Table 1). The concentrations were 1, 10, 25, 50,
and 100 mg/mL of silymarin and TPC values were 560.2 ± 19.5,
6,055.2 ± 214, 7,255.3 ± 308.6, 13,016.0 ± 538.9, and 23,088.8 ±
1,730.3 mg gallic acid equivalent (GAE)/mg of silymarin powder,
respectively (Malekinejad et al., 2012). The result of this research
showed that the total phenolic content of silymarin was concentration dependent. Tupe and others extracted silymarin from milk
thistle seed by using methanol as a solvent. The concentration of
silymarin extract was 1 g/100 mL and TPC value was 18.33 ± 0.16
mg GAE/g of milk thistle seed (Table 1) (Tupe et al., 2013). Three
research groups evaluated the total phenolic content of silymarin
in 2016. Pientaweeratch and others used silymarin extract from a
pharmaceutical company and found TPC value of 233.37 ± 7.53
mg GAE/g of extract (Table 1) (Pientaweeratch et al., 2016). Ismaili and others extracted silymarin from milk thistle seeds using
the Soxhlet apparatus and ethanol as a solvent. The concentration
of silymarin extract was 0.5 g/mL and TPC value was 45.31 mg
GAE/g of dry weight milk thistle seed (Table 1) (Ismaili et al.,
2016). The last group, Mhamdi and others, extracted silymarin by
shaking and using methanol as a solvent. The concentration of silymarin extract was 0.25 mg/mL and TPC value was 29 mg GAE/g
dry weight (Table 1) (Mhamdi et al., 2016). In 2017, Attia and
others evaluated TPC of milk thistle seeds and found TPC value of
392.1 ± 5.6 mg GAE/100 g (Table 1) (Attia et al., 2017).
As shown in Table 1, TPC values of silymarins are widely varying. The most important reason for the variation may differences
in chemical composition. As mentioned earlier, German and New
Zealand milk thistle had different compositions of silymarin (Martin et al., 2006) and this variation is shown in other studies of silymarin in Table 1. Another reason for the variation in TPC might
be differences in extraction methods. Silymarin does not dissolve
well in water, but extraction with ethanol or methanol will increase
the extraction efficacy and make a notable difference in silymarin’s
chemical composition and TPC.
For comparison with other plants, the TPC values of silymarins
have been shown to be higher than typical TPC values of wheat.
Wheat is one of the most consumed cereals in the world and can
be used as a good indicator of TPC. In 2005, Moore and others
extracted eight different varieties of wheat using 50% acetone as a
solvent and evaluated TPC. The eight different varieties of wheat
extract had TPC values in a range of 0.4–0.8 mg GAE/g (Moore
et al., 2005). In contrast to the wheat extracts, the ethanolic extract of milk thistle seed showed TPC value of 45.31 mg GAE/g
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Table 1. Total phenolic content of silymarin

Extract concentration

Total phenolic content

Reference

Silymarin extract from Darou-Pakhs
pharmaceutical company

–

0.484 ± 0.017 mg GAE/mg of silymarin

Asghar and
Masood, 2008

Silymarin powder from Sigma Aldrich

1, 10, 25, 50,
and 100 mg/mL

560.2 ± 19.5, 6055.2 ± 214, 7255.3 ±
308.6, 13,016.0 ± 538.9, and 23,088.8 ±
1730.3 mg GAE/mg of silymarin powder

Malekinejad
et al., 2012

Milk thistle seed/Stirring/Methanol

1 g/ 100 mL

18.33 ± 0.16 mg GAE/g of milk thistle seed

Tupe et al., 2013

Milk thistle seed/Soxhlet/Ethanol

0.5 g of milk
thistle seeds/mL

45.31 mg GAE/g of dry weight milk thistle seed Ismaili et al., 2016

Milk thistle seed/Shaking/Methanol

0.25 mg/mL

29 mg GAE/g dry weight

Mhamdi et
al., 2016

Silymarin extract from Berlin pharmaceutical
industry/Maceration/Ethanol

–

233.37 ± 7.53 mg GAE/g of extract

Pientaweeratch
et al., 2016

Milk thistle seed

–

392.1 ± 5.6 mg GAE/100 g

Attia et al., 2017

Source/Extraction method/Solvent

Abbreviation: GAE, Gallic acid equivalents.

and methanolic extract of milk thistle seed showed TPC value of
29 mg GAE/g (Ismaili et al., 2016; Mhamdi et al., 2016). Even
though the extraction methods were different, ethanolic extract of
milk thistle seed had about 57–113 times greater TPC than wheat
extract. Methanolic extract of milk thistle seed had about 36–73
times greater TPC values compared to TPC values of eight varieties of wheat extracted with 50% acetone. The high phenolic
content seems to be associated with numerous health beneficial
effects such as free radical scavenging and anti-proliferative capacity.
4. Free radical scavenging capacities of silymarin
Excessive free radicals generated inside the human body can cause
oxidative stress. Oxidative stress is closely associated with inflammation and chronic diseases. Therefore, quenching free radicals
may reduce the risk of getting chronic diseases. Dietary polyphenols can neutralize free radicals and therefore may be a dietary
intervention important for human health. However, each plant
contains different amounts of polyphenolic compounds and has
different free radical scavenging capacity. Even though TPC is an
indicator of free radical scavenging capacity, the relationship is not
directly proportional. Also, free radical scavenging capacity can
vary depending on the structure of polyphenolic compounds and
free radical species. Therefore, evaluating free radical scavenging
capacities is also important for the development of nutraceuticals
and functional foods.
There are several free radical scavenging capacity assays available that measure different types of free radicals. Peroxyl and
hydroxyl radicals are physiologically relevant free radicals and
oxygen radical absorbing capacity (ORAC) and hydroxyl radical
scavenging capacity (HOSC) assays are used for the measurement
of these free radicals. Peroxyl radical is an important physiological
radical since it can be possibly involved in the propagating steps of
the lipid peroxidation chain reaction. The hydroxyl radical (•OH)
is extremely reactive with almost every type of biomolecules and
is possibly the most reactive chemical species among physiologically relevant reactive oxygen species (Halliwell & Cross, 1994).
2,2-diphenyl-1-picrylhydrazyl (DPPH) and (2,2′-azino-bis(3-
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ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical scavenging
capacity assays are chemical-based and color changes are measured. The DPPH radicals have violet color which has a strong
absorption at 517 nm. When the antioxidant donates its electron
to DPPH free radicals, the violet color turns to yellow and this
decolorization is used to measure the DPPH free radical scavenging capacity. The ABTS cation radicals have a dark green color
and absorption of 734 nm. Similar to the DPPH assay, ABTS radical scavenging capacity assay is also a decolorization assay. Once
ABTS cation radical reacts with antioxidants, the dark green color
turns transparent. The benefit of these two chemical-based assays
is that they are easy to perform.
Asghar and Masood evaluated silymarin’s DPPH free radical
scavenging capacity and found half-maximal effective concentration (EC50) of 1.34 mg/mL (Asghar and Masood, 2008) (Table 2).
Köksal and others evaluated three free radical scavenging capacities of silymarin including HOSC, DPPH, and ABTS (Köksal et
al., 2009). They extracted silymarin by boiling water and the concentration of silymarin extract was 30 µg of silymarin/mL. They
found that DPPH and ABTS had EC50 of 20.8 µg/mL and 8.62 µg/
mL, respectively (Table 2). Also, silymarin extract showed 78.5%
inhibition of hydroxyl radical (Köksal et al., 2009) (Table 2). Both
Asghar and Masood and Köksal’s group evaluated DPPH free
radical scavenging capacity but the results were quite different.
Asghar and Masood had EC50 of 1.34 mg/mL while Köksal and
others had EC50 of 20.8 µg/mL. There are two possible reasons for
the difference in results. The concentration used to test DPPH free
radical scavenging capacity was 30 µg of silymarin/mL for Köksal
and others but Asghar and Masood did not mention the concentration of the silymarin they used. The concentration of silymarin that
Asghar and Masood used may be much higher than the silymarin
concentration used by Köksal and others (Köksal et al., 2009). Another possible reason for the difference is the extraction method.
Asghar and Masood purchased silymarin extract from a pharmaceutical company and therefore the extraction solvent is unknown.
Often silymarin is extracted using ethanol, methanol, dimethyl sulfoxide (DMSO), acetone, and dimethylformamide (DMF). Köksal
and others (Köksal et al., 2009) used water to extract silymarin and
unlike organic solvents, silymarin is not highly soluble in water.
These are two possible reasons for differences in DPPH radical
scavenging capacity, but other factors such as difference in cultivar
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Table 2. Free radical scavenging capacities of silymarin

Extract concentration

Experimental
methods

Free radical scavenging capacities

Reference

Silymarin extract purchased from DarouPakhs pharmaceutical company

–

DPPH

1.34 mg/mL (EC50)

Asghar and
Masood, 2008

Milk thistle seed powder/Boiling/Water

30 µg of
silymarin/mL

HOSC

78.5%

Köksal et al., 2009

DPPH

20.8 µg/mL (EC50)

Source/Extraction method/Solvent

ABTS

8.62 µg/mL (EC50)

Silymarin powder from Sigma Aldrich

1, 10, 25, 50,
and 100 mg/mL

DPPH

6.0 ± 0.7, 14.1 ± 1.8, 25.7 ± 3.3, Malekinejad
39.7 ± 2.4, and 54.2 ± 5.6%
et al., 2012

Milk thistle seed/Stirring/Methanol

1 mg/mL

DPPH

92.45 ± 1.91%

ABTS

53.44 ± 0.71%

Milk thistle/Soxhlet/Ethanol

0.5 g of milk
DPPH
thistle seeds/mL

Silymarin extract from Berlin pharmaceutical –
industry/Maceration/Ethanol

353.89 ± 3.68 mg
TE/g dry weight

ABTS

805.25 ± 16.90 mg
TE/g dry weight

DPPH

27.85 ± 0.98 µg/mL (EC50)

ABTS

12.34 ± 0.21 µg/mL (EC50)

Tupe et al., 2013
Ismaili et al., 2016

Pientaweeratch
et al., 2016

Milk thistle seed/Shaking/Methanol

0.25 mg/mL

DPPH

39 µg/mL (IC50)

Mhamdi et
al., 2016

Milk thistle seed flour/
Sonication/50% acetone

200 mg FE/mL

DPPH

48.61 ± 6.47 µmol TE/g

Choe et al., 2019

43 mg FE/mL

ORAC

633.57 ± 267.17 µmol TE/g

40 mg FE/mL

HOSC

10,420.28 ± 607.58 µmol TE/g

30 mg FE/mL

ABTS

116.16 ± 16.81 µmol TE/g

Abbreviations: DPPH, 2,2-diphenyl-1-picrylhydrazyl radical scavenging capacity assay; ABTS, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radical scavenging capacity assay; ORAC, Oxygen radical absorbing capacity assay; HOSC, Hydroxyl radical scavenging capacity assay; TE, Trolox equivalents; FE, Flour equivalents.

may cause the variation.
Malekinejad and others evaluated DPPH free radical scavenging capacity of five different concentrations (1, 10, 25, 50, and 100
mg/mL) of silymarin and found % inhibition of 6.0 ± 0.7, 14.1 ±
1.8, 25.7 ± 3.3, 39.7 ± 2.4, and 54.2 ± 5.6, respectively (Malekinejad et al., 2012) (Table 2). Similarly, Tupe and others extracted silymarin from milk thistle seed using a stirring method with
methanol as a solvent and evaluated DPPH and ABTS free radical
scavenging capacities. The concentration of silymarin extract was
10 mg/mL and % inhibition was 92.45 ± 1.91 and 53.44 ± 0.71%,
respectively (Tupe et al., 2013) (Table 2). Interestingly, both Malekinejad and Tupe’s groups used methanol as a solvent and had a
common concentration of 10 mg/mL. However, their results were
significantly different. For Malekinejad and others, the percent inhibition reported for DPPH radical at 10 mg/mL of silymarin was
14.1 ± 1.8 (Malekinejad et al., 2012). The percent inhibition reported by Tupe and others using the same concentration was 92.45
± 1.91 (Tupe et al., 2013).
In 2016, Ismaili and others extracted silymarin using the Soxhlet apparatus with ethanol as a solvent and evaluated DPPH and
ABTS free radical scavenging capacities (Ismaili et al., 2016). The
concentration of silymarin extract was 0.5 g/mL and DPPH and
ABTS values were 353.89 ± 3.68 and 805.25 ± 16.90 mg Trolox
equivalent (TE)/g dry weight, respectively (Ismaili et al., 2016)
(Table 2). Recently, our group extracted silymarin using 50%
acetone and evaluated four free radical scavenging capacities including DPPH, ORAC, HOSC, and ABTS. The values of DPPH,
ORAC, HOSC and ABTS were 48.61 ± 6.47, 633.57 ± 267.17,

10,420.28 ± 607.58, and 116.16 ± 16.81 TE/g and concentrations
were 200, 43, 40, and 30 mg flour equivalents/mL, respectively
(Choe et al., 2019) (Table 2). Interestingly, Ismaili’s and our group
had a similar trend in DPPH and ABTS free radical scavenging capacity in that both extracts showed greater free radical scavenging
capacity against ABTS radical compared to DPPH radical. However, DPPH and ABTS values were different and this is probably
due to the difference in solvents. Our group used 50% acetone as a
solvent and Ismail and others used ethanol.
Pientaweeratch and others also evaluated DPPH and ABTS free
radical scavenging capacities of silymarin (Pientaweeratch et al.,
2016). Silymarin extract was purchased from a pharmaceutical
company and EC50 for DPPH and ABTS were 27.85 ± 0.98 and
12.34 ± 0.21 µg/mL, respectively (Pientaweeratch et al., 2016)
(Table 2). Interestingly, these values were comparable to that of
Köksal and others’ DPPH and ABTS values of 20.8 µg/mL and
8.62 µg/mL, respectively (Köksal et al., 2009). In the same year,
Mhamdi and others evaluated silymarin’s DPPH free radical
scavenging capacity. They extracted silymarin from milk thistle
seeds using the shaking method with methanol as a solvent. The
concentration of silymarin extract was 0.25 mg/mL and the halfmaximum inhibitory concentration (IC50) for DPPH was 39 µg/mL
(Mhamdi et al., 2016) (Table 2).
The results from these studies suggest that silymarin possesses
strong free radical scavenging capacities against different types of
free radicals. Differences in reporting methods and extraction solvents can make the comparison of results difficult among studies.
However, because of the antioxidant activity demonstrated, sily-
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Table 3. Anti-cancer activities of silymarin in different types of cancers

Cancer

Experiment subject

Compound used

Reference

Bladder

N-buthyl-N-(4-hydroxybuthyl) nitrosamine (OHBBN) induced bladder cancer in mice

Silibinin

Tyagi et al., 2007

Breast

Colon

Gastric

Kidney
Lung

T24, and UM-UC-3 bladder cancer cell lines

Silibinin

Imai-sumida et al., 2017

T24 and J82 bladder cancer cell lines and their
chemoresistant bladder cancer cell lines, T24R and J82R

Silibinin

Sun et al., 2017

MDA-MB 468 breast cancer cell line

Silymarin

Zi et al., 1998

MCF-7 breast cancer cell line

Silibinin

Noh et al., 2011

MCF-7 breast cancer cell line

Silymarin

Kalla et al., 2014

Azoxymethane (AOM) induced colon cancer in rat

Silymarin

Kohno et al., 2002

Fet, Geo, and HCT-116 colon cancer cell lines

Silibinin

Hogan et al., 2006

HT-29 colon cancer cell line

Silibinin

Akhtar et al., 2014

HCT-116 and SW480 colon cancer cell lines

Silymarin

Eo et al., 2015

Matrix metallopeptidase 9 (MMP-9) expression
levels in SNU216 and SNU688 gastric cancer cell lines
induced with tumor necrosis factor alpha (TNF-α)

Silibinin

Kim et al., 2009

MGC803 gastric cancer cell line

Silibinin

Wang et al., 2014

Caki-1 renal carcinoma cell line

Silibinin

Li et al., 2008

ACHN, OS-RC-2, and SW839 renal carcinoma cell lines

Silibinin

Liang et al., 2012

SHP-77 and A-549 lung cancer cell lines

Silibinin

Sharma et al., 2003

H1299, H460, and H322 lung cancer cell lines

Silibinin

Mateen et al., 2010

A549, H1299, and H460 lung cancer cell lines

Silymarin

Singh et al., 2016

Oral

HSC-4, YD15, and Ca9-22 oral cancer cell lines
and HSC-4 injected xenograft model in rats

Silymarin

Won et al., 2018

Ovarian

A2780 ovarian cancer cell line

Silibinin

Scambia et al., 1996

A2780 and PA-1 ovarian cancer cell lines

Silymarin

Fan et al., 2014

Prostate

Skin

58

DU145 prostate cancer cell line

Silymarin

Zi et al., 1998

LNCaP prostate cancer cell line

Silibinin

Zi and Agarwal, 1999

PC-3 prostate cancer cell line

Silibinin

Zi et al., 2000

LNCaP prostate cancer cell line

Silibinin

Zhu, 2001

DU145 prostate cancer cell line

Silymarin

Bhatia and Agarwal, 2001

LNCaP and DU145 prostate cancer cell lines

Silymarin

Sharma et al., 2001

DU145 prostate cancer cell line

Silibinin

Dhanalakshmi et al., 2002

DU145 prostate cancer cell line

Silibinin and Doxorubicin

Tyagi et al., 2002

DU145 xenograft model in mice

Silibinin

Singh et al., 2002

DU145 prostate cancer cell line

Silibinin and cisplatin

Dhanalakshmi et al., 2003

LNCaP, DU145, and PC-3 prostate cancer cell lines

Each flavonolignan
found in silymarin

Davis-Searles et al., 2005

LNCaP and 22Rv1 prostate cancer cell lines

Isosilybin A and isosilybin B

Deep et al., 2007

ARCaP prostate cancer cell line

Silibinin

Wu et al., 2010

UVB and 7, 12-dimethylbenz[a]anthraceneinduced tumor in mouse skin model

Silymarin

Kativar et al., 1997

A431 human epidermoid carcinoma cell line

Silymarin

Ahmad et al., 1998

SKH-1 hairless mice

Silibinin

Dhanalakshmi et al., 2004

JB6 mouse epithelial cell model

Silibinin

Singh et al., 2006
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marin may be useful in nutraceuticals or functional foods to help
prevent chronic diseases.

through NF-κB-dependent and -independent signaling pathways
(Sun et al., 2017).
5.2. Breast cancer

5. Anti-cancer activities of silymarin
Cancer is the second leading cause of death worldwide and involves severe tumor progression and metastasis. Investigating
natural compounds that possess anti-cancer activity is important
for developing drugs or nutraceuticals for cancer treatment. Silymarin is a natural extract from milk thistle seed which possesses
anti-cancer activity against a number of cancers including bladder
(Tyagi et al., 2007; Imai-sumida et al., 2017; Sun et al., 2017),
breast (Zi et al., 1998; Noh et al., 2011; Kalla et al., 2014), colon
(Kohno et al., 2002; Hogan et al., 2006; Akhtar et al., 2014; Eo et
al., 2015), gastric (Kim et al., 2009; Wang et al., 2014), kidney (Li
et al., 2008; Liang et al., 2012), lung (Sharma et al., 2003; Mateen
et al., 2010; Singh et al., 2016), oral (Won et al., 2018), ovarian
(Scambia et al., 1996; Fan et al., 2014), prostate (Zi et al., 1998; Zi
and Agarwal, 1999; Zhu, 2001; Bhatia and Agarwal, 2001; Sharma
et al., 2001; Dhanalakshmi et al., 2002; Tyagi et al., 2002; Singh
et al., 2002; Dhanalakshmi et al., 2003; Davis-Searles et al., 2005;
Deep et al., 2007; Wu et al., 2010), and skin (Kativar et al., 1997;
Ahmad et al., 1998; Dhanalakshmi et al., 2004; Singh et al., 2006)
with minimal side effects (Table 3). In this section, the anti-cancer
activity of silymarin and its components will be discussed.
5.1. Bladder cancer
Bladder cancer is the fourth most common cancer in men and the
eighth-most common cancer in women (Metts et al., 2000). Previously, epidemiologic studies found that urothelial tumors are associated with risk factors such as cigarette smoking and chemical carcinogen exposure (Freedman et al., 2011). In 2007, Tyagi
and others evaluated the anti-cancer activity of silymarin and its
component, silibinin in bladder cancer. They induced bladder cancer by tobacco smoke carcinogen N-buthyl-N-(4-hydroxybuthyl)
nitrosamine (OH-BBN) and fed mice silymarin or silibinin for 6
weeks. As a result, they found silymarin and silibinin decreased
bladder cancer cell proliferation by 42 and 44%, and apoptosis was
increased by 4-fold and 6-fold, respectively (Tyagi et al., 2007).
They revealed that these anti-proliferative and apoptotic effects
of silymarin and silibinin were associated with cell cycle arrest.
Cyclin D1 and extracellular signal-regulated kinase 1/2 phosphorylation (pERK1/2) are proteins required for cell cycle progression. They found significantly decreased protein levels of cyclin
D1 and pERK1/2 in silymarin and silibinin fed mice. In 2017,
Imai-sumida, and others also reported anti-cancer activity of silymarin’s component, silibinin in bladder cancer cell lines. They
found that 10 μM silibinin significantly induced apoptosis and
suppressed cell proliferation, migration, and invasion of T24 and
UM-UC-3 human bladder cancer cells (Imai-sumida et al., 2017).
These anti-cancer activities were due to the down-regulation of
the actin cytoskeleton and phosphatidylinositide 3-kinase (PI3K)/
Akt in these cancer cell lines. Moreover, Sun and others tested the
anti-cancer activity of bladder cancer cells and chemoresistance
(Sun et al., 2017). They found attenuated migration, invasion, and
proliferation of human bladder cancer cell lines T24 and J82 in the
presence of silibinin. Also, silibinin showed anti-cancer activity
in chemoresistant bladder cancer cell lines T24R and J82R, which
originated from T24 and J82 induced by cisplatin. The mechanism
of action in suppressing malignancy of bladder cancer cells was

Breast cancer is the most common cancer in women. Silymarin has
been shown to have anti-cancer activity in breast cancer cells. In
1998, Zi and others evaluated the anti-cancer activity of silymarin
in breast cancer cells MDA-MB 468 (Zi et al., 1998). They found
that the inhibitory effects of silymarin on MDA-MB 468 cells were
associated with a G1 cell cycle arrest. In 2011, Noh and others
evaluated the anti-cancer activity of silibinin in MCF-7 human
breast cancer cells. They found that silibinin showed dose- and
time-dependent reduction in MCF-7 human breast cancer cells.
Silibinin induced apoptotic cell death in MCF-7 human breast cancer cells through increased p53 expression. The p53 is a protein
involved in suppressing cancer cells. In addition, they found that
MCF-7 human breast cancer cells treated with silibinin and ultraviolet B had synergistic effects in suppressing cell viability compared to ultraviolet B treatment or silibinin treatment (Noh et al.,
2011). In 2014, Kalla and others also tested the anti-cancer activity
of silymarin on MCF-7 human breast cancer cells. Silymarin treatment for 5 days using 200 µg showed 48% inhibition of MCF-7
human breast cancer cells compared to the control. Kalla and others also demonstrated that the anti-proliferative capacity of MCF-7
human breast cancer cells was through p53 protein (Kalla et al.,
2014). These studies demonstrate the potential of silymarin to act
against breast cancer cells in vitro. Further studies are needed to
test in vivo effects of silymarin in prevention of breast cancer.
5.3. Colon cancer
Colon cancer is the third common malignancy worldwide (Ferlay
et al., 2013). In the United States, colon cancer is the second leading cause of death among cancers. Kohno and others tested silymarin’s anti-cancer activity using a rat model. They induced colon
carcinogenesis using azoxymethane (AOM) and fed rats with a silymarin supplemented diet. They found that silymarin significantly
suppressed the development of AOM induced colonic carcinoma
(Kohno et al., 2002). Hogan and others tested cell cycle arrest of
colon cancer using silibinin (Hogan et al., 2006). They found that
silibinin was able to inhibit the proliferation of colon cancer cell
lines, Fet, Geo, and HCT-116 through cell cycle arrest. Akhtar and
others evaluated the anti-proliferative action of silibinin on colon
cancer cell line HT-29. They found that silibinin showed inhibition of cell growth in a time-dependent manner. IC50 values were
180, 100, and 40 µg/mL at 24, 48, and 72 h, respectively (Akhtar
et al., 2014). Eo and others evaluated anti-cancer activities of silymarin in two colon cancer cell lines, HCT-116 and SW480 (Eo
et al., 2015). They used three different concentrations of silymarin
including 50, 100, and 200 µM, and found that anti-proliferation
of both cell lines was dose dependent. They revealed that antiproliferative action was due to the cell cycle arrest and associated with
cyclin D1. The cyclin D1 protein levels were also dose- and timedependence. These studies demonstrate the potential of silymarin
to inhibit growth of colon cancer cells.
5.4. Gastric cancer
Gastric cancer is often associated with diet and lifestyle factors.
Risk factors for gastric cancer include a diet high in salt and
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smoked foods, a diet low in fruits and vegetables, family history,
and smoking. Kim and others evaluated matrix metallopeptidase
9 (MMP-9) expression levels in gastric cancer cell lines, SNU216
and SNU668, induced with tumor necrosis factor-alpha (TNF-α).
In general, MMP-9 is increased in the pathogenesis of gastric cancer. This study found that silibinin was able to suppress MMP-9
mRNA expression and protein levels in a dose-dependent manner
(Kim et al., 2009). Wang and others evaluated the anti-cancer activity of silibinin using the MGC803 gastric cancer cell line. They
found that silibinin suppressed the growth of MGC803 gastric
cancer cells in a dose- and time-dependent manner. Also, silibinin
induced apoptosis and cell cycle arrest in MGC 803 gastric cancer
cells (Wang et al., 2014). These studies show promising effects of
silibinin against gastric cancer at the cellular level.
5.5. Kidney cancer
Renal cell carcinoma (RCC) is the most prevalent and lethal carcinoma of the kidney in adults (Li et al., 2008). About 20 to 30% of
patients have metastasis at the time of diagnosis and thus the prognosis is extremely poor. Li and others evaluated the anti-cancer
activity of silibinin and found the inhibitory proliferation effects
of silibinin in Caki-1 renal carcinoma cell growth (Li et al., 2008).
The apoptosis was through inhibiting the activation of epidermal
growth factor receptor (EGFR) and extracellular signal-regulated
kinases 1/2 (ERK1/2). Liang and others tested the anti-cancer activity of silibinin in RCC including ACHN, OS-RC-2, and SW839
cell lines and found suppressed RCC cell progression. Interestingly, the mechanism of actions in ACHN, OS-RC-2, and SW839
cell lines was through inhibiting the activation of EGFR, the same
mechanism of action previously reported in cell line Caki-1 (Liang
et al., 2012).
5.6. Lung cancer
According to the American Cancer Society, lung cancer accounts
for 25% of all cancer deaths. More than half of people diagnosed
with lung cancer die within one year of diagnosis and the 5-year
survival rate is less than 18% (Zappa and Mousa, 2016). Sharma
and others tested anti-cancer activities of silibinin in two lung cancer cell lines, SHP-77 and A-549 (Sharma et al., 2003). They used
three different concentrations of silibinin (25, 50, and 100 μM) and
found cell growth inhibition and apoptosis in a dose- and timedependent manner. Mateen and others evaluated silibinin’s anticancer activity using H1299, H460, and H322 lung cancer cells
(Mateen et al., 2010). They treated lung cancer cells with silibinin
concentrations of 10, 25, 50, and 75 μM and found a dose- and
time-dependent anti-proliferation. Singh and others evaluated the
effects of silymarin on lung cancer cell migration (Singh et al.,
2016). They used three lung cancer cell lines, A549, H1299, and
H460 with silymarin concentrations of 0, 5, 10, and 20 μg/mL and
found concentration-dependent inhibition of cell migration. These
studies show the potential of silibinin to exert anti-proliferative activity on lung cancer cells. Futher studies on the effects of dietary
silibinin on lung cancer prevention would be beneficial.
5.7. Oral cancer
Oral cancer has a poor prognosis and the 5-year survival rate is
lower than 50%. This is due to local recurrence and metastasis.
Therefore, over the last decade, finding effective drug candidates
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has been focused to increase the survival rate of patients. In 2018,
Won and others tested silymarin’s anti-cancer activity in human
oral cancer in vitro and in vivo (Won et al., 2018). They tested
anti-proliferative capacities of silymarin in human oral cancer cell
lines, HSC-4, YD15, and Ca9-22. As a result, silymarin suppressed
the proliferation of all three oral cancer cells. In addition, they
found that silymarin inhibited oral tumor growth and volume in
HSC-4 oral cancer cell injected xenograft model rats without any
hepatic or renal toxicity. This study shows the potential of silymarin in prevention of oral cancer growth.
5.8. Ovarian cancer
Ovarian cancer is the most lethal in gynecologic cancers. Often
ovarian cancer is asymptomatic and diagnosed at an advanced
stage (Fan et al., 2014). Drugs used to treat ovarian cancer have
strong adverse effects such as skin and gastrointestinal toxicity
(Glaysher et al., 2013). Therefore, herbal medicine with little side
effects such as silymarin may useful in ovarian cancer treatment.
In 1996, Scambia and others tested the anti-proliferative activity
of silibinin on the human ovarian cancer cell line, A2780 (Scambia
et al., 1996). They found that silibinin was effective in inhibiting
A2780 ovarian cancer cells. In 2014, Fan and others tested silymarin’s anti-cancer activities in ovarian cancer cell lines, A2780 and
PA-1 (Fan et al., 2014). They found that silymarin significantly
suppressed cell growth in a dose- and time-dependent manner, and
arrested cell cycle progression.
5.9. Prostate cancer
Prostate cancer is the most prevalent cancer in men. Risk factors
for prostate cancer include family history, smoking, physical activity, and diet (Watters et al., 2009). There have been several studies that evaluated silymarin’s anti-cancer activity against prostate
cancer.
Zi and others evaluated the anti-cancer activity of silymarin using DU145 prostate cancer cell line (Zi et al., 1998). They found
that silymarin inhibited growth of human prostate carcinoma
DU145 cells and that silymarin induced G1 arrest in DU145 cells.
Zi and Agarwal evaluated silibinin’s anti-cancer activity on LNCaP prostate cancer cells (Zi and Agarwal, 1999). They found that
silibinin, the major component of silymarin, was able to inhibit the
growth of LNCaP prostate cancer cells through G1 arrest in the cell
cycle. Similarly, Zi and others tested silibinin’s anti-cancer activity
on PC-3 prostate cancer cells (Zi et al., 2000). Like DU145 and LNCaP prostate cancer cell lines, PC-3 prostate cancer cell line also
showed significant growth inhibition with silibinin treatment. Zhu
and others evaluated how silymarin and its component, silibinin,
regulate androgen receptors in LNCaP prostate cancer cells (Zhu,
2001). They found that silibinin was able to reduce the nuclear
androgen receptor levels. Bhatia and Agarwal evaluated how silymarin prevents the proliferation of human prostate cancer DU145
cells (Bhatia and Agarwal, 2001). The results showed that silymarin suppressed DU145 cell growth through inhibiting ERK1/2
activation. Sharma and others evaluated silymarin’s anti-proliferative activity in two prostate cancer cell lines, LNCaP and DU145
(Sharma et al., 2001). This study showed that silibinin showed 20–
40% and 30–55% growth inhibitions in LNCaP and DU145 cells,
respectively. Dhanalakshmi and others evaluated how silibinin affect DU145 cell’s signaling pathways (Dhanalakshmi et al., 2002).
They found that activation of NF-κB through TNF-α was inhibited
in DU145 cells by silibinin. Tyagi and others tested silibinin’s syn-
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ergistic anti-cancer activity with Doxorubicin in the DU145 prostate cancer cell line (Tyagi et al., 2002). They found that silibinin
showed synergistic effects in growth inhibition, cell cycle arrest,
and apoptosis in DU145 prostate cancer cells. Singh and others
evaluated silibinin’s anti-cancer effects in vivo (Singh et al., 2002).
Previously, they reported the anti-cancer activity of silibinin in the
DU145 prostate cancer cell line. Later they studied the DU145 tumor xenograft model using athymic male nude mice. They found
that feeding silibinin diet (0.05 and 0.1% w/w) for 60 days reduced
the tumor volume by 35 and 58%, respectively. They revealed that
this result was associated with reduced cell proliferation, increased
apoptosis, and inhibition of angiogenesis (Singh et al., 2002).
Dhanalakshmi and others tested the synergistic anti-cancer activity
of silibinin and cisplatin (Dhanalakshmi et al., 2003), and showed
that cisplatin alone at 2 µg/mL dose inhibited 48% cell growth in
DU145 prostate cancer cells. Interestingly, a combination of cisplatin and silibinin (50–100 µM) showed 63–80% growth inhibition. In 2005, Davis-Searles and others evaluated the anti-cancer
activity of each flavonolignan found in silymarin (Davis-Searles
et al., 2005). They found that isosilybin B was the most potent
suppressor of cell growth. Isosilybin A and isosilybin B showed
the most effective in suppressing prostate-specific antigen (PSA)
secretion by LNCaP cells. Deep and others evaluated isosilybin
A and B’s anti-cancer activity in human prostate cancer LNCaP
and 22Rv1 cells (Deep et al., 2007). They found that isosilibinin
treatment resulted in growth inhibition and cell death together with
a strong G1 arrest and apoptosis in both the cell lines. In 2010,
Wu and others tested silibinin’s effect in epithelial to mesenchymal transition (EMT). That study demonstrated that silibinin was
able to reverse the EMT through inhibiting the NF-κB signaling
pathway in the ARCaP prostate cancer cell line (Wu et al., 2010).
From these previous studies, silymarin components appear to have
different mechanisms for antiproliferative activity against prostate
cancer cells. Silymarin may be effective against prostate cancer
in combination with traditional chemotherapy. Further research to
study in vivo effects of silymarin against prostate cancer would be
beneficial.
5.10. Skin cancer
Skin is always vulnerable to damage since it is exposed to pathogens, ultraviolet radiation, and harmful chemicals. These harmful
factors can trigger stress and cause skin carcinogenesis (Prasad et
al., 2020).
Katiyar and others evaluated the protective effects of silymarin
against photocarcinogenesis in a mouse skin model (Katiyar et al.,
1997). They used three different stages, 1) UVB-induced tumor
initiation followed by phorbol ester-mediated tumor promotion,
2) 7, 12-dimethylbenz[a]anthracene-induced tumor initiation followed by UVB-mediated tumor promotion, and 3) UVB-induced
complete carcinogenesis. Silymarin was applied topically at a concentration of 9 mg per application before UVB exposure. As a result, at UVB-induced tumor initiation, silymarin treatment reduced
tumor incidence from 40 to 20%. During the UVB-induced tumor
promotion stage, silymarin treatment reduced tumor incidence
from 100 to 60%. For UVB-induced complete carcinogenesis, silymarin treatment reduced the tumor incidence from 100 to 25%. It
is believed that the protective effects of silymarin against photocarcinogenesis are through its strong antioxidant properties. Ahmad
and others evaluated the chemopreventive effects of silymarin in
A431 human epidermoid carcinoma cell line (Ahmad et al., 1998).
They found that silymarin was able to inhibit the epidermal growth
factor receptor (EGFR) and induce G2-M cell cycle arrest. Dhanal-

akshmi and others tested the protective effects of silibinin in ultraviolet radiation caused skin damages in SKH-1 hairless mice
(Dhanalakshmi et al., 2004). In that study, silibinin decreased thymine dimer positive cells and increased p53–p21/Cip1 to inhibit
both cell proliferation and apoptosis. Singh and others evaluated
signaling pathways of silibinin’s photoprotective effects in the JB6
mouse epithelial cell model (Singh et al., 2006). They found that
silibinin prevents skin tumor promotion by suppressing activator
protein-1 (AP-1) and NF-κB activation.
The results from previous studies suggest that silymarin and its
components such as silibinin and isosilibinin possess strong anticancer activities such as cell growth inhibition, cell cycle arrest,
and apoptosis induction. Taken together, silymarin and its components may be used as a nutraceutical or in functional foods with
potential effects in cancer prevention. However, more in vivo studies are recommended to evaluate the effects of silymarin in the
physiological system.
6. Conclusions
Silymarin is a unique herbal medicine that possesses various
health beneficial effects such as antioxidant and anti-cancer activities. However, some factors should be considered when evaluating silymarin activity. The first consideration is the method used
for free radical scavenging capacity. In many cases, free radical
scavenging capacities are expressed as either % inhibition or halfmaximum effective concentration (EC50). These systems are highly dependent on the reaction time and the initial concentration of
free radicals and antioxidants (Xie et al., 2010). Therefore, it is
important to use a standard such as Trolox and an area under the
curve (AUC) for radical scavenging capacity estimation. By doing
this, data between different laboratories or from the same group at
different times are comparable.
The second factor to consider is the component of silymarin that
is evaluated. In most cases, studies have only focused on silymarin or silymarin’s component, silibinin instead of other flavonolignans. This is due to silymarin’s chemical composition. In general,
silibinin accounts for more than 30% of silymarin. However, several studies suggest that other flavonolignans found in silymarin
or taxifolin also play an important role in health beneficial effects.
For example, isosilybin A and B have shown anti-proliferative capacities against human prostate cancer LNCaP and 22Rv1 cells
(Deep et al., 2007), and silydianin has shown the protective effect
against reactive oxygen species (Zielinska-Przyjemska and Wiktorowicz, 2005). In addition, taxifolin has shown free radical scavenging capacities against DPPH and ABTS radicals (Topal et al.,
2015). The results from these previous studies suggest that each
component of silymarin exerts various health promoting effects.
Therefore, in addition to silymarin or silybin, it is important to
evaluate the other components. In the future, standardizing free
radical scavenging capacities and evaluating each of sylimarin’s
components for health promoting effects such as antioxidant and
anti-cancer activity will help to improve the development of nutraceuticals or functional foods.
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Abstract
This study was conducted to evaluate and compare the anti-allergenicity effect of rice and wheat hydrolysates in
food allergic subjects. Totally fifty food allergic subjects (confirmed by allergic score) were recruited and divided
into 2 groups as rice hydrolysate (RH; n = 40) and wheat hydrolysate (WH; n = 10) and asked to take either rice
or wheat hydrolysate formula for 4 weeks. After 4 weeks of intervention with RH, the levels of the allergic score,
allergic inflammatory markers like eosinophil count (EC) and eosinophil cation protein (ECP), as well as in total
IgE, total nasal symptom score (TNSS) were significantly reduced as compared to the baseline. However, WH supplemented (4 weeks) group showed a mild increase in total IgE, EC (but no change in inflammatory markers, ECP,
TNSS) along with decreased SCORAD (SCORing Atopic Dermatitis) index as compared to the baseline. Overall, the
subjects that consumed the RH formula for 4 weeks showed a marked decrease in the allergic parameters except
for the SCORAD index and thus endorsing its potent anti-allergenicity property better than WH (which indeed aggravated EC, IgE levels). Therefore, RH might be recommended with other standard anti-allergic drugs to delay or
suppress allergic symptoms and its related allergic responses.
Keywords: Rice hydrolysate; Wheat hydrolysate; Allergic index; TNSS; SCORAD skin test.

1. Introduction
Food allergy (FA) is a condition in which some food components
(particularly protein) are recognized as foreign materials by host
immune system and subsequently elicit various immunological
responses (Cianferoni and Spergel, 2009). Several studies have
reported that 8% of children and 2% of the adult have some sort
of food allergy and the prevalence rate (especially in children) is
increasing day-by-day and thus has a direct impact on global and
family economic status (Sicherer and Sampson, 2018; Cianferoni
and Spergel, 2009). Moreover, FA might also result in severe mor-
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bidity and rarely mortality and thus considerably reduces the quality of life as it has a strong correlation with many allergic manifestations including asthma, atopic dermatitis or eczema (Nurmatov
et al., 2017; Canani et al., 2017). The major classification of FA is
IgE mediated, non-IgE mediated (cell-mediated) and mixed IgE
and cell-mediated FA. The common food allergens include cow’s
milk, egg, fish, shellfish, peanuts, tree nuts (hazelnut, walnut, cashew, pistachio, Brazil nut, almond, pecans, macadamia, chestnuts),
soy, wheat gluten of which the proteins are considered as the major culprit for FA (Cianferoni and Spergel, 2009). Food allergies
are mostly determined by various test and their related symptoms
including bloating, diarrhea, nausea/vomiting, enterocolitis (GI
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problems), rhinitis, wheezing, dry cough, asthma (nasal or respiratory problems) and atopic dermatitis/eczema (dermal problems)
(Spergel and Sharma, 2016; Sicherer and Sampson, 2010).
Currently, avoiding allergic food is the only possible option to
manage food allergy. Nevertheless, accidental exposure of food allergens could trigger an immune response and end up in fatal anaphylaxis or hypersensitivity reaction (Muraro et al., 2014). Hence,
food allergic individuals are recommended to carry adrenalin auto-injector to manage anaphylaxis for only a short time until they
reach a hospital or clinics (Sicherer and Sampson, 2010; Sampson,
2003). Moreover, allergen immunotherapy (AIT: administration of
silver) is also used to manage food allergy and its associated symptoms, but effective only against IgE mediated food allergy (Nurmatov et al., 2017). Hence, the need for a potent anti-allergenic
agent to manage food allergic reactions is of an enormous demand.
Previously, many researchers have indicated that both rice and
wheat hydrolysate (protein) formula displayed some positive result against various abnormal or pathological conditions as well as
to combat various food allergic conditions (hypoallergic formulaespecially in kids/infants). Also, they are inexpensive, have good
acceptability (palatability) and high nutrient value (Bocquet et al.,
2019; Sicherer and Sampson, 2018; Vandenplas et al., 2014; Fiocchi et al., 2006). Hence, we hypothesize that intervention with rice
hydrolysate (RH) or wheat hydrolysate (WH) might decrease or
eliminate food allergic reaction and its related symptoms in both
adults and children.
2. Materials and methods
2.1. Rice and wheat hydrolysate formula

2.3. Study design
Based on inclusion and exclusion criteria (as mentioned above),
only 50 subjects were eligible and enrolled into this clinical trial
and divided into 2 groups as rice hydrolysate (RH; n = 40) and
wheat hydrolysate (WH; n = 10). Each subject was requested to
take either RH or WH formula for 4 weeks, by replacing one meal
every day. Subjects could withdraw from this trial at any point
of time. All the subjects were asked to visit the hospital every 2
weeks, to check various allergic symptoms (questionnaires) and
allergic conditions as well as to collect the samples (WH or RH).
Blood samples were collected only at baseline (0 weeks) and 4th
week (end of the intervention) and serum samples were separated
to check various inflammatory allergic parameters. In this work we
opted not to use any positive controls.
2.4. Measurement of inflammatory allergic markers
2.4.1. Eosinophil count, Eosinophil cation protein (ECP) and total
serum IgE
The whole blood sample was used to measure the eosinophil count
(EC) using SYSMEX SE-900 automated hematological analyzer.
While, the levels of serum ECP and total IgE were determined by
commercial fluorescence enzyme-linked immunosorbent assay
(ELISA anti-ECP and Anti-IgE-Immuno assay kit) using immunoCAP and UniCAP 100 system (Pharmacia, Union City, NJ, USA)
based on manufacturers protocol.
2.5. Overall patient allergic score (allergy index)

The commercial rice and wheat hydrolysate formula were supplied by Quaker (Standard Food Corporation), Taipei, Taiwan. The
rice hydrolysate (RH) mainly comprised of carbohydrates (14.6
g), protein (1.2 g especially essential amino acids i.e lysine, phenylalanine, and threonine-protein/peptide hydrolysate), fat (0.9 g),
sodium, calcium, and magnesium equivalent to 71 kCal. While the
composition of wheat hydrolysate (WH) included carbohydrates
(14.6 g), protein (1.9 g with amino acids like valine, leucine), fat
(0.5 g), sodium, calcium, and magnesium equivalent to 71 kCal.
Both rice and wheat formula are packed in a similar package and
have similar color and flavor.
2.2. Subjects enrollment
This clinical trial was conducted at Chung Shan Medical University Hospital, Taiwan and was approved by the institutional ethical review board (CS05010). In the beginning, seventy-two food
allergic subjects aged between 5 to 75 years (confirmed by an allergic score based on allergic symptoms) were enrolled into this
trial through posters (hospital and public places) and newspaper
advertisement. The major inclusion criteria as follows: must be
allergic patient (confirmed by an allergic score based on allergic
symptoms- questionnaires) and should be positive with foodspecific IgE and SCORAD skin test and should not be under any
medications like antihistamine or corticosteroid. Whereas, the exclusion criteria include severe allergic reaction, history of nasal
reconstruction or surgery, medical illness or chronic renal or hepatic disorders, pregnant or nursing women and intake of dietary
supplements. All the subjects or their parents/guardian must sign
the consent before enrolling into this trial.

The allergic score was evaluated based on various allergic symptoms (questionnaires) including the itchy nose, rhinorrhea (runny
nose), obstructed or congested nose, sneezing, itchy watery eyes,
dry cough, hives, eczema, itchy skin, swelling, indigestion, constipation, diarrhea, fatigue (on daily basis). Moreover, specific
condition for different symptoms were also checked like seasonal
allergic symptoms (summer, spring, autumn or winter), outdoor
or perennial allergic symptoms (things/materials/animal-related
allergic symptoms-latex, vacuum cleaner, handling animals-cat/
dogs/dust mites & cockroaches), previous IgE or skin test results
(allergic history), as well as family allergic details were noted.
Each symptom carried different points (total point ranges from 0 to
16). If the total point was less than 7 , the subject was considered as
being not allergic; if between 8 and 12 may be allergic (confirmed
with further test like physical or blood/skin test); if the total allergic point was greater than 12, the subject was considered allergic.
The overall allergic score was calculated by the method of AnnesiMaesano and his colleagues (2002) with slight modification (however no standard method to assess the allergic score).
2.6. TNSS score (questionnaires)
The repeatability of the total nasal symptom score (TNSS) is the
sum of nasal symptom score, which was checked to assess the
condition of nasal allergic symptoms. TNSS was measured as
four-point rating scale which included TNSS frequency score (0–4
for each symptom) and TNSS degree of distress score (0–4 for
each symptom) based on various questionnaires which comprised
various allergic symptoms like nasal itchiness, nasal obstruction,
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Table 1. Shows the baseline characteristics of all subjects

Rice hydrolysate (RH)

Wheat hydrolysate (WH)

Sex (M/F)

13/27

5/5

Age (year-Maen)

6–72 (32)

8–52 (35)

456.04 ± 90.50

433.50 ± 120.26*

ECP (µg/L)

20.26 ±6.32

21.35 ±6.39

Total IgE (IU/mL)

383.80 ± 46.47

403.54 ± 42.84*

Eosinophil count

(mm3)

All the values are expressed as average ± standard error mean (SEM). *P value (p < 0.05; RH Vs WH) represented a statistically significant.

rhinorrhea and sneezing as indicated previously by Jung et al.
(2011a).
2.7. SCORAD (SCORing Atopic Dermatitis) Skin test index
The SCORAD index was assessed to check the severity of allergy
especially related to atopic dermatitis (AD), which was developed by the European task force on atopic dermatitis (1993) and
for this study, we followed Chung (2010) method for determining
SCORAD. Briefly, the area of skin lesions was determined and
followed by checking for erythema, crust, edema, excoriation, lichenification, skin dryness and rated from 0 to 3. Also, the degree
of itching (pruritis), sleep deprivation (0 to 10) using VAS were
measured. Finally, based on the above score SCORAD index (0 to
103) were calculated using the below formula:
SCORAD index = (0.2 × area of lesion)
+ [3.5 × (erythema + crust + edema + excoriation
+ lichenification +dry skin)] + subjective score.

shown in Table 2. As the weeks passed by, the allergic score in the
RH group gradually decreased and at the end of the 4th week, the
level of the allergic score decreased considerably as compared to
the baseline. However, the WH group did not show any significant
difference after 4 weeks of intervention with WH.
3.2. Inflammatory allergic markers
The effect of RH and WH formula on blood inflammatory allergic
markers like EC, ECP, and total IgE levels are shown in Table 3.
Upon 4 weeks of treatment with RH, the levels of EC and ECP
were substantially decreased, without altering total IgE levels as
compared to the baseline. Nevertheless, the WH administered allergic subjects showed elevated EC and total IgE values, without
altering the ECP level. Both RH and WH showed a different way
of interaction with blood inflammatory allergic markers.
3.3. TNSS and SCORAD Score

All values are expressed as mean ± standard error mean (SEM).
The significant difference between the baseline (0 week) Vs 2nd
week Vs 4th week (each experimental group: RH or WH) was
analyzed using Student paired t-test using SPSS software (IBM,
Armonk, NY, USA). A p-value of less than 0.05 was deemed statistically significant.

Table 4 shows the TNSS frequency and degree of distress score.
Subjects administered with RH for 4 weeks, showed a marked decline in the scores of both TNSS frequency and degree of distress
on equivalence with 0 week (baseline). No significant changes
were observed in WH intervened subjects. The SCORAD skin
score/index of allergic patients was epitomized in table 5. A significant decrease in the SCORAD score was observed in the WH
group, but the RH group showed no significant change as compared to baseline.

3. Results

4. Discussion

3.1. Baseline characteristics

Both rice (Oryza sativa) and wheat (Triticum aestivum) are common staple foods consumed globally. Also, the hydrolysate (formula) of both rice and wheat have been extensively studied and
many researchers have demonstrated that both rice and wheat protein hydrolysates (protein formula) have shown a positive impact
on various pathological conditions as well as in treating food aller-

2.8. Data analysis

Table 1 shows the baseline characteristics of all subjects, which
included sex, age, EC, ECP, and total IgE levels. A significant difference was noted in the EC and total IgE values at baseline between the RH Vs WH group. The overall allergic score or index is
Table 2. Shows the overall patient allergic score (based on questionnaires)

Weeks

Rice hydrolysate (RH)

Wheat hydrolysate (WH)

Baseline (0 Week)

18.81 ± 8.24a

21.50 ± 7.96a

8.27a

22.13 ± 7.04a

16.67 ± 8.24b

22.48 ± 6.45a

2nd

Week

4th Week

18.56 ±

All the values are expressed as average ± standard error mean (SEM). P value (p < 0.05; Baseline Vs 2nd week Vs 4th week). Value represented with different alphabetic superscript
letters (a, b, c) were deemed as statistically significant. Allergic scale: 0 to 7, not Allergic; 8 to 12, maybe allergic; 12>, confirmed allergic.
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Table 3. Shows the blood eosinophil and IgE count

Parameters
Eosinophil count

Weeks
(mm3)

Baseline (0)
4th

ECP (µg/L)
Total IgE (IU/mL)

Rice Hydrolysate (RH)

Week

Wheat Hydrolysate (WH)

456.04 ±

19.50a

433.50 ± 61.26a

403.41 ±

12.05b

450.50 ± 69.86b

Baseline (0)

20.26 ± 6.32a

21.35 ±6.39a

4th Week

17.43 ± 4.10b

20.58 ± 2.04a

Baseline (0)

383.80 ± 46.47a

403.54 ± 42.84a

45.21a

421.82 ± 58.14b

4th

Week

400.10 ±

All the values are expressed as average ± standard error mean (SEM). P value (p < 0.05; Baseline Vs 4th week). Value represented with different alphabetic superscript letters (a,
b, c) were deemed as statistically significant.

Table 4. Shows the TNSS frequency and distress score

TNSS Examination
Total Frequency Score

Weeks

Wheat hydrolysate (WH)

Baseline (0 Week)

23.37 ±

15.65a

25.88 ± 16.91a

2nd Week

21.96 ± 13.67b

25.50 ± 17.86a

15.77c

24.80 ± 17.93a

Baseline (0 Week)

18.11 ± 16.50b

21.38 ± 12.86b

2nd Week

16.89 ± 15.93b

21.75 ± 14.01b

17.46c

20.90 ± 17.88b

4th
Total degree of distress Score

Rice hydrolysate (RH)

4th

Week

18.44 ±

Week

14.41 ±

All the values are expressed as average ± standard error mean (SEM). P value (p < 0.05; Baseline Vs 2nd week Vs 4th week). Value represented with different alphabetic superscript
letters (a, ab, b, c) were deemed as statistically significant.

gic conditions (Bocquet et al., 2019; Sicherer and Sampson, 2018;
Vandenplas et al., 2014; Fiocchi et al., 2006; D’Auria et al., 2003).
Based on the above knowledge, we designed a clinical trial to assess the impact of rice hydrolysate (RH) and wheat hydrolysate
(WH) against various food allergic reaction or response and its related symptoms in both adults and children (food allergic subjects)
by evaluating various allergic symptoms/markers and index and
to compare the results. The outcome of the present trial revealed
that intervention with RH (4 weeks) considerably lowered the level of the allergic score, inflammatory allergic markers, and TNSS
frequency and degree of distress score as compared to baseline.
However, WH did not show any significant changes in any of the
allergic parameters except the SCORAD score.
Generally, the impact of food allergy is calculated based on various allergic symptoms, which are represented as an allergic score.
During this trial, the levels of overall allergic score or index were
evaluated. As compared to the baseline (0 week) the allergic score
was significantly reduced upon 4 weeks of intervention with RH.
Nonetheless, the subjects that consumed WH did not display any
significant difference after 4 weeks of intervention. The inflammatory allergic markers (EC, ECP) play a crucial role in an allergic reaction and hence those markers were evaluated in this study.
Eosinophils (major inflammatory cells) is involved in the inflam-

matory process which is generally triggered by various allergens.
Hence, eosinophil count (EC) were assessed to check and predict
the severity of allergy (Eguiluz-Gracia et al., 2018; Chen et al.,
2006). In addition, ECP is a basic protein released by granules of
eosinophil after encountering allergens (pathogens). ECP has been
detected in numerous pathological allergic conditions like asthma,
rhinitis, atopic dermatitis and found mainly in serum, nasal fluid,
sputum or saliva. Therefore, ECP was measured to cross-check
the severity of allergic symptoms or manifestation (Kirgezen et
al., 2019; Metcalfe et al., 2016). Administration with RH (rich in
protein/peptide hydrolysate) for 4 weeks considerably suppressed,
the levels of EC and ECP as compared to the baseline. A similar
trend was noted in the studies conducted by D’Auria et al., (2003).
Moreover, Vandenplas et al. (2014) reported that intervention of
hydrolysate formula (especially from rice, soy and cow milk) rich
in peptides are the major contributors for anti-allergic properties.
Similarly, we hypothesize that the protein/peptide hydrolysate present in RH might be the major contributor for the above results.
However, further studies are needed to isolate particular peptide(s)
from RH and evaluate its (their) anti-allergic activity.
Moreover, immunoglobulin E (IgE) is the least immunoglobulin, which contributes only 0.01% of total Igs and highly expressed
during allergic conditions (Lombard et al., 2015). IgE is secreted

Table 5. Shows the SCORAD Skin test scale

Weeks

Rice hydrolysate (RH)

Wheat hydrolysate (WH)

Baseline (0 Week)

99.10 ± 15.18a

100.59 ± 17.15a

2nd

Week

4th Week

12.20a

86.10 ± 7.00b

96.65 ± 11.75a

55.93 ± 6.56c

95.56 ±

All the values are expressed as average ± standard error mean (SEM). P value (p < 0.05; Baseline Vs 2nd week Vs 4th week). Value represented with different alphabetic superscript
letters (a, ab, b, c) were deemed as statistically significant.
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by the plasma B cells (basophils) in the gastric tract (endothelial)
and respiratory tract (ciliated/goblet cells) after the invasion of allergens. Food specific IgE also acts as an indicator/biomarker of
allergic symptoms and food sensitivity (Yunginger et al., 2000).
However, few studies have demonstrated that IgE was not altered
after food allergy and cannot be used as a diagnostic marker for
allergy especially allergic rhinitis (Jung et al., 2011b; Nickeisen et
al., 1986). Likewise, our study also revealed no significant changes
in IgE levels were observed in the RH or WH group.
The TNSS frequency and degree of distress score were used to
indirectly portrait the quality of life (stress), due to allergic reaction as well as the SCORAD skin index which reflects the degree
of allergy (Matricardi, 2010). Hence, the author decided to check
whether RH or WH improves the quality of life (lower stress and
degree of allergy) in allergic subjects by checking both the TNSS
score and SCORAD skin index. Subjects supplemented with RH
for 4 weeks, showed a marked decline in the TNSS scores (TNSS
frequency and degree of distress). Whereas, no changes were noted in WH group. However, the SCORAD skin score/index was
substantially decreased in WH group subjects, but the RH group
showed no significant change as compared to baseline. The exact reason for the change in SCORAD skin score by WH, need to
be further explored in future studies. Overall, RH showed potent
anti-allergic property than WH, it might be due to a high level of
hydrolysis in RH. Similarly, a randomized, double-blind clinical
trial conducted by von Berg et al. (2003), inferred that the degree
of hydrolysis of cow milk would modify the nutritive value, which
might indirectly involve in the anti-allergenicity property (preventive effect) and thus delay or suppress various allergic symptoms
or manifestation. The major limitation of this study is the lack of
a control group for comparison. However, this preliminary trial
that aimed to just evaluate and compare the anti-allergenicity effect
of rice and wheat hydrolysates in food allergic subjects provided
a better option for treatment of allergy sufferers. Future studies
should fine tune the findings of this study and to also use a positive
control group for comparison.
5. Conclusion
Taking together, that allergic subjects supplemented with RH for 4
weeks exhibited a considerably lower allergic parameters like allergic score, inflammatory allergic markers, and TNSS frequency
and degree of distress score except for the SCORAD index and
thus displayed better anti-allergenic property than WH. However,
more studies are needed to confirm the molecular mechanism behind the anti-allergenicity effect of rice hydrolysate, before it could
be recommended with other standard anti-allergic agents to delay
or suppress various allergic symptoms or manifestation (FA) in
adult and child allergic subjects.
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Abstract
The use of oak chips is an alternative method to the traditional barrels in winemaking in order to improve the aged
quality of the red wines. This study investigated the influence of adding of oak chips during the fermentation process on phenolic compounds profile and antioxidant activity. The American (Quercus alba) and/or French (Quercus
petreae) oak chips were added (4 g L−1 doses) in the alcoholic fermentation and malolactic fermentation or malolactic fermentation alone. Results indicated that Syrah tropical wines presented higher levels (≥265 mg L−1) of phenolic
compounds compared to wines fermented with oak chips (223–254 mg L−1). Twenty-five phenolics were identified
among the wine samples, with gallic (70.67 mg L−1) and malvidin-3-O-glucoside (68.30 mg L−1) as the main compounds. However, the wine with French oak chip added during malolactic fermentation showed a higher antioxidant
activity, when using ORAC assay. This study offers a practical application of oak chips in winemaking process as an
alternative to produce high quality young red wines with low cost to the wineries in places of oak barrels.
Keywords: Vitis vinifera L.; Bioactive compounds; HPLC-DAD-FD; In vitro antioxidant assays; Tropical red wine.

1. Introduction
The ageing of wine in wood barrel for red wines is a traditional and
commonly applied technique in winemaking that promotes several
advantages. One of the most important effects is on color stability
due to compounds derived from wood (e.g., gallic acid, syringic
acid, vanillic acid, ferulic acid, ellagic acid, and ellagitannins),
which migrate from wood to wine (Durner, 2016). Both American
(Q. alba) and French (Q. petraea) oak significantly improve the
content of phenolic compounds in wine, causing less color changes
during the storage in the bottle (Liu et al., 2016), and may con-
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tribute to increased concentration of anthocyanins in young wines
(Rodriguez-Solana et al., 2017). On the other hand, during the aging in wood barrels for at least six months, the concentration of
important aroma compounds, such as oak lactones, increase and
improve the wine’s sensory characteristics, particularly aromas related to red fruits, vanilla, and coconut (Jackson, 2014).
The use of oak chip in winemaking is an alternative to the traditional barrels (Arapitsas et al., 2004; Frangipane et al., 2007),
and the chip of Quercus genus is authorized by the International
Oenological Codex in 2005, since they are an economically advantageous alternative for winemakers in regions where oak is
unavailable. Moreover. oak chips demand less time to attain the
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similar characteristics to those of wines aged in barrels (CejudoBastante et al., 2011).
There are several studies on the application of oak chip in different steps of winemaking (e.g.,alcoholic fermentation, malolactic or after fermentation) (Gallego et al., 2015a). In general, the
amount of oak chips used in the studies with red wine varies from
3 to 9 g L−1 (Alañón et al., 2011; Cejudo-Bastante et al., 2011).
The main objective of this study was to evaluate the application of American or French (or mixtures) oak chip in tropical wine
during alcoholic or malolactic fermentation on the phenolic compounds and the antioxidant activity and check if the the type of
oak and stage of fermentation of infusion the oak chip was able to
improve the quality of young wines. This is the first study that uses
oak chips during the fermentation process of Syrah wine produced
in the Vale do São Francisco, Brazil, and evaluates the effects on
phenolic compounds profile and antioxidant activity.
2. Materials and methods
2.1. Chemicals and oenological materials
The oenological materials to the winemaking potassium metabisulfite, Saccharomyces cerevisiae bayanus Maurivin PDM® (Amazon Group, Rio de Janeiro, RJ, Brazil) and ammonium phosphate
Gesferm Plus® were obtained from Amazon Group (Rio de Janeiro,
RJ, Brazil), pectinolytic enzyme Pectozim Rouge® was purchased
from Ever (Garibaldi, RS, Brazil) and the mixture of gum Arabic and metatartaric acid Stabigum® from AEB Group (São José
dos Pinhais, PR, Brazil). Folin-Ciocalteu’s phenol reagent, TPTZ
(2,4,6-tris(2-pyridyl)-S-triazine), AAPH (2,2′-azobis(2-methylpropionamidine dihydrochloride) and Trolox (6-hydroxy-2,5,7,8tetramethylchroman-2-carboxylic acid—Sigma-Aldrich, St. Louis,
MO, USA) were the reagents used to analysis of total phenolic
compounds and antioxidant activity.
Twenty-five standards of phenolic compounds were used to
prepare the calibration curves for the HPLC analysis: ferulic acid
and quercetin (ChemService, West Chester, PA, USA); caffeic, pcoumaric, chlorogenic and gallic acids (Sigma-Aldrich, St. Louis,
MO, U.S.A.); kaempferol-3-O-glucoside, myricetin, isorhamnetin-3-O-glucoside, quercetin 3-β-D-glucoside, rutin, (+)-catechin,
(−)-epicatechin, (−)-epicatechin gallate, (−)-epigallocatechin
gallate, procyanidin A2, procyanidin B1, procyanidin B2, pelargonidin-3-O-glucoside, cyanidin-3-O-glucoside, malvidin-3-Oglucoside, delphinidin-3-O-glucoside, peonidin-3-O-glucoside,
petunidin 3-O-glucoside and trans-resveratrol (Extrasynthese,
Genay, France). As mobile phases, HPLC grade acetonitrile was
purchased from JT Baker (Phillipsburg, N.J., U.S.A), phosphoric
acid from Fluka (Buchs, Switzerland) and HPLC grade methanol from Vetec Quimica (Rio de Janeiro, Brazil) for cleaner the
system.
2.2. Winemaking

ture (24 ± 2 °C) with the addition of pectinolytic enzyme (0.01 g
L−1), commercial yeast Saccharomyces cerevisiae bayanus (0.20
g L−1), and ammonium phosphate (0.20 g L−1) to the musts. The
maceration period (skins and seeds) was conducted in 30 days
along with alcoholic and malolactic fermentation (Alencar et al.,
2019). The alcoholic fermentation lasted 20 days, and the end was
determined by measuring the density in hydrostatic electronic balance (Gibertini, Milan, Italy) until it remained constant, lower
than 0.997 and the reducing sugars content was below 2 g L−1
(Ribéreau-Gayon et al., 2006). The skins and seeds were separated
from the wine through pressing at 50 bar using a horizontal press
(Control Tech Automação, Caxias do Sul, Brazil). The spontaneous malolactic fermentation was performed under controlled temperature (18 ± 1 °C) and the end (30 days) was verified by paper
chromatography to check the presence of malic acid. At the end of
this stage, the wine was transferred to retain yeasts and suspended
particles.
American and/or French oak chips (4 g L−1) were added either
at the start of the alcoholic or malolactic fermentation (GarcíaCarpintero et al., 2014; Gordillo, Cejudo-Bastante et al., 2013)
placed in nylon bags positioned at the center of the tank.
French oak chips (AEB-group, France), in pieces of 2.5 × 5.0
× 0.5 cm, 100% of Quercus petreae, with higher roasting, and
American oak chips (Everintec, Italy), in pieces of 2.5 × 2.0 ×
1.0 cm; 100% Quercus alba, medium roasting. The aging treatments were: WC (control wine without oak chips), WAAMF (wine
added American oak chip in alcoholic and malolactic fermentation), WAMF (wine added American oak chip in malolactic fermentation), WFAMF (wine added French oak chip in alcoholic and
malolactic fermentation), WFMF (wine added with French oak
chip during malolactic fermentation) and WAFAMF (wine added
with American and French oak chips in both fermentation). For
the wines that received the oak chip in the alcoholic and malolactic fermentations, chips were substituted for new ones prior to the
malolactic fermentation.
Stabilization was performed in a cold chamber for 10 days at 0
°C and using Stabigum (0.40 g L−1). Afterward, the wine was bottled (750 mL), the concentration of free SO2 was corrected to 50
mg L−1 (Ribéreau-Gayon et al., 2006), and stored in a cellar at 18
°C in the horizontal position for 30 days until analysis.
2.3. Oenological quality parameters
The analysis of the oenological quality parameters, namely pH,
total titrable acidity, volatile acidity, alcohol content, reducing
sugars, free and total sulfur dioxide, were carried out according
to the standard method of the Association of Official Analytical
Chemists (2007). The total polyphenol index (TPI) was performed
with wine dilutions of 1:100, followed by reading absorbance at
280 nm using a spectrophotometer GenesysTM 10S (Thermo Fisher
Scientific, Waltham, MA) in Q-4 quartz cuvettes (Ribéreau-Gayon
et al., 2006) (Table S1).
2.4. Color intensity

Syrah grapes (Vitis vinifera L.) cultivated in the experimental field
of the Embrapa Semi-Arid, Petrolina, Brazil, situated at 09°09′S
and 40°22′W, with medium altitude with 365.5 meters, were harvested in July 2015.
After destemming in a commercial destemmer (Ricefer, Garibaldi, RS, Brazil), the grapes were transferred to a 25 L stainless
steel vat with the addition of potassium metabisulfite (0.10 g L−1).
The alcoholic fermentation was started under controlled tempera-

Color intensity was measured in terms of absorbance at different
wavelengths (420, 520, and 620 nm), using a spectrophotometer
GenesysTM 10S (Thermo Fisher Scientific, Waltham, MA, USA).
The color intensity value was obtained by summing the absorbance measurements of the wine in the violet, green, and red regions of the visible spectrum, according to Ribéreau-Gayon et al.
(2006).
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2.5. Total phenolic compounds, monomeric anthocyanins and
condensed tannins
The phenolic compounds were quantified using the Folin-Ciocalteu method (Swain and Hills, 1959). Aliquots of 800 μL of deionized water and 50 μL of Folin-Ciocalteu’s phenol reagent were
mixed using a vortex with 50 μL of the wine. The mixture was allowed to stand for 3 min to react and sequentially 100-μL of 0.5 M
Na2CO3 solution was added. The solution was incubated in a dark
place (24 °C) for 2h and then the absorbance was read at 725 nm
using a UV–Vis multi-detection microplate reader (Synergy HT,
Biotek, Winooski, VT, USA). The results were expressed as gallic
acid equivalents (GAE mg L−1) using a standard curve prepared
with gallic acid.
Total monomeric anthocyanins were determined by the pH differential method (Lee et al., 2005). Wine aliquots were diluted in
0.025M HCl-KCl buffer (pH 1.0), and the absorbance was measured at 520 and 700 nm in a microplate reader (Synergy HT, Biotek, Winooski, VT, USA). Another dilution was made in 0.4 M
C2H3NaO2 buffer (pH 4.5) and the absorbance was read at the same
wavelengths. The calculation was performed using Equation 1. The
quantification of total monomeric anthocyanins was done using
malvidin-3-O-glucoside (MW 493.2) as a reference in Equation 2:
A = [(A520 – A700 nm) pH = 1.0]
– [(A520– A700 nm) pH = 4.5]

(1)

C (mg malvidin 3-O-glucoside L−1)
(2)
= A × MW × DF ÷ £ × 1
Where: MW = molecular weight; DF = dilution factor; £ = molar
absorptivity (28,000 mol L−1) and 1 = path length (cm).
The content of total condensed tannins was determined by Vannilin-HCl method following the methodology described by Harbertson and Spayd (2006). The results were expressed as mg of
vanillin equivalents per mL (VE mg mL−1).
2.6. Identification and quantification of phenolic compounds
Chromatographic identification and quantification of phenolic
compounds was performed by HPLC-DAD-FD (Waters 2695
Aliance system, Milford, MA, USA) using the wavelengths 280,
320, 360, and 520 nm for the diode array detector (DAD) and
280 nm excitation and 320 nm emission for the fluorescence detector (FD), according to Natividade et al. (2013) following the
validation parameters (Table S2). Data acquisition and processing were carried out in a Waters Empower™ 2 software (Milford,
MA, USA). Briefly, pre-Gemini-NX C18 column (4.0 × 3.0 mm,
Phenomenex®, Torrance, CA, USA) and Gemini-NX C18 column
(150 × 4.60 mm × 3.0 μm, Phenomenex®, Torrance, CA, USA)
were used to separate the compounds. Prior to injection, samples
(500 µL) were diluted to 1 mL with 0.85% phosphoric acid solution. The mobile phases used were 0.85% phosphoric acid solution (A) and acetonitrile (B). The running conditions were: 0.5 mL
min−1 flow rate, 40 °C oven temperature, 10 µL injection volume;
using a gradient elution as follows: 0 min 100% A; 10 min, 93% A;
20 min, 90% A; 30 min, 88% A; 40 min, 77% A; 45 min, 65.0% A,
and 100% B at 55 min (totaling 60 min of running). The samples
were filtered in a 0.45 μm nylon membrane (Phenomenex).
2.7. Antioxidant activity analysis
The antioxidant activity of the wines was evaluated by the reaction
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with FRAP reagent (Rufino et al., 2010; Benzie and Strain, 1996).
The samples were incubated for 30 min at 37 °C, and the absorbance was measured at 595 nm (Synergy HT, Biotek, Winooski,
VT, USA). A Trolox standard curve was used, and the results were
expressed as μmol Trolox equivalents (TE) L−1 (Benzie and Strain,
1996).
ORAC (hydrophilic oxygen radical absorbance capacity) (Ou et
al., 2013) was also used to evaluate the antioxidant activity of the
wines. The wines were diluted in phosphate buffer (75 mmol L−1,
pH 7.4). Sequentially the peroxyl radical was generated through
the spontaneous decomposition of AAPH at 37 °C and fluorescein
was used as a fluorescent probe. The decay of the fluorescence was
read in a microplate reader (Synergy HT, Biotek, Winooski, VT,
USA) using emission filter at 520 nm and excitation at 485 nm A
Trolox standard curve was used, and the results were expressed as
μmol Trolox equivalents (TE) L−1.
2.8. Statistical analysis
The results were expressed as means ± standard deviation. For
each parameter, wine samples collected from three bottles were
analyzed. Analysis of variance and Tukey’s means comparison
test were performed to check for significant differences (p < 0.05).
The statistical analyses were carried out using the software XLStat
(Addinsoft, 2019).
3. Results and discussion
The concentration of total monomeric anthocyanins ranged from
298 to 351 malvidin-3-O-glucoside equivalents mg L−1 in the
wines and no significant difference (p < 0.05) was observed between the six treatments (Fig. 1a). The fermentation with the oak
chip did not significantly change the amount of monomeric anthocyanins as well as total phenolic compounds content (total reduced
capacity), suggesting that the addition of different oak chips and
the time that the oak chips were in contact with the wine did not affect the Syrah wine characteristics (Fig. 1b). However, a decrease
in condensed tannins was observed when French oak was added
during the alcoholic and malolactic fermentations (WFAMF) (Fig.
1c).
Twenty-five phenolic compounds were identified in the Syrah
wines (Table 1). Among them, ferulic acid and (+)-catechin did not
show differences (p < 0.05) among the treatments. Two phenolic
acids appeared among the major phenolic compounds in the wines,
especially in the control sample: gallic acid (70.67 mg L−1) and
chlorogenic acid (5.27 mg L−1). It seems that the amount of oak
chips (4g L−1) used in the present study was not enough to promote
an increase in these acids in the wines, in contrast to the study by
Liu et al. (2016) that reported an increase in phenolic acids (chlorogenic acid, gallic acid, caffeic acid) content after the addition of
5 g L−1 of French oak chip in the alcoholic and malolactic fermentation, a slightly higher amount of chips as compared to the present
study. Regardless of the oak chip, the content of caffeic acid was
greater in the samples where both alcoholic and malolactic fermentations took place when compared with the ones in which only the
malolactic fermentation was performed.
The use of the oak chip during the fermentation process produced changes in the flavonols aglycones and procyanidins
concentrations, as well as in tannins that might have underwent
transformations such as combination with monomeric flavanols
as suggested by Ribéreau-Gayon et al. (2006). It is observed that
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Figure 1. Monomeric anthocyanins compounds in Syrah tropical wines aged with American and French oak chips (a), total phenolic (b), condensed tannins (c), antioxidant activity by the FRAP (d) and ORAC (e). Bars sharing different superscript are significantly different by the Tukey test (p < 0.05). *Abbreviations: WC (control wine without oak chips), WAAMF (wine added American oak chip in alcoholic and malolactic fermentation), WAMF (wine added
American oak chip in malolactic fermentation), WFAMF (wine added French oak chip in alcoholic and malolactic fermentation), WFMF (wine added with
French oak chip during malolactic fermentation) and WAFAMF (wine added with American and French oak chips in both fermentation).

wine control (WC) showed higher concentrations of (−)-epigallocatechin gallate; procyanidin A2 and B2. The content of most
individual tannins in French oak chip samples decreased when
alcoholic and malolactic fermentations were used, as opposed to
samples where only malolactic fermentation was carried out (Table
1). This result agrees with the total condensed tannins estimation
(Fig. 1a). High amounts of (+)-catechin were found in all the wines

independent of the treatment adopted during the fermentation process; however, the use of both chips decreased the amounts of the
isomer (−)-epicatechin. The decrease in flavan-3-ol monomers in
wine during oak aging has been described in the literature (Gallego et al., 2015b) and may be related to the polymerization reactions (Es-Safi et al., 1999). Procyanidin B2 was the predominant
procyanidin in all wines, and the control wine showed the high-
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Table 1. Phenolic compounds (mg L−1) of Syrah tropical wines fermented with American and French oak chips

Phenolic Compounds

Wines
WC

WAAMF

WAMF

WFAMF

WFMF

WAFAMF

p-Coumaric acid

0.20a ± 0.00

0.10b ± 0.00

0.20a ± 0.00

0.10b ± 0.00

0.10b ± 0.00

0.20a ± 0.00

Ferulic acid

0.10a ± 0.00

0.10a ± 0.00

0.10a ± 0.00

0.10a ± 0.00

0.10a ± 0.00

0.10a ± 0.00

Caffeic acid

3.47e ± 0.06

6.93ab ± 0.46

5.87cd ± 0.15

7.83a ± 0.50

5.47d ± 0.15

6.43bc ± 0.38

Gallic acid

70.67a

63.63c

68.80ab

65.20bc

68.83ab

68.37ab ± 1.64

Chlorogenic acid

5.27a ± 0.06

2.03c ± 0.06

1.63d ± 0.06

1.53d ± 0.06

2.27b ± 0.06

2.13bc ± 0.06

Total

79.71 ± 1.62

72.79 ± 1.24

76.6 ± 1.1

74.76 ± 1.46

76.77 ± 2.08

77.23 ± 2.08

(−)-Epicatechin

7.10a ± 0.40

4.87d ± 0.42

5.97bc ± 0.06

5.20cd ± 0.30

6.90ab ± 0.53

5.33cd ± 0.40

(+)-Catechin

12.50a ± 1.10

11.10a ± 1.01

12.05a ± 0.55

12.65a ± 1.05

12.30a ± 0.90

12.50a ± 1.23

(−)-epigallocatechin gallate

1.50a

1.03c

1.17bc

1.20b

1.20b

1.17bc ± 0.06

(−)-epicatechin gallate

6.03c ± 0.51

5.53c ± 0.47

5.90c ± 0.53

7.97a ± 0.15

7.30ab ± 0.53

6.67bc ± 0.38

Procyanidin A2

0.60a ± 0.00

0.40b ± 0.10

0.40b ± 0.10

0.25bc ± 0.05

0.28bc ± 0.08

0.20c ± 0.00

Procyanidin B1

8.63a

6.17c

7.80ab

6.40c

8.30a

6.77bc ± 0.25

Procyanidin B2

19.07a ± 0.55

14.03d ± 1.40

16.07bc ± 0.32

14.90cd ± 0.60

17.10b ± 0.32

14.40cd ± 0.26

Total

55.43 ± 3.17

43.13 ± 3.95

49.36 ± 1.97

48.57 ± 2.69

53.38 ± 2.9

47.04 ± 2.58

Isorhamnetin-3-O-glucoside

13.97a ± 0.23

11.67d ± 0.51

12.67bc ± 0.38

12.10cd ± 0.26

13.43ab ± 0.31

12.63bc ± 0.31

Quercetin 3-β-D-glucoside

1.05a ± 0.15

0.60bc ± 0.10

0.70b ± 0.10

0.40c ± 0.00

0.55bc ± 0.05

0.40c ± 0.00

Quercetin

20.73a ± 0.35

17.43c ± 0.74

18.77bc ± 0.57

17.90c ± 0.53

19.90ab ± 0.44

18.83bc ± 0.50

Kaempferol-3-O-glucoside

2.07a

1.67d

1.83bc

1.77cd

1.97ab

± 0.06

1.83bc ± 0.06

Rutin

1.60a ± 0.10

1.27c ± 0.06

1.40bc ± 0.00

1.33c ± 0.06

1.50ab ± 0.00

1.40bc ± 0.00

Myricetin

4.57a ± 0.12

3.73c ± 0.15

4.00bc ± 0.10

3.87c ± 0.12

4.23ab ± 0.15

4.00bc ± 0.10

Total

43.99 ± 1.01

36.37 ± 1.62

39.37 ± 1.21

37.37 ± 1.03

41.58 ± 1.01

39.09 ± 0,97

Cyanidin 3-O-glucoside

0.40a ± 0.00

0.20a ± 0.00

0.20a ± 0.00

0.20a ± 0.00

0.30a ± 0.00

0.20a ± 0.00

Peonidin 3-O-glucoside

4.37a

3.23c

3.03d

2.87d

3.83b

3.00d ± 0.10

Petunidin 3-O-glucoside

0.80a ± 0.00

0.70ab ± 0.00

0.63c ± 0.06

0.63c ± 0.06

0.77ab ± 0.06

0.67bc ± 0.06

Delphinidin 3-O-glucoside

3.17a ± 0.06

2.33c ± 0.06

2.10d ± 0.00

2.17d ± 0.06

2.63b ± 0.06

2.20d ± 0.00

Malvidin 3-O-glucoside

68.30a

56.63b

54.50b

55.10b

66.80a

51.20c ± 0.46

Pelargonidin 3-O-glucoside

8.67a ± 0.15

6.83c ± 0.06

6.23d ± 0.06

6.43d ± 0.12

7.80b ± 0.20

6.17d ± 0.12

Total

85.71 ± 1.71

69.92 ± 0.66

66.69 ± 0.96

67.4 ± 1.12

82.13 ± 1.79

63.44 ± 0.74

0.60a ± 0.00

0.50a ± 0.00

0.50a ± 0.00

0.50a ± 0.00

0.50a ± 0.00

0.50a ± 0.00

Phenolic acids

± 1.50

± 0.72

± 0.90

± 0.90

± 1.87

Flavanols and Procyanidins

± 0.00

± 0.61

± 0.06

± 0.49

± 0.06

± 0.35

± 0.10

± 0.44

± 0.10

± 0.44

Flavonols aglycones

± 0.06

± 0.06

± 0.06

± 0.06

Anthocyanins
± 0.06

± 1.44

± 0.06

± 0.42

± 0.06

± 0.78

± 0.06

± 0.82

± 0.06

± 1.41

Stilbenes
Trans-resveratrol

Values followed by different letters in the same line are significantly different according to Tukey’s test (p < 0.05). *Abbreviations: WC (control wine without oak chips), WAAMF
(wine added American oak chip in alcoholic and malolactic fermentation), WAMF (wine added American oak chip in malolactic fermentation), WFAMF (wine added French oak
chip in alcoholic and malolactic fermentation), WFMF (wine added with French oak chip during malolactic fermentation) and WAFAMF (wine added with American and French
oak chips in both fermentation).

est concentration of procyanidins as compared to the wines added
with oak chips. The sensation of astringency is mainly influenced
by the source of procyanidins (Chira et al., 2015) and according to
Alencar et al. (2018), the fermentation with French chip decreased
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the perception of astringency compared to the wine without the
chip, due to a reduction in procyanidins content.
Six anthocyanins were identified and quantified in the wines,
malvidin 3-O-glucoside being the most relevant (Table 1). The ad-
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Table 2. Color intensity of Syrah tropical wines fermented with American
and French oak chips

Wines

Color Intensity (420 + 520 + 620 nm)

WC

13.75a ± 0.64

WAAMF

9.93c ± 0.34

WAMF

13.64a ± 0.11

WFAMF

11.08b ± 0.15

WFMF

10.71bc ± 0.24

WAFAMF

11.16b ± 0.14

that the fermentation with oak chip decreased the concentration
of procyanidin A2 and B2 in the wine, which may be favorable to
decrease astringency. Further studies should be conducted on the
effect of oak chips both during fermentation and ageing processes
to gain a better understanding about the stability of phenolic compounds in tropical Syrah wines and their relationship with color
and antioxidant activity
Acknowledgments

Values followed by different letters are significantly different (p < 0.05) according to
Tukey’s test. *Abbreviations: WC (control wine without oak chips), WAAMF (wine
added American oak chip in alcoholic and malolactic fermentation), WAMF (wine
added American oak chip in malolactic fermentation), WFAMF (wine added French
oak chip in alcoholic and malolactic fermentation), WFMF (wine added with French
oak chip during malolactic fermentation) and WAFAMF (wine added with American
and French oak chips in both fermentation).

dition of oak chip during winemaking decreases the amounts of
anthocyanins in the wine; however, the use of the French chips
during the malolactic fermentation preserved the content of malvidin 3-O-glucoside (66.80 mg L−1) in the wine as compared to the
control. Malvidin 3-O-glycoside is the most abundant anthocyanin
in red wine, and it is demonstrating in the literature this anthocyanin can react with the oak phenolic during the aging process
forming new products that change the wine color or flavor (Jordão
et al., 2017).
The results show that the addition of oak chip in the fermentation process affected the color intensity of the wines (Table 2) (p <
0.05). The wines WC and WAMF presented higher color intensity
as compared to the other samples. Table 1 shows that in control
(WC) wine the sum was significantly higher than in the wines fermented with oak chips. The color of the wines can vary due to the
anthocyanins that are unstable during aging in wood, as they may
react with other phenolic compounds present in the wine, especially the tannins (Ribéreau-Gayon et al., 2006).
Reduction in the antioxidant potential by FRAP assay (Fig. 1d)
was observed in the wines fermented with oak compared to the
control. This result is in agreement with Alañón et al. (2011) since
the authors showed decreased antioxidant activity when American
and French oak wood were used in the winemaking. Figure 1e
still shows that the addition of the French and American oak chips
during the alcoholic and malolactic fermentation (WAFAMF), improved the ability of the antioxidants present in the wine to scavenge the peroxyl radical derived from the thermal decomposition
of 2,2′-azobis(2-methylpropionamidine) dihydrochloride (AAPH).
The antioxidant activity of the Syrah wines evaluated, measured
by the ORAC assay showed to be higher than wines from other
Brazilian regions (29,801 μmol TE L−1), Argentine (28,966 μmol
TE L−1) and Chile (31,470 μmol TE L−1) (Granato et al., 2012).
4. Conclusions
The oak chips (4g L−1) did not increase the amount of total phenolic compounds, monomeric anthocyanins, condensed tannins,
and the antioxidant activity by FRAP assay. However, the addition
of the French oak chip (WFMF) in malolactic fermentation and the
mixture of French and American oak chips during the alcoholic
and malolactic fermentation (WAFAMF) improved the antioxidant
activity measured by the ORAC assay. It was also demonstrated

This work was supported by Coordenação de Aperfeiçoamento
de Pessoal de Nível Superior (CAPES) Finance Code 001; Embrapa (SEG 03.13.06.017.00.00); FACEPE (Project: APQ-0921-507/14) and CNPq (403328/2016-0; 301108/2016-1) and FAPESP
(2015/50333-1; 2018/11069-5).
Supplementary Material
Suppl 1. Quality oenological parameters of Syrah tropical wines.
Suppl 2. Validation parameters of chromatographic identification
and quantification of phenolic compounds performed by HPLCDAD-FD.
References
Addinsoft. (2019). Addinsoft. XLSTAT statistical and data analysis solution.
Long Island, NY, USA. https://www.xlstat.com.
Alañón, M.E., Castro-Vázquez, L., Díaz-Maroto, M.C., Gordon, M.H., and
Pérez-Coello, M.S. (2011). A study of the antioxidant capacity of
oak wood used in wine ageing and the correlation with polyphenol composition. Food Chem. 128: 997–1002. doi:10.1016/j.foodchem.2011.04.005.
Alencar, N.M.M., Ribeiro, T.G., Barone, B., Barros, A.P.A., Marques, A.T.B.,
and Behrens, J.H. (2019). Sensory pro fi le and check-all-that-apply ( cata ) as tools for evaluating and characterizing syrah wines
aged with oak chips. Food Res. Int. 124: 156–164. doi:10.1016/j.
foodres.2018.07.052.
Arapitsas, P., Antonopoulos, A., Stefanou, E., and Dourtoglou, V.G. (2004).
Artificial aging of wines using oak chips. Food Chem. 86: 563–570.
doi:10.1016/j.foodchem.2003.10.003.
Association of Official Analytical Chemists. (2007). Association of Official
Analytical Chemists. Official methods of analysis.
Benzie, I., and Strain, J. (1996). The ferric reducing ability of plasma (FRAP)
as a measure of “antioxidant power”: the FRAP assay. Anal. Biochem.
239(1): 70–6. doi:10.1006/abio.1996.0292.
Cejudo-Bastante, M.J., Hermosín-gutiérrez, I., and Pérez-coello, M.S.
(2011). Micro-oxygenation and oak chip treatments of red wines:
Effects on colour-related phenolics, volatile composition and sensory characteristics. Part II: Merlot wines. Food Chem. 124: 738–748.
doi:10.1016/j.foodchem.2010.07.064.
Chira, K., Zeng, L., Floch, A.L.E., Péchamata, L., Jourdes, M., and Teissedre,
P.-L. (2015). Compositional and sensory characterization of grape
proanthocyanidins and oak wood ellagitannin. Tetrahedron 71:
2999–3006. doi:10.1016/j.tet.2015.02.018.
Durner, D. (2016). Improvement and Stabilization of Red Wine Color.
Handbook on Natural Pigments in Food and Beverages: Industrial
Applications for Improving Food Color. Elsevier Ltd, pp. 240–264.
doi:10.1016/B978-0-08-100371-8.00012-9.
Es-Safi, N.-E., Fulcrand, H., Cheynier, V., and Moutounet, M. (1999). Competition between (+)-Catechin and (−)-Epicatechin in AcetaldehydeInduced Polymerization of Flavanols. J. Agric. Food Chem. 47: 2088–
2095.
Frangipane, M.T., Santis, D.D.E., and Ceccarelli, A. (2007). Influence of

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

75

The use of oak chips during the fermentation process
oak woods of different geographical origins on quality of wines
aged in barriques and using oak chips. Food Chem. 103: 46–54.
doi:10.1016/j.foodchem.2006.07.070.
Gallego, M.A.G., Sánchez-Palomo, E., Hermosín-Gutiérrez, I., and Viñas,
M.A.G. (2015a). Effect of oak chip addition at different winemaking
stages on phenolic composition of Moravia Agria red wines. S. Afr. J.
Enol. Vitic. 36(1): 21–31.
Gallego, M.A.G., Sánchez-Palomo, E., Hermosín-Gutiérrez, I., and Viñas,
M.A.G. (2015b). Effect of Oak Chip Addition at Different Winemaking
Stages on Phenolic Composition of Moravia Agria Red Wines. S. Afr.
J. Enol. Vitic. 36(1): 21–31.
García-Carpintero, E.G., Sánchez-Palomo, E., and González Viñas, M.A.
(2014). Volatile composition of Bobal red wines subjected to alcoholic/malolactic fermentation with oak chips. LWT 55(2): 586–594.
doi:10.1016/j.lwt.2013.10.024.
Gordillo, B., Baca-bocanegra, B., Rodriguez-Pulído, F.J., González-Miret,
M.L., García, I.E., Quijada-Morín, N., Heredia, F.J., and EscribanoBailón, M.T. (2016). Optimisation of an oak chips-grape mix maceration process. Influence of chip dose and maceration time. Food
Chem. 206: 249–259. doi:10.1016/j.foodchem.2016.03.041.
Gordillo, B., Cejudo-Bastante, M.J., Rodríguez-Pulido, F.J., González-Miret,
M.L., and Heredia, F.J. (2013). Application of the differential colorimetry and polyphenolic profile to the evaluation of the chromatic quality of Tempranillo red wines elaborated in warm climate. Influence
of the presence of oak wood chips during fermentation. Food Chem.
141(3): 2184–2190. doi:10.1016/j.foodchem.2013.05.014.
Granato, D., Katayama, F.C.U., and Castro, I.A. (2012). Characterization of
red wines from South America based on sensory properties and antioxidant activity. J. Sci. Food Agr. 92: 526–533. doi:10.1002/jsfa.4602.
Harbertson, J., and Spayd, S. (2006). Measuring phenolics in the winery.
Am. J. Enol. Vitic. 57: 280–288.
Jackson, R.S. Vineyard Practice. Wine Science. Elsevier, pp. 143–306.
doi:10.1016/B978-0-12-381468-5.00004-X.
Jordão, A.M., Lozano, V., Correia, A.C., and Gonzalez-SanJosé, M.L. (2017).
Impact of different wood chip species ( oak , acacia and cherry ) on
evolution of individual anthocyanins , chromatic characteristics and

76

Alencar et al.
antioxidant capacity in model wine solutions. Bio Web of Conferences 9: 1–5. doi:10.1051/bioconf/20170902013.
Lee, J., Durst, R.W., and Wrolstad, R.E. (2005). Determination of total
monomeric anthocyanin pigment content of fruit juices, beverages, natural colorants, and wines by the pH differential method:
Collaborative study. J. AOAC Int. 88(5): 1269–1278. doi:10.5555/
jaoi.2005.88.5.1269.
Liu, S., Wang, S., Yuan, G., Ouyang, X., Liu, Y., Zhu, B., and Zhang, B. (2016).
Effect of Oak Chips on Evolution of Phenolic Compounds and Color
Attributes of Bog Bilberry Syrup Wine During Bottle-Aging. J. Food
Sci. 81(11): 2697–2707. doi:10.1111/1750-3841.13532.
Natividade, M.M.P., Corrêa, L.C., Souza, S.V.C., Pereira, G.E., and Lima,
L.C.O. (2013). Simultaneous analysis of 25 phenolic compounds
in grape juice for HPLC: Method validation and characterization
of São Francisco Valley samples. Microchemical J. 110: 665–674.
doi:10.1016/j.microc.2013.08.010.
Ou, B.X., Chang, T., H, D., and P, R. (2013). Phenolic compounds, organic
acids and antioxidant activity of grape juices produced from new Brazilian varieties planted in the Northeast Region of Brazil. J. AOAC Int.
96: 1372–1376.
Ribéreau-Gayon, P., Dubourdieu, D., Donéche, B., and Lonvaud, A. (2006).
Handbook of enology: The microbiology of wine and vinifications.
John Wiley and Sons Ltd., England.
Rodriguez-Solana, R., Rodriguez-Freigedo, S., Salgado, J.M., Domínguez,
J.M., and Cortés-Diéguez, S. (2017). Optimisation of accelerated ageing of grape marc distillate on amicro-scale process using a Box–Benhken design: influence of oak origin, fragment size and toast level on
the composition of the final product. Aust. J. Grape Wine R. 23: 5–14.
doi:10.1111/ajgw.12249.
Rufino, M.S.M., Alves, R.E., Brito, E.S., Pérez-Jiménez, J., Saura-Calixto,
F., and Mancini-Filho, J. (2010). Bioactive compounds and antioxidant capacities of 18 non-traditional tropical fruits from Brazil. Food
Chem. 12: 996–1002.
Swain, T., and Hills, W.E. (1959). The phenolic constituents of Prunus domestica I.-The quantitative analysis of phenolic constituents. J. Agric.
Sci. 10(1): 63–68.

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

Journal of

Food Bioactives

International Society for
Nutraceuticals and Functional Foods

Original Research

J. Food Bioact. 2020;10:77–85

The chemical composition, antioxidant activity, and antiproliferative
activity of selected seed flours
Zhangyi Songa†, Yanfang Lib†, Boyan Gaob, Jihye Leea, Yanbei Wuc, Jianghao Sund,
Monica Whenta*, Pei Chend, Seong-Ho Leea and Liangli Yua
aDepartment

of Nutrition and Food Science, University of Maryland, College Park, MD 20742, United States
of Food and Nutraceutical Science, School of Agriculture and Biology, Shanghai Jiao Tong University, Shanghai 200240, China
cBeijing Advanced Innovation Center for Food Nutrition and Human Health, Beijing Technology & Business University, Beijing 100048,
China
dFood Composition and Methods Development Laboratory, Beltsville Human Nutrition Research Center, Agricultural Research Service,
United States Department of Agriculture, Beltsville, MD 20705, United States
†These authors contributed equally to the work.
*Corresponding author: Monica Whent, Department of Nutrition and Food Science, University of Maryland, College Park, MD 20742,
USA. Tel: +1 301 4054521; E-mail: mwhent@umd.edu
DOI: 10.31665/JFB.2020.10230
Received: June 08, 2020; Revised received & accepted: June 24, 2020
Citation: Song, Z., Li, Y., Gao, B., Lee, J., Wu, Y., Sun, J., Whent, M., Chen, P., Lee, S.-H., and Yu, L. (2020). The chemical composition,
antioxidant activity, and antiproliferative activity of selected seed flours. J. Food Bioact. 10: 77–85.
bInstitute

Abstract
The phytochemicals in broccoli, carrot, and milk thistle seed flours were extracted with ethanol. Their chemical composition, free radical (ABTS+ and DPPH•) scavenging, and anti-proliferative capacity were evaluated. Silychristin, glucoraphanin, and kaempferol-3-O-rutinoside were the primary components in milk thistle, broccoli,
and carrot seed flour extract, respectively. The total phenolic contents of milk thistle, broccoli, and carrot seed
flour extracts were 16.9, 8.4, and 1.8 mg gallic acid equivalent/g seed flour, respectively. The seed flour extracts
demonstrated antioxidant activity against DPPH• and ABTS+. Milk thistle extract demonstrated antiproliferative
activity against colon cancer cells. These findings could promote the utilization of the seed flours to add health
value to foods.
Keywords: LC-MS; Carrot seed; Milk thistle seed; Broccoli seed; Functional food.

1. Introduction
Vegetable and herb seed flours are the by-products of seed oil production. Typically, the seed flours are discarded after the oil has
been extracted. If seed flours contain health-beneficial properties,
these flours can be valuable ingredients in nutraceuticals and functional foods. In this scenario, the seed oil production companies
can benefit from increased use of the flour and waste can be reduced (Balasundram et al., 2006).
Previous studies have demonstrated that vegetable seed flours
contain various antioxidant phytochemicals. Phenolic compounds
have been found in broccoli, carrot, and milk thistle seed flours,
including quercetin-3-glucoside, luteolin, and silymarin, respec-

tively (Choe et al., 2018; Omar et al., 2012). Phenolic compounds
possess the ability to donate hydrogen atoms and chelate metal
ions, which gives them antioxidant activity (Balasundram et al.,
2006). It is well known that oxidation reactions can cause damage to different tissues in human bodies, such as DNA, proteins,
and lipids (Lobo et al., 2010). This damage may eventually lead
to chronic disease, including cancer, liver disease, cardiovascular
disease, and diabetes (Higashi et al., 2009; Paz-Elizur, et al., 2008;
Rains and Jain, 2011). Antioxidant compounds can inhibit the oxidation reaction by interrupting the free-radical chain reaction in
lipid oxidation or scavenging singlet oxygen. (Damodaran et al.,
2008). Therefore, foods that contain antioxidant components may
help to prevent some chronic diseases (Lobo et al., 2010).
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The components of vegetable seed flours have previously demonstrated health enhancing properties. Glucoraphanin is one major
glucosinolate found both in the broccoli and its seed flour (Choe et
al., 2018; Moreno et al., 2006). It can be converted to sulforaphane
by myrosinases in the plant or by other myrosinases and microbials in the colon (Juge et al., 2007). Sulforaphane has been shown
to inhibit the growth of Helicobactor pylori, a bacteria that increases the risk of gastritis and gastric cancer. Sulforaphane was
also shown to prevent tumor growth induced by benzo[a]pyrene
and inhibit breast cancer and prostate cancer cells (Fahey et al.
2002; Y. Li et al., 2010; S. V. Singh, et al., 2005). Milk thistle seed
flour is rich in silymarin which is a class of compounds including
silychristin, silydianin, silybin A & B, and isosilybin A & B (Wallace et al., 2005). It has been reported that silymarin has hepatoprotective activity, and anticancer activity against skin, prostate,
and lung cancers (Deep and Agarwal, 2007; Mateen et al., 2010).
Carrot seeds have been shown to have antioxidant, hepatoprotective, and anti-inflammatory activity (Singh et al., 2012; Vasudevan
et al., 2006). Luteolin is a component of carrot seed flour that has
demonstrated anti-cancer properties (Imran et al., 2019).
While some health promoting properties of seed flours have been
identified, the complete chemical composition of seed flours has
not yet been studied extensively. The research on milk thistle seed
flower has focused on silymarins, with few studies of the other compounds in milk thistle seed flour. Previous studies usually evaluated
the whole seeds instead of seed flours after oil extraction. Acetone
and methanol aqueous solutions have most often been selected as
the extraction solvents. (McWalter et al., 2004; Choe et al., 2018).
In this study, ethanol extracts of broccoli, carrot, and milk thistle
seed flours after cold pressing were investigated for their chemical
composition, antioxidant, and anti-proliferative activity. Ethanol
with a concentration over 95% (v/v) is easier to recover than other
solvents during oil extraction. Hence, the extraction solvent in this
study is more practical for seed production companies.
2. Materials and methods
2.1. Seed flours
Broccoli, carrot, and milk thistle seed flour samples were provided
by Botanic Oil Innovation (Spooner, WI, USA). The seed flours
were the remains from the cold-pressing process.
2.2. Chemicals
(±)-6-Hydroxy-2,5,7,8-tetramethyl-chromane-2-carboxylic acid
(Trolox), fluorescein (FL), 2,2′-azino-bis(3-ethylbenzothiazoline6-sulfonic acid) diammonium salt (ABTS), 2,2-diphenyl-1-picrylhydrazyl (DPPH), gallic acid and Folin & Ciocalteu’s phenol reagent (FC) were all purchased from Sigma-Aldrich (St. Louis, MO,
USA). Ethanol, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and dimethyl sulfoxide (DMSO) were purchased from Fisher Scientific (Pittsburgh, PA, USA). Dulbecco’s
Modified Eagle Medium (DMEM) was purchased from Corning
Inc. (Corning, NY, USA). Fetal bovine serum was purchased from
Hyclone Laboratories Inc. (Logan, UT, USA).
2.3. Sample preparation
Each ground seed flour sample (1.5 g) was accurately weighed, ex-

78

Song et al.

tracted with 15 ml of 100% ethanol using a Soxhlet extractor for 3
hours, and filtered through Whatman No.1 filter paper. The filtrate
was transferred to a 25 ml volumetric flask, diluted with 100% ethanol
to volume, and mixed. All experiments were performed in triplicate.
2.4. Total phenolic contents
The ethanol extracts of seed flour were analyzed for their total phenolic content using Folin-Ciocalteu (FC) reagent with a previously
described procedure (Stevanato et al., 2004). The final reaction
mixture consisted of 250 μl FC reagent, 750 μl 20% sodium carbonate, 50 μl seed flour extract (or standard, or blank solvent control), and 3.0 ml ultrapure water. The absorbance at 765 nm was
measured after 2 hours of reaction at ambient temperature. Gallic
acid was used as the standard in concentrations of 50, 100, 200,
400, and 800 μg/mL. Experiments were carried out in triplicate.
2.5. ABTS+ scavenging capacity
The scavenging capacities of the seed flour extracts were measured
against ABTS+ generated using a chemical method according to a
published protocol (Moore et al., 2006). The working solution of
ABTS+ was prepared by oxidizing the solution of ABTS with manganese dioxide in ambient temperature for 30 min and then diluted
to 0.700 ± 0.005 at 734 nm. The final reaction mixture contained
1.0 ml of ABTS+ working solution and 100% ethanol as control
or 80 μl of the tested sample or standard solution (Trolox). After
vortexing for 30 s, the mixture was measured for its absorbance
at 734 nm after 90 s of reaction. The standard curve was set using
concentrations of 0.01, 0.02, 0.04, 0.06, and 0.08 µmol Trolox/mL.
Experiments were conducted in triplicate.
2.6. Relative DPPH• scavenging capacity
The relative DPPH• scavenging capacities (RDSC) of the seed flour
extracts were evaluated using an assay described by Cheng and others
(Cheng et al., 2006). The procedure of this assay involved a Victor3
multilabel plate reader. To start the reaction, 100 μl of 0.2 mmol/L
DPPH was mixed with the Trolox standard, blank solvent control, or
the samples. The absorbance was read at 515 nm every minute for 1.5
hours. The DPPH• scavenging capacities were derived from the areas
under the curve. Experiments were conducted in triplicate.
2.7. Ultra high-performance liquid chromatography photo diode array high-resolution multi-stage mass spectrometry (UHPLC-PDA-ESI/HRMSn)
The UHPLC-HRMS analysis was performed by an LTQ Orbitrap
XL mass spectrometer (Thermo Scientific, Waltham, MA, USA)
equipped with an Agilent 1290 Infinity liquid chromatography
linked with a DAD detector as it was reported by Choe et al.
(2018). The scanning range of the UV-vis spectrum was 190–600
nm. The separations were conducted on a 4.6 mm i.d. × 250 mm,
5 μm particle size Luna C18 column. A gradient mobile phase of
HPLC-grade water (solvent A) and acetonitrile (solvent B) both
containing 0.1% formic acid (v/v) has the flow rate of 1.0 ml/min.
The gradient elution started with 5% of solvent B. Then solvent B
was increased to 13% at 5 min through a linear gradient followed
by being increased to 20% at 10 min. After that solvent B was
increased to 27% at 25 min, followed by increasing to 33% at 40
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Figure 1. Total phenolic content (TPC) of seed flour samples (mg GAE/g
seed flour). Values marked by different letters are significantly different
(P < 0.05).

Figure 2. ABTS+ scavenging capacities of seed flour samples (µmol TE/g
seed flour). Values marked by different letters are significantly different
(P < 0.05).

min. Then solvent B was increased to 50% at 45 min and increased
to 90% at 46 min. 90% of solvent B was kept until 51 min and then
the 10 min post-run time was carried out for re-equilibration. The
injection volume was set as 5 μl. The oven temperature was 40 °C.
The compounds were analyzed under a negative ionization mode.
The heated capillary temperature was set at 325 °C, capillary voltage at −50 V, spray voltage at 4.5 kV, then tub lens offset voltage
at −120 V. The full scan covered the range from m/z 100 to 2,000
with the resolution of 30,000. The data was then postprocessed using QualBrowser part of Thermo Scientific Xcalibur 2.2 software.

was 16.9 mg GAE/g of seed flour and that of broccoli seed flour
extract was 8.4 mg gallic acid equivalent (GAE)/g of seed flour.
Carrot seed extract exhibited TPC levels of 1.8 of seed flour (Fig.
1). Parry and others reported that the TPC of 50% acetone extract
of milk thistle seed flour was 25.2 mg GAE/g seed flour (Parry
et al., 2008), which is higher than that found in the current study.
The evaluation of phenolic content using Folin-Ciocalteau reagent
is commonly used for plant extracts. This method may be less accurate when samples have a high content of ascorbic acid or if there
are biological impurities in the extract (Sánchez-Rangel et al., 2013).
However, it remains an accepted method to estimate phenolic content. The TPC of milk thistle seed flour extract in the current study
may be lower than that in the study by Parry et al. due to differences
in the extraction solvents or in the growing conditions of the plants.

2.8. Antiproliferative activity
The selected seed flour extracts were evaluated for their anti-proliferative capacity using colorectal cancer (CRC) cells (HCT116,
SW480) and 3T3-L1 preadipocytes. CRC cells (5 × 103 cells per
well) were cultured at 37 °C under 5% carbon dioxide in DMEM
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. After 18 h, the cells were treated with media containing the
seed flour extract final concentration of 60 µg flour equivalent per
ml in the culture mixture for 24 and 48 h. After that, the supernatant
was removed and the mixture of MTT and serum-free media (1:5,
v/v) was added. After 3 h, DMSO was added and the absorbance at
540 nm was measured. Experiments were carried out in triplicate.
2.9. Statistical analysis
Data were reported as mean ± standard deviation (SD) for each point.
A one-way analysis for variation (ANOVA) with Tukey’s post-hoc
test was performed with IBM SPSS Statistics (Version Rel. 22.0.0.0,
IBM Inc., Armonk, NY) to identify the significant differences among
means. Statistical significance was declared at P < 0.05.
3. Results and discussion
3.1. Total phenolic content
The total phenolic content (TPC) of milk thistle seed flour extract

3.2. Antioxidant activity
The ABTS+ scavenging capacities of the seed flour samples ranged
from 32.8 to 54.4 μmol TE per g of seed flour (Fig. 2). Broccoli
seed flour extract had the highest value for ABTS+ scavenging capacity (54.4 μmol TE/g of seed flour) among the evaluated seed
flours. Carrot seed flour extract had the second highest ABTS+
scavenging capacity (39.2 μmol TE/g of seed flour), followed by
the milk thistle seed flour extract (32.8 μmol TE/g of seed flour)
(Fig. 2). The seed flour extracts did not have statistically significant differences in ABTS+ scavenging capacity. Previously, the
ABTS+ scavenging capacity of 50% acetone extracts of broccoli,
carrot, and milk thistle seed flour was measured by Choe et al., and
the values were 175.9, 250.0, and 116.2 μmol TE/g (Choe et al.,
2018; Choe et al., 2019). The stronger ABTS+ scavenging capacity
found by Choe et al. could be related to differences in extraction
solvents, as mentioned above.
The seed flour samples in the current study all exhibited relative
DPPH• scavenging capacity (RDSC) (Fig. 3). The RDSC method
evaluates the scavenging of DPPH• compared to the tocopherol analogue Trolox. Broccoli seed flour extract had the highest RDSC value of 19.4 μmol Trolox equivalent (TE)/g of seed flour, followed by
milk thistle seed flour extract (10.0 μmol TE/g of seed flour). Carrot
seed flour extract exhibited lower RDSC value of 3.3 μmol TE/g of
seed flour. However, the differences in these values did not show statistical significance. Previous studies showed that 50% acetone (v/v)
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Figure 3. Relative DPPH• scavenging capacities (RDSC) of seed flour samples (µmol TE/g seed flour). Values marked by different letters are significantly different (P < 0.05).

extracts of broccoli, carrot, and milk thistle seed flour possessed the
RDSC values of 84.8, 16.0, and 48.6 μmol TE/g, respectively (Choe
et al., 2018; Choe et al., 2019). Parry and others extracted the milk
thistle seed flour with 50% acetone (v/v) as well and reported the
RDSC level to be 61.1 μmol TE/g (Parry et al., 2008). The values
acquired by Choe et al. and Parry et al. were both higher than those
in the current study. The RDSC of pumpkin and parsley seed flour
extracts evaluated by Parry and others was 2.2 and 18.1 µmol TE/g,
respectively (Parry et al., 2008). Parsley seed flour extract from that
study had similar RDSC value to that of broccoli seed flour in the
current study. Parry and others evaluated the acetone extracts of
mullein and cardamom seed flours, and found that the RDSC was
21.2–24.0 and 19.5 µmol TE/g (Parry et al., 2008). The DPPH• scavenging capacities of these two seed flours were stronger than that of
milk thistle seed flour from the current study.
Apart from the differences in cultivars and growing conditions,
an important factor affecting the varying antioxidant capacity
might be the extraction solvent. Ayoub and others found that when
acetone was applied as a solvent, the extracted phenolic yield
was higher compared to methanol used as the extraction solvent
(Ayoub et al., 2016). Because ethanol is similar in structure and
properties to methanol, it is reasonable to assume ethanol also has
less extraction ability than acetone. Hence, the change of extracting solvent may alter the values obtained from antioxidant assay
and explain why the RDSC values from the current study were
lower than those in other studies.
It was reported in previous studies that there was a significant
correlation between the total phenolic content and antioxidant assays including ABTS+ scavenging capacity and relative DPPH•
scavenging capacity (da Silva, et al., 2016; de Camargo et al., 2015).
In the current study, the milk thistle seed flour extract had the highest total phenolic content. Broccoli seed flour showed the highest
antioxidant capacity using the selected methods but did not show
a statistically significant difference from the milk thistle seed flour.
3.3. Chemical composition
Eight chemical compounds were provisionally identified in the
broccoli seed flour, which included glucoraphanin isomers, glucoerucin, sinapoylhexose, disinapoylgentiobiose, 1,2-disinapoyl-
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glucoside, and 1,2,2′-trisinapoylgentiobiose (Table 1 and Fig. S1).
In a previous study, McWalter et al. analyzed the glucosinolates
in defatted broccoli seed extracted with methanol. Sinigrin, gluconapin, progoitrin, glucoiberin, glucoraphanin, glucoalyssin, and
gluconasturtiin were detected in the extract of broccoli seed flour
(McWalter et al., 2004). Choe et al. analyzed 50% acetone extract
of broccoli seed flour. A total of nine chemical compounds were
detected in the extract, eight of which were the same as reported
in this study. Choe et al. (2018) detected one additional chemical,
quercetin-3-glucoside. The difference in the glucosinolates composition of the broccoli seed flour in this study compared to the
others could be due to the different extracting solvents and extraction methods, and different cultivars and growing conditions.
Ten chemical compounds were tentatively identified in the
carrot seed flour, including caffeoyldihexoside, cistanoside F, lycibarbarphenylpropanoid C, kaempferol-3-O-rutinoside isomers,
apigenin-7-O-β-D-rutinoside, diosmetin-7-rutinoside, kaempferol-3-O-glucoside isomer, and luteolin. Kaempferol-3-O-rutinoside
and luteolin were two primary chemicals identified (Table 2 and
Fig. S2).
Luteolin, luteolin 3′-O-β-D-glucopyranoside, and luteolin
4′-O-β-D-glucopyranoside were identified in 60% methanol (v/v)
extract of the carrot seed by Kumarasamy and others (Kumarasamy
et al., 2005). The compounds identified were similar to those in the
current study, because luteolin was one of the greatest peaks in the
UHPLC chromatogram of the carrot seed extract. A previous study
by Choe et al. (2018) used 50% acetone (v/v) to extract carrot seed
flour. They identified the same compounds as those in this study.
The comparison with the previous findings shows that ethanol is an
adequate extraction solvent to identify the chemical components of
carrot seed flour.
A total of 13 chemical compounds were tentatively identified in
the milk thistle seed flour, including chlorogenic acid and its isomers, 5-p-(6-caffeoyl-glucopyranosyl)-coumaroylquinic acid isomers, methyl 5-(6-Caffeoyl-glucopyranosyl)-caffeoylquinic acid,
taxifolin, silychristin isomers, silybin A, silybin B, and isosilybin
(Table 3 and Fig. S3). Wallace and others extracted defatted milk
thistle seed flour with boiling ethanol (79 °C) for 10 h to achieve
maximum yields. They detected silymarin, taxifolin, silychristin,
silydianin, silybinin A and silybinin B with HPLC. (Wallace, et
al., 2005). The chemical compositions of two sources of milk thistle seeds were extracted with 100% methanol and analyzed by
Mudge and others. Silychristin, silydianin, silybin A, silybin B,
isosilybin A, and isosilybin B were detected (Mudge et al., 2015).
Choe et al. identified several major chemicals in milk thistle seed
flour as well. The seed flour was extracted with 50% acetone (v/v)
using sonication. The major compounds identified were silychristin, silybin A, silybin B, and isosilybin A & B (Choe et al., 2019).
The silymarin composition identified in the ethanol extracts of
the current study is consistent with the major components identified in previous studies. The presence of chlorogenic acid and its
derivatives is also consistent with the findings of Choe (Choe et
al., 2019).
The components identified in the seed flours have previously
been shown to have potential effects on human health. Glucophoranin from broccoli seed is converted to sulphorophane, which has
demonstrated effects against cancer growth (Fahey et al., 2002; Li
et al., 2010). Luteolin from carrot seed and silymarin from milk
thistle seed have also shown anti-cancer activity in previous studies (Imran et al., 2019; Deep and Agarwal, 2007; Mateen et al.,
2010). The identification of these components shows the potential
for the seed flours to add health value in foods. Further studies on
the feasibility of using these flours in functional foods would be
beneficial.
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Figure 4. Cell toxicity in 3T3-L1 preadipocytes for selected seed flour extracts. Different letters within the same day represent significant difference (P <
0.05).

3.4. Antiproliferative activity
The cell toxicity of broccoli, carrot, and milk thistle seed flours were
tested on 3T3-L1 preadipocytes, to measure potential anti-obesity
effects of the extracts. Of the tested seed flour extracts, only the milk
thistle seed flour showed cell toxicity at the concentration of 60 µg
seed flour equivalent per ml (Fig. 4). A higher concentration of seed
flour extract may be needed to show effects from the other extracts.
As shown in Figure 5, broccoli and carrot seed flours had no antiproliferative activities in human colon cancer cells SW480 at the
testing concentration in 24 and 48 h using 60 µg seed flour equivalent per ml. The extract of milk thistle seed flour inhibited the cell
growth of SW480 by 17% in 48 h. Therefore, the milk thistle seed
flour potentially possessed antiproliferative activity in SW480 colon cancer cells. Antiproliferative activity against HCT116 colon
cancer cells was also tested but did not show significant activity at
48 h using 60 µg seed flour equivalent per ml (Fig. S4). Previous
studies have shown antiproliferative effects from the components
of these seed flours on different cancer cell types. (Singh et al.,
2005; Deep and Agarwal, 2007; Imran et al., 2019). Changes in
the concentration of the seed flour extracts may be needed to show
more effects on the cells in this study.

coumaroylquinic acid and methyl 5-(6-caffeoyl-glucopyranosyl)caffeoylquinic acid. The results also showed that broccoli, carrot,
and milk thistle seed flour all possessed antioxidant activity. Milk
thistle seed flour demonstrated the capacity to inhibit the growth
of SW480 colon cancer cells in vitro and demonstrated cell toxicity effects on 3T3-L1 preadipocytes. These properties demonstrate
potential health benefits and confer value to seed flour in the nutraceuticals market. Further studies of the bioactive properties of
seed flours would be useful, such as continued investigation into
antiproliferative activity.
Supplementary Material
Figure S1. Typical UHPLC chromatogram of the broccoli seed
flour extract detected at 348 nm.
Figure S2. Typical UHPLC chromatogram of the carrot seed flour
extract detected at 348 nm.
Figure S3. Typical UHPLC chromatogram of milk thistle seed
flour extract detected at 348 nm.
Figure S4. Antiproliferation of HCT116 colon cancer cells treated
with seed flour extracts. Different letters within the same day represent significant difference (P < 0.05).

4. Conclusion
This study identified chemicals in broccoli, carrot, and milk thistle seed flours that are recognized as bioactive compounds, such
as glucoraphanin, luteolin, and silychristin, respectively. There
were also compounds discovered that have been not been frequently identified, including 5-p-(6-caffeoyl-glucopyranosyl)-
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Abstract
Perilla frutescens (Lamiaceae) has strong anti-inflammatory as well as antioxidant, antimicrobial, anti-allergic,
antidepressant, anticancer, and neuroprotective effects and hence has diverse therapeutic applications. We have
previously reported that oral administration of the standardized perilla extract ameliorated the experimentally
induced colitis in mice by blocking the activation of two prototypic pro-inflammatory transcription factors, NF-κB
and STAT3. Upon inflammatory insult, tissue resident macrophages produce vasoactive and chemotactic mediators, which increase vascular permeability and promote the infiltration of leukocytes, especially neutrophils, into
the inflamed site where they eliminate or neutralize invading molecules. Neutrophils at the inflamed site undergo
apoptosis, and apoptotic cells are removed by macrophages through phagocytosis, a process termed ‘efferocytosis’. This terminates the inflammatory responses. If resolution of inflammation fails, inflammation response becomes excessive and prolonged which can cause tissue damage and loss of the function implicated in pathogenesis of a broad spectrum of human disorders. Here, we report that the standardized leaf extract of P. frutescens
potentiates the efferocytic activity of macrophages in a zymosan-induced peritonitis model, which appears to be
mediated via the PPARγ activation. We also validated the stimulatory effects of the perilla extract on efferocytosis
by isolated peritoneal and bone marrow derived macrophages co-cultured with apoptotic cells.
Keywords: Perilla; Perilla frutescens; Efferocytosis; Resolution of inflammation; Rosmarinic acid.

1. Introduction
Acute inflammation is a physiological response to microbial infection and tissue injury which neutralizes the harmful organisms and
agents via the host innate immune system (Lee and Surh, 2012).
Upon inflammatory insults, the innate immune system alarms the
circulating neutrophils, leading to their recruitment to the inflamed
site. Tissue resident macrophages are key immune sentinels and
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thus are among the first immune cells to respond to tissue damage
by producing cytokines that initiate and orchestrate the recruitment
of neutrophils from the blood into the tissue (Soehnlein and Lindbom, 2010; Elliott et al., 2017). After performing their action at the
inflamed site, neutrophils undergo apoptosis which is a characteristic of self-limiting inflammation upon acute injury or infection.
Macrophages, and to a lesser extent by other ‘professional’ phagocytes (e.g., monocytes and dendritic cells) and ‘non-professional’
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phagocytes (e.g., epithelial cells), ingest dead or dying neutrophils,
a process termed ‘efferocytosis’ essential for resolution of inflammation (Boada-Romero et al., 2020).
The most obvious anti-inflammatory effect of efferocytosis is
the physical sequestration of dead or dying cells to limit the release
of intracellular damage-associated molecular patterns that can
drive inflammation (Elliott et al., 2017). Disruption of homeostatic
efferocytosis leads to accumulation of uncleared apoptotic cells,
which can provoke spontaneous inflammation by releasing inflammatory contents and autoimmune disease. However, apoptotic
cells are thought to be beneficial in self-resolving inflammation by
helping to reprogram tissue macrophages from a pro-inflammatory
to a pro-resolution state (Elliott et al., 2017). Thus, clearance of
apoptotic neutrophils prompts a switch from a pro- (M1) to an antiinflammatory/proresolving (M2) macrophage phenotype which is
a prerequisite for macrophage egress via the lymphatic vessels favouring return to tissue homeostasis (Ortega-Gómez et al., 2013).
Clearance of apoptotic neutrophils also triggers the production of
additional mediators such as transforming growth factor-beta and
interleukin (IL)-10 that suppress the progression of inflammation
and promote repair of damaged tissues (Barnig and Levy, 2015).
Proper termination of the inflammatory cascade is important
to allow execution of tissue repair and resolution responses required to restore normal tissue function. If timely resolution of
acute inflammation fails, inflammation persists and can progress
to a chronic state which is a root of many human disorders (Lee
et al., 2013). Resolution of inflammation is an active coordinated
process regulated by distinct anti-inflammatory and pro-resolving endogenous lipid mediators, such as resolvins and lipoxins
(Lee and Surh, 2012). However, their production is transient and
limited, and may be overwhelmed by extensive infection or injuries. In this context, it is worthwhile searching for exogenous
sources of proresolving as well as anti-inflammatory substances,
especially those that have been used for long period of time in
herbal medicine or for a culinary purpose, so their safety has
been somehow verified.
Perilla frutescens (L.) Britton var. belongs to an annual herb
of the mint family (Lamiaceae). It has been used as a valuable source of culinary and medicinal materials (Bachheti et
al., 2014). P. frutescens has been used in folk medicine in the
management of anxiety, depression, asthma, coughs, colds, allergies, fever, headache, stuffy nose, constipation, abdominal
pain, indigestion, and intoxication (Ahmed, 2018). The leaves
of P. frutescens have strong anti-inflammatory as well as antioxidant, antimicrobial, anti-allergic, antidepressant, anticancer,
and neuroprotective effects and hence have various therapeutic
applications. The ethanol extracts of P. frutescens leaves, could
significantly suppress Th2 responses and airway inflammation in
allergic murine model of asthma (Chen et al., 2015). The ethanol extract of perilla leaves significantly suppressed secretion
of IL-5 and IL-13 from ovalbumin-stimulated splenocytes of
Balb/c mice. The inflammatory mediators, such as eotaxin and
histamine, and total cells, particularly eosinophils in bronchoalveolar lavage fluid, were also reduced (Chen et al., 2015). The P.
frutescens leaf extract has been reported to ameliorate ultraviolet
radiation-induced extracellular matrix damage in hairless mouse
skin which was associated with reduced epidermal skin thickness
and MMP-13 expression. (Bae et al., 2017).
The protective effects of perilla against experimentally induced airway inflammation were investigated. The ethanol extract
of P. frutescens (100 mg/kg) given orally to mice was found to
inhibit tumor necrosis factor-α (TNF-α) production in the lung,
after intranasal administration of lipopolysaccharide (LPS) (Lim
et al., 2014). The ethanol extract of P. frutescens suppressed ex-

pression of pro-inflammatory cytokines (TNF-α, IL-1β and IL-6),
pro-inflammatory enzymes including inducible nitric oxide synthase and cyclooxygenae-2 (COX-2) and their regulator NF-κB
in LPS-stimulated murine macrophage RAW 264.7 cells (Lee and
Han, 2012). Furthermore, a monoterpenoid and an alkaloid isolated from P. frutescens showed a remarkable inhibitory effect on
the production of the inflammatory mediator, nitric oxide (NO) and
pro-inflammatory cytokines (TNF-α and/or IL-6) in LPS-stimulated RAW264.7 cells (Wang et al., 2018).
Perilla contains polyphenols such as rosmarinic acid, luteolin, apigenin, and caffeic acid which have a large diversity of
biological activities including anti-inflammatory effects (Asif,
2012; Makino et al., 2001; Ueda and Yamazaki, 2001; Lim et
al., 2014; Kwak and Ju, 2015). It was reported that a standardized perilla extract (SPE) dissolved in drinking water ameliorated dextran sulfate sodium (DSS)-induced colitis in mice by
suppressing production of proinflammatory cytokines (Urushima
et al., 2015). We also demonstrated that administration of SPE
(20 and 100 mg/kg) by gavage protected against DSS-induced
murine colitis by blocking the activation of two prototypic proinflammatory transcription factors, NF-κB and STAT3 (Park et al.,
2017). In addition, SPE treatment to CCD841CoN human normal
colon epithelial cells attenuated the TNF-α-induced expression/
activation of mediators of proinflammatory signaling (Park et al.,
2017).
In the present study, we have evaluated the proresolving potential of SPE with focus on its capability to induce efferocytosis.
2. Materials and methods
2.1. Materials
Triton X-100, zymosan A, GW9662, and rosmarinic acid were
purchased from MilliporeSigma (Billerica, MA, USA). The zymosan A-FITC, F4/80 antibody, Gr-1 antibody, bovine serum albumin (BSA), and peroxisome proliferator-activated receptor gamma
(PPARγ) antibody were obtained from Thermo Fisher Scientific
(Waltham, MA, USA). The aqueous extract powder of P. frutescens (leaves) supplied by Amino Up Co. Ltd. (Sapporo, Japan)
contained rosmarinic acid, 1.098%; caffeic acid, 0.136%; apigenin,
0.034%; apigenin 7-O-[β-glucuronosyl(1→2)β-glucuronide],
2.135%; apigenin 7-O-β-glucuronide, 0.104%; luteolin, 0.007%;
luteolin 7-O-[β-glucuronosyl(1→2)β-glucuronide], 0.632%; luteolin 7-O-β-glucuronide, 0.062%; scutellarin, 0.498%; vicenin-2,
0.149%; total flavonoid, 3.621%.
2.2. Zymosan A-induced peritonitis
C57BL/6 (6–9 wk old) were obtained from Central Lab Animal,
Inc (Seoul, South Korea). Animal experiments were approved by
the Institutional Animal Care and Use Committee at Seoul National University. The mice were injected with zymosan A (30 mg/kg)
intraperitoneally. After 12 h, the mice were given SPE (100 mg/
kg) or rosmarinic acid (20 mg/kg) by intraperitoneal injection. The
mice were killed 6 h later. The peritoneal exudates were collected
for analyses.
2.3. In vivo efferocytosis assay
To investigate the efferocytosis in vivo, exudate cells from mice
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peritoneum were stained with anti-F4/80-antibody (Thermo Fisher
Scientific; Waltham, MA, USA), permeabilized with 0.1% Triton
X-100, and then labeled with anti-Gr-1 antibody (Thermo Fisher
Scientific, Waltham, MA, USA). The macrophages engulfing apoptotic neutrophils were analyzed by flow cytometry. All samples
were analyzed by using BD FACS Calibur flow cytometry and
Flow Jo software.
2.4. Isolation of peritoneal macrophages (PMs)
Six-week-old male C57BL/6 mice were treated intraperitonally
with 3% Brewer thioglycollate medium (1 ml). After 4 days, the
abdominal skin of the mice was retracted to expose the peritoneal
wall and through the wall, 10 ml of cold harvest buffer [3 mM
EDTA in phosphate buffered saline (PBS)] was injected. The fluid
was aspirated slowly and dispensed into a 50 ml conical tube. The
peritoneal exudates were centrifuge at 400 g for 8 min at 4 °C.
After removing supernatant, the pellet was suspended in 200 μl 1X
red blood cell (RBC) lysis buffer (eBioscience) and incubated in
ice for 30–60 sec. Then the cells were suspended with 4 ml PBS
and centrifuged at 400 g for 8 min at 4 °C. Finally, the cells were
divided into culture dishes with DMEM-F12 [with 10% fetal bovine serum (FBS), antibiotic-antimycotic mixture, glutaMAX™]
after cell counting.
2.5. Preparation of bone marrow derived macrophages (BMDMs)
The femur and the tibia were isolated from C57BL/6 mice. Bone
marrow cells were harvested from the femur and tibia of C57BL/6
with cold PBS containing 2% heat-inactivated FBS. The collected
cells were then filtered through a 70-μm Falcon nylon cell strainer.
RBCs were then removed using RBC lysis buffer while incubating
on ice for 2 min. The remaining cells were resuspended in DMEM
containing 10% heat-inactivated FBS and 20 ng/ml M-CSF, seeded
in petri dishes and incubated at 37 °C for 7 days. Medium containing M-CSF was changed once after 3 days of incubation. BMDMs
were detached from petri dishes and used for experiments.
2.6. Efferocytosis assay with isolated macrophages
Thymus from C57BL/6 was ground to harvest thymocytes. To obtain apoptotic thymocytes, the cells were treated with 0.1 μM dexamethasone, and then incubated at 37 °C in a humidified incubator
containing 5% CO2 for 16 h. The apoptotic cells were labeled with
1 μl of 1 mg/ml of a pH sensitive dye, pHrodo-SE for 30 min at
room temperature and co-cultured for 1 h with PMs or BMDMs
pretreated with SPE. BMDMs were washed to remove free apoptotic cells, labeled with anti-mouse F4/80 antibody and subjected to
flow cytometry for measuring the macrophages that engulf apoptotic cells. To quench fluorescence from nonphagocytized pHrodoSE–labeled apoptotic cells, cells were washed and resuspended in
basic buffer (pH 8.8), and the flow cytometry assay was conducted.
Apoptotic thymocytes engulfed in PMs were visualized under a microscope without macrophage labeling.
2.7. Phagocytosis assay
The thioglycolate-elicited PMs were treated with SPE and they
were co-incubated with zymosan A-FITC for an additional 1 h.

88

Kim et al.
The phagocytic activity of macrophages was analyzed by immunostaining using F4/80 antibody. The macrophages engulfing
zymosan A-FITC were visualized using an Eclipse Ti-U inverted
microscope (Nikon; Tokyo, Japan).
2.8. Immunocytochemical analysis
The thioglycolate-elicited PMs were treated with SPE (50 μg/
ml) for 4 h. After fixation with 10% formalin solution for 30 min
at room temperature, cells were permeabilized with 0.2% Triton
X-100, incubated with blocking agents (PBS containing 5% BSA),
washed with PBS, and incubated with a diluted (1:100) primary
PPARγ antibody overnight at 4 °C. After washing with PBS, cells
were incubated with a diluted (1:100) secondary antibody. The
samples were examined by an Eclipse Ti-U inverted microscope
(Nikon; Tokyo, Japan).
2.9. Flow cytometry analysis for PPARγ expression
To analyze the expression of PPARγ in PMs, cells were fixed with
2% formaldehyde in PBS. The permeabilization of cells was preceded with 0.2% Tween-20 in PBS for 15 min at room temperature. The PPARγ antibody in PBS containing 2% BSA was applied
for 1 h at 4 °C. After washing with PBS, cells were incubated with
FITC conjugated secondary antibody for 1 h. All samples were analyzed by BD FACS Calibur flow cytometry and Flow Jo software.
2.10. Western blot analysis
For Western blot analysis, the total protein concentration was
determined by using the bicinconinic acid protein assay kit
(Pierce). Cell lysates (30–50 μg protein) were mixed and boiled
in a sodium dodecyl sulfate (SDS) sample buffer for 5 min before
8–15% SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
After separation by SDS-PAGE, the gels were transferred to a
polyvinylidene difluoride (PVDF) membrane (Gelman Laboratory). The blots were blocked in 5% fat-free dry milk in Trisbuffered saline containing 0.1% Tween 20 (TBST) for 1 h at
room temperature. The membranes were incubated for 12–24 h
at 4 °C with dilutions of a primary antibody for PPARγ (MilliporeSigma; Billerica, MA, USA). The membranes were washed,
followed by incubation with 1:4,000 dilution of respective horseradish peroxidase (HRP)-conjugated secondary antibodies (rabbit or mouse) (Zymed Laboratories) for 2 h, and again washed
with TBST. Protein expressed was visualized with an enhanced
chemiluminescence detection kit (Amersham Pharmacia Biotech) and LAS-4000 image reader (Fuji film) according to the
manufacturer’s instructions.
2.11. Reverse transciptation polymerase chain reaction (RTPCR)
Total RNA was isolated by using TRIzol® (Invitrozen) according
to the manufacturer’s protocol. Ten μg of total RNA was reverse
transcribed with MLV reverse transcriptase at 42 °C for 50 min
and at 72 °C for 15 min. PCR was conducted according to the
3-step standard procedures. Amplified products were analyzed
on 2% agarose gel electrophoresis, stained with SYBR® Green
(Invitrogen) and photographed using fluorescence in LAS-4000.
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3. Results

effects of SPE on expression of anti-inflammatory cytokines. The
mRNA expression of IL-10, a cordinal anti-inflammatory cytokine,
was upregulated at 1 h and 2 h. The expression of a prototypic antiinflammatory enzyme, HO-1 was also increased from 2 h and gradually decreased (Fig. 3b). The mRNA levels of IL-10 and HO-1 were
also enhanced in SPE-treated BMDMs (Fig. 3c).

3.1. Perilla extract enriched with rosmarinic acid promotes efferocytotic activity of macrophages in a zymosan A-induced murine peritonitis model
Considering an important role of macrophages in clearance of apoptotic cells for resolution of inflammation, we investigated the effects
of SPE on ability of macrophages to engulf apoptotic neutrophils. To
determine effects of SPE on efferocytotic activity of macrophages in
vivo, we utilized the zymosan A-induced murine peritonitis model.
SPE was injected into the mouse peritoneum at 12 h, when the total
leukocyte count peaked in the zymosan A-induced peritoneal inflammation (Kim et al., 2015). The PMs were stained with the F4/80
antibody, followed by permeabilization to label the neutrophils with
the Gr-1 antibody. Six hours later, peritoneal cells with positive
staining of both F4/80 (macrophage marker) and Gr-1 (neutrophil
marker) were selectively detected by flow cytometry.
The proportion of macrophages engulfing apoptotic neutrophils
(F4/80+Gr-1+) is the indicative of efferocytic activity. As shown in Fig.
1a, mice treated with zymosan A and SPE (100 mg/kg) showed macrophage-mediated efferocytosis to a greater extent than that achieved
in mice challenged with zymosan A alone as an adaptive response.
One of the principal anti-inflammatory ingredients of perilla is rosmarinic acid (Makino et al., 2001). The higher proportion of macrophages engulfing apoptotic neutrophils (F4/80+Gr-1+) was shown
in the mice treated with zymosan A and rosmarinic acid (20 mg/kg)
compared with the mice injected with zymosan A alone (Fig. 1b).
Phagocytosis of pathogens by macrophages is crucial for the
successful resolution of inflammation induced by microbial infection. When the PMs isolated from thioglycollate-elicited mice
were treated with SPE (50 μg/ml), their phagocytic capability was
enhanced (Fig. 1c).
3.2. Perilla extract potentiates the efferocytic activity of isolated macrophages
In the next experiment, we assessed the effects of SPE on efferocytic
activity of cultured macrophages. PMs pre-treated with PE for 4 h
were found to be more active than vehicle treated control cells in engulfing apoptotic thymocytes (red puncta) compared to control cells
(Fig. 2a). Because macrophages have different properties depending on their origin, BMDMs from mice were also used to examine
the SPE effects. BMDMs isolated from C57/BL6 mice were mixed
with pHrodo-labeled apoptotic thymocytes and subjected to FACS
and immunocytochemistry. BMDMs were stained with anti-mouse
F4/80 antibody and analyzed for the proportion of F4/80+ pHrodoþ
cells+ representing the macrophages that engulfed apoptotic cells.
In SPE-treated macrophages, their ability to take up pHrodo-SElabeled apoptotic thymocytes was potentiated as determined by both
flow cytometry (Fig. 2b) and immunofluorescence (Fig. 2c) analyses.
3.3. Perilla extract inhibits the proinflammatory gene expression while it induces anti-inflammaory gene expression
To figure out whether SPE also has anti-inflammatory effects as well
as proresolving activity in the macrophages, the PMs from 6-weekold female C57BL/6 mice were pre-treated with SPE for 2 h before
LPS (100 ng/ml) treatment. The mRNA expression of inflammatory
cytokines, IL-6, IL-12,IL-23, and TNF-α was increased by LPS treatment, and this was inhibited by SPE (Fig. 3a). We also determined

3.4. Perilla extract induces efferocytosis through upregulation
of PPARγ expression in PMs
PPARγ in macrophages has been considered to play a key role in
the efferocytosis for the resolution of inflammation (Croasdell et al.,
2015; Yoon et al., 2015). PPARγ activation is known to prime human
monocytes into anti-inflammatory M2 macrophages. This prompted
us to determine PPARγ expression in thiogycollate-elicited PMs. The
PMs from mice treated with SPE showed elevated PPARγ expression in the zymosan A-induced peritonitis model (Fig. 4a). The thioglycolate-elicited macrophages from mice administered with SPE
(100 mg/kg) showed increased PPARγ expression as determined by
flow cytometric (Fig. 4b) and immunoblot (Fig. 4c) analyses. We
also measured the SPE-induced PPARγ expression in cultured PMs.
The thioglycolate-elicited macrophages treated with SPE (50 μg/ml)
showed increased PPARγ expression which was visualized by immunofluorescence staining (Fig. 4d). To further investigate whether
SPE could stimulate efferocytosis through PPARγ activation, we
used a PPARγ antagonist GW9662. The GW9662 treatment inhibited
SPE-induced efferocytotic activity of macrophages in the zymosan
A-induced peritoneal inflammation (Fig. 4e).
4. Discussion
Acute inflammation is a physiologic response to tissue injury or infection and is intrinsically beneficial as it can remove or inactivate
the harmful factors. In this context, normal inflammatory response
is self-limiting, as it resolves with the restoration of tissue homeostasis. If resolution of inflammation fails, inflammation response
becomes excessive and prolonged which can cause tissue damage and loss of the function implicated in pathogenesis of a broad
spectrum of human disorders. There is growing body of evidence
indicating that chronic inflammation results from the failure in the
resolution of inflammation (Nathan and Ding, 2010).
Upon inflammatory insult, tissue resident macrophages produce
vasoactive and chemotactic mediators, which increase vascular permeability and promote the infiltration of leukocytes, especially neutrophils, into the inflamed site where they eliminate or neutralize
invading molecules (Lee et al., 2013). During this process, neutrophils at the inflamed site undergo apoptosis, which are removed by
macrophages. After engulfing apoptotic neutrophils, which is called
efferocytosis, macrophages leave the inflamed tissue via the nearest
lymph nodes. This terminates the inflammatory responses (Elliott et
al., 2017; Lee et al., 2013). The resolution of inflammation is an active
and dynamic process regulated by several endogenous anti-inflammatory and pro-resolving mediators of the innate immune system.
COX-2 is a rate-limiting enzyme in the arachidonic acid cascade responsible for the production of a distinct set of prostaglandins (PGs) in response to inflammatory stimuli. Non-steroidal anti-inflammatory drugs (NSAIDs), such as aspirin, have been used
for the alleviation of inflammatory symptoms suppressing COX-2
activity/expression. Cancer preventive and therapeutic effects of
some NSAIDs have been reported (Thun et al., 2002; Baron et
al., 2003). However, pharmacological inhibition of COX-2 for the
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Figure 1. Potentiation of efferocytosis by the perilla extract and its pharmacologically active ingredient, rosmarinic acid in a zymosan A-induced murine
peritonitis model. (a) Twelve h after intraperitoneal injection of zymosan A (30 mg/kg), SPE (100 mg/kg) was given intraperitonally to C57Bl/6 mice. Six
hours later, peritoneal exudates were collected, and the proportion of macrophages engulfing neutrophils (F4/80+Gr-1+) was measured by flow cytometry
as described in Materials and methods. (b) Rosmarinic acid (20 mg/kg) was administered by intraperitoneal injection 12 h after intraperitoneal injection of
zymosan A. The experimental conditions for analysis of efferocytosis are same as those described for (a). (c) The thioglycolate-elicited PMs treated with SPE
(50 μg/ml) for 4 h were co-incubated with zymosan A-FITC (green) for an additional 1 h. The phagocytic activity of PMs was analyzed by immunostaining
using F4/80 antibody (red). The macrophages engulfing zymosan A was visualized under a fluorescence microscope.
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Figure 2. Enhancement of efferocytic activity of macrophages by the perilla extract. (a) The apoptotic thymocytes were prepared as described in Materials and methods. The apoptotic thymocytes labeled with a pH sensitive dye, pHrodo-SE were co-cultured with PMs pretreated for 4 h with SPE or vehicle.
After incubation for 1 h, the PMs were washed to remove free apoptotic cells, and subsequently subjected to microscopy. SPE pretreated PMs engulfed
apoptotic thymocytes (red puncta) more actively. (b) Macrophages were differentiated from bone marrow cells. BMDMs treated with SPE (50 μg/ml) were
co-incubated with pHrodo-labeled apoptotic thymocytes for 4 h. The proportion of macrophages engulfing apoptotic cells was determined by flow cytometry. (c) To confirm the enhanced efferocytic ability of macrophages induced by SPE, BMDMs engulfing apoptotic cells were detected by immunostaining
using F4/80 antibody (green; macrophage marker) and pHrodo-labeled apoptotic thymocytes (red).
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Figure 3. Inhibition of LPS-induced proinflammatory gene expression and induction of anti-inflammatory gene expression by perilla extract. (a) PMs
isolated from C57BL/6 mice were treated with SPE (50 μg/ml) for 4 h followed by exposure to LPS (100 ng/ml) for additional 1 h. The expression of proinflammatory cytokines in PMs was measured by RT-PCR as described in Materials and methods. Data are expressed as means ± standard deviation. (b) PMs
were treated with SPE (50 μg/ml) for the indicated time periods, and mRNA levels of IL-10, HO-1 and Nrf2 were determined by RT-PCR. Data are expressed
as means ± standard deviation. (c) After SPE (50 μg/ml) treatment of BMDMs, anti-inflammatory and antioxidant gene expression was determined by RT-PCR

treatment chronic inflammatory disorders is controversial (Wong,
2019) as COX-2 contributes not only to the proinflammatory process but also to the process leading to the resolution of inflammation (Luo et al., 2005; Park and Christman, 2006).
The so-called lipid mediator class switching spontaneously occurs
during inflammatory responses in which PGE2, a principal proinflammatory product of COX-2, activates the mechanism responsible
for biosynthesis of anti-inflammatory and pro-resolving lipid mediators (Levy et al., 2001). Such elaborate lipid mediator class switching
from proinflammatory to anti-inflammatory/pro-resolving status represents a critical event required for termination of inflammation (Lee
et al., 2013). Thus, the administration of a COX-2 inhibitor may hamper the resolution of inflammation. Moreover, prolonged administration of NSAIDs can attenuate the cytoprotective functions of inflammatory cells, such as chemotaxis, bacterial killing, and phagocytosis.
Therefore, mere suppression of inflammation may not be sufficient
for the successful prevention of certain cancers. As many synthetic
anti-inflammatory drugs have side effects and also hamper innate
proresolving capacity, it is desirable to use safe natural products with
proresolving as well as anti-inflammatory activities.
Perilla is a genus consisting of one major Asiatic crop species P.
frutescens and a few wild species belonging to the mint family (Lamiaceae). P. frutescence has been used as an important traditional
herbal medicine for treating various diseases including asthma, allergy, cough, chronic bronchitis, vomiting, depression, anxiety, and
some intestinal disorders (Bachheti et al., 2014; Ahmed 2018). P.
frutescence and some of its ingredients such as rosmarinic acid have
been known to possess strong anti-inflammatory properties. We
have previously reported that the SPE protects against experimentally induced colitis in mice and also inhibits activation of NF-κB and
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STAT3, two major proinflammatory transcription factors, in cultured
colon epithelial cells challenged with TNF-α (Park et al., 2017). We
extended this study to the evaluation of proresolving effects of SPE.
We found that SPE potentiated the efferocytic activity of PMs engulfing the apoptotic neutrophils in the zymosan A-induced murine
peritonitis model and also engulfment of apoptotic cells by isolated
macrophages including PMs and BMDMs. SPE also inhibited LPSinduced expression of proinflammatory signaling molecules while
upregulating anti-inflammatory gene expression. By controlling the
balance between proinflammatory and anti-inflammatory cytokines,
SPE is likely to facilitate resolution of inflammation.
Engulfment of apoptotic cells by macrophages engages multiple sensing molecules that play important roles in recognizing
dying cells and controlling phagocytosis. One of the best defined
metabolic sensing molecules that links sensing of ingested apoptotic cells and the macrophage-mediated efferocytosis machinery
is PPARγ. (Elliott et al.). The roles for PPARγ and its ligands are
emerging as they play an important role in all stages of the resolution of inflammation. Thus, PPARγ alters macrophage trafficking,
induces neutrophil apoptosis and clearance, increases macrophage
phagocytosis, and promotes alternative M2 macrophage activation
(Croasdell et al., 2015). A PPARγ ligand, rosiglitazone increased
M2 gene expression and enhanced efferocytosis of apoptotic neutrophils. Rosiglitazone and another PPARγ ligand pioglitazone
attenuated airway neutrophilia in a corticosteroid-resistant mouse
model of pulmonary inflammation (Lea et al., 2014).
In order to carry out the efferocytosis, the macrophages express
surface scavenger receptors which recognize phosphatidyl serine
exposed at the outer leaflet of the plasma membrane of apoptotic
cells. One such scavenger receptor involved in efferocytosis is

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

Kim et al.

Perilla extract potentiates efferocytosis by macrophages

Figure 4. Role of PPARγ in efferocytosis stimulated by perilla extract in the zymosan-induced murine peritonitis model. (a) The PPARγ expression of PMs
from mice was measured by flow cytometry. (b, c) Upregulation of PPARγ expression by SPE in PMs. SPE (100 mg/kg) was co-injected into mouse peritoneal
cavity with thioglycollate. After 4 days, the PMs were isolated and subjected to flow cytometry (b) and Western blot analysis (c). (d) The thioglycolate-elicited
murine PMs were treated with PE (50 µg/ml) for 4 h. The PPARγ expression of macrophages was examined by immunofluorescence staining. (e) Mice injected with zymosan A (30 mg/kg) for 6 h were given a single intraperitoneal injection of vehicle or GW9662 (3 mg/kg) 1 h before SPE (100 mg/kg) treatment.
The efferocytotic activity of macrophages was measured by flow cytometry.

CD36 that regulates the macrophage-mediated inflammatory response. The recognition of apoptotic neutrophils and their engulfment by macrophages then trigger secretion of anti-inflammatory
cytokines like TGF-β and IL-10 that dampen proinflammatory
responses (Korns et al., 2011). CD36 expression in macrophages
is mainly controlled by PPARγ. Notably, inflammatory processes
negatively regulate CD36 expression in macrophages, which is associated with a failure in the expression and activation of PPARγ.
In inflammatory conditions, the anti-inflammatory transcription

factor Nrf2 controls CD36 expression, independently of PPARγ
(Olagnier et al., 2011; Kim et al., 2017). The SPE-induced efferocytic
activity of macrophages appears to be mediated through PPARγ activation as the pharmacologic inhibition of PPARγ attenuated the efferocytic activity of macrophages. Though not tested in macrophages,
SPE administration has been shown to induce expression of Nrf2 and
its target protein, HO-1 in mouse colon. We speculate that SPE-induced activation of PPARγ and/or Nrf2 may upregulate the CD36 expression in macrophages in mediating efferocytosis in vivo (Fig. 5).
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Figure 5. Proposed scheme illustrating the stimulatory effects of perilla extract and its ingredient rosmarinic acid on macrophage-mediated phagocytic
removal of apoptotic neutrophils (efferocytosis). SPE activates the PPARγ in macrophages, which upregulates the expression of CD36, a scavenger receptor involved in the recognition of phosphatidylserine epitopes exposed on the surface of apoptotic cells. This will facilitate the phagocytic removal of dying
neutrophils, thereby completing the resolution of acute inflammation.
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Although the results are promising in preclinical studies, clinical data are insufficient, and further studies will be necessary to
validate therapeutic effects of SPE and to ensure its safety.
Acknowledgments
This work was supported by the BK21 Plus Program (10Z2013
0000017) of the National Research Foundation of Korea and Amino
Up Co. Ltd.
References
Ahmed, H.M. (2018). Ethnomedicinal, phytochemical and pharmacological investigations of Perilla frutescens (L.) Britt. Molecules 24: 102.
Asif, M. (2012). Phytochemical study of polyphenols in Perilla frutescens as
an antioxidant. Avicenna J. Phytomed. 2: 169–78.
Bachheti, R.K., Joshi, A., and Ahmed, T. (2014). Phytopharmacological
overview on Perilla frutescens. Int. J. Pharm. Sci., Rev. Res. 26: 55–61.
Bae, J.S., Han, M., Shin, H.S., Kim, M.-K., Shin, C.-Y., Lee, D.H., and Chung,
J.H. (2017). Perilla frutescens leaves extract ameliorates ultraviolet
radiation-induced extracellular matrix damage in human dermal fibroblasts and hairless mice skin. J. Ethnopharmacol. 195: 334–342.
Barnig, C., and Levy, B.D. (2015). Innate immunity is a key factor for the
resolution of inflammation in asthma. Eur. Respir. Rev. 24: 141–153.
Baron, J.A., Cole, B.F., Sandler, R.S., Haile, R.W., Ahnen, D., Bresalier, R.,
McKeown-Eyssen, G., Summers, R.W., Rothstein, R., Burke, C.A., Snover, D.C., Church, T.R., Allen, J.I., Beach, M., Beck, G.J., Bond, J.H., Byers, T., Greenberg, E.R., Mandel, J.S., Marcon, N., Mott, L.A., Pearson,
L., Saibil, F., and van Stolk, R.U. (2003). A randomized trial of aspirin
to prevent colorectal adenomas. N. Engl. J. Med. 348: 891–899.
Boada-Romero, E., Martinez, Z., Heckmann, B.L., and Green, D.R. (2020).
The clearance of dead cells by efferocytosis. Nat. Rev. Mol.Cell Biol.
21: 398–414.
Chen, M.L., Wu, C.H., Hung, L.S., and Lin, B.H. (2015). Ethanol extract of
Perilla frutescenss suppresses allergen-specific Th2 responses and
alleviates airway inflammation and hyperreactivity ovalbumin-sensitized murine model of asthma. Evid. Based Complement. Alternat.
Med. 2015: 324265.
Croasdell, A., Duffney, P.F., Kim, N., Lacy, S.H., Sime, P.J., and Phipps, R.P.
(2015). PPARγ and the innate immune system mediate the resolution
of inflammation. PPAR Res. 2015: 549691.
Elliott, M.R., Koster, K.M., and Murphy, P.S. (2017). Efferocytosis signaling
in the regulation of macrophage inflammatory responses. J. Immunol. 198: 1387–1394.
Kim, W., Kim, H.U., Lee, H.N., Kim, S.H., Kim, C., Cha, Y.N., Joe, Y., Chung,
H.T., Jang, J., Kim, K., Suh, Y.G., Jin, H.O., Lee, J.K., and Surh, Y.J.
(2015). Taurine chloramine stimulates efferocytosis through upregulation of Nrf2-mediated heme oxygenase-1 expression in murine
macrophages: Possible involvement of carbon monoxide. Antioxid.
Redox Signal. 23: 163–177.
Kim, W., Lee, H.-N., Jang, J.-H., Kim, S.H., Lee, Y.-H., Hahn, Y.-I., Ngo, H.-K.-C.,
Choi, Y., Joe, Y., Chung, H.T., Chen, Y., Cha, Y.N., and Surh, Y.-J. (2017).
15-Deoxy-Δ12,14-prostaglandin J2 exerts proresolving effects through
nuclear factor E2-related factor 2-induced expression of CD36 and
heme oxygenase-1. Antioxid. Redox Signal. 10 27: 1412–1431.
Korns, D., Frasch, S.C., Fernandez-Boyanapalli, R., Henson, P.M., and Bratton, D.L. (2011). Modulation of macrophage efferocytosis in inflammation. Front. Immunol. 2: 57.
Kwak, Y., and Ju, J. (2015). Inhibitory activities of Perilla frutescens Britton
leaf extract against the growth, migration, and adhesion of human
cancer cells. Nutr. Res. Pract. 9: 11–16.
Lea, S., Plumb, J., Metcalfe, H., Spicer, D., Woodman, P., Fox, C., and Singh,
D. (2014). The effect of peroxisome proliferator activated receptor-γ

ligands on in vitro and in vivo models of COPD. Eur. Respir. J. 43:
409–420.
Lee, H.A., and Han, J.-S. (2012). Anti-inflammatory effect of Perilla frutescens (L.) Britton var. frutescens extract in LPS-stimulated RAW 264.7
macrophages. Prev. Nutr. Food Sci. 17: 109–115.
Lee, H.N., Na, H.K., and Surh, Y.-J. (2013). Resolution of inflammation as
a novel chemopreventive strategy. Semin. Immunopathol. 35: 151–
161.
Lee, H.N., and Surh, Y.-J. (2012). Therapeutic potential of resolvins in the
prevention and treatment of inflammatory disorders. Biochem. Pharmacol. 84: 1340–1350.
Levy, B.D., Clish, C.B., Schmidt, B.K., and Serhan, C.N. (2001). Lipid mediator class switching during acute inflammation: signals in resolution.
Nat. Immunol. 2: 612–619.
Lim, H.J., Woo, K.W., Lee, K.R., Lee, S.K., and Kim, H.P. (2014). Inhibition
of proinflammatory cytokine generation in lung inflammation by the
leaves of Perilla frutescens and its constituents. Biomol. Ther. (Seoul)
22: 62–67.
Luo, C., He, M.-L., and Bohlin, L. (2005). Is COX-2 a perpetrator or a protector? Selective COX-2 inhibitors remain controversial. Acta Pharmacologica Sin. 26: 926–933.
Makino, T., Furuta, A., Fujii, H., Nakagawa, T., Wakushima, H., Saito, K.,
and Kano, Y. (2001). Effect of oral treatment of Perilla frutescens
and its constituents on type-I allergy in mice. Biol. Pharm. Bull. 24:
1206–1209.
Nathan, C., and Ding, A. (2010). Nonresolving inflammation. Cell 140:
871–882.
Olagnier, D., Lavergne, R.A., Meunier, E., Lefèvre, L., Dardenne, C., Aubouy,
A., Benoit-Vical, F., Ryffel, B., Coste, A., Berry, A., and Pipy, B. (2011).
Nrf2, a PPARγ alternative pathway to promote CD36 expression on
inflammatory macrophages: Implication for malaria. PLoS Pathog. 7:
e1002254.
Ortega-Gómez, A., Perretti, M., and Soehnlein, O. (2013). Resolution of
inflammation: an integrated view. EMBO Mol. Med. 5: 661–674.
Park, D.D., Yum, H.-W., Zhong, X., Kim, S.H., Kim, S.H., Kim, D.-H., Kim, S.-J.,
Na, H.-K., Sato, A., Miura, T., and Surh, Y.-J. (2017). Perilla frutescens
extracts protects against dextran sulfate sodium-induced murine colitis: NF-κB, STAT3, and Nrf2 as putative targets. Front. Pharmacol.
8: 412.
Park, G.Y., and Christman, J.W. (2006). Involvement of cyclooxygenase-2
and prostaglandins in the molecular pathogenesis of inflammatory
lung diseases. Am. J. Physiol. Lung Cell. Mol. Physiol. 290: L797–L805.
Soehnlein, O., and Lindbom, L. (2010). Phagocyte partnership during the
onset and resolution of inflammation. Nat. Rev. Immunol. 10: 427–
439.
Thun, M.J., Henley, S.J., and Patrono, C. (2002). Nonsteroidal anti-inflammatory drugs as anticancer agents: mechanistic, pharmacologic, and
clinical issues. J. Natl. Cancer Inst. 94: 252–266.
Ueda, H., and Yamazaki, M. (2001). Anti-inflammatory and anti-allergic actions by oral administration of a Perilla leaf extract in mice. Biosci.
Biotech. Biochem. 65: 1673–1675.
Urushima, H., Nishimura, J., Mizushima, T., Hayashi, N., Maeda, K., and
Ito, T. (2015). Perilla frutescens extract ameliorates DSS-induced
colitis by suppressing proinflammatory cytokines and inducing antiinflammatory cytokines. Am. J. Physiol. Gastrointest. Liver Physiol.
308: G32–41.
Wang, X.F., Li, H., Jiang, K., Wang, Q.-Q., Zheng, Y.-H., Tang, W., and Tan,
C.-H. (2018). Anti-inflammatory constituents from Perilla frutescens
on lipopolysaccharide-stimulated RAW264.7 cells. Fitoterapia 130:
61–65.
Wong, R.S.Y. (2019). Role of nonsteroidal anti-inflammatory drugs
(NSAIDs) in cancer prevention and cancer promotion. Adv. Pharmacol. Sci. 2019: 3418975.
Yoon, Y.S., Kim, S.-Y., Kim, M.-J., Lim, J.-H., Cho, M.-S., and Kang, J.L. (2015).
PPARγ activation following apoptotic cell instillation promotes resolution of lung inflammation and fibrosis via regulation of efferocytosis and proresolving cytokines. Mucosal Immunol. 8: 1031–1046.

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

95

Journal of Food Bioactives
The Journal of Food Bioactives (JFB), a publication of the International Society for Nutraceuticals and Functional Foods
(ISNFF), aims to bring together the results of fundamental and applied research on food bioactives, functional food ingredients,
nutraceuticals and natural health products that are known to possess or perceived to have health-promoting properties.

Perspective
1

Food bioactives, micronutrients, immune function and COVID-19
Klaus W. Lange, Yukiko Nakamura
The development of targeted therapeutics against the novel coronavirus
disease 2019 (COVID-19) is highly desirable but may present a challenge in the foreseeable future.

Reviews
9

An overview of Brazilian
smoothies: from consumer profile to evaluation of their physicochemical composition, bioactive
compounds, antioxidant activity
and sensory description
Lorene Simioni Yassin,
Acácio Antonio Ferreira Zielinski, Aline Alberti,
Paulo Ricardo Los, Ivo Mottin Demiate,
Deise Rosana Silva Simões, Alessandro Nogueira
In this work, the smoothies produced in Brazil were assessed through their consumption profile, chemical composition, antioxidant activity
and sensory descriptions.

20

Lipid-derived flavor and off-flavor of traditional and functional
96

foods: an overview
Fereidoon Shahidi, Won Young Oh
Flavor is an important aspect of both traditional as well as functional
food acceptability and can be favorable or unfavorable depending on
the chemical nature of the volatile compounds present, their potency,
and the presence of non-volatile components.

32

Chemistry and biochemistry of dietary carotenoids: bioaccessibility, bioavailability and bioactivities
Cheng Yang, Lianfu Zhang, Rong Tsao
Carotenoids are one of the major food bioactives that provide humans
with essential vitamins and other critically important nutrients that contribute to the maintenance of human health.

47

Antioxidants, polyphenols, and
health benefits of cherry laurel: a
review
Cesarettin Alasalvar, Sui Kiat Chang
Cherry laurel (dark purple or black when mature) is a popular summer
fruit in the Black Sea region of Turkey.

53

Total phenolic content, free radical scavenging capacity, and anti-cancer activity of silymarin
97

Uyory Choe, Monica Whent, Yinghua Luo,
Liangli Yu
Milk thistle (Silybum marianum) seeds are a good source of dietary
polyphenols.

Original Research
64

Evaluation of the hypo-allergenicity effect of rice and wheat hydrolysates: a double-blind randomized clinical trial
Hui-Fang Chiu, You-Cheng Shen, Yi-Chun Han, Kamesh Venkatakrishnan, Chin-Kun Wang
This study was conducted to evaluate and compare the anti-allergenicity effect of rice and wheat hydrolysates in food allergic subjects.

70

The use of oak chips during the fermentation process: effects
on phenolic compounds profile and antioxidant activity in Syrah
young wines
Natália Manzatti Machado Alencar, Cinthia Baú Betim Cazarin, Luiz Cláudio Corrêa,
Mário Roberto Maróstica Junior, Davi José Silva, Aline Camarão Telles Biasoto,
Jorge Herman Behrens
The use of oak chips is an alternative method to the traditional barrels
in winemaking in order to improve the aged quality of the red wines.

98

77

The chemical composition, antioxidant activity, and antiproliferative activity of selected seed flours
Zhangyi Song, Yanfang Li, Boyan Gao,
Jihye Lee, Yanbei Wu, Jianghao Sun,
Monica Whent, Pei Chen, Seong-Ho Lee,
Liangli Yu
The phytochemicals in broccoli, carrot, and milk thistle seed flours
were extracted with ethanol.

86

Perilla extract potentiates efferocytosis by macrophages:
Implications for resolution of inflammation
Seung Hyeon Kim, Deung Dae Park,
Wonki Kim, Takuma Shio, Jun Takanari,
Takehito Miura, Young-Joon Surh
Perilla frutescens (Lamiaceae) have strong anti-inflammatory as well
as antioxidant, antimicrobial, anti-allergic, antidepressant, anticancer,
and neuroprotective effects and hence have diverse therapeutic applications.

99

Journal of Food Bioactives

Table of Contents
Perspective
Food bioactives, micronutrients, immune function and COVID-19
Klaus W. Lange, Yukiko Nakamura.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  1

Reviews
An overview of Brazilian smoothies: from consumer profile to evaluation of their physicochemical composition, bioactive compounds, antioxidant activity and sensory description
Lorene Simioni Yassin, Acácio Antonio Ferreira Zielinski, Aline Alberti, Paulo Ricardo Los, Ivo Mottin Demiate, Deise Rosana Silva Simões,
Alessandro Nogueira.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  9

Lipid-derived flavor and off-flavor of traditional and functional foods: an overview
Fereidoon Shahidi, Won Young Oh.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .20

Chemistry and biochemistry of dietary carotenoids: bioaccessibility, bioavailability and bioactivities
Cheng Yang, Lianfu Zhang, Rong Tsao .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 32

Antioxidants, polyphenols, and health benefits of cherry laurel: a review
Cesarettin Alasalvar, Sui Kiat Chang.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .47

Total phenolic content, free radical scavenging capacity, and anti-cancer activity of silymarin
Uyory Choe, Monica Whent, Yinghua Luo, Liangli Yu .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .53

Original Research
Evaluation of the hypo-allergenicity effect of rice and wheat hydrolysates: a double-blind randomized clinical
trial
Hui-Fang Chiu, You-Cheng Shen, Yi-Chun Han, Kamesh Venkatakrishnan, Chin-Kun Wang.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .64

The use of oak chips during the fermentation process: effects on phenolic compounds profile and antioxidant
activity in Syrah young wines
Natália Manzatti Machado Alencar, Cinthia Baú Betim Cazarin, Luiz Cláudio Corrêa, Mário Roberto Maróstica Junior, Davi José Silva,
Aline Camarão Telles Biasoto, Jorge Herman Behrens .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 70

The chemical composition, antioxidant activity, and antiproliferative activity of selected seed flours
Zhangyi Song, Yanfang Li, Boyan Gao, Jihye Lee, Yanbei Wu, Jianghao Sun, Monica Whent, Pei Chen, Seong-Ho Lee, Liangli Yu.  .  .  .  .  . 77

Perilla extract potentiates efferocytosis by macrophages: Implications for resolution of inflammation
Seung Hyeon Kim, Deung Dae Park, Wonki Kim, Takuma Shio, Jun Takanari, Takehito Miura, Young-Joon Surh .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .86

