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Abstract
Attention-deficit/hyperactivity disorder (ADHD) is a common diagnosis in children, which may persist into adulthood. Short-term benefits of pharmacological treatment have been shown, but concerns regarding long-term
efficacy and safety have led to a search for alternative treatments. Nutrition may be an important factor in psychiatric disorders. At group level, food bioactives do not appear to play a significant pathogenetic or therapeutic
role in ADHD. Benefits of treatment with omega-3 fatty acids, vitamins and minerals may be confined to individuals deficient in these micronutrients. Dietary patterns may be of greater importance than individual nutrients.
However, both diet and consumption of certain nutrients may be precursors or consequences of ADHD. The controversy surrounding the clinical and pathogenetic heterogeneity of ADHD complicates the assessment of food
bioactives. The identification of a potential role of food bioactives in ADHD is hindered by the ill-defined nature
of the disorder and the lack of biological markers underpinning its validity. The therapeutic efficacy of food bioactives cannot be tested by evaluating their effect on the pathophysiology of ADHD but only by observing their
effects on symptom severity.
Keywords: Attention-deficit/hyperactivity disorder; Diet; Food bioactives; Omega-3 fatty acids; Minerals; Vitamins.

1. Introduction
ADHD is a diagnostic category described in the Diagnostic and
Statistical Manual of Mental Disorders (DSM) of the American
Psychiatric Association (American Psychiatric Association, 1994,
2013a) and is one of the most common psychiatric diagnoses in
childhood and adolescence. Substantial comorbidity of ADHD
with other psychiatric disorders exists. The prevalence of ADHD
has been estimated to be 5.29% of the world’s childhood population (Polanczyk et al., 2007). Significant variability in rates of
ADHD in various studies has been claimed to be due to methodological problems rather than differences in the actual distribution of ADHD (Polanczyk et al., 2007). It is widely assumed that
ADHD is a neurodevelopmental disorder, which begins in childhood and can persist into adulthood. The findings of longitudinal
studies suggest that two-thirds of youths diagnosed with ADHD

will continue to present with symptoms of ADHD in adulthood.
Medication and behavior therapy have been demonstrated to
yield short-term symptom reduction in children, adolescents, and
adults with ADHD. Psychostimulants can improve attention and
reduce activity levels in children in the short term, but they have
little impact on academic performance or quality of life (KortekaasRijlaarsdam et al., 2018; Loe and Feldman, 2007), and initial symptomatic effects are not sustained on long-term follow-up (Jensen et
al., 2007; Swanson et al., 2017). Tolerance to stimulants may decrease treatment efficacy in the course of long-term use (Wang et al.,
2013). The uncritical expansion of the use of ADHD medications
into the treatment of adults based on the findings in children has
been criticized (Bijl, 2014, 2018). The maturing brain depends on
critical developmental processes and is therefore sensitive to pharmacological interventions (Swaab and Boer, 2001). A careful analysis of the safety of ADHD medication in children and adolescents is
therefore needed. The administration of common ADHD medica-
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Table 1. Problems surrounding a role of food bioactives in ADHD

General problems of ADHD research
No biological or neuropsychological markers; no evidence of brain disorder.
Diagnosis based on subjective assessment of symptoms.
Validity and reliability of descriptive approach to diagnosis?
Overdiagnosis of ADHD due to nonspecific attention problems.
High rates of comorbid disorders.
Heterogeneous and non-representative study samples.
Summary: ADHD is an ill-defined and clinically heterogeneous condition.
Findings on medication in ADHD
Short-term improvements in ratings of core symptoms.
Assessment of effects only on symptoms, not on pathophysiology.
Concerns regarding effects on clinically and ecologically relevant outcome measures.
Concerns regarding long-term efficacy (>12 weeks).
Decreased efficacy of long-term use due to tolerance?
Concerns regarding long-term safety; adverse events in adults?
Summary: Inconclusive evidence of benefits and harms of medication; alternative treatment options needed.
Findings on food bioactives in ADHD
Omega-3 fatty acids, vitamins, and minerals are main bioactives analyzed.
Correlations between food bioactives and presence or severity of symptoms (causality?).
Several limitations of available studies.
No long-term randomized controlled treatment trials available.
No evidence of a role of single bioactives in pathogenesis or treatment of ADHD.
Benefits of certain food bioactives confined to people with micronutrient deficiencies?
Optimal dosages, combinations, and durations of administration?
Critical phases of brain development for bioactives?
Use of outcome measures including functioning, quality of life, and adaptive skills needed.
Large-scale, prospective, randomized controlled trials of food bioactives needed.
Dietary patterns may be of greater importance than individual nutrients.
Summary: Inconclusive evidence of role of individual food bioactives; dietary patterns and interaction with other lifestyle factors may
be more important.
tions may be associated with various adverse effects as serious as
growth retardation and severe cardiovascular events (Lange, 2017a,
2018a; Storebø et al., 2018; Swanson et al., 2017). The present state
of information based on randomized controlled trials may indicate
that pharmacotherapy for ADHD should be administered with caution or even discontinued after a period of 12 weeks (Lange, 2018a)
and alternative treatment strategies should be explored.
The major points discussed in the present viewpoint are summarized in Table 1.
2. Dietary patterns and food bioactives in ADHD
Nutritional and dietary approaches to the treatment of mental dis-
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orders have attracted considerable scientific interest in recent years
(Sarris et al., 2015), and several food bioactives, with roles in the
support of brain function, have been postulated to play an important role in the etiology and treatment of mental disorders (Marx
et al., 2017). A sufficient supply of nutrients during brain development is critical. Dysfunctioning of the prefrontal cortex, which
continues to develop until adolescence, is believed to be involved
in the pathogenesis of ADHD, and diets deficient in essential nutrients may contribute to the occurrence of ADHD symptoms (Glanzman, 2009). Food bioactives that have been linked to the etiology
or pathophysiology of ADHD and claimed to be of potential therapeutic use are vitamins, trace elements, and polyunsaturated fatty
acids (PUFAs).
Several studies have examined the role of whole diets and di-
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etary patterns in ADHD. For example, in a large population-based
cohort study, it was found that a higher score for a ‘Western’ dietary pattern was associated with ADHD diagnosis after adjusting
for known confounding factors, while ADHD diagnosis was not
associated with a ‘healthy’ dietary pattern (Howard et al., 2011).
A case-control study found that a fish/white meat dietary pattern
was inversely related to ADHD in children and adolescents with
ADHD (Zhou et al., 2016). An inverse association was also observed for a nutrient pattern rich in zinc, protein and other minerals (Zhou et al., 2016). An increase in the prevalence of ADHD
diagnosis was associated with low adherence to a Mediterranean
diet (Rios-Hernandez et al., 2017). A positive correlation between
hyperactivity and the consumption of processed meat and salty
snacks was reported, while a negative correlation was found between hyperactivity and the intake of vegetables, coarse cereals,
aquatic foods, beef, mutton, and milk (Liu et al., 2014). The observational designs used in the above studies allow no conclusions regarding causal relationships between dietary patterns and ADHD.
For example, preference for certain diets could be a consequence
of ADHD behaviors. In addition, many interactions and overlaps
exist between diet, nutrition and other lifestyle factors, such as
physical activity (Lange 2018b, c). For example, significant cognitive benefits in people on a Mediterranean diet (Valls-Pedret et
al., 2015) were found in highly active people living in a Mediterranean culture. Such findings limit the external generalizability of
the findings on diet.
Omega-3 fatty acids are structural and functional components of cell membranes, which play an important role in brain
functioning. In view of dietary patterns in Western countries,
with high amounts of processed foods containing low levels of
omega-3 fatty acids, a discrepancy between desirable and actual
consumption of bioactives in both children and adults could be
expected (see Lange, 2017b; Lange et al., 2014a, 2017). Trials
assessing the therapeutic efficacy of omega-3 PUFAs were conducted in ADHD sufferers with decreased blood levels of these
compounds (Lange et al., 2014a). A systematic review of metaanalyses of double-blind placebo-controlled trials showed that
the effect sizes for PUFA supplementation were small in regard to
the ratings of ADHD symptoms by parents and teachers (Pelsser
et al., 2017). A recent randomized placebo-controlled trial evaluating the efficacy of omega-3 PUFAs in children and adolescents
with ADHD over three months found that the total reduction in
an ADHD rating score was significantly greater in the placebo
group than in the PUFA group (Cornu et al., 2018). Moreover, the
pooling of these data with previously published results demonstrated no overall effect of omega-3 PUFAs on ADHD symptoms
(Cornu et al., 2018).
Several mechanisms explaining a relationship between ADHD
and micronutrients have been proposed. Various vitamins and minerals serve as important cofactors of enzymes required in the metabolic steps involved in the synthesis, uptake, and breakdown of
neurotransmitters in the brain. Metabolic dysfunction associated
with a reduction in the availability of vitamin and mineral cofactors is a possible mechanism underlying psychiatric symptoms
(Ames et al., 2002). Multinutrient supplementation may provide
sufficient cofactors to saturate even enzymes with significantly reduced activity and thus restore undisturbed function (Ames et al.,
2002). Improved energy metabolism has also been hypothesized as
an explanation for the effects of nutrients on the brain (Arnold et
al., 2007). It is unclear whether vitamin (e.g. B vitamins) or mineral (e.g. zinc, magnesium, iron) deficiencies are, in fact, involved in
the pathophysiology of ADHD, and the evidence regarding therapeutic efficacy of their supplementation is inconclusive (e.g. Hariri
and Azadbakht, 2015; Lange et al., 2017).

3. Limitations of studies investigating food bioactives in ADHD
Observational studies demonstrating correlations between food
bioactive levels (e.g. in blood serum) in individuals with ADHD
and the presence or severity of ADHD symptoms may help generate hypotheses regarding associations but do not allow any conclusions on causality. Several studies on food bioactives in ADHD
have used study designs lacking an appropriate control group.
Thus, any effects observed may simply be a result of the placebo
effect. Randomized controlled trials are the gold standard in the hierarchy of evidence regarding the efficacy of therapeutic interventions (Devereaux and Yusuf, 2003). Such long-term randomized
controlled trials assessing food bioactives in ADHD are largely
absent.
Other major limitations of the available studies on food bioactives in ADHD are relatively small sample sizes, varied sampling
procedures and inclusion criteria as well as multiple assessment
methods. Studies assessing the effects of bioactives have used
mainly samples of male children, and generalization of their findings to adults and females requires caution. In addition, many trials have excluded individuals with comorbidities, frequently rendering the trial samples different from populations of people with
ADHD in the community.
Future studies could address the above issues and large-scale,
sufficiently powered, blinded, prospective, randomized controlled
trials evaluating the impact of food bioactives should be conducted. However, a range of specific problems related to the investigation of the etiological and therapeutic involvement of food bioactives in ADHD and other psychiatric disorders must be considered.
4. Problems of investigating food bioactives in ADHD
Researchers interested in food bioactives and their effects on mental health are seldom acquainted with the difficulties surrounding
the classification, diagnosis, and therapy of mental disorders such
as ADHD. Food scientists usually accept the validity of the concept of ADHD and are unaware of the manifold problems in the
investigation and interpretation of the effects of food bioactives
in ADHD.
Although the description of ADHD in international classification systems (American Psychiatric Association, 1994, 2013a)
seems to reflect a consensus regarding the clinical entity of ADHD,
considerable controversy surrounding this issue remains (Lange et
al., 2010). ADHD is a clinically heterogeneous condition. Children presenting with what is considered to be poor concentration
(sustained attention), overactivity, and impulsivity are typically
diagnosed with ADHD. The diagnosis is based on the grouping of
symptom presentation, which can change over time. For example,
the subtypes of ADHD present in DSM-IV (American Psychiatric
Association, 1994) were abandoned in DSM-5 (American Psychiatric Association, 2013a), having been shown, with the passage
of time, to lack diagnostic stability. The diagnostic procedures
used in ADHD are based largely, if not exclusively, on subjective
assessments of perceived behavior. The descriptive approach to
diagnosis, as used by the DSM to characterize ADHD based on
self-reports or informant-reports, may not always be valid or reliable. The assumption that ADHD is a valid and useful diagnosis
in children and adolescents has been disputed on many grounds,
including lack of biological or psychological markers, high rates
of comorbid disorders, inconsistent clustering of symptoms, and
differing cultural perceptions (Timimi and Leo, 2009). Problems
of attention and restlessness are non-specific behaviors and are
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commonly found in other psychiatric disorders and in the ‘normal’ population. ADHD may be viewed as falling on a continuum
of behavior rather than as a discrete ‘brain malfunction’. Serious
adverse outcomes commonly associated with ADHD may be more
strongly related to co-occurring problems such as conduct disorder
(Barkley et al., 2004). Significant increases in the rate of ADHD
diagnoses have been reported (e.g. Davidovitch et al. 2017). This
has been attributed to changing attitudes towards diagnosing
ADHD among physicians and parents, with parents increasingly
considering the diagnosis and treatment of ADHD as a means to
improve their children’s academic performance. It has been argued
that ADHD is over-diagnosed and over-treated with medication in
high-income and middle-income countries (Frances and Batstra,
2013; Halldner et al., 2014). The assumption that ADHD is a disorder beginning in childhood and persisting into adulthood has recently been questioned (Apter, 2018), since 90% of adult cases of
ADHD were found to lack a history of childhood ADHD (Moffitt
et al., 2015). In addition, doubt has been cast on the very concept of ADHD in adults. While some authors have argued in favor
of its validity (Asherson et al., 2010), others have emphasized its
vagueness and the lack of evidence for the value of specific treatments (Moncrieff and Timimi, 2010). The claims that ADHD is a
life-long disorder requiring life-long therapy (Kooij et al., 2010)
are supported largely by experts sponsored by the pharmaceutical
industry and are promoted through aggressive marketing (Moncrieff and Timimi, 2010). Exponents of the concept of ADHD have
made great efforts to downplay the possibility that social, cultural,
and environmental factors play any role in the diagnosis or prevalence of the disorder (see Smith, 2017). The current bias towards
biological approaches to ADHD, at the cost of lifestyle and social
interventions, is heavily promoted by the profit-dependent pharmaceutical industry, since biological explanations of ADHD may
create pressure to accept pharmacological solutions.
The characterising of behavior on the spectrum of normal biological variation as indicative of specific somatic pathology and the
consequent labelling of a portion of the population as “disturbed”
is unwarranted. It is necessary to establish a demonstrable difference between individuals diagnosed with ADHD and ‘healthy’
people. No distinctive etiology, pathophysiology, biomarker or
cognitive profile has been identified (Sontag et al., 2010; Thome
et al., 2012; Lange et al., 2014b). Breakthroughs in the genetics
of ADHD have been promised for many years and an impressive
number of genes have been posited to be involved in ADHD (Faraone and Larsson, 2018). However, the small odds ratios for the
genes associated with ADHD suggest that many genes could be
involved and that these genes may each have a small effect (Faraone and Larsson, 2018). The American Psychiatric Association
has officially admitted that no genes have, thus far, been found
for the disorders described in its manual (American Psychiatric
Association, 2013b). It was further conceded that the decades-old
promise of an identification of mental disorders based on genetic
and biological markers providing precise, valid, and reliable diagnoses has not been fulfilled (American Psychiatric Association,
2013b). Claims presuming faulty genes and neurochemical imbalances in the brains of individuals with psychiatric disorders including ADHD are, thus, not supported by actual scientific findings.
While the ‘missing heritability’ position assumes that the failure
to identify genes for mental disorders is the result of a lack of suitable research methods, an alternative explanation for this failure
is that the genes claimed to underlie mental disorders do not exist
(Joseph, 2012).
While neuroimaging techniques are vital in the diagnosis of
brain tumors, they are not useful tools in the diagnosis or therapeutic evaluation of ADHD. An ever-increasing number of investiga-
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tions using more sophisticated imaging techniques and postulating
an ever-expanding number of potentially problematic brain regions
in ADHD, with little reproducibility between studies, demonstrate
the limited value of these techniques in the the diagnosis of ADHD
(Cohen and Leo, 2004). For example, a widely publicized but seriously flawed and much criticized imaging study claimed to have
found brain alterations in ADHD. The large-scale analysis reported
smaller volumes of several subcortical brain regions as well as a
decrease in intracranial volume in individuals with ADHD compared to healthy controls (Hoogman et al., 2017). The authors of
this study concluded that individuals with ADHD have altered
brains and presented their findings as proof that ADHD is a disorder of the brain (Hoogman et al., 2017). However, as has been
pointed out (Batstra et al., 2017; Bejerot et al., 2017; Dehue et al.,
2017; Poulton and Nanan, 2017), such a definitive conclusion is
not supported by the data. Considerable overlap between groups
and large within-group variation were found (Dehue et al, 2017).
The effect sizes ranging from −0.19 to −0.10 for the differences in
volume indicate that approximately 95% of the two groups overlap, which is normally interpreted as a negligible or very small
difference (Batstra et al., 2017). In addition, the results showed
no significant differences in the brains of adults with ADHD compared to those without the diagnosis (Dehue et al., 2017). Moreover, even assuming the existence of such associations, these do
not necessarily imply causality, since environmental factors may
change brain anatomy. Factors confounding the results include the
intelligence quotient (IQ) (Bejerot et al, 2017). When IQ difference
was controlled for, no significant differences between individuals
with ADHD and controls could be found in any of the investigated
brain regions (Bejerot et al., 2017). Furthermore, the involvement
of brain areas associated with emotional regulation may suggest
that the volume differences observed may be related to subclinical
symptoms of oppositional defiant disorder, which is commonly associated with ADHD (Poulton and Nanan, 2017). In summary, the
speculative claim that a reduced volume of certain brain regions
may be seen in individuals with ADHD is belied by the available
data. There is currently no proof of a brain disorder in children
with ADHD. It has been shown that the youngest children in a
classroom are the ones most likely to be diagnosed with ADHD,
possibly because their brains are less developed, which hardly justifies the assumption of a brain disorder (Halldner et al., 2014).
Alternative explanations of ADHD, which are often disparaged because they lend no support to the prevailing biological paradigm of
ADHD (Visser and Jehan, 2009), should therefore be considered.
The question of whether ADHD is a bone fide brain disorder or
a social construction remains to be answered (see Dehue, 2014).
In summary, attempts to pinpoint biological deficits in individuals diagnosed with ADHD, using a wide range of research strategies, such as genetics, brain imaging or neuropsychological analysis, have thus far been without success. The efficacy of treatments
including food bioactives cannot, therefore, be tested in regard to
their effect on the pathophysiology of ADHD. The therapeutic effects of food bioactives can be assessed only through an evaluation
of their efficacy in reducing indicators of symptom severity.
Current treatments may reduce the negative impact of untreated
ADHD on life functioning but do not usually lead to ‘normalization’ of behavior (Shaw et al., 2012). The assessment of treatment
outcomes in ADHD, which is commonly confined to symptom rating, needs to incorporate measures of functioning, quality of life,
and adaptive skills, especially when long-term treatment response
is investigated (Epstein and Weiss, 2012). ADHD can have a substantial social impact on patients’ lives and may affect education,
employment, finances, and social relationships. This should be
taken into account when defining outcome measures beyond the
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core symptoms of ADHD. Statistically significant improvements
on symptom rating scales do not necessarily translate into clinically and ecologically relevant outcomes related to the problems
of daily life.
It has been proposed that a sufficiency of nutrients during critical periods of brain development is essential and supplementation
after this time may be of limited benefit. Nutritional deficits may
have a particularly important effect on brain development between
weeks 24 and 42 of gestation, during which myelination and synapse formation take place (Georgieff, 2007). The investigation of
the effects of single nutrients at individual periods of time under
controlled conditions may therefore not account for the need of the
brain for a variety of substances in adequate amounts and proportions at critical times. Food bioactives needed during late fetal and
early neonatal life include protein, zinc, iron, copper, choline, and
PUFAs (Georgieff, 2007). Prenatal exposure to ‘unhealthy diets’
has been shown to be associated with ADHD symptoms (Rijlaarsdam et al., 2017). Furthermore, low maternal serum vitamin D levels during the first trimester have been associated with ADHD-like
symptoms in preschool-age children (Daraki et al., 2017). Correlations between adherence of children to a healthy diet and low
rates of ADHD do not necessarily point to protective effects of
a healthy diet in childhood. The mothers of children consuming
healthy foods may also have adhered to healthy diets during pregnancy, providing essential nutrients to the child at critical stages
of brain development, thus potentially avoiding deficits that could
later lead to behavioral problems.
5. Conclusions
Evidence supporting a role of single nutrients in the pathogenesis
and treatment of ADHD has so far not been produced. Benefits
of certain food bioctives may be confined to individuals with nutritional deficiencies. Since ADHD is a complex, heterogeneous
disorder, multi-ingredient supplementation may be necessary to
achieve beneficial effects. Unwanted side effects of food supplements should be considered. These may become apparent many
years after administration and thus elude detection. The adherence
to certain dietary patterns may provide better predictors of disease
risk than the analysis of single nutrients or foods (Hu, 2002). Outcomes for healthy diets may be better than for individual nutrients
due to the cumulative beneficial effects of their many ingredients.
However, establishing adherence to medium and longer term dietary interventions beyond the administration of supplements may
not be feasible. It should also be considered that dietary patterns
observed in individuals diagnosed with ADHD could be a consequence rather than a cause of ADHD.
Current evidence suggests that nutrition plays a key role in
brain development, mental health and psychiatric disorders including ADHD. However, the many difficulties in assessing the effects
of specific food bioactives, such as identifying useful compounds,
combining them at optimal dosages, determining the necessary
durations of administration, and investigating the critical phases
of brain development for bioactives, may appear insurmountable.
A main obstacle in the investigation is the heterogeneous nature
and problematic classification of ADHD. The development of an
objective, reliable and biologically based classification of ADHD
is urgently needed. Substantial progress in revealing the role of
food bioactives in the pathogenesis and therapy of ADHD will
remain elusive as long as psychiatrists fail to acknowledge that
ADHD is an ill-defined construct and are unable to identify biological or neuropsychological markers underpinning its validity. The

therapeutic efficacy of food bioactives in ADHD cannot therefore
be evaluated according to their effects on objective pathophysiological measures but only by subjective rating of symptoms, the
clinical relevance of which is questionable. Statistically significant
improvements on symptom rating scales do not necessarily equate
with clinically and ecologically relevant outcomes related to the
problems of daily life faced by those with ADHD.
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Abstract
Until recently, consumer perception of cannabis was largely framed by its stigma surrounding drug use. Today,
in an era of medical and recreational cannabis legalization, an increasing commercialization of cannabis-based
products are being purported as functional foods. It is important for a wider audience of researchers, health care
professionals, regulators and industry stakeholders to enhance their awareness of the human endocannabinoid
system as a physiological regulator, the safety issues of product and process methods and adherence to qualitycontrolled training programs for assuring the public of safe practices.
Keywords: Endocannabinoid system; Cannabis edibles; CBD oils.

After decades of prohibition, today one can argue that cannabis has
become mainstream from its use as medicine by the elderly to its
use recreationally by a diverse population. With Canada becoming
the second country besides Uruguay to legalize recreational use,
this has led to a multitude of companies looking to cash in on cannabis value both as medicine and as food. The growing popularity
to use parts of the plant as nutraceuticals raises numerous questions and concerns that requires examination by regulators, scientists, health professionals and all stakeholders. The interest here, is
to bring more awareness to the research and food safety communities about the tide of activities accelerating in the realm of cannabis
containing medicines, foods and recreational developments. Furthermore, advancing education and training for health care professionals about the human endocannabinoid system (ECS) is, in our
view, a valuable enterprise.
With the World Health Organization (WHO) reviewing international drug scheduling of cannabis in November 2018 and having
claimed in June for the non-scheduling of cannabidiol (CBD), the
era of cannabis containing edibles and infused drinks sold with
health claims or possibly as functional foods will likely grow even
more exponentially. Intake of herbal compounds through ingestion, inhalation or topical application for the benefit of reducing
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pain and illness and/or attempting relief of discomfort for quality
improvement of life is a cross cultural and evolutionary human
behavior. For millennia, the cannabis plant has been a dominant
example of humankind’s earliest ventures into this medicinal and
ritualistic use of plants. After a politically inspired pause in medicinal use of cannabis from Canada’s 1923 “The Opium and Narcotic
Drug Act” to the 1961 UN Convention on Controlled Substances,
an intense revival since the 1990’s is occurring with this plant for
adjunctive utilization in medicine. Given a massive rise within
just the past 5 years or so, especially in Canada, of oral medical
preparations for ingestion, most recently a new generation of entrepreneurs is actively supplying cannabinoid actives in a vast array of ingestible products. This is further exemplified by cannabis
infused products becoming discussion sessions in meetings like
the Food Safety Consortium identifying safety plans, pre-requisite
programs like GMPs, hazard analysis etc. There is also a plethora
of cannabis trade shows with a vast array of edibles and drinks infused especially with non-psychoactive CBD. These would likely
be considered functional foods containing bioactives. What might
be the safety issues of production, processing and packaging and
what is the level of education pertaining to awareness of the endocannabinoid system amongst this very diverse conglomerate of
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innovators?
In Canada, the term nutraceutical as opposed to functional
foods does not have a legal definition. Nonetheless, Health Canada refers to them as any product that is isolated or purified from
food generally sold in the form of medicine not associated with
food and demonstrated to have physiological benefits or protection
against chronic disease. Cannabis and its derivative cannabinoids,
especially CBD is viewed by several stakeholders to fall under
this reference. Studies using CBD had substantial higher amounts
of CBD (e.g. 1,000 mg daily) to confer any therapeutic benefits
(Pharmaceuticals, 2018). The CBD found in functional foods or
nutraceutical products are far, far less but even assurance of validated quantitation is questionable. That’s the difference between
pharmaceutical and nutraceutical. Can these supplements therefore
make any claims of effects?
The October 2018 initiation of legalized recreational Canadian adult use of cannabis is pushing the potential sales of many
food and drink-based products with nefarious health claims and
many questions remain as to informing about safety, production,
and processing regulations. In essence, who provides and where is
training available for cannabis product Quality Assurance, facility
sanitation, global food safety initiative (GFSI) awareness, current
Good Manufacturing Practices (cGMPs), Good Agricultural Practices (GAPs), HACCP, preventive controls qualified individuals
(PCQI), chemical handling and safety? This is gaining more traction as the Safe Food for Canadians Regulations (SFCR) are set to
come into effect on January 15, 2019.
Fortunately, even agencies like the American Society for Testing and Materials (ASTM) has a new Committee D37 for cannabis standardization of products and processes. This could help set
harmonized procedures for regulatory agencies new to the medical
cannabis arena. Other innovative approaches to gain knowledge
about cannabis-based products include developing questionnaires
and algorithms for data analysis to educate patients about healthrelated issues of such products (Klumpers and Thacker, 2018).
Having this in mind, it is imperative to provide a wider audience
awareness about food actives of cannabis containing products
while acknowledging that the physiology reasoning behind this is
a concurrent rising awareness and insight into the human endocannabinoid system.
To provide some background, botanically the cannabis plant
is in the Family: Cannabaceae and most consistently considered
dioecious as Cannabis sativa L. The female plant produces fatty
acid containing resin from sessile and capitate trichomes rich in
cannabinoids and terpenes, which provide the medicinal benefits.
The resin contains delta-9-tetrahydrocannabinol (THC) known as
the main psychoactive part of the plant, CBD which is not psychoactive, and there are estimates of more than 100 cannabinoids of
which a few major dozen or so need more research to see if they
have an active role working uniquely or synergistically with the
already known compounds. A general review of hemp/cannabis
biology is provided by Andre et al., (2016).
The continued rising wave of research into phytocannabinoids
has been invigorated by the suggestion of patient experiences
guiding the science. A research question in the early 1990’s asked
what the endogenous ligand might be for these phytocannabinoids
such as Δ-9-THC and therefore a target for pharmacotherapy.
The simple answer is that of an ancient, evolutionarily conserved
and ubiquitous pleiotropic lipid signalling function in vertebrates
known as the endocannabinoid system (ECS). Extensive reviews
for the ECS are provided by Maccarrone et al., (2015) and Ligresti
et al., (2016), plus more lipid chemistry associations in Tsuboi et
al., (2018). The ECS is perceived to be a physiological regulatory
system for attempting to modulate homeostasis. The G-protein

coupled cannabinoid (CB) receptors, CB1 and CB2 are acted
upon by the endogenous eicosanoids arachidonoyl ethanolamide
(AEA) better known as anandamide, and 2-arachidonoyl glycerol
(2-AG). These are generated on demand in the CNS from cellular
plasma membrane derived phospholipids and opened up the novel
idea of retrograde transmission at synapses in the CNS. Enzymes
involved include: diacylglycerol lipase for 2-AG and N-arachidonoyl phosphatidylethanolamide (NAPE) phospholipase-D for
AEA. Hydrolysis involves presynaptic monoacylglyceride lipase
(MAGL) for 2-AG and postsynaptic fatty acid amide hydrolase
(FAAH) for AEA. These synthetic pathways and lipid metabolism
along with CB receptor turnover, activation and degradation are
commonly referred to as “endocannabinoid tone” to describe the
closeness to or diversion from homeostasis. Therefore, CB receptors respond to three ligand sources: the endocannabinoids AEA
and 2-AG produced by our body; phytocannabinoids such as THC
and CBD derived from the cannabis plant; and synthetic cannabinoids like Nabilone (Cesamet®) or other molecular entities such as
WIN55212-2 developed for cannabinoid receptor binding studies.
The CB1 and CB2 receptors can be found singular such as CB1 on
neurons of the CNS or in combination distributed among tissues
and organ systems including adrenal glands, heart, lungs, ovaries,
spleen, muscles and given this distribution, the ECS is implicated
in several physiological and pathophysiological processes to bring
about that homeostasis. Processes include inflammation, appetite,
memory, immune function, pain, regulation of stress and emotional state, and digestion. This becomes the fundamental basis for
cannabis use as medicine.
In this developing arena of cannabis active pharmaceutical ingredients (APIs) in edible products, there is also confusion about
hemp oil and CBD oil. Within phytocannabinoid nomenclature,
the term hemp (industrial) in Canada refers to cannabis cultivars
that contain less than 0.3% dry weight THC with no regulation on
the CBD component. However, CBD content in hemp may range
between <1% and >5% at seed set. Cannabinoids can be found in
all parts of the plant having trichomes including the leaves, flower
bracts, and small stems, but clean seeds are devoid of them. Consequently, a product labeled ‘hemp oil’ would be non-regulated
seed oil fats extracted from the hemp seed whereas ‘CBD oil’
refers to compounded products having more concentrated CBD
extracts supplied in an oil matrix of any number of lipid-based
components such as olive oil. Hemp seeds have been known for
generations to be important nutritional supplements due to their
oil content being about 80% of polyunsaturated fatty acids, alphalinolenic acid, linoleic acid and notably a small amount of gamma-linolenic acid. There is also a substantial amount of vitamin
E. Hemp seeds are often used as feeds for animals but the products they generate including oil, flour, protein powder are gaining
popularity as an excellent food source for humans (Frassinetti et
al., 2018).
Given the importance of the ECS in this physiological regulatory role, there is a strong basis in current Canadian production
practices for licenced producers (LPs) to implement reasonably
safe product and process controls. Although not required to be of
a GMP standard there is Good Productions Practices (GPP) and
many larger LPs do put GMP practices in place in anticipation
of international markets. There are requirements for plant material testing of bacterial/ fungal contaminants such as salmonella,
E coli pathogens, aspergillus, mycotoxin/aflatoxin analyses, heavy
metals, solvent residues and detection of specific pesticides. Cannabinoids and terpenes are readily quantifiable although there continues to be efforts in harmonized, analytic methods for validation
and compliance. As the industry grows and many subcontractors
play roles in specific areas like chemical analysis only, not com-
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plete vertical integration within an LP, then procurers of raw materials will need to address and audit capabilities of these resources.
This includes issues such as vetting supplier quality such as APIs,
packaging certification as food safe, certificate of compliance or
conformance, safety of excipients, Certificate of Analysis (CofAs),
residual solvent, all documentation SOPs and open to audits by the
purchasing agency.
Cannabis, unlike most other nutraceuticals or functional foods
is different. Different in its use as both food and medicine and the
role of the ECS. The overall concern of rapid expansion of a massive new market of cannabinoid containing foods and drinks is
that producers/suppliers have an awareness and education in the
pleiotropic physiological effects of the EC system, are trained in
safe product processing/manufacturing practices, and do not make
unsubstantiated claims for health benefits without clear evidence.
Furthermore, there is a great deal of research potential open for lipid chemists, food scientists, healthcare professionals and others to
delve into advancing knowledge of this lipid signalling EC system
that has such a physiological impact.
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Abstract
Modern epidemiological and interventional studies have demonstrated that various bioactivities including antioxidant, antiproliferative, immune-regulatory, hormonal-regulation abilities and neuro-/hepato-/cardioprotective effects result from consumption of a phenolic-rich diet. The health benefits of ingesting phenolics are greatly
dependent on their bioaccessibility and bioavailability in the digestive tract and circulatory system. This contribution attempts to review the bioaccessibility and bioavailability of phenolic compounds by focusing on the body’s
internal mechanism including digestion, absorption, transport, modification, excretion, and colonic fermentation.
The bioaccessibility and bioavailability of different phenolics vary depending on the physical condition of an individual, including digestive/absorptive/metabolic/response capability and effective dose. External factors such
as processing methods and interaction with various food matrices also play a vital role on the bioavailability of
dietary phenolic compounds. On the other hand, some novel phenolics have been synthesized to enable them
rendering new bioactivities. The key internal factors influencing the bioaccessibility and bioavailability are also
reviewed in this contribution. In addition, suggestions have been made for future measurement and assessment
of bioavailability, together with prospects for food/nutraceutical/pharmaceutical application of novel phenolics.
Keywords: Phenolics; Bioavailability; Transporters; In vivo metabolism; Colonic catabolism.

1. Introduction
Dietary phenolic compounds constitute one of the most important
groups of natural antioxidants and chemopreventive agents. They
include phenolic acids, flavonoids, stilbenes, coumarins, lignans,
lignins, and oligomeric and polymeric proanthocyanidins, among
others. Numerous epidemiological and interventional studies have
demonstrated that consumption of phenolic-rich foods is inversely
associated with the risk of most common oxidative stress-associated degenerative and chronic diseases, including cardiovascular
disease (CVD), type-II diabetes mellitus, cancer and aging (Amarowicz and Pegg, 2008; Villegas et al., 2008). A balanced diet
provides many different phenolic compounds and seasonal and
cultural dietary changes in every country result in their differential
bioavailability. In addition, the bioaccessibility and bioavailability of different phenolics vary depending on individuals’ physical
condition, including digestive/absorptive or metabolic ability and

effective dose. Besides common phenolics that serve as antioxidants, some novel phenolic compounds have been discovered, synthesized or modified to reveal new properties as well as enhancing
their original bioactivities such as antioxidant, antimicrobial, antiproliferative, immune-regulatory, hormonal-regulation abilities
and neuro-/hepato-/cardioprotective effects (Maeda-Yamamoto et
al., 2017; Patel, 2014; Peng et al., 2017). However, excessive exposure to phenolics upon dietary ingestion and intravenous injection may also render adverse effects on health (Galati and O’brien,
2004; Skibola and Smith, 2000; Watjen et al., 2005). In comparison, modified lipophilic phenolics, as well as the production of
small size nanoparticles, may exert toxicity at a lower dose while
few studies have so far been conducted to support such a hypothesis. Therefore, in considering phenolic compounds, it is imperative to remember both their nutraceutical potential and application
limitation; it is also important to know the content of phenolics
present in specific food or dietary supplement and their bioavail-
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Figure 1. Schematic representation of phenolic bioavailability.

ability.
The health benefits of ingested phenolics greatly depend on their
bioaccessibility and bioavailability in the digestive tract and circulatory system. Among different phenolics, bioavailability differs
greatly, the ones with most abundance or highest in vitro activity in
the daily diet do not necessarily positively correlate to those with
the best bioaccessibility and bioavailability profile (CarbonellCapella et al., 2014). Several decisive steps, including the effects
of digestion rate, first passing effect, metabolic modification and
colonic fermentation have attracted much attention in order to
investigate the generalized evaluation method of bioavailability
for phenolics-dominated functional foods, nutraceuticals, dietary
supplements, and drugs. The structural characteristics including
functional groups and polymerization enable phenolics to present
different solubilities and be absorbed and metabolized in their own
pathway, therefore also resulting in a varied function of phenolics,
compared to other phytochemicals. Meanwhile, external factors
play a vital role in bioaccessibility and bioavailability of phenolics
upon ingestion. Both interaction with various food matrix components and diverse processing methods significantly influence the
actual bioaccessibility and bioavailability of ingested phenolics.
This contribution summarizes digestion, absorption, metabolism,
circulation and excretion process, as well as biological function
and potential application of natural and synthetic phenolics.
1.1. Definition of bioaccessibility and bioavailability
The chemical and physiological effects of natural bioactive components in food manufacturing and dietary evaluation, and even
in phytopharmacological studies are well recognized. Among
functional ingredients, the effects of phenolics on human health
are undeniable, not only as nutraceuticals and additives but also
as therapeutic agents (Ferreira et al., 2017). Most of the action
mechanisms and related pharmacokinetic parameters that depend
on phenolics uptake are still poorly demonstrated and clarified.
Meanwhile, based on in vivo observational health effects, many
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studies focusing on bioactivity assessment and in vitro cell pathway investigations are still in progress. The results so obtained are
cell line-dependent. However, bioactivities of phenolics are compared and reported often not under similar in vitro conditions in
different reports. Besides, bioactivity experiments conducted in
vitro especially in cell line tests are also concentration-dependent,
and the actual phenolic metabolites are not what they originally
were, hence consideration of realistic concentrations and metabolites in action sites which is determined by bioaccessibility and
bioavailability criteria is essential.
On the other hand, different from common nutritional compounds, phenolics are also regarded as anti-nutrients and nonnutritive bioactive compounds. Normally, all foods we eat are
composed of nutrients and/or non-nutrients. Food nutrients are
mainly carbohydrates, proteins, lipids, vitamins, minerals, and
water and serve as a source for energy production, tissue/organ
construction, and co-factors in intermediary metabolisms, while
non-nutrients could be indigestible polysaccharides, phytochemicals, medical ingredients, and several inactive substances that may
be in charge of mechanism modulation, disease prevention/treatment, and various other biological functions (Kanazawa, 2011;
Pan et al., 2018; Velderrain-Rodríguez et al., 2014). For both nutrients or non-nutrients, bioaccessibility and bioavailability could
be regarded as bio-efficiency. Specifically, bioaccessibility is the
digestion and absorption efficiency (or digestibility and absorptivity) of a certain food constituent or drug ingested by oral administration, normally expressed as a percentage of the actual amount
released and absorbed constituent to its total content. However,
for bioavailability, there are significant differences between that of
nutrients and non-nutriments. In the nutrition area, bioavailability
is crudely defined as the utilized or stored proportion of the total
administered quantity. For non-nutrients, such as medicines, bioavailability is more strictly defined. According to 21 CRF 314.3
(2016) of Food and Drug Administration (FDA), Code of Federal
Regulations, bioavailability of drugs is defined as the available ratio of active ingredient or active moiety absorbed and detected in
the target site to the total amount of orally ingested drug products;
the intravenously administrated medication is defined as having a
bioavailability of 100%.
Bioactive compounds or bioactives refer to substances that
have an effect on human health; this kind of compounds are distinguished from both nutrients and non-nutrients but overlapping
with them at the same time (Biesalski et al., 2009). Their bioavailability is partially overlapped with pharmacological and nutritional
principle (21-CFR-314.3, 2016; Etcheverry et al., 2012; Heaney,
2001; Srinivasan, 2001). As shown in Fig. 1, bioavailability covers
the range of bioaccessibility, metabolism and physiological activity (or simply called bioactivity) (Carbonell-Capella et al., 2014;
Etcheverry et al., 2012; Gutiérrez-Grijalva et al., 2016).
As a food component, phenolics are not fully released and the
released phenolics are poorly absorbed. Furthermore, the absorbed
phenolic molecules cannot be completely transported to the action
site in order to exert their bioactive effects. In this connection, their
physicochemical properties including the degree of polymerization
or glycosylation and molecular properties, polarity and interaction
status with nutrients, as well as individual physiological conditions
such as the expression of transport protein and status of tissues are
important factors to consider. Regardless of the individual differences, the investigation on bioaccessibility and its effects provide
valuable information for the selection of proper phenolic ingested
dose and cooking/processing method of food (Carbonell-Capella
et al., 2014). In this contribution, based on the overlap between
drug and dietary phenolics, the bioavailability of phenolics involved is taken with consideration of all the pharmacokinetic steps
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of digestion, absorption, deposition, distribution, metabolism, excretion, and function.
2. Bioaccessibility of phenolics
2.1. Liberation and in vitro simulated digestion
As defined in the introduction section, bioaccessibility consists of
digestibility and absorptivity. Digestion is the breakdown of large
insoluble food molecules, assisted by various digestive enzymes
and pH change, into small soluble molecules. The phenolic-matrix
interaction determines phenolic liberation. For dietary phenolics,
they are generally classified as free, conjugated and insolublebound phenolics (Madhujith and Shahidi, 2009). Free phenolics
are present as phenolic aglycones and conjugated phenolics generally occur as phenolic glycosides, most of which are readily released in the digestive juice and absorbed as cell membrane bursts
and cytoplasm diffuses into digestive juice by the effects of mechanical or chemical digestion. The insoluble-bound phenolics are
covalently bound to indigestible matrices such as polysaccharides
(pectin, hemicellulose, cellulose, and arabinoxylan), rod-shaped
structural proteins and highly-polymerized phenolics (condensed
tannin and lignin) (Acosta-Estrada et al., 2014; Shahidi and Ambigaipalan, 2016). These phenolics are partially or very marginally
released, few of them penetrate through the intestinal epithelium
and arrive into blood, leading to a low bioaccessibility in the upper intestinal tract (Peng et al., 2017; Shahidi and Yeo, 2016). Depending on the species and fractions of the plant, the proportion
of bound phenolics varies from 20 to 90% (Acosta-Estrada et al.,
2014). While only less than 10% of phenolics could get through
small intestinal epithelium into circulation system and exert bioactivity at the target cell and tissue, the rest of the phenolics flow
to colon with other unabsorbed residues. This part of phenolics
may be metabolized and released via fermentation in the colon and
could then be absorbed and further metabolized (Shahidi and Yeo,
2016). It is reported that only 2.6% of total released ferulic acids
in wheat could be released by gastric and small intestinal digestion, and over 95% ferulic acids were released during colonic fermentation (Kroon et al., 1997). To understand phenolic digestion,
phenolic release process includes the gastrointestinal digestion
and colonic fermentation, both of which need to be emphasized.
Presently, various in vitro/in vivo methods including simulated
gastrointestinal digestion, simulated colon fermentation, artificial/
cultured/isolated semipermeable membrane system, Ussing chambers, animal intestinal perfusion, and animal/human pharmacokinetics studies are conducted for digestion and absorption investigations (Carbonell-Capella et al., 2014). Among them, in vitro
simulated digestion process is the most widely utilized approach
to predict the digestibility due to its low cost, high efficiency, and
simple operation. A recent HPLC-MS analysis on lingonberries
phenolic products in different digestion methods confirmed that
similar metabolism patterns occurred within in vivo and in vitro
digestion process which shows the reliability of in vitro digestion
(Brown et al., 2014).
Several in vitro stimulated digestion results of plant foods are
presented in Table 1. Based on the components studied, the simulated conditions especially the application of the enzymes and
digestion time must be considered for each specific food sample.
According to standardized digestion condition of Minekus et al.
(2014) (Table 1), the primary simulated digestion includes a threestage process given below.
1. Simulated oral treatment with a final amylase activity of 75

U/mL, at pH 7, for 2 min (volume of sample to volume of
digestion fluid, 1:1)
2. Simulated gastric treatment with a final pepsin activity of
2,000 U/mL, at pH 2, for 2 h (volume of sample to volume
of digestion fluid, 1:1)
3. Simulated intestinal treatment with pancreatin based on a final trypsin activity of 100 U/mL, at pH 7, for 6 h (volume of
sample to volume of digestion fluid, 1:1).
In addition to the most primary condition of enzymes and pH,
some standardized principles such as bile extract concentration (10
mM), simulated gastrointestinal movement, body temperature, and
dark anaerobic environment are also necessary. Besides, there are
some other non-standardized conditions including food particle
size, gastrointestinal transit time, special enzymes and the addition
of some media compounds such as emulsifiers and electrolytes in
simulated digestion process that also need to be considered (Hur et
al., 2011; Minekus et al., 2014).
Several results about in vitro release rate of phenolics have been
summarized in Tables 2 and 3. Chandrasekara and Shahidi (2012)
conducted a three-stage digestion test of five millet grain samples
and found gastric digestion was the major release stage for Paspalum scrobiculatum and Elusine coracana (more than 80% of
total releasable phenolics), but for Setaria italic and Panicum miliacium was intestinal digestion. Due to the relatively low effects
of oral treatment in the entire digestion efficiency, the three-stage
digestion is sometimes simplified into two-stage without its consideration, which is more used in simulated digestion of various
vegetables, fruits, beverages and other foods (Bermúdez-Soto et
al., 2007; Bouayed et al., 2011; Chen et al., 2015; Faller et al.,
2012; Toydemir et al., 2013; Vallejo et al., 2004).
Some studies report that the intestine is mainly responsible for
the liberation of phenolics. The effect of digestion on phenolic
content and antioxidant activity of 33 fruits, for phenolic release,
was investigated by Chen et al. (2015). Each stage, especially intestinal digestion, was found to increase the phenolic content in the
digestion fluid. Yang et al. (2018) found that the in vitro digestion
treatment with bile salts was 5 times higher than the counterpart
without bile salts in phenolic release. However, for antioxidant activity, it only increased during the gastric process and decreased
severely in the intestinal process (Chen et al., 2015). According
to the study of Chandrasekara and Shahidi (2012) on grain, flavonoids are released upon intestinal digestion better than highly-polar phenolic acids; this may be attributed to the longer release time
and emulsification effect of intestinal digestion that is indispensable for relatively hydrophobic flavonoids. Furthermore, comparing
the control group without pH variation and enzyme treatment, the
counterpart with only pH variation (without enzymes) significantly
decreased the bioaccessible phenolic content of some grains but
increased their antioxidant activity. This implies that gastrointestinal digestion may not only break down food matrices and release
phenolic compounds by pH/enzyme effects but may also modify
phenolic hydroxyl group (major functional group with effects on
antioxidant activity) of the released phenolics which would lead to
a decrease or an increase of phenolics content and activity in the
final simulated digestion fluid (Table 4) (Bugianesi et al., 2004;
Chen et al., 2013; Chiang et al., 2013; Hithamani and Srinivasan,
2014; Kamiloglu et al., 2015; Li et al., 2014; Sessa et al., 2011;
Tagliazucchi et al., 2010; Vallejo et al., 2004).
2.2. Absorption in the gastrointestinal tract
Understanding the absorption of dietary phenolics is of fundamental importance in determining their biological activity. This is
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because the degree of absorption from the diet profoundly affects
bioactivities at phenolics-responsive sites within the body (Day et
al., 2003).
2.2.1. Absorptivity by in vitro, in situ and in vivo methods
The in vitro simulated digestion enables further study of gastrointestinal absorptive efficiency. For the in vitro absorptivity evaluation, the dialysis method is usually employed as a simulated
intestinal epithelial cell layer to separate the pervious/absorbable
fraction from the digestion fluid (Table 5). The dialysis membrane
used is a semipermeable cellulose membrane with uniform pores
allowing phenolics to pass via free diffusion. Based on free diffusion mechanism which is one of the main absorption pathways of
phenolics, low-molecular-weight phenolics are easy to pass, and
molecular weight of phenolics more than the cut-off molecular
weight of dialysis membrane would be important about what is
retained. The ratio of the penetrable fraction to the total content
of such composition in raw materials is the predicted absorptivity.
The cut-off molecular mass of this semipermeable cellulose membrane is usually around 10 kDa (Hemery et al., 2010; Hithamani
and Srinivasan, 2014; McDougall et al., 2005).
Human colon cell lines such as Caco-2 and HT-29 cells are also
prevalently used in bioaccessibility assays (Hackman et al., 2008;
Martin and Appel, 2009). Through in vitro simulated absorption
experiments by using cell lines, the absorption efficiency and factors affecting it could be clarified. Boyer et al. (2005) used Caco-2
cell monolayer to investigate the uptake of quercetin and quercetin4′-glucoside with/without digestion pre-treatment. Data shows that
the ingested dosage affects the absorption of flavonoids. Standards of quercetin and quercetin-4′-glucoside at high concentrations
resulted in higher uptake than that of diluted ones and compared
to undigested fraction, the digested quercetin, and quercetin-4′glucoside showed a higher uptake. Besides, it was demonstrated
that the lactase expressed exclusively by mammalian small intestine enterocytes could hydrolyze quercetin-4′-glucoside into its
aglycone and then increase the absorption of total phenolics.
On the other hand, even if the combination of in vitro digestion and dialysis methods provides rapid and predictive data for
food digestion and absorption, the actual operation of the digestive system and body physiological responses are complicated and
difficult to be completely simulated. Meanwhile, the study of the
correlation between in vitro and in vivo results is sometimes contradictory. For example, the absorption of quercetin glucosides in
the Caco-2 cell line was fairly low compared to that of quercetin
aglycone, and the apical-to-basal transporting rate of both quercetin and its glycosides are much higher than their basal-to-apical
transporting rate, which shows it is unavailable for the absorption
of quercetin glucosides through active transportation in Caco-2
cell lines (Walgren et al., 1998). However, it is unexpectedly found
that the absorption of glycosides was higher than that of aglycones
in in vivo absorption experiment conducted by human ileostomy
skill (Day et al., 2003; Hollman et al., 1995). This result was confirmed in a pharmacokinetic study two years later by Hollman et
al. (1997). The main reason for this observation was regarded to be
active transporting of glycosides. Moreover, the pharmacokinetic
study of anthocyanins showed that only about 1% could reach systematic circulation, while the cellular study reported that 3–4% of
them got through human intestinal cell monolayers (Faria et al.,
2009; Lee et al., 2014). In simulated absorption test by Caco-2
monolayer, the proanthocyanidin trimers could be absorbed and
showed the same permeability coefficients with catechin, proanthocyanidin dimer, and mannitol, while in an animal model, there
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was no actual absorption of proanthocyanidin trimers (Appeldoorn
et al., 2009; Deprez et al., 2001).
On the basis of the preceding and other available literature, animal models and human experiments are essential as they provide
accurate information. The study of in vitro absorption of catechin
and tannic acid in ligated rat small intestine segments showed that
both tannic acid (50%) and catechin (30%) could enter into the
small intestinal cells, but only catechin (10%) passed through the
gut wall and arrived into the incubation buffers whilst no tannic
acid was detected (Carbonaro et al., 2001). In the human experiment, 53% of ingested quercetin (4 g) and 98% of chrysin (0.4 g)
were detected in the feces (Gugler et al., 1975; Walle et al., 2001).
Genistein absorption was also investigated by using rat small intestine perfusion model in which genistein solution was perfused into
isolated rat small intestine; genistein was recovered from vascular
perfusion media, blood vessel, intestine tissue, and non-absorbable
effluent. The results indicated 99.8% recovery, and 46% of genistein could be absorbed. Among absorbed genistein, about 40% of
it came from vascular perfusion media, 6% was from blood vessels
and the intestinal tissue (Andlauer et al., 2000). Griffiths and Smith
(1972) and Booth et al. (1956) reported that the C-ring cleavage
caused by intestinal bacterial flora had a preference for flavonoids
with hydroxyl group in positions 5 and 4, such as apigenin, genistein, quercetin, rutin, kaempferol, robinin, and pelargonin, but
on the contrary, apigenin 4-methyl ether, 4′,7-dihydroxyflavone,
daidzein, 5-methoxyquercetin, chrysin, tectochrysin, biochanin A
and formononetin were relatively resistant to ring fission. However, Andlauer et al. (2000) reported that no cleavage happened on
genistein during small intestinal absorption. Thus the intestinal microbial ring fission effects should have only happened in the large
intestine. The absorption of phenolic oligomers depends on their
degree of polymerization; some with low-polymerization degree
could be absorbed in the stomach and the small intestine by passive diffusion, others with a high-polymerization degree could not
be absorbed until undergoing fermentation and degradation by colonic bacteria. For example, monoferluate ester and diferulate ester
standards could be absorbed in rat upper intestine, and ferulic acid
could be absorbed by gastric mucosa (Andreasen et al., 2001b).
However, procyanidin A-type trimers and tetramers were absorbed
by small intestine in the rat perfusion model, instead of which,
procyanidin dimers A1, A2, and B2 were available to be absorbed.
Meanwhile, the absorptivity of all dimers was extremely low, only
about 5–10% of that of epicatechin, even though A1 and A2 were
absorbed better than B2 (Appeldoorn et al., 2009). As Manach
et al. (2005) summarized, the orally administrated anthocyanins
presented the lowest gastrointestinal absorbability (0.004–5.1%)
compared to other phenolics such as isoflavones (4–62%), flavanones (1.1–30.2%), flavonols (0.07–7%), flavanols (0.02–55%)
and phenolic acids (0.3–61.7%).
2.2.2. Influx transport of enterocytes
The uptake of phenolics occurs in a highly complex manner
through multiple pathways. Normally, similar to all fat-soluble micromolecules, the relatively neutral or hydrophobic phenolics such
as phenolic lipids, proanthocyanidins, artificial phenolic esters,
(iso)flavonoid and lignan aglycones could be passively diffused
through apical membrane of the epithelial cell (Domínguez-Avila
et al., 2017; Kobayashi et al., 2013). The penetration efficiency is
decided by their lipophilicity. For example, the revealed affinity of
catechin derivatives to the lipid bilayer decreased in the order of
ECG > EGCG > EC > EGC (Tarahovsky et al., 2014). Generally,
a lower pH suppresses ionization of phenolics and thus favors a
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Table 1. Comparison of in vitro digestion method in bioaccessibility determination

Materials

Oral condition

Gastric condition

Small intestine condition

References

1:1 (v/v) ∼ Oral fluid
(amylase-75 U/
mL): Sample, pH
7.0, 2 min, 37 °C

1:1 (v/v) ∼ Gastric
fluid (pepsin-2,000
U/mL): Oral fluid,
pH 3.0, 2 h, 37 °C

1:1 (v/v) ∼ Intestinal fuild
(pancreatin based on
trypsin activity at 100 U/
mL, bile salts-10 mM): Gatric
fraction, pH 7.5, 6 h, 37 °C

Minekus et
al. (2014)

Pepsin, pH 2.0,
1 h, 37 °C

Pancreatin, Bile salts
(glycodeoxycholate,
taurodeoxycholate,
taurocholate), pH 7.4 (transition
pH 5.3), 2.5 h, 37 °C

Chen et al.
(2013)

A Standardized Condition
Food Sample

Phenolics and Other phytochemicals
Tea beverage (phenolics)

Grape seed extract
(flavonoids)

Human saliva αAmylase in water
with weak acid, pH
6.9, 10 min, 37 °C

Pepsin, pH 2.0,
1 h, 37 °C

Pancreatin, Bile salts, pH 7.0
(transition pH 6.0), 2 h, 37 °C

Laurent et
al. (2007)

Wheat bread (flavonoids)

Human saliva in buffer
(Na2HPO4, KH2PO4,
and NaCl), pH 7.0,
10 min, 37 °C

Pepsin, pH 1.2,
2 h, 37 °C

Pancreatin, Bile salts, NaCl,
KCl, pH 7.0 (transition
pH 6.0), 1 h, 37 °C

Gawlik-Dziki
et al. (2009)

Soy bread (isoflavones)

Human saliva in saline,
pH 7.0, 5 min, 37 °C

Pepsin, pH 2.0,
1 h, 37 °C

Pancreatin, pH 6.9, 2 h, 37 °C

Walsh et al.
(2003)

Millet grain (phenolics)

Porcine α-amylase
in phosphate buffer,
pH 6.9, 5 min, 37 °C

Pepsin, pH 2.5,
2 h, 37 °C

Pancreatin, Mucin, Bile
salts, pH 7.0, 3 h, 37 °C

Chandrasekara
et al. (2012)

Raspberry (anthocyanins)

Pepsin in water, pH
1.7, 2 h, 37 °C

Pancreatin, Bile salts,
pH 7.0, 2 h, 37 °C

McDougall et
al. (2005)

Blueberry (phenolics)

Pepsin in water, pH
2.0, 2 h, 37 °C

Pancreatin, Bile salts,
pH 7.5, 2 h, 37 °C

Correa-Betanzo
et al. (2014)

Gooseberry (phenolics)

Pepsin in water, pH
1.7–2.0, 2 h, 37 °C

Pancreatin, Bile salts
(glycodeoxycholate,
taurodeoxycholate,
taurocholate), pH 8.0,
overnight, 37 °C

Chiang et
al. (2013)

Various baby food
(carotenoids)

Pepsin in water, pH
2.0, 1 h, 37 °C

Pancreatin, Bile salts, pH 7.5
(transition pH 5.3), 2 h, 37 °C

Garrett et
al. (1999)

Various food (carotenoids
and tocopherol)

Pepsin in saline,
Pyrogallol, pH
4.0, 1 h, 37 °C

Pancreatin, Bile salts,
pH 6.0, 0.5 h, 37 °C

Reboul et
al. (2006)

Various food (tocopherol
and retinol)

Pepsin in HBSS, lipase,
pH 4, 1 h, 37 °C

Pancreatin, Bile salt
O’Callaghan
(glycodeoxycholate, taurocholate, et al. (2010)
and taurodeoxycholate), pH
7.8 (transit pH 5.4), 2 h, 37 °C

Broccoli (phenolics,
glucosinolates,
ascorbic acid)

Porcine pepsin in
water, pH 2, 2 h, 37 °C

Pancreatin, Lipase, Bile
salts, pH 7, 2 h, 37 °C

Vallejo et
al. (2004)
Lai et al. (2010)

Hemi-purified
glucoraphanin

α-Amylase in water,
pH 7.0, 3 min, 37 °C

Pepsin, pH 2, 2 h, 37 °C

Pancreatin, Bile salts,
pH 7.5, 2 h, 37 °C

Soy flour (saponins)

α-Amylase in PBS, pH
7.0, 10 min, 37 °C

Pepsin, pH 2.5,
2 h, 37 °C

Serventi et
Pancreatin, Lipase, Bile salt
(glycodeoxycholate, taurocholate, al. (2013)
and taurodeoxycholate),
pH 6.5, 2 h, 37 °C
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Table 1. Comparison of in vitro digestion method in bioaccessibility determination - (continued)

Materials

Small intestine condition

References

Pepsin, BSA, pH
1.07, 1 h, 37 °C

Pancreatic lipase, Cholesterol
esterase, Phospholipase
A2, Colipase, Taurocholate,
pH 7.0, 2 h, 37 °C

Alvarez-Sala
et al. (2016)

Triacylglycerol (cod liver oil)

Lipase, Pepsin, pH
2.0 (transition pH
4.0 for another 30
min), 0.5 h, 37 °C

Pancreatin, Bile
salts (glycocholate,
glycochenodeoxycholate,
glycodeoxycholate, taurocholate,
taurochenodeoxycholate,
taurodeoxycholate,
taurolithocholate)

Larsson et
al. (2012)

Starch (variously
modified starch and
unmodified starch)

Pepsin, pH 2.0,
0.5 h, 37 °C

Pancreatin, α-Amylase,
Amyloglucosidase, Acetate
buffer, pH 5.0, 37 °C

Wolf et al. (1999)

Proteins (spelt products)

Pepsin, pH 1.9,
0.5 h, 37 °C

Pancreatin in Phosphate
buffer, pH 7.5, 6 h, 37 °C

Abdel-Aal (2008)

Pepsin, Lipase, Gastric
Electrolytes (NaCl, KCl,
CaCl2·2H2O, NaHCO3),
pH 3.0, 6 h, 37 °C

Pancreatin, Trypsin, Bile
salts, Small intestinal
electrolytes (NaCl, CaCl2·2H2O),
pH 7.0, 6 h, 37 °C

Hu et al. (2013)

Pepsin in saline,
L-lactic acid, Inositol
phosphates, pH
2.0, 1 h, 37 °C

Pancreatin, Saline, pH
7.5, 6 h, 37 °C

Bering et al.
(2006)

Milk-based fruit
beverage (phytosterol)

Oral condition

Gastric condition

α-Amylase, Mucin,
pH 6.5, 5 min, 37 °C

Other Ingredients

Polysaccharides (seeds
of Plantago asiatica L.)

Iron (rye bread with FeCl3)

Human saliva in water,
pH 7.0, 4 h, 37 °C

deeper penetration of phenolics into the lipid bilayer (Tarahovsky
et al., 2014). Meanwhile, multidrug and toxin extrusion transporter
I (MATE 1) greatly favor the intracellular accumulation of flavonoid aglycones and corresponding glycosides in human hepatic
and renal cell, which is also found abundantly in the apical side
of enterocytes (Lee et al., 2014; Matsson and Bergström, 2015).
MATEs are a kind of bidirectional transporters that could exclude
substrates based on the electroneutral proton(H+)-coupled organic
cation exchange, extensively and abundantly expressed on the apical membrane of mammalian organ barriers including that of the
intestinal tract, as well as brain, kidney, liver and bile duct, which
belong to the SLC47 superfamily. It is a vital efflux transporter in
urinary excretion (Lai, 2014; Lončar et al., 2016; Testa and Waterbeemd, 2007). However, Lee et al. (2014) reported that MATE 1
promoted the accumulation of intracellular flavonoids in MATE 1
overexpressed cells, and flavonoids uptake decreased by 75% due
to the addition of the MATE inhibitor. The known absorbability of
aglycones via MATE 1 is in decreasing order of quercetin, kaempferol, luteolin, and apigenin, and it shows a higher affinity with
flavonoid aglycone than its glycosides. Interestingly, during drug
metabolism in the human liver, bile duct, and kidney, MATE 1
mediates the excretion of metabolites from the cell to the extracellular fluids, urine and bile fluids (Lončar et al., 2016). It excludes
various organic cationic compounds, such as tetraethylammonium,
1-methyl-4-phenylpyridinium and metformin, and some anionic
compounds such as estrone sulfate, acyclovir, and ganciclovir,
out of cells (Astorga et al., 2012; Tanihara et al., 2007). Thereby, it may imply the possibility that phenolics were absorbed by
MATE 1 with the efflux of endogenous or exogenous ions in progress. However, the specific mechanism still needs to be studied.
MATE’s orthologs could also be found in vacuolar membranes of

16

plant cells and mediate uptake of flavonoids such as epicatechin3-O-glucoside and cyanidin-3-O-glucoside, using electrochemical
gradients across membranes (Lee et al., 2014; Zhao and Dixon,
2009). Furthermore, some recent publications reported that the
polyspecific organic cation transporters: OCTN 1, OCT 1 and OCT
2 are also involved in active transport of phenolics from extracellular fluid into various cells (Table 6) (Domínguez-Avila et al.,
2017; Estudante et al., 2013; Glaeser et al., 2014). After production
of primary urinary, OCT 1 facilitates the reabsorption of phenolic
cation on tubular apical (luminal) membrane, which shares an
overlapped substrate-specificity for several toxic and therapeutic
cationic compounds with MATE transporters (Volk, 2014; Winter
et al., 2010).
Compared with phenolic aglycones and other hydrophobic
phenolics, (iso)flavonoid glycosides present high water solubility.
Rather than free diffusion, glycosides are absorbed into intestinal
cells by either active transport through sodium-dependent glucose
transporter (SGLT 1) or facilitated and transported by glucose
transporter 2 (GLUT 2), or hydrolyzed to aglycones by lactasephlorizin hydrolase (LPH) and then passively diffused into enterocytes. LPH is an endogenous β-glucosidase excreted outside
the intestinal epithelial cell and bound on the intestinal mucosa
surface; it is regarded as the major enzyme to hydrolyze phenolics
glycosides into phenolic aglycones before absorption onto mammalian intestinal brush border. LPH has two catalytic sites, one
is to hydrolyze lactose and the other is involved in the deglycosylation of more hydrophobic substrates, such as phlorizin, and
various flavonol/isoflavone glycosides. It has been reported the
catalytic efficiency (kcat/Km) of quercetin-4′-glucoside (170 mM−1
s−1), quercetin-3-glucoside (137 mM−1 s−1), genistein-7-glucoside
(77 mM−1 s−1), daidzein-7-glucoside (14 mM−1 s−1), phlorizin (257
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Table 2. Release evaluation of phenolics during in vitro digestion

Sample

Oral phase

Apple
homogenate

Release percentage of phenolics (%)
Gastric phase
Phenolics (68)
Flavonoids (65)
Anthocyanins (91)

Release
Intestinal phase standard

Total phenolics
extraction

References

Phenolics (74)
Flavonoids (72)
Anthocyanins
(0)

Pure methanol
Ultrasonication

(Bouayed et
al., 2011)

Direct
determination

Gil-Izquierdo
et al. (2001)

Solubility

Free: HCl, water,
and methanol
(1:80:10);
Bound: H2SO4
and methanol
(1:10)

Aydin and
Gocmen.
(2015)

Phenolics (54)
Flavonoids (39)
Anthocyanins (0)
Orange juice

Flavanones (51)
Vicenin-2 (117)

Dialyzability

Flavanones (51)
Vicenin-2 (111)
Flavonones (6)
Vincenin-2 (22)

Pumpkin
flour

Grape

Solubility
Dialyzability

Phenolics (29–37)

Phenolics (61)
Flavonoids (43)
Anthocyanins (36)

Phenolics (62)
Flavonoids (56)
Anthocyanins (8)

Solubility

Free: acidified
water
Bound: acidified
methanol

Tagliazucchi
et al. (2010)

Green lentil

Phenolics (21)
Flavonoids (29)

Phenolics (50)
Flavonoids (71)

Solubility

Acidified 70%
methanol

Zhang et
al. (2017)

Grape
pomace

Phenolics (102)

Phenolics (67)

Solubility

Acidified pure
methanol;
70% acetone

Wang et
al. (2017)

Solubility

100% Water

D’Antuono
et al. (2015)

Solubility

Acidified 50%
ethanol

Arenas and
Trinidad
(2017)

Solubility

Acidified
pure water
Acidified pure
methanol

Sancho et
al. (2015)

Solubility

Hexane;
Acetone;
Methanol, water
and formic
acid (80:19:1)

Yang et al.
(2018)

Globe
artichoke

Pili pomace

50% phenolics
27% flavonoids
19% anthocyanins

Solubility

27% caffeoylquinic Caffeoylquinic acid Caffeoylquinic acid
acid and
and dicaffeoylquinic and dicaffeoylquinic
dicaffeoylquinic
acid (36)
acid (55.8)
acid
Phenolics (12)
Flavonoids (0.7)
Tannins (3.2)
Anthocyanins (200)

Phenolics (6)
Flavonoids (0.2)
Tannins (1.2)
Anthocyanins (10)

Black bean
coat

Phenolics (24)
Flavonoids (82)
Tannins (6)

Small red
bean coat

Phenolics (49)
Flavonoids (95)
Tannins (7)

Kale

Phenolics (69)

mM−1 s−1) and lactose (4 mM−1 s−1) (Day et al., 2000b). This enzyme is more important for humans than other mammals in the
digestion of β-glycosides because of the absence of gastric microorganism and other hydrolysis enzymes in the human intestinal
tract (Day et al., 2000b).
Hollman et al. (1995) indirectly demonstrated that SGLT1,

which is the glucose transporter highly expressed on the apical
membrane of small intestinal epithelial cells and proximal tubule
of the nephron, was responsible for glucose/galactose absorption
and reabsorption. This transporter may actively favor the absorption of monoglycoside phenolics due to its preferred transportation
of glucose/galactose moiety. As a result, monoglycoside phenolics
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Table 3. Effects of ingested quantity on anthocyanins bioaccessibility in black carrot pomace enriched cakes

Released anthocyanin (%)

Sample (mg/g, dw)

Gastric phase

Intestinal phase

Cyanidin-3-xylosylglucosyl-galactoside

5 (C3G)a

40.0

32.0

12 (C3G)

75.0

41.7

20 (C3G)

55.0

30.0

Cyanidin-3-xylosyl-galactoside

19 (C3G)

62.9

11.6

52 (C3G)

38.5

21.2

Cyanidin-3-xylosyl-sinapoylglucosyl-galactoside
Cyanidin-3-xylosyl-feruloylglucosyl-galactoside

Cyanidin-3-xylosyl-coumaroylglucosyl-galactoside

aC3G:

75 (C3G)

30.7

18.7

11 (C3G)

27.3

45.5

27 (C3G)

48.1

44.4

48 (C3G)

39.6

31.2

32 (C3G)

29.2

40.6

77 (C3G)

57.1

42.9

111
(C3G)

49.5

46.8

5 (C3G)

20.0

40.0

13 (C3G)

46.2

30.8

13 (C3G)

61.5

61.5

References

70% methanol with 0.1%
formic acid; Ultrasonication

Kamiloglu et al. (2017)

cyaniding-3-O-glucoside equivalent.

present a faster and higher absorption rate than other phenolics
without active transportation, and are regarded as the competitive substrates for glucose transport by SGLT1 at the same time
(Cermak et al., 2004; Gee et al., 2000; Goto et al., 2012; Hollman et al., 1995). Meanwhile, Hossain et al. (2002) found that
non-glycosylated phenolics such as catechin, epicatechin gallate
(ECG) and epigallocatechin gallate (EGCG) also inhibited SGLT
1 response of glucose/galactose absorption. Moreover, the transportability for monoglycoside phenolics depends on their specific
structure. The transport of quercetin-3/4′-O-glucoside by SGLT 1
is available while for that of non-glucosylated phenolics and some
other monoglycoside phenolics (naringenin-7-O-glucoside and
genistein-7-O-glucoside) may not be (Cermak et al., 2004). In the
intestine, LPH protrudes into an unstirred boundary layer and is
positioned in close proximity to the SGLT 1. An animal experiment was conducted to verify absorption pathway of quercetin by
Day et al. (2003) who utilized inhibitors to block each pathway,
respectively, and proved both of these two pathways: active transport by SGLT 1 and passive diffusion by LPH, as being responsible
for absorption of quercetin glucoside. Meanwhile, data shows the
pathway of flavonoid glycosides with different structures is varied,
quercetin-4′-glucoside is absorbed by both interacting with SGLT
1 and luminal hydrolysis by LPH, while absorption of quercetin3-glucoside involves only LPH. This result was also confirmed in
in situ rat perfusion model that LPH was predominantly (>75%)
involved in the absorption of quercetin-3-glucoside in the small
intestine (Sesink et al., 2003). However, within various glycoside
forms including C–O glycosides such as glucosides, galactosides,
arabinosides, xylosides and rhamnosides, and C–C glycosides
conjugating with flavonoids, only β-glucosides could effectively
be hydrolyzed by LPH. Meanwhile, low or even none hydrolysis
extent was found during the absorption of daidzein-7-glucoside
(14 mM−1s−1) and cyanidin-3-glucoside (0 mM−1s−1), compared

18

Total phenolics extraction

with quercetin-4′-glucoside (170 mM−1s−1), quercetin-3-glucoside
(137 mM−1s−1), and genistein-7-glucoside (77 mM−1s−1), even
though all of them are β-glucosides (Day et al., 2000b; Hollman,
2004). The GLUTs protein family belongs to the major facilitator
superfamily (MFS) of membrane transporters; they are unidirectional transporters which favor not only glucose but also phenolic
aglycones and/or phenolic glycosides to enter into the cells by facilitated transport (Passamonti et al., 2009). GLUT 2 is highly expressed on the basal side of the intestinal cell, which was reported
to transport quercetin-3-O-glucoside out of the basal side of Caco2 cells, but it is unavailable for ECG (Chen et al., 2007). Faria et
al. (2009) reported that anthocyanins inhibit the uptake of glucose
by upgrading the expression of GLUT 2. Besides, combined with
other GLUT members (GLUT 1 and 4), the flavonoid aglycones
and non-glycosylated polyphenols are regarded as competitive
substrates for each other in facilitated transport by GLUTs, similar
to the situation that flavonoid glycosides inhibit glucose absorption
by SGLT 1 (Ashong et al., 2012; Faria et al., 2009).
Besides LPH, cinnamoyl esterases may provide another vital
route for the release of phenolic aglycones from ester bond of
polysaccharides and phenolic polymers during small intestinal
digestion. Cinnamoyl esterases are well known as gut microbial
enzymes excreted during colonic fermentation, but it has also been
found in both small intestinal mucosa cell and lumen (Andreasen
et al., 2001a). The presence of esterase activity in these sections
of the intestinal tract was found in which ferulic and p-coumaric
acids were released from spinach cell walls and might be absorbed
through the stomach and small intestine of rat (Buchanan et al.,
1996). This thought was verified 5 years later by extracting cinnamoyl esterases from the surface of the rat and human small intestine. The phenolic acids esters especially methyl hydroxycinnamoyl esters (monoferluate ester, diferulate ester, p-coumaric
acid, methyl ferulate, methyl caffeate, and methyl sinapate) ex-
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Table 4. Stability of phenolic compounds during gastrointestinal digestion

Phenolics loss (%)

Digested material

Gastric phase Intestinal phase

References

Phenolic standards
Gallic acid (35.0 μg/mL)

4.6a

43.3

Caffeic acid (8.0 μg/mL)

0.1a

24.9

Catechin (40.0 μg/mL)

0.7a

7.2

Quercetin (60.0 μg/mL)

0.9

5.8

Resveratrol (3.0 μg/mL)

−2.3

69.5

Cyanidin 3-rutinoside (52.8 μg/mL)

0

9.1

Quercetin-3-rutinoside (160.6 μg/mL)

0

3.1

(+)-Catechin (320.0 μg/mL)

3.1

58.0

Chlorogenic acid (90.0 μg/mL)

0

Tagliazucchi et
al. (2010)

Bermúdez-Soto
et al. (2007)

5.1

Chlorogenic acid (100.0 μg/mL)

48.1

1,5-O-Dicaffeoylquinic acid (100.0 μg/mL)

49.6

3,5-O-Dicaffeoylquinic acid (100.0 μg/mL)

25.8

D’Antuono et
al. (2015)

Chlorogenic acid (67.5 μg/mL)

58.1

95.7

Rutin (45.0 μg/mL)

88.1

total

Siracusa et
al. (2011)

Quercetin 3-O-glucoside (30.0 μg/mL)

total

total

Quercetin (15.0 μg/mL)

total

total

Pelargonidin-3-glucoside

1.0

19.0

Cyanidin-3-glucoside

2.0

67.0

Pelargonidin

8.0

36.0

Cyanidin

10.0

34.0

Anthocyanins

1.6

95.1

Phenolics

39.6

38.0

Rose phenolic extracts

Phenolics

6.2

15.7

Zhang et al. (2016)

Caper phenolic extracts

Chlorogenic acid (3.3 μg/mL)

5.8

33.0

4-Caffeoylquinic acid (1.8 μg/mL)

1.5

26.4

Siracusa et
al. (2011)

5-Coumaroylquinic acid (0.5 μg/mL)

3.9

25.7

4-Feruloylquinic acid (0.7 μg/mL)

2.5

19.8

Rutin (10.2 μg/mL )

1.7

total

Quercetin 3-O-glucoside (0.2 μg/mL )

3.8

total

Kaempferol 3-O-rutinoside (2.3 μg/mL )

5.0

total

Isorhamnetin 3-O-rutinoside (0.8 μg/mL )

2.3

total

Kaempferol 3-O-glucoside (0.6 μg/mL )

6.6

total

3-Caffeoylquinic acid (12.0 μg/mL )

total

total

Chlorogenic acid (198.6 μg/mL )

66.0

81.7

1-Caffeoylquinic acid (24.3 μg/mL )

67.4

78.1

5-p-Coumaroylquinic acid (16.6 μg/mL )

total

total

5-Feruloylquinic acid (25.0 μg/mL )

total

total

3,4-Dicaffeoylquinic acid (15.6 μg/mL )

total

total

3,5-Dicaffeoylquinic acid (57.1 μg/mL )

total

total

4,5-Dicaffeoylquinic acid (29.6 μg/mL )

total

total

Woodward et
al. (2011)

Phenolic extracts
Mulberry phenolic extracts

Sea Fennel phenolic extracts
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Table 4. Stability of phenolic compounds during gastrointestinal digestion - (continued)

Phenolics loss (%)

Digested material
Grape pomace
phenolic extracts

Gastric phase Intestinal phase
Galloylshikimic acid (3.4 mg/g)

total

Proanthocyanidine B dimer (25.4 mg/g)

91.4

Digalloylquinic acid (2.3 mg/g)

95.2

(-)-Epicatechin (7.3 mg/g)

76.3

(+)-Catechin (7.3 mg/g)

75.7

Digalloylshikimic acid (1.9 mg/g)

Total

Proanthocyanidine B trimer (8.5 mg/g)

93.4

Proanthocyanidine B tretramer (6.2 mg/g)

93.9

Myricetin-O-hexoside(1.4 mg/g)

19.7

Quercetin-3-O-glucuronide(0.6 mg/g)

Total

Quercetin-3-O-glucoside(0.5 mg/g)

55.8

Laricitrin-O-hexoside(0.4 mg/g)

total

Quercetin-O-pentoside(0.4 mg/g)

total

Quercetin-O-rhamnoside(0.4 mg/g)

36.8

Isorhamnetin-3-O-glucoside(0.5 mg/g)

total

Methylisorhamnetin derivative(0.3 mg/g)

total

Total non-anthocyanin
compounds(66.6 mg/g)

87.5

Petunidin-3-O-glucoside (0.6 mg/g)

68.9

Peonidin-3-O-glucoside (1.6 mg/g)

85.4

Malvidin-3-O-glucoside (3.4 mg/g)

90.0

Peonidin-3-O-acetylglucoside (0.7 mg/g)

74.1

Malvidin-3-O-acetylglucoside (0.7 mg/g)

73.9

Total anthocyanin compounds (7.0 mg/g)

84.0

References
Corrêa et al. (2017)

Food matrix
Chokeberry juice concentrates Cyanidin 3-galactoside (362 μg/mL)

Strawberry yoghurt

20

−3.3

39.2

Cyanidin 3-glucoside (41.6 μg/mL)

−3.8

43.3

Cyanidin 3-arabinoside (240 μg/mL)

−2.3

44.9

Cyanidin 3-xyloside (29 μg/mL)

−4.1

50.8

Cyanidin (7.2 μg/mL)

−350

total

Quercetin hexoside pentoxide (22.4 μg/mL)

4.5

28.6

Quercetin 3-galactoside (27 μg/mL)

2.2

15.5

Quercetin 3-glucoside (37.2 μg/mL)

7.0

19.1

Quercetin 3-rutinoside (88.8 μg/mL)

5.9

29.6

Quercetin (3.6 μg/mL)

−5.6

Total

Neochlorogenic acid (318 μg/mL)

3.8

28.0

Chlorogenic aid (296 μg/mL)

3.4

−23.9

Other flavan-3-ols (710 μg/mL)

14.9

19.3

(+)-Catechin (534.8 μg/g)

10.9

47.0

Quercetin-3-rutinoside (11.0 μg/g)

18.2

40.0

Ellagic acid (8.6 μg/g)

7.0

3.5

Cyanidin-3-glucoside (6.5 μg/g)

−3.1

46.2
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Table 4. Stability of phenolic compounds during gastrointestinal digestion - (continued)

Phenolics loss (%)

Digested material

Peach yoghurt

aOne

Gastric phase Intestinal phase
Pelargonidin-3-glucoside (70.6 μg/g)

−11.6

65.3

Pelargonidin-3-rutinoside (6.7 μg/g)

−26.7

58.2

(+)-Catechin (35.5 μg/g)

20.6

80.0

Neochlorogenic acid (50.4 μg/g)

−8.5

45.0

Chlorogenic acid (46.4 μg/g)

−9.9

38.6

Quercetin-3-rutinoside (7.7 μg/g)

−7.8

31.2

References

stage overall process only.

tracted from cereal bran was found to be efficiently hydrolyzed
by these esterases. The known catalytic efficiency is in decreasing
order of methyl p-coumarate, methyl ferulate, methyl caffeate and
methyl sinapate (Andreasen et al., 2001a). However, the same authors reported that ferulic acid was hardly absorbed by the small intestinal epithelial cells by transcellular transport. Owing to the ionization of phenolic acid in the alkalescent intestinal fluid, phenolic
acid anions in the small intestine are theoretically less available to
passively diffuse through the intestinal mucosa (Andreasen et al.,
2001b). Instead, Lafay et al. (2006) found that intact chlorogenic
acid molecules could be fast absorbed in rat stomach, proved by
infusing phenolics into the ligated stomach of food-deprived rats.
Meanwhile, stomach was demonstrated to be an effective site for
absorption of phenolic acids, as well as for absorption of quercetin,
daidzein, and anthocyanins, even if neither quercetin 3-O-glucoside
nor rutin was absorbed from the stomach (Crespy et al., 2002; Passamonti et al., 2003; Piskula et al., 1999). However, according to
Andreasen et al. (2001b), there were no data to support the nonabsorbability of phenolic acid in the intestine by passive diffusion.
In contrast, more novel absorption ways of phenolic acids and their
anions were raised in addition to free diffusions, such as active
transport and paracellular transport. Monocarboxylic acid transporters (MCT) are a kind of important active transporter of SLC16
superfamily that could be expressed on the apical membrane of
gastric and intestinal epithelial cell, as well as various other tissue
cells. They play a major role in cell metabolism and metabolic communication between tissues (Dhananjay et al., 2013). MCT prefer
to favor molecules with one carboxylate group to penetrate through
the plasma membrane, thus possess a high affinity with phenolic
acids and corresponding anions especially those with relatively
lower polarity. Konishi et al. (2004, 2006) investigated the gastric
absorption based on MCT of several phenolic acids which is in the
order of gallic acid = chlorogenic acid < caffeic acid < p-coumaric
acid = ferulic acid. Surprisingly, besides phenolic acids, quercetin
and ECG (epicatechin gallate) could also penetrate the apical membrane through MCT (Contreras et al., 2016; Walle, 2004). MCT 1
is the best-known member of the MCT family and has been verified as a transporter of phenolic acids in the intestinal mucosa. It
is expressed on both sides of the intestinal cell and transports phenolics especially phenolic acids from the lumen and extracellular
fluid into enterocytes (Ziegler et al., 2016). Watanabe et al. (2006)
reported that MCT 1 was involved in the uptake of salicylic acid
but not p-coumaric acid and fluorescein, thus they doubted the phenolics transportability of MCT 1. Meanwhile, some contradictory
reports about localization (only apical or only basal membrane) of
MCT 1 were compared in this study. Apart from MCT, sodiumcoupled monocarboxylate transporter 1 (SMCT1) has also been
suggested as the efflux transporter of phenolic acids, which is a kind

of basolateral sodium/potassium pumps of enterocytes also actively
transporting various short chain fatty acids into endothelial cells, it
is mainly expressed in the intestine rather than the stomach (Ziegler et al., 2016). Meanwhile, paracellular transport was proposed
to serve as the absorption mechanism of the phenolic acids (Anderson, 2001; Domínguez-Avila et al., 2017; Konishi et al., 2003).
Different from all the transcellular transport ways described above,
the paracellular pathway happens on intercellular tight junctions
which is a narrow gap that separates the neighboring enterocytes by
certain proteins called claudins (Anderson, 2001). The low selectivity of these proteins (resistance varies by 100,000-fold between
“tight” and “leaky” epithelia) allows not only susceptible passing
of hydrophobic and neutral molecules, but also the permeation of
hydrophilic molecules that are unable to permeate through the lipid
membrane by the transcellular pathway of absorption (Anderson,
2001). It provides the theoretical support why small-mass phenolics
that are charged, such as ferulic, chlorogenic, gallic and rosmarinic
acids, were observed in vivo before they enter into the colon (Konishi et al., 2004a; Konishi et al., 2005; Konishi et al., 2006). The
colonic metabolite of phenolic acids, 3,4-dihydroxyphenylpropionic acid, was found to be absorbed via paracellular transport as
well as via MCT transporters. However, compared with that of phenolics transported by both transcellular and paracellular ways, the
absorbability of phenolics only transported through paracellular is
much lower, namely a quite low absorbability for phenolic acids
by paracellular pathway (Konishi et al., 2004b, 2005; Lafay and
Gil-Izquierdo, 2008).
These aforementioned phenolic transporters are expressed
not only in the digestive tract but also other blood-tissue barriers shown in Table 6. Meanwhile, some transporters cannot be
found in the gastrointestinal cell but present in other tissues such
as renal medulla which is involved in the intake of phenolics and
corresponding metabolites from extracellular fluid and urine. They
are glucose transporters (GLUT 1 and GLUT 4), organic anion
transporters (bilitranslocase, OAT 1, OAT 3 and OAT 4), and organic anion transporting polypeptides (OATP1A2 and OATP2B1).
GLUT 1 could be found in erythrocytes, brain, placenta, adipose
cell, and muscle, and GLUT 4 is extensively distributed in the
brain, muscle, heart, and adipose cell and is insulin sensitive; their
transportability of phenolics depends on substrate concentration
gradient (Wood and Trayhurn, 2003). Bilitranslocase is a kind of
bilirubin active transporter found on the liver plasma membrane
and is also broadly distributed in other epithelium or endothelium
barriers of the kidney, digestive tract, blood vessel, and brain. It is
found to have a high affinity for various dietary flavonoids especially the glycoside-type. In a previous report, a total of 17 anthocyanidins and their mono- and diglycosides presented interaction
effect on transport site of bilitranslocase which prefer to capture hy-
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Table 5. In vitro absorption evaluation by dialysis

Sample
Apple
Orange juice

Orange juice

Strawberry

Strawberry jam

Soymilk

Method Source

10 kDa dialysis membrane

Bouayed et al. (2011)

12 kDa dialysis membrane

Gil-Izquierdo et
al. (2001)

12 kDa dialysis membrane

Gil-Izquierdo et
al. (2002)

Phenolics

55

Flavonoids

38

Flavanone

12–36

Narirutin

11–31

Hesperidin

16–37

Vicenin-2

19–30

Flavanone

12–20

Narirutin

12–21

Hesperetin

12–21

Vicenin-2

13–22

Cyaniding-3-glucoside

0–6

Pelargonidin-3-glucoside

1–13

Pelargonidin rutinoside

1–12

Ellagic acid arabinoside

5–21

Ellagic acid

6–173

Quercetin-3-glucoside

4–28

Kaemferol-3-glucoside

19–27

Cyaniding-3-glucoside

0–2

Pelargonidin-3-glucoside

1–4

Pelargonidin rutinoside

1–4

Ellagic acid arabinoside

6

Ellagic acid

6–10

Quercetin-3-glucoside

5–6

Kaemferol-3-glucoside

12–27

White or Whole-meal Bread Ferulic acid

Whole-meal Bread

Dialyzed
Absorption medium
rate (%)

61–77

p-Coumaric acid

63–78

Sinapic acid

89–92

Ferulic acid

2.5–5.1

p-Coumaric acid

5.9–15

Sinapic acid

20–60

Flavonoids

15

Phenolics

20

Hesperidin

14

Naringenin

21

Quercetin

17

Catechin

28

Unknown dialysis membrane Anson et al. (2009)

5–8 kDa dialysis membrane

Hemery et al. (2010)

12 kDa dialysis membrane

Rodríguez-Roque
et al. (2013a)

Rutin
Gallic acid
p-Hydroxybenzoic acid
p-Coumaric acid

0

Ferulic acid
Sinapic acid

22
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Table 5. In vitro absorption evaluation by dialysis - (continued)

Dialyzed
Absorption medium
rate (%)

Sample
Mixed fruit juice

Phenolics

12

Caffeic acid

0

Chlorogenic acid

11

p-Coumaric acid

17

Ferulic acid

26

Sinapic acid

18

Hesperidin

18

Naringenin

19

Rutin

22

Quercetin

29

Catechin

23

Ferulic acid

32

p-Coumaric acid

100

Sinapic acid

79

Caffeic acid

52

p-Hydroxybenzoic acid

98

Phenolics

16–37

Flavonoids

15–50

Cooked pearl Millet

Phenolics

73–96

Flavonoids

6–52

Raspberry

Phenolics

10

Anthocyanins

5

Maqui berry

Rutin

2.2

Ellagic acid

0.3

Quercetin-3-O-galactoside

4.9

Dimethoxy-quercetin

0.04

Durum Wheat Bran

Cooked finger Millet

Method Source

12 kDa dialysis membrane

Rodríguez-Roque
et al. (2013b)

12 kDa dialysis membrane

Zaupa et al. (2014)

10 kDa dialysis membrane

Hithamani and
Srinivasan (2014)

12 kDa dialysis membrane

McDougall et
al. (2005)

12–14 kDa dialysis
membrane

Lucas-Gonzalez
et al. (2016)

3.6 kDa dialysis membrane

Liang et al. (2012)

Delphinidin-3-sambubioside5-glucoside
Delphinidin-3,5-diglucoside
Delphinidin-3-glucoside
Cyanidin-3,5-diglucoside
Delphinidin-3-sambubioside
Cyanidin-3-glucoside
Cyanidin-3-sambubioside
Cyanidin-3-sambubioside-5-glucoside

0

Myricetin-3-galactoside
Myricetin-3-glucoside
Quercetin-galloyl-hexoside
Quercetin-3-glucoside
Quercetin-3-xyloside
Myricetin
Quercetin
Mulberry extracts

Anthocyanins

0.34

Phenolics

7.33
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Transporter
name

MRP 3

MRP 2

ABCC2

MRP 4

ABCC4

ABCC3

MRP 1

ABCC1

Active transporters

Encoding
gene

ND-low
Moderate-high
Low
Moderate

Liver (basal)
Kidney (basal)
Brain
Adipose
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High
Low-moderate
Moderate
Low
Moderate

Liver (apical)
Kidney (apical)
Brain
Adipose
Skeletal muscle

Low

Skeletal muscle

Moderate

Low

Pancreatic islet

Large intestine

Low

Heart

Moderate

Moderate

Kidney (basal)

Small intestine
(apical)

Low-high

Liver (basal)

High

High

Large intestine
(basal)

Stomach (apical)

Moderate

Small intestine
(basal)

Low

Brain
Moderate

—

Kidney (apical)
Stomach (basal)

Low

Liver (basal)

Low

Low

Large intestine
(basal)

Large intestine
(basal)

Moderate

Protein expression level

Small intestine
(basal)

Distribution

Table 6. Phenolic transporters in human tissues

Efflux

Efflux

Efflux

Efflux

Direction

Conjugated and unconjugated phenolic
anions (epicatechin, phloridzin, quercetin4′-β-glucoside, genistein-7-glucoside,
quercetin, daidzein, qucertin/resveratrol/
naringenin/ferulic acid conjugates

Conjugated and unconjugated phenolic anions

Conjugated and unconjugated phenolic anions

Conjugated and unconjugated phenolic anions:
quercetin, daidzein qucertin/resveratrol/
naringenin/ferulic acid conjugates, curcuminoids)

Phenolic substrates

Schinkel and Jonker (2003),
Chen et al. (2016), Kobayashi
et al. (2013), Sandusky et
al. (2002), Russel (2010)

Milbury (2009), Wu et al.
(2011), Russel (2010).

Milbury (2009), Wu et al.
(2011), Russel (2010).

Matsson and Bergström (2015),
Schinkel and Jonker (2003), Chen
et al. (2016), Kobayashi et al.
(2013), Kullak-Ublick et al. (2000).

References

Bioaccessibility and bioavailability of phenolic compounds
Shahidi et al.

Transporter
name

MDR 1

BCRP

MCT 4

Encoding
gene

ABCB1

ABCG2

SLC16A3

Moderate
Low-moderate
High
Moderate
Low-moderate
Low
Low

Large intestine
(basal)
Liver
Kidney
Heart
Smooth and
skeletal muscle
Brain
Adipose

Moderate

Smooth muscle
Low-moderate

Low

Heart

Small intestine
(basal)

Low

Brain (apical)

Moderate

Low

Kidney (apical)

Stomach

Low to moderate

Liver (apical)

Low

Brain (apical)

Moderate

Low

Kidney (apical)

Large intestine

Moderate

Liver (apical)

Moderate

Low

Large intestine
(basal)

Small intestine
(both)

Low-moderate

Protein expression level

Small intestine
(apical)

Distribution

Table 6. Phenolic transporters in human tissues - (continued)

Efflux

Efflux

Efflux

Direction

Phenolic acid and phenolic acid conjugate anions

Conjugates and unconjugated phenolic anions
(dihydroferulic acid, ferulic acid/quercetin/
resveratrol/genistein conjugates, quercetin,
chrysin, daidzein, and coumestrol)

Conjugates and unconjugated phenolic
cations, phenolic cations (daidzein)

Phenolic substrates

Ziegler et al. (2016), Lafay
and Gil-Izquierdo (2008).

Matsson and Bergström
(2015), Kobayashi et al. (2013),
Estudante et al. (2013), Schinkel
and Jonker (2003), Chen et al.
(2016), Sesink et al. (2005).

Matsson and Bergström (2015),
Schinkel and Jonker (2003), Chen
et al. (2016), Kobayashi et al.
(2013), Kullak-Ublick et al. (2000).

References

Shahidi et al.
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SMCT 1

MATE 1

SLC47A1

MCT 1

SLC16A1

SLC5A8

Transporter
name

Encoding
gene

Low

Moderate-high
Moderate
High
Low
Low
Low
Low
Low

Stomach

Small intestine
(apical)
Large intestine
Kidney (apical)
Liver (apical)
Adipose
Heart
Smooth/skeletal
muscle
Brain

Low

Low-moderate

Smooth and
skeletal muscle

Brain

Moderate

Heart

Low

Low

Brain

Kidney (both)

Moderate

Kidney

Moderate

Moderate

Liver

Large intestine
(both)

High

Large intestine
(both)

Moderate

Moderate-high

Small intestine
(both)

High

Small intestine
(both)

Protein expression level

Stomach (apical)

Distribution

Table 6. Phenolic transporters in human tissues - (continued)

Influx

Both

Influx

Direction

Ziegler et al. (2016), Poquet
et al. (2008), Cui and Morris
(2009), Rhoden (2012),
Martin et al. (2007).

Matsson and Bergström (2015),
Ziegler et al. (2016), Lafay
and Gil-Izquierdo (2008).

References

Cationic compounds efflux and phenolics influx*
Matsson and Bergström (2015),
(quercetin, kaempferol, luteolin, apigenin.
Lee et al. (2014), Domínguez-Avila
Less prefer to phenolic glucosides and conjugates) et al. (2017), Russel (2010).

Sodium-coupled phenolic acid

Phenolic acids, phenolic acid conjugate
anions (ferulic acid, ferulic acid conjugate,
dihydroferluric acid, salicylic acid, m-coumaric
and 3-(m-hydroxyphenyl)propionic acids)

Phenolic substrates

Bioaccessibility and bioavailability of phenolic compounds
Shahidi et al.
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OATP2B1

SOAT

NTCP

SLCO2B1

SLC10A6

SLC10A1

Bilitranslocase

-

OATP1A2

SGLT 1

SLC5A1

SLCO1A2

Transporter
name

Encoding
gene
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ND-Low
Low
Moderate
Moderate
Moderate
Low

Kidney (basal)
Liver (basal)
Brain (basal)
Heart
Skeletal muscle
Pancreas islet
Liver (basal)

Moderate

Moderate

—

Large intestine
(apical)

Stomach

—

Small intestine
(apical)

High

Brain (basal)
Moderate

Moderate-high

Liver (basal)
Stomach

Low

—

Brain

Kidney (both)

—

Kidney
—

—

Liver (basal)

Small intestine
(apical)

—

Large intestine

—

Heart
—

—

Brain

Small intestine
(both)

Low

Kidney

—

Low

Liver

Stomach (apical)

High

Protein expression level

Small intestine
(apical side)

Distribution

Table 6. Phenolic transporters in human tissues - (continued)

Influx

Influx

Influx

Influx

Influx

Influx

Direction

Daidzein monosulfates, daidzein-7,4′-disulfates.

Daidzein monosulfates

Amphipathic phenolics, large hydrophobic
organic anions, phenolic anions
(quercetin, daidzein-7-glucuronide)

Amphipathic phenolics, large hydrophobic
organic anions, phenolic anions (quercetin)

Phenolic glycosides and aglycones:
quercetin, malvidin 3-glucoside, baicalein

Phenolic glycosides (phlorizin, calycosin-7-Oβ-D-glucoside quercetin 4′-O-β-glucoside)

Phenolic substrates

Grosser et al. (2015)

Grosser et al. (2015)

Matsson and Bergström (2015),
Glaeser et al. (2014), Tamai (2012),
Cheng et al. (2012), Grosser
et al. (2015), Russel (2010).

Cheng et al. (2012), Matsson and
Bergström (2015), Glaeser et al.
(2014), Tamai (2012), Cheng et
al. (2012), Gao et al. (2000)

Passamonti et al. (2009),
Maestro et al. (2009).

Williams et al. (2004), SabinoSilva et al. (2010), Shi et
al. (2016), Walgren et al.
(2000b), Yu et al. (2012).

References

Shahidi et al.
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OCT 1

SLC22A1

OAT3

SLC22A8

OAT 4

OAT 1

SLC22A7

SLC22A9/
SLC22A11

Transporter
name

Encoding
gene
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Low-moderate
Low-moderate
Low-moderate
Moderate-High
Low-moderate
Low
Moderate
Moderate
Low

Small intestine
(basal)
Large intestine
(basal)
Liver (basal)
Kidney (both)
Brain
Heart
Skeletal muscle
Pancreas islet

High

Stomach

Kidney (apical)

—

Skeletal Mucsle

Low

Adipose

Low

Low

Muscle

High

Low

brain

Brain (basal)

High

Liver

Kidney (basal)

Moderate-high

Protein expression level

Kidney (basal)

Distribution

Table 6. Phenolic transporters in human tissues - (continued)

Influx

Influx

Influx

Direction

References

Low-molecular-weight phenolic cations
(quercetin and quercetin conjugates)

Caffeic acid-3-O-sulfate, caffeic acid-4-Osulfate, ferulic acid-4-O-sulfate, isoferulic
acid-3-O-sulfate, daidzein monosulfates

Phenolic and phenolic conjugate anions (caffeic
acid, caffeic acid-3-O-glucuronide/sulfate, caffeic
acid-4-O-glucuronide/sulfate, dihydrocaffeic
acid, dihydroferulic acid, dihydrocaffeic acid3-O-glucuronide/sulfate, dihydrocaffeic acid4-O-glucuronide/sulfate, dihydroferulic acid-4O-sulfate, ferulic acid-4-O-glucuronide/sulfate,
genistein-4′-O-sulfate/glucuronide, isoferulic
acid-3-O-glucuronide/sulfate, quercetin-3-Oglucuronide, quercetin-3′-O-sulfate/glucuroside,
quercetin-7-O-glucuronide, daidzein-7-Oglucuronide, daidzein-7,4′-O-disulfate, genistein7-O-glucuronide, glycitein-7-O-glucuronide)

Estudante et al. (2013), Glaeser
et al. (2014), Russel (2010)

Passamonti et al. (2009), Wang
and Sweet (2013), KullakUblick et al. (2000), Chen et al.
(2005), Grosser et al. (2015).

Passamonti et al. (2009), Wang and
Sweet (2013), Faria et al. (2012),
Koepsell and Endou (2004).

Passamonti et al. (2009),
Phenolic and phenolic conjugate anions (morin,
Wang and Sweet (2013).
silybin, caffeic acid, ferulic acid, caffeic acid-3-Oglucuronide/sulfate, caffeic acid-4-O-glucuronide/
sulfate, dihydrocaffeic acid, dihydroferulic acid,
dihydrocaffeic acid-3-O-glucuronide/sulfate,
dihydrocaffeic acid-4-O-glucuronide/sulfate,
dihydroferulic acid-4-O-sulfate, ferulic acid-4O-glucuronide/sulfate, genistein-4′-O-sulfate/
glucuronide, isoferulicacid-3-O-glucuronide/
sulfate, quercetin-3-O-glucuronide, quercetin-3′O-sulfate/glucuroside, quercetin-7-O-glucuronide)

Phenolic substrates

Bioaccessibility and bioavailability of phenolic compounds
Shahidi et al.

OCT 2

OCTN 1

SLC22A2

SLC22A4

GLUT 1

GLUT 4

GLUT 2

SLC2A1

SLC2A4

SLC2A2

Facilitated transporters

Transporter
name

Encoding
gene
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High
Moderate
Low

Liver
Kidney (basal)
Pancreas islet

Low

Brain
Moderate

Moderate

Skeletal and
smooth muscle
Small intestine
(both)

high

Heart

Low

Erythrocyte
Moderate

Low

Skeletal and
smooth muscle
Adipose

Low

Adipose

Low

Brain

ND-low

—

Skeletal muscle

Liver

—

Kidney (apical)

Low

—

Liver (only
fetal, apical)

Brain

—

Moderate

Brain (basal)

Large intestine
(apical)

Moderate-high

Kidney (basal)
—

Low

Liver (basal)

Small intestine
(apical)

Low

Protein expression level

Small intestine
(basal)

Distribution

Table 6. Phenolic transporters in human tissues - (continued)

Both

Influx

Influx

Influx

Influx

Influx

Influx

Both

Influx

Direction

Quercetin 3-glucoside, anthocyanins

Genistein, myricetin, quercetin,
and catechin-gallate

quercetin

phenolic cations and anions

Low-molecular-weight phenolic cations

Phenolic substrates

Passamonti et al. (2009), Wood
and Trayhurn (2003), Gould
and Holman (1993), Wenzel
(2013), Freitas et al. (2005),
Fernandes et al. (2014).

Passamonti et al. (2009),
Wood and Trayhurn (2003),
Gould and Holman (1993),
McCall et al. (1997).

Passamonti et al. (2009),
Wood and Trayhurn (2003),
Cunningham et al. (2006).

Estudante et al. (2013),
Domínguez-Avila et al. (2017),
Koepsell et al. (2004).

Estudante et al. (2013), Faria
et al. (2012), Kullak-Ublick et
al. (2000), Zhou et al. (2007).

References

Shahidi et al.
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30

All the tissues

All the tissues

Paracellular transport

Endocytosis/exocytosis

More information about protein expression level are available from online database “The Human Protein Atlas” (https://www.proteinatlas.org/).

Tarahovsky et al. (2014)
Phenolic-protein complexes
—

Deprez et al. (2001), Lafay
and Gil-Izquierdo (2008),
Domínguez-Avila et al. (2017)
Small molecules/ions (various phenolic
acids and phenolic acid metabolites:
chlorogenic acid, 3-hydroxybenzoic acid,
3,4-dihydroxyphenylpropionic acid,
caffeic acid, chlorogenic acid; catechin,
proanthocyanidin dimer/trimer )
Depends

Kobayashi et al. (2013)
Lipophilic and amphipathic small molecule
(genistein, daidzein, quercetin, catechin,
EGCG, ECG, EGC, dihydrogenistein,
dihydrodaidzein, quercetin-3-O-glucuronide,
quercetin-7-O-glucuronide)
Depends
All the tissues
Passive diffusion

Protein expression level
Distribution
Transporter
name
Encoding
gene

Table 6. Phenolic transporters in human tissues - (continued)

Direction

Phenolic substrates

References

Bioaccessibility and bioavailability of phenolic compounds

Shahidi et al.
drophilic groups including glycosyl moiety and/or B/A rings of flavonoid glycosides and aglycones, thus deducing that bilitranslocase
could play a role in the bioavailability of anthocyanins (Passamonti
et al., 2002). Before long, two reports from the same lab proved
the absorption ability of bilitranslocase for malvidin-3-O-glucoside
and/or quercetin in the rat stomach, as well as in the human vein
endothelial and hepatic cell lines (Maestro et al., 2009; Passamonti
et al., 2003). Ingestion of flavonoid-rich beverages is acutely causing vasodilation, the bilitranslocase-mediated flavonoids uptake of
vascular endothelial cells was regarded as the main cause (Maestro
et al., 2009). However, though bilitranslocase is a significant way
to absorb anthocyanin at the apical side of stomach and intestine,
there is no effective efflux transporters except GLUT 2 (involved
with none of MRP 1, MRP 3, MRP 4, SMCT 1, MCT 4, OCTN
1) for them localizing on basal membrane (Fernandes et al., 2014;
Passamonti et al., 2009). One cause might be the unavailability of
anthocyanins’ metabolism in the gastric mucosa. Therefore, much
anthocyanins were retained in the epithelium of digestive tract (up
to 60%) or transported back to the lumen through efflux transporters, rather than to penetrate into the blood; they may partially enter into systemic circulation through interacting with lipoproteins
in enterocytes (Passamonti et al., 2009). This provides a potential
explanation for the lowest bioavailability of anthocyanins among
the 6 popular dietary phenolics mentioned above, namely anthocyanins, isoflavones, flavanones, flavonols, flavanols, and phenolic
acids. Human OAT 1 and 3 are highly expressed in the basal membrane of human proximal tubular epithelial cells involved in the
uptake of endogenous and exogenous organic anions including phenolics and their metabolites. Whilst OAT 4 positions on the apical
side of renal proximal tubule cells and transports phenolics therein
as well, which may reabsorb phenolic anions from urine and slow
down actual phenolic excretion rate (Hong et al., 2007; Passamonti
et al., 2009; Volk, 2014; Wang and Sweet, 2013). OATP1A2 and
OATP2B1 belong to organic anion transporting polypeptide family and facilitate the accumulation of anionic xenobiotics including phenolics (quercetin) in various cells relying on the mechanism
of proton-coupled transport or hydroxyl ion-exchange transport
(Glaeser et al., 2014; Tamai, 2012). Overall, the subgroup of OAT,
OATP, OCT, and OCTN are all the members of solute carrier (SLC)
22 gene family playing a major role in the homeostasis of organic
ions, mainly function in the kidney (proximal tubule cells) and liver
(sinusoidal membrane of hepatocytes). They mediate the uptake of
organic cations and anions as the first step of urinary and biliary
secretion, respectively (Volk, 2014). More details about distribution, flux direction and expression quantity of different free/active/
facilitated transporters are summarised in Table 6.
Beside free diffusion, facilitated diffusion and active transport,
the apical endocytosis also contributes to the phenolics uptake
of epithelium such as enterocytes and other cells including macrophages. Initially, phenolics such as kaempferol, galangin, diosmetin, luteolin, taxifolin, catechins interact with immunoglobulins/
albumins/lipoproteins in the digestive, extracellular, or intracellular fluids. Then if the complexes were delivered to the specific site
of cells (lipid raft on the external leaflet of the membrane), they
could enter the cytoplasm through caveolar-/clathrin-dependent
endocytosis. More details on endocytosis/exocytosis transport of
phenolics are available elsewhere (Blok et al., 1981; Burton and
Smith, 1977; Tarahovsky et al., 2014).
2.2.3. Efflux transport of enterocytes
After entering of phenolics into the cytoplasm, some lipophilic
phenolics could pass through the basal membrane into blood with-
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Table 7. Phenolic transporters within human blood-brain barrier

Transporter name

Location on capillary endothelial cells

Orientation

Citation

MRP 1

Both

Endothelium to blood,
endothelium to brain

Faria et al. (2012), Milbury (2009).

MRP 4

Both

Endothelium to blood,
endothelium to brain

Milbury (2009), Sier (2015).

MRP 2

Both

Endothelium to blood,
endothelium to brain

Faria et al. (2012), Milbury (2009).

MDR 1

Luminal

Endothelium to blood

Faria et al. (2012)

BCRP

Luminal

Endothelium to blood

Faria et al. (2012), Cheng et al. (2012).

MCT 1

Both

Blood to endothelium,
brain to endothelium

Faria et al. (2012)

MATE 1

—

—

Geier et al. (2013)

SGLT 1

Abluminal

Brain to endothelium

Faria et al. (2012)

OCT 2

Luminal

Blood to endothelium

Faria et al. (2012)

OAT 3

Abluminal

Brain to endothelium

Faria et al. (2012)

OATP1A2

Luminal

Blood to endothelium

Cheng et al. (2012)

OATP2B1

Both

Blood to endothelium,
Endothelium to brain

Faria et al. (2012), Cheng et al. (2012).

GLUT 1

Both

Blood to endothelium,
endothelium to brain

Faria et al. (2012)

GLUT 4

—

—

McCall et al. (1997)

out metabolism such as A/B-type proanthocyanidin (Appeldoorn
et al., 2009). While more aglycones and glycosides will be metabolized (or not) to produce phenolic conjugates (e.g., glucuronates
and sulfates), and then further flux into blood capillary or digestive
tract. The specific metabolism process in the intestinal cells is discussed in the next section, but here we focus only on the transport
mechanism. First of all, flux direction of phenolics in the cytoplasm based on the localization of transporters (efflux from the gut
lumen or endothelial cells into cells or lumen) is considered. While
efflux transporters placed in basal membrane, phenolic metabolites
succeed in being absorbed and entering into systemic circulation.
Multidrug resistance-associated proteins 1, 3 and 4 (MRP 1, 3 and
4) are three well-known efflux transporters located on the basal
membrane and belong to multidrug resistance-associated protein
(MRP) family which is a subgroup of ATP-binding cassette trans-

porter and facilitates to exclude xenobiotics out of cells (Borst et
al., 2000). As the highly expressed absorptive transporters in small
and/or large intestinal cell, these efflux transporters prefer to transport intracellular phenolic metabolites (organic anions form) into
the circular system and avoids toxicity caused by phenolics accumulation in enterocytes (Borst et al., 2000; Estudante et al., 2013).
Similar to the substrates range of MRP 1 and 3, MRP 2 is also an
anion transporter can actively transport phenolic conjugates (e.g.
naringenin glucuronides, resveratrol glucuronide and sulfate conjugates) as well as non-conjugated anionic phenolics (e.g. epicatechin) out of the intestinal cells, but the flux direction is from cytoplasm to lumen attributed to its expression on apical membrane
of small and large intestine (Estudante et al., 2013). As a result, except for cationic anthocyanins, the actual absorbability of various
orally ingested phenolics may be suppressed by efflux mechanism

Table 8. Main enzymes in phase I metabolism

Category

Main Enzymes

Common Reactions

Products

Oxidation

Alcohol oxidases; Aldehyde oxidases;
Xanthine oxidases; Monoamine
oxidases; Flavin-containing
monooxygenases; Cytochrome P450s.

Aromatic C-oxidation; Aliphatic
C-oxidation; N- and S-oxidation.
Epoxidation; Dehydrogenation;
N-, O- and S-dealkylations.

Phenols; Alcohols; Ketones;
Aldehydes; Epoxides;
Ketenes; Acids; N- and
S-oxides; Amines; Thiols.

Hydrolysis

Carboxylesterases; Peptidases;
Epoxide hydrolases;
Cholinesterases; Paraoxonases.

Hydrolysis of esters, amides, epoxides.

Alcohols; Acids; Amines.

Reduction

Alcohol Dehydrogenases; Carbonyl
Reductases; NADPH-quinone
oxidoreductases; NADPHcytochrome P450 reductases.

Reduction of azo, nitro groups, carbonyl Groups,
Phenols; Alcohols;
sulfoxides and N-oxides, quinones; Reductive
Ketones; Sulfides; Acids;
Cleavage of Heteroaromatic Compounds; Disulfide Amines; Thiols.
reduction and reductive dehalogenation.

Adapted from Timbrell and Marrs (2009), Smart and Hodgson (2018), Shimada et al. (2006), and Hodgson et al. (2001).
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Figure 2. Cytochrome P450 catalytic process.
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Table 9. Products of CYP-450s-catalyzed oxidation

Substrate

Enzymes

Product(s)

Enzyme source

References
Otake and
Walle (2002b)

Galangin

CYP2C9*, CYP1A1,CYP1A2

Kaempferol

Human liver microsomes

Kaempferide

CYP1A2*, CYP1A1, CYP2C9

Kaempferol

Human liver microsomes

Kaempferol

CYP1A1

Quercetin

Hamster high-expressed
CYP-450s ovary cell

Silva et al. (1997)

Chrysin

CYP1A1, CYP1A2

Apigenin (major), scutellarein
and isoscutellarein

Aroclor 1254-induced
rat liver microsomes

Naringenin

CYP1A

Eriodictyol

Aroclor 1255-induced
rat liver microsomes

Nielsen et al.
(1998), Gradolatto
et al. (2004).

Hesperetin

CYP1A

Eriodictyol

Aroclor 1256-induced
rat liver microsomes

Apigenin

CYP1A

Luteolin

Aroclor 1257-induced
rat liver microsomes

Tamarixetin

CYP1A

Quercetin

Aroclor 1258-induced
rat liver microsomes

α-Naphthoflavone

CYP-450c, epoxide hydrolase

7,8-Dihydro-7,8-dihydroxyα-naphthoflavone
5,6-Dihydro-5,6-dihydroxyα-naphthoflavone
5,6-Oxide-α-naphthoflavone
6-Hydroxy-α-naphthoflavone
9-Hydroxy-α-naphthoflavone

Rat liver microsomes.

Andries et al.
(1990), Vyas
et al. (1983).

Tangeretin

CYP1A

Demethyl tangeretin or
multi-demethyl tangeretin

Rat and human liver
microsomes.

Canivenc-Lavier
et al. (1993)

β-Naphthoflavone

Unknown CYP-450s

8-Hydroxy-β-naphthoflavone

Rat liver microsomes.

Vyas et al. (1983)

β-Naphthoflavone

CYP-450c, epoxide hydrolase

Trans-7,8-dihydro-7,8dihydroxy-β-naphthoflavone
Trans-5,6-dihydro-5,6dihydroxy-β-naphthoflavone
5-Hydroxy-β-naphthoflavone

Rat liver microsomes.

of multidrug resistance-associated protein 2 (MRP 2) (Walgren et
al., 2000a; Walle, 2004). Besides, several other transporters such
as multidrug resistance 1 (MDR 1) and breast cancer resistance
protein (BCRP) present an overlapping function and even boarder
substrate specificity including hydrophobic flavonoids and other
cationic or amphipathic xenobiotics, which contributes to the excretion of these substrates in the renal tubular luminal membrane
(Estudante et al., 2013; Volk, 2014). By the way, O’Leary et al.
(2003) found that MDR 1 was not the main efflux transporter for
quercetin conjugates but MRP 2 was proven to be the one. While
BCRP is highly overlapping in substrate specificities with MRP2 and MDR 1 and prone to exclude anionic compounds such as
phenolic conjugates (e.g., quercetin, naringenin, resveratrol conjugates) as well as non-conjugated phenolics (e.g., quercetin, genistein, daidzein, and coumestrol). Furthermore, MCT 4 was most
recently proposed to be an efflux transporter positioning on the
basal side of enterocytes and exclude phenolic acids in the same
direction of MRP 1, they facilitate the entrance of phenolics into
the blood (Ziegler et al., 2016). These transporters are moderately
or highly expressed at the apical membrane of enterocytes thereby
limiting the intestinal absorption of many important xenobiotics
including dietary phenolics (Estudante et al., 2013). As an example, the relatively lipid-soluble chrysin was estimated to have an
actual bioavailability of only 0.003–0.02% in the normal human

body, which should have a better absorbability due to its high
membrane permeability; a similar result was also found in rats.
Considering the previous data of Walle et al. (1999; 2001) in Caco2 study of chrysin absorption, it may be concluded that efflux of
metabolites back into the lumen is one of the important causes for
extremely low oral bioavailability of chrysin.
So far, in addition of passive diffusion, transcellular transport,
and Endocytosis/exocytosis, 25 transporters are known to significantly affect bioavailability including absorption, translocation,
and disposal of dietary phenolics which may be responsible for
further phenolic bioactivity in specific tissues such as penetration
of phenolics into the blood-brain barrier (Table 7).
3. In vivo Metabolism
In the human body, phenolics are one class of xenobiotic whose
molecular structures and biochemical properties are modified by
specialized enzymatic systems and further conjugated with charged
species after absorption, which aims to polarize absorbed xenobiotic and enable them to be transported and excreted in regular routine
instead of uncontrollably accumulating in tissues or freely diffusing
across membranes. These associated intracorporal biotransformation and transportation pathways after absorption of phenolics are
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1.9
12.4
6.4
5.1
41
8.1
21
89
4.3
10.8 ± 1.9
Adapted from Otake et al. (2002a).

17.8 ± 3.5
Kaempferide

181 ± 32

10.2
10.8
1.1
58
23
0.4
32
81
2.5
13.6 ± 1.1
129 ± 11
9.5 ± 0.4
Galangin

Vmax(pmol/
Km
Vmax(pmol/ Vmax/Km (μl/
Km (μM)
(μM) mg/min)
min/mg)
mg/min)
Km (μM)

Vmax(pmol/
mg/min)

Vmax(pmol/ Vmax/K (μl/
Vmax/Km (μl/
Km (μM)
min/mg)
mg/min)
min/mg)

CYP2C9

Substrate

Human liver microsomes

Table 10. Kinetic parameters of CYP-450s-catalyzed oxidation

CYP1A2

Recombinant CYP-450s

CYP1A1

Vmax/Km (μl/
min/mg)

Bioaccessibility and bioavailability of phenolic compounds
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indeed in vivo phenolic metabolism. The classical phenolics metabolism contains three stages: phase I (modification phase), phase
II (conjugation phase) and phase III (excretion phase) (Xu et al.,
2005). For every phase, the enzyme involved is complex and not
entirely understood. Briefly, the phase I metabolism of xenobiotics
contains a set of structural modification including thiolation, hydroxylation, amination, N-/O-dealkylation, or carboxylation conducted by certain phase I enzymes (Table 8). For phenolic phase
I metabolism, hydroxylation of hydrocarbon sites especially the
aromatic carbon catalyzed by a large group of hemoprotein monooxygenases: the cytochromes P450s (CYP-450s) is the most
widely studied route (Fig. 2) (De Montellano, 2005; Guengerich,
2007). Recently, cytochrome P450 3A was found to account for
the majority of total cytochromes P450 superfamily extensively expressed in the human tissues: liver (∼35%) and gut (∼82%), thus
acting as the main enzymes involved in the oxidative reaction, followed by CYP2C (one reported ∼14% in liver and 16% in gut,
another one reported 30–40% in liver) and CYP1A, CYP2A, CYP2D, CYP2E, CYP2J and CYP2D are also abundantly expressed
(Domínguez-Avila et al., 2017; Galetin et al., 2010; Heim et al.,
2002; Kadlubar and Kadlubar, 2010). As reported earlier, hydroxylation of flavonoids is mainly catalyzed by CYP1A isozymes and
demethylation by other CYP-450s (except CYP1A and CYP3A)
subgroup (e.g., CYP2C) (Table 9). However, some exceptions such
as chrysin, eriodictyol, taxifolin, luteolin, quercetin, myricetin, fisetin, morin or isorhamnetin exist that cannot be found to be oxidized by the normal CYP-450s system (Nielsen et al., 1998; Otake
and Walle, 2002b; Silva et al., 1997). The oxidation catalyzed by
CYP-450s prefers to happen on both A-ring (hydrogenation of C-5,
6 or C-7, 8; hydroxylation of C-5, 6 or 7, 8; epoxidation of C-5,
6) and B-ring (hydroxylation and demethylation of C-3′ and/or 4′
until form a 3′,4′-dihydroxyl structure) (Andries et al., 1990). For
example, hydroxylation of apigenin dominantly happens on C-3′,
followed by C-5 and 7 positions (Table 9) (Gradolatto et al., 2004).
This hydroxylation process may enhance the antioxidant activity
of phenolics, and the enhancing extent depends on the hydroxylation ability of the site and the degree of hydroxylation. Simultaneously, the abundance of hydroxyl groups (≥2) on the B-ring may
prevent further hydroxylation of flavonoids such as quercetin for
which no phase I hydroxylated metabolites were detected. Besides,
some other factors may affect the phase I metabolism carried by
CYP-450s. Polarity dominates the metabolism rate of hydroxylation, the hydrophobic one (with a less free hydroxyl group) was
metabolized faster (Nielsen et al., 1998). Demethylation selectively
occurs in the B-ring in CYP-1A-mediated monooxygenase system
when the methoxy group is positioned at C-4′ but not at the C-3′
(more stable), whereas C-ring structure takes minor and no effect
on hydroxylation and demethylation, respectively (Nielsen et al.,
1998). On the other side, hydroxyl group on B-ring could be methylated by catechol-O-methyltransferase (COMT) in phase II metabolism, thus it may form a circulation between 4′-O-methylation
and 4′-O-demethylation until: 1) transforming to be 3′-O-methyl on
catechol group and exclude out of cell; 2) sulfation/glucuronidation
of 4′-O-methyl aglycones and produce methylquercetin sulfates/
glucuronides and excluded out of cell; 3) directly excluded out of
cell (Nielsen et al., 1998; O’Leary et al., 2003). Overall, CYP-450s
involved in the metabolism of flavonoids exhibit stereo-selectivity
toward the flavonoid substrates.
Apart from the methylation mentioned above, there are several
other phase II metabolic reactions such as glucuronidation, sulfation, acetylation, amino acid conjugation, and glutathione conjugation. Amongst them, glucuronidation and sulfation are prevalently
found in phenolic metabolism catalyzed by uridine 5′-diphosphoglucuronosyltransferases (UDP-glucuronosyltransferases or UGTs)
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Table 11. Kinetic parameters of glucuronidation and sulfation of galangin

Enzyme Source
Recombinant UGTs

Recombinant SULTs

Km (μM)
Peak 1

Peak 2

Vmax (pmol/mg of protein/min)

Vmax/Km (μl/min/mg)

Peak 2

Peak 1

Human liver microsomes 3.6 ± 0.7 221 ± 31 1,521 ± 252

34,333 ± 2,167

427 ± 26 155 ± 30

UGT1A9

3,594

655

1.1

31.8

Peak 1
721

Peak 2
113

UGT1A1

N.D.

6.3

N.D.

388

N.D.

62.1

UGT2B15

N.D.

15.7

N.D.

538

N.D.

34.3

SULT1A1

0.21

3,270

15,572

SULT1A3

37.1

822

22.2

SULT1E1

1.13

948

839

Adapted from Otake et al. (2002a).

and sulfotransferases (SULTs). The same as that of methylation, the
reactive sites on phenolics are hydroxyl groups. The glycine conjugation of hydroxybenzoic acid or benzoic acid is also a common
phase II reaction catalyzed by benzoyl CoA which finally produces
the hippuric acid or hydroxyhippuric acid (Toromanović et al.,
2008). Several phase II phenolic metabolites are shown in Table 9.
These conjugations caused by UGTs, SULTs, and COMT may result in the alteration of phenolic bioactive properties; some of these
metabolites lose their activities. For example, glucuronidation of
isoflavonoids (e.g., daidzein and genistein) exert lower biological
activities including estrogen receptor binding capacity and natural
killer cell activation ability (Wu et al., 2011). The serum metabolic mixture of fisetin (fisetin sulfates/glucuronides) showed lower
ability than native fisetin in the inhibition of hemolysis induced by
AAPH (2,2′-azobis (2-amidinopropane hydrochloride)) (Shia et al.,
2008). A lower value was also shown by glucuronidates/sulfates of
flavonols (e.g., quercetin) in delaying the copper-induced lipoprotein oxidation (Morand et al., 1998). The resveratrol sulfates displayed low antiproliferative/antitumor activity, and its corresponding sulfates/glucuronides partially lost their inhibitory activity on
COX-1 and 2 compared to the parent resveratrol (Calamini et al.,
2010; Hoshino et al., 2010; Miksits et al., 2009; Rotches-Ribalta
et al., 2012a). Furthermore, 3-O-glucuronidation and 3′-O-sulfation
of quercetin diminished the PGE2 inhibitory activity of the original
quercetin in cell test. The LTB4 inhibiting activity of quercetin was
also lost due to the 3′- and 3-conjugation of quercetin (3′-O-methylquercetin and quercetin-3′-O-sulfate, quercetin-3-O-glucuronide
and 3′-O-methylquercetin-3-O-glucuronide) (Loke et al., 2008).
Whereas some phenolics contrarily obtain higher bioactivity as me-

tabolites, the glucuronic conjugates of EGCG such as EGCG-3″-Oglucuronide and EGCG-3′-O-glucuronide increase the DPPH scavenging activity compared to that of the EGCG aglycone (Monagas
et al., 2010). Based on these studies, there is no doubt that dietary
phenolics have extremely low bioavailability and detoxification
metabolism which results in an uncertainty of their physiological
effects, however, they could still play a vital role on health. Morand
et al. (1998) stated that a diet containing 0.2% quercetin enhances
about 60% antioxidant ability of rat plasma compared with that of
the control group. Other in vivo antioxidant activity tests of healthy
human were demonstrated in a more recent review (Martins et al.,
2016).
Generally, compared with phase II metabolism, phase I metabolism pathway of phenolics mediated by CYPs is relatively less encountered (may result from the low reaction rate of CYPs; refer to
Tables 10–12) (Chen et al., 2014). Phase I metabolism is not such
a necessary prerequisite for phase II metabolism of xenobiotics although a contribution from CYP-mediated oxidation cannot be entirely ignored in phenolic metabolism. Phenolics could first carry
through phase I and then phase II metabolism or directly proceed
to phase II metabolism. Meanwhile, phase III stage of phenolics
is the phenolic excretion process which is involved with various
efflux transporters in the kidney, liver, and intestine (refer to Table
6) is not described here.
3.1. Phase I and phase II enzyme distribution
In the human body, intestine and liver are the two most impor-

Table 12. Kinetic parameters of COMT-catalyzed O-methylation

Hamster kidney cytosol

Recombinant COMT from Porcine liver

Rate (pmol/mg/min)

Rate (pmol/mg/min)

Km (μM)

Vmax (pmol/mg/min)

Vmax/Km (μl/min/mg)

Quercetin

109 ± 11

9,100 ± 47

6.1

14,870

2,438

Fisetin

119 ± 8

13,100 ± 101

4.8

17,700

3,687

2-Hydroxyestradiol

32 ± 3

2,206 ± 21

16.2

4,123

255

4-Hydroxyestradiol

9±2

414 ± 11

23.4

2,560

109

Epinephrine

ND

16 ± 2

1,036

2,754

2.66

Norepinephrine

ND

9±2

1,149

1,990

1.73

Dopamine

ND

31 ± 3

1,018

5,182

5.09

Adapted from Zhu et al. (1994).
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Figure 3. Metabolism of quecetin monoglycoside.

tant tissues for phase I and phase II metabolism of phenolic
compounds; other tissues including muscle and brain are also
commonly involved and investigated. In the small intestine of humans, the expressed total amount of CYP-450s is less than 1%
of that in hepatic tissues. COMT and UGTs are extensively expressed in various organs mentioned (Galetin et al., 2010; Merello
et al., 1994). Similar to the distribution of CYP-450s, the highest
expression of COMT is present in liver, followed by gastrointestinal tract, kidneys, and other tissues (O’Leary et al., 2003). In contrast, the expression level of the two main phenol SULTs (SULT
1A1 and SULT 1A3) is the highest in the small intestine, followed
by liver, stomach, and colon. For UGTs, UGT 1 and 2 are the
two major subgroups in catalyzing phenolic glucuronidation expressed on either liver, gastrointestinal tract, kidney or other organs (Fisher et al., 2001; Rowland et al., 2013). More distribution
information has been summarized in Table 10. In normal living
cells, the CYP-450s, UGTs, and SULTs are expressed on the cytosolic face of the endoplasmic reticulum (ER), the luminal face
of ER, and cytosol, respectively (Galetin et al., 2010; Wu et al.,
2011). COMT was reported to be the highest expression in liver
and kidney, which could be divided into cytosolic soluble COMT
(S-COMT) and rough endoplasmic reticulum membrane-bound
COMT (MB-COMT). The former is the predominant form in the
cells responsible for xenobiotic methylation (Crespy et al., 1999;
Nissinen et al., 1988). Among rat tissues, Donovan et al. (2001)
concluded that liver was primarily responsible for sulfation and
methylation of flavonoids and small intestine was the organ in
which mainly glucuronidation and methylation of flavonoids took
place. However, in humans, sulfation should mainly happen in

36

the small intestine rather than the liver due to a higher expression
level of phenol SULTs in the intestine. This difference was confirmed in a later study (van der Woude et al., 2004). For phenolic
glycination, the synthesis site of hippuric acid/hydroxyhippuric
acid almost entirely occurs in the human liver (Toromanović et
al., 2008).
3.2. Phase II metabolism in enterocytes
After being absorbed phenolics enter into the intestinal and hepatic cells; original phenolic glycosides may be hydrolyzed
into aglycones by an intracellular β-glucosidase, called broadspecificity cytosolic β-glucosidase which is rich in mammalian
liver, kidney and small intestine (Day et al., 1998; Hays et al.,
1996). However, the rate and extent of deglycosylation are still
variable due to the distinct structure of the phenolic aglycones
and the position/nature of the sugar substitutions. Specifically,
quercetin-4′-glucoside, naringenin-7-glucoside, apigenin-7-glucoside, genistein-7-glucoside, and daidzein-7-glucoside can be
rapidly deglycosylated by both the small intestine and the liver
β-glucosidase extracts. Herein, genistein-7-glucoside has a higher
affinity for β-glucosidase than quercetin-4′-glucoside thus the
former shows a higher deglycosylation rate, whereas some other
glycosides such as quercetin-3,4′-diglucoside, quercetin-3-glucoside, kaempferol-3-glucoside, quercetin-3-rhamnoglucoside, and
naringenin-7-rhamnoglucoside prefer to remain unchanged (Day
et al., 1998). This intracellular reaction is regarded as a vital way
to expose hydroxyl group of xenobiotics for further conjugation
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high

high

SULT1A1

SULT1A2

SULTs

high

high

high

high

none

trace

moderate

moderate

moderate

SULT1A3

SULT1A4

SULT1B1

SULT1C2

SULT1C3

SULT1C4

SULT1E1

SULT2A1

SULT2B1

low

moderate

low

moderate

Kidney

moderate
none

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

low

high
none

low

moderate none

moderate low

none

none

moderate moderate

low

none

low

high

Liver

moderate

none

none

low

none

none

—

low

none

low

low

Muscle

Expression level (RNA and Protein expression mixed)

Gastrointestinal tract

Isoforms

Enzyme

none

low

trace

low

none

none

—

trace

trace

trace

trace

Brain

Table 13. Phase II enzymes distribution and expression level in recently no drug-administrated human body

Cholesterol, dehydroepiandrosterone

Androgens (dehydroepiandrosterone, epiandrosterone, androsterone,
testosterone, E2), opioids (pentazocine, buprenorphine)

Estrogen (17β-estradiol), iodothyronines, pregnenolon,
phenolics (1-naphtol, p-nitrophenol demethoxycurcumin,
curcumin, bisdemethoxycurcumin, naringenin, genistein),
4-hydroxytamoxifen, opioids (pentazocine, naloxone)

Phenolics (demethoxycurcumin, curcumin, bisdemethoxycurcumin,
1-naphthol, catechol estrogens (genistein, daidzein, chrysin, apigenin,
and 6,4′-dihydroxyflavone)), drugs (doxorubicin, epirubicin, afimoxifene,
endoxifen, raloxifene, and fulvestrant), opioids (pentazocine, naloxone)

5-Hydroxymethylfurfural, ethanol, hydroxyl chlorinated
biphenyls, bile acids, and thyroid hormones

4-Nitrophenol and N-hydroxy-2-acetylaminofluoren

Thyroid hormones, phenolics (1-naphtol and
4-nitrophenol, curcumin, bisdemethoxycurcumin)

—

Norepinephrine, catechols, aromatic molecules, and monocyclic
phenolics (catecholamines, dopamine, demethoxycurcumin,
curcumin, vanillin), opioids (pentazocine, naloxone)

Aromatic hydroxylamines, opioids (buprenorphine,
norbuprenorphine, pentazocine, naloxone)

Various phenolics (monocyclic phenols, naphtols, benzylic
alcohols, hydroxylamines, dopamine, p-nitrophenol and
iodothyronines, naringenin, genistein,), aromatic amines, drugs
(afimoxifene, endoxifen, raloxifene, and fulvestrant), opioids
(buprenorphine, norbuprenorphine, pentazocine, naloxone)

Substrates
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low

low

moderate

low

moderate

moderate

low

trace

high

none

high

low

high

UGT1A1

UGT1A3

UGT1A4

UGT1A5

UGT1A6

UGT1A7

UGT1A8

UGT1A9

UGT1A10

UGT2A1

UGT2A3

UGT2B4

UGT2B7

UGTs

Kidney

—
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none

none

high

none

none

high

high
high

high

moderate moderate

none

none

low

none

none

moderate high

low

moderate none

moderate none

moderate low

Liver

trace

trace

trace

none

none

none

none

none

—

—

—

—

—

Muscle

Expression level (RNA and Protein expression mixed)

Gastrointestinal tract

Isoforms

Enzyme

Carboxylic acids, amines (N-hydroxy arylamines, N-hydroxynaphthylamine), complex phenolics (flavonoids, anthraquinones),
steroids, drugs (paracetamol, frusemide, mycophenolic acid,
phenylbutazone, propofol, raloxifene, retigabine, sulfinpyrazone)

Catechol estrogens, primary and secondary amines,
sapogenins, retinoids, coumarins, phenolics (nitrophenol,
flavonoids, anthraquinones), and opioids

Phenols, benzo(α)pyrenes, and coumarins

Simple phenolics (4-nitrophenol) and primary amines
(5-hydroxytryptamine), drugs (paracetamol )

SN-38, scopoletin, 4-methylumbelliferone, 1-hydroxypyrene

Tertiary amines, androgens, progestins, plant steroids
(sapogenins), drugs (lamotrigine, olanzapine, trifluoperazine)

Aliphatic or aromatic carboxylic acids, amines, phenolics
(flavonoids, 7-hydroxycoumarins, anthraquinones), opioids,
estrone (2-hydroxycatechol estrogens), drugs (telmisartan)

Drugs (bilirubin, estradiol, etoposide, ethynylestradiol, raloxifene,
buprenorphine, SN-38 (active metabolite of irinotecan)), retinoic acid,
opioid (naltrexone, buprenorphine, paracetamol), complex phenolics

Substrates

trace

none

—

Carboxylic acids, azido deoxythymidine, catechol estrogens,
Androgens (3α-hydroxyandrogens, 3α-pregnanes), hyodeoxycholic
acid, NSAIDs (fenoprofen, ketoprofen, naproxen), and opioids
(codeine, morphine, naloxone), valproic acid, zidovudine,
carbamazepine, chloramphenicol, epirubicin, gemfibrozil,

Hyodeoxycholic acid, steroids (androstanediol, androsterone)

Bile acids (hyodeoxycholic acid)

moderate Carboxylic acids, monoterpenoid, aliphatic alcohols, phenolics, coumarins

moderate Phenolics (flavonoids), bile acids, steroids, fatty acids, retinoids,
and other drugs (ciprofibrate, furosemide, and diflunisal)

none

none

none

Existence
(no
amount
data)

Existence
(no
amount
data)

Existence
(no
amount
data)

none

none

Brain

Table 13. Phase II enzymes distribution and expression level in recently no drug-administrated human body - (continued)
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high

high

high

UGT2B17

UGT2B28

moderate

low

UGT2B15

none

none

Kidney

none

—

Existence
(no
amount
data)

moderate high

none

low

high

moderate none

high

Liver

low

none

trace

trace

none

none

Muscle

Expression level (RNA and Protein expression mixed)

Gastrointestinal tract

UGT2B11

UGT2B10

Isoforms

Androgens (testosterone, androstanediol, androsterone)

4-Methylumbelliferone, eugenol, and the endogenous steroids
(testosterone, androstanediol, androsterone, dihydrotestosterone)

Phenolics (flavonoids), estrogens, androgens (testosterone,
dihydrotestosterone, androstanediol), drugs (lorazepam,
oxazepam, temazapam, sipoglitazar )

Androgens (3α-hydroxyandrogens, 3α-pregnanes), estrogen (oestriol)

Steroids (testosterone, androstanediol, androsterone),
tertiary amines (cotinine and nicotine)

Substrates

moderate Catechol amines (dopamine, salsolinol, tetrahydropapaveroline,
norepinephrine) catechol estrogens, various
phenolics, various drugs, plant steroids

none

—

—

none

Existence
(no
amount
data)

Brain

Cited from Court et al. (2012), Rowland et al. (2013), Jancova et al. (2010), Cheng et al. (1999), Margaillan et al. (2015), Wong et al. (2009), Finel et al. (2005), King et al. (1999), Mostaghel et al. (2016), King et al. (2000), Teubner
et al. (2007), Cheng et al. (1998), Cheng et al. (1999), Barbier et al. (2000), Knights et al. (2013), Chimalakonda et al. (2011), Riches et al. (2009), Ghosh et al. (2013), Sakamoto et al. (2015), Lu et al. (2015), Guidry et al. (2017),
Kurogi et al. (2017), Hui et al. (2015), and Collins et al. (1973).

COMT

Enzyme
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Figure 4. Metabolism of apigenin-C/O-glycosides.

in phase II metabolism.
After deglycosylation, together with original phenolic glycosides and aglycones, a part of aglycones hydrolyzed from glycosides is transported into the blood or/and lymph, whilst others are

oxidized or/and conjugated in the gastrointestinal cells, thus easy
to undergo ionization. A considerable portion of these phenolic
ions would further be conjugated and excluded from enterocytes
back to intestinal lumen and undergo enteroenteric recirculation

Figure 5. Metabolism of resveratrol and resveratrol glycoside.
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Partially
named Genera
detected
in different
individuals
(The amount of
named species)

Streptococcus (49), Deinococcus (1),
Lactococcus (1), Enterococcus (4),
Granulicatella (2), Abiotrophia (1),
Dolosigranulum (1), Alloiococcus (1),
Lactobacillus (19), Gemella (4), Paenibacillus
(2), Bacillus (4), Listeria (1), Staphylococcus
(4), Erysipelothrix (1), Bulleidia (1),
Solobacterium (1), Mollicutes class sp.
(1), Mycoplasma (9), Eubacterium (9),
Mogibacterium (5), Peptostreptococcus (2),
Filifactor (1), Parvimonas (3), Finegoldia
(1), Anaerococcus (2), Peptoniphilus (6),
Clostridiales order sp. (6), Pseudoramibacter
(1), Johnsonella (2), Butyrivibrio (1), Catonella
(3), Shuttleworthia (1), Oribacterium
(5), Peptococcus (2), Selemonomas (22),
Centipeda (1), Mitsuokella (3), Veillonella
(5), Anaeroglobus (1), Megasphaera (2),
Dialister (5), Actinomyces (24), Mobiluncus
(1), Actinobaculum (1), Arcanobacterium (1),

Bacteria Phyla detected Proteobacteria, Firmicutes, Actinobacteria,
diversity in different
Fusobacteria, Bacteroidetes, TM7,
individuals
Chlamydiae, Chloroflexi, Spirochaetes, SR1,
Synergistetes, Tenericutes, Deferribacteres,
Acidobacteria, Cyanobacteria, Chlorobi,
Deinococcus-Thermus, Verrucomicrobia,
GN02, WPS-2, WS6, Elusimicrobia
Total phylum amount: ∼29

Streptococcus (12),
Prevotella (17),
Veillonella (3),
Granulicatella (2),
Lactobacillus (5),
Gemella (3), Bulleidia
(1), Paenibacillus
(1), Eubacterium
(1), Mogibacterium
(1), Filifactor (1),
Peptostreptococcus
(1), Megasphaera
(1), Micronuciformis
(1), Selenomonas
(1), Centipeda (1),
Clostridiales (7),
Atopobium (2), Rothia
(1), Actinomyces (4),
Comamonas (1),

Proteobacteria,
Firmicutes,
Actinobacteria,
Bacteroidetes,
Fusobacteria,
TM7, Spirochaetes,
Tenericutes, SR1,
Synergistetes,
GN02, Chloroflexi,
Cyanobacteria,
Armatimonadetes,
Thermotogae,
TM6, WPS-2,
WS6, Chlamydiae,
Verrucomicrobia,
Gemmatimonadetes,
Acidobacteria
Total phylum
amount: ∼29

5–10 seconds

0.5–1 min

Stay time of food residue

4.0–7.0
—

7.0

Esophagus

Microbiota density (cells/ 107–109
ml or g contents)

pH

Oral cavity

Eubacterium (5),
Deinococcus (1),
Bergeyella (1),
Chryseobacterium
(1),
Capnocytophaga
(1), Cytophagales
(1), Prevotella
pallens (20),
Porphyromonas
(2), Tannerella (2),
Fusobacterium
(5), Leptotrichia
(5), Streptococcus
(12), Granulicatella
(1), Abiotrophia
(1), Enterococcus
(1), Lactobacillus
(2), Weissella
(1), Gemella (1),
Veillonella (2),

Proteobacteria,
Firmicutes,
Actinobacteria,
Bacteroidetes,
Fusobacteria, TM7,
Deferribacteres,
Acidobacteria,
Chloroflexi,
Cyanobacteria,
DeinococcusThermus
Total phylum
amount: ∼15

0.5–5 hours

< 103

1.0–4.0

Stomach
Duodenum

Jejunum
105–107

6.5–7.5
107–108

6.5–7.5

Illeum

Aquifex (1), Thermus (1), Deinococcus (2),
Leifsonia (1), Trophetyma (1), Bifidobacterium
(1), Propionibacterium (1), Thermobifida (1),
Streptomyces (2), Frankia (1), Corynebacterium
(4), Norcadia (1), Mycobacterium (4),
Streptococcus (9), Leptospira (1), Borrelia
(2), Treponema (2), Dehalococcoides
(2), Gloeobacter (1), Prochlorococcus
(1), Symbiobacterium (1), Moorella (1),
Desulfitobacerium (1), Mycoplasma (12),
Lactobacillus (5), Enterococcus (1), Lactococcus
(1), Listeria (2), Bacillus (3), Acidobacerium
(1), Desulfovibrio (2), Syntrophus (1),
Bdelloviobrio (1), Anaeromyxobacter (1),
Geobacter (2), Pelobacer (1), Sulfurimonas (1),
Campylobacer (1), Wolinella (1), Helicobacter
(2), Erythrobacter (1), Anaplasma (2), Rickettsia
(5), Wolbachia (2), Ehrlichia (2), Caulobacer (1),
Gluconobacer (1), Sphingopyxis (1), Rhizobium
(1), Sinorhizobium (1), Rhodopseudomonas
(1), Bradyrhizobium (1), Brucella (5),

Bacteroidetes, Proteobacteria, Firmicutes,
Actinobacteria, Fusobacteria, Verrucomicrobia,
Cyanobacteria, Deinococcus-Thermus,
SR1, Spirochaetes, TM7, Tenericutes,
Lentisphaerae, Thermotogae, Chloroflexi,
Acidobacteria, OP10, Synergistetes,
Planctomycetes, Gemmatimonadetes,
Deferribacteres, OD1, Aquificae
Total phylum amount: ∼23

3–5 hours

103–105

5.5–7.0

Small intestine

Table 14. The fundamental physicochemical condition and bacterial diversity in different segments of the digestive tract
Cecum
5.5–7.0

Colon

Rectum
7.0–7.5

Thermotoga (1), Aquifex (1), Propionibacterium
(2), Bradyrhizobium (2), Listeria (2), Ethanoligenens
(1), Cellulosilyticum (1), Staphylococcus (1),
Burkholderia (3), Deinococcus (2), Vibrio (4),
Neisseria (1), Nitrobacter (3), Shewanella (1),
Finegoldia (1), Proteobacterium (1), Mycoplasma
(1), Bacillus (1), Yersinia (1), Exiguobacterium (1),
Acinetobacter (1), Mobiluncus (1), Leuconostoc
(1), Catonella (1), Paenibacillus (3) Achromobacter
(1), Moraxella (1), Pediococcus (2), Edwardsiella
(1), Oenococcus (3), Abiotrophia (1), Filifactor
(1), Rahnella (1), Sodalis (1), Brachyspira (1),
Methanobrevibacter (1), Methanosphaera (1),
Bifidobacterium (11), Atopobium (4), Collinsella
(3), Eggerthella (4), Olsenella (1), Slackia (2),
Bacteroides (41), Odoribacter (1), Parabacteroides
(3), Porphyromonas (3), Paraprevotella (1),
Prevotella (21), Alistipes (3), Capnocytophaga (7),
Enterococcus (4), Lactobacillus (25), Weissella (1),
Lactococcus (1), Streptococcus (36), Clostridium
(20), Anaerococcus (2), Parvimonas (2),

Firmicutes, Bacteroidetes, Verrucomicrobia,
Proteobacteria, Actinobacteria, Spirochaetes,
Cyanobacteria, Tenericutes, Fusobacteria,
Lentisphaerae, Acidobacteria, DeinococcusThermus, SR1, Synergistetes, TM7,
Thermotogae, Nitrospira, Gemmatimonadetes,
OD1, Aquificae, Deferribacteres
Total phylum amount: ∼21

4–72 hours (36 hours)

108–1012

5.9–6.4

Large intestine

Shahidi et al.
Bioaccessibility and bioavailability of phenolic compounds
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Delftia (1),
Achromobacter
(1), Neisseria
(3), Shewanella
(1), Yersinia (1),
Haemophilus (5),
Campylobacter
(2), TM7 (3),
Bacteroidetes
AJ289174 (1),
Bacteroides (1),
Tannerella (1),
Porphyromonas
(3), Leptotrichia
(2), Fusobacterium
(4), Staphylococcus
(2), Candida (1),
Escherichia (1),
Enterobacter (1)
Total genera
amount: ∼594
Total species
amount: −

Rothia (3), Kocuria (1), Arsenicococcus (1),
Microbacterium (1), Propioibacterium (7),
Mycobacterium (3), Dietzia (1), Turicella
(1), Corynebacterium (5), Gardnerella (1),
Biofidobacterium (1), Parascardovia (1),
Scardovia (2), Slackia (1), Crytobacterium (1),
Eggerthella (1), Atopobium (7), Olsenella (4),
Fusobacterium (9), Sneathia (2), Leptotrichia
(19), Prevotella (56), Bacteroides (4),
Tanerella (3), Porphyromonas (12), Bergeyella
(3), Capnocytophaga (16), Neisseria (19),
Eikenella (2), Kingella (5), Acromobacter (1),
Bordetella (1), Lautropia (1), Burkholderia
(2), Rhodocyclus (1), Ralstonia (1),
Delftia (1), Variovorax (1), Leptothrix (3),
Stenotrophomonas (1), Xanthomonas
(1), Cardiobacterium (2), Pseudomonas
(6), Acinetobacter (2), Moraxella (2),
Enterobacter (3), Klebsiella (1), Escherichia
(1), Yesinia (1), Proteus (1), Haemophilus
(6), Terrahaemophilus (1), Aggregatibacter
(7), Desulfobulbus (1), Desulfovibrio (2),
Desulfomicrobium (1), Bdellpvibiro (1),
Erythromicrobium (1), Sphingomonas (4),
Brevundimonas (1), Caulobacter (1), Afipia
(3), Bradyrhizobium (1), Agrobacterium
(1), Bartonella (1), Ochrobactrum (1),
Defluvibacter (1), Rhizobium (1), Helicobacter
(1), Campylobacter (7) Treponema (49),
Chlamydophila (1), Jonquetella (1),
Pyramidobacter (1), Rickettsia (1), Brucella
(1), Borrelia (1), Chlamydia (2), Ruminococcus
(2), Zymophilus (1), Schwartzia (1),
Nocardia (1), Arthrobacter (1), Micrococcus
(1), Kingella oralis, Weeksella (1)
Total genera amount: ∼365
Total species amount: ∼784
Megasphaera (1),
Selenominas (1),
Mogibacterium
(1), Filifactor (1),
Lachnospiraceae
(1), Firmicutes
phylum sp. (1),
Cryptobacterium
(1), Atopobium
(2), Rothia (2),
Actinomyces (4),
Corynebacterium
(2), Flexistipes
(1), Neisseria (3),
Kingella (1), Delftia
(1), Acidovorax
(1), Comarmonas
(1), Lautropia
(1), Alcaligenes
(2), Ralstonia (1),
Moraxella (1),
Acinetobacter (2),
Escherichia (1),
Haemophilus (3),
Actinobacillus (1),
Brevundimonas (1),
Caulobacter (1),
Blastobacter (1),
Pedomicrobium (1),
Sphingomonas (4),
Campylobacter (3),
Helicobacter (1),
TM7 phylum sp. (3)
Total genera
amount: ∼100
Total species
amount: ≤262

Stomach
Jejunum

Small intestine
Illeum

Burkholderia (3), Ralstonia (7), Bordetella
(3), Chromobacterium (1), Xanthomonas (3),
Xylella (1), Nitrosococcus (1), Methylococcus
(1), Coxiella (1), Legionella (1), Thiomicrospira
(1), Francisella (1), Psychrobacter (2), Hahella
(1), Chromohalobacter (1), Pseudomonas
(4), Saccharophagus (1), Shewanella (2),
Vibrio (4), Colwellia (1), Photobacerium (1),
Pectobacterium (1), Francisella (1), Yersinia
(2), Buchnera (1), Candidatus (1), Salmonella
(2), Shigella (4), Escherichia (1), Mannheimia
(1), Pasteurella (1), Photohabdus (1),
Idiomarina (1), Lawsonia (1), Desulfovibrio
(2), Campylobacter (1), Wolbacchia (2),
Zymomonas (1), Jannaschia (1), Slicibacter (2),
Agrobacterium (1), Bartonella (2), Aromatoleum
(1), Dechloromonas (1), Polaromonas (1),
Methylobacillus (1), Rhodoferax (1), Sodalis
(1), Baumannia (1), Wigglesworthia (1),
Butyrivibrio (1), Clostridium (23), Eubacterium
(5), Coprococcus (1), Dorea (1), Ruminococcus
(5), Roseburia (1), Faecalibacterium (1),
Oscillospira (1), Megasphaera (1), Veillonella
(1), Dialister (1), Selenomonas (1), Propionispira
(1), Mogibacterium (1), Peptostreptococcus
(1), Porphyromonas (3), Bacteroides (19),
Prevotella (11), Rikenella (1), Micrococcus (1),
Escherichia (1), Haemophilus (1), Acinetobacter
(3), Sutterella (1), Neisseria (2), Fusobacterium
(3), Verrucomicrobium (1), Akkermansia (1)
Total genera amount: ∼400
Total species amount: ∼400–500

Duodenum

Large intestine
Colon

Rectum

Peptoniphilus (4), Eubacterium (6), Pelotomaculum
(1), Acetivibrio (1), Mobiluncus (1), Lawsonia (1),
Caulobacter (1), Epulopiscium (1), Anaerostipes
(2), Ruminococcus (7), Thermoanaerobacterium
(1), Blautia (2), Butyrivibrio (1), Coprococcus
(3), Dorea (2), Roseburia (3), Oscillibacter (1),
Peptostreptococcus (2), Pseudoflavonifractor
(1), Anaerotruncus (1), Faecalibacterium (3),
Coprobacillus (2), Holdemania (1), Solobacterium
(1), Turicibacter (2), Acidaminococcus (3),
Phascolarctobacterium (1), Centipeda (1), Dialister
(1), Megasphaera (3), Mitsuokella (1), Selenomonas
(4), Veillonella (5), Fusobacterium (7), Acidovorax
(1), Comamonas (1), Oxalobacter (2), Parasutterella
(1), Sutterella (1), Bilophila (1), Desulfovibrio (3),
Campylobacter (5), Helicobacter (1), Aeromonas
(4), Succinatimonas (1), Gardnerella (1), Grimontia
(1), Subdoligranulum (1), Anaerofustis (1),
Anaerobaculum (1), Xenorhabdus (1), Ralstonia (1),
Shuttleworthia (1), Oribacterium (3), Citrobacter
(4), Cronobacter (2), Enterobacter (9), Escherichia
(10), Klebsiella (4), Proteus (2), Providencia (4),
Salmonella (2), Shigella (5), Actinobacillus (3),
Aggregatibacter (3), Basfia (1), Haemophilus (8),
Histophilus (1), Mannheimia (1), Pasteurella (2),
Treponema (1), Pyramidobacter (1), Akkermansia
(1), Victivallis (1), Gemella (1), Mycobacterium
(2), Laribacter (1), Corynebacterium (4),
Granulicatella (1), Cardiobacterium (1),
Leptotrichia (2), Marvinbryantia (1), Eikenella (1),
Dysgonomonas (1), Bartonella (1), Arcobacter
(1), Ureaplasma (1), Brucella (1), Pelobacter (2)
Total genera amount: ∼400
Total species amount: ∼400–500

Cecum

Data from Jandhyala et al. (2015), Gibbons and Houte (1975), Proano et al. (1990), Camilleri et al.(1989), Pei et al. (2004), Bik et al. (2006), Kroes et al. (1999), Dewhirst et al. (2010), Fujio-Vejar et al. (2017), Dethlefsen et al.
(2006), Berg (1996),Booijink et al (2007), Li et al. (2014), Wang et al. (2005), Stearns et al. (2011), Zoetendal et al. (2012), Li et al. (2015), Li et al (2018), eHOMD (http://www.homd.org/) and NIH Human Microbiome Project
(https://www.hmpdacc.org/hmp/).

Esophagus

Oral cavity

Table 14. The fundamental physicochemical condition and bacterial diversity in different segments of the digestive tract - (continued)
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Figure 6. Microbial metablism of resveratrol and corresponding enterohepatic/enteroenteric circulation.

(e.g., about 90 and 52% of the total absorbed chrysin and quercetin, respectively, were transported back to intestinal lumen as
mono-/multiple-conjugates and/or non-conjugates). The form of
effluent phenolics varies significantly according to the specific
phenolic structures, such as the discrepancy between quercetin
(effluent fraction contains 33% quercetin, 43% quercetin glucuronidates, and methoxylated quercetin glucuronidates, and 24%
quercetin sulfates) and catechin (effluent fraction is all the original catechin) (Donovan et al., 2001). Then the rest of metabolites
(about 14.3% for quercetin) and original phenolics (aglycones or
glycosides) arrive at the liver through portal vein before the next
stags that deliver them in systemic circulation or directly enter into
systemic circulation with lymph (Crespy et al., 1999; Galijatovic
et al., 1999; Walle et al., 1999).
3.3. Phase II metabolism in hepatocytes
In the hepatocytes, the original phenolic and enterocytes metabolites are further metabolized via deglucuronidation as well as glucuronidation, sulfation, methylation, glycination, and phase I metabolism. According to Day et al. (2000a) and O’Leary et al. (2003),
the dominant quercetin metabolites from enterocytes, quercetin
7-O-glucuronides, and 3-O-glucuronides, enter into the liver
where these glucuronides would simultaneously be methylated by
COMT and deglucuronidated by β-deglucuronidase. The original
aglycones and aglycone hydrolyzed from quercetin glucuronides
may be glucuronidated or re-glucuronidated to 3′/4′/5/3/7-O-glucuronides (the affinity of UDP-glucuronosyltransferase of quercetin hydroxyl groups followed the order 4′- > 3′- > 7- > 3-, although
the maximum rate of formation was for the 7-position, followed by
the 3′-position). Presently, there is no study to verify whether the
cycle of glucuronidation and deglucuronidation is involved.
The methylation and sulfation happen at 3′/4′ (mainly 3′-)-position and 3′/4′/7-position (mainly), respectively (O’Leary et al.,
2003). A similar conjugating situation was found in catechin metabolism (Donovan et al., 2001). Finally, a large percentage of these
phenolic metabolites produced or transited by the liver is secreted

through the bile duct into the upper part of the duodenum and proceed to enterohepatic recirculation. For example, about 40% of the
absorbed apigenin was excreted in bile fluid as conjugates (mainly
3′-O-methylated glucuronides) (Cai et al., 2007). The left-over in
the liver will flow into the rest of the body with blood; for quercetin, the major forms in systematic circulation are 3′-O-methyl
glucuronyl sulfate (91.5%), followed by glucuronides and methoxylated glucuronides of quercetin (8.5%) (Morand et al., 1998).
As for quercetin-4′-glucoside, methylquercetin glucuronyl sulfates
are major metabolites in the blood and quercetin diglucuronides
are the major metabolites in the gut, liver, and kidney (Graf et al.,
2005). For catechin, the main plasma metabolites are glucuronide,
methyl, and 3′-O-methyl glucuronides, followed by sulfates (Donovan et al., 2001). No matter in enterocytes or hepatocytes, sulfation, methylation, and glucuronidation proceed fully and it could
theoretically produce 7 categories of phenolic metabolites including methylquercetin, quercetin sulfate, methylquercetin sulfate,
quercetin glucuronidate, methylquercetin glucuronides, quercetin
glucuronyl sulfates, and methylquercetin glucuronyl sulfates.
3.4. Phase II enzymatic kinetics
Cai et al. (2007) found that the formation rate of apigenin glucuronidation was much faster in both human and mouse liver microsomes than that of its sulfation. However, the sulfate products were
the main metabolites recovered in normal mammalian metabolism
(Jakoby, 2012). As an example, sulfate conjugation of low-dose
chrysin occurred at a rate twice that of glucuronic acid conjugation
in both Caco-2 and HepG2 cell lines (Galijatovic et al., 1999). The
explanation is that the expression of SULTs was much lower than
UGTs, at low doses of xenobiotic; sulfate conjugates are predominant products. However, when phenolics were ingested in high
quantity, the relatively lower amount of SULTs and high substrate
dose resulted in a rapid saturation of SULTs. Thus phenolics have
to be catalyzed by UGTs, which actually leads to greater production of glucuronidates (Gradolatto et al., 2004). Similarly, even if
COMT shows a similar catalytic rate compared to that of SULTs
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Rat feces

—

—
—

—

—
Clostridium scindens,
Eubacterium desmolans

—

Pig caecum

Pig caecum,
rat feces,
human feces

Pig caecum

Pig caecum
Pig caecum

—
p-hydroxyphenylacetate
decarboxylase

Rat feces

—
Clostridium orbiscindens,
Clostridium difficile,
Lactobacillus spp.
—

—

Human feces,
rat feces

β-D-glucosidase βL-rhamnosidase

—

Pig caecum,
human feces,
rat feces

—

Eubacterium oxidoreducens,
Clostridium orbiscindens,
Eubacterium ramulus,
Enterococcus gilvus,
Stretococcus lutetiensis,
Escherichia coli, Lactobacillus
acidophilus, Weissella
confusa, Clostridium
perfringens, Bacteroides
fragilis, Butyrivibrio spp.
Baceroides distasonis,
Bacteroides uniformis,
Bacteroides ovatuis, Bacillus
sp. 52, Bacteroides sp. 45,
42, 22, Veillonella sp. 32,
Eubacterium ramulus

3,4-Dihydroxytoluene,
3-(3,4-dihydroxyphenyl)propionic
acid, 3-(3-hydroxyphenyl)propionic
acid, 3,4-dihydroxyphenylacetic
acid, p-hydroxyphenylacetic
acid, o-hydroxyphenylacetic
acid, m-hydroxyphenylacetic
acid, protocatechuic acid, phydroxybenzoic acid, phloroglucinol,

Hydrogenated rutin, quercetin3-glucoside, leucocyanidin,
5,7,3,4-tetrahydroxy flavonone,
3-(3,4-dihydroxyphenyl)propionic
acid, 3,4-dihydroxyphenylacetic
acid, 3-hydroxyphenylacetic acid,
4-hydroxyphenylacetic acid,
phenylacetic acid, protocatechuic
acid, p-hydroxybenzoic
acid, phloroglucinol
Phenylacetic acid,
3,4-dihydroxyphenylacetic acid,
3-(2,4-dihydroxyphenyl)propionic acid
Phloroglucinol, phenylacetic acid
Phloroglucinol, 4-hydroxyphenylacetic
acid, 4-hydroxytoluene

Sources

Known enzymes

Known bacteria

Catabolites

Kaempferol rutinoside Phenylacetic acid, ohydroxyphenylacetic acid,
p-hydroxybenzoic acid
Flavonones
Hesperetin
Eriodictyol, 3-(3-hydroxyphenyl)
propionic acid, phloroglucinol
Naringenin
3-(2,4-Dihydroxyphenyl)propionic
acid, 3-(4-hydroxyphenyl)
propionic acid, 3-phenylpropionic
acid, phenylacetic acid, phydroxyphenylacetic acid,
o-hydroxyphenylacetic acid,
protocatechuic acid,
Flavone
Chrysin
—

Galangin
Kaempferol

Myricetin

Rutin and quercetin
rhamnoside

Phenolic category
Flavonols
Quercetin

Table 15. Overall catabolites of the dietary phenolics by gut microbiota

Labib et al. (2006)

Labib et al. (2004),
Serra et al. (2012),
Selma et al. (2009).

Labib et al. (2004)

Serra et al. (2012)

Labib et al. (2006)
Labib et al. (2006)

Serra et al. (2012),

Yang et al. (2012),
Serra et al. (2012).

Zhang et al. (2014),
Labib et al. (2004),
Labib et al. (2006),
Rechner et al. (2004),
Serra et al. (2012).

Citations

Bioaccessibility and bioavailability of phenolic compounds
Shahidi et al.
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Epigallocatechin

Flavanols
Catechin/epicatechin

Genistein

Isoflavonols
Daidzein

Hispidulin

Apigenin

Luteolin

Phenolic category
Tangeretin

4-Hydroxyphenylacetic acid,
3-(3′-hydroxyphenyl)propionic acid,
5-(3′,4′-dihydroxyphenyl)-γ-valeric
acid, 5-(3′,4′-dihydroxyphenyl)γ-valerolactone, 5-phenyl-γvalerolactone, phenylpropionic acid
4-Hydroxyphenylacetic acid,
5-(3′,4′,5′-trihydroxyphenyl)γ-valerolactone,
4-hydroxyphenylacetic acid

Dihydrogenistein, 5-hydroxy-equol,
6′-hydroxy-O-desmethylangolensin

Dihydrodaidzein, equol,
O-desmethylangolensin

Catabolites
4′,6,7-Trihydroxy-5,8dimethoxyflavone, 4′,7-dihydroxy5,6,8-trimethoxyflavone,
4′,6-dihydroxy-5,7,8trimethoxyflavone, 4′-hydroxy5,6,7,8-tetramethoxyflavone,
6-hydroxy-4′,5,7,8tetramethoxyflavone, 5,6-dihydroxy4′,7,8-trimethoxyflavone
3-(3,4-Dihydroxyphenyl)propionic
acid, 3-(3-hydroxyphenyl)propionic acid
3-Phenylpropionic acid,
3-(4-hydroxyphenyl)-propionic acid,
3-(4-hydroxyphenyl)-propionic acid
3-(4-Hydroxyphenyl)propionic
acid, scutellarein

—

Clostridium coccoides
and Eubacterium
rectale co-cultured

Adlercreutzia equolifaciens,
Slackia isoflavoniconvertens,
Slackia equolifaciens,
Lactococcus garvieae,
Bacteroide ovatus spp.,
Streptococcus intermedius
spp., Ruminococcus productus,
SNU-Julong 732 (AY310748),
Enterococcus faecium EPI1,
Lactobacillus mucosae EPI2,
Finegoldia magna EPI3,
and Veillonella spp. EP
Slackia isoflavoniconvertens,
Slackia equolifaciens,
Enterorhabdus mucosicola

—

—

—

Known bacteria
—

Table 15. Overall catabolites of the dietary phenolics by gut microbiota - (continued)

—

—

—

—

demethylase

—

—

Known enzymes
demethylase

Human gut,
human feces,
human urine

Human gut,
human urine,
human feces

Rat gut

Rat gut

Pig caecum

Pig caecum

Rat feces, pig
caecum

Sources
Rat gut

Roowi et al. (2009)

Roowi et al. (2009),
Tzounis et al. (2008).

Matthies et al. (2011)

Matthies et al. (2011),
Selma et al. (2009).

Labib et al. (2006)

Labib et al. (2006)

Serra et al. (2012),
Labib et al. (2006).

Citations
Nielsen et al. (2000)
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Ferulic acid, caffeic acid, quinic acid,
dihydroferulic acid, dihydrocaffeic
acid, 3-(3′,4′-dihydroxyphenyl)
propionic acid, 3-(3′-hydroxyphenyl)
propionic acid, 3-(4′-hydroxyphenyl)
propionic acid, 3,4-dihydroxybenzoic
acid, phenylacetic acid,
benzoic acid, 3-hydroxybenzoic
acid, 3′-hydroxyphenylacetic
acid, 4-hydroxybenzoic acid,
3-phenylpropionic acid,
Catechol

Pyrogallol, phloroglucinol, resorcinol

Catabolites
Pyrocatechol, pyrogallol,
4-hydroxyphenylacetic acid,
5-(3′,4′,5′-trihydroxyphenyl)-γvalerolactone, 4-hydroxybenzoic acid
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Tannins
Punicalagin

Ferulic acid

p-Coumaric acid,
caffeic acid

Ellagic acid, gallic acid, urolithin
C, urolithin A, isourolithin A

4-Vinyl phenol, 3-(4′-hydroxyphenyl)
propionic acid, 3-phenylpropionic
acid, phenylacetic acid, 4-ethyl phenol
4-Vinylguaiacol, dihydroferulic
acid, 4-ethylguaiacol,
vanillin, vanillyl alcohol

Vanillic acid
2-Methoxyphenol
2/3/4-Hydroxybenzoic Phenol
acid
Dihydroxybenzoic acid Dihydroxybenzene

Protocatechuic acid

Chlorogenic acid,
feruloyquinic acid

Phenolic acids
Gallic acid

Phenolic category
Epigallocatechin3-O-gallate

—

Lactobacillus plantarum,
Bacillus subtilis, Enterobacter
cloacae strain DG-6
Lactobacillus collinoides,
Lactobacillus plantarum,
Oenococcus oeni, Lactobacillus
brevis, Pediococcus
damnosus, Bacillus coagulans,
Saccharomyces cerevisiae
(yeast), Brettanomyces
anomalus (yeast)

Klebsiella aerogenes,
Clostridium sp. with a
Campylobacter sp. co-cultured

Klebsiella aerogenes,
Lactobacillus plantarum
Bacillus subtilis
Bacillus subtilis

—

Klebsiella aerogenes,
Pelobacter massiliensis,
Eubacterium oxidoreducens

Known bacteria
—

Table 15. Overall catabolites of the dietary phenolics by gut microbiota - (continued)

—

Decarboxylase, putative
phenolic acid reductase
or vinyl phenol reductase
Phenolic acid
decarboxylase, phenolic
acid reductase, acid
phenol reductase

3,4-Dihydroxybenzoate
decarboxylase
Vanillate decarboxylase
4-Hydroxybenzoate
decarboxylase
Decarboxylase

Decarboxylase,
transhydroxylase
(pyrogallol-phloroglucinol
isomerase)
—

Known enzymes
—

Grant and Patel (1969),
Kluge et al. (1990).
Human gut,
Human gut
(Clostridium)
and chicken gut
(Campylobacter)
Yogurt, fruit,
human gut

Human feces

González-Barrio
et al. (2011b)

Barthelmebs et al.
(2000), Young and
Frazer (1987).
Yogurt, fruit,
Knockaert et al. (2012),
human gut, wine Bloem et al. (2007).

Grant and Patel (1969),
Landete et al. (2008).
Lupa et al. (2008)
Lupa et al. (2008)

Rechner et al. (2004),
Ludwig et al. (2013).

Grant and Patel (1969),
Heider and Fuchs
(1997), Fuchs (2008).

Citations
Roowi et al. (2009)

Yogurt, fruit,
human gut
Human gut
Human gut

Human feces

Human gut

Sources
Human gut,
human feces,
human urine

Bioaccessibility and bioavailability of phenolic compounds
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4-Hydroxybenzoic acid

Syringic acid

Pelargonidin

Malvidin

—

—

—

—

Human gut

Human gut

Human gut

Yogurt, human
gut, human
feces

β-glycosidase

Bifidobacterium lactis
BB-12, Lactobacillus
plantarum, IFPL722,
Lactobacillus casei LC-01
—

—

Yogurt, human
gut, human
feces, rat gut

β-glycosidase

Bifidobacterium lactis BB-12,
Lactobacillus plantarum,
Lactobacillus casei,

Vanillic acid

Human feces,
human gut,
rat gut

α,L-rhamnosidase,
β,D-glycosidase

—

Cyanidin, protocatechuic acid,
protocatechuic acid glucoside,
vanillic acid, 4-coumaric acid,
2,4,6-trihydroxybenzaldehyde,
caffeic acid, hydroxybenzoic
acid, catechol, tartaric acid
Gallic acid, 2,5-dihydroxyphenylacetic
acid, 4-coumaric acid, sinapic acid,
2,4,6-trihydroxybenzaldehyde,
4-hydroxybenzoic acid, pyrogallol
Syringic acid, gallic acid,
2,5-dihydroxyphenylacetic acid,
4-coumaric acid, sinapic acid

Peonidin

Malvidin-3-glucoside

Delphinidin-3glucoside, delphinidin
rutinoside

Human feces

deglycosidase,
demethylase,
dehydroxylase

Butyribacterium,
methylotrophicum,
Eubacterium callanderi,
Eubacterium limosum,
Peptostreptococcus
productus, Clostridium
scindens, Eggerthella lenta

Lariciresinol, secoisolariciresinol,
8-hydroxypinoresinol, 2,3-bis(3,4dihydroxybenzyl)butene-1,4
diol, sesamol, seco, enterodiol,
enterolactone, 2,3-bis(3,4dihydroxybenzyl)butyrolactone

Human feces

Goat feces

—

—

Sources
Human feces

tannase

Known enzymes
—

Known bacteria
—

Enterococcus faecalis

2-(4′-Hydroxyphenyl)acetic
acid, 3-phenylpropionic acid,
2-(3′-hydroxyphenyl)acetic acid,
3-(4′-hydroxyphenyl)propionic acid,
5-(3′-hydroxyphenyl)valeric acid,
3-(3′-hydroxyphenyl)propionic acid
Gallic acid, pyrogallol, resorcinol

Proanthocyanidin

Tannic acid
Lignans
Secoisolariciresinol
diglucoside,
pinoresinol
diglucoside,
pinoresinol,
medioresinol,
syringaresinol,
sesamin
Anthocyanidins
Cyanidin-3-glucoside,
cyanidin-3-rutinoside

Catabolites
Urolithin C, urolithin A, urolithin B

Phenolic category
Ellagic acid

Table 15. Overall catabolites of the dietary phenolics by gut microbiota - (continued)

Williamson and
Clifford (2010)
Williamson and
Clifford (2010)
Williamson and
Clifford (2010)

Flores et al. (2015),
Ávila et al. (2009).

Flores et al. (2015),
Ávila et al. (2009).

Aura et al. (2005),
Flores et al. (2015),
Chen et al. (2017).

Heinonen et al. (2001),
Gaya et al. (2016),
Xie et al. (2003),
Clavel et al. (2006).

Goel et al. (2011)

Citations
González-Barrio
et al. (2011b)
Déprez et al. (2000)
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Quinic acid

Coumarin

Oleuropein

Others
Curcumin

Chalcone
Neohesperidin
dihydrochalcone

Phenolic category
Cyanidin

Dihydrocoumarin,
2-hydroxyphenylpropionic acid,
2-hydroxyphenylacetic acid
Protocatechuic acid, catechol

Tetrahydrocurcumin,
demethoxycurcumin,
bisdemethoxycurcumin,
dihydroferulic acid, 1-(4-hydroxy3-methoxyphenyl)-2-propanol,
bis-hydroxylated demethyl
dihydrocurcumin, methylated
tetrahydrocurcumin, hydroxylated
and demethylated dihydrocurcumin,
3,5-tetrahydropyrandione
derivative, dehydroxyl demethyl
3,5-tetrahydropyrandione
derivative, hexahydrocurcumin
Hydroxytyrosol

Hesperetin dihydrochalcone
4′-β-d-glucoside, hesperetin
dihydrochalcone, 3-(3-hydroxy4-methoxyphenyl)propionic
acid, 3-(3,4-dihydroxyphenyl)
propionic acid, phloroglucinol

Catabolites
Protocatechuic acid, caffeic acid,
3-(3′,4′-hydroxyphenyl)propionic
acid, 3-(3′-hydroxyphenyl)propionic
acid, 3-(4′-hydroxyphenyl)propionic
acid, 3′,4′-dihydroxyphenylacetic
acid, 4′-hydroxyphenylacetic
acid, 3,4-dihydroxybenzoic acid,
pyrogallol, catechol, resorcinol,

—

—

—
—

β-glucosidase, esterase

NADPH-dependent
curcumin/
dihydrocurcumin
reductase

β-glucosidase,
phloretin hydrolase

Known enzymes
—

Lactobacillus plantarum

Escherichia coli., Bacillus
megaterium DCMB-002,
Bifidobacterium longum
BB536, Bifidobacterium
pseudocatenulatum G4,
Lactobacillus acidophilus,
Lactobacillus casei shirota,
Enterococcus faecalis JCM
5803, Escherichia coli K-12

Eubacterium ramulus,
Clostridium orbiscindens

Known bacteria
Lactobacillus plantarum
GIM 1.35, Streptococcus
thermophiles GIM 1.321,

Table 15. Overall catabolites of the dietary phenolics by gut microbiota - (continued)

Olive brines,
could be found
in human gut
Rat feces,
rat caecal,
rabbit feces
Rat gut

Human feces,
mice feces

Human gut

Sources
Yogurt, human
gut, human
feces

Scheline (1968a)

Landete et al.
(2008), Marsilio and
Lanza (1998).
Scheline (1968b)

Tan et al. (2015),
Hassaninasab et al.
(2011), An et al. (2017),
Ireson et al. (2002).

Braune et al. (2005)

Citations
Williamson and
Clifford (2010),
Cheng et al. (2016)
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overall (Tables 11, 12), the lower expression of COMT might limit
the yield of methyl conjugates. Furthermore, the substitution sites
of sulfation (3′/4′/7) and methylation (3′/4′) are more similar than
those of glucuronidation (7/5/3/3′/4′). Thus all these factors might
demonstrate the phenomenon that the percentage of phenolic glucuronidates is always the highest among phase II metabolites when
high-dose phenolics is administrated. In in vivo metabolism, dozens of these known enzymes may catalyze phenolics in a competitive and random way rather than in the fixed steps even if they have
discrepancies in both total amount and reaction rate. This results in
metabolites produced in diversified conjugated position and to different extent, and thus much more metabolites are generated than
proposed above (Fig. 3) (Crespy et al., 1999; Graf et al., 2005;
Morand et al., 1998). The specific species of metabolites and the
extent of metabolism are distinct, depending on enzymatic distribution and expression level in different tissues, along with respective phenolic-enzyme affinity (Table 13, Fig. 3–5). More selectivity and reaction orders of different flavonoids in glucuronidation
have appeared elsewhere (Wong et al., 2009).
When phenolics are orally administrated as drugs, before arriving into targeted sites, the activity and amount decline caused by
metabolic modification and subsequent efflux in the intestine and
liver, known as the first-pass metabolism. During enterohepatic
and enteroenteric recirculation, some of the reabsorbed phenolics
will enter into the whole circular system, but most of them would
still be passed to the large intestine with unabsorbed and bound
phenolics. Consequently, the poor digestibility, absorbability, efficient biotransformation, and efflux mechanism yield a considerable amount of phenolics to be fermented by the colon microorganism.
4. Colonic fermentation
After digestion and absorption in the small intestine, the rest of
the chyme consists of undecomposable residues, unabsorbed
soluble ingredients, and enterohepatic/enteroenteric circulation
fractions that are passed to the lower intestinal tract and finally
proceed to colonic anaerobic fermentation. Compared with the
proximal digestive tracts, the colon possesses the highest microorganisms population at a density of 1012 organisms per gram of
luminal content, which is involved in maintaining of host’s intestinal homeostasis and a relatively longer stay duration (50–90%
of the total digestion duration), thus acting as the major site for
food residue fermentation by gut microorganism (Table 14). These
colonic microorganisms are mainly the anaerobic bacteria which
consist of more than 500 species and about 100 phyla including
Firmicutes (65.7% of 19,548 classified sequences), Bacteroidetes
(16.3%), Proteobacteria (8.8%), Actinobacteria (4.7%) and Verrucomicrobia (2.2%) (Garrett et al., 2010; Hidalgo et al., 2012;
Ley et al., 2008). However, when using all the specific body of
data for one group or one species it at best is providing an excellent
generalization rather than a strict answer. No matter in any segments of the digestive tract, inter-individual and intra-individual
variations in microbial quantity and diversity are significant due to
different age, race, gender, health condition, medication usage, dietary habit, and environmental microbiome, most of which have to
be individually described and still need to be further investigated
(Costello et al., 2009; Cotillard et al., 2013; Xu and Knight, 2015).
Literally, gut bacteria and their host mutually benefit from one another; bacteria achieve culture medium and produce/liberate the
bioactive substances to the host at the same time. These bioactive products may bind to food matrices and are subsequently hy-

drolyzed into free micro-molecules (from bound phenolics to free
phenolics, from complex phenolics to simple phenolic acids), or
originate from fundamental nutrients but further be metabolized
and converted into bioactive compounds (from carbohydrates/protein/fatty acids to short-chain fatty acids and vitamins B/K) (Ramakrishna, 2013). Generally, dietary phenolics flowing into colon
mainly exist in the bound or conjugated forms. Therefore, the most
common step of phenolic degradation process is deconjugation
such as demethylation of ferulic acid, deglucuronidation of quercetin 3-O-glucuronic acid and deglycosylation of quercetin 3-O-glucoside. By the way, the oral cavity also contains a trace amount of
deglycosylation products of flavonoids due to the action of the oral
microbes (Walle, 2004). The disassociation of C–C/C–O bonds between phenolic oligomers/polysaccharides and phenolic terminal
thereof contributes to the exposure of free phenolics and sugars in
the colon and provide the carbon source for bacterial consumption
(Mosele et al., 2015; Shahidi and Yeo, 2016). Along with deconjugation, the similar conjugation types of phase II metabolism,
sulfation and methylation were also proposed to occur in the opposite direction as the first step of phenolic catabolism because the
sulfated and methylated catabolites are detected in the in vitro test,
even though the earlier study denied the possibility of methylation
by gut bacteria (Aura et al., 2002; Kim et al., 1992; Yang et al.,
2012). Of course, in the in vivo test instead, these conjugates are
most likely re-synthesized through the colonic reabsorption and in
vivo metabolism and subsequently secreted into intestinal lumen
during enteroenteric and enterohepatic circulation (Fig. 6).
In the same manner as phenolic absorption in the small intestine, the newly released free phenolics and unabsorbed free phenolics of upper tracts could be absorbed by colonic enterocytes and
metabolized through the phase I and II routines, as was explained
in the previous section on metabolism. In parallel, upon anaerobic fermentation of released monomers such as glucose, amino
acids, and fatty acids, phenolic aglycones in the colon may further be bio-converted through multiple-enzyme effects and finally
transformed to simpler phenolics. These decomposed products
generally present as (but not limited to) hydroxyphenylpropionic
acid, hydroxyphenylacetic acid, dihydroxybenzene, benzoic acid,
hydroxybenzoic acid, trihydroxybenzaldehyde, catechol and their
derivatives (Table 15). The in vivo metabolism and gut catabolism
usually process sequentially on the same catabolite, such as hydroxyhippuric acid, 3-(4′-hydroxyphenyl)lactic acid, glucuronyldihydroresveratrol sulfate and 3′-methoxy-4′-hydroxyphenylacetic
acid are the products subjected to glycination, hydroxylation,
glucuronidation/sulfation and methylation from hydroxybenzoic
acid, 3-(4′-hydroxyphenyl)propionic acid, dihydroresveratrol, and
3′,4′-dihydroxyphenylacetic acid, respectively (González-Barrio et
al., 2011b; Rotches-Ribalta et al., 2012a). Thus, the final absorbed
phenolics are not only the orally administrated phenolics and their
in vivo metabolites, but also their gut catabolites and the in vivo
metabolites of absorbed catabolites. To a great extent, postprandial
long-term bioaccessibility of phenolics is affected by these converted metabolites in the colon. The classical pharmacokinetics,
therefore, cannot thoroughly quantify the phenolic bioavailability, namely the in vivo bioavailability of phenolics defined by the
concentration of native phenolics and their conjugated metabolites
without considering absorbed colonic catabolites is less than the
actual value. To be more specific, bioaccessibility of resveratrol
ranged from 36.3 to 84.9% within 24 hours, herein, 8.1–62.7%
of absorbed resveratrol were in the form of microbial metabolites
including dihydroresveratrol, 3,4′-dihydroxy-trans-stilbene and
lunularin (Bode et al., 2013). The postprandial short-term bioaccessibility of ellagitannins is zero until being slightly metabolized
into urolithin C/D starting by the jejunum bacteria, followed by
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Figure 7. Microbial metabolism of ellagitannin.

massive dehydroxylation into urolithin A/B/C/D in the colon (Fig.
7) (Gaya et al., 2016).
Meanwhile, the bioactivity of the new metabolites is significantly distinct from their precursors. Gakh et al. (2010) found that
dihydroresveratrol, the microbial product of resveratrol, could promote proliferation of MCF-7 cell line at picomolar-range concentration but not by its parental compound. Forester and Waterhouse
(2010) demonstrated that gallic acid, 3-O-methylgallic acid, and
2,4,6-trihydroxybenzaldehyde are more effective in reducing the
proliferation of Caco-2 than their precursor anthocyanins. Setchel
et al. (2002) also reported that equol showed a greater antioxidant
activity and higher affinity (10–80 times) to the estrogen receptor α
and β than the corresponding native isoflavones. As well, Monagas
et al. (2009) showed that the most common catabolites from flavonoids, 3,4-dihydroxyphenylpropionic acid, and 3,4-dihydroxyphenylacetic acid, could inhibit 85–98% production of cytokines
(TNF-α, IL-1β, and IL-6) in lipopolysaccharide (LPS)-stimulated
peripheral blood mononuclear cells. On the other hand, the bacterial transformation may result in the loss of native bioactivities,
such as desmethylangolensin, another product of daidzein, has no
human estrogen-like effect (De Boever et al., 2000). More health
effects including inhibition of tumor, mutation, inflammation, oxidative stress, hormone level, blood sugar level and various gut diseases exerted by phenolic gut catabolites in chemical and cellular
level has already been reviewed (Aura, 2008; Chiou et al., 2014;
Monagas et al., 2010; Tuohy et al., 2012).
In anaerobic degradation of phenolic aglycones, there are two
main purposes for gut microbe to modify the side chains and heterocyclic ring of phenolics; the first is to achieve the carbon source
and energy to survive, the second is to decrease the original toxicity of phenolics themselves (Mosele et al., 2015). Oleuropein
and protocatechuic acid, for instance, could inhibit the growth of
Lactobacillus plantarum, but their catabolites including hydroxytyrosol, elenoic acid, and catechol transformed by Lactobacillus plantarum have no inhibitory effect anymore (Landete et al.,
2008). On the other hand, two colonic obligate anaerobic bacteria
Bacteroides iuniformis and Bacteroides ovatuis can only utilize
the sugar moiety of flavonoid glycosides and produce aglycones
without any further catabolism (Winter et al., 1989). More interestingly, Butyvriiibrio spp. could catabolize quercetin glycosides
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into simpler phenolic acids but exerts no catabolic capacity when
there is no sugar moiety on aglycone, while Eubacterium oxidoreducens works on both quercetin glycosides and aglycones (Table
16) (Winter et al., 1989). From another point of view, these bacteria with their unique characters could collaboratively decompose
dietary phenolics. For example, the Bacteroides spp., one of the
most common and large-quantity gut flora, hydrolyze flavonoids
glycosides, followed by aglycones’ decomposition by Clostridium
orbiscindens, Butyrivibrio sp. C3, and Eubacterium oxidoreducens. Other gut bacteria involved in phenolic catabolism are given
in Table 15 and also appear in several reviews (Aura, 2008; Braune
and Blaut, 2016; Selma et al., 2009). Obviously, distinct principal
skeletons of aglycones would be disposed by different enzymes
and result in various metabolism pattern. Besides, as already mentioned, the inter-individual variation results in a huge variety in
species of individual gut flora and also contributes to a potential
difference of the catabolism pattern on the same phenolics. Gross
et al. (2010) reported the differences of tea catabolism by the gut
flora of 10 feces donors, the catabolites gallic acid and pyrogallol
of tea polyphenols ranged from 0.05 to 0.82 mM at 8th hour and
0 to 0.25 mM at 70th hour, respectively. After 72 hours in vitro fecal incubation of the red wine/grape juice phenolics, the catabolic
intermediates (3-hydroxyphenylacetic acid and phloroglucinol)
were absent in several donors’ feces sample but were abundantly
present within other incubations. In the study of in vitro human
fecal incubation of ellagic acid, the catabolites consisting of urolithin A, isourolithin A, and urolithin C were formed in most of
the incubations, exceptionally, one of them could also produce
urolithin B (González-Barrio et al., 2011a). Apart from the interindividual variation, intra-individual condition altering including
aging, stress, disease and dietary habit also ignites the qualitative
and quantitative change of gut flora and corresponding phenolic
catabolism. Thus, inter-/intra-individual variation in gut phenolic
biotransformation significantly affects phenolic bioavailability and
potential bioactivity.
Overall, the principal reactions of phenolic aglycones may include hydrolysis, reduction, and oxidation. In terms of phenolic
biotransformation, these reactions could be divided into peripheral and central aromatic metabolism. The peripheral metabolism
contains heterocyclic-ring cleavage, de-esterification, de-etherifi-
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Desmolase (β-glycosidase)
β-Glucosidase

Quercetin,
3,4-dihydroxybenzaldehyde
(ring B),
3,4-dihydroxyphenylacetic acid
(ring B), phloroglucinol (ring
A), butyrate, acetate, lactate
Kaempferol
Hesperetin dihydrochalcone

3-(3-Hydroxy-4methoxyphenyl)propionic acid
—
4-Hydroxyphenylacetic
acid (ring B), 3,
4-dihydroxyphenylacetic acid
(ring B), phloroglucinol (ring A)

Quercetin glucoside

Robinin

Hesperetin
dihydrochalcone
4′-β-d-glucoside

Hesperetin
dihydrochalcone

Kaempferol, quercetin

phloretin hydrolase

4-Hydroxyphenylacetic acid
—
(ring B), phloroglucinol (ring A)

β-Glucuronidases

—

Glycosidases

β-Glucosidase, β-rhamnosidase

Naringenin

Quercetin glucuronidates Quercetin

4-Hydroxyphenylacetic
acid (ring B), 3,
4-dihydroxyphenylacetic
acid (ring B),
3,4-dihydroxybenzaldehyde
(ring B), phloroglucinol
(ring A), CO2

Quercetin

Rutin, quercitrin

Quercetin

Products
Quercetin

Precursors

Quercetin glucoside
and rutin

Table 16. The single catabolic step with specific enzymes and bacteria

Species

Clostridium orbiscindens,
Butyrivibrio sp. C3,
Eubacterium oxidoreducens

Eubacterium ramulus,
Clostridium orbiscindens

Eubacterium ramulus

Human feces

Human gut

Human gut

Human gut

Human feces,
bovine rumen

Eubacterium ramulus,
Butyrivibrio sp. C3,
Eubacterium oxidoreducens

Bacteroides distasonis

Human gut,
bovine rumen

Human feces

Human gut,
bovine rumen

Winter et al. (1991),
Schneider et al. (1999).

Braune et al. (2005)

Braune et al. (2005)

Winter et al. (1989)

Schneider et al. (1999)

Cheng et al. (1971)

Aura et al. (2002)

Cheng et al. (1969)

Cheng et al. (1969)

Human feces

Human gut,
bovine rumen

Citation
Aura et al. (2002),
Rechner et al. (2004),
Schneider et al. (1999)

Source

Butyrivibrio sp. C3

Butyrivibrio sp. C3

Butyrivibrio sp. C3

Bacteroides distasonis,
Bacteroides uniformis,
Bacteroides ovatus,
Enterococcus casseliflavus,
Bacteroides JY-6,
Enterococcus faecium,
Selenomonas ruminatium,
Butyrivibrio fibrisolvens
D1, Peptostreptococcus
sp. B178, Coprococcus sp.
P15, Streptococcus milleri

Shahidi et al.
Bioaccessibility and bioavailability of phenolic compounds

51

52
Products
Syringic acid, gallic acid (ring
B), 2,5-dihydroxyphenylacetic
acid (ring B), p-coumaric acid
(ring B), sinapic acid (ring B)
Syringic acid (ring B),
gallic acid (ring B),
2,5-dihydroxyphenylacetic
acid (ring B), p-coumaric acid
(ring B), sinapic acid (ring B)
Daidzein
Genistein
6,7,4′-Trihydroxyisoflavone
4-Hydroxytoluene
3,4-Dihydroxytoluene

Scutellarein,
6,7,4′-trihydroxyisoflavone,
genistein, daidzein
3-Phenylpropionic acid
4-Ethylphenol
3-(3-Hydroxyphenyl)
propionic acid
Benzoic acid, acetyl
group, CO2

Phenol
1,3-Dioxo-5-hydroxycyclohexane
1,3-Dioxo-5-hydroxycyclohexane, acetate, butyrate

Precursors

Malvidin glucoside

Delphinidin glucoside

Formononetin

Biochanin A

Glycitein

4-Hydroxyphenylacetic
acid

3,
4-Dihydroxyphenylacetic
acid

Hispidulin, glycitein,
biochanin A,
formononetin

3-(4′-Hydroxyphenyl)
propionic acid

3-(4′-Hydroxyphenyl)
propionic acid

3-(3′,4′-Dihydroxyphenyl)
propionic acid
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Hydroxybenzoic acid

Hydroxybenzoic acid

Phloroglucinol

Phloroglucinol

—

Phloroglucinol reductase

4-Hydroxybenzoate
decarboxylase

Hydroxybenzoyl-CoA
reductase, benzoyl-CoA
reductase, 2-hydroxyglutarylCoA dehydratase

Dehydroxylase

Decarboxylase

Dehydroxylase

Demethylase

p-Hydroxyphenylacetate
decarboxylase

p-Hydroxyphenylacetate
decarboxylase

Demethylase

Demethylase

Demethylase

—

—

Enzymes

Table 16. The single catabolic step with specific enzymes and bacteria - (continued)

Eubacterium oxidoreducens

Eubacterium ramulus

Human gut

Human gut

Rumen animals

Winter et al. (1989)

Schneider et al. (1999)

He and Wiegel (1995)

Ricaboni et al. (2017),
Schneider et al. (1999)

Human,
piglet gut
Acidaminococcus
fermentuns,
Eubacterium ramulus
Klebsiella pneumoniae

Labib et al. (2006)

Human feces
Escherichia coli and
Streptococcus faecalis var.
liquifaciens co-cultured

Labib et al. (2006)

Labib et al. (2006)

Labib et al. (2006)

Labib et al. (2006)

Hur and Rafii (2000)

Hur and Rafii (2000)

Hur and Rafii (2000)

Ávila et al. (2009)

Ávila et al. (2009)

Citation

Young and Frazer (1987)

Human feces

Pig caecum

Human gut

Swine feces

Human gut

Human gut

Human gut

Human feces

Source

—

—

—

Eubacterium limosum

Clostridium difficile

Clostridium difficile ATCC
9689, Lactobacillus spp.

Eubacterium limosum

Eubacterium limosum

Eubacterium limosum

Bifidobacterium lactis
BB-12, Lactobacillus
plantarum IFPL722,
Lactobacillus casei LC-01

Bifidobacterium lactis
BB-12, Lactobacillus
plantarum IFPL722,
Lactobacillus casei LC-01

Species

Bioaccessibility and bioavailability of phenolic compounds
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Enterolactone

2,3-Bis(3,4-dihydroxybenzyl)
butyrolactone
8-Prenylnaringenin
Catechol
2-Methoxyphenol
Phenol
resorcinol

Pyrogallol

2,3-Bis(3,4dihydroxybenzyl)
butene-1,4 diol

Isoxanthohumol

Protocatechuic acid

Vanillic acid

4-Hydroxybenzoic acid

2,4/6-Dihydroxybenzoic
acid

Gallic acid

2,3-Bis(3,4-dihydroxybenzyl)
butene-1,4 diol

Secoisolariciresinol

Enterodiol

Secoisolariciresinol

Secoisolariciresinol
diglucoside

Enterodiol

1,3-Cyclohexanedione

Resorcinol

2,3-Bis(3,4dihydroxybenzyl)
butene-1,4 diol

Products

Precursors
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Decarboxylase

Decarboxylase

4-Hydroxybenzoate
decarboxylase

Vanillate decarboxylase

3,4-Dihydroxybenzoate
decarboxylase

Demethylase

Dehydrogenase

Dehydrogenase

Dehydroxylase

Demethylase

Deglycosidase

Resorcinol reductase

Enzymes

Table 16. The single catabolic step with specific enzymes and bacteria - (continued)

Klebsiella aerogenes

Clostridium strain KN245
and Campylobacter
sp. Co-cultured

Bacillus subtilis

Bacillus subtilis

Klebsiella aerogenes

Eubacterium limosum

Strain ED-Mt61/PYG-s6

Grant and Patel (1969)

Young and Frazer (1987)
Sludge
(Clostridium
strain KN245),
Bird gut
(Campylobacter
sp.)
Human gut

Lupa et al. (2008)

Lupa et al. (2008)

Grant and Patel (1969)

Possemiers et al. (2005)

Clavel et al. (2006)

Human gut

Human gut

Human feces

Human feces

Human gut

Clavel et al. (2006)

Clavel et al. (2006)

Clavel et al. (2006)

Human gut

Human gut

Clavel et al. (2006)

Kluge et al. (1990)

Human gut
(Clostridium)
and chicken gut
(Campylobacter)
Human gut

Citation

Source

Clostridium amygdalinum,
Human gut
Clostridium saccharolyticum,
Strain ED-Mt61/PYG-s6

Clostridium scindens,
Eggerthella lenta,
Peptostreptococcus
productus

Butyribacterium
methylotrophicum,
Eubacterium callanderi,
Eubacterium limosum,
Peptostreptococcus
productus, Bacteroides
methylotrophicum

Clostridium sp., Bacteroides
ovatus, Bacteroides fragilis,
Bacteroides distasonis,
B. fragilis, C. cocleatum,
Clostridium ramosum

Clostridium sp. with
a Campylobacter
sp. Co-cultured

Species

Shahidi et al.
Bioaccessibility and bioavailability of phenolic compounds

53

54
Dihydroxybenzene

4-Vinyl phenol
4-Vinylguaiacol

Dihydroferulic acid

Dihydroxybenzoic acid

p-Coumaric acid

Ferulic acid

Ferulic acid

3-hydroxybutyrylCoA, acetyl-CoA

3-hydroxy-5oxohexanoate.

Phenol

3-hydroxy-5-oxohexanoate

Dihydrophloroglucinol

2/3/4-Hydroxybenzoic
acid

dihydrophloroglucinol

Phloroglucinol

acetate and butyrate

Resorcinol

Pyrogallol

3-hydroxybutyryl-CoA

Products
Phloroglucinol

Precursors

Pyrogallol
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Phenolic acid reductase

Phenolic acid decarboxylase

Decarboxylase

Decarboxylase

Dehydroxylase

p-Hydroxybutyryl-CoA
dehydrogenase, CoA
transferase, butyryl-CoA
dehydrogenase, acetyl-CoA
acetyltransferase, enoylCoA hydrase, phosphate
acetyltransferase, acetate
kinase, butyrate kinase

CoASH

Dihydrophloroglucinol
hydrolase

Phloroglucinol reductase

Dehydroxylase

Transhydroxylase (pyrogallolphloroglucinol isomerase)

Enzymes

Table 16. The single catabolic step with specific enzymes and bacteria - (continued)

Species

Lactobacillus plantarum

Lactobacillus collinoides,
Lactobacillus plantarum,
Oenococcus oeni,
Lactobacillus brevis,
Pediococcus damnosus,
Pediococcus spp.

Lactobacillus plantarum,
Bacillus subtilis

Klebsiella aerogenes,
Clostridium sp. with
a Campylobacter
sp. Co-cultured

Citation

Knockaert et al. (2012)

Knockaert et al. (2012),
Bloem et al. (2007)

Yogurt, fruit,
human gut

Yogurt, fruit,
human gut

Barthelmebs et al. (2000)

Grant and Patel (1969),
Kluge et al. (1990).
Human gut,
Human gut
(Clostridium)
and chicken gut
(Campylobacter)
could be found
in human gut

Kluge et al. (1990)

Krumholz et al. (1987)

Krumholz et al. (1987)

Krumholz et al. (1987)

Krumholz et al. (1987)

Scheline (1968a)

Heider and Fuchs
(1997), Fuchs (2008)

Human gut
(Clostridium)
and chicken gut
(Campylobacter)

Could be
extracted from
human gut

Eubacterium oxidoreducens

Clostridium sp. with
a Campylobacter
sp. Co-cultured

Could be
extracted from
human gut

Could be
extracted from
human gut

Could be
extracted from
human gut

Rabbit feces,
rat feces

Human gut

Source

Eubacterium oxidoreducens

Eubacterium oxidoreducens

Eubacterium oxidoreducens

—

Pelobacter massiliensis,
Eubacterium oxidoreducens

Bioaccessibility and bioavailability of phenolic compounds
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Gallic acid
Oleuropein-aglycone
Hydroxytyrosol, elenolic acid
Dihydrocurcumin
Tetrahydrocurcumin
2-Hydroxyphenylpropanoic
acid

Oleuropein

Oleuropein-aglycone

Curcumin

Dihydrocurcumin

Dihydrocoumarin

Vanillin

Ferulic acid

Methyl gallate

4-Ethylguaiacol

4-Vinylguaiacol

Vanillyl alcohol

4-Vinylcatechol

Caffeic acid

Vanillin

Products

Precursors
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Esterase

NADPH-dependent curcumin/
dihydrocurcumin reductase

NADPH-dependent curcumin/
dihydrocurcumin reductase

Esterase

β-Glucosidase

Esterase

—

—

Acid phenol reductase

Decarboxylase

Enzymes

Table 16. The single catabolic step with specific enzymes and bacteria - (continued)

—

Escherichia coli. DH10B

Escherichia coli. DH10B

Lactobacillus plantarum B21

Lactobacillus plantarum B21

—

Oenococcus oeni,
Bacillus coagulans,
Saccharomyces cerevisiae
(yeast), Brettanomyces
anomalus (yeast)

Lactobacillus plantarum,
Oenococcus oeni,
Lactobacillus brevis,
Pediococcus damnosus

Lactobacillus plantarum

Streptococcus faecium,
Lactobacillus sp.,
Enterobacter aerogenes,
Bacillus sp.

Species

Rat caecal,

Human feces

Human feces

Olive brines

Olive brines

Rat caecal

Wine

Yogurt, fruit,
human gut

Yogurt, fruit,
human gut

Source

Scheline (1968b)

Hassaninasab et
al. (2011)

Hassaninasab et
al. (2011)

Marsilio and Lanza (1998)

Marsilio and Lanza (1998)

Scheline (1968a)

Bloem et al. (2007)

Bloem et al. (2007)

Knockaert et al. (2012)

Young and Frazer (1987)

Citation
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Figure 8. Microbial metablism of cinnamic acid esters.

Figure 9. Microbial metablism of proanthocyanin.
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Figure 10. Microbial metablism of isoflavones.

cation, carboxylation, decarboxylation, demethylation, dihydroxylation, and addition reaction. Herein, the most important stage
is oxidation, including α/β-oxidation that usually breaks the C–C
covalent bonds of the side chain of phenolic acids and the A/C ring
of flavonoids, leading to the shortening of the side chains with the
formation of a carboxyl group (poly-hydroxy cinnamic acid pattern, Fig. 8), as well as the A/C-ring fission (e.g. catechin, isoflavonoids, flavonoids, and anthocyanidins, Fig. 9–12) with production of phenolic acids. Phenolic reduction by gut bacteria includes
reductive cleavage of C-ring ether and ketone bonds (e.g., lignans
and flavonoids) and hydrogenation of carbon double bonds on either the alkyl side chain (e.g., coumaric acid) or the heterocyclic
ring (e.g., isoflavonoids, flavonoids, and lignans, Fig. 10, 11, 13).
Moreover, dehydroxylation and decarboxylation are also reduction
reactions of which their extent of sensitively depends on specific
phenolic structures (resveratrol, polyhydroxybenzoic acid and pol-

yhydroxycinnamic acid patterns; Fig. 6, 8, 9) (Bode et al., 2013;
Ludwig et al., 2013; Rechner et al., 2004; Rotches-Ribalta et al.,
2012b). Hydrolysis occurs at the ester linkage of phenolics such
as chlorogenic acid, catechin gallate, and oleuropein which could
break the molecules to simpler phenolics and organic acids (Mosele et al., 2015). The central aromatic metabolism (oxidative and
reductive fission of phenyl ring) by human gastrointestinal flora
is rare and with only few investigations (Heider and Fuchs, 1997;
Selma et al., 2009). Currently, even though human gut still lacks a
rigorously clarified reaction chain of aromatic degradation similar
to those proven in natural soil, water or mine sites and environment, several simple phenolic products of bacterial fermentation
such as benzoic acid, pyrogallol, phloroglucinol, and resorcinol
are still thought to rapidly go through central aromatic metabolism including aerobic pathway (e.g. gentisic acid, ortho-cleavage,
and meta-cleavage pathway) and anaerobic pathway (e.g. benzo-

Figure 11. Microbial metablism of flavone, flavonol, flavanone and flavanonol.
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Figure 12. Microbial metablism of anthocyanidin.

yl-CoA pathway), and be degraded into CO2, succinyl-CoA, and
acetyl-CoA (e.g. 3 acetyl-CoA and 1 CO2 or 2 acetyl-CoA and 0.5
butyryl-CoA) in the gut (Fuchs, 2008; Heider and Fuchs, 1997;
Toromanović et al., 2008). As exemplified, the flavonoid A ring
metabolite (phloroglucinol) and the fission product of heterocyclic
ring of flavonoids, could hardly be detected, indicating its rapid
consumption by gut microorganism (Labib et al., 2006). The best
known aromatic central degradation has so far been produced by
Acidaminococcus fermentuns found in pig and human gut which
may enable hydroxybenzoic acid catabolizing to benzoic acid,
acetyl group, and CO2. The Eubacterium ramulus and Eubacte-

rium oxidoreducens isolated from the human gut are also able to
reduce phloroglucinol into 1,3-dioxo-5-hydroxy-cyclohexane and
further decompose into acetate and butyrate (Table 16) (Ricaboni
et al., 2017; Schneider et al., 1999; Winter et al., 1989). Interestingly, besides the multifarious catabolic reactions described above,
an aromatization was observed in the in vitro incubation of quinic
and shikimic acids by rat caceal extract, these two simple multihydroxyl cyclohexane carboxylic acids could be converted to protocatechuic acid, then be further catabolized to catechol (Scheline,
1968a).
It is important to emphasize that even though taxonomic and

Figure 13. Microbial metablism of lignan.
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Table 17. Catabolism rate of phenolic extracts of nuts-cocoa cream by rat colonic microflora

Percentage (%) remained after incubation, h

Substrate

Substrate concentration in
diluted rat fecal inoculum, pM

1

2

4

24

48

Rutin

23.0

95.7 ± 9.1

87.0 ± 7.4

75.5 ± 6.1

1.5 ± 0.1

1.4 ± 0.1

Quercetin rhamnoside

7.3

111.0 ± 10.7

108.2 ± 10.4

27.4 ± 2.6

7.7 ± 0.4

0.8 ± 0

Quercetin

1.0

64.0 ± 3.0

110.0 ± 11.0

370.0 ± 31.0

33.0 ± 2.0

0

Kaempferol-rutinoside

9.0

97.8 ± 9.7

98.9 ± 7.2

87.8 ± 3.6

0.2 ± 0

0

Naringenin

13.0

100 ± 0.9

76.9 ± 7.6

36.2 ± 2.5

50.8 ± 4.9

0

Luteolin

32.0

93.8 ± 9.4

90.6 ± 6.6

46.9 ± 4.4

29.7 ± 2.9

15.6 ± 1.5

Gallic acid

43.0

148.8 ± 14.2

155.8 ± 14.0

134.9 ± 1.3

74.4 ± 7.2

65.1 ± 5.3

Protocatechuic acid

296.0

95.9 ± 8.1

97.3 ± 5.7

89.5 ± 7.1

92.2 ± 8.4

85.8 ± 7.1

Adapted from Serra et al. (2012).

quantitative differences exist in individuals, people may possess
the same phenolic catabolism capacity in the gut as the bacteria
from distinct genera are able to catalyze the same reaction. The
genes encoding a core activity from different taxa are called “functional core” and diverse gut microorganism managing the identical
reaction from different individuals may be called “core microbiome” (Turnbaugh et al., 2009; Willson and Situ, 2018). Compared
with the only two well-known enzymes LPH and cinnamoyl esterase that catalyze de-esterification in the small intestinal lumen, the
enzymes for colonic microbial decomposition are more complicated and diverse as shown in Table 14. Consistent with all other
enzymatic reaction, distinct substrates with identical core structure
catalyzed by the same gut flora render a significantly different reaction rate (Tables 17 and 18). Hence, understanding the phenolic
catabolism variability in gut microbiota across various substrates
and consumer groups, and correlating it with specific functions of
gut catabolites, is going to serve as a reference for consumption of
phenolics with healthful effects.

also been widely reported (Ferreira et al., 2017; Shahidi and Ambigaipalan, 2015). These natural phenolics are also used as supplements or drugs. Several well-developed phenolic supplements
could easily be found in the wholesale and pharmacy outlets including Lipo-Flavonoid® (lemon phenolic extract with Eriodictyol
Glycoside), and Daflon (90% diosmin and 10% hesperidin). Other
prescription drugs such as Veregen® ointment (catechin derivatives) and Mytesi™ tablets (oligomeric proanthocyanidin mixture)
have been confirmed as commercial drugs by US FDA. Beyond
natural phenolic products, traditional synthetic phenolics such as
BHT (butylated hydroxytoluene), BHA (butylated hydroxyanisole), TBHQ (tertiary-butylhydroquinone), TBMP (2-tert-butyl4-methylphenol), PG (propyl gallate), and aspirin (acetylsalicylic
acid) are permitted and employed in food processing and pharmaceutical industries. Meanwhile for the sake of increasing their
bioavailability as well as enhancing safety and application range,
numerous novel phenolics such as phenolic fatty acid esters and
phenolic amino acid esters have been synthesized and further tests
on their physiochemical and bioactive properties have been reported (Oh et al., 2018; Shahidi and Ambigaipalan, 2015; Zhong and
Shahidi, 2012).
Surely, several works on bioavailability and physiological activity of the prevalent natural or synthetic phenolic standards/mixtures have been carried out but due to the diversity of phenolics
and the personal variation, there is still a need for a more clear
and thorough understanding of the specific patterns of phenolic
bioavailability. Moreover, there are no recommended dietary reference intake (DRI) levels for polyphenolics as no exact physiological evidence exists to verify their nutritional and healthful

5. Outlook
Natural phenolic consumption has been acknowledged as an indispensable factor of a healthy diet. Apart from their well-recognized
antioxidant activity, other potential health effects of phenolics
such as anti-inflammatory, anti-cancer, antimutagenic, cardio-/
hepato-/neuroprotective, antihypertensive, anti-diabetic, and diuretic effects, as well as inhibition of viral multiplication, blood
coagulation, histamine release, and cyclooxygenases activity have
Table 18. Flavonoid standards catabolism rate by pig caecal microflora

Percentage (%) remained after incubation, h

Substrate

Substrate concentration in
diluted pig caecal inoculum, mM

2

4

6

8

10

24

Galangin

125

95.8 ± 8.8

83.3 ± 5.9

54.2 ± 5.8

19.8 ± 4.4

7.3 ± 1.5

0

Kaempferol

125

55.5 ± 13.7

33.3 ± 5.9

5.6 ± 0.9

0

0

0

Apigenin

175

94.4 ± 1.9

91.0 ± 4.9

78.5 ± 6.9

78.4 ± 1.0

67.4 ± 1.0

59.0 ± 0.9

Luteolin

175

95.8 ± 1.9

81.6 ± 1.9

86.1 ± 3.9

82.6 ± 4.9

65.3 ± 7.9

56.2 ± 4.9

Quercetin

125

53.7 ± 1.5

38.9 ± 1.5

18.9 ± 3.0

5.3 ± 1.5

0

0

Chrysin

175

100.0 ± 3.9

99.9 ± 6.0

98.6 ± 9.9

100.7 ± 1.0

98.6 ± 4.0

99.9 ± 5.9

Adapted from Labib et al. (2006).
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qualification, so phenolic supplements cannot even legally be
labeled with either antioxidant capacity or any other nutritional/
functional claims in the US and many other countries. As well,
standardization and legislation of phenolic-rich herbal and pharmaceutical products are also lacking consensus and compatibility
in different regions/countries such as EU, US, Japan, South Korea, and China. Various natural/artificial phenolic nutraceutical,
pharmaceutical and food additive products are expected to be verified, applied and approved. More efforts are also in progress, thus
a number of bioavailability studies covering phenolic digestion,
absorption, transport, metabolism, colonic catabolism, excretion,
and physiological effects are still in need of further clarification
and elaboration.
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Abstract
Hawthorn (Crataegus spp.) is one of the most famous plants which has been used as natural medicine and nutraceutical. Its phytochemical composition, bioactive compounds and health benefits have been intensively studied
and hawthorn preparations may be recognized as classical natural products for cardiovascular health. Polyphenolic compounds of different hawthorn anatomical parts as well as their extracts have been the focus of a majority of these studies, although various other classes of natural health promoting constituents have also been
isolated, identified and characterized. Regardless, numerous published reports have particularly focused on the
activity mechanisms which are very important for supporting various health benefits. This review summarizes the
most recent studies on hawthorn, mainly published since 2015. Search of different databases indicates that approximately 200 publications, which are relevant to phytochemistry and health benefits of Crataegus spp., have
appeared since then, most of them have not been included in the existing reviews.
Keywords: Hawthorn (Crataegus spp.); Phytochemical composition; Bioactivities; Health benefits; Toxicity.

1. Introduction
Hawthorns are large genus of small shrubs and trees belonging
to Rosaceae family, Amygdaloideae subfamily, Maleae tribe,
Malinae subtribe Crataegus Tourn. ex L. genus. Nowadays it is
agreed that the genus is represented by approximately 200 spe-

cies which are native to temperate regions of the Northern Hemisphere in North America, Europe and Asia (Phipps et al., 2003).
The name “hawthorn” is often used in some countries although
originally it was applied to the species native to northern Europe, especially to the common hawthorn (C. monogyna). Red
or black small pome fruits of some Crataegus spp. are edible,
e.g. fresh fruits of C. orientalis, while the fruits of other species

Copyright: © 2018 International Society for Nutraceuticals and Functional Foods.
All rights reserved.
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become eatable in late autumn. Their flavor has been compared
to over-ripe apples and they are mainly used for jellies or homemade wine. Picked in spring young leaves are also edible and are
tender enough to be used in salads. In Europe, the fruit, leaves,
and flowers were traditionally employed for treating heart problems due to their antispasmodic, cardiotonic, hypotensive, and
antiatherosclerotic effects. Nowadays, hawthorn preparations
are mainly used as cardioprotective agents (Fong and Bauman,
2002); however, in traditional medicine it remains as a therapeutic agent for many other diseases including cancer, diabetes,
cough, flu, asthma, stomach ache, rheumatic pain, nephritis, and
hemorrhoids.
Among plant species C. pinnatifida (ten varieties of Chinese
hawthorns) have long been used in traditional Chinese and European herbal medicines, and are widely consumed in the form
of juice, drink, jam and canned fruit, while C. monogyna is commonly cultivated in the Mediterranean countries (Çalişkan, 2015).
Chinese hawthorns comprise 18 species, however currently only
C. pinnatifida and C. pinnatifida var. major fruits are included
in the Chinese Pharmacopoeia. C. pinnatifida and C. scabrifolia
fruits have also been traditionally used as peptic agents in oriental medicine and recently in a various local sweet foods, mainly
soft drinks, jams, juices, tinned foods, and wines (Jurikova et al.,
2012).
Several reviews summarizing numerous research findings on
hawthorns are given in Table 1. Composition and health effects
of phenolic compounds in Crataegus spp. of different origins was
reviewed by Yang and Liu (2012), while Edwards et al. (2012)
focused their review on the chemistry of the genus. Effects of bioactive natural products of Crataegus spp. on the vascular endothelium were also reviewed (Ahmad et al., 2013). More recently, polyphenolic composition and medical applications of C. monogyna
were reviewed (Nabavi et al., 2015) by summarizing the growing
evidence on various interesting physiological and pharmacological
activities of this species due to the presence of different bioactive natural compounds. Nunes et al. (2017) reviewed the labeling
and safety concerns of herbal products containing Crataegus spp.
among other ingredients. Rastogi et al. (2016) provided a review
on the cardiovascular effects of C. oxyacantha, including ischemic
heart disease, congestive heart failure, arrhythmias and hypertension and concluded that, although the mechanisms of action are
not very clear, there is enough evidence of their efficacy in various
cardiovascular disorders.
C. oxyacantha is a widely used Chinese herb for treating gastrointestinal ailments and heart problems; it is also consumed
as a food. In North America, the role of treating heart problems
dates back to the 1800’s. Currently, the evidence is accumulating
from various in vivo and in vitro studies that hawthorn extracts
exert a wide range of cardiovascular and pharmacological properties, including antioxidant activity, positive inotropic, antiinflammatory, anticardiac remodeling, antiplatelet aggregation,
vasodilating, and endothelial protective effects, as well as reduction of smooth muscle cell migration and proliferation, protection against ischemia/reperfusion injury, antiarrhythmic, lipidlowering and arterial blood pressure decreasing effects (Wang
et al., 2013).
Crataegus spp. were also reviewed together with other botanicals (Chen et al., 2009; Schmitt and Dirsch, 2009; Rastogi et al.,
2016; Dennehy, 2001; Bjorklund et al., 2018), Chinese Traditional
Medicine plants (Xie et al., 2012; Liu and Huang, 2016; Dong et
al., 2017), various herbal products (Ahmad et al., 2013; Nunes et
al., 2017), nutraceuticals (Houston, 2005) and natural antioxidants
(Zhao, 2005).
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2. Bioactive constituents and antioxidant/antiinflammatory activities
The variations in the composition of different Crataegus spp. from
various growing regions, as well as of different anatomical parts of
hawthorn have been widely studied. Acids, sugars and sugar alcohols, minerals, vitamins, and amino acid composition were among
the analyzed constituents, however, overwhelming number of published articles have been focusing on polyphenolic compounds, as
the most important hawthorn bioactive phytochemicals which may
provide health benefits to humans. Consequently, many hawthornbased preparations are standardized according to the content of
their flavonoids and phenolic acids. The interest in phenolic and
polyphenolic compounds particularly increased in the era of functional foods (Shahidi, 2004). Besides strong antioxidant activity,
phenolic compounds have demonstrated numerous protective effects against chronic diseases, which have recently been reviewed
(Shahidi and Yeo, 2018). This section will review only the most
recent publications, which report new findings in the hawthorn
phytochemistry. In general, the studies were performed for the isolation and purification of flavonoids, other groups of compounds,
as well as determination of their variations among different origins
and other variables.
Oxidative stress, which reflects an imbalance between the systemic manifestations of reactive oxygen species (ROS), may induce development of various diseases and disorders and, although
living cells possess strong endogenous antioxidant system, it is believed that under some conditions ROS-protective function might
be insufficient, while exogenous dietary antioxidants could assist
in mitigating inflammatory processes and thereby restoring homeostatic state in the organism. In addition, natural antioxidants have
attracted an increasing attention as possible alternatives to synthetic additives in foods and cosmetics. Hawthorns are well-known as
an excellent source of natural antioxidants as reviewed in the literature (Venskutonis, 2016). The majority of such studies applied
simple and easy spectrophotometric in vitro and in situ assays such
as DPPH• and ABTS•+ scavenging, FRAP, Folin-Ciocalteau’s reaction (most often considered as TPC), ORAC, β-carotene-linoleic
acid co-oxidation, TBARS and others. Although there is an opinion that such in vitro antioxidant capacity values are not appropriate, the experts in this area recently concluded that they, as lowcost and high-throughput tools, cannot be ignored (Granato et al.,
2018). Therefore, together with phytochemical information this
section will also briefly reviews the most recent findings in antioxidant properties of hawthorn products.
Phytochemical studies of the most widely used C. pinnatifida
(Table 2) resulted in separation and purification of 4 new monoterpene glycosides and a new phenolic glycoside in addition to the
10 previously known ones (Li et al., 2015). Furthermore, 15 triterpenoids, including 4 novel acids, in hawthorn berries (Qiao et al.,
2015); 2 norditerpenoids with unique carbon skeletons, 4 sesquiterpenoids and 9 nor-sesquiterpenoids from the ethanolic extract
of plant leaves (Gao et al., 2017); 8 new phenylpropanoids (crataegusoids A-F) from the fruits (Guo et al., 2018); 8 new lignans
(hawthornnins A-H) and 7 known analogues (Huang et al., 2015a);
2 new 8-O-4′-neolignans, huangnin A and B and four known analogs (Huang et al., 2015b); 7 new lignans (crataegusnins A-G)
and 5 known compounds from the seeds (Peng et al., 2016) and
from crude Crataegus Fructus drug (Kazuma et al., 2016), while 7
known main constituents were separated from the flavonoid fraction of leaves using a combination of high-speed counter-current
chromatography (HSCCC) coupled with pre-HPLC (Wen et al.,
2017). Crataegusins A and B, new flavanocoumarins, also showed
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Table 1. Published review articles on Crataegus spp. bioactive compounds, pharmacological and health effects and safety

Plants or their products

Topic

Summary of content

Reference

Standardized
Crataegus extracts

Treatment of
heart failure

Positive inotropic, chronotropic, dromotropic
effects; negative bathmotropic effects; increases
coronary and myocardial perfusion, lowers
peripheral resistance, has antiarrhythmic
and economizing action with respect to
oxygen and energy consumption.

Loew, 1997

Extract from fresh
hawthorn berries

Orthostatic
hypotension

In combination with D-camphor exerts
a significant effect that counteracts an
orthostatic fall in blood pressure

Belz and Loew, 2003

Hawthorn extract

Clinical trials to treat
chronic heart failure

A significant benefit from hawthorn extract as an
adjunctive treatment for chronic heart failure

Pittler et al., 2003

Hawthorn

Cardiovascular disease

May induce anti-ischemia/reperfusion-injury,
anti-arrhythmic, hypolipidemic and hypotensive
effects, which may in part be due to the presence
of antioxidant flavonoid components.

Chang et al., 2005

Hawthorn medicinal
extracts (WS 1442, LI 132)

Heart failure

Improvement in patients with mild forms of heart
Dahmer and
failure, clinical symptoms, pressure-heart rate
Scott, 2010
product, left ventricular ejection fraction; no evidence
of a notable reduction in mortality or sudden death

Standardized extracts
from hawthorn
leaves and flowers

Preclinical and clinical
studies mild chronic
heart failure

Cardiotonic effects, cardio- and vasoprotective
properties; may be employed in the prophylactic
and therapeutic treatment of endothelial
dysfunction, atherosclerosis, coronary heart
disease, or prevention of restenosis/reocclusion
following peripheral endo-vascular treatment.

Koch and Malek, 2011

C. oxyacantha

Cardiovascular
disease prevention

A wide range of cardiovascular pharmacological
properties: antioxidant activity, positive
inotropic effect, anti-inflammatory effect,
anticardiac remodeling effect, antiplatelet
aggregation effect, vasodilating effect, endothelial
protective effect, reduction of smooth muscle
cell migration and proliferation, protective
effect against ischemia/reperfusion injury,
antiarrhythmic effect, lipid-lowering effect and
decrease of arterial blood pressure effect

Wang et al., 2013

C. pinnatifida

Chemical constituents,
pharmacology,
potential applications

>150 compounds (flavonoids, triterpenoids, steroids,
monoterpenoids, sesquiterpenoids, lignans,
hydroxycinnamic acids, organic acids and nitrogencontaining) have been isolated and identified;
broad pharmacological effects with low toxicity;
wide applications in pharmacological therapy

Wu et al., 2014

The genus Crataegus

Chemical,
pharmacological,
health, uses aspects

Heart (cardiovascular disorders), central
nervous system, immune system, eyes,
reproductive system, liver, kidney etc; cytotoxic,
gastroprotective, anti-inflammatory, anti-HIV and
antimicrobial activities. Bioactive phytochemicals:
oligomeric procyanidins, flavonoids, triterpenes,
polysaccharides, catecholamines; traditional
uses; the clinical trials and regulatory status.

Kumar et al., 2012

Crataegus spp. of
different origins

Composition and
health effects of
phenolic compounds

Epicatechin, aglycons and glycosides of B-type
oligomeric procyanidins and flavonols, phenolic
acids and C-glycosyl flavones as he major
groups of phenolics; in vitro and animal studies
showing cardioprotective, hypolipidaemic,
hypotensive, antioxidant, radical-scavenging
and anti-inflammatory potentials

Yang and Liu, 2012
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Table 1. Published review articles on Crataegus spp. bioactive compounds, pharmacological and health effects and safety - (continued)

Plants or their products

Topic

Summary of content

Reference

C. oxycantha

Treatment of atrial
fibrillation

Mechanisms of cardiovascular health benefits; lack of
clinical studies evaluating its use in atrial fibrillation

Kanman-thareddy
et al., 2015

C. monogyna Jacq.

Polyphenolic
composition and
medical applications

A critical review about physiological and
pharmacological activities due to the presence
of different bioactive natural compounds. In
addition, scientific evidence suggests that
the toxicity of hawthorn is negligible

Nabavi et al., 2015

Hawthorn juice

Various aspects

Nutritional characteristics, bioactives and
antioxidant efficacy, phenolics, health effects,
novel products/formulations and future trends

Venskutonis, 2016

Crataegus extract WS 1442 Benefit-risk assessment Positive inotropic and antiarrhythmic properties;
protecting from ischemic damage, reperfusion
injury, and hypertension-related hypertrophy;
improving endothelial functions (NO synthesis,
delay of endothelial senescence); favorable safety
profile (monotherapy and as add-on therapy); no
drug interactions; no specific adverse reactions

Holubarsch et al., 2018

WS 1442 extract from
Crataegus spp. leaves
and flowers with 18.75%
oligomeric procyanidins

Effects on
cardiovascular system
in vitro and in vivo,
inc. large clinical trials

Beneficial cardioprotective values; free radicals
scavenger; protect the ischemic heart tissue
from neutrophile elastase action successions;
vasorelaxant activity, via affecting eNOS synthase,
and prevents ischemic heart tissue swelling by
influence on calcium signaling pathways, and
thus detain hyperpermeability of endothelium.

Zorniak et al., 2017

Crataegus spp.

Phenolic compounds;
their bioactivity

Beneficial effects and the mechanisms of
action involved are analyzed in a critical and
systematic way in order to promote its use in
the treatment of various diseases considered
in Mexico as public health problems.

Cervantes-Paz
et al., 2018

C. meyeri and C. pontica

Antioxidant properties
and medicinal uses

The advantages of using natural remedies over their
synthetic equivalents, the necessity of thorough
investigations of less studied Crataegus spp

Dolatkhani and
Jameie, 2015

a significant DPPH• reducing activity compared with epicatechin
(Kazuma et al., 2016). Most of the compounds isolated from the
70% ethanolic extract of C. pinnatifida seeds showed moderate
DPPH• scavenging activity and significant activities in the FRAP
and ABTS assays. Furthermore, 6 compounds exhibited marked
NO inhibition, 4 of them had a potent TNF-α inhibitory effect indicating that hawthorn seeds can be regarded as a potential new and
cheap source of antioxidants and inflammation inhibitors (Peng et
al., 2016). From C. pinnatifida, the isolated lignans demonstrated DPPH•/ABTS•+ scavenging efficacy, while some of them had
anti-inflammatory activities, which was assessed by detecting the
NO and TNF-α production in the LPS-induced RAW264.7 cells
(Huang et al., 2015a). The fractions isolated with different polarity
solvents from the crude 70% aqueous acetone extract of wood and
bark of C. pinnatifida demonstrated antioxidative and anti-inflammatory activities. Thus, the n-butanol and ethyl acetate fractions
of wood and bark, respectively, exhibited the strongest antioxidant
effects, while all moisture-free fractions of wood showed high inhibitory effect on NO production (Bae and Kim, 2017).
Seasonal variations (May–October) in the yield of 7 phenolic
compounds, the TPC in C. pinnatifida leaves, roots, twigs, and
fruits were positively correlated with the temperature and length
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of daytime, while most remarkable radical scavenging and reducing power was determined for the leaves harvested in September
(Luo et al., 2016).
Several articles have reported phytochemical studies of C.
azarolus (Table 2). Thus, ethanolic extract of C. azarolus var. euazarolus Maire leaves was fractionated with different solvents and
it was found that ethanol extract (70%) showed the highest DPPH•
scavenging activity compared to methanol, ethyl acetate and acetone extracts (Abu-Gharbieh and Shehab, 2017). A new ursanetype triterpene acid, named azarolic acid, and 8 known compounds
were isolated from the crude ethyl acetate extract of C. azarolus
var. aronia (Mahmud et al., 2016). Phytochemical composition of
20 phenolic compounds quantified in C. azarolus and C. monogyna
fruits were compared (Mraihi et al., 2015). Methanol and ethanol
extracts of C. azarolus exerted substantial antioxidant, anti-inflammatory, and antiproliferative capacities, which were evaluated by
measuring the secreted amounts of the proinflammatory mediator
prostaglandin E2 (PGE2), and by assaying the mRNA levels of
the proinflammatory cytokines (IL-α, IL-β, and Il-6), chemokines
(CCL3 and CCL4) and inflammation-sensitive COX2 and iNOS
enzymes (Kallassy et al., 2017).
Dibenzo-p-furan derivatives and ursolic acid were isolated from
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Table 2. Phytoconstituents of Crataegus spp. (recently reported; newly identified compounds are in italics)

Bioactivities, other
study objective

Reference

4 monoterpene glycosides, pinnatifidanosides
A-D; phenolic glycoside, pinnatifidanoside E;
byzantionoside B, (3S,5R,6R,7E,9R)-3,6-epoxy-7megastigmen-5, 9-diol-9-O-β-D-glcp, (65,7Z,9R)roseoside, icariside B6, linalool oxide β-D-glc,
shanyenoside A, dihydrocharcone-2′-β-D-glc,
eriodectyol, vitexin, 2″-O-rhamnosyl vitexin

Antithrombotic effects

Li et al., 2015

C. pinnatifida, ethanolic
extract of leaves

Norhawthornoids A, B; sesquiterpenoids
shnyegenin B, shnyeside B, (3S,5R,6R,7E,9S)megastiman-7-ene-3,5,6,9-tetrol, euodionosides
D, (6R,9R)-3-oxo-α-ionol-9-O-β-D-glucopyranoside,
(6S,7E,9R)-6,9-dihydroxy-4,7-megastiymadien-3one-9-O-[β-D-xylopyranosy-β-D-glucopyranoside],
linarionosides A, B, C; 3,9-dihydroxy-5megastigmen-3-O-[β-D-xylopyranosy-β-Dglucopyranoside], pinnatifidanosides C, F, G.

Antithrombotic effects

Gao et al., 2017

C. pinnatifida, hydroethanolic
extract of fruits

Crataegusoids: A(−), B, C, D, E (−) and (+), F

Cytotoxicity against
cancer cells

Guo et al., 2018

C. pinnatifida, extract of seeds

8 new lignans, hawthornnins A-H
and 7 known analogues

Antioxidant and
anti-inflammatory

Huang et al., 2015a

C. pinnatifida, extract of seeds

2 new 8-0-4′ neolignans, huangnin
A and B; 4 known analogs

Tyrosinase inhibition

Huang et al., 2015b

C. pinnatifida, 70% ethanol
extract of seeds

7 Crataegusnins A-G; 3 substituted
propanetriols (3); leptolepisol D

Antioxidant and
anti-inflammatory

Peng et al., 2016

Crataegus spp., 70% ethanol
extract from seeds

(7R, 8R, 8S)-, (7′S, 8′R, 8R)-, (7′R, 8′S, 8S)Inhibition of amyloid
isolariciresinols, (7′S, 8′R, 8R)-lyoniresinol, (7′S, 8′R, Aβ1–42 aggregation
8R)-isolariciresinol-9′-β-D-glc, lyoniside, nudiposide

Huang et al., 2018b

C. pinnatifida, flavonoid
extract of leaves

(-)-Epicatechin, quercetin-3-O-(2,6-di-α-Lrhamnopyranosyl)-β-D-galactopyranoside,
4″-O-glucosyl and 2″-O-rhamnosylvitexins,
vitexin, hyperoside and isoquercitrin

Isolation and
purification of
flavonoids

Wen et al., 2017b

C. pinnatifida var. major, crude
Crataegus Fructus drug

Crataegusins A and B (2) (new flavanocoumarins)

DPPH reducing activity

Kazuma et al., 2016

C. azarolus var. eu-azarolus
Maire, ethanol extract of
leaves and its fractions

EtOH: rutin, salicylic and ellagic acids; chloroform
and n-butanol fractions: ursolic, 3-β-O-acetyl
ursolic, and ellagic acids, quercetin-3-O-β methyl
ether, rutin and apigenin7-O-rutinoside

Anti-hyperglycemic
activity

Abu-Gharbieh
Shehab, 2017

C. azarolus var. aronia, ethyl
acetate extract of leaves

A new ursane-type triterpene acid,
azarolic acid, 4 known phenolic
compounds; 4 known triterpene acids

Anti-vasoconstriction

Mahmud et
al., 2016

C. monogyna, C. azarolus fruit

3 hydroxycinnamic and 1 hydroxybenzoic
acid, 6 glucosylated flavonols and 2 flavones,
2 cyanidin glycosides; (-)-epicatechin, a
dimer B2, two trimers, C1 and C2.

Phytochemical
characterization

Mraihi et al., 2015

C. pycnoloba, total extract

4 dibenzofurans inc. newly discovered
compound 6-hydroxy-2,3,4trimethoxydibenzofuran; ursolic aldehyde.

Melanin synthesis
inhibition

Agalou et al., 2018

C. oxyacantha, shade
dried plant twigs

2-(3, 4-dimethoxyphenyl)-2-methoxyethanol,
Inhibition of acetyl and Ali, et al., 2017
3-hydroxy-1-(4-hydroxy-3-methoxyphenyl propanbutyryl-cholinesterases
1-one, β-sitosterol-3-O-β-D-glc, lupeol, β-sitosterol,
betulin, betulinic and oleanolic acids, chrysin (9);

Crataegus spp. from Bosnia,
leaves with flowers, and berries

In mg/g DW: gallic acid (0.001–0.082), chlorogenic
acid (0.19–8.70, rutin (0.03 to 13.49).

Sample information

Name

C. pinnatifida, extract of leaves
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Table 2. Phytoconstituents of Crataegus spp. (recently reported; newly identified compounds are underlined) - (continued)

Bioactivities, other
study objective

Reference

In mg/100 mg DW: (+)-catechin
(9.17±0.20), (-)-epicatechin (4.32±0.11),
chlorogenic acid (5.60±0.24 mg/100); total
proanthocyanidins 84.6±1.4 mg cyanidin;
total flavonoids 55.89±1.43 mg quercetin.

Phytochemical
characterization

González-Jiménez
et al., 2018

C. microphylla Koch. ssp.
malyana K. I. Chr. & Janjic,
extracts of leaves with flowers

In mg/g DW: gallic acid 0.04, caffeic
acid0.60, and hyperoside 2.61; TPC: 2.47
to 13.35 GAE; TFC: 0.01–1.09 QE

Phytochemical
characterization

Čopra-Janićijević
et al., 2018

Various Crataegus spp.,
flowers and leaves of 56
samples from Iran

TPC: 7.21–87.73 mg GAE/g DW; TFC:
2.27–17.40 mg/g DW; chlorogenic acid,
vitexin-2-O-rhamnoside, vitexin, rutin,
hyperoside, quercetin, isoquercetin

Flavonoids profile,
antioxidant activity

Alirezalu et al., 2018

C. almaatensis Pojark,
leaves, flowers and fruits

22 secondary metabolites (flavonoids
and phenolic acids); TPC: 218 mg/g

Copmparison with
C. oxyacantha

Bekbolatova
et al., 2018

C. pinnatifida,
commercial berries

15 triterpenoids, inc. 4 novel hydroxy-olean12-en-28-oic (HOA) acids: 3-β,6 β,18 β-triHOA,
3 β,6 β,18 β,23-tetra HOA, 2 α,3 β,6 β,18
β-HOA, 2 α,3 β,6 β,18 β,23-pentaHOA

Antiproliferative and
antioxidant activity

Qiao et al., 2015

Fruits, methanol, ethanol,
acetone (80%) water extracts

Water (mg/g): vanillic (0.093), gallic (0.279)
acids, catechin (3.622), chlorogenic (1.457
0.058) and ferulic (6.909) acid; acetone:
epicatechin (2.71), protocatechuic acid (5.827)

Effect of solvents,
antioxidant,
α-glucosidase
inhibitory activity

Miao et al., 2016

Crataegus spp., of
leaves and flowers

81 components: benzaldehyde (82.54%)
butyraldehyde (38.27%), (E)2-hexenal (21.67%)

Volatile, components,
aroma

Ozderin et al., 2016

C. pinnatifida,

GC area %: Methyl acetate (4.40), n-hexane
(2.90), 2-methyl-furan (1.80), 3-methylbutyraldehyde (3.64), hexanal (2.08),
furaldehyde (5.77), D-limonene (7.99)

Volatile compounds,
aroma

Zhong et al., 2015

Hawthorn, pharmaceutical
forms of inflorescence

Essential oil (%): 0.05 to 0.20% v/w; tricosane
(12–17), (11–16), (6–11), n-hexadecanoic
acid (1–11), nonadecane (3–7), (E,E)-αfarnesene (1–5), caryophyllene oxide
(1–4), methyl eugenol (up to 6).

Essential oil, aroma

Kowalski et al., 2018

Sample information

Name

C. pubescens, Fruit pulp
(from Mexico)

Abbreviations are: glcp,glucopyranoside; glc, glucoside; TPC,total phenolic content; TFC,total flavonoid content; GAE,gallic acid equivalents; and QE,quercetin equivalents.

C. pycnoloba extract, including the atom numbering of the newly
discovered compound (Agalou et al., 2018); 9 compounds were
isolated from C. oxyacantha, including 2 new natural products
(Ali et al., 2017). Selected phytochemicals and antioxidant potential were studied in the C. monogyna ethanolic extracts from bark,
leaves and berries: the highest TPC, radical scavenging potency
as well as the levels of oleanolic acid, quercetin and lupeol were
found in the bark extract, while the highest ursolic acid content
was in the berries extract (Rezaei-Golmisheh et al., 2015).
The main phenolics in ethanolic extracts of leaves and berries
of C. orientalis Pall. ex M. Bieb. from F.Y.R. Macedonia were hyperoside, isoquercitrin and chlorogenic acid (Šavikin et al., 2017),
while vitexin and hyperoside, commonly found in chemotaxonomic investigations of Crataegus spp., were not detected in dry
leaves with flowers, and berries of C. rhipidophylla Gand., C. ×
subsphaericea Gand., and C. × macrocarpa Hegetschw grown in
Bosnia (Čulum et al., 2018). The presence of polymeric polyphenols (procyanidin dimers, trimers, and tetramers) in C. pubescens
fruit from Mexico was reported for the first time (González-Jiménez et al., 2018). The composition and antioxidant activity in vitro
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were reported for different extracts of C. microphylla Koch subsp.
malyana K. I. Chr. and Janjic; interestingly, the Soxhlet extract of
leaves with flowers was best in DPPH• scavenging (IC50 = 0.78
mg/mL) while that of berries was stronger as ABTS•+ scavenger
with IC50 of 0.39 mg/mL (Čopra-Janićijević et al., 2018). TPC in
methanol extracts of C. monogyna from nine different locations
in central Spain was in the range of 117.7–204.3 mg GAE/g extract, the amounts of chromatographically quantified flavonoids
and phenolic acids was 23.3–143.3 mg/kg, while ORAC and IC50
of DPPH• scavenging values were 1.32–2.76 mol TE/mg and
0.82–3.76 g/mL, respectively (Abuashwashi et al., 2016). TPC and
DPPH• scavenging activity as well as the contents of metals (Zn,
Fe, Cu, Mn, Cd, Cr, and Pb) were reported in wild C. oxyacantha
from Serbia (Veličković et al., 2016).
Chlorogenic acid, hyperoside, and rutin were the most abundant
phenolics in the extracts of hawthorn flowers in most genotypes of
56 studied Crataegus spp. samples collected from different geographical regions of Iran (Alirezalu et al., 2018). The composition
of 22 secondary metabolites (flavonoids and phenolic acids) in
leaves, flowers and fruits of endemic in Kazakhstan C. almaatensis
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Pojark was compared with a well-known C. oxyacantha flowers.
Leaf extracts were the richest sources of metabolites (TPC = 218
mg/g) and the most active DPPH• scavengers (IC50 = 48 μg/mL),
while the flowers of the Kazakh species were as rich in polyphenols as the C. oxyacantha (Bekbolatova et al., 2018).
Evaluation of 18 hawthorn genotypes selected from repository collection in Malatya province (Turkey) belonging to several
Crataegus spp. revealed that the genotype 44MA12 (C. monogyna
subsp. azarella) had the highest anthocyanin content (516 mg per
100 g fresh fruit) and the strongest DPPH• scavenging capacity,
while the genotype 44MA11 (C. meyeri) had the highest TPC,
3,460 mg GAE/100 g fresh fruit (Ercisli et al., 2015). Thirty-five
compounds were isolated from C. dahurica methanol extract for
the first time and their structures identified as triterpenoids and
polyphenolics as the main components (Wang et al., 2018). Evaluation of antioxidant activities, TPC, TPF of crude methanolic extract and its fractions (ethyl acetate, diethyl ether, and chloroform)
obtained from Algerian C. azarolus showed that the aerial parts
extracts of this species are a good source of natural antioxidants
(Lakache et al., 2016). Anthocyanin composition of different wild
and cultivated berry species including Chinese hawthorn were
quantified by Veberic et al. (2015). Thirty six compounds were
reported in different extracts of hawthorn fruit, 15 of them were
tentatively identified in hawthorn fruits for the first time (Miao
et al., 2016). TPC, condensed tannin content and DPPH•/ABTS•+
scavenging capacities were higher for fruit extracts of C. pinnatifida Bge. var. major N. E. Br. (Shanlihong) than for the other two
Chinese hawthorn varieties, namely C. pinnatifida Bge. (Shanzha)
and C. pinnatifida Bge. var. pinnatifida (Dou et al., 2015). The
advantages of Shanlihong variety, which exhibited elevated levels
of TPC and TFC, including free and bond phenolics (procyanidin
B-2 epicatechin, chlorogenic acid, hyperoside, and isoquercitrin),
were also reported by Wen et al. (2015). Among the three tested
varieties, the ORAC, and hydrophilic peroxyl radical scavenging capacity of the free faction were 398.3–555.8 μmol TE/g DW,
and 299.1–370.9 μmol vitamin C equivalents/g DW, respectively,
while the corresponding cellular antioxidant activity (CAA) values were 678–1,200 μmol of QE/100 g DW in the no PBS wash
protocol, and 345.9–532.9 μmol of QE/100 g DW in the PBS wash
protocol. Finally, the fruits of C. pinnatifida were subjected to in
vitro digestion and it was determined that 37.41 and 31.51 mg
GAE/g DW of TPC were released for Shanlihong and Dajinxing,
respectively, while procyanidin B2, epicatechin, chlorogenic acid
and catechin were the major released flavonoids. ORAC and peroxyl radical scavenging capacity well correlated with the released
TPC or flavonoids (Zheng et al., 2018).
Some studies have reported the volatile compounds of hawthorn
although the content of essential oil in Crataegus spp. is usually
very low. For instance, in 4 tested pharmaceutical forms of hawthorn inflorescence it was from 0.05 to 0.20% (v/w) and composed
mainly of long chain hydrocarbons (Kowalski et al., 2018). Zhong
et al. (2015) identified 46 volatile compounds in C. pinnatifida
with contents higher than 1% in the total GC area by HS-SPME
coupled with GC-MS. The contents of furaldehyde, 5-methylfuraldehyde, methyl acetate, 2-methylbutyraldehyde, D-limonene
and 2-methylfuraldehyde significantly changed after stir-frying
and it might be important in odor changes. Volatile components
were also reported in C. pentagyna subsp. pentagyna, C. orientalis
subsp. orientalis, C. orientalis subsp. szovitsii, C. tanacetifolia, C.
azarolus var. aronia, C. monogyna var. lasiocarpa, C. monogyna
var. monogyna leaf and flower samples collected from different
provinces of Western Anatolia (Ozderin et al., 2016).
The changes of phytochemicals during processing and storage were also studied. “Xinglongzirou” hawthorn wine bioactives

and antioxidant capacity were determined during production and
storage. Only six anthocyanins were detected after fermentation.
Microwaving and heating pretreatments significantly increased the
total amount of anthocyanin and antioxidant capacity values in the
stored hawthorn wine while the TPC decreased (Liu et al., 2018).
Heat and microwave pretreatments had also a significant impact on
anthocyanins in hawthorn drink; more of them remained after heat
treatment than after microwaving (0.745 mg/100 mL); these were
52.4% higher than those in the control group after storage for 7
days (Liu et al., 2016). Chemometric methods (spectrophotometry
and HPLC) were successfully applied to differentiate raw and processed Crataegi Fructus (Fei et al., 2018). Significant differences
in physicochemical characteristics associated with fruit quality and
free amino acids were found during maturation of hawthorn fruits;
for instance, the content of moisture, total soluble sugars, soluble
pectin, reduced ascorbic acid, total ascorbic acid, fructose, and sucrose increased while crude protein content decreased significantly
(Li et al., 2015).
Some studies were evaluating extraction methods. In general,
selection of extraction solvents and procedures may have different
goals, e.g. obtaining high total yields or recovery target bioactive
fractions/constituents. Ethanol and water, as the most friendly and
effective polar solvents, have been most widely used for food, natural pharmaceuticals and cosmetics. For instance, different ethanol
concentrations (0–100%) were applied for C. pinnatifida and the
yields were 19.03, 33.16, 27.79, 21.88, and 21.71% at 100, 70, 50,
30 and 0% (water) concentration, however the highest TPC and
DPPH•/ABTS•+ scavenging capacity was obtained in case of 50%
(Kang, 2015). The technical and economic advantages of pressurized hot water (90 °C) extraction of C. monogyna compared
to traditional percolation with ethanol and water (70:30, v/v) was
shown by successful incorporation of natural batch variability into
the physico-chemical process modelling concept (Sixt and Strube,
2018). Matrix solid-phase dispersion process was also suggested
as a good alternative to the classic methods for extracting polyphenols from C. oxyacantha fruits and leaves, although phenolic
profile was solvent-dependent (Benabderrahmane et al., 2018). In
addition, this study claimed that epicatechin gallate, caftaric acid
and orientin were not previously reported in this species. Ultrasonic assisted extraction (UAE) using an alkyl polyglycoside surfactant and further separation and purification with commercial
macroporous resins was shown as an effective techniques for recovery of vitexin and its 2″-O-rhamnoside from the leaves (Han et
al., 2016a). The extract obtained by UAE from C. pinnatifida fruits
demonstrated higher TPC, TFC and DPPH• scavenging capacity
(Park et al., 2017b). Aqueous solutions of citric acid and methanol
were compared for C. monogyna fruit; it was found that the former
was favorable in terms of total yield, TPC and ascorbic acid, while
DPPH• and ABTS•+ scavenging capacity was not dependent on the
solvent (Pliszka et al., 2016). Hawthorn seeds, as a byproduct of
manufacturing hawthorn juice and jam, were evaluated as a potential new and cheap source of antioxidants and inflammation inhibitor (Huang et al., 2015).
A protocol for preparative isolation of oligomeric and polymeric procyanidins from an acetone-water extract of Crataegi
folium cum fore was developed, yielding procyanidin reference
clusters with defined degree of polymerization (DP) from 2 to 10
(Hellenbrand et al., 2015). In addition, monitoring of procyanidin
distribution during seasonal growth of fresh C. monogyna plants
showed that their contents were between 20 and 55 mg/g DW of
oligomeric procyanidins during the growing season in the different
plant organs with strong accumulation in the flowers and fruits (55
mg/g DW). Regarding other components, the viscoelastic behavior
and texture profile of gels, composed of the high methoxypectin in
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hawthorn, were compared with commercial citrus gels (LinaresGarcia et al., 2015); the homogenous polyphenolic-polysaccharide
conjugates (MW > 760 × 103 and 970 × 103 g/mol) containing
some flavonoid units and rich in galacturonic acid with low esterification degree were isolated from flowers and fruits of C. monogyna (Pawlaczyk-Graja, 2018).
3. Cardioprotective benefits
Cardiovascular health benefits of various Crataegus drugs and
other preparations have been most widely studied. In addition,
the potential role of hawthorn in cardiovascular diseases was specifically reviewed by Chang et al. (2005). Hawthorn extracts have
been used for this purpose in many countries, particularly against
mild forms of chronic heart failure. For instance, search word combination Crataegus+cardiovascular in Clavirate Analytics Web of
Science (WoS) since 1980 gave 286 records, and even during last 4
years (since 2015) the number of publications on this topic remains
quite high, 61 (accessed on December 7, 2018). Consequently, the
interest in hawthorn as a source of natural cardioprotective medicine, nutraceutical and functional food is evident.
Hawthorn extract WS 1442 containing a range of pharmacologically active substances including oligomeric proanthocyanidins and flavonoids is, possibly, the most famous Crataegus
fruit-based drug with 89 and 14 records in WoS since 1980 and
2015, respectively. Moreover, two most recent articles reviewed
WS 1442 in terms of experimental and clinical experiences (Zorniak et al., 2017) and benefit-risk assessment (Holubarsch et al.,
2018). Therefore, only those studies, which were not reviewed
in these publications, will be covered briefly. Thus, Fuchs et al.
(2017) reported that WS 1442 protective effects against mild forms
of chronic heart failure dysfunction may be due to the promotion
of endothelial barrier integrity and inhibition of endothelial hyperpermeability, which are exerted by activating barrier enhancing (cortactin activation) and blocking barrier disruptive (calcium
signaling) pathways, respectively. Bioactivity-guided fractionation of WS 1442 using successive elution with water, 95% ethanol, methanol, and 70% acetone, revealed that only the ethanolic
fraction interfered with calcium signaling and only the methanolic
fraction led to an activation of cortactin. Moreover, the role of
phenolic compounds was excluded from the calcium active substance, whereas cortactin activation was attributed to oligomeric
procyanidins with a distinct degree of polymerization (Fuchs et
al., 2017). The study with human umbilical vein endothelial cells
(HUVECs) exposed to TNF-α, with or without simvastatin (positive control) and WS 1442, suggested that the factors upregulating miR-155 expression, which decreases eNOS expression and
endothelial function impairment, may be mitigated by WS 1442
(Wang et al., 2018). The results demonstrated that both TNF-α and
WS 1442 increased miR-155 expression and decreased eNOS expression, however, unlike TNF-α, WS 1442 increased phosphorylated eNOS expression and NO concentrations and mitigated the
overall negative effect of miR-155. Protecting effects of total flavones of hawthorn combined with resveratrol on the endothelial
cells injury after artery bypass graft surgery were demonstrated in
the study with rabbits, which determined that the level of circulating endothelial cells, density and the expressions of albumen and
mRNA of ICAM-1 were significantly decreased (Zhu et al., 2018).
It was also reported that WS (R) 1442 improved vascular function
in diet-induced obese mice (Xia et al., 2016). The activity of WS
1442 in stimulating cardiomyocyte differentiation from murine
and human embryonic stem cells (ESC) after forming mesoderm
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was validated in a mESC-based spontaneous differentiation assay,
while bioassay-guided fractionation suggested that this activity
is exerted by specific classes of compounds (Halver et al., 2015).
Aerobic exercise and administration of C. oxyacantha extract reduced ICAM-1 and E-selectin in serum levels of 80 stable angina
pectoris patients and such combined treatment was suggested as an
effective complementary strategy for lowering the risk of atherosclerosis and heart problems (Jalaly et al., 2015).
The cardiac effects of hydroalcoholic extract of C. pentagyna
leaf as well as isoquercetin and vitexin were studied using cardiomyocytes differentiated from healthy human embryonic stem
cells, namely long QT syndrome type 2 and catecholaminergic
polymorphic ventricular tachycardia type 1 (CPVT1) patient-specific induced pluripotent. It was concluded that tested preparations
may be introduced as a novel nutraceutical with antiarrhythmic
potential for CPVT1 patients (Pahlavan et al., 2018). The effects
of polyphenolic extracts of C. pentagyna and C. microphylla fruits
on hypoxia, which is a state of oxygen deficiency occurring in
heart diseases, ischemia, bleeding and heart attack, were studied
using male Swiss albino mice model. It was found that the extracts
exhibited significant anti-hypoxic activity and prolonged animal
survival time (Ebrahimzadeh et al., 2018). The activity of these extracts was attributed to a high TPC, 1,136.0 and 721.1 GAE mg/g
in C. pentagyna and C. microphylla, respectively. Polyphenolicpolysaccharide conjugates from flowers and fruits of C. monogyna
prolonged the plasma coagulation process in in vitro tests, even at
a concentration of 31.25 μg/mL; however, only the product from
flowers was highly selective in its action. It was mainly the indirect inhibitor of factor Xa, mediated by antithrombin, where such
mechanism of activity is typical for highly sulfated glycosaminoglycans (Pawlaczyk-Graja, 2018).
Flavonoid-rich preparations of C. pinnatifida leaves (HLF) have
been used to treat cardiovascular diseases; however, their ability to
attenuate atherosclerosis development and possible mechanism are
not evident. To fill this gap, Dong et al. (2017) by the large scope in
vivo studies using apoE knockout mice showed that administration
of HLF resulted in the following effects: (1) reduction of the mean
atherosclerotic lesion area in en face aortas; (2) decrease in total
cholesterol (TC) and very low density lipoprotein cholesterol plus
low density lipoprotein cholesterol (VLDLc+LDLc) levels; (3) increase in PPARα mRNA and RCT; (4) decrease in SREBP-1c; (5)
induction of CPT-1 mRNA, SOD1 and SOD2, Gpx3 mRNA, LDL
receptor mRNA and protein levels; and (6) inhibition of the foam
cell formation. HLF also protected rats against diabetic cardiomyopathy and the mechanism may be involved in reducing oxidative
stress and inflammation via inactivation of the PKC-α signaling
pathway (Min et al., 2017).
The new norditerpenoids (Table 2) isolated from the leaves
of C. pinnatifida exhibited exceptionally potent antithrombotic
activities in vitro and in vivo, pinnatifidanoside F being the most
potent one (Gao et al., 2017). It inhibited ADP induced platelet aggregation, which is mediated through the response to the specific
receptor of P2Y(12), and prolonged the time to form thrombocytes
induced by FeCl3 in the caudal vessels of zebrafish. In vivo study
with diabetic rats demonstrated that resistance training and C. oxyacantha extract can synergistically decrease ischemia-reperfusion
injury by oxidative stress reduction: injury indices (plasma lactate
dehydrogenase, creatine kinase myocardial band isoenzyme and
infarction size) were significantly lower after sedentary diabetic
group treatment with extract, whereas glutathione peroxidase and
myeloperoxidase levels after reperfusion increased and decreased,
respectively, in response to training and C. oxyacantha (Ranjbar et
al., 2018). On the other hand, the study with 116 patients who underwent cardiac surgery showed that those who recently consumed
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hawthorn extract had a significantly higher rate of postoperative
bleeding and overall mortality rate, which indicates that hawthorn
extract consumption increases the potential for bleeding and the
amount of chest tube output after cardiac surgery (Rababa’h et al.,
2016).
C. oxyacantha alcoholic extract produced an antiarrhythmic effect that was induced by digoxin in Wistar rats; however, in the
clinical use of this extract, the hypotensive effect should be considered (Alp et al., 2015). Another in vivo study reported that administration of methanolic C. songarica extract at the dose of 300 mg/kg
body weight to albino rats with CCl4-iduced toxicity significantly
decreased serum creatinine, urea, and cholesterol, malondialdehyde (MDA) in kidney and heart tissues, along with recovery in
antioxidant enzyme levels (Ganie et al., 2016). It was also reported
that standardized Crataegus extract prevented DOCA-salt-induced
hypertension and alteration of cardiac, vascular and renal structure
and function in rats (Schini-Kerth et al., 2015). One of the main
hawthorn bioactives vitexin inhibited cytochrome P450 enzyme
(CYP3A1) in a concentration-dependent and time-dependent
manner while CYP2C11 enzyme activity was induced after short
period treatment but inhibited after long period treatment. It was
concluded that vitexin can either inhibit or induce the activities
of these enzymes and possible herb-drug interactions should be
considered when vitexin is co-administered with some CYP2C11
or CYP3A1 substrates in clinic (Wang et al., 2015).
Some studies reported antithrombotic and anti-vasoconstriction
effects exerted by Crataegus bioactives. Thus, among 15 from
C. pinnatifida leaves isolated compounds (Table 2) (65,7Z,9R)roseoside, eriodectyol and 2″-O-rhamnosyl vitexin exerted potent
antithrombotic activity in vitro, which was in agreement with the
in vivo results obtained in transgenic zebrafish system (Li et al.,
2015). C. monogyna and C. davisii significantly inhibited the carrageenan-induced mouse tail thrombosis and may potentially be
used as therapeutic agents or complementary treatments against
thrombosis (Arslan et al., 2015). Euscaphic acid isolated from the
crude ethyl acetate extract of C. azarolus var. aronia showed high
anti-vasoconstriction effects on aortic rings, supporting the use
of this medicinal plant in cardiovascular disease (Mahmud et al.,
2016).
4. Hypolipidemic and hypoglycemic activity
4.1. Hypolipidemic effects
Lipid-lowering effects of hawthorn have been widely studied in
vivo in many cases using HFD animals. Plant preparations demonstrated the ability to lower tricylglycerol (TG), total cholesterol
(TC), LDLC and VLDLC, and to increase HDLC in plasma and
these effects have been explained by several possible mechanisms
(Yang and Liu, 2012). Recently published articles extended existing knowledge on hypolipidemic benefits of Crataegus preparations, particularly HLF, some of them carried out in in vivo studies with NAFLD animals and reported beneficial effects on liver
health, which highly depends on HFD.
C. pinnatifida extract decreased the levels of serum TC, LDLC,
hepatic TG and MDA, increased mRNA expression of nuclear
erythroid 2-related factor (Nrf2), heme oxygenase-1 (HO-1), Gpx
and reversed the suppression of protein levels in ovariectomized
rats (Yoo et al., 2016). Li et al. (2015) reported that C. pinnatifida
HLF ameliorated hepatic steatosis by enhancing the adiponectin/
AMPK pathway in the liver of HFD-induced NAFLD rats. Several
beneficial events were determined: (1) lowering body and liver

weight and liver/body weight ratio; (2) improving serum parameters and liver dysfunction; (3) decreasing hepatic lipid accumulation; (4) increasing circulating adiponectin levels and up-regulating the expression of adiponectin receptors (AdipoR2) in the
liver; and (5) activating AMP-activated protein kinase (AMPK)
and altering AMPK-mediated SREBP-1c, PPAR-α and their
downstream targets (Li et al., 2015). The inhibitory activities of C.
pinnatifida extract isolated with 50% ethanol were more effective
against formation of advanced glycation end products (AGEs) and
α-glucosidase, while water extract better inhibited aldose reductase (Kang, 2015).
Investigation of the effects of aqueous extract of C. aronia (syn.
azarolus L.) on sperm parameter and testicular structure in control and NAFLD-induced rats showed the improvements of the
following indicators: (1) lower hepatic TG and cholesterol contents; (2) higher levels of testosterone, luteinizing hormone and
follicle-stimulating hormone; (3) increased epididymis weight,
sperm count and motility; and (4) increased testicular levels of
glutathione, higher protein levels of Nrf2, γ-glutamylcysteine synthetase and SOD (Dallak, 2018).
The potential of novel multi-targeted herbal formula containing
Crataegus Fructus, sylimarin, Schisandrae Fructus and Momordica
charantia, as a therapeutic agent for diet-induced metabolic syndrome with special emphasis on NAFLD, dyslipidemia and type 2
diabetes, was studied using male C57Bl/6 mice. Crataegus Fructus
aqueous extract inhibited differentiation of 3T3-L1 preadipocytes
and cholesterol uptake into Caco-2 cells, while the whole herbal
formula exhibited mitigation of diet-induced increase of various
indicators in vivo, namely (1) a trend to reduce body weight and fat
pad mass, (2) significant reduction in liver weight, liver lipid, and
plasma lipid, (3) reduction of liver inflammation, and (4) improvement of adiponectin level (Elaine et al., 2018).
The results of a number of studies support the hypothesis that
hawthorn possesses both therapeutic and protective effect for
NAFLD. C. aronia extract and simvastatin significantly reduced
lipids and thiobarbituric acid reactive substances (TBARS), which
were increased by oxidative stress in HFD rat group, and treated
damage to hepatic cells, while only the extract induced GSH. C.
aronia and simvastatin treatments differentially reversed hepatic
injuries (Al Humayed et al., 2017). Another in vivo study demonstrated that C. aronia significantly reduced liver index (3.85%
versus 6.22% in HFD rat group), increased HDLC/LDLC and improved oxidative stress biomarker and enzymes indicating liver
damage (Al Humayed, 2017). Ethanol extract of C. oxyacantha
administered at 10 and 20 mg/kg to HFD rats reduced the level of
some liver biomarkers, especially lactate dehydrogenase (LDH),
increased GSH and FRAP and decreased lipid peroxidation, which
may be beneficial in restoring the hepatocyte damage (Saeedi et
al., 2018).
Polyphenols-enriched extracts from hawthorn fruit peels (HPP)
and flesh (HFP), containing chlorogenic acid, epicatechin, rutin
and hyperoside as the main polyphenolic constituents (HPP >
HFP), reduced alanine aminotransferase (ALT), aspartate aminotransferase (AST) and alkaline phosphatase (ALP) activities, as
well as the ratio of pro-apoptotic protein with B-cell lymphoma-2
(Bax/Bcl-2) in mice with liver injury, which was induced by a
high-fructose diet. HPP was more effective than HFP in mitigating liver inflammation and oxidative stress by inhibiting inflammatory cytokine (TNF-α, IL-1 and IL-6) release, elevating antioxidant enzyme activities and PPARα expression, reducing Nrf-2
and antioxidant response element (ARE) expression in mice. HPPtreated mice also had lower levels of TC, TG, LDLC, VLDLC and
apoprotein B (Apo-B), and higher levels of HDLC and Apo-A1
than HFP-treated mice due to reduced expression of fatty acid syn-
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thetase (FAS) (Han et al., 2016b).
Hypolipidemic and antioxidant effects of aqueous and ethanolic extracts of C. pinnatifida fruits were compared in hyperlipidemia rats and obvious differences between extracts were observed, probably due to the existing differences in the content of
phenols (Shao et al., 2016). Polyphenolic extracts of C. azarolus
and C. monogyna leaves, fruit peel, and pulp, possessing antioxidant activity, protected against thermal-cholesterol degradation
while pre-treatment with the extracts preserved liposomes and rat
liver-homogenate from oxidative Cu2+ and Fe2+ induced damage
(Belkhir et al., 2016). Synergic effects and potential mechanisms
of action of Astragalus polysaccharides combined with Crataegus
flavonoids were studied with diabetic mice. The mixture significantly reduced the fasting blood glucose, food and water intake
and restored increased serum insulin levels and islet cell function;
it also increased protein expression levels of pancreatic and duodenal homeobox-1 and phosphorylated AMPK in the pancreatic
and liver tissue samples, respectively. The mixture significantly
increased the mRNA expression levels of neurogenin 3 (v-maf
musculoaponeurotic fibrosarcoma oncogene), protein A and insulin, and simultaneously decreased the expressions of IL6, TNF-α
and chemokine (C-C motif) ligand 2 in the pancreatic islet cells of
diabetic mice (Cui et al., 2016).
One of the most important Crataegus phytochemical, hyperoside, induced apoptosis in human hepatic stellate LX-2 cells and
decreased the levels of α-smooth muscle actin (α-SMA), type I
collagen, and intracellular ROS. Remarkably, hyperoside also inhibited the DNA-binding activity of the transcription factor NF-κB
and altered expression levels of NF-κB-regulated genes related to
apoptosis, including pro-apoptotic genes Bcl-Xs, DR4, Fas, and
FasL and anti-apoptotic genes A20, c-IAP1, Bcl-X-L and RIP1.
These results suggest that hyperoside may have potential as a therapeutic agent for the treatment of liver fibrosis (Wang et al., 2016).
4.2. Hypoglycemic effects
Enzyme inhibitory activity in vitro is a simple and widely used
method for the preliminary evaluation of hypoglycemic effects.
Comparison of hawthorn extracts prepared from plant fruit using
80% ethanol, 80% methanol, 80% acetone and pure water revealed
that acetone extract had the highest α-glucosidase inhibitory activity while the highest DPPH• scavenging capacity and FRAP was
exhibited by the water extract. Polyphenols, triterpenoids, protocatechuic acid and epicatechin contributed to the α-glucosidase
inhibitory activity, while flavonoids, polyphenols, vanillic acid,
gallic acid, catechin and chlorogenic acid contributed to the antioxidant activity (Miao et al., 2016).
Antihyperglycemic (Male albino mice) and antihyperlipidemic (Sprague Dawley rats) activities of the ethanolic extract of C.
azarolus var. eu-azarolus leaves and the isolated 3β-O acetyl ursolic acid were proved by significantly reduced mice blood glucose
level in a time-and dose-dependent manner, while ethanolic extract
significantly reduced LDLC, VLDLC, TC and TG and increased
HDLC. In addition, ethanolic extract and 3β-O acetyl ursolic acid
reduced the activity of pancreatic lipase in vitro (Abu-Gharbieh
and Shehab, 2017). C. aronia significantly improved the oral glucose tolerance test, lowered plasma glucose, serum lipid levels and
the hepatic glycogen content. In addition, it significantly lowered
the levels of hepatic lipid peroxidation, TNF-α and IL-6, while the
level of reduced glutathione (GSII) was enhanced and SOD activity was increased (Mostafa et al., 2018). Regarding the mechanism
involved, it enhanced hepatic mRNA expression of the insulin
receptor A isoform (IR-A) and glucose 6-phosphatase (G6Pase),
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while the expression of glucose transporter-2 (GLUT-2) and glycerol kinase (GK) mRNA was lowered. Consequently, C. aronia
ameliorated type 2 diabetes mellitus by inhibiting hepatic glucose
output. Out of six tested plants, ethanolic extract of C. monogyna
leaves exhibited the best α-glucosidase inhibition activity with
IC50 = 10.39 μg/mL, and was stronger inhibitor of α-amylase and
α-glucosidase than its traditionally made with hot water tea (Sayin
et al., 2018).
Complex herbal formulas with Crataegus have also been tested.
The potential anti-obesity effects (inhibition of lipogenesis and adipogenesis) of HT048 (a combination of C. pinnatifida leaf and Citrus unshiu peel extracts) was investigated in vitro and in vivo using
3T3-L1 adipocytes and male Sprague Dawley rats, respectively
(Lee et al., 2015). HT048 suppressed, dose-dependently, adipocyte
differentiation and stimulated glycerol release and decreased the
expressions of PPAR and C/EBP mRNA in adipocytes while in
rats it significantly reduced the body and fat, as well as serum lipid levels, decreased expression of the hepatic lipogenesis-related
genes and increased the expression of the oxidation-related genes
(Lee et al., 2015). The effects were supported one year later when
it was demonstrated that HT048 decreased body and total white
adipose tissue weight and serum insulin levels in HFD-fed obese
rats, whereas at the molecular level the supplement downregulated
genes involved in lipogenesis, gluconeogenesis, and adipogenesis,
and up-regulated β-oxidation genes. In addition, no interactions
were observed between HT048 supplementation and orlistat drug,
which was also used in the study (Lee et al., 2016). Orlistat and C.
monogyna ethanolic extracts significantly lowered the hypercholesterolemia-increased serum level of hepatic enzymes and lipid
peroxidation level in the hypercholesterolemia-induced oxidative
stress in rats, protected from hepatic thiol depletion, and improved
lipid profile and hepatic damages (Rezaei-Golmisheh et al., 2015).
The results of Cheng et al. (2015) study with mice demonstrated
that supplementation with a formula composed of Rhizoma dioscorea, Lycium barbarum, Prunella vulgaris and hawthorn may
be a potent alternative as an anti-diabetic health-promoting diet.
Finally, hawthorn pectin pentasaccharide (HPPS) was shown to be
more effective than pectin (HP) and pectin hydrolyzates (HPH)
in decreasing the body weight gain, liver weight, and plasma and
hepatic TC of hamsters fed by high-cholesterol diets. However,
the HP group had higher cholesterol excretion capacities than the
HPH and HPPS groups by inhibiting cholesterol absorption in the
diet (Zhu et al., 2015a). Thus, HPPS could be a promising antiatherogenic dietary ingredient for the development of functional
food to improve cholesterol metabolism.
5. Anticancer effects
The majority of studies evaluating anticarcinogenic properties of
plant origin products are based on cell cytotoxicity and apoptosis
assays, while in vivo studies, which provide more relevant physiologically information, are rather scarce. In addition, the mechanism of activity is very important issue in evaluating anticancer
properties. Several recent studies, which were focusing on anticancer effects of Crataegus extracts, their fractions and purified
compounds, are reviewed in this section.
Hawthorn’s health benefits are mainly associated with the high
contents of polyphenolics. C. pinnatifida var. major fruits, containing high amounts of flavonoids and triterpenoids, showed potent
antiproliferative effect against human cancer cells lines (liver, Hep
G2; breast, MCF-7 and MDA-MB-231); particularly strong activity was determined for triterpenoids-enriched fraction and its main

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

Venskutonis

Phytochemical composition and bioactivities of hawthorn (Crataegus spp.)

ingredient ursolic acid, which induced restriction point G1 arrest,
downregulated proliferating cell nuclear antigen (PCNA), cyclindependent kinase (CDK4), and a protein Cyclin D1 (in humans
encoded by the CCND1 gene) and upregulated cyclin-dependent
kinase inhibitor 1p21(Waf1/Cip1) in MDA-MB-231 cells (Wen et
al., 2017). In addition, the supplements induced MDA-MB-231
apoptosis via mitochondrial death pathway induced by caspase (9
and 3) activation.
The studies performed by Mustapha et al. (2015, 2016a, b, c)
demonstrated various effects of C. azarolus ethyl acetate extract as
well as isolated from it hyperoside and vitexin-2″-O-rhamnoside.
The extract and vitexin rhamnoside exhibited anti-proliferative
activity against B16F10 melanoma cells and the ability to reduce
melanin content by inhibiting the tyrosinase activities (Mustapha
et al., 2015); it also demonstrated significant cellular antioxidant
capacity against the ROS in B16F10 and primary human keratinocyte cells (Mustapha et al., 2016b). In addition, total oligomeric
flavonoids extract (150 mg/kg body weight, 21 days) significantly
inhibited tumor growth volume and weight in Balb/c mice inoculated with B16F10 cells and therefore was suggested as a new
candidate for skin care products (Mustapha et al., 2016b). The extract and hyperoside also exhibited an immunomodulatory effect
by modulating macrophage lysosomal enzyme activity and NO
release in mice and anti-inflammatory activity, which was concomitant with the cellular antioxidant effect against macrophages
and solenocytes (Mustapha et al., 2016a). Extract-induced growth
inhibitory effect in human colorectal cancer cell lines HCT-116
and HT-29 was associated with DNA fragmentation, sub-G1 peak,
loss of mitochondrial potential, and poly (ADP-ribose) polymerase
(PARP) cleavage. The extract also induced the cleavage of caspase-8 and had no effect on steady-state levels of total Bcl-2 protein, whereas Bax levels decreased significantly in a dose-dependent manner in both tested cell lines (Mustapha et al., 2016b). It
may also be mentioned that in searching of relatively mild and safe
tyrosinase inhibitors, one of six isolated from C. pinnatifida seeds
8-0-4′ neolignans, demonstrated promising tyrosinase-inhibiting
and good antioxidant activities (Huang et al., 2015b).
Two other studies also investigated the effects of hyperoside.
It was suggested as a candidate of concomitant treatment for leukemia due to the ability to potentiate As2O3-dependent apoptosis
of HL-60 human acute myeloid leukemia cells by upregulating
LC-II and inducing autophagy effects (Zhang et al., 2015). In addition, hyperoside inhibited Bcl-2-associated agonist of cell death
BAD from phosphorylating, reactivated caspase-9, and increased
cell cycle regulating protein p27 levels. In another study, hyperoside dose-dependently (0.5, 1, 2 mmol/L) increased the expression
of LC3-II and autophagosome numbers in human non-small cell
lung cancer cell line A549 cells; however, such effects in human
bronchial epithelial cell line BEAS-2B cells were not observed.
Moreover, hyperoside inhibited the phosphorylation of Akt,
mTOR, p70S6K and 4E-BP1, but increased the phosphorylation
of ERK1/2 in A549 cells (Fu et al., 2016).
The extract from hawthorn fruit peel (EPHF), rich in phenolic
compounds, exhibited dose-dependent cytotoxicity on MCF-7 and
SKOV-3 human tumor cell lines with the IC50 of 2.76 and 80.11
μg/mL, respectively (Wu et al., 2017). Polyphenolic extracts of
C. azarolus and C. monogyna leaves, fruit peel, and pulp (0.24–
4.8 mg/mL) were cytotoxic to cancer Caco-2 cells, at the same
time being nontoxic for differentiated Caco-2 cells (Belkhir et al.,
2016). Ethanolic extract of C. microphylla flowers and leaf buds
demonstrated cytotoxic and antiproliferative activity against HeLa
cell (IC50 = 0.871 mg/mL) and least cytotoxicity on normal human peripheral mononuclear cells (Bura et al., 2016). Methanol,
ethanol and ethyl acetate extracts of C. songarica K. Koch exhib-

ited potent in vitro anticancer activity on MCF-7, HeLa, HepG2,
SF-295, SW480 and IMR-32 cancer cell lines with IC50 values of
28.57–85.106 μg/mL, while methanol extract demonstrated protective activity for albino rats’ kidney and heart tissue against CCl4induced toxicity in vivo (Ganie et al., 2016). C. monogyna extract
at 100–75 μg/mL concentrations exhibited better antiproliferative
activity against C6 cell lines than 5-flurouracil drug (5-FU) and
cisplatin, and also demonstrated considerable antiproliferative activity against HeLa cells (Yaglioglu et al., 2016). Ethanolic C. meyeri flower extracts, which contained flavonoids and procyanidins
and had high in vitro antioxidant capacity in DPPH•, β-carotene–
linoleic acid and TPC assays, also demonstrated antiproliferative
activity against PC3 and PC14 cells and decreased the levels of
serum alanine aminotransferase and aspartate aminotransferase
in the blood of partially hepatectomized rats (Ozay et. al., 2015).
Thus, the extracts were suggested as protective agents against partial hepatectomy-induced liver injury in rats and inhibitors of the
proliferation of human non-small lung cancer cells.
Recently isolated from the fruit of C. pinnatifida phenylpropanoids crataegusoids (Table 2) were cytotoxic against human hepatocellular carcinoma cells HepG2 and Hep3B, while crataegusoids
C and D with two methoxy groups at C-3′ most remarkably induced apoptosis in HepG2 cells indicating on structure-activity
relationships (Guo et al., 2018). Finally, the hydroxy-olean-12en-28-oic acid (HOA) triterpenoids from hawthorn berry, namely
3β,6β,18β,23-tetraHOA, 2β,3β,6β,18β-tetraHOA and 2 α,3 β,6
β,18 β,23-pentaHOA were potent inhibitors of HepG2 and MCF-7
cells, with the EC50 values lower than 5 μM (Qiao et al., 2015).
6. Neuroprotective effects
Neuroprotective effects of sesquineolignans (Table 2) isolated
from the hydroethanolic (70%) extract of C. pinnatifida var. major seeds towards H2O2-induced damage in human neuroblastoma
SH-SY5Y cells were recently reported by Huang et al. (2018a, b).
All of these exhibited significant neuroprotective activity, compared with trolox, while 6 compounds demonstrated the survival
rate of 90.74% at the 50 μM concentration, by inhibiting cellular
apoptosis determined by Hoechst 33258 staining and annexin V/
PI analysis (Huang et al., 2018a). Sesquineolignans also inhibited β-amyloid aggregation; (7′S, 8′R, 8R)-isolariciresinol-9′-β-Dglucopyranoside and lyoniside were stronger inhibitors of Aβ1–42
aggregation than curcumin (Huang et al., 2018b). Possible mechanism of interactions was investigated by molecular docking.
The potential of hawthorn as natural antidepressant was also
reported. The levels of typical markers of depression in animal
models, monoamine oxidase B and reduced spine numbers along
neuronal dendrites, were improved by chlorogenic acid or the extract of C. pinnatifida both in vivo using mice model with induced
depression-like phenotypes by daily injection of stress hormone,
and in vitro using cultured astrocyte type I clone C8-D1A cells
(Lim et al., 2018). A protective effect of vitexin, which is one of
the most important flavonoid in hawthorn leaves, against neurotoxicity has also been reported; however, the mechanisms of action
remain elusive. Systemic vitexin treatment significantly reduced
neurological deficit, cerebral infarct volume and neuronal damage
when compared with the ischemia/reperfusion (I/R) injury mice.
Vitexin markedly upregulated extracellular signal-regulated kinases (p-ERK1/2), downregulated c-Jun N-terminal kinases (p-INK)
and p38 phosphorylation (p-p38), increased B-cell lymphoma 2
(Bcl-2) expression and suppressed the overexpression of Bax in
the I/R mice, thus, protecting brain against cerebral I/R injury
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regulated by mitogen-activated protein kinase (MAPK) and apoptosis signaling pathways (Wang et al., 2015a). Vitexin presented
no cytotoxicity in RAW 264.7 cells and effectively reduced leukocyte migration in vivo, TNF-α, IL-1β, PGE2 and NO releases
and increased in IL-10 release in the LPS-challenged mice; it was
also able to regulate transcriptional factors for pro-inflammatory
mediators, by reducing the expression of p-p38, p-ERK1/2 and
p-JNK (Rosa et al., 2016). Chen et al. (2016) also attempted to
obtain evidence on mechanisms using Sprague Dawley rats and
human PC12 pheochromocytoma neurosecretory cells with isoflurane-induced neurotoxicity and cytotoxicity, respectively, and
suggested that vitexin mediates by targeting the transient receptor potential cation channel subfamily V member 1 gene (TRPV1)
and N-methyl D-aspartate receptor subtype 2B protein (NR2B)
signaling pathways. The study of Hu et al. (2018) demonstrated
that vitexin from C. pinnatifida protected dopaminergic neurons
against methyl-4-phenylpyridine/1-methyl-4-phenyl-1,2,3,-6-tetrahydropyridine (MPP+/MPTP)-induced neurotoxicity through
the activation of phosphatidylinositol-4,5-bisphosphate 3-kinase/
protein kinase B (PI3K/Akt) signaling pathway, and these findings
may facilitate the clinical application of vitexin in the Parkinson’s
disease therapy.
The combination of Radix Puerariae and hawthorn fruit tested
with diabetic rats showed the following effects: (1) reduced random blood glucose, TC, TG and improved glucose tolerance; (2)
reversed the loss in body weights; (3) reduced depressive-like
behavior as measured by open field, the elevated plus-maze, locomotor activity, and forced swimming tests; and (5) upregulated brain-derived neurotrophic factor and activated extracellular
signal-regulated protein kinase (Luo et al., 2016). Vitexin exerted
behaviorally-specific antinociceptive effect against postoperative
pain using a mouse model with surgical incision on the right hindpaw, which was mediated through opioid and GABA(A) receptors
(Zhu et al., 2019). It was observed that C. pinnatifida containing
Naodesheng formula could reverse most of the cerebral ischemia
reperfusion induced imbalanced metabolites in brain tissue, plasma and urine, which indicates on its protective effect on ischemic
stroke rats by mechanisms involving multiple metabolic pathways,
including energy metabolism, amino acid metabolism, oxidative
stress and inflammatory injury (Luo et al., 2016). Most recently
potential efficacy of Naodesheng for treating Alzheimer’s disease
was evaluated by combined machine learning, molecular docking,
and pharmacophore mapping, and as a result constituent-target
network, constituent-target-target network and target-biological
pathway network was built for this formula as the virtual screening and network pharmacology method for the first time (Pang et
al., 2018). C. oxyacantha extract ameliorated some seizure parameters in penicillin-induced epilepsy in gerbils; however, further
and more advanced physiologic and neurochemical studies are required to determine the mechanisms involved (Cakir et al., 2016).
The compounds from C. oxyacantha effectively inhibited AChE,
from IC50 = 5.22 μM (β-sitosterol-3-O-β-D-glucopyranoside) to
44.47 μM, and BChE activity with IC50 = 0.55–15.36 μM. In addition, docking procedures with Genetic Optimization for Ligand
Docking suit v5.4.1 were applied to study the inhibition mechanism, while software admetSAR predicted that both of the isolated
compounds can cross blood brain barrier (BBB+) (Ali et al., 2017).
AChE catalyzes the breakdown of acetylcholine and of some other choline esters that function as neurotransmitters, while BChE
in plasma can be used as a liver function test in both hypercholinesterasemia and hypocholinesterasemia. Potential antioxidant,
hypoglycemic, and neuroprotective effects of acidified methanol
or ethanol extracts of C. microphylla stem barks and leaves were
supported by evaluating their AChE, tyrosinase and α-glucosidase
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inhibitory, DPPH• scavenging capacity and protective activity
against hydroxyl radicals-induced DNA strand scission (Renda
et al., 2018). Macroporous resin Diaion HP-20 adsorption chromatography was applied to obtain rich in phenolics extract from
hawthorn fruit peel (EPHF), which contained ideain, epicatechin
and chlorogenic acid as the main constituents (179.4, 40.9, and
10.0 mg/g, respectively) and exhibited strong antioxidant (ORAC
= 11.65 μM TE/mg, IC50 in DPPH• scavenging = 6.72 μg/mL) and
AChE inhibitory (IC50 = 11.72 μg/mL) activities (Wu et al., 2017).
Methanolic extract of C. microphylla was shown as a good source
of antioxidant, antimicrobial, antidiabetic, anticholinesterase, and
anticancer agents in various in vitro assays (Aksoy-Sagirli at al.,
2017).
7. Skin protective and other health effects
The extract from the Greek hawthorn C. pycnoloba was tested as
a potent inhibitor of melanin synthesis during early zebrafish embryo development. The activity based subfractionation enabled to
identify 3 melanogenesis inhibiting dibenzofurans (Table 2), acting
not via inhibition of tyrosinase or interfering with neural crest differentiation or migration, but via binding to the aryl hydrocarbon
receptor by activating its signaling pathway and causing the induction of the target genes expression (Agalou et al., 2018). Ursolic
aldehyde, isolated from the active fragments of C. pycnoloba, had
no melanin synthesis inhibition activity. The assays with HaCaT
human keratinocytes, normal human dermal fibroblasts (HDFs),
and mice showed that hawthorn polyphenol extract (HPE), containing chlorogenic acid, procyanidin B2, and epicatechin (13.5,
19.2, and 18.8% of the TPC, respectively), can prevent UVB radiation-induced skin photo-aging by promoting human cell proliferation in vitro and regulating matrix metallopeptidase expression and
type I procollagen production in vivo (Liu et al., 2018). Ethanol
extract from C. pinnatifida fruits (TPC = 61.31 mg/g, TFC = 25.42
mg/g) at 50 μg/mL reduced melanin contents by 8.5% while at
1,000 μg/mL reduced intracellular tyrosinase activity by 46.83%,
thus suggesting that the extract could be used as a whitening agent
in cosmetics (Park et al., 2017a). The mixture of P. ginseng and
C. pinnatifida improved procollagen type I expression, diminished
matrix metalloproteinase-1 secretion and improved various other
human skin values associated with aging, wrinkle formation and
moisture (Hwang et al., 2017). Creams with 5–15% of C. pontica
leaf extract have a healing effect on dermal toxicity caused by T-2
toxin as it was shown by the study with Iranian rabbits (Kalantari
et al., 2016). The penetration of active substances into the full undamaged human skin from the semisolid preparations containing
C. oxyacantha extract was evaluated ex vivo. However, it was observed that, although the extract exhibited antimicrobial and antiradical activity, its compounds stay on the surface of the undamaged human skin, thus only traces of hyperoside and isoquercitrin
were found in the epidermis (Stelmakienė et al., 2016).
The effects of C. orientalis M Bieber extract on serum oxidative status and alveolar bone loss in experimental periodontitis
was studied in vivo and showed inhibitory effect on periodontal
inflammation and alveolar bone loss by regulating total antioxidant (TAS)/oxidant (TOS) status and oxidative stress index levels in periodontal disease in rats when administered systemically
(Hatipoglu et al., 2015). C. azarolus extract was active against herpes simplex virus-1 (HSV-1), and antiviral activity correlated with
TPC (R = 0.773, p < 0.001) and free radical scavenging capacity
(R = −0.684, p < 0.01) (Moradi et al., 2018). Hawthorn hyperoside
(10, 50, 100 μmol/L) dose-dependently inhibited LPS-induced pro-
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liferation and migration of human rheumatoid fibroblast-like synoviocytes (RA FLSs) in vitro. Furthermore, hyperoside decreased
LPS-stimulated production of TNF-α, IL-6, IL-1 and MMP-9 in
the cells, inhibited LPS-induced phosphorylation of p65 and IκBα,
and suppressed nuclear translocation of p65 and DNA biding of
NF-κB in the cells. Three-week administration of hyperoside significantly decreased the clinical scores, and alleviated synovial
hyperplasia, inflammatory cell infiltration and cartilage damage
on mouse with collagen-induced arthritis. Hyperoside inhibited
LPS-induced proliferation, migration and inflammatory responses
in RA FLSs in vitro by suppressing activation of the NF-κB signaling pathway, which contributes to the therapeutic effects observed
in mice with collagen-induced arthritis (Jin et al., 2016).
In the study with male Sprague-Dawley rats hydroalcoholic
extract of C. azarolus ssp. aronia fruit significantly lowered systolic blood pressure and phenylephrine maximal response and increased acetylcholine maximal response, serum SOD, and serum
glutathione reductase in the renal artery-clipped group receiving
vehicle. It was concluded that antihypertensive effects of extract
may be partly due to antioxidant and NO releasing effects (Haydari et al., 2017). Ethyl acetate fraction of C. dahurica methanol
extract demonstrated the greatest antioxidant activity while n-butanol fraction significantly accelerated the gastrointestinal transit
in mice. Thus, this plant was suggested to serve as a good source
of antioxidants and digestion-improving agents (Wang et al.,
2018). Ethanolic extracts of C. orientalis leaves and berries inhibited cyclooxygenase-1 (COX-1) and 12-lipoxygenase (12-LOX),
while its leaf extract showed a concentration dependent inhibition
of COX-1 pathway products, 12-HHT and TXB2 (Šavikin et al.,
2017).
Rhodiolae Kirliowii Radix et Rhizoma and C. pinnatifida Fructus may provide sources of potential antiviral compounds that was
evidenced by hemagglutination inhibition activity on B human
polyomaviruses BK KPyV and JCPyV VLPs and reducing their
expression in infected cells (Chen et al., 2017). C. oxycantha buds
fluid extract and the hydro-ethanolic macerate were active against
thirty-due clinical strains of U. urealyticum, with MIC ranges
of 15.6–250 and 15.6–62.5 μg/mL, respectively. Meanwhile,
among the major purified flavonoids luteolin 3,7-diglucoside and
apigenin-7-O-glucoside were the most active compounds with
MICs 0.48–1.95 and 0.48–3.9 μg/mL, respectively (Bisignano et
al., 2016). Ethanolic extract of C. azarolus var. eu-azarolus Maire
leaves and its hexane, chloroform, and n-butanol fractions as well
as ursolic acid, 3β-O-acetyl ursolic acid and quercetin 3-O-methyl
ether showed variable antimicrobial activities against E. coli, P.
aeruginosa, S. aureus, and C. albicans (Abu-Gharbieh and Shehab, 2017).
8. Toxicity of hawthorn preparations
Safety of Crataegus preparations has been proven by many studies
and safe history of use. Some recent studies with C. oxyacantha
extend the knowledge on this issue. Evaluation of C. oxyacantha
fruit extract showed that it did not produce marked genotoxic effects at concentrations of 2.5 or 5 μg/mL in leukocytes and human
liver hepatocellular carcinoma HepG2 cultured cells; however, at
concentrations of 10 μg/mL or higher significant DNA damage
and clastogenic/aneugenic responses were observed. The extract
induced mutagenic effects in TA98 strain of S. typhimurium (Ames
test) with metabolic activation at all tested concentrations (2.5 to
500 μg/mL). Consequently, under certain experimental conditions,
the extract exerts genotoxic and clastogenic/aneugenic effects in

human cells, and mutagenicity in bacterial cells (De Quadros et al.,
2017). Previous in vitro findings were also confirmed by the study
of Yonekubo et al. (2018) with C. oxyacantha extract, showing that
in comet assay it did not markedly induce DNA damage in leukocytes and bone marrow cells; however, in the micronucleus test the
extract produced a significant rise in micronucleated polychromatic erythrocytes (PCE) in a non-dose dependent manner. The PCE/
normochromatic erythrocytes (NCE) ratio indicated no significant
cytotoxicity under applied experimental conditions, however, C.
oxyacantha fruits extract exhibited weak clastogenic and/or aneugenic effects in bone marrow cells of male mice (Yonekubo et al.,
2018). It suggests that prolonged or high dose use of such extracts
needs to be undertaken with caution. Most recently, the electrocardiographic effects of hawthorn in healthy adult volunteers was
tested and it was concluded that a single dose of oral C. oxyacantha had no effect on electrocardiographic parameters in healthy
volunteers (Trexler et al., 2018).
9. Processing, quality control and other uses
Raw plant material and natural products should be carefully prepared, considering various aspects, e.g. protection of sensitive active ingredients, convenient forms for dosing and administration,
standardization in terms of concentration of active ingredients and
others. Some recent studies have focused on such issues.
Drying is an important process for many natural ingredients for
medicines and food supplements. Aral and Bese (2016) investigated convection-drying of Crataegus spp. fruit at 50, 60 70 °C
with air velocities of 0.5, 0.9 and 1.3 m/s and applied different
mathematical models for the experimental data. They observed
that while the shrinkage decreased, the rehydration ratio increased
with increasing air temperature and air velocity. Microwave-drying, oven-drying at 50 and 70 °C, sun-drying and shade-drying
were compared for the fresh fruits of C. azarolus and C. orientalis. The results showed that antioxidant capacity increased, and at
the same time the TPC decreased with the temperature increase in
oven drying, whereas in other drying methods (microwave, sun
and shade-drying) the TPC increased; meanwhile, vitamin C content decreased in all samples. The samples dried in a microwave
appeared to have the highest antioxidant capacity and it was concluded that it was the best method for preserving bioactive phytochemicals (Saadatian et al., 2016). Freeze-drying was reported to
be better than hot air drying for hawthorn (C. pinnatifida) in terms
of antioxidant, α-glucosidase inhibitory potential, the TPC/TFC
values and color (Kwon, 2016).
Immersing of hawthorn fruits in a glycine betaine solution for
15 min at 20 °C effectively prevented fruit chilling injury and
improved nutritional characteristics at low-temperature storage
(Razayi et al., 2018). It significantly delayed fruit pitting development during storage at 1 °C for 20 days, increased accumulation
of glycine betaine, proline, phenols, flavonoids, anthocyanins, and
ascorbic acid, which was concurrent with higher SOD, catalase
(CAT), ascorbate peroxidase (APX), and DPPH• scavenging capacity.
Emulsions prepared from the extracted from hawthorn pectin
and candelilla wax were used as an edible film for treating Pleurotus ostreatus mushroom. This process reduced weight loss, improved firmness, and lightness, compared to untreated mushroom
slices during 20 days of storage at 4 °C (Lozano-Grande et al.,
2016). The functional Ag-Fe3O4 nanocomposites, which were
prepared via one-pot hydrothermal method using aqueous extract
of C. pinnatifida leaves as reducing and capping agent, exhibited
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sustainable antibacterial activity against S. aureus and E. coli. The
nanocomposites can be easily separated from the medium by a
magnet and continues to exhibit recyclable antibacterial activity
(Li and Yang, 2016). Tonic wine was produced by maceration of
hawthorn fruits in red wine; as a result its TPC and antioxidant
capacity remarkably increased (Muresan et al., 2016). Effects of
2,4-dichlorophenoxyacetic acid (2,4-D) combined to 6-benzylaminopurine (BAP) on callus induction, TPC and ascorbic acid production, as well as antioxidant activities in C. azarolus L. var.
aronia leaf tissue cultures were assessed and it was found that the
use of high level of 2,4-D over BAP could enhance the quality
even more than the quantity of bioactive compounds in hawthorn
leaf callus (Chaabani et al., 2015). The microcapsules containing
751 mg/g of C. monogyna bark procyanidins, mainly (-)-epicatechin, dimer B2, and trimer C1, were produced by spray drying
using inulin and maltodextrin as encapsulants (Wyspiańska et al.,
2017). The addition of C. monogyna phenolic-rich extracts significantly improved the oxidative stability of cooked pork patties as
measured by TBARS and hexanal production, and the degree of
consumer satisfaction regarding product’s odor perception (Akcan
et al, 2017). Ethanolic extract of C. monogyna berry was more effective than synthetic antioxidant BHA in reducing lipid oxidation
and protein degradation, as well as for maintaining firmness and
consistency of minced pork during 6 days of refrigeration at 4 °C
(Papuc et al., 2018).
For quality control purposes, HPLC analysis was established
for chlorogenic acid and hyperoside, which are among the major
compounds in Crataegi fructus; the average contents (w/w %) of
these compounds in the 31 batches of products from Korea and
China were 0.0438 and 0.0416%, and 0.0399 and 0.0325%, respectively (Wen et al., 2016). An accurate and advanced method
has been established for the simultaneous determination of chlorogenic acid, vitexin and its 4″-O-glucoside, 2″-O-rhamnoside, orientoside, rutin and hyperoside in C. pinnatifida leaves. Under optimized conditions the yields of these phytochemicals were 0.46,
0.30, 0.38, 4.37, 0.033, 0.036, and 1.19 mg/g, respectively, while
DPPH• and ABTS•+ scavenging and reducing power of extract
were 0.69 mg/mL (IC50), 0.86 mM TE, and 0.24 mg/mL (IC50),
respectively (Luo et al., 2015). A simple, sensitive liquid chromatography-tandem mass spectrometry (LC-MS/MS) method, which
may serve for evaluating the pharmacokinetics, was developed and
fully validated for the simultaneous determination of rutin, vitexin
and its glycosides, hyperoside, shanyenoside in rat plasma after
intravenous administration of hawthorn leaves flavonoids using
lysionotin as an internal standard (Zhu et al., 2015).]
10. Conclusion
This review clearly shows that hawthorns remain an interesting
and important topic both from the scientific investigation and practical application points of view. Recent studies of Crataegus spp.
were focused on various aspects, including phytochemical characterization of different plant anatomical parts and drug forms, variations of bioactive compounds and antioxidant activities between
plant species and cultivars from different origins, health benefits
and some analytical, quality control and processing issues. Identification of new bioactive phytochemicals, particularly those belonging to non-phenolic structures, as well as intensive attempts
for explaining the mechanisms in the treatment of various diseases
and disorders with hawthorn preparations, extracts, separated fractions and purified compounds may be recognized as important
required studies that would significantly complement the existing
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knowledge on Crataegus spp. in particular and natural products in
general. In addition, the findings of recent years provide new ideas
and suggest the trends for further studies of Crataegus spp.
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Abstract
Peptides are important compounds used in the development of functional biomaterials, functional foods and nutraceuticals. The functional and bioactive properties of peptides are directly linked to their structural features, including molecular size, presence or absence of charges, amino acid sequence, hydrophobicity, and hydrophilicity.
The role of peptide structures in their bioactivities and functionalities is still emerging. Some bioactive peptides
have undesirable taste, which can influence consumer interests in novel peptide-based food applications. In this
review, we discussed the role of peptide hydrophobicity in their bioavailability, bioactivity, bitterness property,
emulsion stability, aggregation and self-assembly for application in novel food formulations and nutraceutical/
drug delivery.
Keywords: Bioactive Peptides; Structure; Hydrophobicity; Functionality; Bioactivity; Self-assembly; Bioavailability; Bitter taste.

1. Introduction
Research advances over the years have led to the development of
several mainstream compounds for the treatment of diseases and
for maintaining physiological homeostasis. However, the side-effects of some compounds can be burdensome (Fekete et al., 2015).
Bioactive peptides have demonstrated several health-promoting
effects that can be the basis of formulation of functional foods and
nutraceuticals. This beneficial property has attracted the interest
of consumers, food scientists, health professionals, and the food
industry. Examples of physiological benefits derived from bioactive peptides include antioxidant, antihypertensive, antimicrobial,
anti-inflammatory, anticalmodulin, anticancer, antithrombotic, and
mineral binding activities (Agyei et al., 2017; Udenigwe 2014).
The peptides discussed in this contribution are low molecular
weight compounds generated via hydrolysis of food proteins by
digestive, microbial, or plant proteases; in some cases, post-hydrolysis processes are used to isolate the active or functional molecules present in the complex hydrolysate mixture (Udenigwe and
Aluko 2012).
The functional and bioactive properties of peptides are predi-
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cated on their structural features. The peptide structure encompasses properties such as molecular weight, net charge, amino
acid sequence, hydrophobicity, and hydrophilicity. The type of
enzyme used for proteolysis, the degree of hydrolysis, and processing conditions are known to influence the structure of peptides generated from proteins, which in turn affects the functional
property, bitterness, biostability, cellular uptake, bioavailability,
and bioactivity of peptides (Xie et al., 2015; Udenigwe and Aluko,
2012). Typically, the structure of food-derived bioactive peptides
contains 2–20 amino acid residues, and is often predominated by
hydrophobic chemical groups (Rani et al., 2018; Sánchez and
Vázquez, 2017). Notably, the aforementioned structural features
may act synergistically to promote the functionality and bioactivity of peptides (Yao et al., 2018). There is emerging interest in
understanding the structure-property relationship of bioactive or
functional peptides. This type of information is crucial in the design of potent or functionally useful peptides and in understanding
their interaction with the food product and biological matrices.
This contribution discusses the extant literature on the specific
role of hydrophobicity in several functionalities and bioactivities
of food protein-derived peptides.

Copyright: © 2018 International Society for Nutraceuticals and Functional Foods.
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2. Hydrophobicity of peptides
Protein hydrolysis results in changes in the globular structure of
the cleaved fragments, exposing amino acids of the hydrophobic
regions, such as Phe, Tyr, Trp and Leu, which are typically hidden
within the interior of the native protein structure (Al-Shamsi et al.,
2017). Hydrophobicity plays a vital role in many functional and
bioactive properties of food-derived peptides, as shown in Figure
1. For instance, the presence of aromatic amino acid residues at the
C-terminus and hydrophobic amino acid residues at the N-terminus
enhance the activity of peptides in inhibiting angiotensin I-converting enzyme (ACE) activity (Cheung et al., 2009; Majumder and
Wu, 2009). Moreover, Xie et al., (2015) suggested that the hydrophobicity of casein-derived peptides could enhance their bioavailability and antioxidant properties, although a low digestive stability
of the peptides was observed in simulated gastrointestinal fluids.
Hydrophobic amino acids are also known to play a vital role in imparting a bitter taste to peptides (Seo et al., 2007). Owing to the importance of hydrophobicity in understanding the structure-property
relationship, several amino acid hydrophobicity scales have been
developed over the years. Table 1 shows the hydrophobicity scores
of the 20 proteinogenic amino acids based on five hydrophobicity
scales, with the Kyte and Doolittle scale being the most utilised in
the literature. Hydrophobicity of peptide sequences can be calculated based on hydrophobicity of amino acid sidechains, using open
access web-based bioinformatic tools (Table 2).

Figure 1. Role of hydrophobicity in several functionalities and healthrelated bioactivities of food protein-derived peptides.

3. Role of hydrophobicity in peptide functionality
3.1. Emulsion stability
Emulsions can exist in different forms including oil-in-water, wa-

Table 1. Amino acid hydrophobicity scales

Hydrophobicity Scale
Amino acid

Symbol

Kyte and Doolittle (1982)

Eisenberg et
al. (1984)

Wolfenden
et al. (1983)

Cornette et
al. (1987)

Wimley and
White (1996)

Hopp and
Woods (1983)

Isoleucine

Ile (I)

4.50

1.38

0.88

4.80

0.31

−1.80

Valine

Val (V)

4.20

1.08

0.86

4.70

−0.07

−1.50

Leucine

Leu (L)

3.80

1.06

0.85

5.70

0.56

−1.80

Phenylalanine

Phe (F)

2.80

1.19

0.88

4.40

1.13

−2.50

Cysteine

Cys (C)

2.50

0.29

0.91

4.10

0.24

−1.00

Methionine

Met (M)

1.90

0.64

0.85

4.20

0.23

−1.30

Alanine

Ala (A)

1.80

0.62

0.74

0.20

−0.17

−0.50

Glycine

Gly (G)

−0.40

0.48

0.72

0.00

−0.01

0.00

Threonine

Thr (T)

−0.70

−0.05

0.70

−1.90

−0.14

−0.40

Serine

Ser (S)

−0.80

−0.18

0.66

−0.50

−0.13

0.30

Tryptophan

Trp (W)

−0.90

0.81

0.85

1.00

1.85

−3.40

Tyrosine

Tyr (Y)

−1.30

0.26

0.76

3.20

0.94

−2.30

Proline

Pro (P)

−1.60

0.12

0.64

−2.20

−0.45

0.00

Histidine

His (H)

−3.20

−0.40

0.78

0.50

−0.96

−0.50

Glutamic acid

Glu (E)

−3.50

−0.74

0.62

−1.80

−2.02

3.00

Glutamine

Gln (Q)

−3.50

−0.85

0.62

−2.80

−0.58

0.20

Aspartic acid

Asp (D)

−3.50

−0.90

0.62

−3.10

−1.23

3.00

Asparagine

Asn (N)

−3.50

−0.78

0.63

−0.50

−0.42

0.20

Lysine

Lys (K)

−3.90

−1.50

0.52

−3.10

−0.99

3.00

Arginine

Arg (R)

−4.50

−2.53

0.64

1.40

−0.81

3.00
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Table 2. Bioinformatic tools for calculating the hydrophobicity of peptides

Bioinformatic tools

Platform provider

Website

Peptide 2.0

Peptide 2.0 Inc.

https://www.peptide2.com/N_peptide_hydrophobicity_
hydrophilicity.php

Peptide property tool

Genescript

https://www.genscript.com/tools/peptide-property-calculator

Peptide analysing tool

ThermoFisher Scientific

https://www.thermofisher.com/ca/en/home/life-science/
protein-biology/peptides-proteins/custom-peptide-synthesisservices/peptide-analyzing-tool.html

Peptide property calculator

Biosynthesis

https://www.biosyn.com/peptidepropertycalculator/
peptidepropertycalculator.aspx

PepCalc.com

Innovagen

https://pepcalc.com/

Prot pi peptide tool

Prot pi

https://www.protpi.ch/Calculator/PeptideTool

Peptide property calculator

Northwestern University

http://biotools.nubic.northwestern.edu/proteincalc.html

PLATINUM

Laboratory of Biomolecular Modelling, https://model.nmr.ru/platinum/
Russian Academy of Sciences

Peptide Library Design and
Calculator Tool

Millipore Sigma

https://www.sigmaaldrich.com/technical-documents/articles/
biology/peptide-library-design-and-calculator-tool.html

GPMAW lite

Alphalyse Inc.

https://www.alphalyse.com/customer-support/gpmaw-litebioinformatics-tool/start-gpmaw-lite/

R-software

R Core Team

https://www.r-project.org/contributors.html

ter-in-oil, multiple emulsions (O-W-O or W-O-W), and nanoemulsions. Proteins have strong emulsion stabilizing effect owing to
their high intrinsic surface activity, amphiphilicity, hydrophobicity, and capacity to quickly anchor at the oil-water or water-oil interface (Lam and Nickerson 2013; Al-Shamsi et al., 2018). Strong
emulsifiers can stabilize small droplet sizes and this property positively correlates with the surface hydrophobicity of proteins (Chen
et al., 2016). Thus, protein hydrolysis can release peptides with
exposed hydrophobic regions, which would promote their emulsion stabilizing effect (Figure 2). For instance, Qi et al., (1997)
demonstrated that hydrolysis of soy protein isolates with pancreatin resulted in increased surface hydrophobicity and emulsifying
capacity when compared to the native soy protein isolates. Notably, modification of proteins by limited hydrolysis leads to a high
interfacial activity and thus an initial rapid foaming and emulsifying capacity (Hall et al., 2017). However, the foaming and emulsion stabilizing effect of protein hydrolysates could also decrease

over time due to the reduction in molecular size of the polypeptides and changes in hydrophobicity during extensive hydrolysis,
which affects the strength of the interfacial layer and formation of
networks (Hall et al., 2017; Miñones Conde and Rodríguez Patino, 2007). Modification of proteins by controlling the degree of
hydrolysis can result in their structural rearrangement, increase in
solubility, reduction of molecular size, exposure of hydrophobic
amino acids, and increase in surface hydrophobicity to enhance the
emulsifying stabilizing capacity of peptides (Lam and Nickerson,
2013; Tsumura, 2009).
An improvement in emulsifying capacity has also been reported
by Chen et al. (2016) after incorporating high-pressure microfluidization pre-treatment prior to hydrolysis of soy protein isolate
with pancreatin. It was suggested that high-pressure microfluidization of soy protein isolates resulted in structural rearrangement
that enhanced the accessibility of particular subunits, such as α′7S, A-11S and B-11S, to the enzyme. This resulted in a smaller

Figure 2. Enzymatic hydrolysis in producing hydrophobic peptides for stabilizing emulsions.
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current knowledge in food peptide aggregation and self-assembly,
specifically in identifying the driving forces and formation mechanisms, and adapting the peptide products for food and biomedical
applications.
3.3. Biostability and transport across intestinal cells

Figure 3. Various applications of peptide self-assembly.

mean droplet size, increased protein solubility, reduced molecular
weight, increased surface hydrophobicity, and improved emulsion
stability.
3.2. Self-assembly and aggregation
Self-assembly is a spontaneous process by which molecular units
organise into ordered structures through intermolecular and intramolecular interactions. The spontaneous process is regulated by
balancing the attractive and repulsive forces existing between and
within the molecules (Mandal et al., 2014). Molecules that undergo self-assembly are generally amphiphilic and thus contain
both hydrophobic and hydrophilic moieties. Peptides can be amphiphilic and thus influenced to undergo self-assembly by factors
such as concentration, temperature, pH, and ionic strength of their
environment. Figure 3 shows several applications of peptide selfassembly. The common motifs involved in peptide self-assembly
are the association of β-strands and α-helices (Doll et al., 2013;
Deming, 2005). Molecular self-assembly occurs above the critical aggregation concentration of a compound and is thought to be
driven mostly by non-covalent forces such as electrostatic interactions, van der Waals, π-stacking and hydrogen bonding, with the
latter being the most influential (Hutchinson et al., 2017). Ganesan and Matysiak (2016) demonstrated that backbone interpeptide dipolar interactions contributed significantly in the aggregation of fibril-like peptides, and that the hydrophobic-hydrophilic
interface enhanced the order and rate of aggregation. Moreover,
Kim and Hecht (2006) reported that hydrophobic amino acid residues present at the C-terminal of amyloid β peptide contributed
in triggering aggregation of the peptide. The process of peptide
self-assembly and aggregation is complex. Several models have
been used to predict aggregation mechanisms due to the lack of
suitable experimental techniques to unravel their early formation
at the atomic level (Meli et al., 2008).
During assembly, hydrogen bonding existing between backbone structures causes peptide monomers to align longitudinally
into β-sheets. The inter-β-sheets interactions on the side chains
of peptide molecules control the slow, lateral packing of β-sheets
(Zhou et al., 2016). All amino acids, with the exception of glycine,
contain a chiral carbon atom in the L configuration. The intrinsic chirality of amino acids causes a twist in the lateral packing
of β-sheets, which affects the final morphology such as nanofibers, nanovesicles, nanomicelles, nanofibrils and nanotubes of the
self-assembled peptides (Cui et al., 2009). Notably, the stronger
the inter-β-sheet interactions on the side chains of peptides, the
better the lateral packing. Peptides are good candidates for developing self-assembled nanostructures for biological applications
due to their structural and functional diversity, and biocomptability (Mandal et al., 2014). Further studies are needed to advance

Biostability and cellular uptake of peptides are highly influenced
by their molecular size, hydrophobicity, and net charge (Chua et
al., 2004; Wang and Li, 2017). Although bioactive peptides are
susceptible to degradation by gastrointestinal proteases and serum peptidases, numerous in vitro studies in human intestinal
(Caco-2) cell monolayers have demonstrated that the transport
of some peptides can occur successfully without altering their
bioactivities (Fu et al., 2016; Fernández-Tomé et al., 2018; Vij
et al., 2016). Resistance to peptidases during intestinal transport
is thought to be dependent on the specific peptide and positioning of their amino acid residues (Fu et al., 2016). According to
Shimizu et al., (1997), N-terminal amino acid residues are more
prone to intestinal peptidase degradation compared to C-terminal
residues, and this may influence the bioavailability of peptides in
the gut. Ohsawa et al., (2008) suggested that the presence of Pro
residues could enhance the resistance of antihypertensive peptides
to peptidase activities. The positioning of hydrophobic aromatic
amino acids, Tyr, Phe and Trp, at the C-terminal could also enhance the resistance of peptides to intestinal peptidases (Bejjani
and Wu 2013). In a recent study, Yang et al., (2017) demonstrated
that the structural stability, transport across Caco-2 cell monolayers and bioactivity of Leu-Tyr, Arg-Ala-Leu-Pro and Thr-Phe may
be dependent on hydrophobicity. They found that Thr-Phe was
highly prone to human intestinal brush border amino peptidases
followed by Arg-Ala-Leu-Pro, whereas hydrophobic Leu-Tyr retained its structural integrity and activity in inhibiting ACE and
renin, after peptidase treatment. Furthermore, lipophilicity of
peptides (i.e., hydrophobicity and hydrogen bonding potential) is
crucial in transcellular intestinal transport of peptides, by facilitating their interaction with cell membranes (Pauletti et al., 1997).
Peptide modifications (e.g. cyclization) that increase hydrophobicity and decrease hydrogen bonding potential are considered
effective approaches for enhancing oral bioavailability of peptide
drugs (Pauletti et al., 1997). Hydrophobicity can also influence
the bioaccessibility of peptides in the gastrointestinal tract, but
further studies are needed to validate these relationships for food
protein-derived peptides.
3.4. Hydrophobicity-taste relationship
Factors determining the bitterness of peptides include degree of
hydrolysis, processing conditions, type of protease used in protein
hydrolysis, average hydrophobicity value, and sequence of hydrophobic amino acid residues (Murray et al., 2018; Seo et al., 2007;
Iwaniak et al., 2018). Other factors such as modification by acetylation or esterification of the carboxyl and amino groups could
also exacerbate the undesirable organoleptic properties of peptides
(Kohl et al., 2012). Bitterness property of functional foods can
be evident when there is a disproportionate concentration of bitter peptides amongst other food bioactive constituents. Heinz Ney
(1979) demonstrated that peptide bitterness is mainly attributed to
the presence of hydrophobic amino acid residues, and proposed
the Q rule. The Q value specifies average hydrophobicity based on
individual free energies of the amino acid residues, as shown in the
following equation:
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Q=

å Df
n

where Δf represents the sum of individual free energies, and “n”
is the number of amino acid residues in the peptide. All peptides
with Q values less than 1,300 cal/residue were observed to be nonbitter, whereas bitter peptides had Q values of >1,400 cal/residue.
Notably, there was no statistical bitter taste correlation for Q values
between 1,300 and 1,400 cal/residue. Despite the ability of the Q
rule to predict peptide bitterness based on their average hydrophobicity, this approach is fraught with significant limitations. First,
evaluation of bitter taste based on hydrophobicity of peptides
was limited to a molecular weight less than 6,000 Da (Heinz Ney,
1979). As such, there are no bitter taste attributes for Q values
above this molecular weight threshold. Additionally, lysine and
proline have tremendously high Q values, which can lead to false
assessment when they are present in non-bitter peptides (Wu and
Aluko, 2007). Also, there are reports of bitter peptides containing
hydrophilic amino acid residues with low Q values, e.g. aspartic
acid and glutamic acid (Ohyama et al., 1988).
Variations in the length of peptide sequence stem from the use
of proteases with different specificities in cleaving peptide bonds.
Humiski and Aluko (2007) found that Alcalase and Flavourzyme,
out of five different proteases, produce more bitter peptides due to
their specificity for hydrophobic amino acid residues, whereas papain and α-chymotrypsin had the most desirable taste scores. There
was no observed correlation between molecular size and bitterness
scores of the peptides from pea protein hydrolysates (Humiski and
Aluko, 2007). Also, total content of hydrophobic free amino acids,
such as Val, Ile, Phe, Trp, Leu and Tyr, were observed to increase
with bitterness when Alcalase was used to produce cricket protein
hydrolysates (Hall et al., 2017). This finding is in agreement with
that of Seo et al. (2007) who observed that Alcalase produced the
highest bitter score after soy protein hydrolysis, followed by Neutrase, Protamex, papain, bromelain, and Flavourzyme.
Recently, a chemometric analysis of dipeptides and tripeptides
showed that bulky and branched sidechains of Leu, Ile, Val, Tyr,
Phe and Trp, when present at the C-terminal, increase the bitterness of peptides (Iwaniak et al., 2018). Using C6-glioma cells that
express bitter taste receptor (T2R)1, Upadhyaya et al. (2010) demonstrated that the highly hydrophobic tripeptide Phe-Phe-Phe is
capable of activating the receptor based on observed changes in
intracellular calcium levels. The role of hydrophobic amino acid
residues in bitterness is thought to be related to their binding of
the human taste G-protein coupled receptors (GPCR), and activation of associated sensory signalling processes. However, Zhang et
al., (2018) recently reported that, although hydrophobicity enabled
the bioaccessibility to target organs, two beef-derived peptides,
Ala-Gly-Asp-Asp-Ala-Pro-Arg-Ala-Val-Phe and Glu-Thr-SerAla-Arg-His-Leu, suppressed the activation of quinine-dependent
T2R4 expressing cells due to their high hydrophilicity (>50%).
This finding underscores the possible contribution of other structural and environmental factors in determining molecular interactions and biological effects.
4. Role of hydrophobicity in peptide bioactivity
4.1. Enzyme binding and inhibition
Due to similarity with the structure with human regulatory peptide motifs, several food-derived peptides are able to interact with
enzymes and receptors involved in the regulation of inflammatory
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process, blood glucose level, and blood pressure, such as ACE, dipeptidyl peptidase IV (DPP-IV), renin, and α-glucosidase. In many
instances, as discussed below, peptide hydrophobicity is thought
to play crucial roles in stabilizing these molecular interactions and
promoting bioactivity.
4.1.1. Alpha-glucosidase inhibition
Alpha (α)-glucosidase, a human enzyme located in the epithelial
mucosa of the small intestine, is responsible for the hydrolysis and
release of terminal, non-reducing glucose moieties from food-derived disaccharides. Due to the enzyme’s central role in regulating
postprandial glucose release, α-glucosidase inhibitors have been
developed for type 2 diabetes management. The presence of hydrophobic amino acids Pro, Met and Ala, close to the C-terminal of
the peptide, was observed to contribute in promoting the inhibitory
activity (Kang et al., 2013; Mojica et al., 2017). Molecular docking studies also revealed that hydrophobic amino acid residues of
peptides predominantly interact with residues in the active site
of α-glucosidase (Mojica and de Mejía, 2016; Di Stefano et al.,
2018). In addition, QSAR models of α-glucosidase inhibitors have
confirmed the importance of molecular hydrophobicity in their
bioactivity, and also showed that a balance between hydrophobic
and hydrophilic residues is crucial for the formation of H-bonds
and electrostatic interactions involved in the enzyme-inhibitor
complexation (Moorthy et al., 2011). Besides the involvement of
hydrophobic amino acid residues, the mechanisms involved in the
α-glucosidase inhibitory activity of peptides still need to be elucidated.
4.1.2. Angiotensin I-converting enzyme inhibition
The renin-angiotensin system is the major pathway involved in
blood pressure control, where renin is responsible for the conversion of angiotensinogen into angiotensin I (rate limiting step),
and ACE subsequently converts angiotensin I into the strong vasoconstrictor angiotensin II, while inactivating the vasodilator,
bradykinin. Because of its crucial involvement in blood pressure
regulation, ACE inhibitors are currently used as drugs for treating hypertension. When considering the ACE inhibitory activity of
peptides, the presence of hydrophobic amino acids Pro, Phe, Ile,
Val, close to the C-terminus of peptides promotes their binding to
ACE and ultimately intensifies enzyme inhibition (Cheung et al.,
1980; Fu et al., 2016). For instance, the most active ACE inhibiting peptides from enzymatic hydrolysis of egg white protein were
hydrophobic (Phe-Arg-Ala-Asp-His-Pro-Phe-Leu, IC50 3.2 µM;
Tyr-Ala-Glu-Glu-Arg-Tyr-Pro-Ile-Leu, IC50 4.7 µM; and ArgAla-Asp-His-Pro-Phe-Leu, IC50 6.2 µM), and that from digested
squid skin collagen was a proline-rich decapeptide with an IC50 of
48 µM (Miguel et al., 2004; Alemán et al., 2013). ACE inhibiting
peptides isolated from digested pork meat (Arg-Pro-Arg and ProThr-Pro-Val-Pro) and from Spanish dry-cured ham (Ala-Ala-AlaThr-Pro) also showed similar hydrophobicity features (Escudero et
al., 2012, 2013). The crucial role of hydrophobic amino acids was
demonstrated by Saiga et al. (2006) with the ACE inhibitory polypeptide Gly-Phe-Hyp-Gly-Thr-Hyp-Gly-Leu-Hyp-Gly-Phe isolated from digested chicken breast muscle, which had its IC50 value
increased (i.e. decrease in activity) from 42 µM to 52.5 µM by the
removal of the C-terminal Phe residue using ACE. Interestingly,
other fragments of the peptide with C-terminal Phe (i.e. Hyp-GlyLeu-Hyp-Gly-Phe and Hyp-Gly-Thr-Hyp-Gly-Leu-Hyp-Gly-Phe)
exhibited relatively higher ACE inhibitory activities with IC50
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values of 10 and 19 µM, respectively. These structure-activity
relationships were established based on in vitro studies. It would
be beneficial to confirm the role of hydrophobicity in lowering of
blood pressure when the bioactive peptides are present in complex
food and physiological environments.
4.1.3. Dipeptidyl peptidase-IV inhibition
DPP-IV is a metabolic enzyme that selectively converts the incretin hormones, gastric inhibitory peptide and glucagon-like
peptide-1, into their inactive forms, thereby largely influencing
postprandial insulin release. Because of its detrimental activity
towards postprandial glucose regulation, DPP-IV inhibitory drugs
called gliptins have been developed as a therapeutic strategy for
type 2 diabetes mellitus (Liu et al., 2017). DPP-IV contains a
hydrophobic site S1 with Tyr631, Val656, Trp659, Tyr666 and
Val711 residues, and a charged site S2 with Arg125, Glu205,
Glu206, Phe357, Ser209 and Arg358 residues (Power et al.,
2014). Several studies using bioinformatics, in vitro and animal
models have demonstrated that food proteins contain DPP-IV inhibiting peptides within their primary structures (Liu et al., 2017;
Udenigwe et al., 2013). These peptides can be released using
methods such as enzymatic hydrolysis and fermentation. DPP-IV
inhibiting compounds exert their bioactivity by interacting with
the enzyme active site through salt bridges, hydrophobic interactions, and H-bonds. Notably, the interaction with drug inhibitors
mostly occurs at the Arg125, Glu205, Glu206, Tyr547, Tyr662,
Tyr666, Ser630 and Phe357 residues of the enzyme, whereas the
Glu205, Glu206 and Ser630 residues interact with the N-terminus hydrophobic region of some peptides (Arulmozhiraja et al.,
2016). In general, food-derived peptides were observed to interact
with both the hydrophobic S1 and charged S2 pockets of DPP-IV.
For instance, Liu et al., (2017) reported that DPP-IV inhibiting
peptides LAPSTM (IC50 140 µM), FAGDDAPR (IC50 168 µM)
and FAGDDAPRA (IC50 393 µM) interacted with regions of the
enzyme through H-bonding and π-π interactions. The presence of
hydrophobic amino acids at the N-terminus of peptides is a peculiar feature of identified DPP-IV inhibiting peptides. In addition
to hydrophobicity, the penultimate N-terminal position appears to
play a crucial role in enhancing or decreasing the bioactivity. Harnedy et al. (2015) reported that the DPP-IV inhibitory activity of
peptides ILAP and LLAP (IC50 of 43.4 and 53.7 μM, respectively)
dropped to insignificant values when the penultimate N-terminal
Leu was replaced with Ile. Although many studies have identified
food-derived DPP-IV inhibiting peptides, there is still a dearth of
information on the role of the generally hydrophobic characters
of the peptide in their transport through the intestinal epithelium
and retention of their bioactivity once absorbed and distributed
in the body.
4.2. Amphipathicity in antimicrobial activity
Cationic antimicrobial peptides (CAMPs) are net positively
charged peptides of 12-50 amino acid residues, with approximately half of the structure being hydrophobic. CAMPs are naturally
present in many organisms, where they play a non-specific defensive role against microbial infections (Hancock, 2001). The high
content of lysine and arginine residues determines the cationic
nature of the peptides. A combination of cationic patches and hydrophobic cores of CAMPs result in an amphipathicity and rearrangement of the peptides into specific 2D or 3D structures, which
is crucial for antimicrobial activity. The cationic nature of CAMPs

facilitates their interaction and movement through the anionic cell
membrane of bacteria (Hancock, 2001), and their amphipathic nature enables them to adopt specific conformations that promote
their penetration of the bacterial cell and prevents self-aggregation
(Yin et al., 2012). Following a primary accumulation of CAMPs
at the bacterial cell membrane, various mechanisms have been
suggested for explaining their antimicrobial activity, including
target of the cell membrane (transmembrane pore model, carpet
pore model), cell wall synthesis, intracellular processes, or immune modulation (Kumar et al., 2018). Although the presence of
both a hydrophobic core and a net positive charge on the peptide
are crucial for this bioactivity, a threshold for both parameters exists above which the activity remains constant, but the hemolytic
activity towards mammalian membrane increases (Dathe et al.,
2001; Yin et al., 2012). For instance, Yin et al., (2012) observed
that modifying the synthetic highly active CAMP 6K-F17 to the
more hydrophobic 6K-F17-4L caused a decrease in antimicrobial
activity and increase in hemolytic activity. The antimicrobial activity was however restored when positive charges were redistributed on the two termini of the same peptide, generating the peptide 3K-F17-4L-3K. On the other hand, the distribution of charges
at the two edges of the native peptide, by generation of the CAMP
3K-F17-3K caused a significant drop in antimicrobial activity.
The increased hydrophobic core was likely promoting the selfaggregating β-sheets structures at the bacterial membrane surface,
therefore decreasing membrane penetration by the peptide. In a
similar study, Dathe et al. (2001) observed a threshold value of
+5 in the charge of CAMPs, above which a marked increase in
hemolytic activity and decrease in permeabilization of the bacterial membrane was observed. Net charges higher that +5 were
possibly causing such a powerful interaction of the peptide with
the anionic lipids in the bacterial membrane bilayer that would
prevent the peptide transport through the membrane and to reach
the target sites. Interestingly, membrane permeability could then
be restored by modification of the peptide hydrophobicity. Thus,
the design of an optimally active CAMP (i.e., high antimicrobial
and low hemolytic activities) is hinged on multiple factors such
as peptide helicity, hydrophobicity of the core motifs, distribution
of positive charges, reduction in aggregation, and the ability of
the peptides to undergo oligomerization in the membrane (Yin et
al., 2012).
Because of selectivity of interaction with components of the bacterial cell membrane and low affinity for mammalian membranes,
CAMPs have attracted significant interest in recent years as possible substitutes for antibiotics. Also, the non-specific nature of their
activity is favorable in preventing bacteria resistance to the peptides (Hancock, 2001). Despite the promising properties, only a few
CAMPs have successfully been approved for use by the U.S. Food
and Drug Administration, and some others are currently undergoing phase II and III clinical trials. Several challenges still need to be
addressed, such as the susceptibility of the peptide to hydrolysis by
digestive enzymes, their intrinsic toxicity, and discrepancy between
activities in vitro and in vivo. For instance, the most active CAMP
in vitro, polyphemusin, was found to be inactive in vivo, whereas
some weakly active CAMPs in vitro displayed strong in vivo activities (Hancock, 2001). Currently, the role of peptide hydrophobicity
in this instance is not apparent, although emerging work is focusing
on using chemical and physical methods to improve the peptide
stability by incorporating peptidomimetics and D-amino acids, cyclization, and use of targeted delivery systems (Kumar et al., 2018).
Additionally, bioinformatic tools are rapidly evolving for organising large amounts of information in easily accessible databases.
Further insights into structure-function relationship of CAMPs
and new research directions were recently reviewed by Ahmed and
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Table 3. Food protein-derived bioactive peptides, with highlighted hydrophobic regions, and their respective bioactivities

Sequence

Bioactivity

Experimental analysis

Reference

Phe-Asp-Ser-Gly-Pro-Ala-Gly-Val-Leu

Antioxidant capacity

In vitro analysis with human
lung fibroblasts

Mendis et al. (2005)

Antioxidant capacity

In vitro and ex vivo analysis
on mouse fibroblasts

Coda et al. (2012)

Tyr-Ala

Antioxidant capacity

In vitro analysis using standard
methods involving ABTS, DPPH
and superoxide anion

Tang et al. (2010)

Glu-Gln-Arg-Pro-Arg

Anticancer activity

In vitro analysis in diverse normal
and cancer cell cultures

Kannana et al. (2010)

Gly-Gly-Arg-Lys-Gln-Gly-GlnHis-Gln-Gln-Glu-Glu

Immunostimulating

In vitro and in vivo analysis in cell
cultures and mice models

Gusa and Tani (2009)

Val-Ile-Lys

Anti-inflammatory
activity

In vitro analysis in murine
macrophage cell lines

(Dia et al (2014)

Tyr-Val-Pro-Gly-Pro

Anticancer activity

In vitro analysis on prostate cancer cells

Wu et al. (2018)

Ile-Pro

DPP-IV inhibition

In vitro analysis

Hatanaka et al. (2012)

DPP-IV inhibition

In vitro analysis

Gallego et al. (2014)

Antimicrobial activity

Increase in antimicrobial activity and
hemolysis of red blood cells with
increasing peptide chain length

Liu et al. (2007)

Val-Gln-Trp-Arg-Ile-ArgVal-Ala-Val-Ile-Arg-Lys

Antimicrobial activity

60 mg/kg dose shown to be as
effective as vancomycin in rats
with Staphylococcus aureus

Wu et al. (2014)

Val-Leu-Leu-Val-Thr-Leu-ThrArg-Leu-His-Gln-Arg-Gly-ValIle-Tyr-Arg-Lys-Trp-Arg-HisPhe-Ser-Gly-Arg-Lys-Tyr-Arg

Antimicrobial activity

Antimicrobial studies with Escherichia
coli DH5α, Bacillus subtilis AZ54,
Staphylococcus aureus ATCC 6538 P
and Pseudomonas aeruginosa strains

Pane et al. (2017)

Glu-Lys-Glu-Arg-Glu-Arg-Gln

ACE inhibition

Oral administration to spontaneously
hypertensive rats (SHR) at a dose
of 10 mg/kg body weight

Katayama et al. (2008)

Lys-Arg-Val-Ile-Gln-Try

ACE inhibition

Oral administration to SHR at a
dose of 10 mg/kg body weight

Muguruma et
al. (2009)

Arg-Pro-Arg

ACE inhibition

Oral administration to SHR at a
dose of 1 mg/kg body weight

Escudero et al. (2012)

Asn-Gly-Pro-Leu-Gln-AlaGly-Gln-Pro-Gly-Glu-Arg
Gly-Val-Ser-Asn-Ala-AlaVal-Val-Ala-Gly-Gly-His
Asp-Ala-Gln-Glu-Phe-Lys-Arg

Leu-Pro
Lys-Ala
Ala-Ala-Ala-Thr-Pro
Arg-Trp
Arg-Trp-Arg-Trp
Arg-Trp-Arg-Trp-Arg-Trp
Arg-Trp-Arg-Trp-Arg-Trp-Arg-Trp
Arg-Trp-Arg-Trp-Arg-TrpArg-Trp-Arg-Trp

Lys-Arg-Gln-Lys-Tyr-Asp-Ile

Lys-Ala-Pro-Val-Ala
Pro-Thr-Pro-Val-Pro
Hammami (2018) and Kumar et al. (2018).
4.3. Bile acid binding capacity
Endogenous cholesterol level is regulated by harmonizing the
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absorption of food-derived cholesterol and hepatic cholesterol
biosynthesis. The absorption of dietary cholesterol is mediated
by its solubilization in bile acids, which triggers the formation
of micelles that are easily absorbed in the small intestine (Wilson
and Rudel, 1994). Bile acid binding peptides have the potential
to inhibit cholesterol absorption in the intestinal cells by dimin-
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ishing bile acid availability and the subsequent incorporation of
cholesterol into absorbable micelles. Bile acid binding peptides
can also increase bile acid excretion, thereby inhibiting enterohepatic circulation of bile acids and increasing metabolism of hepatic cholesterol to replenish the excreted bile acids (Boachie et
al., 2018). Interestingly, Choi et al. (2002) identified a 47-amino
acid residue region subunit A1a that appeared to be primarily involved in the bile acid-binding property of soy glycinin. Further
analysis led to the identification of an 8-amino acid hydrophobic
region (Val-Ala-Trp-Trp-Met-Tyr; also known as soystatin), which
is responsible for the bile acid-binding property. Further studies
demonstrated that the bile acid-binding by soystatin was translated
in vivo in rats (Nagaoka et al., 2010). Based on soystatin, Ito et al.
(2018) used in silico analysis, where each amino acid residue was
replaced, to demonstrate the additional role of electrostatic properties in bile acid binding. Bile acids are amphipathic and, similar
to CAMPs, peptides with hydrophobic and cationic characters are
better positioned to respectively interact with the hydrophobic and
hydrophilic regions of bile acids. Moreover, considerable attention
should be given to the peptide conformation and 3-dimensional
structure. For instance, a two-fold increase in bile acid-binding
capacity was observed when a chicken meat protein hydrolysate
was converted to plastein aggregate, even when the samples have
a similar amino acid profiles. This effect is attributed to peptide
aggregation and subsequent increase in surface hydrophobicity as
a result of plastein aggregate formation (Udenigwe et al., 2015).
Furthermore, plastein isolation from the crude reaction product
resulted in higher mean particle size, surface hydrophobicity, and
hydrophobic-to-hydrophilic amino acid ratio, leading to a higher
binding capacity and stronger affinity (lower dissociation constant,
Kd) of the aggregated peptides for sodium deoxycholate (Mohan
and Udenigwe, 2015). Another hydrophobic peptide, Ile-Ala-ValPro-Gly-Glu-Val-Ala, derived from pepsin hydrolysis of 11S globulin was also reported to bind cholic and deoxycholic acids in vitro
(Pak et al., 2005), whereas Leu-Pro-Tyr-Pro-Arg (from soybean
glycinin) and His-Ile-Arg-Leu (from β-lactoglobulin) decreased
serum cholesterol by >25% and 17%, respectively after two days
of oral administration to mice (Yoshikawa et al., 2000). Although
further research is needed to elucidate in vivo mechanism of bile
acid-binding peptides, current evidence indicates the dominance
of hydrophobic residues in the peptide structure and supports their
important role in the bioactivity.
4.4. Antioxidant capacity
Oxidation is an important process that leads to the generation of
free radicals and reactive oxygen species, which are actively involved in physiological processes in the human body. However,
excessive oxidation can be damaging to cells and food products.
For instance, lipid peroxidation generates unwanted products including aldehydes, peroxides, and ketones (Ayala et al., 2014).
Oxidative stress occurs when endogenous antioxidants are overwhelmed by prooxidants, and this can result in disease conditions
such as diabetes, arthritis, inflammation, and cancer (Huang et al.,
2005). Peptides are known to have strong antioxidant capacity. A
study suggested that typical structural characteristics of antioxidant peptides include the presence of hydrophobic amino acid residues Leu or Val at the N-terminus and the presence of Pro, His or
Tyr in the sequence (Sabeena Farvin et al. 2010). According to
Zou et al. (2016), Trp, Phe, Val, Ile, Gly, Lys, and Pro are the most
established hydrophobic amino acids associated with antioxidant
activities. Tian et al. (2015) demonstrated that the presence of hydrophobic Trp residues in peptides contributes to high antioxidant

capacity. Likewise, Pro residue is thought to alter the secondary
structure of peptides, thereby enhancing the interaction of the amino acid residues of peptide and their antioxidative properties (Zou
et al., 2016). Additionally, Leu and the motifs Ser-Leu, Thr-Leu
and Pro-Leu, especially when located at the N- and C- terminal,
are known to enhance the antioxidant activities of peptides, with
the C-terminus being more influential in determining the activity
(Li and Li 2013). Moreover, hydrophobic Phe and Tyr residues
of peptides have aromatic rings capable of reacting with hydroxyl
radical to form stable hydroxylated derivatives (Pownall et al.,
2010). Apart from this mechanism, hydrophobic residues and motifs are thought to facilitate the interaction of antioxidant peptides
with hydrophobic, biological targets of oxidation. A chemometric
study reported a positive relationship between the total content of
hydrophobic amino acids of food protein hydrolysates and their
capacity to scavenge a hydrophobic synthetic radical and hydrogen
peroxide (Udenigwe and Aluko, 2011). Despite the experimental
evidence to support this relationship, in most cases, the particular
role of hydrophobicity in promoting the antioxidant capacity of
peptides is still not clear. Table 3 shows a list of some hydrophobic,
food protein-derived peptides and their respective in vitro and in
vivo bioactivities.
5. Conclusion
Hydrophobicity is an important feature of peptides that determines
their interaction with several physiological targets and their bioactivities. Peptide hydrophobicity can be affected by the degree
of hydrolysis, processing conditions, type of protease, average
hydrophobicity value of protein precursors, and sequence of hydrophobic amino acid residues in the peptide chain. Particular proteases (e.g. Alcalase, thermolysin) have high specificity in cleaving hydrophobic amino acid residues in food proteins during the
generation of bioactive peptides, with a concomitant release of hydrophobic peptides and amino acids and increase in the bitterness
score. Hydrophobicity is also demonstrated to influence peptide
self-assembly, emulsifying capacity, bitterness property and other
properties, including biostability and potentially bioavailability.
Thus, the ability of bioactive peptides to escape proteolytic degradation and be transported across the intestinal barrier in humans
may be enhanced by modifying peptide structural features, including hydrophobicity.
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Abstract
Obesity is a chronic life-threatening disease throughout the world. Available anti-obesity drugs may have hazardous side effects and no long-term safety assurance is in place for patients. In recent decades, alternative natural
therapeutics have been intensively investigated. Among them, phytochemicals from citrus fruits have shown tremendous potential to combat obesity through different mechanisms. To date, the most active biological constitutes identified in citrus fruits are flavonoids and p-synephrine. These exert anti-obesity effects through multiple
mechanisms, including regulating energy intake and expenditure, regulating lipid metabolism and regulating adipogenesis. In this mini review, a survey focusing on citrus phytochemicals and their anti-obesity activities is presented, together with an update of findings over the last 10 years, including active components and mechanisms
of anti-obesity activities.
Keywords: Obesity; Natural Materials; Citrus phytochemicals; Flavonoids; P-synephrine; Anti-obesity mechanism.

1. Introduction

2. Obesity and anti-obesity drugs

Citrus plants are a rich source of phytochemicals. The major phytochemicals in citrus include polyphenols and alkaloids. Limonoids have also been reported to benefit human health. To date,
several excellent reviews regarding the anti-obesity effects and
mechanisms of natural products have been published. In 2010,
Yun (2010) reviewed potential anti-obesity of natural therapeutics.
Five years later, Lai et al. (2015) reviewed molecular mechanism
of functional food bioactives for anti-obesity ). More recently, phytochemicals that prophylactically influence gut microbiota for the
treatment of obesity have been reviewed by Carrera-Quintanar et
al. (2018). However, no recent reviews have focused specifically
on citrus phytochemicals and their anti-obesity effects. Therefore,
this mini-review aims to update the literature covering citrus phytochemicals with anti-obesity activity over the past 10 years, including active components and their mechanisms of action (Figure
1).

Obesity is a chronic condition that results from an energy imbalance
between calories consumed versus those expended. It can develop
from a genetic predisposition, a highly caloric diet, a lack of physical activity and/or an individual’s unhealthy lifestyle (Bouchard,
2009). Typically considered as a problem in high-income countries
in the past, the occurrence of obesity is now increasing in underdeveloped and developing countries. Globally, the current trend
for increased energy-dense food ingestion coupled with decreased
physical activity has resulted in over 650 million adults diagnosed
as obese and over 380 million children reported overweight or
obese in 2016 alone (World Health Organization, WHO). Body
mass index (BMI) is a parameter that represents an individual’s
weight in relationship to height. According to WHO, obesity is
defined as a BMI ≥30 (adult), indicating excessive fat accumulation at levels that could harm health. Increased BMI is generally
coupled with an increased risk of weight-related illnesses such as
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Figure 1. Citrus phytochemicals and their anti-obesity activities.

cardiovascular diseases, diabetes, and some cancers (Heber, 2009).
Therefore, obese individuals are more inclined to experience an
earlier death.
Early anti-obesity pharmacotherapies included dinitrophenol
(Cutting et al., 1933), amphetamines (Heal et al., 2013) and amphetamine derivatives (Araujo and Martel, 2012). Unfortunately,
many of these were discontinued or restricted to short-term use due
to efficacy and safety concerns such as toxic hyperthermic effects
(Colman, 2005; Tainter et al., 1934), addictive properties (Colman,
2005), and potential causes of neuropsychiatric disorders (An et
al., 2013). Phentermine, an amphetamine derivative, is still used
today, but under strict control, and only as a long-term treatment
if combined with other weight-loss therapies (Haslam, 2016). Orlistat was the first non-amphetamine-based anti-obesity drug to be
approved in the United States, and is still available today (Rucker
et al., 2007). However, resulting gastrointestinal side effects, such
as abdominal pain and discomfort, limit its long-term tolerability.
Over the past few decades, investigations into the clinical manifestations of obesity have been conducted to improve the understanding behind the pathophysiology of obesity. New information
regarding anti-obesity mechanism pathways has revealed new potential targets for drug development in the treatment of obesity.
In the past several years, several efficient and safe medications
with potential as long-term weight-loss pharmacotherapies have
been developed. Current Food and Drug Administration (FDA) approved long-term anti-obesity drugs include Orlistat, Lorcaserin,
Phentermine/extended-release topiramate, Naltrexone/bupropion
and liraglutide (National Institute of Diabetes and Digestive and
Kidney Disease). These medications aim to reduce intestinal fat
absorption from food by inhibiting pancreatic lipase, regulating
serotonin receptors in the brain to decrease appetite and curb the
desire to eat. Although approved for long-term use, current antiobesity therapies result in non-negligible and hazardous side effects including increased blood pressure, rapid pulse, dry mouth,
constipation, diarrhea, headache and insomnia, with many still
undergoing post-marketing surveillance studies to evaluate longterm safety.
3. Natural materials for obesity treatment
Due to the limitation and dissatisfaction with current anti-obesity
therapies, alternative therapies such as dietary modifications and
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acupuncture (Shiraishi et al., 2003) are favored for losing weight
in a healthy way. Dietary supplementation available in the market,
such as conjugated linoleic acid (CLA) (Gaullier et al., 2004), chitosan (Gades and Stern, 2002) and Garcinia Cambogia (Heymsfield et al., 1998) are also used for weight management. However,
information on their efficacy or safety is limited. Meanwhile, exploration into potential anti-obesity effects of natural products has
been broadly conducted in recent years. A wide variety of bioactive components from nature (phytochemicals) have demonstrated
a reduction in body weight and diet-induced obesity prevention.
Phytochemicals are bioactive non-nutrient plant compounds
known to reduce the risk of major chronic diseases after ingestion
(Liu, 2004). It is recognized that numerous natural materials have
different chemical and pharmacological features.
Naturally occurring phytochemicals expressing anti-obesity
effects do so by these general mechanisms: 1) decreasing lipid
absorption by inhibiting pancreatic lipase activity, 2) suppressing
energy intake by controlling appetite, 3) stimulating energy expenditure, 4) inhibiting adipogenesis and 5) regulating lipid metabolism. Many of these display anti-obesity activity based on one
or more of the above mechanisms (Yun, 2010). Lipid absorption
is decreased by pancreatic lipase, one of the most broadly studied
targets based on its ability to facilitate dietary fat absorption in the
intestine. Therefore, the efficacy of natural products to inhibit pancreatic lipase has been widely studied. Various types of tea have
been thoroughly investigated for pancreatic lipase inhibiting attributes against functional components and different polyphenol
types (Lin et al., 2006; Thielecke and Boschmann, 2009). Other
natural products, such as Satsuma mandarin (Citrus unshiu) hesperidin, have been illustrated as a porcine pancreas lipase inhibitor
(Kawaguchi et al., 1997). In summary, major phytochemicals that
possess pancreatic lipase inhibitory effects include saponins, polyphenols, and caffeine (Yun, 2010). Suppressing energy intake is to
control appetite and regulate satiety. Natural appetite suppressants,
such as tea (Camellia sinensis) (Moon et al., 2007), Caralluma
fimbriata (Kuriyan et al., 2007), sour orange (Citrus aurantium)
(Klontz et al., 2006), and pomegranate leaf extract (Lei et al.,
2007), have been reported. Important active components in these
natural products are identified as saponins and flavonoids. Energy
is expended in several manners categorized as: (1) physical activity, (2) obligatory energy expenditure, and (3) adaptive thermogenesis. Green tea and its extract have been largely investigated
as energy expenditure promoting due to catechins (Wolfram et al.,
2006). Additionally, sour orange compounds are considered thermogenic, weight-reducing agents (Preuss et al., 2002). Other natural products, such as extracts of Pinellia ternate (Kim et al., 2006)
and Panax ginseng (berry) (Attele et al., 2002), are also known
for enhancing energy expenditure. Adipocytes are responsible for
the maintenance of lipid homeostasis and energy balance. According to changes in energy demand, adipocytes store triacylglycerols and release free fatty acids. Adipocyte tissue grows through
hyperplasia and hypertrophy, making the processes of adipocyte
proliferation and differentiation two major targets in anti-obesity
studies. Phytochemicals, such as resveratrol, capsaicin , quercetin,
genistein, have been found to inhibit adipocyte differentiation and
induce apoptosis (Attele et al., 2002; Hsu and Yen, 2007; Hwang
et al., 2005). Extensively researched, tea has also shown regulatory
effects on lipid metabolism. Oolong and other tea varieties contain
caffeine as one major bioactive component and has demonstrated
lipolytic activity (Han et al., 1999). Similarly, consumption of
green tea extract has shown an increase in fat oxidation (Westerterp-Plantenga et al., 2006). In addition, lipolytic effects of polyphenolic citrus extract has also been observed (Dallas et al., 2008).
In addition to the five basic anti-obesity mechanisms, phytochemi-
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Figure 2. Chemical structures of p-synephrine, m-synephrine and ephedrine.

cal influence on gut microbiota for the treatment of obesity has
attracted much attention in recent years. The influence of the gut
microbiota on human health and disease has become increasingly
clearer. It is now known that an imbalance of gut microbiota may
be the cause, or at least may lead to obesity progression. Therefore,
gut microbiota is a potential target for nutritional interventions
designed to combat obesity. For this reason, phytochemicals that
influence gut microbiota have been studied as adjuvants for the
treatment of obesity. For instance, a variety of polyphenols were
investigated in several experimental nutritional interventions, and
their modification of gut microbiota exerting effects on obesity has
been exhaustively reviewed (Carrera-Quintanar et al., 2018). As
discussed above, many bioactive plant components demonstrate
anti-obesity activities regarding multiple mechanisms. Therefore,
anti-obesity treatments using numerous functional components
each with multiple activities might be the most efficient approach
in the future. Notably, despite establishing the short-term therapeutic efficacy of many natural products, the long-term safety profile
of these natural occurring materials is unclear and requires further
investigation.
4. Citrus phytochemicals and their anti-obesity effects
4.1. Citrus aurantium and its effects on anti-obesity
Citrus aurantium, usually known as sour orange or bitter orange,
has been considered to possess the most potential as a natural
obesity treatment from the citrus family for (Haaz et al., 2006).
Its extract, which is usually derived from the unripe fruit, has already been widely used as a dietary supplement for weight loss.
The most abundant active phytochemical of sour orange extract
is protoalkaloid p-synephrine (Nelson et al., 2007; Roman et al.,
2007), a phenylethanolamine derivative with the hydroxyl group in

the para-position on the benzene ring of the molecule (Pellati et al.,
2005) (Figure 2). p-Synephrine is a sympathomimetic drug (adrenergic amine) that imitates the effects of endogenous agonists of
the sympathetic nervous system (Bent et al., 2004), and is involved
in the regulation of energy. It works primarily as a β-3 adrenergic
agonist (Stohs et al., 2011). The activation of β-3 adrenoreceptors
appear to be responsible for reducing food intake and weight gain
in rats, enhancing lipolysis in adipose tissue, and improving insulin resistance, glycemic control, and lipid profiles (Arch, 2002;
Hamilton and Doods, 2008; Oana et al., 2005). Therefore, when
p-synephrine activates β-3 adrenoreceptors, an increase in thermogenesis and lipolysis is expected. Indeed, several animal studies
have shown the intake of p-synephrine or sour orange extract leads
to weight loss or decreased weight gain (Arbo et al., 2009; Titta et
al., 2010). Some limited human studies have implied that consumption of sour orange extract reduced body weight, which is likely to
be associated with enhanced metabolism, suppressed appetite via
reducing gut motility, and promoted lipolysis in adipocytes (Haaz
et al., 2006; Hess and Sullivan, 2005). Other citrus species, such as
sweet orange, mandarin and grapefruits also contain p-synephrine
(Dragull et al., 2008; Sander et al., 2008; Uckoo et al., 2011). It has
been documented that a Satsuma mandarin segment wall extract
rich in p-synephrine induced lipolysis in rat adipose cells (Tsujita
and Takaku, 2007).
Sour orange extract has been popular and marketed as a safe
weight-loss product since beginning of the 21st century. The biggest dispute regarding the wide use of sour orange extract/p-synephrine is that research indicates an association of consumption
with various cardiovascular hazards. From 2004 to 2009, the FDA
received multiple reports of adverse effects regarding products
containing sour orange extract, which were supported by several
clinical studies. However, these conclusions indicating sour orange extract and p-synephrine are responsible for adverse effects
was later shown to be unjustified in an review article (Stohs, 2010).
The concern regarding sour orange extract/p-synephrine is mainly
due to p-synephrine’s structural similarities with ephedrine, as well
as the misconception between p-synephrine and its isomer, m-synephrine. Ephedrine was commonly used as a dietary supplement
for weight loss and weight management, before being banned by
the FDA due to health concerns in 2004. It is structurally related
to p-synephrine (Figure 2). m-Synephrine (Figure 2), also known
as phenylephrine, has a hydroxyl group in the meta-position on
the benzene ring. Both ephedrine and m-synephrine have been
associated with cardiovascular risks in various studies. In fact,
ephedrine and m-synephrine are not detected in sour orange (Pellati and Benvenuti, 2007), and the structural differences between
p-synephrine with ephedrine and m-synephrine lead to different
receptor binding characteristics and pharmacokinetic properties.
The binding of ephedrine and m-synephrine to α-adrenoreceptors
as well as β-1and β-2 adrenoreceptors produce vasoconstriction,
cardiovascular contractility, increased heart rate and bronchodilation (Inchiosa, 2010), whereas p-synephrine shows little binding
affinity for α- as well as β-1 and β-2 adrenoreceptors, even though
they possess similar chemical structures (Bent et al., 2004; Coates
et al., 2004; Fugh-Berman and Meyers, 2004; Penzak et al., 2001).
Therefore, compared to ephedrine and m-synephrine, p-synephrine
shows little, if any, CNS and cardiovascular stimulation. Despite
being considered safe thus far, there are very limited studies involving the administration of p-synephrine alone regarding weight
loss. Consequently, in the last 10 years, investigations on the antiobesity effects of sour orange have been continually conducted.
In 2008, the concentration of p-synephrine in unripe fruits and
leaves from sour orange was determined and the acute toxicity of
sour orange extract and p-synephrine was also evaluated (Arbo et
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al., 2008). These results indicated that sour orange fruit contained
about 0.04 to 0.05% of p-synephrine, whereas the leaves contained
around 0.006% of p-synephrine. Acute oral administration of sour
orange extracts (2.5% p-synephrine, 300–5,000 mg/kg) in mice resulted in a reduction of locomotor activity, whereas p-synephrine
(150–2,000 mg/kg) caused piloerection, gasping, salivation, exophtalmia and reduction in locomotor activity. One year later, sour
orange extract and p-synephrine’s subchronic toxicity in mice and
its actions in oxidative stress biomarkers was studied. A commercial sour orange dried extract (containing 7.5% p-synephrine) 400,
2,000 or 4,000 mg/kg and p-synephrine 30 or 300 mg/kg was given
to mice for 28 consecutive days using oral gavage. An increase
in reduced glutathione concentration in mice treated with sour orange extract 4,000 mg/kg and p-synephrine 30 and 300 mg/kg was
observed. For glutathione peroxidase, sour orange 400 and 2,000
mg/kg and p-synephrine 30 and 300 mg/kg treated mice showed
inhibition of the activity. Therefore, a low subchronic toxicity of
the tested sour orange extract and p-synephrine in mice resulted in
a possible alteration of oxidative metabolism. Interestingly, effects
of sour orange extracts and p-synephrine on metabolic fluxes in
the rat liver were also evaluated (Peixoto et al., 2012). Increased
glycogenolysis, glycolysis, oxygen uptake and perfusion pressure
were observed with sour orange extracts and p-synephrine treatments. Since many increased actions are generally catabolic in
nature, the author concluded that those actions were compatible
with the weight-loss effects due to sour orange ingestion. In addition to the animal study, sour orange extract/p-synephrine was
also investigated as a single ingredient product in human studies.
In a study regarding effects of p-synephrine on resting metabolism,
blood pressure, heart rate and self-reported mood changes, the subject group treated with p-synephrine (50 mg) exhibited no changes
in heart rate or blood pressure compared with the control group,
and there was no change in self-reported ratings of 10 symptoms
between the p-synephrine group and the control group (Stohs et
al., 2011). A double-blind, placebo-controlled safety study involving sour orange extract indicated that sour orange extract and psynephrine appeared to be without adverse effects at a dose of up
to 98 mg per day for 60 days (Kaats et al., 2013). In a most recent
investigation, cardiovascular effects of bitter orange extract (49
mg p-synephrine) on healthy subjects in a double blind, placebocontrolled, crossover study was assessed. No significant changes
were observed in electrocardiograms, heart rates, systolic blood
pressure, blood chemistries, or blood cell counts in p-synephrine
treated group (Shara et al., 2016).
Based on the discussion above, there is not enough evidence
connecting sour orange extract/p-synephrine with significant adverse events. Nevertheless, further longer-term human studies are
necessary to better elucidate the effects of p-synephrine on weight
management and verify the safety data. Moreover, additional studies regarding p-synephrine adrenoreceptor binding are necessary
to better understand how to achieve safety and efficacy of sour
orange extract/p-synephrine.
4.2. Other citrus fruits and their effects on anti-obesity
As reviewed in section 3, polyphenols, the secondary metabolites
of plants, represent the largest category of phytochemicals to combat obesity. They include a large group of compounds with complex chemical structures, that are divided into four main groups,
i.e. flavonoids, phenolic acids, stilbenoids and lignans. In the plant
kingdom, more than 8,000 polyphenols have been identified (Pandey and Rizvi, 2009). Among all the naturally occurring products,
citrus fruit is one of the most abundant source of flavonoids, es-
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pecially in the citrus peel. This explains the intensity of investigations into citrus peel extract and its anti-obesity effects (Ezekwesili-Ofili and Gwacham, 2015; Huang et al., 2009). Flavonoids
are further classified into seven subgroups, including flavones,
flavonols, flavanones, flavanonols, flavanols, anthocyanins and
isoflavones. Among them, flavanones, flavones and flavanonols
are mainly found in citrus fruits. According to numerous epidemic
studies over recent decades, possible mechanisms of anti-obesity
activity attributed to citrus flavonoids can be summarized by the
following regulations: regulation of energy intake and expenditure, regulation of lipid metabolism and regulation of adipogenesis
(Feng et al., 2017). In addition to polyphenols, oxygenated triterpenoids called limonoids also possess strong potential as a class of
compounds with pharmacological activities. Two major limonoids,
limonin and nomilin are also abundant in citrus fruits. In this section, citrus research focuses on anti-obesity effects attributed to
flavonoids and limonoinds over the past 10 years are reviewed and
discussed according to their possible mechanisms (Table 1).
4.2.1. Regulation of lipid metabolism
Obesity is characterized by lipid metabolism disorder. In general,
reducing lipogenesis and promoting lipolysis are two key approaches to treat or reverse obesity, making them two selective targets of
citrus phytochemicals. Lipogenesis is the process where free fatty
acids are stored within lipid droplets as triglycerides. In an animal study, Citrus depressa Hayata (shiikuwasa) peel extract was
shown to significantly decrease body weight gain, as well as white
adipose tissue weight in obese mice (Lee et al., 2011). Meanwhile,
decreased plasma triglyceride and leptin levels and smaller sized
adipocytes were also reported for the peel extract treated group.
Significantly lower mRNA levels of lipogenesis-related genes,
such as activating protein 2, stearoyl-CoA desaturase 1 (SCD1),
acetyl-CoA-carboxylase 1 (ACC1), fatty acid transport protein and
diacylglycerol acyltransferase 1 in the peel extract treated group
indicated the activities of citrus peel extract on the regulation of
lipogenesis. Lipolysis is the process where triacylglycerols stored
in adipocytes are metabolized to free fatty acids and glycerol. In
the adipocytes, the initiation of lipolysis is regulated by a variety
of hormones including epinephrine and adrenocorticotropic hormone, which are regulated by cAMP cascade. Lipolytic hormones
enhance the synthesis of cAMP, resulting in activation of cAMPdependant protein kinase and activation of hormone-sensitive lipase (HSL). Activation of HSL leads to the hydrolysis of stored
triglycerides into free fatty acids and glycerol. The inhibition of cAMP-dependent phosphodiesterase (PDE) increases cyclic cAMP
and consequently activates HSL. In a human clinical study, SINETROL, a citrus-based polyphenolic dietary supplement, decreased
the body fat of overweight volunteers, which was attributed to its
inhibitory effect on cAMP-phosphodiesterase (PDE). Similarly,
immature Citrus sunki peel extract (CSE) reportedly enhanced
lipolysis through phosphorylation of cAMP-dependent protein kinase and HSL in mature 3T3-L1 adipocytes (Kang et al., 2012).
In the same paper, CSE also demonstrated the ability to increase
phosphorylation levels of AMP-activated protein kinase (AMPK)
and acetyl-CoA carboxylase (ACC) in epididymal adipose tissue, as well as mature 3T3-L1 adipocytes that eventually led to
increased β-oxidation. Moreover, extract of Chenpi (the dry peel
of the plant Citrus reticulata after an aging process), rich in 5-demethylated polymethoxyflavones has been reported to activate the
AMPK signaling pathway (Guo et al., 2016).
Peroxisome proliferator-activated receptor (PPAR)-α is a ligand-activated transcription factor that plays a crucial role in lipid
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Table 1. Citrus phytochemical studies on anti-obesity effects

Source

Mechanism

Experimental model

Reference

SINETROL (citrus-based
polyphenolic dietary supplement)

Inhibition of cAMP-phosphodiesterase (PDE)

Cell model and
human clinical study

Dallas et al. (2008)

Blood orange juice

Not clear

Mouse model

Titta et al. (2010)

Orange peel extract

Suppressing adipose tissue formation

Mouse model

Huang et al. (2009)

Citrus (orange, lemon,
lime, tangerine and
grapefruit) peels extract

Not clear

Rat model

Ezekwesili-Ofili and
Gwacham (2015)

Citrus depressa hayata
(shiikuwasa) peel extract

Regulating the expressions of lipogenesisrelated genes in white adipose tissue

Mouse model

Lee et al. (2011)

Immature Citrus sunki peel extract Promoting β-oxidation and
lipolysis in adipose tissue

Mouse model and
3T3-L1 cell model

Kang et al. (2012)

Aged citrus (Chenpi) peel extract

Improvement in lipid metabolism associated
with activation of the AMPK pathway

Mouse model

Guo et al. (2016)

Grapefruit naringenin

Regulating the activity of nuclear
receptors PPAR α, PPAR γ, and LXR αs

Cell model

Goldwasser et
al. (2010)

Pomelo peel extracts

Activate PPAR α and GLUT4 pathway

Mouse model

Ding et al. (2013)

Yuzu (Citrus juno) peel
and pomace extracts

Activate hepatic PPAR α and adipocyte PPAR γ

Zebrafish model

Zang et al. (2014)

Lemon peel polyphenols

Increasing peroxisomal β-oxidation
through Up-regulation of mRNA levels of
PPAR α and acyl-CoA oxidase (ACO)

Mouse model

Fukuchi et al. (2008)

Citrus peel extract

Regulating the LD perilipin 1 protein and
transcriptional factor SREBP-1 protein
expression and altering gut microbiota

Mouse model and
3T3-L1 cell model

Tung et al. (2018)

Sour orange (Citrus
aurantium) flavonoids

Inhibit adipogenesis through
the Akt signaling pathway

3T3-L1 cell model

Kim et al. (2012)

Citrus ichangensis
peel extract

Inhibition of PPAR γ and LXR signaling

Mouse model

Ding et al. (2012)

Dried Satsuma mandarin
(C. unshiu) peel extract

Indirectly stimulate lipolysis by inhibiting
protection of physical barrier on lipid droplet to
hinder lipid accumulation in 3T3-L1 adipocytes

3T3-L1 cell model

Jung et al. (2011)

Morosil (Blood orange
juice extract)

Not clear

Human clinical study

Cardile et al. (2015)

Citrus aurantifolia (key
lime) essential oil

Suppressing appetite

Mouse model

Asnaashari et
al. (2010)

Nomilin standard

Activation of TGR5 receptor

Mouse model

Ono et al. (2011)

metabolism. Goldwasser et al. reported that the grapefruit flavonoid naringenin is capable of inducing PPAR-regulated fatty acid
oxidation genes such as CYP4A11, UCP1 and ApoAI, and inhibiting LXRα-regulated lipogenesis genes, such as FAS, ABCG1,
and HMGR in hepatocytes (Goldwasser et al., 2010). Similarly,
Ding et al. reported pomelo peel extract increased the mRNA expression of PPARα and its target genes, such as FAS, PGC-1α and
PGC-1β in the liver and white adipocyte tissue (WAT), which consequently elevated β-oxidation (Ding et al., 2013). Interestingly,
Zang et al. evaluated the effects of yuzu peel and yuzu pomace extracts on metabolic disorders in zebrafish (Zang et al., 2014). Both
yuzu peel and pomace exhibited anti-obesity effects, specifically,
yuzu peel significantly up-regulated the hepatic mRNA expression of PPARα and its target genes, implying enhanced fatty acid
β-oxidation in the liver. Finally, lemon polyphenols administration

was demonstrated with increased peroxisomal β-oxidation through
up-regulation of the mRNA level of acyl-CoA oxidase (ACO) and
PPARα, which suppressed body weight gain and body fat accumulation in mice (Fukuchi et al., 2008).
In addition, Tung et al. (2018) reported that citrus peel extracts
reduced adipocyte size in the perigonadal fat by decreasing levels
of perilipin 1 protein, as well as sterol regulatory element binding protein 1 (SREBP-1) expression..Perilipin 1 is involved in the
formation of lipid droplets in WAT, whereas SREBP-1 is a lipogenesis-related gene. More interestingly, in the same study, altered
gut microbiota composition attributed to peel extract was observed
by increasing Prevotella and decreasing rc4-4 bacteria. Since the
change in the composition of gut microbiota may determine metabolic health, the result proposed modification of gut microbiota as
a potential mechanism for fighting obesity.
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4.2.2. Regulation of adipogenesis
Adipose tissue plays a crucial role in lipid homeostasis in the human body. As caloric intake increases, adipose tissue grows via adipogenesis. Adipogenesis is a process during which preadipocytes
and fibroblast-like preadipocytes develop into mature adipocytes
(Ali et al., 2013). This generation of new adipocytes is controlled
by several transcription factors regulating preadipocyte proliferation and adipogenesis, such as the CCAAT-enhancer-binding proteins (C/EBPs) family, peroxisome proliferator-activator receptor
γ (PPARγ) and cyclic AMP responsive element binding protein
(CREB). All of these are responsible for the transactivation of
adipocyte genes involved in morphological changes of the cell, lipid metabolism, and synthesis of adipocyte-specific peptides and
cytokines during terminal differentiation ( Kim and Park, 2011).
Although well known for containing anti-obesity phytochemical
p-synephrine, sour orange is also a good resource of flavonoids. In
a cell study, sour orange flavonoids (CAF) were shown to suppress
adipogenesis in 3T3-L1 adipocytes (Kim et al., 2012). Their results indicated that CAF down-regulates the expression of C/EBPβ
and subsequently inhibits the activation of PPARγ and C/EBPα.
Similarly, inhibition of PPARγ was also demonstrated in the investigation of Citrus ichangensis peel extract using high-fat (HF) dietinduced obesity mice (Ding et al., 2012). In another study, citrus
peel extract slightly inhibited the expression of adipogenesis-related transcription factors such as C/EBPα, PPARγ, and sterolregulatory element binding protein 1 (SREBP1) in 3T3-L1 adipocytes
(Jung et al., 2011). Meanwhile, in the same study, peel extract was
found to indirectly promote lipolysis by down-regulating gene expression of perilipin, which binds and stabilizes lipid droplets and
controls fatty acid release. The decrease of perilipin production
weakened the physical barrier impeding the action of lipase on lipid droplets, and consequently facilitated lipolysis.
4.2.3. Other mechanisms
In the last decade, several studies have assessed the anti-obesity
beneficial effects of blood orange juice. Moro orange, a cultivar
of blood orange, is particularly rich in active components such
as anthocyanins, hydroxycinnamic acids, flavone glycosides and
ascorbic acid. The anti-obesity effects of Moro juice have been
reported by both Cardile et al. (2015) and Titta et al. (2010). In
addition to blood orange, Asnaashari et al. reported that lime (Citrus aurantifolia) essential oils could reduce body weight and food
consumption in mice, possibly through promoting anorexia (Asnaashari et al., 2010). Ono et al. observed citrus nomilin attenuated
diet-induced obesity in mice by acting as an activator of TGR5
(Ono et al., 2011), a member of the G protein-coupled receptor
family that has recently become a popular therapeutic target for the
treatment of obesity (Zhong, 2010).
5. Conclusions
Obesity is a chronic inflammatory disease that has spread globally.
The use of current anti-obesity drugs is related to multiple, adverse
side effects and uncertain long-term risks. Therefore, natural alternatives with active phytochemicals, such as citrus fruits, are a
popular target in the search for safe anti-obesity therapies. Current
knowledge indicates major phytochemicals from citrus fruits that
exert anti-obesity effects are flavonoids and p-synephrine. Meanwhile, an increasing understanding of the possible anti-obesity
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mechanisms, including regulation of lipid metabolism, regulation
of energy intake and expenditure and regulation of adipogenesis,
have been facilitated with intense investigations into different citrus fruits and different segments of the fruits. Numerous in vitro
and in vivo studies have shown that citrus fruits are considered a
strong potential source for developing novel anti-obesity therapies.
Nevertheless, it is necessary to further assess the pharmacological
effects and safety of citrus phytochemicals through sufficient appropriately designed and conducted trials, and eventually, clinical
human studies. In addition, since many citrus studies have looked
at crude extracts of citrus fruit (e.g. citrus peel extract), more efforts should focus on exploring and clarifying the specific functional components in citrus fruit. Finally, the investigation of unknown mechanism-related issues within the reported studies and
beyond should be continued. Currently, citrus crops are mainly
consumed as fresh fruit or juice beverages, and analysis results applied to the flavor, nutraceutical and perfumery industries. Therefore, utilization of citrus fruits for developing dietary supplements
and functional foods may help to provide safer options for obese or
pre-obese individuals to prevent and fight this disease.
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Abstract
Sweet taste, one of the five basic taste qualities, is not only important for evaluation of food quality, but also
guides the dietary food choices of animals. Sweet taste involves a variety of chemical compounds and structures, including natural sugars, sugar alcohols, natural and artificial sweeteners, and sweet-tasting proteins. The
preference for sweetness has induced the over-consumption of sugar, contributing to certain prevailing health
problems, such as obesity, diabetes and cardiovascular disease. Non-nutritive sweeteners, including natural and
synthetic sweeteners, and sweet-tasting proteins have been added to foods to reduce the caloric intake from
sugar, but many of these sugar substitutes induce an off-taste or after taste that negatively impacts any pleasure
derived from the sweet taste. Sweet taste is detected by sweet taste receptor, that also play an important role in
the metabolic regulation of the body, such as glucose homeostasis and incretin hormone secretion. In this review,
the role of sweet tastants and the sweet taste receptors involved in sweetness perception, and their effect on
obesity and diabetes are summarized. Sweet taste enhancement, as a new way to solve the over-consumption
of sugar, is discussed in this contribution. Sweet taste enhancers can bind with sweet tastans to potentiate the
sweetness of food without producing any taste by itself. Various type of sweet taste enhancers, including synthetic compounds, food-processed substances and aroma compounds, are summarized. Notably, few natural,
non-volatile compounds have been identified as sweetness enhancers.
Keywords: Sweetness; Sweet taste receptors; Sweet taste enhancer; Diabetes; Obesity.

1. Introduction
The sense of taste is very important for animals and humans to
evaluate both food quality and to select proper nutrients for survival (Horio et al., 2010). Animals prefer a sweet taste, because the
sense of sweetness implies a potential for caloric intake derived
from a source full of nutrients (Jiang et al., 2005). Additionally,
sweetness is a palatable and pleasurable sense that guides the dietary food choices of animals. Sweet taste involves a variety of
chemical compounds with varied structures, including natural sug-

ars, sugar alcohols, natural and artificial sweeteners, and sweettasting proteins (Belloir et al., 2017). Consequently, habitual sugar
consumption is linked to the prevalence of numerous public health
problems. For decades, epidemiological studies have demonstrated that sugar over-consumption poses a serious threat to human
health, e.g. overweight, obesity, diabetes and cardiovascular diseases. Sugar-sweetened food and beverages are the major dietary
sources of sweet taste in human, especially Americans (Huang et
al., 2014). In the 19th century, average annual sugar consumption
was 2.5 kg per person in the US. This number increased to 68 kg
by the beginning of 21st century (Li et al., 2011). Even with a de-
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creased trend of sugar consumption in recent decades, this number
is still much higher than the recommended dietary upper limit in
US diet, especially among children (Yang et al., 2014). It has been
recommended to decrease added-sugar intake to less than 10 percent of total daily calories in order to reduce public health problems in the US (U.S. Department of Health and Human, 2015).
Controlling sugar intake and reducing calories from sugar intake
are quite difficult.
The food industries have already substituted numerous alternatives, such as sugar alcohol, non- or low-calorie sweeteners, to
reduce the caloric intake from sugar (Beltrami et al., 2018). To
perceive sweetness, the sweet taste receptor interacts with imbibed
sweet tastants. Sweeteners provide a high sweet taste sensation
while reducing the calories in the final product. However, most
of these substitutes fail to induce a ‘real’ sugar taste. Commonly
they result in an off-taste or aftertaste, such as bitter, metallic or
licorice-like, or slow or delay the sweetness onset (DuBois and
Prakash, 2012; Li et al., 2011). Moreover, some may potentially
cause adverse effects, including weight gain, central adiposity,
mental disorders, bladder cancer and psychological problems (Sylvetsky et al., 2016). To address these problems, a new strategy of
positive allosteric modulators (PAMs) has been proposed. PAMs,
including sweetness enhancer, can bind at the allosteric sites of
sweet taste receptors and enhance receptor activity (DuBois and
Prakash, 2012). Sweetness enhancers do not taste sweet by themselves, but can preserve and potentiate the desirable sweetness intensity of sweet tastants in such a way that the amount of sweet
tastant used in the diet is reduced, thus decreasing caloric intake,
as well as modifying or inhibiting any undesirable taste (Servant
et al., 2010). Additionally, sweet taste receptors are involved in
glucose homeostasis and incretin hormone secretion, consequently
playing an important role in physiological regulation and providing a therapeutic method to treat obesity and diabetes (Neiers et
al., 2016).

ated with being overweight or obese (Fagherazzi et al., 2013; Lim
et al., 2016). It is reported that sugar-sweetened beverage intake
can increase the incidence of type 2 diabetes (De Koning et al.,
2011; Sakurai et al., 2014). It has been revealed that long-term
consumption of sweeteners induces glucose intoleratnce, which is
specifically linked to type 2 diabetes through fat accumualtion and
alteration of gut microbiota (Pereira, 2013; Suez et al., 2014). In
addition, diabetics have been shown to have a greater threshold for
detecting the sweetness of sugar compared with healthy control
subjects, suggesting diabetics increase their sugar intake in order
to perceive the same sweet taste-sensing as the healthly control,
which in turn, elevates the glucose concentrations in diabetics
(Fábián et al, 2015; Neiers et al., 2016). Consequently, numerous
studies have been conducted to identify and develop new carbohydrates, sugar alternatives or sweet taste modulators to reduce the
risk of obesity and diabetes induced by sweeteners.
Consumers are more interested in new sweet-tasting substances with low- or no-calories to moderate their sugar and energy consumption while still preserving the sweet taste. Numerous non-nutritive sweeteners with a high intensity of sweetness
are approved and widely used in industries, such as acesulfame
potassium (acesulfame-K). advantame, aspartame, neotame, saccharin and sucralose (U.S. Food and Drug Adminstration, 2018).
However, even consumption of low- or no-calorie sweeteners, the
roles in reduction effects are limited and controversial (Lohner et
al., 2017). A number of studies have shown that long-term use of
low- or no-calorie sweetener containing foods may not effectively
control weight, because they may not elicit complete energy compensation, but instead, stimulate appetite and promote energy intake, leading to weight gain and obesity (Löfvenborg et al., 2016).
Some cohort studies have suggested that chronic use of non-nutritive sweeteners is associated with weight gain, and increasing the
obesity risk while deteriorating glucose tolerance (Palmnäs et al.,
2014; Pearlman et al., 2019).

2. Sweeteners, obesity and diabetes

3. Sweeteners

In recent decades, there has been an increase in the overweight and
obese population. In the US, body mass index (BMI), an important
index to evaluate tissue mass, has recently increased to 35 % for
men and 40 % for women (Chia et al., 2016). Approximately two
thirds of American adults are considered overweight, whereas one
third are classified as obese (Smith et al., 2016). Sugar, a common
sweet tastant in the daily diet, is a major factor contributing to various health problems, including obesity, metabolic syndrome, diabetes and cardiovascular disease (Shankar et al., 2013). The correlation between sugar-added food and beverage and arising health
problems have been the subject of many studies. Some epidemiological studies have demonstrated that consumption of sugarsweetened food may be a driving factor behind long-term fat and
weight gain, due to the high energy intake from sugar (Fowler et
al., 2008). Significant consumption of large amounts of sugar, such
as sucrose, independently increases the risk of becoming overweight and obese (Stanhope, 2016). Additionally, sugar sweetened
dietary intake not only elevates calories that, in turn, increase fat
and weight, but also may affect glucose homeostasis and insulin
sensitivity (Malik et al., 2013; Otero-Losada et al., 2015). Recent
studies found that a high intake of sweetened food and beverage elevates the risk of insulin resistance, which consequently decreases
hepatic insulin sensitivity and triggers the onset of type 2 diabetes
(Bhupathiraju et al., 2013; Maki et al., 2015; Sakurai et al., 2014).
The global rise of diabetes is both directly and indirectly associ-

3.1. Sugar and sugar alcohols
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Sugars, the most common sweet-tasting natural products known
today, are historically used to produce the desirable sweet taste
attribute, as well as providing energy to mammals. Since the isolation of sucrose from sugarcane juice, there has been much dietary development and application for daily sugar consumption.
Sugars occur naturally in the tissues of various plants, as well as
in animal-based products, such as in milk. These soluble carbohydrates are mostly comprised of monosaccharides (i.e. glucose
and fructose) and disaccharides (i.e. sucrose, maltose and lactose).
Sucrose, one of the most common disaccharides, is used as “table sugar” and as a sensory reference to evaluate the sweetness of
other substances. With the exception of glucose and fructose, some
other uncommon, natural monosaccharide sugars, including D-allulose (D-psicose), D-tagatose, D-sorbose and D-allose, can elicit
a sweet sensation but provide few calories. These are found with
small quantities in natural products. D-allulose and D-tagatose are
recognized as generally recognized as safe (GRAS) by the U.S.
Food and Drug Administration (FDA) and they have been reported
to have an anti-obesity effect by decreasing body weight and abdominal fat, and regulating glucose and insulin secretion (Mooradian, Smith, & Tokuda, 2017; Shintani et al., 2017). In addition,
some oligosaccharides, small size molecular polymers with two to
ten monosaccharides, are used as prebiotics in foods and provide a
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sweet taste when they are solubilized in water (Belloir et al., 2017).
Sugar alcohols, also known as polyols or polyhydric alcohol,
are sweet-tasting carbohydrates that can be obtained from their
corresponding aldose sugar. Sugar alcohols are also naturally present in fruits, vegetable or mushroom in a small quantity, and regulated as either GRAS or as food additives (Grembecka, 2015). The
most common sugar alcohols include erythritol, isomalt, lactitol,
maltitol, mannitol, sorbitol and xylitol. These can induce a relatively low sweetness compared with sucrose while interacting with
the sweet taste receptors but avoiding off-taste and producing low
calorie. Normally sugar alcohols can combine with other sweeteners to produce a sugar-like flavor in the mouth, and probably
mask the off-taste of other sweeteners. It has been reported that
most sugar alcohols can prevent tooth decay and act as prebiotics
to promote the growth of the beneficial bacteria in the gut (Belloir
et al., 2017). They may also promote gut hormone release and have
been used as a sugar alternative for people with diabetes (Overduin
et al., 2016).
3.2. Artificial and natural sweeteners
Due to the concerns related to health problems resulting from overconsumption of sugars, there is a dramatic increase in the demand
for low-or zero-calorie sweet-tasting substances. Many natural and
artificial sweeteners and sweet-tasting proteins with low-calories
have been discovered and used as sugar alternatives to limit caloric
intake. Such sweeteners possess a relatively high potency to render sweetness compared with sugar while ingesting fewer calories
(Lertrit et al., 2018).
Several artificial sweeteners have been approved as substitutes
in either the US or in the EU (aspartame, acesulfame-K, neotame,
sucralose and saccharin) (Grembecka, 2015; Steinert et al., 2011).
Most of these sweeteners are much sweeter than sucrose and contain low or no calories, which may not affect glucose levels in the
body. Saccharin is the oldest artificial sweetener and it possesses
200 to 700 times sweetness than sucrose. Aspartame is more than
200 times sweeter than sucrose, whereas acesulfame-K and sucralose are 300 times and 600 times sweeter than sucrose, respectively. A number of studies have indicated that artificial sweeteners
can decrease energy intake from sugar and reduce the weight gain
and risk of type 2 diabetes (Raben and Richelsen, 2012). Unfortunately, not all artificial sweeteners are ideal sugar substitutes.
Some artificial sweeteners may produce an off-taste, such as bitter,
metallic or a licorice-like taste, and slow down or delay sweetness
onset (DuBois and Prakash, 2012; Li et al., 2011). Normally, artificial sweeteners are used in binary mixtures to boost the sweetness.
However, some may potentially cause adverse effects, such as an
augmented risk for obesity, metabolic syndrome and type 2 diabetes (Malik et al., 2013; Pepino, 2015). However, Szimonetta et al.
(2017) indicated that, without conclusive evidence, it is hard to establish the correlation between artificial sweeteners and beneficial
and harmful effects on health outcomes in the healthy individuals and diabetics (Lohner et al., 2017). The interpretation effect
of artificial sweeteners is complicated and confirmative long-term
experiments are still needed. Overall, the consumption of artificial
sweeteners has increased exponentially over the past several decades (Pearlman et al., 2017).
“Natural sources” of sweeteners have gained considerable attention, resulting in a large number of investigation that are focused on identification and development of the natural source,
sweet-tasting substances over the past decades. More than a hundred plants have been reported to taste sweet and the potency of
sweetness is much greater than sucrose while still providing low

calories. Most natural sweeteners can be classified into the chemical classes of either terpenoids or steroids, or be identified as glycosides (Behrens et al., 2011). The most familiar natural sweetener, Steviol glycosides, is extracted from Stevia Rebaudiana
leaves, and include stevioside and rebaudioside A. Stevioside and
rebaudioside have a high sweet-tasting potency, at about 300 and
450 times higher than sucrose, respectively. Another natural sugar
substitute is mogroside, a cucurbitane-type triterpenoid, from the
fruit of Siraitia grosvenorii (Luo Hanguo) (Tu et al., 2017). It provides 250–425 times more sweetness than sucrose, depending on
the concentration (Sun et al., 2012; Chiu et al, 2013). Both steviol
glycosides and Luo Han Guo fruit extracts mogroside are recognized as GRAS as a non-nutritive sweetener and flavor additive
(Mooradian et al., 2017). They have been widely used in the diet
of diabetics and obesity patients.
3.3. Sweet-tasting proteins
There are six proteins derived from natural plants that can elicit
sweetness, including brazzein (54 amino acids, source: African
plant Pentadiplandra brazzeana Baillon), pentadin (12 000Da,
source: West African Pentadiplandra brazzeana), monellin (two
subunits with 42 and 50 amino acids respectively, source: West
African shrub Dioscoreophyllum cumminsii), mabinlin (33 and
72 amino acids in α- and β-chains, respectively, source: Chinese
Capparis masaikai), neoculin (curculin) (114 amino acids, source:
Malaysian Curculigo latifolia) and thaumatin (207 amino acids,
source: West African plant Thaumatococcus daniellii) (Behrens
et al., 2011; Iwaniak et al, 2016). A number of studies were conducted to explore similarities of these sweet-tasting proteins, but
there is no sequence or structure homology among them (Temussi,
2002). These are high molecular weight polypeptides serval hundred or thousand times sweeter than sucrose, while being low-calorie. Thaumatin is the most intensely sweet protein with 1,660 to
100,000 times more sweetness compared with sucrose on a weight
basis, while the sweetness of brazzein, pentadin and mabinlin is
2,000-, 500- and 375-fold more than sucrose. Monellin has two
subunits, neither taste sweet, but the undissociated dimer was
3,000-fold “more sweet” compared with sucrose. Neoculin can
induce a sweet-taste (550 times over sucrose), while it also can
modify sour taste into sweetness (Behrens et al., 2011). Thaumatin
has been approved as a sweetener in some European countries and
as a GRAS additive in the US (Grembecka, 2015). A sweet-tasting
protein is a promising natural sweet source because of the high
sweetness potency (Table 1). However, one problem regarding application of sweet-tasting proteins is the difficulty to obtain proteins from their natural sources (Belloir et al., 2017).
4. Biological basis of sweet taste detection
4.1. Sweet taste receptors
Five basic taste qualities are identified by mammals, i.e. sweet,
sour, salty, bitter and umami, to evaluate the quality of foods. Each
of them can be sensed by specific taste cells located in the taste
buds of the tongue and soft palate. Taste receptor cells are a group
of receptors clustered in taste buds, where they play a major role
responding to the initial stimuli of different tastes (Kojima et al.,
2015). The initial detection begins from the taste molecules binding with taste receptors which then trigger the receptors to release
neurotransmitters to that transport where the sensory information is
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Table 1. Selected high-potency sweeteners

Compound class

Compound name

Sweetness potency

Reference

Disaccharides

Sucrose

1.0

DuBois (2016)

Monosaccharide

Glucose

0.6

L-Fructose

0.6

D-Fructose

1.27

D-allulose

0.7

D-tagatose

0.92

D-sorbose

0.7

D-allose

0.8

Erythritol

0.6–0.8

Isomalt

0.45–0.65

Lactitol

0.3–0.4

Maltitol

0.9

Mannitol

0.5–0.7

Sorbitol

0.5–0.7

Xylitol

1.0

Acesulfame-K

100–200

Advantame

20,000–40,000

Aspartame

100–200

Cyclamate

∼30

Neohesperidin dihydrochalchone

250–2,000

Neotame

7,000–13,000

Saccharin

300–500

Sucralose

∼600

Stevioside

210

rebaudioside

30–242

Mogroside IV

233–292

Mogroside V

250–425

Brazzein

500–2,000

Curculin (neoculin)

550–9,000

Mabinlin

375

Monellin

3,000

Pentadin

500

Thaumatin

1,600–10,000

Sugar alcohol

Artificial and natural
sweeteners

Proteins

Mooradian et al. (2017)

Grembecka (2015)

Beltrami et al. (2018);
Mooradian et al. (2017)

Behrens et al. (2011);
Beltrami et al. ( 2018)

Sweetness potency is given relative to sucrose on a weight comparison

processed and interpreted to brain (Niki et al., 2015). In the mammalian oral cavity, sweet, umami and bitter taste can be sensed by
two different G-protein-coupled receptors (GPCRs) families: the
Type 1 taste receptors (T1Rs) family, which is mainly involved in
the detection of sweet and umami taste molecules; and the Type
2 taste receptors (T2Rs) family, contributed to sense bitter tastelike signaling molecules, while salty and sour tastes are majorly
detected by ion-channels (Chao et al., 2016; Running, 2018). It has
been well-established that the sweet taste sensation is achieved by
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two heterodimers of T1Rs subunits, T1R2 (T1Rs, member 2) and
T1R3 (T1Rs, member 3).
With further studies into gustation, it has been shown that the
sweet taste receptors not only exist in the oral cavity, but also are
widely distributed in various non-gustatory organs, including pancreas, colon, stomach, gastrointestinal (GI) tract, brain, bone and
adipose tissue, where they have similar sweet taste-sensing functions in the same manner as the tongue, and also contribute to some
metabolic regulation in the body, such as glucose homeostasis and
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Figure 1. Signal transduction cascade of sweet receptors.

satiety hormone release.
4.2. Sweetness perception
The T1R subunits possess 3 principal domains (Figure 1): a large
N-terminal extra-cellular domain, often referred as the Venus flytrap domain (VFTD), that provides ligand binding sites to bind
sweeteners; a C-terminal seven transmembrane domain (TMD)
that contains allosteric binging sites, and a cysteine-rich linker domain (CRD) which connects the VFTD to the TMD (Fernstrom
et al., 2012). VDTF has two lobe subdomains which can form an
“open” and “closed” conformation like a pocket and has a major
area to bind with different sweeteners. The subdomains of VDTF
contain orthosteric ligand binding sites to bind and identify various stimuli.
The VFTD of T1R2/T1R3 subunits are the primary binding sites of human sweet taste receptors. Nearly all of the various molecules perceived as sweet-tasting are recognized by the
T1R2/T1R3 heterodimers. However, not all sweeteners bind to the
same sites on the receptors (Neiers et al., 2016). It has been demonstrated that the sweet tastants bind to the area near the hinge
region of the VFTD through a hydrogen bond and trigger the initial closure of the VFTD. Normally, natural sugars (e.g., glucose,
fructose, and sucrose) bind to the VFTD of both T1R2 and T1R3.
Specifically, VFTD of T1R3 binds sucrose with more affinity than
that of T1R2; In contrast, VFTD of T1R2 provides higher affinity to glucose than that of T1R3 (Nie et al., 2005). The artificial
sweeteners (e.g., sucralose, aspartame, and neotame) mainly bind
to the VFTD of T1R2 (Neiers et al., 2016), whereas, cyclamate
and lactisole interact with the TMD of the T1R3 subunit (Xu et
al., 2004), and the binding sites of neohesperidin dihydrochalcone
(NHDC) overlap with the sweetener cyclamates and the sweetness
inhibitor lactisole on T1R3 (Winnig et al., 2007). In addition, detection of sweet proteins such as brazzein, thaumatin and monellin
requires interaction with the CRD of human T1R3 (Jiang et al.,
2005; Winnig et al., 2007). It is thought that sweet taste enhancers
share the same binding sites as large molecular size sweeteners,
such as stevioside and aspartame, on the T1R2 VFTD, because the
binding for sucrose enhancer overlaps with stevioside and fits in
the same upper lobe cavities (Zhang et al., 2010). The T1R3 subunit can be expressed in the taste cells without T1R2, indicating that
T1R3 could form a T1R3/T1R3 homodimer whereas T1R1 and
T1R2 cannot function by themselves without T1R3 (Belloir et al.,
2017; Neiers et al., 2016). It has also been suggested that the T1R3

Figure 2. Chemical structure of the non-volatile sweetness enhancers.
DHB: 2,4-dihydroxybenzoic acid; ADTP: 4-amino-5,6-dimethylthieno(2,3D) pyrimidin-2(1H)-one; ADBT: 3-(4-amino-2, 2-dioxido-1H-2,1,3- benzothiadiazin-5-yloxy)-2,2-dimethyl-N-propylpropanamide.

homodimer acts as a receptor for natural mono- and disaccharides
(Kurimoto, 2003; Neiers et al., 2016). Sweetness enhancer molecules are most likely to bind to the area nearest to the open area of
the VFTD and help to stabilize the closed conformation of VFTD
(Zhang et al., 2010). Sweetness enhancer may improve the binding
affinity between the sweeteners and receptors within the VFTD,
rather than directly activate the receptors (Beltrami et al., 2018;
Guy Servant et al., 2011). It is also proposed that sweetness enhancers can bind receptors at the TMD to enhance activity (Guy
Servant et al., 2011).
The activation of taste receptors can induce and increase cytoplasmic Ca2+ and/or cyclic adenosine monophosphate (cAMP) to
transmit intracellular signals, leading to perception of sweetness.
The binding of T1R2/T1R3 with different stimuli acts with heterotrimeric G-protein gustducin α, β and γ subunits (α-gustducin,
Cβ3 and Gγ13) and subsequently initiates a transduction cascade
via phospholipase Cβ2 (PLC-β2) to generate two messengers,
1,4,5-inositol trisphosphate (IP3) and diacylglycerol (DAG)
(Kinnamon, 2012). IP3 interacts with the Type III IP3 receptor
(IP3R3) to induce and increase intercellular Ca2+ release, which
can gate the transduction channel TRPM5 (a sodium-permeable
cation channel) in the membrane ( Laffitte et al., 2014; Young et
al., 2009). The Ca2+-activated TRPM5 channels can cause flux of
sodium (Na+) and depolarizaiton of membrane, leading to the release of ATP through pannexin-1 hemichannels (Kinnamon, 2012;
Kojima et al., 2014). Additionally, gustducin knockout mice can
sense sweet taste, suggesting an additional pathway for sweetness
perception. Some studies have indicated that sweet taste receptor
may activate a cAMP-dependent pathway producing a longer sensation of sweetness, whereas PLC-β2 pathway probably induces
a short time sensing (Figure 2) (Behrens et al., 2011; Kinnamon,
2012; Laffitte et al., 2014). α-Gustducin can regulate cAMP levels
through activation of a phosphodiesterase (PDE), curbing phosphorylation and desensitization of Ca2+ signaling effectors.
Abilities for sweet perception vary among species. For instance,
studies show that rodents cannot identify some sweeteners that can
be detected by human, such as cyclamate, aspartame, NHDC and
sweet-tasting proteins (Winnig et al., 2007). In addition, genetic

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

111

Sweetness related molecules and metabolic syndrome
studies have indicated that human tongues are not all alike (Belloir
et al., 2017). The genetic variation of taste receptors influences the
sense of sweet taste and consumption of sweeteners. For example,
the variation of the taste receptor gene of people in West Mexico
attributes to a high consumption of carbohydrates (Ramos-Lopez
et al., 2016). In addition, there is a correlation between genetic
variants in T1R with dietary consumption among Korean populations, which showed genetic variants in T1R1 polymorphisms
affected the intake of sweets and vegetables, wherease T1R2 polymorphisms influence consumption of cruciferous vegetables, citrus fruits, fatty and umami food (Choi et al., 2016).
5. Physiological effect of sweeteners and sweet taste receptors
on obesity and diabetes
It has been suggested that the T1R2/T1R3 sweet taste receptor on
the tongue and in different organs not only senses sweet taste, but
is also involved in glucose sensing, expression of glucose transporters, gut hormone secretion and maintaining of glucose homeostasis. The dysfunction of sweet taste receptors in the body is correlated with metabolic problems, leading to obesity and diabetes
(Belloir et al., 2017; Neiers et al., 2016; Smith et al., 2016). It is
proposed that T1R taste receptors could provide novel therapeutic
method through modulating sugar absorption and downregulating
diet-related disorder to inhibit and attenuate diabetes and obesity.
In the pancreas, insulin released by the β-cells is proportional to
plasma glucose levels and it is especially dependent on the acute
change of glucose. The T1R2/T1R3 receptor has been found to be
expressed by pancreatic β-cells, where they can respond to sugar,
and are involved in modulating insulin secretion (Kyriazis et al.,
2012; Medina et al., 2014). A previous study demonstrated that
knockout T1R3 in isolated islets impaired glucose-induced insulin
secretion (Kojima et al., 2015), suggesting that sweet taste receptors are involved in insulin secretion. Under normal physiological
condition, the glucose molecule interacts with sweet taste receptors in β-cells to promote insulin release, while high level glucose
would reduce the expression of sweet taste receptors in the β-cells
(Belloir et al., 2017; Kyriazis et al., 2014). The diabetic and dietinduced obese individuals have similar decreased effects on the
expression of sweet taste receptors, suggesting diabetes and obesity impair sweet taste receptors and alter their function on β-cells
(Kyriazis et al., 2014). With the exception of glucose, there is an
additional way in which sweet taste-sensing receptors are involved
in the regulation of insulin release. For example, sweet taste receptors on mouse and human β-cells can detect fructose and stimulate
insulin secretion (Kyriazis et al., 2014). In addition, the inhibitors
of sweet taste receptors, such as gurmarin, can significantly curb
glucose-induced insulin release from β-cells (Kojima et al., 2015).
The regulation of insulin secretion by sweet taste receptors not
only through glucose interaction, but also via indirect modulation
of the glucose-related hormone in the gastrointestinal (GI) tract
when glucose is ingested. It is known that T1R receptors and the
taste G protein gustducin are expressed in enteroendocrine L- and
K-cells in the GI tract, where they not only function as a sweet
taste sensors, but also induce hormone secretion to maintain glucose homeostasis (Greenfield and Chisholm, 2013; Nomura and
Kawahara, 2015; Shirazi-Beechey et al., 2014). Glucagon-like
peptide-1 (GLP-1) and glucose-dependent insulinotropic peptide
(GIP) are the major incretin hormones which respond to the transmission of sweet taste signals and promote insulin release, whereas
Glucagon-like peptide-2 (GLP-2) increases intestinal growth and
glucose absorption (Feng et al., 2017; Smith et al., 2016). Chol-
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ecystokinin (CCK) and peptide tyrosine-tyrosine (PYY) play a
variety of roles in digestive processes, including reduction of food
consumption and increasing satiety (Daly et al., 2013; Gerspach et
al., 2011). It has been demonstrated that oral ingestion of glucose
and sucrose or directly infusing sugars, including D-isoforms of
glucose, galactose and fructose and non-metabolizable analogues
of glucose, 3-O-methyl-glucose and a-methyl-glucose, into intestinal lumen can activate with T1R2/T1R3 inducing and increasing
GLP-1 and GIP secretion (Dyer et al., 2007; Sakurai et al., 2012;
Steinert et al., 2011). Brown et al. (2012) confirmed that diet soda
sweetened with sucralose and acesulfame-K with glucose can increase GLP-1 secretion in healthy subjects. The consumption of
sugar alcohol does not elicit an elevation in blood glucose and insulin secretion, but it can affect gut hormones (Grembecka, 2015).
A recent study demonstrated that xylitol and erythritol intake can
stimulate GLP-1 and CCK release in the gut of both lean and obese
subjects (Wölnerhanssen et al., 2016). Overduin et al. (2016) reported that erythritol has a similar effect on trigger and control
GLP-1 and PYY release in lean (not obese) subjects compared
with sucrose. Similar in vitro results indicated that both sugars
and artificial sweeteners (e.g. aspartame and sucralose) stimulate
and increase the secretion of GLP-1 and GIP (Jang et al., 2007;
Ma et al., 2009; Malaisse, 2014; Sakurai et al., 2012). However,
the underlying mechanism of sweeteners induced gastrointestinal
peptide secretion remains unclear. Additionally, the gut-expressed
taste receptor involved in regulating expression of sodium-glucose
is cotransporter-1 (SGLT-1), which is the primary transporter of
sugars in the intestinal lumen (Margolskee et al., 2007; Stearns
et al., 2010). Dietary sugar and artificial sweeteners upregulate
SGLT-1 mRNA and protein expression and glucose uptake in mice
but not in T1R3 knockout or gustducin present mice (Dyer et al.,
2007; Margolskee et al., 2007). In type 2 diabetics, SGLT-1 and
the ability of glucose absorption may be improved intestinally,
whereas GLP-1 and GIP release is decreased (Young et al., 2013);
this may be due to gut taste receptor expression decreasing in diabetic subjects with elevated blood glucose concentrations (Young
et al., 2009).
In the body, the sensitivity of sweet taste receptors would also
be influenced by some metabolic hormones, such as leptin and endocannabinoids (Yoshida et al., 2013). Leptin is an anorexigenic
mediator which can selectively suppress sweet taste receptor responses to sweetness, whereas it did not affect other taste sensations (Stearns et al., 2010). Leptin can elevate glucose perceptive
thresholds, suggesting a high concentration of leptin probably triggers high a BMI value. Endocannabinoids, such as anandamide
[N-arachidonoylethanolamine (AEA)] and 2-arachidonoyl glycerol (2-AG), can act as a sweet taste enhancer, showing an adverse
effect of leptin. It is reported that administration of AEA or 2-AG
can elevate responses to sweeteners, whereas they do not affect the
sensation of other taste qualities ( Yoshida et al., 2010).
6. Sweet taste enhancer
A new way to attenuate the health problems caused by sweetness
is positive allosteric modulations (PAMs) of sweet taste receptor,
leading to the discovery and identification of sweet taste enhancement. The enhancing molecular does not induce sweetness sensations on their own but potentiate the sweet sense of other sweeteners through binding with sweet taste receptors. These enhancers
primarily bind to the TMD of receptors to enhance receptor activity, as well as increase the binding affinity between sweeteners
and receptors within the VFTD. The application of sweet taste en-
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hancers is very important to the food industry, because it can help
decrease excessive calorie intake through reduction of the sugar or
sugar alternatives, and at the same time, provide a desirable sweet
taste quality. Certain compounds have been identified and claim
to have the ability to improve sweet taste of some sugar, but the
enhancement is limited to a selective effect on varying sugars.
6.1. The artificial sweet taste enhancer
The first example of a sweetness enhancer, named as SE-1, was
identified and reported by the company Senomyx Incorporation
(San Diego, CA, USA) in collaboration with Coca-Cola company
(Guy Servant et al., 2011). It is reported that SE-1 can selectively
increase the sweet taste intensity of sucralose by >20 times, which
can reduce the concentration of sucralose by 50% while maintaining sweetness intensity (Servant et al., 2010). Subsequently,
other sweet enhancers, including SE-2, SE-3 and SE-4 were discovered by Senomyx. They have the ability to selectively improve
the sweetness of different sweeteners, without inducing a taste by
themselves. SE-2 can reduce the concentration of sucralose more
than 50% while preserving sweetness intensity, whereas SE-3 provides a 33% decrease in the sucrose concentration while retaining
the same sweetness intensity ( Servant et al., 2010; Guy Servant et
al., 2012). Cell-based assays indicate these are specific to the human
sweet taste receptors and have no effect on rat receptors (Zhang et
al., 2010). A certain number of synthetic PAM compounds with
the capacity to increase sweet taste have been patented by Senomyx Inc. as sweetness modifiers (Tachdjian et al., 2013, 2010). In
addition, more sweetness enhancers were reported by Mnique et
al., (2018), including 2,4-dihydroxybenzoic acid (DHB), 4-amino-5,6-dimethylthieno(2,3-D) pyrimidin-2(1H)-one (ADTP) and
3-(4-amino-2, 2-dioxido-1H-2,1,3- benzothiadiazin-5-yloxy)-2,2dimethyl-N-propylpropanamide (ADBT). DHB, ADTP and ADBT
are artificial flavor compounds, which can enhance the sweetness
for selective sweeteners. All of these have been approved as artificial flavors by Flavor and Extract Manufacturers Association
(FEMA). DHB has been reported to have the ability to improve
the sweet taste of aspartame from 0.1 to 4.0 times, while Holland
Sweetener Company indicated DHB does not have this effect on
aspartame, but can improve the sweetness of 6% sucrose to more
than 8% sucrose (>33% enhancement), whereas it does not taste
sweet by itself (DuBois and Prakash, 2012). ADTP has been reported to selectively amplify the sweet taste intensity of sucralose,
which can improve the sweetness of a sucralose solution six to
eight times, whereas increase the sweetness intensity of sucrose
with two to twelve times at certain concentrations (DuBois and
Prakash, 2012; Guy Servant et al., 2012). ADBT was discovered
as a sucrose-selective enhancer to increase 6% sucrose level to the
equivalent of a 10.6% sucrose level (i.e., 1.8-fold) at 8.8 mg/L by
human sensory panelists (DuBois and Prakash, 2012).
6.2. Food-processed sweet taste enhancer
During the food process, many reactions, such as Maillard reaction, produce flavor compounds that improve or impair the quality
of products. Two food processed compounds reported by the Hofmann group, have the potential to enhance sweet taste (Ottinger
and Hofmann, 2003; Soldo et al., 2003) N-(1-carboxyethyl)-6(hydroxymethyl) yridinium-3-ol inner salt, commonly known as
pyridinium betaine or alapyridaine, is a product of Maillard reaction, which was found and isolated from heated hexoses and Lalanine mixtures, as well as in beef broth. It has been demonstrated

alapyridaine significantly enhances the taste of sweet, umami and
salt sensations (Ottinger and Hofmann, 2003). With the presence
of alapyridaine, the sweet taste limitation of glucose and sucrose,
as well as the umami taste of monosodium L-glutamate (MSG) and
guanosine-5′-monophosphate (GMP) were remarkably reduced
(Soldo et al., 2003). Another compound, 5-acetoxymethyl-2-furaldehyde, was found in vinegar of Modena (TBV). It has been indicated to improve the sweet taste quality of TBV. The presence of
5-acetoxymethyl-2-furaldehyde triggered a long-lasting sweetness
intensity of a 4% sucrose solution, while alone, it does not exhibit
a sweet taste in human sensory tests (Hillmann et al., 2012).
6.3. Natural sweet taste enhancer
Miracle fruit (Synsepalum dulcificum) has been recognized as a
sweetness enhancer, because by itself, it has no taste, but it can
convert a sour taste into sweet (Iwaniak et al., 2016). The active
compound in miracle fruit is miraculin, a glycoprotein, which possesses sweetness-inducing activity. Miraculin does not taste sweet
by itself, but does bind with the sweet taste receptor to simulate an
effect of 400,000-fold sweeter than sucrose on a mole basis (Kurihara and Beidler, 1968). Miraculin binds mostly to the amino-terminal domain of T1R2, activating the receptor in response to a
low pH, that then produces a sweet taste. The sweetness-inducing
effect of miraculin is pH-dependent. Weak acids produce a higher
intensity of sweet taste compared with strong acids (Koizumi et
al., 2011). In a neutral pH, miraculin binds with T1R2 in an inactive form, resulting in no sweet taste response. However, under
acidic conditions, the extracellular region of T1R2 and miraculin
are protonated in the presence of acid (H+), causing activation of
an intracellular signaling cascade, and thereby evoking a sweet
sensation. Furthermore, the mechanisms of how miraculin modifies the acidification into a sweet sensation through activation of
the sweet taste receptor is still unclear. The induction of a sweet
taste by miraculin in acid is specific to human receptors. It does
not occur in rodents (Sanematsu et al., 2016). Miracle fruit has a
great potential future to both modify and mask undesirable tastes,
as well as elicit sweetness.
6.4. Volatile compounds
Most of the sweet-taste substances are non-volatiles. However,
some volatiles or aromas can interact with sweet taste perception to
enhance sweetness perception. Multiple volatile compounds have
been reported to make an important contribution to the sweetness
of fruits. Studies have shown that the presence of some odorants,
including strawberry, almond, caramel, coffee, lemon, peach and
vanilla aromas, can increase the perception of the sweetness intensity of several sweeteners, such as sucrose, fructose, aspartame
and saccharine (Valentin et al., 2006). Additionally, in a previous
study, maltol (2-methyl-3-hydroxy-pyran-4-one) was reported to
have the ability to increase the sweet taste of sugar (Methven,
2012). Maltol has a candy-like odor, which can be used to impart
a sweet aroma. In a recent study, isoamyl acetate, a volatile ester,
was found to increase the sweetness intensity of sucrose by pulsatile delivery (Burseg et al., 2010). In addition, three phthalides, sedanenolide, 3-n-butylphthalide and sedanolide, were identified in
chicken broth with a celery fraction to have the ability to enhance
the perception of the sensation of both umami and sweet whereas
they have no taste characteristics on their own (Kurobayashi et
al., 2008). Similar volatile compounds such as 4-hydroxy-2(or
5)-ethyl-5(or 2)-methyl-3(2H)-furanone, 2-hydroxy-3-methyl-
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2-cyclopenten-1-one and 3-hydroxy-4,5-dimethyl-2(5H)-furanone
have also been found to enhance sweet perception (Methven,
2012). In fact, volatile-induce sweet taste enhancement is not new.
However, few studies have investigated how volatile might alter
the perception or interaction with various sweeteners. One issue
with applying volatile compounds to enhance sweet taste is that
their own characteristic aroma may be inappropriate for the food
products targeted for enhancement, even though most volatiles are
tasteless. Aroma compounds will induce new aroma with different
foods. Another problem is the low solubility of aroma sweetness
enhancers which brings challenge to food manufacture. Additionally, volatile ability of most aromas results in an instability of
sweet taste because these compounds easily volatilize.
7. Conclusion
There is an increasing desire to reduce calorie intake from sugaradded foods while maintaining a desirable sweet sensation. Nonnutritive sweeteners have been widely applied to foods to limit
the calories ingested from sugar, but the off-taste and aftertaste
have limited the application of such sweeteners. Orally, T1R2/
T1R3 plays an important role perceiving the sweetness of various
stimuli that are involved in dietary food consumption and caloric
intake. In organs, other than those that are sweet taste-sensing,
T1R2/T1R3 has been shown to contribute to many metabolic regulations, including glucose homeostasis, satiety hormone release
and regulation of insulin secretion. Some metabolic hormones,
such as leptin and endocannabinoids, also act as a modulator of
sweetness to regulate sugar intake. There is an association between
sweet taste receptors and many health problems, including obesity
and diabetes. Therefore, the sweet receptor is a potential molecular
therapeutic target to prevent obesity and treat diabetes.
With the discovery of sweet taste receptors, sweet taste enhancement implies a possible strategy for maintaining and potentiating a sugar taste, while limiting calories. Sweet taste enhancers
offer a bright future for regulating caloric intake by limiting sugar
levels in food. However, few examples of natural enhancers have
been identified. Studies have demonstrated many aromas that have
the ability to improve sweet taste intensity of some sweeteners,
but there are limited studies into the interaction between aroma
and sweet taste enhancement. Further examination of the effect
of odor-induced sweet taste enhancement can extend the possibility of natural sweetness enhancers in foods. However, producing
foods with aroma sweetness enhancers is challenging, due to low
solubility. Non-volatile sweetness enhancers are more stable than
aromatic ones, while still increasing a desired sweet taste. Even
though there are many synthetic sweetness enhancers both identified and studied, they are not readily used by the industries, due to
regulatory limitations and consumer demands for clean label and
natural products. Therefore, identification of new, natural sweetness enhancers is crucial and may drive a better application of enhancers by the food industry.
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Abstract
Coexpression of formate dehydrogenase (FDH) and ribitol dehydrogenase (RDH) in Escherichia coli was used for
the synthesis of Allitol from D-psicose. FDH was coexpressed with RDH for continuous NADH regeneration. The
results revealed that the optimum conditions for allitol production occurred at pH 7.0 and 30 °C. Allitol reached
the maximum yield of 19.2 mg at 2.0% substrate concentration after 48 hours. Using D-psicose as a substrate, allitol was successfully produced using an engineered E. coli coexpressed with RDH and FDH.
Keywords: Formate dehydrogenase; Ribitol dehydrogenase; Allitol; D-psicose.

1. Introduction
Whole-cell biotransformation has many benefits at the commercial manufacturing of rare sugars. For example, the enzyme
cofactors (i.e. NAD+ and NADH) can be recycled in vivo and
no need to purify the enzymes and thus avoid complications in
the process of enzyme purification. In addition, the separation of
the final products is easier when using whole-cell fermentation,
since the enzyme inside the cell is isolated from the final product
by the membrane of the microorganism cell. Crystallization is
one of the most important processes in the synthesis of sugars, by
using the whole-cell biotransformation the process of crystallization can be performed directly after the end of fermentation. In
recent years, many rare sugars have been produced by whole-cell
biotransformation using wild-type microorganisms and recombinant strains. This biotransformation have been industrially applied in large quantities, such as the synthesis of D-mannitol using engineered Escherichia coli and C. glutamicum ATCC13032
(Kaup et al., 2004; Wu et al., 2013; Zhao et al., 2013; Zhou et
al., 2012).

Alitol is a rare sugar of great importance due to the properties it possesses, such as anti-obesity, and laxative effects for the
treatment of constipation, which the water content of the lumen
is increased significantly by allitol. In addition, allitol cross links
between l/d-hexoses in Izumoring strategy (Hassanin et al., 2017).
It was chemically synthesized using sodium borohydride as an oxidizing agent and D-psicose as substrate (Ballard and Stacey, 1973).
However, the chemical methods used for rare sugars production
are not industrially effective due to the presence of impurities in
the final product.(Ballard and Stacey, 1973; Takeshita et al., 2000;
Takeshita et al., 1996). According to the allitol position as a bridge
between D-psicose and L-psicose and its chemical structure as alcoholic sugar, d-psicose can be reduced into allitol by using ribitol
dehydrogenase (RDH), this reaction required NADH as a cofactor. NADH is an expensive cofactor, which can limit the use of
enzymatic reaction for allitol production. Formate dehydrogenase
(FDH) is an enzyme that responsible for regeneration of NADH
from NAD+ using sodium formate as substrate. FDH and RDH
were coupled for allitol production to overcome the NADH regeneration problem. Several studies have used whole-cell biotrans-
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Table 1. Plasmids and strains used in this study

Plasmids/Strains

Relevant Characteristics

Sources

pET-pral-RDH

amp; pET-21a(+) carrying gene for RDH

(Hassanin et al., 2016)

pET-Op-FDH

amp; pET-21a(+) carrying gene for FDH

(Yu et al., 2014)

pETDuet-1

Generay

pETDuet-RDH-FDH

amp; pCDFDuet™-1 carrying genes for FDH and RDH

This study

E. coli DH5

endA1, supE44, recA1, gyrA96, relA1, deoR U169,
Φ80dlacZΔM15, mcrA Δ(mrr-hsdRMS-mcrBC)

Invitrogen

E. coli BL21 Star (DE3)

For gene expression

Invitrogen

Engineered E. Coli

BL21 Star (DE3) pETDuet-RDH-FDH

This study

formation for production of allitol, in an attempt to overcome the
cofactor regeneration problem. Such as Enterobacter agglomerans
strain 221e was used for allitol synthesis from D-psicose (Muniruzzaman et al., 1995).
Expression systems in mammalian cell culture, yeast and baculovirus are very expensive. However, the coexpression system in E.
coli is commonly applied to overcome difficulties of heterologous
protein expression (Tolia and Joshua-Tor, 2006). The coexpression
in E. coli provides a useful alternative system for production of
rare sugars. Zhu et al. (2015) reported production of allitol from
D-fructose using an engineered E. coli strain expressing membrane
protein glucose/fructose facilitator (GLF), D-psicose 3-epimerase
(DPE), FDH, and RDH. The GLF was used to increase the intracellular D-fructose concentration (Parker et al., 1995; Weisser et
al., 1995).
FDH and RDH enzymes isolated from Ogataea parapolymorpha DL-1 and Providencia alcalifaciens RIMD 1656011, respectively, were previously cloned, characterized, and coupled for
production of allitol from D-psicose (Hassanin et al., 2016a; Yu
et al., 2014). In this present work, we studied the production of
allitol from d-psicose using whole-cell biotransformation carried
out by engineered Escherichia coli co-expressed with RDH and
FDH from O. parapolymorpha DL-1 and P. alcalifaciens RIMD
1656011, respectively. All the optimal conditions for the production were optimized to produce the allitol at low cost.
2. Materials and methods

taea parapolymorpha DL-1 and Providencia alcalifaciens RIMD
1656011, respectively (Table 1) (Hassanin et al., 2016a; Yu et al.,
2014). Luria-Bertani medium (LB) was used for growth of all
strains. All strains were cultivated at 37 °C and induced by 1.0
mmol L−1 isopropyl β-d-1-thiogalactopyranoside (IPTG) present
in the medium at 20 °C.
FDH and RDH genes were synthesized by Sangon Biological
Engineering Technology and Services (Shanghai, China). They
were multiple cloned into pETDuet-1 using Generay Biotechnology (Shanghai, China) to create pETDuet-RDH-FDH (Figure
1). The RDH gene was amplified and ligated into the first multiple cloning sites of pETDuet-1 at the SalI and NotI site to create the recombinant plasmid, named pETDuet-RDH. A 6 × Histag sequence was present in the vector to aid protein purification.
The FDH gene was amplified and ligated into the second site of
pETDuet-RDH at the NdeI and XhoI site to create the recombinant
plasmid pETDuet-RDH-FDH.
The pETDuet-RDH-FDH plasmid was expressed into E. coli
BL21(DE3) to form an engineered strain BL21 Star (DE3) pETDuet-RDH-FDH, which grown in LB medium supplemented with
ampicillin (100 μg mL−1). When the cells growth reaches an optical density (600 nm) of 0.6 at 37 °C, IPTG was added to the culture
to a final concentration of 1 mmol L−1, then FDH and RDH was
induced at 20 °C for 20 h.
The subunit molecular mass of RDH and FDH extracted form
engineered E. Coli were examined using the denaturing conditions
of sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) on 50 g L−1 stacking gel and 120 g L−1 separating

2.1. Equipment
The entire experimental process required, FE20 pH meter, VibraCell™ 72405 sonicator (BioBlock Scientific, Illkirch, France),
DHG 9070A oven (Shanghai, China), Mettler Toledo PL 2002
balance (Shanghai, China), Hook biological safety cabinet, HYG2—incubator for liquid culture (Shanghai, Chaina), DK-S24—water bath, Eppendrof 5804 R—centrifuge (Hamburg, Germany),
Alpha-1 spectrophotometer, NANODROP 2000C—nanodrop
(USA), CL-40M Autoclaves (Steam sterilizer), and Agilent 1200
series—equipment for HPLC (Shodex, Tokyo, Japan).
2.2. Strains and coexpression of RDH and FDH
The host strain used for gene cloning was E. coli DH5α while for
coexpression was E. coli BL21. The pETDuet-1 was used as the
coexpression vector. The FDH and RDH genes were from Oga-
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Figure 1. Allitol production pathway using engineered E. coli coexpressed
with ribitol dehydrogenase (RDH) and formate dehydrogenase (FDH).
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Figure 2. Plasmid construction (a) constructed vector map (pETDuet-RDH-FDH). (b)The result of extracts DNA from transformed E. coli with pETDuetRDH-FDH (1) DNA ladder (2) The DNA digested with EcoRI/XhoI restriction enzymes. (c) SDS-PAGE analysis of the co-expression recombinant enzymes.
(M) protein marker; (A) proteins in the supernatant of constructed E. coli induced with IPTG (6 hours), (B) proteins in the supernatant of constructed E. coli
without IPTG; (C) proteins in the supernatant of constructed E. coli induced with IPTG (20 hours).

gel.

2.5. Quantification of D-psicose and allitol

2.3. Optimization of temperature, pH and cell concentration

D-psicose and allitol concentrations in the biotransformation mixtures were examined by high-performance liquid chromatography
(HPLC). The mixtures were filtered through 0.22 μm membrane
filters. SUGAR-PAK column (6.5 × 300 mm) was used for separation of the products. the column conditions temperature and flow
rate were 85 °C and 0.4 mL min−1 using water as mobile phase.

Whole-cell biotransformation was carried out with 1% D-psicose,
1% sodium formate, 2 mmol L−1 NAD+, three buffer systems, i.e.
phosphate buffer (50 mmol L−1, pH 5.0–0.7), Tris-HCl (50 mmol
L−1, pH 7.0–9.0), and glycine-NaOH (50 mmol L−1, pH 0.9–11.0),
were used to determine the optimal pH for the whole-cell biotransformation. The optimal temperature was measured over the
temperature range of 25–45 °C at intervals of 5 °C. To detect the
optimum biomass, different cell concentrations (OD600 = 20, 40,
60, and 80) were used in the biotransformation.
2.4. Allitol production using whole-cell biotransformation
The engineered E. coli strain was centrifuged to collect the precipitate cells and washed twice with 50 mmol L−1 Tris-HCl buffer
(pH 7.0). The washed cells were suspended in 50 mmol L−1 TrisHCl buffer (pH 7.0) containing 0.5, 1, and 2%, D-psicose. The
biotransformation was conducted at 30 °C and 200 rpm. Samples
were collected at different times to measure the concentration of
allitol produced.

3. Results and discussion
The responsible enzyme for production of allitol from d-psicose
is RDH enzyme. In a previous study, P. alcalifaciens RDH was
cloned, characterized and the crude enzyme was used for allitol
production from D-psicose (Hassanin et al., 2016b). The SDSPAGE result analyses for RDH from P. alcalifaciens showed that
the subunit molecular mass around 25 kDa. FDH the enzyme that
responsible for the regeneration of NADH was cloned and characterized by Yu et al. (2013). The FDH subunit molecular mass
was around 40 kDa. In a previous study, crude RDH and FDH
were coupled for the synthesis of allitol from d-psicose, which the
optimum temperature and pH were 40 °C and pH 7.5, respectively
(Hassanin et al. 2016b).
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Figure 3. Effect of temperature (a) and pH (b) ((•) Phosphate buffers (■) Tris-HCl buffers (▲) Glycine-NaOH buffers) on the whole cell biotransformation.

In this study, FDH and RDH genes were sub-cloned into two
sites of pETDuet-1 (Figure 2a) and coexpressed in E. Coli. A reaction was conducted with the extracted DNA from engineered E.
coli to confirm successfully sub-cloned vector (pETDuet-1) with
RDH and FDH genes, as shown in Figure 2b the actual electrophoreses gel of target DNA extracts and digested with restriction
enzymes (EcoRI/XhoI) confirmed the successfully cloning steps.
To produce genetically engineered E. coli for the synthesis of
allitol from d-psicose, pETDuet-RDH-opFDH contained RDH and
FDH genes was coexpressed into E. coli. RDH and FDH genes
were combined to form production and cofactor recycling pathway. The engineered E. coli coexpressed with recombinant plasmid pETDuet-RDH-FDH was induced by IPTG. As shown in Figure 2c SDS-PAGE results for the cell lysate of the engineered E.
coli revealed two bands corresponding to RDH, and FDH proteins.
To increase the productivity of specific substrate such as allitol
in whole cell biotransformation, supplementation with NADH is
needed (Kataoka et al., 1999; Kizaki et al., 2001; Yamamoto et al.,
2003). Since NADH is very expensive, this increases the cost of
production. However, the combination of FDH with RDH to construct cofactor recycling system for regeneration of NADH from
NAD+ can ensure the continuous supply required for d-psicose reduction. The cofactor recycling system required supplementation
with sodium format, which is inexpensive. Therefore, it significantly reduces the cost of allitol production.
Conditions of biotransformation using engineered E. coli were
optimized to achieve the high yield of allitol. The effect of temperature was examined on the biotransformation at different temperatures (25, 30, 35, 40 and 45 °C), and the final product allitol
was determined by using HPLC. As shown in Figure 3a when the
temperature increased, the yield of allitol increased until the temperature reached 30 °C and then decreased. As previously characterized the optimum temperatures for RDH and FDH were 35 and
65 °C, respectively (Hassanin et al., 2016a; Yu et al., 2014). However, the optimal temperature for whole-cell biotransformation
was registered at 30 °C, which is near to the optimum temperature
for RDH. Han et al. (2014) reported production of allitol from Dpsicose using Klebsiella oxytoca G4A4 isolated from soil and the
optimal temperature was 37 °C. Similarly, Zhu et al. (2015) reported production of allitol from D-fructose using an E. coli strain
expressing D-psicose 3-epimerase (DPE), FDH and RDH and the
optimum temperature was 40 °C.
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The biotransformation was conducted at various pH values, to
study the effect of pH on allitol synthesis. As shown in Figure 3b,
the optimum pH for allitol production was registered at pH 7.0 in
50 mmol L−1 Tris-HCl buffer. This low optimum pH value may
due to reducing of formic acid, which resulting in gradually increasing in pH value during biotransformation (Kaup et al., 2004;
Zhu et al., 2015). However, the optimum pH for synthesis of allitol
using Klebsiella oxytoca G4A4 was 8.0, while the optimum pH of
the engineered E. coli with (DPE), FDH and RDH was 7.0 (Han et
al., 2014; Zhu et al., 2015).
To optimize the cell biomass, the resting cells at different biomasses (OD600 = 20, 40, 60, and 80) were previously prepared and
used for the synthesis of allitol from D-psicose. Figure 4 showed
that the allitol yield increased from OD600 = 20 to OD600 = 80, as
results show that the rate of increase of the allitol yield did not
increase linearly. When the cell biomass reached OD600 = 40, the
rate of increase dropped. We selected a cell biomass of OD600 = 40
as the optimum cell concentration for allitol synthesis to reduce the
production cost.
Production of allitol was conducted at different concentrations
of d-psicose (0.5, 1.0 and 2.0%). As shown in Figure 5 the reduction rates of d-psicose were about 7.3, 10.0 and 19.2 mg at 0.5, 1.0

Figure 4. Effect of the cell biomass on the synthesis of allitol using whole
cell biotransformation.
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Abstract
The objective of this study was to concentrate polyunsaturated fatty acid (PUFA) from seal blubber oil in an innovative manner to produce a high content of docosapentaenoic acid (DPA) in the resultant product. It also aimed
at investigating the use of lipases as catalysts for synthesizing acylglycerols from glycerol and polyunsaturated
fatty acid concentrates. Additionally, study of the oxidative stability of acylglycerols synthesized by lipases was
intended. A two-stage urea complexation process was used to concentrate PUFA from seal blubber oil, giving rise
to a DPA content of up to 24.0% in the product. Enzymatic synthesis of acyglycerols directly from glycerol and fatty
acid concentrate was studied. Three lipases were used as biocatalysts for esterification. Lipase SP435 from Candida antarctica showed the highest activity for esterification. Effects of reaction parameters, namely temperature,
time course and mole ratio of glycerol to fatty acid were followed with all three lipases. The optimal reaction time
was 24 hr at 30 °C at a mole ratio of glycerol to fatty acid of 14:1. The maximum degree of acylglycerol synthesis
was > 90%. The effect of time course and mole ratio of glycerol to fatty acid on acylglycerols distribution was also
determined. The oxidative stability of different samples under Schaal-oven conditions at 60 °C showed that the
oxidative stability of acylglycerols was better than that of the corresponding fatty acid esters.
Keywords: Omega-3 DPA concentrate; Urea complexation; Enzymatic hydrolysis; Marine oil; Oxidative stability.

1. Introduction
The importance of marine oils in human nutrition and disease
prevention was scientifically recognized three decades ago. Epidemiological studies in the early 1970s postulated that the low incidence of coronary heart disease of Greenland Eskimos might be
related to their distinctive dietary habit and use of marine lipids
rich in polyunsaturated fatty acids (PUFA) (Dyerberg et al., 1975).
A large number of studies have been done on the potential benefits
of the n-3 fatty acids in human disease since 1970’s. The beneficial
effects of PUFA have been ascribed to their ability to lower serum
triacylglycerol and cholesterol levels and enhance their excretion,

to increase membrane fluidity and by conversion to eicosanoids to
reduce thrombosis. Physiological effects of n-3 fatty acids have
been documented in the areas of heart and circulatory diseases, immune response and cancer. The first category includes prevention
or treatment of atherosclerosis, thrombosis, hyperglyceridemia and
high blood pressure. The second area relates to the treatment of
asthma and arthritis. The third category includes treatment of cancer of breast, prostate and colon (Shahidi, 1998).
It has been suggested that PUFA concentrates devoid of more
saturated fatty acids are much better than marine oils themselves
since they allow keeping the daily intake of total lipids as low as
possible (Hassgsma et al., 1982). Several methods are available
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for large-scale production of PUFA concentrates. The available
methods include adsorption chromatography (Adlof and Emiken,
1985), fractional to molecular distillation (Berger and McPherson,
1979), enzymatic splitting (Yadwad et al., 1991), low-temperature
crystallization (Brown and Kolb, 1955), supercritical fluid extraction (Yamagouchi et al., 1986) and urea complexation (Ratnayake
et al., 1988). Each technique has its own advantages and drawbacks.
The simplest and most efficient technique for obtaining w-3
PUFA concentrates in the form of free fatty acids is urea complexation. This is a well established technique for elimination of
saturated and monounsaturated fatty acids. Urea alone crystallizes
in a tightly packed tetragonal structure with channels of 5.67 A diameter. However, in the presence of long straight chain molecules
it crystallizes in a hexagonal structure with channels of 8–12 A
diameter within the hexagonal crystals. The channels formed, in
the presence of long chain unbranched molecules, are sufficiently
large to accommodate aliphatic chains. While straight chain saturated fatty acids with six carbon atoms or more are readily adducted, the presence of double bonds in the carbon chain increases
the bulk of the molecule and reduces the likelihood of its complexation with urea. The saturated and monounsaturated fatty acids
easily complex with urea and crystallize out on cooling and may
subsequently be removed by filtration. Liquid or non-urea complexed fraction is enriched in n-3 PUFA. Many publications have
described the application of urea complexation for production of
PUFA concentrates. Recently, this method was used to concentrate
n-3 PUFA from seal blubber oil (Wanasundara and Shahidi, 1999;
Shahidi et al., 1994). Under optimum conditions, a maximum concentration of n-3 PUFAs (88.2%) was achieved. Among the major
n-3 PUFA, more than 80% of docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA) was recovered. Urea complexation
has the advantage that complexed crystals are extremely stable,
and filtration does not have to necessarily be carried out at the
very low temperatures which solvent crystallization of fatty acids
would require.
Lawson and Hughes (1988) have pointed out that EPA, docosapentaenoic acid (DPA) and DHA are completely absorbed only
as acylglycerols, whereas free fatty acid forms are less acceptable
in foods. Therefore, acylglycerols are considered to be the most
desirable form. In recent years, the use of lipases as biocatalysts
for interesterification has become of great industrial interest for
the production of useful triacylglycerol products. This is mainly
because of the specificity of these enzymes with respect to acylglycerol positions and fatty acid types. The high temperatures
(220–250 °C) used in current chemical technologies for acylglycerol synthesis and hydrolysis of fats and oils cause degradation of
fatty acids and discoloration of products (McNeill et al., 1991).
This causes a loss of product quality and yield, particularly for
highly unsaturated and hydroxyl-containing fatty acids. Such disadvantages may be overcome by using lipases, which react under
mild conditions and allow production of desired products without
leaving harmful residues.
Fish oils are much more prone to deterioration than are other
fats or oils. A very important problem remains in oil extraction,
processing and preservation from free radical oxidative deterioration. Lipid oxidation may compromise the safety, nutritional
quality and shelf-life of edible oils. Lipid oxidation products
are implicated in the disruption of biological membranes, formation of age pigments in damaged membrane inactivation of
enzymes and damage to proteins. Proper understanding of lipid
oxidation mechanisms and measurement techniques as well as
use of synthetic and natural antioxidants will improve the ability to control lipid oxidation and therefore prevent or minimize
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oxidative deterioration of foods as well as oxidative damage in
the human body.
There are many catalytic systems that can oxidize lipids. Among
these are light, temperature, enzymes, metals, metalloproteins and
microorganisms. Most of these reactions involve some type of free
radical and/or reactive oxygen species. Since enzymes and metalloproteins are labile to heat denaturation, lipoxygenase activity is
normally absent in a refined oil. Therefore, oxidation catalyzed by
enzymes does not create a problem during storage and subsequent
use of fats and oils. Autoxidation is the process of oxidation induced by air. Oxidative reactions of lipids are greatly accelerated
at higher temperatures. The oxidation of lipids at higher temperatures is known as thermal oxidation. Autoxidation and thermal
oxidation are more directly involved in the oxidation of fatty acids
during storage and processing.
2. Materials and methods
2.1. Materials
Fatty acid methyl esters standards were purchased from Nu-Check
company (Elysian, MN). Propanal, hexanal and heptanal were purchased from Sigma (St. Louis, MO). The lipases Novozym-435
from Candida antarctica and IM60 from Mucor miehei were provided by Novo Nordisk (Bagsvaerd, Denmark). The lipase PS30
from Pseudomonas sp. wasprovided by Amano enzyme, USA
Co., Ltd. (Troy, VA). DPA rich-marine omega-3 oil (seal blubber
oil) was obtained from local sources in Newfoundland. All other
chemicals used in this study were of American Chemical Society
(ACS) grade or higher.
2.2. Methods
2.2.1. Preparation of omega-3 rich-free fatty acids
The method used for preparing free fatty acids from seal blubber
oil was the same as that described by Wanasundara (1999) with
minor modification. To 100 g of seal blubber oil, 23 g of KOH,
44 ml of deionized water and 264 ml of ethanol (95%, v/v) were
added. Then, tertiary-butylhydroquinone (TBHQ) was added in
the mixture to rich a concentration of 200 ppm. The mixture was
refluxed under nitrogen at 62 °C for 1 h. To the saponified mixture,
50 ml ethanol (95% v/v) and 250 ml deionized water were added.
The mixture was extracted with 200 ml of hexane for twice, and
the hexane layer was discarded each time. The final aqueous layer
was acidified with 6M HC1 to pH = 1.0, then 200 ml of hexane
was added to the resultant free fatty acids followed by thorough
mixing. The hexane layer was removed and then dried over anhydrous sodium sulphate, and the solvent removed using a rotary
evaporator at 40 °C.
2.2.2. Preparaton of DPA rich-fatty acid concentrate using the
two step-urea complexation
DPA rich-fatty acid concentrate was obtained using the two stepurea complexation, which was originated from the method described by Wanasundara (1999) with modifcations. In the first step,
20 g of free fatty acids mixture obtained from seal blubber oil was
added in the 20% (w/v) urea solution at 60 °C in ethanol (95%).
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The mixture was allowed to crystallize at 4 °C in a cold room for 8
hr. The urea complexed fraction was subsequently separated from
the liquid by filtration. The crystal was dissolved in water and acidified to pH 4–5 with 6M HCl, and an equal volume of hexane was
subsequently added to the solution. The mixture was stirred thoroughly for one hour. The hexane layer containing liberated fatty
acids was separated from the aqueous layer. The hexane layer was
washed with distilled water in order to remove any remaining urea,
and then it was dried over anhydrous sodium sulphate. The solvent
was removed at 40 °C using a rotary evaporator. The free fatty acids obtained from step one was mixed with urea (20% w/v) in 95%
ethanol heated at 60 °C. The mixture was maintained in a freezer
at −18 °C for 24 hr, where is the temperature is much lower than
that used in step one. The non-urea complexed and urea complexed
fractions were separated upon the completion of the complexation.
The filtrate was diluted with an equal volume of water and acidified to pH 4–5 with 6M HC1, and then an equal volume of hexane
was added followed by thorough stirring for one hour. The mixture was then transferred to a separatory funnel, where the hexane
layer was separated from the aqueous layer. The hexane layer was
washed with distilled water to remove any remaining urea and then
dried over anhydrous sodium sulphate. The solvent was removed
at 40 °C using a rotary evaporator.
2.2.3. Synthesis of DPA rich-acylglycerols
DPA rich-acylglycerols were synthesized from glycerol and the
DPA rich-fatty acid concentrate. In a 50-ml Erlenmeyer flasks, 2
g of glycerol was combined with 0.4 g DPA rich-fatty acid concentrate and 50 mg lipase of SP435, followed by the addition of
100 µl of water and 2 ml of hexane. The reaction mixture was
then flushed with nitrogen for 30 s. The mixture was stirred in an
orbital shaker at 180 rpm and at different temperatures (20, 30,
40 and 50 °C) and various time periods (3–48 hr). The esterification reaction was stopped by addition of 20 ml of acetone/ethanol mixture (1:1 v/v). The free fatty acids in the resultant mixture
were titrated with 0.1 M NaOH to a phenolphthalein endpoint.
After the free fatty acids were titrated, 4 ml of 0.1 M NaOH and
50 ml of deionized water were added to the mixture. The mixture was then transferred to a reparatory funnel and thoroughly
mixed with 25 ml of diethyl ether three times. The lower aqueous
layer was discarded. The collected diethyl ether layer was dried
over anhydrous sodium sulphate. The solvent was removed from
the synthesized acylglycerols using a rotary evaporator at 40 °C.
The components were identified and quantified by TLC-F1D. The
mixture was developed using hexane/diethyl ether/formic acid
(80:20:1, v/v/v) as the solvent system.
2.2.4. Determination of fatty acid composition of synthesized
DPA rich-acylglycerols
Triacylglycerols (TAG), diacylglycerols (DG) and monoacylglycerols (MG) in synthesized DPA rich-acylglycerols were separated
by thin layer chromatography (TLC). The products extracted from
reaction mixture were dissolved in hexane and applied to several
TLC plates (20 × 20 cm; Silica gel, 2–25 um mean particle size,
500 um thickness, with dichlorofluorescein, Sigma, St. Louis,
MO). Thirty milligrams acylglycerols were loaded onto each plate.
The plates were developed in solvent systems of hexane/diethyl
ether/formic acid (70:30:1, v/v/v). After drying, the bands were located by viewing under a short (254 nm) UV light. The three bands
were scraped and then extracted with diethyl ether three times as

described previously. The ether layer was evaporated under nitrogen to obtain TG, DG and MG. The fatty acid composition of each
acylglycerol was analyzed using GC.
2.2.5. Oxidative stability test
Three samples were prepared for oxidative stability test. The
samples were purified by column chromatography. One hundred
twenty grams of silicic acid (100 mesh) were washed with 1,000
ml of deionized water three times; the silicic acid was dehydrated
with 200 ml methanol three times. The dehydrated silicic acid was
dried in an oven at 100 °C for 6 hr and then dried in a furnace
at 200 °C overnight. The dried silicic acid was mixed with 400
ml n-hexane and degassed by sonication for 15 min. Afterwards,
the silicic acid in hexane was loaded onto the column (diameter:
2 × 40 cm) to which hexane was added (3 ml/min) for 5 hr. The
acylglycerols were loaded and the column washed with hexane (3
ml/min), hexane/diethyl ether, and diethyl ether, respectively. The
collections were monitored concurrently by TLC. The collection
tubes for each of the TG, MG and DG were combined and the
solvent was evaporated at 40 °C.
Comparison of the oxidative stability of different samples
was carried out under Schaal-oven test conditions at 60 °C. It
is generally accepted that each day of storage of lipid under
Schaal-oven test conditions at 60 °C is equivalent to one month
of storage at ambient temperatures. The specifications of the experiments carried out under Schaal-oven test conditions were as
follows. Each sample (2 g) in triplicate, was placed in test tubes
(10 mm × 12 cm) and stored in a forced air oven (Thelco, Model
2, Precision Scientific Co., Chicago, IL) at 60 °C. The oxidative stability was determined by chemical methods—Conjugated
dienes (Meyer, 1993); 2-thiobarbituric acid reactive substances
value (Wettasinghe and Shahidi, 1999); and headspace volatiles
(Wettasinghe and Shahidi , 1999). The samples were removed
periodically at 0, 6, 12, 24, 48 and 72 hr from the oven, cooled
to room temperature, flushed with nitrogen, capped and stored at
−20 °C until analysis.
2.2.6. Hydrolysis of triacylglycerols by pancreatic lipase
Hydrolysis of purified triacylglycerol by pancreatic lipase was
carried out according to following method. Tris-hydrochloric acid
buffer (5 ml, 1.0M, pH=8.0), 0.5 ml of calcium chloride (2.2%,
w/v) and 1.25 ml of sodium taurocholate (0.05%, w/v) were added
to 25 mg of oil in a glass test tube. The whole mixture was allowed to equilibrate at 40 °C in a water bath for 1 min and subsequently 5.0 mg of porcine pancreatic lipase (EC. 3.1.1.3, Sigma)
were added to it. The mixture was then place in a Gyrotory water
bath shaker (Model G76, New Brunswick Scientific Co. Inc., New
Brunswick, NJ) at 180 rpm under nitrogen for lhr at 40 °C. Ethanol
(5 ml) was added to stop the enzymatic hydrolysis followed by
addition of 5.0 ml of 6M HC1. The hydrolytic products were extracted three times with 50 ml of diethyl ether and the ether layer
was washed twice with distilled water and dried over anhydrous
sodium sulphate. After removal of the solvent under vacuum at 40
°C, the hydrolytic products were separated on TLC plates (20 ×
20 cm, silica gel, 225 µm mean particle size, 50,011 m thickness;
Sigma, St. Louis, MO). The plates were developed using hexane/
diethyl ether/ acetic acid (70:30:1, v/v/v). The bands were scraped
off and their lipids were extracted into diethyl ether three times and
subsequently used for fatty acid analysis by the gas chromatography of their methyl esters.
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Table 1. The contents of EPA, DPA and DHA in the urea complexed and non-urea complexed fractions under different conditions

Urea to fatty acid ratio

Urea complexed fraction

Non-urea complexed fraction

DHA

DPA

EPA

Yield (%)

DHA

DPA

EPA

Yield (%)

3

0.53

3.06

2.18

72

37.4

7.48

26.3

20

3.3

0.71

3.78

3.1

72.3

40.1

4.75

25.2

18.7

3.5

0.85

4.16

3.91

75

44.7

3.08

23.9

16.5

4.5

1.95

4.18

5.65

75

50.2

2.82

18.9

12

Table 2. The contents of EPA, DPA and DHA in the original free fatty acid, first and second concentrates

EPA (%)

DPA (%)

DHA (%)

Original fatty acids

7.48±0.22

4.03 ± 0.15

8.32 ± 0.17

First step concentrates (UCF)

3.10±0.56

3.78 ± 0.32

0.71 ± 0.16

Second step concentrates (NUCF)

20.80±1.58

24.00 ± 1.05

3.85 ± 0.45

3. Results and discussion
3.1. Preparation of docosapentaenoic acid (DPA) rich concentrate from seal blubber oil via urea complexation
A concentrate of docosapentaenoic acid (DPA) was obtained by
urea complexation of fatty acids of seal blubber oil. Urea complexation is a well-established technique for elimination of saturated
and monounsatureated fatty acids. Initially, the triacylglycerols of
the seal blubber oil were split into their constituent fatty acids by
alkaline hydrolysis. The saturated and monounsaturated fatty acids
are easily complexed with urea and crystallize out on cooling and
may subsequently be removed by filtration. Straight-chain saturated
fatty acids with six carbon atoms or more are readily complexed,
the presence of double bonds in the carbon chain increases the bulk
of the molecule and reduces the likehood of its complexation with
urea. Monounsaturated fatty acids are more readily complexed as
compared to diunsaturated fatty acids, which, in turn, are more easily complexed than triunsaturated fatty acids. Therefore, the formation of fatty acid-urea adduct depends on the degree of undaturation
of fatty acids. In this investigation, the influence of the urea to fatty
acid ratio on the concentration of DPA in the first time concentrate
was studied (Table 1). A higher urea to fatty acid ratio was used
under this condition; most of the DHA and more than half of EPA
were in the non-urea complexed fraction. But most of the DPA remained in the urea complexed fraction. Table 1 shows that the urea

to fatty acid ratio of 3.3 was the best. Under this condition, a minimum DHA and EPA in the urea complexed fraction was obtained
and most of the DPA was in the urea complexed fraction.
In the second step, a low urea to fatty acid ratio was used to
concentrate the DPA and EPA from the urea complexed fraction
after the first process. A 2.5 ratio of urea to fatty acids was used.
Under this condition, most of the DPA and EPA in the free fatty
acids were in the non-urea complexed fraction (Table 2).
The main fatty acid compositions of the original seal blubber
oil and that of the concentrates produced from it are given in Table
3. The major fatty acids present in the seal blubber oil were 16:1
(17.55%), 18:1 (21.62%) and 20:1 (12.30%). DPA was enriched
from 4.03% to 24.0%. EPA also was enriched from 7.48% to 20.8%.
However, DHA was decreased from 8.32% to 3.85%. Recently,
urea complexation of seal blubber oil was attempted for producing
n-3 PUFA concentrates (Wanasundara and Shahidi, 1999). Among
the major n-3 PUFA, DHA was found almost exclusively in the
NUCF of seal blubber oil under selected experimental conditions.
3.2. Enzymatic synthesis of acylglycerols
Temperature is well known factor affecting enzyme activity. The
rate of enzyme activity does increase as the environment heats up,
until a maximum rate is reached. Table 4 illustrates the effect of
temperature on lipase-catalyzed synthesis by three lipases. The
temperature range tested was 20–50 °C. The degree of synthesis

Table 3. Fatty acid composition of the original oil and the concentrate

Fatty acids

Original oil (%)

Concentrate (%)

16:00

7.34 ± 0.38

0.15 ± 0.05

16:1 n-7

17.55 ± 1.21

18.86 ± 0.90

18:1 n-9

21.62 ± 0.83

0.36 ± 0.11

18:3 n-3

0.60± 0.13

2.93 ± 0.21

20:1 n-9

12.30 ± 0.32

0.10 ± 0.04

20:5 n-3

7.48 ± 0.22

20.77 ± 1.58

22:5 n-3

4.03 ± 0.15

24.02 ± 1.05

22:6 n-3

8.32 ± 0.17

3.85 ± 0.45
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Table 4. Effect of temperature on the degree of synthesis

Temperature ( °C)

Degree of Synthesis (%)
PS30

IM60

SP435

20

26.21 ± 2.83

59.10 ± 2.83

68.35 ± 1.06

30

51.56 ± 5.39

81.12 ± 4.52

88.98 ± 1.40

40

52.87 ± 10.79

80.86 ± 1.32

89.29 ± 0.38

50

62.14 ± 0.81

81.89 ± 2.48

90.05 ± 1.57

increased as the temperature was increased. When the temperature was higher than 30 °C, the degree of synthesis did not change
much. In this table, the data also indicate that the best enzyme
among three lipases used was SP435.
3.3. Time course
Figure 1 shows changes in the degree of synthesis with time for
different lipases. This is useful in monitoring the progress of enzyme-catalyzed reactions. It is also used to determine the shortest time necessary to obtain the highest degree of synthesis and
minimize the production costs. Acylglycerols were synthesized by
three lipases. For lipases SP435 and 1M60, the degree of synthesis
was more than 80% after 12 hr of incubation in hexane (Fig. 1).
For lipase PS30, the degree of synthesis depended more on the
reaction time. However, Figure 1 shows that lipases SP435 and
1M60 were better than lipase PS30 for synthesis of acylglycerols.
Based on these results, the lipase SP435 was selected for production of acylglycerols from PUFA concentrates.
3.4. Effect of mole ratio of glycerol to free fatty acids in the
concentrates
The effects of glycerol/fatty acids mole ratio on degree of synthesis as catalyzed by the three lipases are shown in Figure 2. As the
number of moles of glycerol increased, the degree of synthesis was
also increased. Compare to a 1:1 mole ration, the degree of synthesis increased by more than 4 times at a glycerol/fatty acids ratio
of 14:1 for lipase SP435 and 1M60. However, this resulted in the
formation of more of the mono- and diacylglycerols as compared
to triacylglycerols. In cases when the formation of triacylglycerols
is intended, the ratio of free fatty acids to glycerol should be in the

Figure 1. Time course of esterification by lipases. The reaction was conducted at 30 °C.

opposite direction.
3.5. Distribution of acyigiycerois synthesized by lipase SF-435
The acylglycerols synthesized by lipase 435 were separated by thin
layer chromatography. The results showed that the relative content
of triacylglycerols was dependant on the reaction time (Fig. 3). At
a short time period, diacylglycerols were much higher than triacylglycerols and monoacylglycerols. At all reaction period tested,
monoacylglycerols were always at a low level and nearly constant.
For diacylglycerols, the concentration went down as the reaction
progressed. On the other hand, the concentration of triacylglycerols increased as the reaction continued. After 24 hr, the concentration of triacylglycerols and diacylglycerols reached a plateau. The
results show that the relative content of triacylglycerols will also
reach a maximum value. For synthesis of acylglycerols, the more
triacylglycerols in the product is considered better.
The ratio of glycerol to fatty acids also affected the distribution
of acylglycerols synthesized by lipases. Figure 4 shows that the
proportion of triacylglycerols decreased as the ratio of glycerol to
fatty acids increased. However, the proportion of diacylglycerols
increased as the ratio of glycerol to fatty acids increased.
3.6. Positional distributions of fatty acids of triacylglycerols
The fatty acid composition of the sn-2 and sn-1 + sn-3 positions
of the triacylglycerols performed by pancreatic lipase hydrolysis.
Pancreatic lipase is used to hydrolyze quite specifically the fatty
acids esterified to the primary positions of triacylglycerols yielding 2-monoacylglycerols, the fatty acid composition of which accurately reflects that of
position 2 in the original triacylglycerols. The results showed

Figure 2. Effects of glycerol content on degree of synthesis by lipases. The
reaction was conducted at 30 °C for 24 hr.
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Figure 3. Distribution of acylglycerols synthesized by lipase SP435 over
different time periods. The reaction was conducted at 30 °C.

Figure 6. TBARS value of different samples. The test was carried out at
60 °C for 96 hr.

Figure 4. Distribution of acylglycerols synthesized by lipase SP435 over
different time periods. The reaction was conducted at 30 °C.

Figure 7. Propanal content of different samples. The test was carried out
at 60 °C for 96 hr.

that there was no specific selection for each position when lipase
SP435 was used.

riod. Progression of oxidation was monitored by determine conjugated dienes (CD), propanal content and TBARS (thiobarbituric
acid reactive substances) values.
In this study, three samples were used – original seal blubber oil,
and concentrates of fatty acid esters and triacylglycerols synthesized
by lipase SP435. The results show that the oxidative stability of acylglycerols was generally better than that of fatty acid esters, despite
the fact that their fatty acid compositions were the same (Figs. 5–7).

3.7. Oxidative stability of acylglycerols synthesized by lipase
SP435
The enzymatically synthesized oils procured under optimum conditions were assessed for their oxidative stability by accelerated
oxidation under Schaal oven conditions at 60 °C over a 96 hr pe-

4. Conclusions
To date, most of the published literature on production of PUFA
has focused on docosahexaenoic acid (DHA) and eicosapentaenoic
acid (EPA). However, urea complexation proved to be a simple
technique for producing PUFA with a high proportion of DPA using seal blubber oil as starting material. Acylglycerols were easily synthesized from free fatty acid and glycerol using enzymatic
method. The degree of synthesis could reach as high as 90%. Comparing to chemical means, mild condition of synthesis using lipase
was better for PUFA. The results of this study showed that the
oxidative stability of acylglycerols was better than free fatty acid
ester, but worse than original oil.
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Abstract
The glycation of human serum albumin (HSA) plays a critical role in the development of many disorders. Herein, the anti-glycation effects of several natural dietary anthraquinone derivatives including aloin, aloe-emodin,
chrysophanol, emodin, physcion, and rhein were evaluated. The anthraquinones at 100 µM reduced fructose-,
methylglyoxal-, and glyoxal-induced HSA glycation by 21% (aloe-emodin) to 92% (aloin), 17% (physcion) to 94%
(emodin), and 16% (anthraquinone) to 67% (emodin), respectively. These anthraquinone derivatives also protected HSA by maintaining its free amino acid residues and secondary protein structure as characterized by circular dichroism. The mechanisms of their anti-glycation effects were investigated using rhein as a representative
anthraquinone. The interactions between rhein and HSA were evaluated by biophysical characterizations, namely,
isothermal titration calorimetry and UV-vis spectroscopy as well as computational modeling. Our findings suggest
that the anti-glycation effects of these anthraquinones may be attributed to their binding capacity and stabilization of the HSA protein structure.
Keywords: Anthraquinone; Rhein; Advanced glycation endproducts (AGEs); Human serum albumin (HSA); Circular dichroism (CD);
Isothermal titration calorimetry (ITC).
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1. Introduction
Human serum albumin (HSA) is the most abundant protein in circulation and possesses a wide variety of physiological functions.
It is a carrier protein which transports biomolecules including hormones, ions, fatty acids, and several drugs (Fanali et al., 2012). It
is also the predominant antioxidant in plasma due to its free radical
and metal ion trapping abilities (Anraku et al., 2013; Roche et al.,
2008). However, being constantly exposed to numerous chemicals
in circulation, HSA is highly susceptible to glycation, which is the
non-enzymatic reaction between proteins and sugars. Glycated
albumin accounts for 80% of the glycated proteins in circulation
and this proportion may increase up to 90% in severely diabetic
patients (Anguizola et al., 2013; Raghav and Ahmad, 2014). The
physiological impact of glycated albumin is enormous. First, glycation is among one of the major mechanisms attributed to the
structural and functional alteration of HSA. As a result, the antioxidant property and binding capacity of HSA can be significantly
reduced or impaired when it is glycated. Second, the glycation of
HSA can lead to the formation of advanced glycation end-products
(AGEs), which play a major role in numerous disorders including
diabetic complications. Therefore, AGEs inhibitors are being investigated as potential treatments for AGEs-induced diabetic complications and considerable research efforts have been dedicated
to identifying AGEs inhibitors from dietary natural products and
medicinal plants (Peng et al., 2011; Wu et al., 2011).
Anthraquinone (9,10-dioxoanthracene) derivatives are commonly found in many medicinal plants and food stuffs. For instance, aloe (Aloe vera) is a valuable ingredient for the food, pharmaceutical, and cosmetic industries (Eshun and He, 2004) and it
contains high levels of anthraquinones including aloe-emodin,
rhein, chrysophanol, and other anthraquinone derivatives (Choi
and Chung, 2003). Garden rhubarb (Rhubarb rhabarbarum) is a
vegetable containing anthraquinones including rhein, emodin, aloeemodin, physcion, and chrysophanol (He et al., 2009; Koyama et
al, 2007). Similarly, Senna obtusifolia (Chinese senna, or American
sicklepod) is a medicinal plant containing anthraquinones including
aloe-emodin, aloin, rhein, and emodin (Dave and Ledwani, 2012;
Sob et al., 2010). Its seed, known as cassiae semen, is commonly
consumed as a roasted tea in Korea and China. The water extract
of cassiae semen has been developed as functional food such as a
slimming tea which contains six anthraquinones including aurantioobtusin, rhein, aloe-emodin, emodin, chrysophanol, and physcion
(Wang et al., 2016). As a chemical class, anthraquinones have been
studied for their anti-diabetic activities including antihyperglycemic effects (Arvindekar et al., 2015) and inhibitory effects against
carbohydrate hydrolyzing enzymes, α-glucosidase and amylase
(Adisakwattana et al., 2010; Arvindekar et al., 2015). However,
while anthraquinones have been reported to show inhibitory effects
against the formation of AGEs (Xie and Chen, 2013; Yoo et al.,
2010), these mechanism(s) of inhibition still remain unclear.
Our research group has had a long interest in the identification
of AGEs inhibitors from dietary natural products, including medicinal plants and functional foods, and investigating their mechanisms
of action (Liu et al., 2014, 2016, 2017; Ma et al., 2015, 2015, 2016,
2018; Sun et al., 2016). Interestingly, our studies have shown that
while several of these dietary phytochemicals inhibit the formation
of AGEs, they exert these effects via varying mechanisms including reactive carbonyl species trapping effects (Liu et al., 2014), free
radical scavenging capacity (Ma et al., 2016), and protective effects
on the protein structure (Ma et al., 2015). In this contribution, we
investigated the inhibitory effects of several dietary anthraquinone
derivatives including rhein, aloin, emodin, chrysophanol, physcion,

and aloe-emodin against the glycation of HSA. The mechanisms of
the inhibitory effects of these anthraquinones were further investigated, using rhein as a representative anthraquinone, in biophysical
assays (isothermal titration calorimetry and UV-vis spectroscopy)
and computational modeling experiments.
2. Materials and methods
2.1. Materials
Anthraquinone, rhein, D-fructose, aminoguanidine hydrochloride
(AG), glyoxal (GO), methylglyoxal (MGO), 2,2-diphenyl-1-picrylhydrazyl, 2,3-dimethylquinoxaline (DQ), 1,2-phenylenediamine (PD), butylated hydroxytoluene (BHT), trifluoroacetic acid
(TFA), HPLC-grade methanol, and fluorescamine were purchased
from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Aloin,
emodin, chrysophanol, physcion, and aloe-emodin were purchased
from Xi’an Natural-Field Bio-Technique Co. (Xi’an, China). Fatty
acid free human serum albumin (HSA) was purchased from EMD
Millipore Co. (Billerica, MA, USA). Solid black 96-well plates
were purchased from Corning Inc. (Corning, NY, USA).
2.2. HSA-fructose glycation assay
The HSA-fructose assay was used to evaluate the inhibitory effects
of the anthraquinones on protein glycation following methods described previously (Liu et al., 2014). Briefly, 10 mg/mL of HSA
and 100 mM D-fructose solutions were prepared under sterile conditions and incubated at 37 °C for 21 days. In the treated samples,
the concentration of the anthraquinones was adjusted to 100 µM. A
synthetic anti-glycation agent, aminoguanidine (AG), at an equivalent concentration of 100 µM, served as the positive control. After
21 days of incubation, the intrinsic fluorescence level of each sample was determined using a Spectra Max M2 spectrometer (Molecular Devices, Sunnyvale, CA, USA). The excitation and emission
wavelengths were 360 and 435 nm, respectively. The inhibition
level was calculated using the following equation: % inhibition =
[1-(fluorescence intensity of solution with treatment/fluorescence
intensity of negative control solution)] × 100%.
2.3. HSA-MGO and HSA-GO glycation assay
Reactive carbonyl compounds, methylglyoxal (MGO) and glyoxal
(GO), were used to induce HSA glycation following previously
reported methods (Ma et al., 2018). In brief, each reaction mixture
consisted of 10 mg/mL of HSA and 5 mM of MGO or 1 mM of GO.
Treatments included the anthraquinones at a concentration of 100
µM and the positive control, AG, at an equivalent concentration.
Following incubation at 37 °C for 72 h, samples were measured
for MGO- and GO-induced glycation level on a Spectra Max M2
spectrometer (Molecular Devices, Sunnyvale, CA, USA) at excitation and emission wavelengths of 360 and 435 nm, respectively.
The inhibition level was calculated using the following equation:
% inhibition = [1-(fluorescence intensity of solution with treatment/fluorescence intensity of negative control solution)] × 100%.
2.4. Fluorescamine assay
To determine free amino groups of HSA before and after glycation,

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

131

Bioactive anthraquinones found in plant foods interact
the fluorescamine assay was performed following previously reported methods with minor modifications (Yaylayan et al., 1992).
Briefly, 2 mg/mL of the HSA-fructose mixture (5 µL) obtained in
the aforementioned HSA-fructose assay (section 2.2) were mixed
with 1 mM fluorescamine reagent (50 µL) and 0.1 M phosphate
buffer (145 µL). The mixtures were incubated in the dark for 10
mins and the intrinsic fluorescence was determined at excitation
and emission wavelengths of 390 and 490 nm, respectively.
2.5. Free radical and reactive carbonyl species trapping assays
The free radical trapping capacities of the anthraquinones were
evaluated using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay
as previously reported (Ma et al., 2018). Each test sample was dissolved in 10% dimethyl sulfoxide (DMSO) to yield a stock solution
of 1 mM concentration which was then diluted with 50% aqueous
methanol to desired concentrations ranging from 31–1000 µM. The
test samples (100 µL) and the DPPH solution (10 mg/mL in 50%
aqueous methanol; 100 µL) were mixed in a 96-well plate and incubated for 30 min in the dark. The absorbance was determined at 517
nm using a SpectraMax M2 (Molecular Devices, Sunnyvale, CA,
USA) plate reader. The MGO trapping capacities of the anthraquinones were evaluated by measuring the derivatized MGO residual
(2-methylquinoxaline) using a high performance liquid chromatography (HPLC) method as previously reported by our laboratory
(Liu et al., 2014). Briefly, each test sample (100 µM; 250 µL) was
added to a mixture consisting of MGO (5 mM; 150 µL), PD (20
mM; 50 µL), and DQ (5 mM; 50 µL) and incubated for 30 min at
room temperature. The derivatized 2-methylquinoxaline was quantified by HPLC analyses as previously reported (Liu et al., 2014).
2.6. Circular dichroism (CD) analysis
The glycated HSA solutions obtained from the HSA-fructose assay
(section 2.2) were subjected to CD analysis to investigate the protective effects of the anthraquinones on HSA structure. CD measurements were performed on a Jasco J-720 spectropolarimeter
(Tokyo, Japan). All samples were diluted with 0.2 M phosphate
buffer to adjust the protein concentration to 0.5 mg/mL prior to the
CD measurements. Each solution (300 μL) was then transferred to
a quartz cuvette with 1 mm path length and the CD spectrum was
obtained from 190 to 250 nm with 5 consecutive scans. The interpretation of results was then performed by the Spectra Manager
software (Tokyo, Japan).
2.7. UV-vis absorbance spectroscopy
UV-vis spectroscopy experiments were conducted to investigate
the interactions of HSA and rhein. UV-vis spectra were obtained
on a Cary100 Bio UV-Vis spectrophotometer (Santa Clara, CA,
USA) equipped with a 6 × 6 multi-cell chamber (1.0 cm path
length) and connected with a built-in Peltier temperature controller. Rhein samples (at concentrations of 25, 50, and 100 µM) were
prepared in phosphate-buffered saline (PBS; 0.1 M). HSA samples
were prepared in PBS at concentrations of 0.125, 0.25, and 0.5 µg/
mL. Each sample was scanned forward/reverse for five times.
2.8. Isothermal titration calorimetry (ITC) analysis
Isothermal titration calorimetry (ITC) analysis was conducted to
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investigate the interactions between HSA and rhein. The binding
affinity (Ka), the number of binding sites (stoichiometry, N), and
the binding enthalpy (ΔH) were measured by titrating rhein into
native HSA. A VP-ITC micro calorimeter from MicroCal (Northampton, MA, USA) was used to record the binding affinity of rhein
(1 mM) with native HSA (0.015 mM) in 0.1 mM PBS buffer (pH
7.0) using previously reported method with modifications (Ma,
Wang, et al., 2015). All of the samples were degassed extensively
for 20 mins by using ThermoVac (MicroCal, Northampton, MA,
USA). Each ITC experiment consisted of 16 injections and each
injection released 16 μL of rhein solution into the HSA cell over
32 sec with a 240 sec delay between each injection at the 307 rpm
stirring speed at 25 °C. The integrated and normalized areas of
raw data were plotted as kcal/mol of injectant against the molar
ratio. The titration data was analyzed by using ORIGIN 7.0 software (Northampton, MA, USA) with a single-site binding model
and ΔH, Ka and N were obtained from the interactions between
rhein and HSA.
2.9. Molecular docking
The crystallographic structure of HSA was obtained from the Protein Data Bank [RSCB ID: 1AO6]. The computational docking
between HSA and rhein was performed using the Autodock Vina
function built into UCSF Chimera version 1.13.1. Two separate
30 × 30 × 30 angstrom grid box was created for docking computations. Broyden-Fletcher-Goldfarb-Shanno (BFGS) method
was used to measure the total negative force, torque, and torque
projections acting on a ligand. The outputs for each grid box with
the most negative scores were selected and two outputs were presented in BIOVA Discovery Studio with HSA to view 2D ligandreceptor interactions.
3. Results and discussion
3.1. Anthraquinones inhibit the formation of D-fructose-, MGO-,
and GO-induced HSA glycation
Three well known glycation inducers, D-fructose, methylglyoxal
(MGO), and glyoxal (GO), were separately used to initiate the
glycation of HSA. Anthraquinone and its natural derivatives including aloe-emodin, aloin, chrysophanol, emodin, physcion, and
rhein (chemical structures shown in Figure 1a) were individually
added to the reaction mixtures to evaluate their anti-glycation effects on HSA. As shown in Figure 1b, the anthraquinones reduced
HSA glycation at a concentration of 100 μM. Among the seven
anthraquinone derivatives, aloin showed the highest inhibitory
effect in the HSA-fructose assay which reduced the formation of
fluorescent glycation products by 92.3%, followed by rhein (80%),
emodin (79%), anthraquinone (68%), chrysophanol (68%), physcion (44%) and aloe-emodin (21%). The synthetic anti-glycating
agent, aminoguanidine (AG), used as a positive control at equivalent concentration (100 µM), only reduced HSA glycation by 10%.
In the HSA-MGO assay (Figure 1c), the most potent anti-glycation
effect was observed with emodin (100 µM), which reduced HSAMGO glycation by 94.0%, followed by aloin (56%), rhein (45%),
aloe emodin (33%), chrysophanol (23%), physcion (19%) and
anthraquinone (17%). All of the anthraquinones showed stronger
anti-glycation activities compared to the positive control, AG,
which had an inhibition capacity of 13% at the equivalent concentration (100 µM). Similarly, the anthraquinones (at 100 µM)
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Figure 1. Chemical structures of anthraquinone derivatives (a). The intrinsic fluorescence characterization of effects of the anthraquinones (at 100 µM)
on the formation of HSA AGEs with different inducers including fructose (b), methylglyoxal (MGO) (c), and glyoxal (GO) (d). The inhibitory effects of the
anthraquinones (at 100 µM) on HSA side chain modification induced by fructose (e). All data points represent the average of triplicate measurements with
the bars at each point representing the respective standard derivation. *Aminoguanidine, AG (100 µM), served as a positive control.

showed inhibitory effects on HSA glycation in the HSA-GO assay.
Emodin showed the highest inhibition capacity of 67% followed
by physcion (54%), aloe-emodin (47%), aloin (34%), rhein (28%),

chrysophanol (22%), and anthraquinone (16%). At the same concentration, AG had a moderate activity with an inhibition capacity
of 27%.
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Table 1. Scavenging effects of anthraquinones on free radicals in the DPPH assay and reactive carbonyl species in the MGO trapping assay

Sample

Free radical scavenging capacity; IC50 (µM)

MGO trapping capacity (%)

aloe emodin

80.1 ± 1.7

n.d.a

emodin

125.7 ± 3.3

7.2

aloin

502.9 ± 6.9

11.7

chrysophanol

> 1000

n.d.

rhein

> 1000

2.3

anthraquinone

> 1000

n.d.

physcion

> 1000

n.d.

BHTb

397.5 ± 4.8

―

AGc

―

96.1

an.d. = not detectable at a concentration of 100 µM. bBHT: butylated hydroxytoluene, positive control for the DPPH assay. cAG: aminoguanidine, positive control for the MGO
trapping assay.

The anti-glcyation effects of the anthraquinone derivatives
were further evaluated in fluorescamine assay which measures the
levels of non-glycated amino acids residues in HSA. The concentration of the free ε-amino groups in the protein was determined
by intrinsic fluorescence. The fructose-glycated HSA showed a
pronounced decrease in free ε-amino content when comparing
to native non-glycated HSA, which is due to structural modification of amino acid residues when HSA was exposed to glycating
agents. As shown in Figure 1e, the free ε-amino content in the
glycated HSA was reduced by 66.8% as compared to native HSA.
However, in anthraquinones (100 µM) treated groups, the free
ε-amino contents of fructose-glycated HSA were maintained as
follows: aloin (77%), emodin (76%), anthraquinone (68%), rhein
(60%), chrysophanol (48%), aloe-emodin (45%), and physcion
(42%). The positive control, AG, maintained the free ε-amino
content of fructose-glycated HSA at 46%. This observation confirmed that these anthraquinone derivatives were able to attenuate
the glycation-induced modification of HSA amino acid residues.
Our observations are in agreement with a previously reported
study wherein anthraquinones including aloe-emodin, emodin,
and chrysophanol from an Aloe vera extract inhibited the formation of glucose-induced AGEs in a bovine serum albumin model
(Kang et al., 2017). However, that study was conducted at a reaction temperature of 70 °C (Kang et al., 2017) whilst our current data was obtained at a physiologically relevant reaction temperature of 37 °C. Although all of the anthraquinone derivatives
tested in our study showed promising anti-glycation activities, in
general, their inhibition potency varied in the different glycation
models with the different glycation inducers namely, fructose,
MGO, and GO. This may be attributed to the varying chemical
structures of the anthraquinones, such as the numbers of hydroxyl
groups on the benzene rings (see Figure 1). For example, an anthraquinone with three hydroxyl groups (namely, emodin) showed
the highest inhibitory activities in the MGO- and GO-induced glycation models, whereas anthraquinones with two hydroxyl groups
(namely, aloe-emodin, aloin, chrysophanol, physcion, and rhein)
or with the absence of a hydroxyl group (anthraquinone) showed
weaker anti-glycation activities. However, this preliminary structure and activity relationship observation was not applicable in
the glycation models with the less reactive inducer (D-fructose)
wherein anthraquinone showed moderate activity and the highest activity was observed with the treatment of aloin. Therefore,
our observations suggest that the number/s of hydroxyl group/s in
these anthraquinones may be critical to their anti-glycation effects
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but further studies on structure and activity relationships are warranted to confirm this.
3.2. Anthraquinones show weak activities in free radical and
methylglyoxal (MGO) scavenging assays
Free radical scavenging activity and reactive carbonyl species
(RCS) trapping capacity are well established as important mechanisms for the anti-glycation effects of several AGEs inhibitors (Liu
et al., 2014; Ma et al., 2016). Therefore, the mechanisms of the
anti-glycation effects of the anthraquinones were first investigated
in these aforementioned assays. As shown in Table 1, aloe-emodin
and emodin had moderate free radicals scavenging activity with
IC50 values of 80.1 and 125.7 µM, respectively, in the DPPH assay.
The free radical scavenging activity of aloin was comparable to the
positive control, butylated hydroxytoluene (BHT; IC50 = 502.9 µM
vs IC50=397.5 µM). The other anthraquinone derivatives showed
weak free radical scavenging effects with IC50 values greater than
1000 µM. In the RCS trapping assay, aloin, emodin, and rhein (at
100 µM) showed weak MGO trapping capacity (with a trapping
rate of 11.7, 7.2, and 2.3%, respectively) while the other anthraquinones did not show any MGO trapping activity. The positive control, AG, showed an MGO trapping activity rate of 96.1% at the
equivalent concentration of 100 µM. The weak MGO trapping capacities of the anthraquinone derivatives observed herein were in
agreement with a previously reported study wherein a Polygonum
cuspidatum extract showed promising MGO trapping activity but
this was not attributed to its constituent anthraquinones including
emodin, physcion, and their glycoside derivatives (Tang et al.,
2013). Therefore, the weak free radical scavenging and MGO trapping effects of these anthraquinone derivatives suggested that their
inhibition of RCS-induced HSA glycation were via other mechanisms rather than through their direct RCS trapping effects. Next,
we conducted further investigations to elucidate the mechanisms
of action of the anthraquinone derivatives.
3.3. Anthraquinones reduce the alterations of the secondary
structure of HSA
It has been reported that several phytochemicals impart anti-glycation effects by maintaining the structure of proteins (Joglekar et
al., 2013; Ma et al., 2015). The glycation of globular proteins, such
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Figure 2. Protective effects of the anthraquinones (at 100 µM) on the
secondary structures of HSA against glycation-induced structural changes as characterized by circular dichroism (CD) experiments. Aminoguanidine, AG, (at 100 µM) served as the positive control.

as HSA, can induce conformational alterations of the protein structures resulting in a decrease in helical structures and an increase in
beta-sheets and random coils. Herein, the secondary structures of
native HSA and glycated HSA were evaluated by circular dichroism (CD) analyses. The CD spectra obtained from native HSA,
glycated HSA, and anthraquinones-treated HSA solutions showed
two prominent peaks at around 208 nm and 222 nm. The signals
at these wavelengths showed a positive correlation with the levels
of α-helical structures. As shown in Figure 2, the CD spectrum of
glycated HSA showed the lowest signal response as compared to
the spectrum of rhein-treated glycated HSA, indicating that rhein
reduced the glycation-induced confirmation alteration of HSA by
retaining the α-helical structures of HSA (66.1 vs 32.5%). Similar
effects were observed in the CD spectra of other anthraquinonestreated HSA solutions. The anthraquinones protected the secondary structures of HSA by maintaining α-helical structures content
as follows: emodin (57.7%), chrysophanol (56.9%), aloin (46.3%),
anthraquinone (44.8%), rhein (44.3%), aloe-emodin (43.5%), and
physcion (43.0%), while the positive control, AG, maintained the
α-helical structures at 46.6% (Table 2). These data suggest that
these anthraquinones protect HSA protein structure and reduce
its structural change during glycation. This is similar to our pre-

Figure 3. Thermodynamic binding capacity of rhein and HSA obtained by
isothermal titration calorimetry (ITC). Raw data plot of heat flow against
time for the titration of rhein into HSA.

viously reported study wherein a polyphenol, namely, pentagalloyl glucose, inhibited protein glycation by protecting its secondary structures (Ma et al., 2015). In addition, previously reported
spectroscopic and chromatographic studies demonstrated that an-

Table 2. Protective effects of anthraquinones on the secondary structure of HSA protein as the percentages of the HSA secondary structures including
α-helix, β-sheet, and irregular

Secondary structures

α-Helix (%)

β-Sheet (%)

Irregular (%)

native HSA

66.1

25.3

8.6

glycated HSA

32.5

49.7

17.8

aloe emodin

43.5

42.2

14.3

aloin

46.3

41.8

11.9

anthraquinone

44.8

41.6

13.6

chrysophanol

56.9

34.3

8.8

emodin

57.7

33

9.3

physcion

43.0

41.9

15.1

rhein

44.3

39.1

16.6

aminoguanidine

46.6

38.7

14.7

The raw CD data were obtained from three replicates of experiments and their average values were used to calculate the percentage of the secondary structures.
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Table 3. Thermodynamic parameters for ligand (rhein) binding to HSA

Ligand

N [rhein/HSA]

Ka [104 M−1]

c value

ΔG [104 kcal mol−1]

ΔH [104 kcal mol−1]

−TΔS [104 kcal mol−1K−1]

rhein

1.9

2.1

0.6

−0.6

−1.2

0.6

thraquinones were able to interact with bovine serum albumin and
stabilize the conformation of that protein (Bi et al., 2005). In order
to investigate the interactions and binding mechanism of HSA and
anthraquinones, rhein was selected as a representative anthraquinone for further studies including isothermal titration calorimetry
(ITC) and UV-vis spectroscopy. We selected rhein because it is
among one of the most extensively studied anthraquinones implicated with wide range of biological effects (Agarwal et al., 2000;
Yen et al., 2000).
3.4. Rhein binds to HSA as measured by Isothermal Titration
Calorimetry (ITC)
The thermodynamic binding properties between rhein and HSA
were determined by ITC measurements. The top panel of Figure
3 illustrates raw ITC data where each injection of rhein into the
HSA solution is reflected by each peak in the binding isotherm.
A titration curve of the amount of heat released per injection of
rhein as a function of the molar ratio was constructed as shown in
the bottom panel of Figure 3. The thermodynamic parameters for
rhein binding to HSA are summarized in Table 3. Rhein had an approximate 2 to 1 ligand-protein binding ratio (N value = 1.9) with
HSA indicating that two molecules of rhein bind to one molecule
of HSA. The negative titration peaks and a negative enthalpy value
(ΔH= −1.2 × 104 kcal/mol) revealed that the binding interactions
between rhein and HSA were exothermic. Rhein and HSA had a
binding constant (Ka) of 2.1 × 104 M−1 and a hyperbolic curve
with a low c value (0.6). A negative ΔH value (−0.6 × 104 kcal/
mol) and a positive -TΔS value (0.6 × 104 kcal/mol) suggested that
the interactions between rhein and HSA were predominantly driven by an exothermic process. Although the interactions between
rhein and HSA have been previously investigated using fluorescent
spectroscopic methods (Bi et al., 2005; Li et al., 2007; Vargas et
al., 2004), the thermodynamic parameters of the binding reaction
between rhein and HSA remain unclear. Therefore, in the current
study, the data from the ITC experiment provided useful insights
of the thermodynamic interactions between rhein and HSA and the
ligand-protein binding ratio was determined to be 2:1. This is similar to the observations from another study using ITC measurement
in which a small molecule, namely, diclofenac, a non-steroidal
anti-inflammatory drug, was also able to bind to HSA in a 2:1 ratio
(Bou-Abdallah et al., 2016).

rhein increased. These observations indicate that rhein interacted
with the tryptophan residue of HSA and changed the conformation of the HSA protein, which is in agreement with data obtained
from the CD experiments and previously reported data (Ding et al.,
2012). To further confirm this observation, the spectra of rhein (25
µM) with different concentrations of HSA (at 0.125, 0.25, and 0.5
mg/mL) were obtained (Figure 4b). As expected, the HSA-rhein
complex showed a red shift as the concentrations of HSA increased
suggesting that rhein interacted with HSA in a concentration-dependent manner.
3.6. Computational modeling of the rhein-HSA interaction
The data of interactions between rhein and HSA obtained from
biophysical experiments were complemented by computational
modeling study. The possible binding sites of rhein on HSA were
visualized in Figure 5. The overall structure of HSA as a globular
protein is shown in Figure 5a. There are three homologous domains (I, II, and III) in HSA and each one can be divided into two
subdomains, A and B, containing six (A) and four (B) α-helices,
respectively (He and Carter, 1992). It has been well studied that
two common binding sites on HSA are hydrophobic pockets of
subdomains IIA and IIIA. Based on the rank of the binding energy,
rhein was able to bind to the subdomain IIA of HSA (Figure 5b),
which is in agreement with previous studies (Li et al., 2007; Vargas et al., 2004). Possible binding force between rhein and HSA,
including hydrophobic and electrostatic interaction, are demonstrated in Figure 5c. Strong hydrogen bonds were formed between
rhein and arginine 222 and 257, glutamine 153, and tyrosine 150.
In addition, the planar structures of rhein (benzene rings) facilitated the π-Σ interactions with amino acid residues including leu-

3.5. Rhein interacts with HSA as measured by UV-vis spectroscopy
The interactions between rhein and HSA amino acid residues were
further supported by data from UV-vis spectroscopic assays. The
UV-vis spectra of HSA (at 0.25 mg/mL) with the absence and presence of rhein (at concentrations of 25, 50, and 100 µM) are shown
in Figure 4a. The UV-vis spectrum of HSA alone showed a shoulder peak at 278 nm. As the concentrations of rhein added to the
HSA solution increased, the absorbance of this peak increased with
a slight shift to higher wavelengths (2 nm). In addition, the rheinHSA complex showed major peaks at 228 nm and 434 nm and the
absorbance of these peaks also increased as the concentrations of
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Figure 4. The UV-visible absorption spectra of HSA (0.25 mg/mL) with
rhein at concentrations ranging from 25 to 100 µM (a) and rhein (25 µM)
with HSA at concentrations ranging from 0.125 to 0.5 mg/mL (b).
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Figure 5. Computational docking of HSA and rhein. The binding site of rhein on HSA (a). The binding mode of rhein and HSA in a zoomed view (b), and
illustrations of types of interactions between rhein and HSA (c).

cine 238 and alanine 291. Data from the computational modeling
suggest that rhein interacts with HSA by forming hydrogen bonds
and increasing the hydrophobicity. These interactions may result in
the stabilization of rhein-HSA complex and, thereby, protect HSA
against glycation.
Notably, rhein, which is the most well studied among these anthraquinones (Agarwal et al., 2000; Yen et al., 2000), was selected
as a ‘representative anthraquinone’ for further mechanistic studies
which is a limitation of the current study. It is possible that structural variations in the other anthraquinones may lead to alterations in
their interactions with HSA via different mechanisms. For instance,
the antioxidant effects of anthraquinone derivatives have been reported to be impacted by the structural characteristics of their substituents from computational studies (Marković et al., 2016). Therefore, further mechanistic studies to evaluate the interactions of the
other six anthraquinone derivatives with HSA is warranted.
In summary, several natural anthraquinone derivatives including aloin, aloe-emodin, chrysophanol, emodin, physcion, and
rhein showed inhibitory effects against D-fructose-, MGO-, and
GO-induced HSA glycation. Mechanistic studies suggest that anthraquinones may inhibit HSA glycation by maintaining the structures of HSA protein. Furthermore, rhein, used as a representative
anthraquinone, was investigated for its interaction with HSA protein. Biophysical assays revealed that rhein binds to HSA protein
in a 2:1 ratio and directly interacts with the amino acid residues
of the HSA protein. These observations were further supported by
the computational docking experiments. Our findings support data
that anthraquinones are promising AGEs inhibitors and provide
insights for understanding the mechanisms of AGEs inhibition by
these natural compounds.
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Abstract
The increasing methylglyoxal (MG) level of body has been found in people with obesity and insulin resistance,
resulting from their dietary style and abnormal metabolic functions. MG promotes inflammation, oxidative stress,
glycation, and all of which are closely related to insulin resistance and chronic diseases. Phyllanthus emblica L.
fruit has various bioactivities such as anti-inflammation, anti-diabetes, anti-nonalcoholic fatty liver, and anti-dyslipidemia. Therefore, this study was aimed to investigate the effects of water extract of P. emblica (WEPE) and its
enriched compound, ellagic acid, on MG-induced inflammation, insulin resistance, and lipogenesis in 3T3-L1 cells.
The results showed that MG activated the peroxisome proliferator activated receptor-gamma (PPARγ) and CCAAT/
enhancer-binding protein alpha (C/EBPα), which can increase adipogenesis in adipocytes. In addition, MG enhanced pro-inflammatory cytokine IL-6 protein expression and release through the activation of MAPK and NF-κB
signaling pathway, as well as increasing the monocyte chemoattractant protein-1 expression to cause macrophage
infiltration. MG also significantly reduced glucose uptake, indicating that insulin resistance in obese patients may
be related to MG generation. WEPE and ellagic acid effectively decreased IL-6 protein expression and cytokine
release through inactivation of JNK and p65 pathways. WEPE and ellagic acid significantly increased glucose uptake and reduced insulin resistance by MG treatment. WEPE also decreased the protein-tyrosine phosphatase 1B
to reduce insulin resistance and inhibited MG-induced fat accumulation related proteins such as PPARγ, C/EBPα,
FAS, and p-ACC. Therefore, WEPE may have the potential to ameliorate MG-induced inflammation, increase glucose uptake, and decrease fat accumulation.
Keywords: Methylglyoxal; 3T3-L1 cells; Insulin resistance; Inflammation; Phyllanthus emblica.

1. Introduction
More than 1.5 billion people around the world are overweight,
among which about 5 million are obese (Hammond and Levine,
2010). Obesity not only consumes much of the healthcare resources
but also increases the probability of insulin resistance, type 2 dia-

betes, abnormal lipid metabolism, cardiovascular disease, and cancers (Han and Lean, 2016). Additionally, over nutrition and obesity
activates the immune system resulting in inflammation, which has
a significant relationship with chronic diseases (Gerriets and MacIver, 2014). The main cause of obesity is excessive energy intake
and too much energy being stored in the adipose tissue, which is
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composed of pre-adipocytes and adipocytes. The hypertrophy adipocytes enhance pro-inflammatory cytokines, monocyte chemoattractant protein-1 (MCP-1), and free fatty acids that can promote
macrophage infiltration to adipose tissue (Kamei et al., 2006).
Inflammatory cytokines cause abnormal phosphorylation of IRS1 resulting in excessive insulin secretion by the pancreas, which
finally leads to insulin resistance. Excessive insulin cannot be utilized by the cells, which inhibit glucose uptake in adipose tissue
and increase inflammatory cytokines (Qatanani and Lazar, 2007).
Previous studies have shown that the plasma concentrations of
advanced glycation end products (AGEs) and methylglyoxal (MG)
are increased in obesity and in patients with insulin resistance (Bo
et al., 2016). Furthermore, long-term intake of AGEs and MG could
increase AGEs and MG levels in the body, and circulating of AGEs
in the body is not easily eliminated (Sims et al., 2010; Tikellis et
al., 2014). In addition, AGEs and MG generate oxidative stress and
promote the chronic inflammation, which are an important factor in
insulin resistance (Kellow et al., 2014; Dong et al., 2016).
Phyllanthus emblica L. fruit is mainly grown in tropical and
subtropical regions, and enriches in a variety of biologically active
compounds such as flavonoids, polyphenols and vitamin C. Previous studies have shown that the extract of P. emblica fruit can improve blood pressure, fatty liver, nonalcoholic steatohepatitis, diabetes, inflammation, antioxidant, and cancer (Fugh-Berman, 2000;
Nain et al., 2012; Muthuraman et al., 2011; Ansari et al., 2014;
Zhao et al., 2015; Tung et al., 2018). However, the effect of P.
emblica fruit on methylglyoxal-induced insulin resistance remains
unclear. Therefore, the objective of this study was to investigate
the effect of P. emblica fruit extract on MG-induced inflammation,
lipid metabolism, and insulin resistance in 3T3-L1 cells.
2. Material and methods
2.1. Materials
Glycine, methylglyoxal, isopropanol, gallic acid, ellagic acid,
Oil Red O, N,N,N′,N′,-tetramethylethylenediamine (TEMED),
TWEEN 20, bovine serum albumin (BSA), anti-β-actin antibody,
and sodium dodecyl sulfate (SDS) were purchased from Sigma-Aldrich company (St. Louis, MO, USA). Anti-IL-6 antibody and antiprotein-tyrosine phosphatase 1B (PTP1B) antibody were purchased
from Abcam (Cambridge, UK). Nitrocellulose (NC) membrane, anti-peroxisome proliferator activated receptor-gamma (PPARγ) antibody, and dimethyl sufoxide (DMSO) were purchased from Merck
Millipore (Darmstadt, Germany). Mouse IL-6 ELISA Ready-SETGO kit was purchased from eBioscience Company (San Diego, CA,
USA). Anti-JNK antibody, anti-phospho-JNK antibody, anti-p65
antibody, anti-phospho-p65 antibody, and anti-CCAAT/enhancerbinding protein alpha (C/EBPα) antibody were purchased from
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Glucose uptake
Cell-Based assay kit was purchased from Cayman Chemicals Company (Ann Arbor, MI, USA). Penicillin-streptomycin solution (PS)
and DMEM (High glucose) were purchased from the Thermo Fisher Scientific (Waltham, MA, USA). Anti-phospho-acetyl-CoA carboxylase (ACC) antibody and anti-ACC antibody were purchased
from Cell Signaling Technology Corporation (Danvers, MA, USA).
Anti-fatty acid synthase (FAS) antibody was purchased from Gene
Tex Corporation (Irvine, CA, USA).
2.2. Cell differentiation
Mouse preadipocytes lines, 3T3-L1 (purchased from BCRC No.
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60159), was cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS), 4.5 g/L glucose, 4 mM L-glutamine, 1.5 g/L sodium bicarbonate and 1% PS
(100 units/mL pencillin and 100 μg/mL streptomycin). Cells were
incubated in a 5% CO2 incubator at 37 °C. Cells were cultured to
about 70% confluence, and then cell differentiation was induced
by changing the medium to differentiation medium I (DMEM containing 0.5 mM 3-isobutyl-1-methylxanthine, 1 μM dexamethasone, 1 μM insulin, 1.5 g/L sodium bicarbonate, 10% FBS, and
1% PS). After 48 h, the medium was changed to differentiation
medium II (DMEM containing 1 μM insulin, 1.5 g/L sodium bicarbonate, 10% FBS, and 1% PS) for 4 days. The differentiation
medium II was refreshed on days 8, 10, 12, and 14. Intracellular
lipid droplets were increased in both number and size in the cell
differentiation.
2.3. Quantification of methylglyoxal (MG)
Quantification of MG was carried out by HPLC according to the
method of Arribas-Lorenzo and Morales (2010). O-phenylenediamine (OPD) was used to derivatize MG into stable 2-methylquinoxaline (2-MQ), and then 2-MQ was analyzed by HPLC. The cell
culture medium of preadipocytes or adipocytes was mixed with
0.45 N perchloric acid for 5 min, and then added 10 mM OPD
at 37 °C for 2 h following at 60 °C for 1 h. After derivatization
with OPD, the sample was loaded onto the solid phase extraction
(SPE) column and then the content of 2-MQ was determined by
HPLC. A standard calibration curve of 2-MQ was constructed with
a series of concentrations of standard compounds. In addition, different concentrations (1–100 μg/mL) of MG were prepared in accordance with the above-described reaction to obtain a standard
calibration curve of 2-MQ in order to determine the concentration
of MG. Samples were separated by chromatography with LichroCART® (250 mm × 4 mm, Merck) column. Elution was performed
isocratically with a mixture of 0.5% (v/v) acetic acid in water and
methanol (40:60, v/v) with a detection (Hitachi L-2400 ELITE LaChrom) of 315 nm, and flow rate of 0.7 mL/min.
2.4. Extraction of WEPE
P. emblica fruit was generously supplied by the Miaoli District
Agricultural Research and Extension Station, Council of Agricultural, Executive Yuan (Miaoli, Taiwan). The dry powder of P. emblica fruit was added to double-distilled water on a rotary shaker
(120 rpm) at 25 °C overnight. The water extract of P. emblica fruit
(WEPE) was decanted, filtered under vacuum, concentrated in a
rotary evaporator, and then lyophilized. Furthermore, the extract
was stored at −20 °C for assay. The yield of the extract contains
two compounds consist of gallic acid and ellagic acid.
2.5. Oil red O assay
The 3T3-L1 adipocytes were seeded in 6-well plate, and then 0, 10,
50, or 100 μM MG was added for 3 days or 6 days. At the end, the
cells were washed twice with PBS and fixed in 10% neutral buffered formalin for 20 min. After the cells were covered with 100%
propylene glycol for 3 min, the cells were stained with 5 mg/mL
oil red O solution for 60 min. After the stain was removed, the cells
were decolored with 60% propylene glycol and then washed with
PBS. Representative photomicrographs were captured at a 200×
magnification using a camera mounted onto a microscope (Olym-
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Figure 1. Oil droplets accumulation by methylglyoxal (MG) treatment. (a) Determination of both intracellular and extracellular MG as 2-methylquinoxaline
by high-performance liquid chromatography (HPLC). The data were expressed as the mean ± SD (n = 3). * p < 0.05 compared to preadipocyte. (b) Effects of
methylglyoxal (MG) on Oil red O stained material (OROSM) in 3T3-L1 adipocytes. Cells were treated with 10, 50, and 100 μM of MG for 3 days and 6 days.

pus, Osaka, Japan) and intracellular lipid droplets were analyzed
using ImagePro (Media Cybernetics, Bethesda, MD, USA). Oil
red O-stained material (OROSM) was extracted using isopropanol,
and the absorbance was measured at a wavelength of 520 nm using
a spectrophotometer.
2.6. Analysis of the proteins
The 3T3-L1 adipocytes were pretreated with 0, 10, 50, or 100 μM
MG for 48 h, or co-treated with 10 μM MG and test samples (different concentrations of WEPE or 5 mM AG) for 48 h. The expressions of IL-6, p-JNK, JNK, p-p65, p65, PPARγ, C/EBPα, MCP-1,
PTP1B, p-ACC, ACC, and FAS in cell extract proteins were analyzed using western blot analysis. The western blot analysis was
carried out following the method of Cheng et al. (2014).
2.7. Enzyme-linked immunosorbent assay
The 3T3-L1 adipocytes were pretreated with 0, 10, 50 or 100 μM
MG for 48 h, or co-treated with 10 μM MG and test samples (different concentrations of WEPE or 5 mM AG) for 48 h. IL-6 was
measured using a specific ELISA kit as indicated by the manufacturer’s instructions.
2.8. Glucose uptake assay
The 3T3-L1 adipocytes were exposed to 100 nM insulin for 1 h and
continuously treated with 0, 10, 50 or 100 μM MG for 48 h, or cotreated with 10 μM MG and test samples (different concentrations of
WEPE or 5 mM AG) for 48 h. Glucose uptake assay was measured
using Glucose Uptake Cell-Based Assay Kit (Cayman, Ann Arbor,
MI, USA). Finally, the cells were detected using a flow cytometer

(Becton Dickson Immuno-cytometery System USA, San Jose, CA,
USA) and then analyzed using Cell Quest analysis software.
2.9. Statistical analysis
Data were expressed as the means ± SD. The significance of difference was calculated by Duncan’s test, and results with p < 0.05
were considered to be statistically significant.
3. Results
3.1. Effects of MG contents and Oil red O stained material (OR
OSM) in MG-induced insulin resistance
There is an increased accumulation of AGEs in obesity and diabetes compared to normal subjects (Vlassara and Striker, 2011). MG
was the main precursor of AGEs (Brix et al., 2012), and therefore
the MG contents of 3T3-L1 preadipocytes and adipocytes were
determined in this study. Figure 1a showed that the MG contents
of cells and the culture medium were significantly higher in 3T3L1 adipocytes compared to those in preadipocytes (p < 0.05). The
oil droplets are increased in differentiated adipocytes (Koopman et
al., 2001), and thus OROSM is one of the most important indicators of the adipocyte differentiation. Figure 1b showed adipocytes
treated with MG significantly increased the accumulation of oil
droplets compared with the MG-untreated group (p < 0.05).
3.2. Expressions of p-JNK, p-p65, IL-6, and MCP-1 in MG-induced insulin resistance
Insulin resistance is caused by obesity through JNK pathway
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(Kaminska, 2005; Lee and Lee, 2014). In addition, JNK activation
promotes the production of cytokines, such as IL-6, TNF-α, and
IL-1β (Kaminska, 2005; Lee and Lee, 2014). As shown in Figure
2a, p-JNK expression was significantly increased after 48 h of MG
induction (p < 0.05). Therefore, MG may promote the inflammatory response through JNK pathway. NF-κB consists of two subunits, p50 and p65. When NF-κB is activated, p-p65 translocates
into the nucleus and activates the target gene transcription (Kopitar-Jerala, 2015). As shown in Figure 2b, the expression of p-p65
was significantly increased after 48 h of MG induction (p < 0.05).
IL-6 protein is one of major pro-inflammatory cytokines secreted by adipocytes in insulin-resistant human (Rotter et al., 2003).
These results showed that IL-6 protein expression and release were
significantly increased after 48 h of MG induction (p < 0.05) (Figure 2c, d). Therefore, MG increased pro-inflammatory cytokines.
Obese patients are often accompanied by chronic inflammation,
which leads to the development of many chronic diseases such as
insulin resistance, fatty liver, and high blood pressure (Ye, 2013).
In addition, MCP-1 could induce macrophage infiltration (Deshmane et al., 2009; Panee, 2012). Figure 2e showed that MCP-1
was markedly increased after 48 h of MG induction (p < 0.05).
Therefore, MG can increase the expression of MCP-1 expression,
thereby enhancing the possibility of macrophage infiltration to
generate inflammation.
3.3. Effect of MG on glucose uptake, PPARγ, and C/EBPα in 3T3L1 adipocytes
MG reduces glucose uptake and causes insulin resistance through
reduction of insulin signaling pathway (Jia and Wu, 2007). Figure
3a shows that glucose intake was significantly reduced after 48 h
of MG induction (p < 0.05). Thus, MG decreased glucose uptake
in adipocytes, which may cause insulin resistance. As shown in
Figure 1b, MG enhances the oil droplet generation of 3T3-L1 adipocytes which may be regulated by PPARγ and C/EBPα. PPARγ
is activated by C/EBPβ and C/EBPδ, and then activates C/EBPα.
PPARγ and C/EBPα can furtherly activate ACC and FAS. ACC
and FAS accelerate the synthesis of triacylglycerol and accumulate the oil droplets. Figure 3b and c shows that MG significantly
increased the protein expressions of PPARγ and C/EBPα in adipocytes compared to the MG-untreated group (p < 0.05). Therefore,
MG can promote the accumulation of oil droplets through upregulation of PPARγ and C/EBPα proteins.
3.4. Effect of WEPE on glucose uptake and the protein expressions of IL-6, p-JNK, p-p65, and MCP-1 in MG-induced insulin
resistance
MG is a highly reactive metabolite of carbohydrates. When MG
and MG-derivatives AGEs are increased, it may force development
of insulin resistance (Vidal et al., 2014). MG levels are also higher
in diabetic patient (Zhu et al., 2015). Aminoguanidine (AG), an
investigational drug, acts to reduce the level of advanced glycation
end products (AGEs) through interacting with 3-deoxyglucosone
(Matsui et al., 2017). In here, we intended to compare the therapeutic effects between AG and WEPE on MG-induced insulin resistance. As shown in Figure 4a, WEPE effectively improved the
glucose uptake of MG-induced adipocytes (p < 0.05). Obesity can
be divided into adipocyte hyperplasia and hypertrophy. Adipocyte
hyperplasia occurs in early childhood and pregnancy, and adipocyte hypertrophy occurs mainly in the adults. Adipocyte hypertrophy is usually accompanied with IL-6 and TNF-α, which induces

142

insulin resistance (Abranches et al., 2015). Figure 4b and c show
pro-inflammatory cytokine IL-6 protein expression and release
were both significantly decreased in MG-adipocytes treated with
WEPE (p < 0.05). Figure 4d indicates that p-p65 protein expression was significantly reduced by treatment with WEPE after 48 h
of MG induction of 3T3-L1 adipocytes (p < 0.05). Thus, WEPE
could significantly inhibit IL-6 and p-p65 protein expression induced by MG and thus reduce inflammation. MCP-1 is one of the
inflammatory markers, mainly in adipose tissue, which can induce
macrophage infiltration. Serum MCP-1 levels are higher in obese
patients and patients with insulin resistance (Kamei et al., 2006).
As shown in Figure 4e, WEPE significantly reduced MCP-1 protein expression (p < 0.05) induced by MG, and therefore WEPE
can alleviate the MG-induced macrophage infiltration. When cells
are stimulated by oxidative stress or proinflammatory cytokines,
the MAPK signaling cascade is activated by ERK, JNK, and p38
(Johnson and Lapadat, 2002) that is involved in cell growth, differentiation, inflammation, and apoptosis (Singh et al., 2014).
Figure 4f shows that p-JNK protein expression was significantly
increased after treatment of MG in adipocytes (p < 0.05). However, WEPE effectively attenuated p-JNK (p < 0.05). Therefore,
WEPE improves inflammation by down-regulating the expression
of MAPK-related proteins.
3.5. Effect of WEPE on the protein expressions of PTP1B, PPARγ,
C/EBPα, p-ACC, and FAS in MG-induced insulin resistance
MG causes ROS and oxidative stress, in which endoplasmic reticulum stress plays an important regulatory function. Protein tyrosine phosphatase 1B (PTP1B) belongs to the family of protein
tyrosine phosphatase (PTP). Endoplasmic reticulum stress reduces
the activity of the tyrosine kinase on the insulin receptor, leading to
the blockage of insulin pathway to cause insulin resistance (Cheng
et al., 2012). Figure 5a indicates that MG-induced adipocytes show
PTP1B protein expression decreasings significantly after treatment
with WEPE (p < 0.05). PPARγ and C/EBPα are the major indicators of differentiated adipocytes (Kim et al., 2012; Ilavenil et
al., 2014). As shown in Figure 5b, WEPE significantly decreased
the protein expressions of PPARγ and C/EBPα induced by MG (p
< 0.05). Acetyl-CoA carboxylase (ACC) and fatty acid synthase
(FAS) are the key proteins in the development of obesity (Tan et
al., 2011). ACC is the first step of the enzyme for the synthesis
of fatty acids. Thus, the inhibition of p-ACC can reduce triacylglycerol synthesis, and then decrease fat accumulation. Figure 5c
shows that WEPE significantly reduced the expression of p-ACC
in the adipocytes after 48 h of MG induction (p < 0.05), and thus
WEPE can alleviate the activation of ACC to reduce lipid accumulation. The FAS is an important enzyme in lipid synthesis. Figure
5c showed that WEPE significantly reduced the protein expression
of FAS (p < 0.05). Therefore, WEPE can regulate fat synthesis
related proteins induced by MG, and thus may decrease the deposition of oil droplets in adipose.
3.6. Effect of ellagic acid on glucose uptake and IL-6 level in
MG-induced insulin resistance
P. emblica is a rich source of various phytochemicals such as ellagic acid, gallic acid, kaempferol, and quercetin, all of which are
excellent for capturing free radical and controlling lipid damage
and DNA oxidation (Singh et al., 2015). Among them, the main
constituents of WEPE are ellagic acid (4.8 mg/g of crude extract)
and gallic acid (1.8 mg/g of crude extract). As shown in Figure
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Figure 2. Inflammatory relative cytokine and chemokine production promoted by MG initiated signaling. 3T3-L1 adipocytes were treated with 10, 50, and
100 μM of MG for 48 h, respectively. (a) p-JNK protein, (b) p-p65 protein, (c) IL-6 release, (d) IL-6 protein, and (e) MCP-1 protein expression were measured
using western blot and ELISA assay. The data were expressed as the mean ± SD (n = 3). * p < 0.05 compared to untreated control.
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Figure 3. MG not only reduced glucose uptake also enhanced oil droplets accumulation-associated PPARγ and C/EBPα proteins expression. (a) Cells were
treated with MG for 24 h. The glucose uptake assay was performed using flow cytometry. After MG treatment for 48 h, protein expressions of (b) PPARγ and
(c) C/EBPα were assessed by western blot. The data were expressed as the mean ± SD (n = 3). * p < 0.05 compared to untreated control.

6a, IL-6 was elevated by treatment of MG with adipocytes for 48
h. However, ellagic acid alone or co-treatment with ellagic acid
and gallic acid both showed a significant reduction in MG-induced
IL-6 secretion (p < 0.05), and their inhibitory activities were similar to that of AG. On the other hand, ellagic acid could improve the
release of IL-6 in a dose-dependent manner (p < 0.05) (Figure 6b).
In addition, ellagic acid may also effectively improve the glucose
uptake of MG-induced insulin resistance (p < 0.05) (Figure 6c).
4. Discussion
Metabolic syndrome patients generally have a higher amount of
MG (Vidal et al., 2014). MG enhances free radicals, thus resulting
in oxidative stress and inflammation (Matafome et al., 2013). The
use of botanical plants is gaining renewed interest in the treatment
of some clinical disorders. In the present study, MG was used to induce adipocytes, which establishes the cell model of inflammation
and insulin resistance. The results so obtained showed that WEPE
effectively improved MG-induced IL-6 secretion in adipocytes
(Figure 4b, c). Dang et al. (2011) showed that WEPE has a good
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anti-inflammatory effect in acetic acid-induced peritonitis in mice.
Muthuraman et al. (2011) showed that phenolic compounds of P.
emblica can reduce acute inflammation induced by carrageenan in
rats. P. emblica has a high content of ellagic acid and gallic acid
(D’Souza et al., 2014). Therefore, we investigated whether treatment withellagic acid and gallic acid would improve pro-inflammatory effect. These results showed that ellagic acid significantly reduced IL-6 protein expression and cytokine release in MG-induced
adipocytes, whereas gallic acid did not (Figure 6a, b). Therefore,
ellagic acid plays a pivotal role in anti-inflammatory effect belongs
to WEPE. Seo et al. (2016) showed that ellagic acid can inhibit the
production of PGE2, TNF-α, and IL-6 induced by LPS. Therefore,
ellagic acid can effectively reduce IL-6 to alleviate inflammation.
External stimulus causes inflammation through MAPK pathway (Kaminska, 2005). Yamawaki et al. (2008) pointed out that
acute induction of MG activates p-JNK to cause inflammation.
Barnes and Karin (1997) showed that NF-κB activation may be
mediated by phosphorylation of IκBα, which is positively associated with chronic inflammation. As shown in Figure 2a and b,
MG induced inflammation through the activation of JNK and p65
pathway. However, WEPE can decrease p-p65 protein (Figure 4d)
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Figure 4. WEPE effectively inhibited glucose uptake and attenuated inflammatory relative signaling initiated by MG treatment. (a) MG treatment combined with or without WEPE and 5 mM AG treatment in 3T3-L1 adipocytes for 24 h. The glucose uptake assay was performed using flow cytometry. (b)
IL-6 secretion and (C-F) protein expressions of IL-6, p-p65, MCP-1, and p-JNK in MG-treated 3T3-L1 adipocytes combined with or without WEPE and 5 mM
AG treatment for 48 h. The data were expressed as the mean ± SD (n = 3). #p < 0.05 compared to untreated control; * p < 0.05 compared to MG-induced
adipocytes.
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Figure 5. WEPE decreased fat synthesis related proteins expression induced by MG treatment. MG-treated 3T3-L1 adipocytes combined with or without
WEPE and 5 mM AG treatment for 48 h. Protein expressions of (a) PTP1B, (b) PPARγ and C/EBPα, and (c) p-ACC and FAS were measured by western blot,
respectively. The data were expressed as the mean ± SD (n = 3). #p < 0.05 compared to untreated control; * p < 0.05 compared to MG-induced adipocytes.

and p-JNK (Figure 4f) after 48 h of MG induction.
MCP-1 plays an important role in the migration of macrophages, which promotes the infiltration of macrophages in the adipose
tissue resulting in chronic inflammation. As shown in Figure 2e,
MG increased MCP-1 protein expression in adipocytes, indicating that MG promoted macrophage infiltration to result in inflammation. In addition, WEPE significantly decreased MCP-1 protein
expression (Figure 4e). When inflammation is increased, adipocytes can easily lead to insulin resistance (de Luca and Olefsky,
2008). Figure 3a shows that MG significantly reduced glucose
uptake to cause insulin resistance. Jia and Wu (2007) also demonstrated that MG may reduce glucose uptake and lead to insulin
resistance through reducing the activation of insulin pathway such
as IR, IRS-1 and PI3K. However, WEPE and its major compound,
ellagic acid, could increase the glucose uptake ability in adipocytes (Figures 4a, 6c). Kalekar et al. (2013) showed that 200 μg/
mL of P. emblica could increase the glucose uptake of adipocytes.
Akhtar et al. (2011) showed that diabetic patients receiving 1, 2 or
3 g of Emblica officinalis powder per day for 21 days significantly
decreased the fasting and 2-h post-prandial blood glucose levels.
Therefore, WEPE can improve obesity-induced insulin resistance
and the risk of developing type 2 diabetes, in which ellagic acid
may play an important role.
PTP1B is one of the targets for the development of new drugs
for diabetes (Teng et al., 2011). Cheng et al. (2012) showed that
MG results in an increase in PTP1B expression; however, resvera-
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trol may attenuate PTP1B protein expression. The results of this
study also showed that the expression of PTP1B was increased
after MG-induced adipocytes (Figure 5a); however, WEPE could
significantly reduce PTP1B protein. PPARγ and C/EBPα play an
important role in the differentiation of adipocytes (Song et al.,
2013). In this study, we found that MG could significantly promote
the expressions of PPARγ and C/EBPα in adipocytes (Figure 3b,
c); however, WEPE significantly inhibited the protein expressions
of PPARγ and C/EBPα (Figure 5b). Obesity is caused by imbalances in energy intake and energy expenditure, and excessive energy tends to form triacylglycerols that accumulate in cells to make
cell hypertrophy (Fruhbeck et al., 2001). PPARγ and C/EBPα can
activate ACC and FAS to increase the efficiency of lipid synthesis
(Oh et al., 2016). The results showed that WEPE can reduce the
protein expressions of PPARγ and C/EBPα (Figure 5b), and thus
inhibit the p-ACC and FAS proteins (Figure 5c) to reduce fat accumulation in adipocytes. Berndt et al. (2007) suggested that FAS
is associated with lipid accumulation, which leads to a decrease in
insulin sensitivity and an increase in fasting serum insulin, IL-6,
leptin and the retinol-retinol- binding protein (RBP4). Therefore,
the lipid synthesis pathway plays an important role in the disorders
of energy metabolism, obesity and type 2 diabetes. Previous studies have shown that ellagic acid can reduce triacylglycerol and fat
accumulation by reducing PPARγ and C/EBPα (Wang et al., 2013;
Woo et al., 2015). Akhtar et al. (2011) showed that P. emblica can
also reduce triacylglycerols in normal human beings and diabetic
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patients. Therefore, WEPE may offer a potential opportunity for
the development of new dietary supplement for inflammation, obesity, and type 2 diabetes.
5. Conclusion
MG enhances the expression and release of IL-6 by activating JNK
and p65 in inflammatory pathways, and increases PPARγ and C/
EBPα in MG-induced insulin resistance. In addition, MG also promotes MCP-1 protein and decreases glucose uptake, which leads
to the occurrence of insulin resistance and chronic diseases. P. emblica fruit has various bioactivities, such as anti-inflammatory, lipidlowering, anti-cancer, antioxidant, and treatment of diabetes. In this
study, the results showed that WEPE improved inflammation, glucose uptake, and lipid accumulation, thereby it might play an important role in regulating obesity, inflammation, and insulin resistance.
In the further, P. emblica fruit has the potential to develop healthy
food for regulating blood lipids and blood sugar.
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