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Abstract
Food processing is an essential unit operation required for production of most food, both industrially and domestically. While, palatability and wholesomeness of food are most important, over processing and inclusion of excessive amount of salt, sugar and solid fat with high content of trans isomers must be avoided. Furthermore, while
preservatives and additives are essential for safety of products and shelf-life extension, when and where possible
natural products with established safety records should be used. The so-called, ultra-processed food (UPF) that
may refer to products that do not follow these criteria are often associated with a myriad of diseases, but again
here, caution must be exercised to avoid misuse of terminologies that may create misconception.
Keywords: Food processing; Bioactive compounds; Ultra-processing; Junk food; Controversies.

Processing is a unit operation that is often carried out to convert certain raw material intended for use as food. However, pre-processing
may often be used to clean, tamper, or to remove husk and shells
from raw materials. Conversion of the raw material into food often
requires processing that may be thermal or non-thermal. The impact of processing on the products depends further on the degree
of processing which may be categorised as minimally processed,
regularly processed and ultra processed. Although several systems
have been proposed, the NOVA system has received considerable
attention and has generated much discussion and controversies. In
this system, food is categorized in four groups as unprocessed, processed culinary ingredients, processed, and ultra-processed (UPF).
Ultra-processed foods are defined as mass production formulations
that contain a high amount of salt, sugar, and oil/fat and may provide insufficient amounts of fibre, micronutrients and bioactive
compounds. Such foods are generally energy-dense and designed
to be highly palatable and convenient (Monteiro et al., 2018). This
system was first proposed by Monteiro and colleagues (2010) who
associated such foods with increasing risk of a multitude of noncommunicable diseases. This system has been increasingly accepted by some government regulators although has been opposed by
some major companies and interest groups. Although one may infer
that UPFs are certain types of ready-to-eat products that are rich in
salt, sugar, and fat along with a long list of chemical ingredients
and preservatives, one should pay attention to the fact that there are

many variations in such foods and while presence of too much salt,
sugar and fat, especially trans fat, is not healthful, use of certain additives and preservatives is essential for safety and wholesomeness
of food and the elimination of pathogenic microorganisms. Additionally, the modern food chain relies on the transportation of raw
materials and finished products across large distances. Therefore,
preservatives help prevent contamination and spoilage before foods
reach the consumers’ table (Carocho et al., 2014). However, uncontrolled use of additives may not necessarily help consumers as
they may pose problems of their own as it is the dose that makes the
poison. Therefore, search for natural alternatives, when and where
possible, must continue. Nonetheless, safety aspects and potential
toxicity of natural products must also be carefully examined as
natural cannot always be equated with healthful. For example, formation of acrylamide in preparation of French fries may be noted
(Mesias et al., 2019). Meanwhile, high level of oxidation products
in polyunsaturated oils, if not processed properly, is responsible for
off-odors and formation of toxic compounds (Shahidi and Zhong,
2010). However, presence of a minute amount of oxidation products is responsible for the appealing aroma of donuts and French
Fries. Therefore, a balance among different factors involved should
govern the choice of processing and its level/intensity in the formulation and preparation of food, either industrially or domestically.
In this regard, half-baked solutions should also be avoided. For
example, using modified celery juice as an alternative to direct use

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

1

Food processing and effects on bioactive constituents
of nitrites may lead to products that have more residual nitrite than
those prepared directly with nitrites (Sebranek and Bacus, 2007).
This sort of manipulation may even be considered unethical by
some and both scientists and manufacturers should pay attention to
details so that the consumer is not fooled by misuse of terminologies. In addition, food that is subjected to new processing methods
using sophisticated technologies, such as high-pressure processing
(Huang et al., 2017), should not be included in this category. Minimally processed and whole foods are always preferred if safety aspects are carefully considered as this would have an impact on the
retention of healthful bioactive compounds (Ramos et al., 2018).
Thus, phenolic compounds may be affected by processing, either
due to oxidation or reaction/interaction with other food components, hence may have their efficacy compromised (Randhir et al.,
2008). However, heat processing in preparation of tomato paste
makes lycopene more bioavailable due to a trans to cis isomerization in the molecule (Unlu et al., 2007).
In consideration of ultra processed foods, junk food should not
necessarily be equated with this type of processing. However, there is
much confusion and controversy over the categorization of junk food
and definitions obscured by sensational arguments are not helpful.
Nonetheless, condemnation of UPF consumption due to its potential association with a number of diseases, especially its relationship
with the prevalence of obesity in high-income countries (Lin et al.,
2018), has resulted in revisiting of the formulations by multi-national
companies and delivery of somewhat better food and beverages to
the public. The responsible action of the progressive segment of the
food industry has therefore been essential for striving to develop
new products that ensure wholesomeness and nutritional value of a
safe and sustainable food supply to address the needs of consumers. In this regard, we now witness beverages with reduced sugar
content, prepared food with a lower content of salt and inclusion of
certain minerals, such as calcium, vitamins (e.g., vitamin C and D),
and bioactives such as phytosterols as well as other ingredients and
fiber in a variety of forms and in different product formulations, including baked goods (Ambigaipalan and Shahidi, 2015; Ferguson et
al., 2019). Air frying instead of deep fat frying and other precautions
have also contributed to a healthier food supply but one should always remember that sensory quality of food as reflected in a desirable
taste, appealing flavor and texture is essential for providing products
that makes eating pleasurable and not just as a source of nutrients.
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Abstract
Probiotics are thought to play a role in the extensive bidirectional communication between gut microbiota and
the brain. A growing body of preclinical data suggests that probiotics may be effective in alleviating low mood and
improving depressive symptoms. Preliminary evidence derived from studies in rodent models supports the view
that single-strain or multi-strain preparations of Bifidobacterium and Lactobacillus are able to improve behaviors
related to depression. The extent of antidepressant effects in humans with a clinical diagnosis of depression is
less clear. While some support for the efficacy of probiotic supplementation has been found, the pooled effects in
meta-analyses have generally been small. The positive effects reported for probiotics in major depression should
be regarded as preliminary. Large, randomized trials assessing the efficacy of specific probiotic strain combinations over various time spans in individuals with clinically significant presentations of depression are needed to
evaluate the therapeutic potential of probiotics. In light of accumulating evidence showing that probiotics may
have beneficial effects in reducing depressive symptoms and may be useful as an adjunct intervention in major
depressive disorder, the efficacy of probiotic foods in the prevention of depression should be investigated.
Keywords: Probiotics; Depression; Gut microbiome; Treatment; Prevention.

1. Introduction
Major depression is a common psychiatric disorder characterized
by depressed mood or significantly reduced pleasure or interest in
all activities (American Psychiatric Association, 2013). Major depressive disorder is highly debilitating, severely limiting psychosocial functioning and diminishing the quality of life of affected
individuals (Malhi and Mann, 2018). The rate of recurrence is high
and the treatment of depression poses a major challenge (Malhi
and Mann, 2018). Up to 60% of individuals with major depressive
disorder have been estimated to experience some degree of nonresponse to pharmacotherapy (Fava, 2003). Furthermore, major
depression has been projected by the World Health Organization to
rank as the first cause of global burden of disease by 2030 (World
Health Organization, 2008). Subclinical levels of depressive symptoms can be observed in healthy populations (Gawlik et al., 2013).
Pharmacotherapy and psychotherapy are commonly used to treat
people with depression. However, the ability of these treatment

strategies to avert disease burden remains limited (e.g. Casacalenda
et al., 2002). The need for the development of novel pharmacological compounds for depression has repeatedly been emphasized (e.g.
Insel, 2015; Miller, 2010), and additional approaches in the prevention and treatment of depression are required. In view of this, nutritional psychiatry has developed as a new field of research, since
diet quality and nutrition are important in the promotion of metabolic health (Bennett et al., 2015; Lange, 2017a; Lange, 2017b),
and have also been shown to be involved in the regulation of mental
health and to be modifiable risk factors for mental disorders (e.g.
Lange, 2018a; Lange, 2020; Marx et al., 2017). For example, dietary patterns such as the Mediterranean diet, with limited amounts
of processed foods and high consumption of fruit, vegetables, nuts,
seeds, wholegrains and fish, have been found to be inversely correlated with the risk of depression (Lai et al., 2014; Opie et al., 2015;
Psaltopoulou et al., 2013). In contrast, high-sugar and high-fat diets
containing large amounts of processed foods (Western diets) appear
to be positively associated with depression (Lai et al., 2014). A con-
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Table 1. Experimental findings supporting a role of the gut microbiome in the modulation of depressive symptoms

Development of depressive-like behaviors in germ-free mice inoculated with fecal samples of individuals with depression (Zheng et al.,
2016)
Different composition of the intestinal microbiota of individuals with major depressive disorder compared to controls (Bravo et al.,
2011; Jiang et al., 2015; Zheng et al., 2016)
Altered counts of both gram-positive and gram-negative bacteria in individuals with depression (Jiang et al., 2015; Naseribafrouei et
al., 2014)
Link between alterations in the microbiome (e.g. Faecalibacterium) of individuals with depression and severity of depression (Jiang et
al., 2015)
sistent association between diet, nutrition and depression in adults
has been found in several systematic reviews and meta-analyses;
demographic factors and reverse causality do not appear to explain
this relationship (Lai et al., 2014; Li et al., 2017; Psaltopoulou et al.,
2013). Several biological pathways implicated in mental disorders
including depression can be influenced by diet. These pathways
include oxidative stress, inflammation, mitochondrial dysfunction,
neuronal plasticity, epigenetic changes and the intestinal microbiome (for review see Marx et al., 2017).
2. Gut microbiota and brain function
The microbiota is a community of commensal, symbiotic and pathogenic microorganisms, the majority of which live in the gastrointestinal tract (Gill et al., 2006). The human intestine is colonized
by bacteria, archaea and eukaryotes, the number of which may approximate the number of cells in the human body (Sender et al.,
2016). Genetic, epigenetic and especially dietary factors can influence the intestinal microbiota (Yadav et al., 2018). While symbiosis of the intestinal microbiota can contribute to the maintenance of
undisturbed physiological conditions in the host, dysbiosis, i.e. an
imbalance in gut microbiota, may be involved in the pathogenesis
of various diseases, such as cardiovascular, gastrointestinal and
immune-related diseases (Gourbeyre et al., 2011; Hungin et al.,
2013; Khalesi et al. 2014) as well as mental disorders (e.g. Lange
et al., 2020, Mohajeri et al., 2018).
Emerging evidence suggests a bidirectional interaction between
the microbial communities in the gastrointestinal tract and the host
central nervous system via the gut-brain axis (Cryan and Dinan,
2012; Dinan and Cryan, 2017a; Foster and Neufeld, 2013). Preclinical studies in animal models have found links between changes or deficits of the intestinal microbiota and neurochemical alterations in the brain, and the gut microbiota has been demonstrated
to influence brain development, central functions and behaviors
of the host (Bercik et al., 2011a; Crumeyrolle-Arias et al., 2014;
Cryan and Dinan, 2012; Desbonnet et al., 2014; Diaz Heijtz et al.,
2011; Dinan and Cryan, 2017b; Rogers et al., 2016). For example,
an early study in germ-free mice observed a link between the gut
microbiota and a reduction in brain-derived neurotrophic factor
concentrations in the hippocampus and an elevated stress response
in the hypothalamic-pituitary-adrenal axis (Sudo et al., 2004).
Other findings in mice, showing marked differences in the volume and dendritic morphology of the hippocampus and amygdala
and between germ-free mice and conventionally colonized mice
(Luczynski et al., 2016), suggest that the gut microbiome plays a
key role in the development of normal brain morphology and ultrastructure of central neurons. The hypothesis that the gut microbiota
can modulate brain function and modify behavior is supported by
preclinical studies of germ-free animals, bacterial infections, fecal
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transplantation and probiotic treatment (Cryan and Dinan, 2012).
Furthermore, intestinal microbial dysbiosis could be implicated
in neuropsychiatric disorders, such as depression, bipolar disorder, schizophrenia and autism spectrum disorders (Lange et al.,
2020; Rogers et al., 2016). For example, individuals with major
depressive disorder appear to have distinct compositions of the gut
microbiota in comparison with healthy people (Jiang et al., 2015;
Naseribafrouei et al., 2014). Further findings in support of a role
of the intestinal microbiota in the modulation of depressive symptoms in humans are presented in Table 1. These observations support the view that the intestinal microbiota could be a potential
target for novel antidepressant interventions.
3. Probiotics and depression
3.1. Animal studies
Probiotics are live microorganisms whose consumption contributes to the intestinal microbial flora of the host, resulting in beneficial health effects (World Health Organization, 2001). In respect
to the central nervous system, a number of behavioral experiments
investigating potentially positive effects of probiotics on brain and
behavior have been conducted in rodents. For example, colonizing
germ-free mice with Bifidobacterium infantis has been shown to
normalize their previously overreactive hypothalamic-pituitaryadrenal axis in response to restraint stress and to decrease their
stress hormone levels to those found in control animals (Sudo
et al., 2004). Various mechanisms have been suggested to be involved in the effects of probiotics on brain functions, including the
regulation of mood and emotion (see Table 2).
Most of the available animal studies have used single-strain or
multi-strain preparations of Bifidobacterium (B. breve, B. longum,
B. infantis) and Lactobacillus (L. casei, L. helveticus, L. plantarum,
L. rhamnosus) and explored their effects on rodents in tests assessing depression-like behaviors, such as the forced-swim, tail-suspension and sucrose-preference tests. Based on the findings in animal
models, all of these preparations have been shown to improve behaviors related to depression (for review see Wang et al., 2016).
However, the heterogeneity of the studies in regard to factors such
as probiotic strains, dose and duration of probiotic administration,
rodent strains, health conditions of animals and brain and behavioral functions assessed needs to be considered. Moreover, findings
in preclinical rodent models of depression cannot be directly translated to clinical interventions in individuals with depression.
3.2. Epidemiology
A nationwide, large cross-sectional study conducted in Korea, in-
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Table 2. Potential mechanisms involved in probiotic effects on the brain

Increases in the diversity of intestinal microbiota and the composition of beneficial bacteria (Kwok et al., 2014; Smith et al., 2014;
Wang et al., 2015)
Changes in food metabolites, such as short-chain fatty acids and tryptophan, due to “improvements” in intestinal microbiota
(Desbonnet et al., 2008; Hsiao et al., 2013)
Effects on gut-brain interaction through the vagus and enteric nerves (Bercik et al., 2011b; Bravo et al., 2011)
Biochemical changes in the brain, including concentrations of brain-derived neurotrophic factor (O’Sullivan et al., 2011) and
neurotransmitters, such as monoamines (Liu et al., 2016a, Liu et al., 2016b) and γ-aminobutyric acid (Bravo et al., 2011)
Reduced corticosteroid levels due to attenuation of the stress response mediated by the hypothalamic-pituitary-adrenal axis
(Ait-Belgnaoui et al., 2012)
Effects on the immune system by decreasing the production of pro-inflammatory cytokines and inflammation (Desbonnet et al., 2008;
Desbonnet et al., 2010)
cluding 26,118 individuals aged 19–64 years, has recently investigated the association between depression status, as determined
using a self-reported clinical diagnosis and a patient health questionnaire, and the consumption of probiotic foods, as assessed
using a food frequency questionnaire (Kim and Shin, 2019). In
comparison with the highest tertile of self-reported probiotic food
intake, the lowest tertile had significantly higher odds in self-reported clinical depression and depression severity (Kim and Shin,
2019). These findings suggest that the consumption of probiotic
foods might have beneficial effects on depression and could be capable of reducing the risk of depression in adults.
3.3. Clinical trials
In recent years, several systematic reviews and meta-analyses have
analyzed the effects of probiotics on depression (see Table 3). Many
of the randomized controlled trials conducted in this area have assessed the impact of probiotics on (subclinical) depressive symptoms in healthy people. The results of these trials, however, cannot be extrapolated to people with clinically diagnosed depression.
Studies investigating supplementary probiotic interventions in the
treatment of individuals with a clinical diagnosis of depression have
recently been systematically reviewed (Noonan et al., 2020). All
studies included in the review demonstrated significant improvements in one or more outcome measures of the impact of probiotics in comparison with placebo or no-treatment conditions or with
assessments at baseline (Noonan et al., 2020). No negative effects
or adverse events related to the use of probiotics were reported.
However, this could reflect positive reporting bias, since systematic
reporting of adverse events associated with probiotic interventions
appears to be lacking (Gwee et al., 2018). Most of the studies were
conducted in individuals with depression who were receiving antidepressant medication. Probiotics should therefore be considered
as complementary to standard therapy rather than as an alternative.
Taken together, the findings suggest that the administration of probiotics may be useful as an add-on treatment in clinical depression.
4. Future directions
In view of the evidence from the available findings of both animal
and human studies, probiotics appear to be capable of improving
brain function and depressive symptomatology (Wang et al., 2016).
The results of preclinical experiments suggesting antidepressant efficacy of probiotics cannot be directly translated to clinical trials.
In humans, various problems of the studies investigating the use of

probiotics in depression need to be considered (see Table 4). Major
limitations include small sample sizes, short durations of probiotic
supplementation and the wide variety of single-strain and multiplestrain probiotics administered. The long-term efficacy of probiotics,
in particular on the remission of depression, and lasting effects following discontinuation of their administration are unclear. Probiotic
supplements appear to be well-tolerated, with low drop-out rates in
the available studies (Nikolova et al., 2019). However, possible adverse events following extended use of probiotics are unknown.
In summary, our knowledge regarding the clinical effectiveness of probiotics in depression is insufficient. Therefore, further
high-quality studies investigating their effects in major depressive
disorder and determining optimal composition, dosage and duration of probiotic supplementation are warranted. It is noteworthy
that in other fields of clinical medicine, such as the management of
gastrointestinal disorders, the accumulation of evidence has often
weakened rather than strengthened the case for the therapeutic use
of probiotics (Preidis et al., 2020).
The mechanisms involved in the effects of probiotics on depression, in particular those related to stress, should be explored in
more detail. A recent systematic review and meta-analysis, based
on randomized controlled trials of the effects of probiotics on stress
in healthy people, concluded that probiotics can decrease subjective stress levels in healthy individuals and could alleviate stressrelated subthreshold levels of depression and anxiety (Zhang et al.,
2020). Most animal models used for the assessment of the effects
of probiotics on behaviors related to depression cannot, for ethical reasons, be adapted to humans. However, future investigations
may correlate gut microbiota composition with specific behaviors
and manipulate the interaction between gut microbiota and central
nervous system using probiotics.
The epidemiological findings from Korea, demonstrating a positive influence of the consumption of probiotic foods on depression
(Kim and Shin, 2019), point to a preventive potential of probiotics.
Such benefits would probably require an intake of probiotics over extended periods of time. A recommendation for consumption of probiotics may be made in view of the apparent lack of adverse events
associated with their intake. However, scientific evaluation of this
approach will be limited to observations, since a high-quality randomized study design is not feasible. Furthermore, self-treatment with
dietary supplements without proven benefit is not recommended.
An important, though frequently neglected factor in the assessment of food bioactives in mental disorders is related to etiology
and psychopathology. Biological, environmental, social and cultural factors are involved in the etiology of depression, and the
diagnosis of depression relies on a number of symptoms, none of
which are pathognomic of the condition (Malhi and Mann, 2018).
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Table 3. Systematic reviews and meta-analyses of the effects of probiotics on depression in humans

Authors

Type of study

Conclusions

Huang et
al., 2016

Meta-analysis of randomized controlled trials

Oral probiotic use showed a significant reduction
in depression scale score in both individuals with
major depressive disorder and healthy people.
Beneficial effects were found in people aged 60
and below, but not in those aged 65 and older.

Pirbaglou et
al., 2016

Systematic review of 10 randomized controlled trials (4
in clinically diagnosed and 6 in non-clinical samples)

Limited support for positive impact of some
probiotics on reducing depressive symptoms.

Wallace and
Milev, 2017

Systematic review of 10 studies assessing symptoms
of depression (mood, anxiety, cognition)

The majority of studies found positive effects
on measures of depressive symptoms.

Ng et al.,
2018

Meta-analysis of the use of probiotics
in alleviating depressive symptoms (10
clinical trials with 1349 participants)

No significant effects of probiotic supplementation
on mood compared to placebo. Subgroup analysis
found significant mood improvements in individuals
with mild-to-moderate depressive symptoms and
non-significant effects in healthy people.

Goh et al.,
2019

Meta-analysis of 19 double-blind, randomized,
placebo-controlled trials (1901 participants)

Treatment with probiotics significantly improved
depressive symptoms compared to placebo. Significant
beneficial effect of probiotics on depressive symptoms
in people with major depressive disorder, but not in
other clinical conditions and in the general population.

Liu et al.,
2019

Random-effects meta-analysis of 34 controlled
clinical trials investigating the effects of
prebiotics and probiotics on depression

No significant difference between prebiotics and placebo;
small but significant effects for probiotics, with larger
effect in clinical/medical samples than community ones.

Nikolova et
al., 2019

Systematic review and meta-analysis of 3 randomized
Possible beneficial effects of probiotics on depressive
controlled trials of probiotics (2 studies of probiotics in
symptoms when used as supplement to antidepressants.
addition to antidepressants and 1 study on probiotics as
sole treatment) in clinical depression (229 participants)

Chao et
al., 2020

Meta-analysis of randomized controlled trials
evaluating the effectiveness of probiotics on
depressive symptomatology in participants
with a depressive disorder diagnosis

Significant alleviation of depressive symptoms in
individuals with depression following administration
of probiotics compared to placebo.

Noonan et
al., 2020

Systematic review of probiotics as treatment
for clinically diagnosed depression

Significant improvements following probiotics in one
or more outcome measures compared to placebo/
no treatment or to baseline measurements.

In short, depression is a clinically and probably pathophysiologically heterogeneous condition. Thus, as in other mental disorders, there is unlikely to be a one-fits-all solution in regard to the
therapeutic efficacy of food bioactives such as probiotics (Lange,
2018b; Lange et al. 2020). The identification of subgroups of people who are most likely to benefit from probiotic supplementation

may therefore be necessary.
5. Conclusion
Novel treatments are needed to reduce the global burden of ma-

Table 4. Limitations and problems of the available findings in respect to the use of probiotics in depression

Self-report of depressive symptoms versus clinically confirmed diagnosis of major depressive disorder.
Threshold of depression severity for inclusion (mild versus moderate).
Small sample sizes in studies of individuals with major depressive disorder.
Wide variety of composition of the single-strain and multiple-strain probiotics used.
Dose and duration of probiotic supplementation.
Use of probiotics as supplementation to pharmacological therapy or as sole treatment.
Degree of improved symptomatology: symptom rating scales versus remission of depression.
Different antidepressive effects of probiotics in different age groups.
Unclear long-term efficacy of probiotics during supplementation and following discontinuation.
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jor depression. The use of probiotics in depression has attracted
increasing scientific and clinical interest in recent years. Both
preclinical and clinical findings suggest that targeting the gut-microbiota-brain axis using probiotics may be a useful approach in
reducing the severity of depression. The available evidence suggests that the role of intestinal microbiota and the use of probiotics
in both the treatment and prevention of depression deserves more
intensive investigation. However, the current evidence for probiotics in the therapy of major depression is modest. While some
support for their efficacy has been found, the pooled effects in
meta-analyses were generally small. Therefore, the positive effects
observed for probiotics in major depression need to be regarded
as preliminary. Large, randomized trials assessing the efficacy of
specific probiotic strain combinations over various time spans in
individuals with clinically significant presentations of depression
are needed in order to evaluate the therapeutic potential of probiotics. In addition, the mechanisms underlying the probiotic effects on
depression should be further elucidated.
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Abstract
Chaga (Inonotus obliquus) is an edible herbal mushroom extensively distributed in the temperate to frigid regions
of the Northern hemisphere, especially the Baltic and Siberian areas. Chaga parasites itself on the trunk of various
angiosperms, especially birch tree, for decades and grows to be a shapeless black mass. The medicinal/nutraceutical use of chaga mushroom has been recorded in different ancient cultures of Ainu, Khanty, First Nations, and other
Indigenous populations. To date, due to its prevalent use as folk medicine/functional food, a plethora of studies on
bioactive compounds and corresponding compositional analysis has been conducted in the past 20 years. In this contribution, various nutraceutical and pharmaceutical potential, including antioxidant, anti-inflammatory, anti-tumor,
immunomodulatory, antimutagenic activity, anti-virus, analgesic, antibacterial, antifungal, anti-hyperglycemic, and
anti-hyperuricemia activities/effects, as well as main bioactive compounds including phenolics, terpenoids, polysaccharides, fatty acids, and alkaloids of chaga mushroom have been thoroughly reviewed, and tabulated using a total
171 original articles. However, only key bioactivities and bioactives are selectively discussed. Besides, the up-to-date
toxicity concerns and risk assessment about the misuse of chaga, which limit its acceptance and use as medicinal/
nutraceutical products, have also been clarified.
Keywords: Phenolics; Terpenoids; Polysaccharides; Alkaloids; Nutraceutical/medicinal properties; Bioactives and bioactivities; Toxicity/
safety concerns.

1. Introduction
Chaga (Inonotus obliquus) is a terrestrial polypore fungus of Hymenochaetaceae family, which is mainly distributed in temperate to frigid regions, including North/East Asia, North America,
and Central/Eastern/North Europe (Zhong et al., 2009). It is also
found in low-latitude areas such as Western/Southern Europe and
even Southeast Asia (Thailand) (Glamočlija et al., 2015). Chaga
parasites itself on the bark of various boreal broad-leaved deciduous angiosperms such as birch (Betula spp.) and beech (Fagus
spp.). However, some other rare hosts such as maple (Acer spp.),
alder (Alnus spp.), oak (Quercus spp), and poplar (Populus spp.)
may also be available (Lee et al., 2008). The parasitized site on

the trunk would finally develop to be a white heart rot in the appearance of shapeless black mass, and these decays typically last
for more than ten years and result in the death of the host (Lee et
al., 2008). In Northern and Eastern Europe/Asia such as Russia,
Poland, Finland, Belarus, and Japan, this wood-destroying fungus
has been used as a functional beverage (tea) or folk medicine (decoction, ointment) for the treatment of stomach diseases, intestinal worms, liver/heart ailments, dermatomycoses, joint pains, and
different kinds of cancers for centuries (Babitskaya et al., 2002;
Koyama, 2017; Lemieszek et al., 2011; Saar, 1991; Shashkina et
al., 2006; Shikov et al., 2014). In North America, the historical
use for medicinal purposes (including skin irritation and arthritis) by Alaskan, First Nations and other Indigenous tribes such as

Copyright: © 2020 International Society for Nutraceuticals and Functional Foods.
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Cree, Chipewyan, Gitxsan, Wet’suwet’en has also been recorded
(Cottesfeld, 1992; Kari, 1987; Rogers, 2012; Scerbak et al., 2016).
The binomial name of chaga is known as Inonotus obliquus, but
other names including Phaeoporus obliquus, Polyporus obliquus,
or Fuscoporia obliqua, have also been sporadically used (He et al.,
2001; Reid, 1976). Inonotus is a genus of fungi in the family Hymenochaetaceae that was first described and given by Petter Adolf
Karsten and so far is estimated to have 101 species in its wider sense
(2005 data) (Ghobad-Nejhad and Kotiranta, 2008; Kirk et al., 2008;
Ren and Dai, 2018; Ryvarden, 2005; Wu et al., 2018; Zhou et al.,
2016). Interestingly, even though chaga has been clearly defined and
classified in nomenclature and taxonomy, the misuse of the original
data from the studies of others closely related species rather than the
real Inonotus obliquus has frequently happened in some previous
reviews (Duru et al., 2019; Zheng et al., 2010). To date, numerous
studies have claimed various bioactivities, together with related molecular mechanism of chaga, including antioxidant, antimicrobial,
anti-cancer, hypoglycemic, antilipidemic, anti-inflammation, abirritative, immunoregulatory, and cardioprotective effects (Koyama et
al., 2008; Patel, 2015; Shashkina et al., 2006; Zhong et al., 2009).
Apparently, such a broad spectrum of biological/pharmacological
functions implies the complexity of bioactive substances in chaga.
However, despite decades of efforts, the full scale of known bioactive components of chaga and corresponding mechanisms of its
health effects upon oral ingestion or other administration approaches
is still uncertain. Meanwhile, several side effects associated with
specific cases are rarely discussed. This contribution intends to fill
the existing gap in previous works and to update the secondary metabolites of chaga and their biological properties as well as safety
considerations based on the latest available studies.
2. Health claims for chaga (Inonotus obliquus) extracts
In East Asian countries, such as China, Japan, and Korea, the use
of medicinal mushrooms (e.g., Ganoderma lucidum and Grifola
frondosa) and their derived products (e.g., β-glucan and lentinan)
has continued in traditional therapies, but is now also supported by
the modern medicinal systems with the verification of phases I, II,
or even III clinical trials (Chatterjee et al., 2011; Deng et al., 2009;
Deng et al., 2008; Gao, 1993; Gao et al., 2004a; Gao et al., 2004b;
Gordon et al., 1998; Kidd, 2000; Ohno et al., 2011; Taguchi et al.,
1985; Xu et al., 2012; Zhang et al., 2019). Similarly, chaga is one
of the most important and popular medicinal mushrooms which has
been extensively used in the East European countries for centuries.
As already mentioned, the diversity of its bioactive compounds and
effects thereof have been gradually unveiled in the past decades,
even though related clinical data are relatively scarce. The recent advancement of health functions as well as the molecular mechanism
of chaga extracts is summarized (Table 1) and discussed
2.1. Anti-tumor effects
Among various pharmacological properties of crude extracts of
chaga, its anti-tumor effects have attracted the most attention. According to World Health Organization (WHO) (2018), cancer, the
second leading cause of death, led to an estimated 9.6 million death
globally in 2018; thus accounting for around one in six deaths. In the
United States, approximately 39.55% of men and women are diagnosed with cancer at some points during their lifetime (2015–2017
data), and estimated national expenditure for cancer care in 2017 was
$147.3 billion (NIH, 2020). As shown in Table 1, various extracts of
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chaga mushroom present broad in vitro anti-proliferation activities on
various cancer cells. Baek et al. (2018) reported that the hexane and
dichloromethane fractions of methanolic extract of chaga showed significant cytotoxicity on A549, H1264, H1299, and Calu-6 lung cancer
cell lines, with IC50 of 95.3–225.1 μg/ml. Water and 70% ethanolic
extracts of chaga inhibited the growth of MCF-7 human breast cancer cells, NCI-H460 human non-small cell lung cancer cells, HeLa
human cervical uteri tumor cells, and HepG2 human liver cancer
cells with IC50 ranging from 80.93 to 318.19 μg/ml (Glamočlija et
al., 2015). In in vitro models of PC3 human prostatic carcinoma
cells and MDA-MB-231 human breast carcinoma cells, petroleum
ether fraction of chaga showed a similar anti-proliferation activity to
doxorubicin (Ma et al., 2013). Chaga extracts were found to inhibit
the proliferation of cancer cells by inhibiting mitosis and arresting
the cell cycle. Jarosz et al. (1990) found that the culture medium of
chaga and its lower-molecular weight extracts (fractions from Sephadex G-25 chromatography) block the mitosis of Hela cells with
a significant increase of catalase activity and impairment of chromosome and cellular membrane. Later, Mishra et al. (2013) showed that
water extract of chaga arrested DLD 1 and HCT116 cells at S phase.
While in B16-F10 cells, the water extract arrested cell cycle at G0/
G1 phase with down-regulation of pRb, p53, p27, cyclin D1/E and
CDK 2/4 expression levels (Youn et al., 2009). Likewise, the cell cycle of HepG2 cells was arrested by water extract of chaga at the G0/
G1 phase associated with down-regulation of p53, pRb, p27, cyclins
D1/D2/E, and CDK 2/4/6 expression (Youn et al., 2008). However,
in HT-29 cells, the ethanol extract of chaga arrested it in the G1 phase
by inhibition of CDK2, CDK4, cyclin D1, and pRb, but with activation of p21, p27, and p53 (Lee et al., 2015a). This vital function of
p53 was proven to be unrelated to the pro-apoptotic effect of hexane
and dichloromethane fractions of methanolic extracts of chaga on
A549, H1264, H1299, and Calu-6 lung cancer cell lines (Baek et al.,
2018). Besides, several classic apoptotic pathways were reported to
be modulated by chaga extracts. For example, water extract of chaga
induced cell apoptosis through downregulation of antiapoptotic protein (Bcl-2) and upregulation of proapoptotic proteins (Bax and caspase-3) in HT-29 cells (Lee et al., 2009). The apoptosis of HepG2
cells induced by water extract of chaga was coupled with the activation of caspase-3 (Youn et al., 2008). Meanwhile, both caspase 3 and
9 were activated in both extract-treated DLD 1 and HCT116 cells,
but caspase 8 was only partially activated in HCT116 cells (Mishra
et al., 2013). In these two in vitro studies of Youn et al. (2008) and
Mishra et al. (2013), water extract inhibited both cytoplasmic and
nuclear levels of NK-κB and β-catenin, as well as the cytosolic level
of a key inflammatory mediator Cox-2 (cyclooxygenase-2). The in
vivo anti-tumor effects of chaga extracts were also assessed in various
animal models. The intraperitoneal administration of water extract of
chaga at a dose of 20 mg/kg/day for ten days significantly inhibited
the growth of tumor mass in B16-F10 cells implanted mice (Youn et
al., 2009). A 14-days oral administration of water extract of chaga
at a dose of 20–100 mg/kg body weight/day regressed the tumors in
sarcoma 180 implanted mice by inhibiting the sarcoma 180-induced
reduction of splenic lymphocytes, stimulating TNF-α release in peritoneal macrophage, and eliciting the over-expression of Bax gene
in sarcoma 180 cells of mice (Chen, 2007). In addition, the water
extract of chaga showed inhibitory effects on the growth of intestinal polyps in APCMin/+ mice and colon tumors in AOM/DSS-treated
mice. Supplement of the water extract of chaga suppressed the nuclear levels of β-catenin, inhibited its downstream targets (cyclin Dl
and c-Myc), reduced pro-caspase-3 and cleaved PARP, along with
CRC (colorectal cancer) oncogene CDK8 in APCMin/+ mice (Mishra
et al., 2013). Simultaneously, the inhibition of inflammatory proteins
including iNOS and Cox-2 and mRNA levels of pro-inflammatory
cytokines (IL-6, IL-1β, TNF-α and IFN-γ) was found in the intestine
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HT1080 cells
B16F10 melanoma cell
implanted C57BL/6 mice

Anti-proliferation
activity

Anti-proliferation
activity

Anti-proliferation
activity

Anti-proliferation
activity

Anti-proliferation
activity

Anti-proliferation
activity

Anti-proliferation
activity

Anti-tumor effect

Chloroform
extract

Ethanol extract

Ethanol extract

Ethanol extract

Methanol extract

80% Methanol
extract

Methanol extract
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IC50∼41.3 μg/ml
IC50∼51.3 μg/ml
IC50∼57.0 μg/ml
IC50∼57.7 μg/ml

SW480
HepG2
KB
LNCaP

human 29 prostatic cancer
cell PC3 and human breast
cancer cell MDA-MB-231
Human cervical
cancer HeLa cells

Ethyl ether and
water extracts

–

–

–

–

–

–

–

–

–

Induced nuclear fragmentation

Arrested cell cycle in G1 phase;
decreased expression of CDK2,
CDK4, and cyclin D1; increased
expression of p21, p27, and
p53; inhibited phosphorylation
of Rb and E2F1 expression.

Specific mechanism or
manifestation

–

Impaired the chromesome in
metaphase and lysis; impared the
cell membrane; no effects on CAT

IC50∼19.22 and 46.49 μg/ml –

ED∼30 μM/mouse/day
(oral administration)

ED∼10–100 μg/ml

IC50∼23.2–105.2 μg/ml

IC50∼38.0 μg/ml

LU-1

A549, PA-1, U937, HL-60

IC50∼32.2 μg/ml

ED∼400 μg/ml

HL-60

DLD-1 human colon cancer cell

Ethyl acetate and Anti-proliferation
petroleum ether activity
fractions of 100%
ethanol extracts

Anti-proliferation
activity

ED∼50 μg/ml

HT-29 human colon cancer cells ED∼2.5–10 µg/ml

NCI-H460 human lung
cancer cell line

IC50∼13.9 μM

IC50∼2.40 mg/ml

H1299 lung cancer cell
–

IC50∼2.03 mg/ml

H1264 lung cancer cell
P388 mouse leukemia cell

IC50∼2.03 mg/ml

A549 lung cancer cell

HeLa human cervical
cancer cells

IC50∼2.30 mg/ml

Calu-6 lung cancer cell

Anti-proliferation
activity

Hexane and
dichloromethane
fractions of
methanol extract

IC50/EC50/LC50 values or
experimental dosage (ED)

Model

Bioactivity

Crude extract

Table 1. Bioactivities of crude extracts of chaga (Inonotus obliquus)

Jarosz et al. (1990)

Ma et al. (2013)

Ryu et al. (2017)

Nakajima et al. (2009)

Nguyen et al. (2018)

Hu et al. (2009)

Lee et al. (2015a)

Sun et al. (2011)

Nomura et al. (2008)

Baek et al. (2018)

Reference

Peng et al.
Bioactive compounds and bioactive properties of chaga

11

12

Anti-proliferation
activity

Anti-proliferation
activity

Anti-proliferation
activity

Anti-proliferation
activity

Anti-proliferation
activity

Water extract

Water extract

Water extract

Water extract

Water extract

Anti-proliferation
activity

Cultivation broth

Anti-proliferation
activity

Anti-proliferation
activity

70% ethanol and
water extracts

unknownsolvent extract

Bioactivity

Crude extract

IC50∼94.24–281.12 μg/ml

HepG2 human liver cancer cell

–

ED∼10–200 μg/mL
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ED∼20 mg/ml

–

HT-29 human colon cancer cells ED∼0–1.0 mg/ml

HCT-116 human
colorectal cancer cell

Hela human cervical
uteri tumor cells

HepG2 human liver cancer cells ED∼750 μg/ml

A549 lung cancer cell

SCC-13 human malignant
keratinocytes

–

IC50∼217.36–318.19 μg/ml

HeLa human cervical
uteri tumor cell
Hela cells

–

IC50∼80.93–267.27 μg/ml

NCI-H460 human nonsmall cell lung cancer cell

Youn et al. (2008)

Géry et al. (2018a)

Song et al. (2004)

Jarosz et al. (1990)

Glamočlija et al. (2015)

Reference

Arrested the cell cycle;
upregulated the level of Bax
and caspase-3 proteins and
down-regulated Bcl-2 protein

Up-regulated Bax, bad, and
caspase-3 genes and mRNA
expression p53, p21WAF1/CIP1;
increased Bax/bcl-2 ratio; increased
caspase-3 activity and p53 protein
expression and decreased the
expression of NF-κB, p65 protein
and COX-2 gene; arrested cell at G0/
G1 phase ; downregulated CyclinD1

Lee et al. (2009)

Tsai et al. (2017)

Decreased the cell protein amount
Rzymowska (1998)
and mitotic index value; decreased
the activity of LDH, HBDH, MDH, GGT
and increasing the activity of CAT

Arrested cells in G0/G1 phase;
up-regulated the expression of
capase-3; down-regulated the
expression of cell cycle modulators
(p53, pRb, and p27) and G0/G1
regulatory proteins (Cdk2, Cdk4,
Cdk6, and Cyclin D1, D2, and E)

Higher toxicity on cancer-derived
cells A549 than on normal
transformed cells BEAS-2B

Down-regulated the
expression of NF-κB

Inhibited the cell mitosis
and increased the catalase
activity; induced impairment
of chromosome/cellular
membrane and cell lysis

–

–

–

Specific mechanism or
manifestation

IC50∼92.65-239.43 μg/ml

IC50/EC50/LC50 values or
experimental dosage (ED)

MCF-7 human breast
cancer cell

Model

Table 1. Bioactivities of crude extracts of chaga (Inonotus obliquus) - (continued)

Bioactive compounds and bioactive properties of chaga
Peng et al.

Anti-proliferation
activity

Anti-proliferation
activity

Antiproliferation and
immunomodulatory
effect

Fermented
meterials

Water extract

Water extract

HT1080, Hep G2, CT-26
cancer cells and fibroblast
CRL-7250 normall cell
CT-26 cell-inoculated
BALB/c mice pulmonary
metastasis model
CT-26 cell-inoculated
BALB/c mice pulmonary
metastasis model
RAW 264.7 cells

Anti-tumor effect

Anti-tumor effect

Anti-proliferation
ability

Anti-tumor effects

Pro-tumor effects

Immunomodulatory
activity

Water extract

Water extract

Water extract

Lewis lung cancer cellimplanted mouse tumor model

B16-F10 cell implanted
Balb/c mice

Anti-proliferation
effects

Water extract

B16-F10 mouse melanoma cell

Sarcoma 180 cell implanted
male ICR mouse tumor model

Sarcoma 180 cells
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Decreased pulmonary metastasis

Inhibited the viability of both
cancer and normal cells

Promoted a decrease of body
weight in middle-aged and old
mice; slowed tumor progression;
decreased tumor vascularization;
suppressed lung metastasis;
prevented body temperature
decrease after tumor implantation

–

Formation of dendrite-like
structures; arrested cell cycle in
(sub-)G0/G1 phase and activated
caspase-3 activity; down-regulated
expression of p53, p27, and pRb
proteins; decreased the expression
of Cdk2 Cdk4, Cyclin D1 and Cyclin E

Restored splenic lymphocyte number
and proliferation potential; increased
the production of TNF-α; inhibited
the expression of bcl-2 and bax gene
in tumors; reduced the tumor weight

Arrested the cell cycle
at G0-G1 phase

Arrested cell cycle at G0/G1phase

–

–

Specific mechanism or
manifestation

ED∼0.2–20 μg/ml

Increased NO production and mRNA
expression of iNOS, IL-1β, IL-10;

ED∼100 μg/ml (intravenous Increased pulmonary metastasis
administration)

ED∼20 or 10 μg/ml
(oral and intravenous
administration)

ED∼0.2–200 μg/ml

ED∼6 mg/kg BW/day
(oral administration)

ED∼20 mg/kg/
day (intraperitoneal
administration)

ED∼750 μg/ml

ED∼20–100 mg/kg BW/
day (oral administration)

ED∼20–100 μg/ml

HepG2 human liver cancer cells ED∼200 μg/ml

ED∼1 mM
ED∼1 mM

A549 human lung cancer cell
MCF-7 human breast
cancer cell

Anti-proliferation
activity

Silver
nanoparticles of
water extract

IC50/EC50/LC50 values or
experimental dosage (ED)

Model

Bioactivity

Crude extract

Table 1. Bioactivities of crude extracts of chaga (Inonotus obliquus) - (continued)

Song et al. (2007)

Arata et al. (2016)

Youn et al. (2009)

Chen (2007)

Hou et al. (2018)

Nagajyothi et al. (2014)

Reference

Peng et al.
Bioactive compounds and bioactive properties of chaga

13

14
ED∼0.2–20 μg/ml

NK cells
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Pro-inflammatory
activity

Anti-inflammatory
activity

Anti-inflammatory
activity

80% ethanol
extract

70% Ethanol
extract

LPS-induced RAW 264.7
murine macrophage cells

LPS-induced RAW 264.7
murine macrophage cells

LPS-induced RAW 264.7
murine macrophage cells

AOM/DSS-induced mouse
colon cancer model

Anti-cancer effect/
anti-inflammation
effect

Ethyl acetate
fraction of
residue water
extract

ED∼100 and 300 mg/
kg BW/0.5 day (oral
administration)

APCMin/+ mouse colorectal
adenoma model

Anti-tumor effect/
anti-inflammation
effect

ED∼100 μg/ml

ED∼50–500 μg/ml

ED∼50–500 μg/ml

ED∼100 and 300 mg/
kg BW/0.5 day (oral
administration)

ED∼0.2 and 0.5 mg/ml

HCT116 and DLD1 Human
colorectal cancer cell

ED∼0.8% of daily diet
(oral administration)

ED∼0.2–20 μg/ml

Freshly isolated splenocytes

Vaccinated chickens

IC50/EC50/LC50 values or
experimental dosage (ED)

Model

Anti-proliferation/
inflammation
activities

Immunomodulatory
activity

Cultivation broth

Water extract

Bioactivity

Crude extract

Table 1. Bioactivities of crude extracts of chaga (Inonotus obliquus) - (continued)

Zhang et al. (2018)

Reference

Inhibited NO production and iNOS
and COX-2 expression; inhibited
the phosphorylation of IκB-α,
Akt, and MAPKs (JNK, p38, ERK)

Inhibited NO production;
down-regulated IL-6 and TNF-α
levels; no effect on IL-1β

Increased (adverse effect)
TNF-α and IL-6 production

Maintained colonic epithelial cell
structures and improves histological
damage in response to AOMJDSS;
suppressed mRNA overexpression
of IL-6, IL-1β, TNF-α, IFN-γ

Reduced the count of large polyps
in small/large intestine; surpassed
the overexpression of cyclin D1
and c-Myc in intestinal epithelial
cells; inhibited the expression
of β-catenin and CDK-8, procaspase-3 and cleaved PARP;
Suppressed iNOS and Cox-2 level

Kim et al. (2007)

Van et al. (2009)

Arrested cell cycle in S phase;
Mishra et al. (2013)
activated caspase-8, caspase-3,
caspase-9, pARP; inhibited the level
of NF-κB, c-Myc, β-catenin, and Cox-2

Inhibited hemagglutination
in negative group; enhanced
the neutralizing antibody
titers, proliferation of PBMCs,
proportions of CD3+, CD3+CD8+,
and CD3+CD4+ T lymphocytes,
as well as the ratio of Th1/Th2

Stimulated NK cytotoxic activity

Stimulated proliferation; upregulated mRNA expression
of IL-2, IL-4, IL-10, IL-12, IFN-γ,
TGF-β; increased expression
of IL-2, IL-10, TNF-α, IFN-γ;

Specific mechanism or
manifestation

Bioactive compounds and bioactive properties of chaga
Peng et al.
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Water extract

DSS-induced female C57BL/6
mouse acute colitis model

DSS-induced male BALB/c
mouse acute colitis model

Anti-inflammatory
effect

Anti-inflammatory

LPS-induced RAW 264.7
macrophage cells

Anti-inflammatory
activity

Carrageenin-induced
paw edema in male
Sprague-Dawley rats

Anti-inflammatory
effect

Water extract

LPS-induced RAW 264.7
murine macrophage cell

Anti-inflammatory
activity

ED∼50 and 100 mg/
kg BW/12 h

ED∼100/200 mg/kg
(oral administration)

Suppressed edema, mucosal
damage, and the loss ofcrypts
induced by DSS; inhibited iNOS
levels and myeloperoxidase
accumulation in colon tissues;
suppressed mRNA overexpression
of TNF-α, IFN-γ, IL-1β, and IL-6

Maintained the liver weight;
decreased the serum IgE level;
decreased the expressions of
TNF-α, IFN-γ, IL-4, STAT6, and
STAT1 proteins in the spleen;

Inhibited the production of TNF-α,
STAT1, pSTAT1, STAT6, and pSTAT6

–

ED∼100/200 mg/kg
(oral administration)
–

Suppressed NO and PEG2
production; inhibited protein
and mRNA expression of LPSinduced TNF-α, iNOS, COX-2,
NF-κB (p65/p50); inhibited the
degradation of cytosol IκB-α;
reducing the level of nuclear p65

Inhibited activation of
NF-κB luciferase

Inhibited NO production

Reversed the histamine-induced
reduction of conducted vasodilation

Inhibited TNF-α production

Inhibited TNF-α production

Decreased TNF-α, COX-2, IL-4,
IFN-γ, STAT1, and STAT6; lowered
the levels of IgE and IgA in the
spleen and mesenteric lymph
node; suppressed the DSS-induced
colonic tissue destruction

Specific mechanism or
manifestation

ED∼45–135 μg/ml

ED∼40 μg/ml

NF-κB reporter gene-stably
transfected RAW264.7 cells,

ED∼12.5 μg/ml

Histamine-induced
microvascular inflammation
in male C57BL6 mice
ED∼40 μg/ml

ED∼250 μg/ml

Histamine-induced RAW 264.7
murine macrophage cells

LPS-induced RAW 264.7
macrophage cells

ED∼250 μg/ml

ED∼50 mg/kg BW/day
(oral administration)

IC50/EC50/LC50 values or
experimental dosage (ED)

LPS-induced RAW 264.7
murine macrophage cells

Methanol extract

Anti-inflammatory
activity

50% Ethanol and
water extract

DSS-induced BALB/c
mice colitis model

Anti-inflammatory
activity

Anti-inflammatory
effect

70% Ethanol
extract

Model

Ethyl acetate
and petroleum
ether fraction of
ethanol extracts

Bioactivity

Crude extract

Table 1. Bioactivities of crude extracts of chaga (Inonotus obliquus) - (continued)

Mishra et al. (2012)

Choi et al. (2010)

Park et al. (2005b)

Ma et al. (2013)

Javed et al. (2019)

Debnath et al. (2012)

Reference

Peng et al.
Bioactive compounds and bioactive properties of chaga

15

16

Antioxidant activity

Antimutagenic
activity

Antimutagenic effect

Water extract

Subfractions of
Methanol extract

Ethyl acetate
extract

Anti-proliferation
effect/prooxidative
stress activity

Antioxidant activity

Antioxidative
stress activity

95% Ethanol
extracts

Ethanol extract

Antioxidative
stress activity

Water extract

Antioxidant activity

Caco-2 human colon cancer cell ED∼1 mg/mL

Antioxidative
stress activity

Ethyl acetate
fraction of
water extract

Water extract

BJ normal human
skin fibroblast

Antioxidant activity

Water and 80%
ethanol extract
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ED∼10–500 μg/ml

ED∼6.25–100 μg/ml

ED∼50–500 μg/ml

ED∼1 mg/mL

ED∼1–50 µg/ml

ED∼1.0% (external use)

ED∼50 μg/ml

ED∼5 μg/ml

EC50∼0.07–9.22 mg/ml

N-methyl-N′-nitro-Nnitrosoguanidine induced mice

ED∼0–1.6 mg/mice/day

ED∼50 g/plate
MNNG and 4NQO induced
Salmonella typhimurium
strains TA98 and TA100; Trp-P-1
and B(α)P induced Salmonella
typhimurium strains TA98
and TA100 in presence with
the S-9 rat enzyme system

H2O2-treated human
lymphocytes

H2O2-treated lymphocytes
from healthy volunteers

H2O2-treated lymphocyte from
gastroenterology patients
and healthy volunteers

H2O2-treated human
dermal fibroblasts

Female SKH-1 hairless mice
UV irradiation model

H2O2-treated human
HaCaT keratinocytes

DPPH, APPH and superoxide
scavenging assays

DPPH, FRAP, TBARS and
β-carotene bleaching assays

Antioxidant activity

Water and 70%
ethanol extracts

EC50∼31.42–336.42 μg/ml

DPPH, superoxide and hydroxyl
radical scavenging assays

Antioxidant activity

Ethyl acetate,
butanol, water
fractions of 60%
ethanol extract

IC50/EC50/LC50 values or
experimental dosage (ED)

Model

Bioactivity

Crude extract

Table 1. Bioactivities of crude extracts of chaga (Inonotus obliquus) - (continued)

Cui et al. (2005)

Glamočlija et al. (2015)

Liang et al. (2009)

Reference

–

–

Alleviated oxidative DNA damage

Alleviated oxidative DNA damage

Alleviated oxidative DNA damage

Decreased SOD1, CAT and
KI67 mRNA expression and
increased ROS production

Increased SOD1, CAT and
KI67 mRNA expression and
decreased ROS production

Scavenged intracellular ROS and
prevented lipid peroxidation;
increased collagen synthesis
through inhibition of MMP1 and MMP-9 activities

Ham et al. (2003)

Ham et al. (2009)

Park et al. (2004)

Park et al. (2005a)

Najafzadeh et al. (2007)

Szychowski et al. (2018)

Suppressed UV-induced morphologic Yun et al. (2011)
skin changes (thickening and wrinkle)

–

–

–

–

Specific mechanism or
manifestation

Bioactive compounds and bioactive properties of chaga
Peng et al.
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Silver
nanoparticles of
water extract

HIV-infected and PHAstimulated peripheral
blood mononuclear cells

HIV-infected MT-4
amd CD4 cell,

Antibacterial activity

Escherichia coli, Proteus
mirabilis, Staphylococcus
epidermidis

Aspergillus fumigatus (human
isolate), Aspergillus versicolor
(ATCC 11730), Aspergillus
ochraceus (ATCC 12066),
Aspergillus niger (ATCC 6275),
Trichoderma viride (IAM
5061), Penicillium funiculosum
(ATCC 36839), Penicillium
ochrochloron (ATCC 9112)
Penicillium verrucosum var.
cyclopium (food isolate)

Anti-virus

Water extract

Hepatitis C virus-infected
porcine embryo kidney cells

Antifungal activity

Anti-virus

Water extract

HIV-infected MT-4
lymphoblastoid cells

–

–

–

Inhibited HIV infection and
HIV-induced cell damage

Inhibited infective properties of
virus more than 100-fold and the
production of infective virus

–

–

–

Specific mechanism or
manifestation

–

ED∼0.01–1,000 µg/ml

ED∼0.01–1,000 µg/ml

–

ED∼5.0 μg/ml

ED∼100 and 200 mg/kg
BW (oral administration)

Acetic acid-induced abdominal
constriction test in mice

Staphylococcus aureus
(ATCC 6538), Bacillus cereus
(clinical isolate), Micrococcus
flavus (ATCC 10240),
Listeria monocytogenes
(NCTC 7973), Pseudomonas
aeruginosa (ATCC 27853),
Salmonella typhimurium
(ATCC 13311), Escherichia coli
(ATCC 35210), Enterobacter
cloacae (human isolate)

Anti-virus

Water and
aqueous water
extract

ED∼100 and 200 mg/kg
BW (oral administration)

IC50/EC50/LC50 values or
experimental dosage (ED)

Hot plate test in mice

Model

Antibacterial activity

Analgesic activity

Methanol extract

70% Ethanol and
water extracts

Bioactivity

Crude extract

Table 1. Bioactivities of crude extracts of chaga (Inonotus obliquus) - (continued)

Nagajyothi et al. (2014)

Glamočlija et al. (2015)

Sakuma (2004)

Shibnev et al. (2011)

Shibnev et al. (2015)

Park et al. (2005b)

Reference

Peng et al.
Bioactive compounds and bioactive properties of chaga
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18
ED∼200 μg/ml

ED∼500 and 1,000
mg/kg BW/day (oral
administration)

Dipeptidyl peptidase-4 assay

Alloxan-induced type1 diabetic mice

Anti-hyperglycemic
activity

Anti-hyperglycemic
and antioxidative
stress effects

Dry material of
cultivation broth

–

Subcellular membrane

ED∼50 mg/kg BW/day
(oral administration)

–

ED∼100–2,000 μg/ml

HepG2 and C2C12 cells
incubated with the
conditioned media from
3T3-L1 adipocyte cultures

3T3-L1 adipocytes

ED∼10, 25, 50, 100 μg/ml

Chloroform
extract of
cultivation broth

Antihyperglycemic
activity

Water extract

3T3-L1 preadipocytes

IC50/EC50/LC50 values or
experimental dosage (ED)

High fat-fed obese mice

Pro-adipocyte
differentiation

Water extract

Model

Antihyperglycemic
effect

Bioactivity

Crude extract

Table 1. Bioactivities of crude extracts of chaga (Inonotus obliquus) - (continued)
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Geng et al. (2013)

Sun et al. (2008)
Decreased serum contents of FFA,
TC, TG and LDL-C; increased HDL-C,
insulin level and hepatic glycogen
contents in liver; increased CAT, SOD
and GPx activities, and decreased
MDA content in liver; restored the
damage of pancreatic β-cells

Lee and Hyun (2014a)

Joo et al. (2010)

Reference

–

Improved insulin sensitivity and
reduced adiposity; increased
mRNA expression of adiponectin
in epididymal adipose tissue;
increased the mRNA expression
of fatty acid oxidative genes
(CPT-1, AOX, and PGC1α)

Increased translocation of
GLUT4 from cytoplasmic vesicles
to plasma membrane

Increased the phosphorylation
of AMPK

Increased both non-insulinstimulated and insulin-stimulated
glucose uptake; activated PI
3-K and increased the Akt
phosphorylation; increased mRNA
expression of lipogenic genes FAS;
increased the mRNA expression
of fatty acid oxidation genes
including CPT-1, AOX, and LCAD

Activated adipogenesis of 3T3L1 preadipocytes; increased TG
accumulation; stimulated gene
expression of CCAAT/enhancerbinding protein α and PPARγ
during adipocyte differentiation;
induced the expression of AP2,
LPL, and CD 36; increased the
expression of PPARγ and GLUT4

Specific mechanism or
manifestation

Bioactive compounds and bioactive properties of chaga
Peng et al.

Alloxan-induced type1 diabetic mice

Potassium oxonate/
hypoxanthine-induced
hyperuricemic mice
Xanthine oxidase
Inhibition assay

Anti-hyperglycemic
and antioxidative
stress effects

Anti-hyperglycemic
and antioxidative
stress effects

Anti-hyperglycemic
effect

Antihyperglycemic and
hepatoprotective
effect

Platelet aggregation
inhibitory activity

Anti-hypertension
effect

Anti-hyperuricemia
effect

Anti-hyperuricemia
activity

Anti-hyperuricemia
activity

80 % Ethanol
extract of dry
material of
culture broth

Ethyl acetate
extract

Water extract

Raw power

Ethanol extract

Water extract

100% Ethanol

50% Methanol
fraction of 100 %
ethanol extract

80% Methanol
extract
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Xanthine oxidase
inhibitory assay

Stroke-prone spontaneously
hypertensive rats,

Human blood samples

Otsuka long-evans tokushima
fatty rat (genetically diabetic
rat oral administration

KK-Ay mice (Genetically
type-2 diabetic mice)

Alloxan-induced type1 diabetic mice

Model

Bioactivity

Crude extract

Table 1. Bioactivities of crude extracts of chaga (Inonotus obliquus) - (continued)

IC50∼34.37 µg/mL

–

–

Suppressed xanthine oxidase activity
in serum and liver; down-regulated
renal uric acid transporter 1

ED∼30, 60, 120 mg/kg BW
(single oral administration)
IC50∼20.5 µg/mL

Decreased mean arterial pressure
and the rate of rise of mean arterial
pressure; decreased blood pressure
in the cross-sectional area of the
subendocardial cardiomyocytes;
increased the blood pressure in
the capillaries; decreased the
alkaline phosphatase and IL-6
expression in the capillaries;
lowered the HbA1c level

–

Decreased serum contents of TC
and TG; reduced the serum ALT
level and liver fatty accumulation

Reduced the blood glucose
and plasma insulin

Decreased serum contents of TC
and TG; increased serum HDL-C
and hepatic glycogen contents;
increased GPx activities, and
decreased MDA content in liver;

Decreased serum contents of FFA,
TC, TG and LDL-C; increased HDL-C,
insulin level and hepatic glycogen
contents; increased CAT, SOD and
GPx activities, and decreased
MDA content in liver; restored the
damage of pancreatic β-cells

Specific mechanism or
manifestation

ED∼extracts of 0.03
g dry material/day

ED∼2.5 mg/ml

ED∼50 g/kg BW/day

ED∼100 and 300 mg/
kg (single dose, oral
administration)

ED∼500 mg/kg BW/day
(oral administration)

ED∼30 and 60 mg/kg BW/
day (oral administration)

IC50/EC50/LC50 values or
experimental dosage (ED)

Szychowski et al. (2018)

Wold et al. (2020)

Yong et al. (2018)

Koyama et al. (2006)

Hyun et al. (2006)

Cha et al. (2006)

Miura (2007)

Lu et al. (2010)

Xu et al. (2010a)

Reference

Peng et al.
Bioactive compounds and bioactive properties of chaga

19

20

Anti-obesity and
probiotic effects

80% Ethanol
extract

Anti-hypertension
effect

Food product
containing
chaga extract
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Anti-psoriasis effect

Anti-peptic
ulcers effect

Ethanol extract

Medicinal
product

peptic ulcer patients

psoriasis patients

HIV-infected patients

Healthy adults

Type-2 diabetic patients

–

–

–

ED∼5 ml for two times
or single dose of 15
ml/person/day

ED∼100 mg (single dose,
oral administration)

–

–

One succeeded, one failed

Frequent micturition and
increased sweating

Suppressed lipid peroxide

Lowered systolic blood pressure
and diastolic blood pressure

Decreased the postprandial peak
glucose, PPGE, AUC glucose;
improved the postprandial
endothelial dysfunction

Improved the obesity of mice,
including the adjustment of body
weight gain, energy intake, energy
efficiency, liver glucose metabolism
and triglyceride metabolism,
tricarboxylic acid (TCA) cycle, and
degradation of three major nutrients
(carbohydrate, lipid, and protein);
Increased cecal propionate based
on Bacteroides and Akkermansia,
thereby inhibiting energy intake
and fat accumulation in mice

Specific mechanism or
manifestation

Frost (2016); Fedotov
and Rodsolaĭnen (1981)

Frost (2016); Dosychev
and Bystrova (1973)

Sakuma (2004)

Yonei et al. (2007)

Maenaka et al. (2008)

Yu et al. (2020)

Reference

DSS: dextran sulfate sodium; PPARγ: peroxisome proliferator-activated receptors γ; AP2: adipocyte protein 2; LPL: lipoprotein lipase; CD36: fatty acid translocase; MDCK cell: Madin-Darby Canine Kidney cell; CRFK cell: CrandellReese feline kidney cell; FPV: feline panleukopenia virus; FIPV: feline infectious peritonitis virus; FHV-1: feline herpesvirus 1; FCV: feline calicivirus; MMP: matrix metalloproteinase; IκBα: nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor, alpha; BW: body weight; HFD: high-fat diet; STZ: streptozotocin; MMP: matrix metalloproteinase; MSPKs: mitogen-activated protein kinases; PI3K: phosphoinositide 3-kinase; AKT: protein
kinase B; ERK: extracellular signalregulated protein kinase; JNK: c-Jun N-terminal kinase; P38: Cytokinin Specific Binding Protein (CSBP); MAPKs: mitogen-activated protein kinases; NF-κB: nuclear factor κB; COX: cyclooxygenase, STZ: streptozocin; MDA: maleic dialdehyde; TC: total cholesterol; TG: triglyceride; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol; CAT: catalase; SOD: superoxide dismutase; GPx:
glutathione peroxidase; TBARS: thiobarbituric acid-reactive species; PPGE: postprandial plasma glucose excursion; AUC: area under the curve; HBDH: hydroxybutyrate dehydrogenase; LDH: lactate dehydrogenase; MDH: malate
dehydrogenase; GGT: gamma-glutamyl transferase; MNNG: N-methyl-N′-nitro-N-nitrosoguanidine; C/EBPα: CCAAT/enhancer-binding protein α); PPARγ: peroxisome proliferator-activated receptors γ; GLUT4: glucose transporter
4; aP2: adipocyte protein 2; LPL: lipoprotein lipase; CD36: fatty acid translocase; STAT: signal transducers and activators of transcription; IFN: interferon: COX: cyclooxygenase; IL: interleukin; Ig: immunoglobulin; ALT: alanine
aminotransferase; ACC: acetyl-CoA carboxylase; FAS: fatty acid synthase; AOX: acyl CoA oxidase; CPT1: carnitine palmitoyltransferase 1; PGC1-α: peroxisome proliferator-activated receptor gamma coactivator 1-α; LCAD: longchain acyl-CoA dehydrogenase; PI 3-K: phosphoinositide 3-kinase; SREBP1-c: sterol-regulatory-element-binding protein 1c.

Anti-virus effect

Water extract

Adverse effect

Anti-oxidative
stress effect

Anti-hyperglycemic
effect

Raw power

IC50/EC50/LC50 values or
experimental dosage (ED)

High-fat diet fed C57BL6/J mice ED∼500 mg/kg BW per day

Model

Cases related to patients/healthy volunteers

Bioactivity

Crude extract

Table 1. Bioactivities of crude extracts of chaga (Inonotus obliquus) - (continued)
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of these two tumor/cancer models, which demonstrated that the antiinflammatory effect might be a key mechanism in anti-cancer effect
of chaga extracts (Mishra et al., 2013). Furthermore, a successful cure
for triple-negative breast cancer of a 49 years old female patient by
combined use of chaga and Ganoderma lucidum has been reported
(Tiziana et al., 2020). Even during radiation therapy, the inflammatory markers of this patient were still significantly reduced by administrating low dosages of chaga. On the other hand, Song et al. (2007)
thought that the anti-tumor effect of chaga was associated with its
immunomodulatory ability. In their study, chaga extract simulated the
in vitro immunomodulatory activity of mouse splenocytes but also
inhibited the pulmonary metastasis in CT-26 cell-inoculated BALB/c
mice (Song et al., 2007). This view was strongly supported by further
anti-tumor studies of chaga polysaccharide, as discussed in section
4.3. Hence, these two mechanisms may be involved in inhibiting tumor progression in different stages which are due to different compounds. Particularly, it is noteworthy that either short period (4-days)
oral administration (20 or 200 mg/kg BW/day; high/low doses,) or
short period (4-days)/low dose (10 mg/kg BW/day) intravenous administration of water extract of chaga could significantly inhibit pulmonary metastasis in CT-26 inoculated mice. However, when mice
were treated for a long period (14-days) oral administration (20 or
200 mg/kg BW/day) or a short period (4-days)/high dose (100 mg/
kg BW/day) intravenous administration, their tumor metastasis was
significantly stimulated (Song et al., 2007). This contradictory result
may imply the adverse effect of long-term/high-dose use of chaga, as
discussed in section 3.
2.2. Anti-inflammatory effects
Inflammation is a vital part of the immune system’s response to damaged cells, pathogens, and irritants. During inflammation, the cytokines released by injured cells signal the damaged sites for the immune system, which further helps to defend the body against foreign
invaders such as pathogens, irritants, and toxins. However, chronic
inflammation can contribute to the development of diseases, especially cardiovascular disease and tumor progression (Coussens et al.,
2002; Pahwa et al., 2019). On the one hand, inflammation promotes
the apoptosis of injured cells and tries to eliminate the cause of inflammation through activating immune cells to release pro-apoptotic
cytokines and free radicals (Haanen and Vermes, 1995). On the other
hand, to replace the necrotic tissue, it constantly stimulates the proliferation of adjacent cells until repair is completed (Coussens et al.,
2002). The abnormal repetition of cell proliferation in microenvironments rich in inflammatory cells (e.g. dendritic cells, macrophages,
eosinophils, mast cells, and lymphocytes, but chiefly neutrophils),
growth factors (e.g. platelet-derived growth factor, platelet-derived
angiogenesis factor (PDGF), transforming growth factor-α (TGF-α),
TGF-β and basic fibroblast growth factor), activated stroma (e.g. endothelial cells, nerve cells, immune cells, and extracellular matrix),
and DNA-damage-promoting agents (e.g. UV light, gastric acids, silica, reactive oxygen/nitrogen species (ROS/RNS), alcohol, viruses,
parasites, and bacteria) potentiates the in vivo DNA damage-induced
mutations, in other words, neoplastic risk (Coussens et al., 2002;
Kiraly et al., 2015). Therefore, prevention of chronic inflammation
may be regarded as an anti-cancer therapeutic opportunity. There
are numerous herb/food products containing functional components
with proven excellent anti-inflammatory properties, one of them being chaga (Azab et al., 2016; Muszyńska et al., 2018). The aqueous
alcohol extracts of chaga can effectively inhibit inflammation by
lowering NO (nitrite oxide) production in LPS (lipopolysaccharide)induced RAW 264.7 murine macrophage (Ma et al., 2013; Park et
al., 2005b; Van et al., 2009). The NO inhibition ability of methanol

or 80% ethanolic extract of chaga at 50 μg/ml is close to celastrol
at 25 μg/ml but better than that of L-N6-(1-iminoethyl) lysine at 10
μM (Ma et al., 2013; Van et al., 2009). Besides, in an in vitro inflammation model, different inflammation signaling proteins such
as MAPKs (mitogen-activated protein kinases), ILs (interleukins),
STATs (signal transducer and activator of transcription proteins),
IFN-γ (interferons), NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells), and TNF (tumor necrosis factor) were
modulated by chaga extracts. Luciferase has been used as a measure
of the activation (high fluorescence incidence) or inhibition (low
fluorescence incidence) of NF-κB. A cell line stably expressing luciferase reporter gene under the transcriptional control of the NF-κB
response element, known as NF-kB luciferase reporter cell line, is
widely used for screening signaling activators or inhibitors related
to TLR (toll-like receptors) signaling pathways and activation of the
transcription factor NF-κB in pharmaceutical studies (Battin et al.,
2017). Ma et al. (2013) reported that 70% ethanolic extract of chaga
inhibited the activation of NF-κB-dependent luciferase in (luciferase reporter gene) stably transfected RAW264.7 cells. Meanwhile
in LPS-induced RAW 264.7 inflammation model, the 80% alcohol
extract (100 μg/ml) exhibited a similar or higher inhibition activity of pro-inflammatory factors compared with salicin (500 μg/ml),
which down-regulated expression of IL-6, TNF-α, iNOS, COX-2
and inhibited the phosphorylation of IκB-α, Akt, and MAPKs (JNK,
p38, ERK) (Van et al., 2009). In the same model, pure methanolic
extract and water extract of chaga not only decreased the production
of PEG2, STAT1, pSTAT1, STAT6, and pSTAT6 but also suppressed
the degradation of cytosol IκB-α and the protein/mRNA levels of
TNF-α, iNOS, COX-2, NF-κB (p65/p50), and nuclear p65 (Choi et
al., 2010; Park et al., 2005b). Most recently, 50% methanolic and
water extracts of chaga were found to inhibit TNF-α production in
either LPS- or histamine-induced RAW 264.7 cells. Meanwhile,
simultaneous treatment of 50% methanolic extract and histamine
could attenuate histamine-induced microvascular inflammation by
reversing the reduction of conducted vasodilation of second-order
arterioles in the gluteus maximus muscle of C57BL/6 mice (Javed et
al., 2019). Furthermore, anti-inflammatory effects have been further
verified in in vivo inflammation models. Park et al. (2005b) examined the anti-inflammatory effect of a methanolic extract of chaga
in a carrageenin-induced mouse edema model. They found that this
extract exhibited a preventative inhibitory effect on inhibiting carrageenin-induced edema for 2–4 h if it was administered orally for 7
consecutive days prior to injecting carrageenin, even if effectiveness
of extract (100/200 mg/kg) was much lower than that of the positive
control (ibuprofen, 100 mg/kg). In addition, in DSS (dextran sulfate sodium)-induced mouse acute colitis model, oral administration
of water extract of chaga after inducing colitis maintained the liver
weight, it decreased the serum level of IgE, decreased the expression
of TNF-α, IFN-γ, IL-4, STAT6, and STAT1 proteins in the spleen
(Choi et al., 2010). Moreover, in another DSS-induced mouse acute
colitis model, both preventative and therapeutic treatment of water
extract of chaga suppressed edema, mucosal damage, and the loss of
crypts, inhibited iNOS levels and myeloperoxidase accumulation,
and suppressed mRNA overexpression of TNF-α, IFN-γ, IL-1β, and
IL-6 induced by DSS in colon tissues (Mishra et al., 2012).
2.3. Antioxidant effects
In aerobic organisms, oxygen consumption is essential for efficient
energy metabolism but, paradoxically, produces ROS (reactive oxygen species) and free radicals(Reuter et al., 2010). The detrimental environmental factors, including radiation and toxins as well as
adverse physiological/psychological status such as tension, sleep
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deprivation, hyperglycemia, and obesity, can excessively induce free
radicals. The overload of free radicals leads to chronic inflammatory
reactions and molecular damage in cells, which then progresses to a
broad spectrum of diseases, especially type-1/2 diabetes and cancers
(Hapuarachchi et al., 2003; Limón-Pacheco and Gonsebatt, 2009;
Tsuboi et al., 2008; Zhang et al., 2013a). Thus, endogenous antioxidant enzymes such as CAT (catalase), SOD (superoxide dismutase),
GPx (glutathione peroxidase), thioredoxin and endogenous/exogenous antioxidants such as GSH (glutathione), ascorbic acid, uric
acid, tocopherols, bilirubin, phenolics play crucial roles in preventing in vivo free radical-induced oxidative damage. Similar to other
medicinal mushrooms and plant-based herbs, polar-solvent extracts
of chaga were found to exert intense antioxidant activity. Various
antioxidant activities of water/alcohol extracts of chaga have been
evaluated in DPPH (2,2-diphenyl-1-picrylhydrazyl), FRAP (ferric
reducing antioxidant power), superoxide/hydroxyl radical scavenging, TBARS (thiobarbituric acid reactive substances) formation inhibition, and β-carotene bleaching assays (Cui et al., 2005; Glamočlija
et al., 2015; Liang et al., 2009). The effectiveness of these extracts in
scavenging free radicals and reducing transition metal ions is close
to that of ascorbic acid at the same concentration (Cui et al., 2005).
These antioxidant abilities of chaga mushroom provides the chemical basis in preventing oxidative stress and damage. For instance,
water and ethanolic extracts of chaga protected H2O2-treated human
lymphocyte from DNA damage (Najafzadeh et al., 2007; Park et al.,
2005a; Park et al., 2004). Besides, water extracts of chaga also prevented H2O2-induced apoptosis and premature senescence in human
fibroblasts, it functioned through scavenging intracellular ROS (reactive oxygen species), preventing lipid peroxidation, and increasing
collagen synthesis through inhibition of MMP-1 and MMP-9 activities (Yun et al., 2011). Recently, Szychowski et al. (2018) found that
chaga extract enhanced the antioxidative stress ability of normal cells
but induced oxidative stress to cancer cells. Thus, treatment of 1 mg/
ml ethanolic extract on BJ normal human skin fibroblast induced increase of SOD1, CAT and KI67 mRNA expression along with decrease of ROS production. However, the same dose gave opposite
results in Caco-2 human colon cancer cells, decreased SOD1, CAT
and KI67 mRNA expression and increased the ROS production (Szychowski et al., 2018). Apart from the anti-inflammation and antioxidant activities, the antimutagenic activity of chaga could also attenuate cancer initiation and progression processes (Chung et al., 2010).
The data of Park et al. (2005a) and Ham et al. (2003) support the
protective effects of chaga extracts against oxidative DNA damage in
H2O2-treated human lymphocytes and MNNG-induced genotoxicity
in mice. In another study, Ham et al. (2009) later found that two subfractions of methanolic extract mainly contained 3β-hydroxylanosta8,24-dien-21-al and inotodiol, respectively; these strongly inhibited
the mutagenesis of Salmonella typhimurium strain TA100 induced
by the directly acting mutagen MNNG (N-methyl-N-nitro-N-nitrosoguanidine) by 77.3–80.0%. At the same concentration, they also
inhibited another directly acting mutagens 4NQO (D-biotin, 4-nitroquinoline-1-oxide)-induced mutations in Salmonella typhimurium
strain TA98 and TA100 by 52.6–62.0%. Besides, the mutagenesis in
strain TA98 induced by the indirectly acting mutagens Trp-P-1 (tryptophan-P-1) and B(a)P (benzo[a]pyrene) was reduced by 47.0–68.2%
by these subfractions, while the mutagenesis in TA100 induced by
Trp-P-1 and B(α)P was reduced by 70.5–87.2%.
2.4. Anti-diabetic effects
As emphasized in the most recent WHO (2017) statistics report,
8.5% of global adults had diabetes which resulted in an estimated 1.6
million deaths in 2016. In 2015 in Canada, diabetes and prediabetes
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rates were 9.3% (3.4 million) and 22.1% (5.7 million), respectively
(Houlden, 2018). These data in 2018 in the United State of America
were around 10.4% (34.2 million) and 26.8% (88 million), respectively (Centers-for-Disease-Control-Prevention, 2020). One of the
most direct results of pre-diabetes and diabetes is hyperglycemia.
Without treatment, hyperglycemia can further cause severe complications, including ketoacidosis, infection (immune dysfunction), and
various tissue/organ damage. Chaga and its extracts showed an outstanding anti-hyperglycemic effect in both in vivo type-1 and type-2
diabetic models. The clinical data of Maenaka et al. (2008) showed
that prior use of chaga improved postprandial endothelial dysfunction and various indicators of blood sugar in type-2 diabetic patients.
Besides, in genetically type-2 diabetes KK-Ay mice, either a single
or repeated 6 weeks oral administration of water extract of chaga
could significantly reduce blood glucose, as well as plasma insulin,
which demonstrate that chaga extract could alleviate insulin resistance (Miura, 2007). In addition, hypoglycemic effects of chaga were
confirmed in a type-1 diabetic model. Sun et al. (2008) and Xu et
al. (2010a) reported that 2-weeks oral administration of cultured or
wild chaga extracts could decrease mice serum contents of FFA (free
fatty acids), TC (total cholesterol), TAG (triacylglycerols), LDL-C
(low-density lipoprotein-cholesterol), and liver MDA (malondialdehyde) content in alloxan-induced diabetes models. Meanwhile, the
treatment also increased mice HDL-C (high-density lipoproteincholesterol), insulin level, and hepatic glycogen contents as well as
CAT, SOD and GPx activities in the liver (Sun et al., 2008; Xu et
al., 2010a). The histopathological examination of these mice showed
that the damage to pancreatic β-cells was restored in the treated diabetic mice compared to the untreated group, in other words chaga
stimulated regeneration of the β-cells and thus normalized the level
of insulin (Sun et al., 2008; Xu et al., 2010a). Later, other potential
mechanisms on regulating insulin and blood lipid levels by using
chaga were found. For example, alkaloids and terpenoids isolated
from chaga extract were found effective in inhibiting the DPP-4 (dipeptidyl peptidase 4), an important enzyme and as a new therapeutic
target for diabetes (Geng et al., 2013). The differentiation of 3T3-L1
preadipocytes was induced by chaga extract via signaling pathway
of C/EBPα (CCAAT/enhancer-binding protein α) and PPARγ (peroxisome proliferator-activated receptors γ) (Joo et al., 2010). Water extract of chaga also increased both non-insulin-stimulated and
insulin-stimulated glucose uptake of 3T3-L1 adipocytes through
activating PI 3-K (phosphoinositide 3-kinase) and phosphorylation
of its downstream protein the Akt, and increasing mRNA expression
of lipogenic genes FAS (fatty acid synthase) and fatty acid oxidation
genes including CPT-1 (carnitine palmitoyltransferase 1), AOX (acyl
CoA oxidase), and LCAD (long-chain acyl-CoA dehydrogenase)
(Lee and Hyun, 2014a). A similar result was confirmed through high
fat-fed obese mice, the oral administration of water extract of chaga
at a dose of 50 mg/kg BW/day improved insulin sensitivity and reduced adiposity with increasing mRNA expression of adiponectin
and fatty acid oxidative genes including CPT-1, AOX, PGC1α (peroxisome proliferator-activated receptor gamma coactivator 1-α) in
epididymal adipose tissue (Lee and Hyun, 2014a).
2.5. Other health effects and their potential relevance with
chemistry of chaga extracts
Beyond the health effects mentioned above, other bioactivity studies have been carried out as summarized in Table 1. The chaga
extract exhibited a broad-spectrum of antiviral, anti-bacterial and
anti-fungal activities in various in vitro trials (Glamočlija et al.,
2015; Shibnev et al., 2015; Shibnev et al., 2011). The ethanolic
extract of chaga showed platelet aggregation inhibitory activity
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in whole blood and platelet-rich plasma, from which Hyun et al.
(2006) isolated a novel tripeptide and confirmed its anti-aggregation effect in mice. In addition, the alcohol extracts showed antihyperuricemic effect by inhibiting xanthine oxidase in both in vitro
and in vivo trials (Szychowski et al., 2018; Wold et al., 2020; Yong
et al., 2018). Yonei et al. (2007) published a clinical study about
chaga which verified several health claims of foods containing
chaga by a double-blind trial. The parameters including systolic/
diastolic blood pressure, lipid peroxide, and the mental/physical
symptoms such as “cold skin” and “inability to sleep because of
worries” were significantly improved. However, several adverse
effects were also found (see section 3).
Normally extraction means concentrating certain groups of
functional ingredients from a specific material. Compared to the
hypoglycemic efficacy of the materials used in the studies of Sun
et al. (2008) and Xu et al. (2010a), 80% ethanolic extract of the
cultured broth of chaga was almost 100-fold more efficient than the
simple cultured broth of chaga. Regarding different extraction and
preliminary purification approaches, variations exist in the composition of extracts. The dry chaga contains around 2–2.76% protein,
0.04–6.0% phenolics, 11.63–15% ash, 0.51–8% terpenoids, 0.2–2%
melanin, 2.76% lipid, 25–37.56% lignin, 2% cellulose, and 12.5%
hemicellulose (Glamočlija et al., 2015; Ju et al., 2010; Kim et al.,
2008b; Koyama et al., 2008; Rhee et al., 2008; Shashkina et al.,
2006; Si, 2018). Regardless of the actual proportion of various compounds in chaga, the main bioactive components in various chaga
extracts are polysaccharides, terpenoids, phenolics/lignin, melanin,
peptides/protein, and their covalent complexes; some compounds
such as alkaloids have also been reported. The data of Mishra et
al. (2012) revealed significant anti-inflammation ability of water
extract (40 °C, 3 h) of chaga which contained 57, 204, 127 μg/mg
of phenolics, polysaccharides, and protein, respectively. In another
comparative study, the water extract prepared by 2 h process at 80
°C showed the presence of 247.5 μg/mg extract of polysaccharides
and 136.9 μg/mg extract of protein, while these were not detected
in the pure-ethanolic extract (Hu et al., 2009). The latter, however,
possessed a much stronger pro-apoptotic effect on human colorectal
cancer cell line DLD-1 in a time-dependent manner. The presence
of higher concentrations of terpenes and/or phenolics is regarded
as being the contributor. Along with the anti-proliferation ability,
simlilar comparative data between water and organic solvent extracts also corresponded with their in vitro anti-inflammatory and
enzyme inhibition activity (Baek et al., 2018; Nomura et al., 2008;
Van et al., 2009; Wold et al., 2020). The presence of a high amount
of terpenoids and sometimes even alkaloids in organic-solvent extracts was deemed as the main cause (Baek et al., 2018; Geng et al.,
2013; Ma et al., 2013; Nomura et al., 2008; Wold et al., 2020). On
the other hand, the crude polysaacharide fraction (water fraction)
of 80% ethanolic extract of chaga was found to render stronger
anti-inflammatory activity than its crude phenolic/terpene fraction
(ethyl acetate fraction) (Van et al., 2009). Meanwhile, Lee et al.
(2009) showed that anti-proliferation activity of the 70% ethanolic
extract on HT-29 cells was significantly lower than that of the water
extract. Hyun et al. (2006) screened the anti-platelet aggregation
activity of water/ethanol extracts from nine chaga samples. The enthanolic extract of one sample showed the highest platelet aggregation inhibitory activity compared to the other ethanol/water extracts
but platelet aggregation inhibitory activity of water extracts was
found in more samples. The platelet aggregation inhibitory activity was eventually attributed to a tripeptide isolate (Trp-Gly-Cys).
In short, the exact efficacies of biactivities of chaga extracts varied
with different samples employed. Meanwhile, the combined effects
of different pure compounds also needs to be considered although
certain compounds may mainly contribute to some specific health

effects. To verify the exact contributors and the specific mechanism
of these bioactivity differences, further studies of the bioactivity of
isolated pure compounds from the extracts are necessary, as discussed further in section 4.
3. Safety of chaga products and oxalate-associated side effects
of chaga decoction
Based on their long folk therapy history, the use of chaga and its
products is generally deemed safe. Although clinical or animal
studies have not sufficiently investigated the acute toxicity, subtoxicity, or chronic toxicity of chaga crude extracts, some preliminary
studies have incidentally assessed their toxicity/safety in in vitro
cellular assays and murine animal trials. In terms of cellular test,
the ethanol and water extracts of chaga were only toxic at concentrations of 100 and 400 μg/ml, respectively, to human HaCaT keratinocytes (Cui et al., 2005). Similarly, normal Chang-liver cells
and primary porcine liver cells PLP2 were not markedly affected
by alcohol and/or water extracts of chaga at a concentration of less
than 400 μg/ml (Glamočlija et al., 2015; Youn et al., 2008). There
are also studies that show the general cytotoxicity in both the normal and cancer cell lines. Song et al. (2007) reported that the water
extract of chaga at high concentrations of over 100 μg/ml inhibited
the viability of HT1080, Hep G2, CT-26 as well as CRL-7250 normal human fibroblast after a 6-days culture (much longer than the
treating duration in other studies). Nakajima et al. (2009) found the
water extract of chaga was more toxic on IMR90 normal human
lung cells (IC50/LD50∼18.7–29.8 µg/ml) than on cancer cell lines
(A549, PA-1, U937, and HL-60, IC50/LD50∼23.2–105.2 µg/ml).
As for in vivo trials, the pro-tumor effect as well as toxic appearance in liver to the naked eye in the CT-26 cells-inoculated mice
induced by intravenous administration of water extract of chaga
were noticed (Song et al., 2007). In the case of non-intravenous administration, Park et al. (2005b) did not find any toxic syndromes
based on the body weight change of male Sprague-Dawley rats
which were orally administrated 100 or 200 mg/kg body weight of
chaga methanolic extract for 7 consecutive days. There were also
no life-threatening toxic effect and body weight loss in the mice
administrated 30 mg/kg/day, intraperitoneally, or 300 mg/kg/day,
orally, of the extract for 60 consecutive days (Kim et al., 2006). A
single dosage of ethanol extract of chaga at 30–120 mg/kg body
weight had no toxic impact on kidney and liver functions of male
SPF Kunming mice (Yong et al., 2018). Another anti-tumor study
on pathogen-free female ICR mice showed that 20-weeks consecutive external use of chaga-origin inotodiol had no influence on
their body weight (Nakata et al., 2007). The review of Koyama et
al. (2008) reported that oral administration of dried raw chaga at 1
g/day for 2–3 weeks did not cause any problem in human subjects.
However, other reports indicated the side effects, including dietary hyperoxaluria, oxalate-induced acute/chronic nephropathy,
and liver injury, upon oral administration of chaga over a moderate/long-term and high dose use (Kim et al., 2005; Lee et al., 2020;
Lumlertgul et al., 2018; Maenaka et al., 2008; Yonei et al., 2007).
The most recent clinical case came from the emergency room of a
Korean hospital in 2016. A 49 years-old male without any family
medical history and history of kidney stone, diabetes, hypertension, and operation, was confirmed with kidney failure (oxalate
nephropathy) and eventually underwent kidney transplantation
after 18-months maintenance with hemodialysis. His regular examination result of renal function and urine analysis were both
normal until hospitalization. After looking into his drug history,
the kidney failure caused by oxalate nephropathy was associated

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

23

Bioactive compounds and bioactive properties of chaga
with his 5-years continuous use of chaga powder (for treating atopic dermatitis) (Lee et al., 2020). The dosage he took was 3 g/day
(two times/day) in the first 4 years and 9 g/day in the fifth year.
Back to 2014, a 72-year-old Japanese female was diagnosed with
liver cancer and had to undergo hepatectomy after 15 months. For
alleviating the cancer, she ingested chaga powder (4–5 teaspoons/
day) from the sixth month to the twelfth month after diagnosis, but
eventually turned to be oxalate nephropathy with detectable oxalate crystals in her kidney tubules and urinary sediment (Kikuchi
et al., 2014). As early as 2007 in Japan, a double-blind study of
chaga food product using 60 healthy human volunteers showed unfavorable effects including frequent urination and increased sweating after oral administration at doses of 5 or 15 ml/person/day for
8 weeks even if no specific attention was paid to the concentration
of blood/urine oxalate (Yonei et al., 2007). The potential cause of
adverse results in these cases was thought to be related to the extremely high quantity of oxalic acid in chaga. Lee et al. (2020)
reported a 14.2% oxalate (0.142 g oxalate/g chaga) in chaga powder. Glamočlija et al. (2015) reported oxalic acid content of chaga
water extracts at 3.29% (Thailand), 5.57% (Finland), and 9.76%
(Russia), while 70% ethanolic extracts possessed a lower percentage at 0.67% (Thailand), 0.95% (Finland), 2.42% (Russia). It is
worth noting that less than 100 mg of oxalate daily is considered
safe for preventing kidney stone even if typical diets contain 200
to 300 mg of oxalate daily, and the daily oxalate intake of patient
(9g×3–14%) in the first case is close to its lethal dose of 2–30 g/
day (Lee et al., 2020). On the other hand, there is no related study
about the oxalate levels in cultured chaga materials.
The above cases should make people consider the susceptibility
of Asians to chaga-origin oxalate nephropathy because potential racial difference in handling dietary oxalate truly exists (Lewandowski
et al., 2001; Lewandowski et al., 2005). However, around 12 other
chaga-related cases including two nephropathy cases have also been
noted by British Columbia, Drug and Poison Information Centre
(BC-DPIC), as reported by Toxicology Committee chair of NAMA
(North American Mycological Association) (BC-DPIC, 2016; Beug,
2019; Takikawa, 2006). In the nephropathy case of BC-DPIC, hepatitis as well as renal failure happened in patient at the same time
and dialysis was still required on last follow-up 2 months later but
fortunately the patient was recovered. Another case is an unofficial
personal narrative from NAMA, the patient was a regular chaga user
(a cup of chaga decoction daily) for over 10 years, nothing wrong
happened to him until the resumption of using chaga after a prostate
surgery. Then he had quite heavy hematuria, followed by excruciatingly painful bladder spasms which was suspected to be due to using chaga, even 3 weeks post surgery (Beug, 2019). Therefore, even
though the content of oxalic acid in chaga and excretion capacity of
absorbed oxalate is circumstantial, long-term administration of chaga
or its decoctions/tincture will undoubtedly increase the plasma concentration of oxalate and corresponding risk of oxalate nephropathy.
In addition, liver damage induced by the arbitrary use of traditional herbs as well as chaga has become a worldwide medical issue
(Douros et al., 2016; Jing and Teschke, 2018; Lee et al., 2015b; Lin
et al., 2019; Takikawa, 2006). It is understandable that conducting
expensive clinical studies are impractical for every herb especially
for niche market products. However, specific safe guideline and
healthy limitation for the use of non-mainstream herbal products
should be followed. Regardless of clinical studies, the scientific
basis of the safety assumption including acute/chronic animal trials and subsequent blood/urine/histoanatomy analysis is reasonable
to be requested before their commercialization. Furthermore, sufficient chemical analysis not only helps demonstrating the bioactive
sources of natural herb products but would also reveal their risk factors before tragedies happen to vulnerable individuals. Sometimes
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the so-called bioactive compound is the risk itself as it is the dose
that makes the poison. Meanwhile, the safety and chemical composition of wild mushroom supplements are largely influenced by their
nutritional host. In the following section, a retrospect of the known
organic constituents especially the bioactive compounds of chaga
and their potential safety concerns are discussed.
4. Main bioactives/medicinal constituents of chaga and their
bioactivities
4.1. Terpenoids
Based on numerous comparative studies of the structure-function
relationship of different components in chaga, it was found that the
anti-cancer effect of chaga extracts is remarkably influenced by their
content of terpenoid/terpene derivatives (Kim et al., 2011; Liu et al.,
2014; Zhao et al., 2016a; Zheng et al., 2011b). Terpenoid/terpene derivatives are a major class of chemical compounds found in natural
plants which normally function as signaling chemicals (e.g. gibberellin and abscisic acid), attractants (e.g. carotenoids, caryophyllene,
limonene), repellents (e.g. linalool, farnesene), as well as crucial
structural components of biomembranes (e.g. phytosterols) (Sharma
et al., 2017; Theis and Lerdau, 2003). Terpenes are a plentiful and diverse group of hydrocarbon compounds categorized by their number
of isoprene units and include hemiterpene, monoterpene, sesquiterpene, and diterpene, among others. Even if the mixed-use of terpenoids and terpenes is common, the term “terpenoids” is different
from “terpenes”, the latter compounds are simply unsaturated hydrocarbons polymerized by isoprene units while the former belongs
to terpene derivatives structured with various elements or functional
groups such as oxygenated and nitrogenated branches. According to
the number of cyclic structures, the triterpenoids can be divided into
linear triterpenoids (squalene), monocyclic triterpenoids (e.g. achilleol A and camelliol C), bicyclic triterpenoids (e.g. myrrhanol C and
myrrhanone A), tricyclic triterpenoids (e.g. arabidiol and achilleol
B), pentacyclic triterpenoids (ceanothanolic and rosamultic acid),
as well as the two most common categories in the study of chaga
terpenoids, namely tetracyclic triterpenoids and steroids (Daniel
and Mammen, 2016; Grishko et al., 2015; Kimura et al., 2001; Perveen, 2018; Xiang et al., 2006; Xu et al., 2018). The steroids and
tetracyclic triterpenoids both contain four cycloalkane rings joined
mutually, therefore it is sometimes difficult to conceptually separate them from each other. Some structural characteristics such as
methyl groups on the C-4 and 14 positions may help to distinguish
some steroids from terpenoids (Tong, 2013). Biosynthetic routes can
also help to differentiate them. The tetracyclic triterpenoids derivate
from 2,3-oxidosqualene or/and squalene involving various synthetic reactions such as hydroxylation, cyclization, hydrogenation/
dehydrogenation, epoxidation/peroxidation, and hydride/methyl
shift (Rascon-Valenzuela et al., 2017). Then the produced lanosterol
(animals/yeast) or cycloartenol (plants) can further be metabolized
into steroids. The derivation of steroids involves demethylation,
ketonization, and hydrogenation/dehydrogenation (Bishop and
Yokota, 2001). Therefore, some tetracyclic triterpenoids, including
lanosterol and cycloartenol, can also be classified as steroids. Figure
1 displays various core skeletons of tetracyclic and pentacyclic triterpenoids (Bishop and Yokota, 2001; Biswas and Dwivedi, 2019;
Hamid et al., 2015; Rascon-Valenzuela et al., 2017; Stanczyk,
2009; Xiao et al., 2018). The lanostane-type terpenoids are main
triterpenoids/steroids isolated from mushrooms which also apply
to terpenoid composition of chaga. As summarized in Table 2, 57
out of 108 known triterpenoids/steroids are lanostane-type tetracy-
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clic terpenoids/steroids. Some triterpenoids such as fuscoporianols
A-D, inoterpene A-F, inonotsuoxodiol A, spiroinonotsuoxodiol,
inonotsudiol A, inonotusane A-G, inotolactone A-C, inonotsuoxide A and B, inonotsutriol A-E, fuscoporianol A-C, obliquic acid,
and inotodiol are exclusive and can only be found in chaga (Figure
2). The isolation and identification methods of these compounds
are also briefly given in Table 2. Moreover, the review of Nikitina
et al. (2016), which summarized the original Russian articles, may
provide different structural information about chaga terpenoids
from those given in this contribution that is built upon using the
English source.
Lanostane-type terpenoids are well known for their potential
in cancer treatment (Duru and Çayan, 2015). As Table 3 summarizes, numerous in vitro anti-proliferation studies of lanostane-type
terpenoids isolated from chaga extracts have been published. In
this table, only the results with significant inhibitory ability at the
experimental dosage (ED) employed or the results with IC50 (half
maximal inhibitory concentration) less than 40 μM are shown.
For example, the ergosterol peroxide purified from chaga exerted
moderate-high cytotoxicity on various cancer cell lines such as
PC3, MDA-MB-231, A549, L1210, HepG2, MCF-7, HCT116,
HT-29, SW620, DLD-1 cells (Kang et al., 2015; Kim et al., 2011;
Ma et al., 2013). In HT-29 and HCT116 colorectal cancer cell
models, ergosterol peroxide could induce subG1 arresting, inhibiting the nuclear levels of of β-catenin, and ultimately resulting in
reduced transcription of c-Myc, cyclin D1, and CDK-8 (Kang et
al., 2015). The inotodiol also showed cytotoxicity on many cancer
cell lines including L1210, A549, P388, AGS, MCF-7, and Hela
cells (Chung et al., 2010; Nomura et al., 2008; Tanaka et al., 2011;
Zhong et al., 2011). In A549 lung cancer cell model, inotodiol arrested cell cycle in S phase, decreased expression of Ki-67 and
Bcl-2 proteins, and increased expression of p53 and bax proteins
(Zhong et al., 2011). Furthermore, the in vivo anti-cancer effect
of chaga terpenoids has been confirmed in animal trials. Taking
ergosterol peroxide (isolated from chaga), as an example, the oral
administration of ergosterol peroxide at 15 mg/kg body weight/12
h for 8 or 14 weeks helped maintaining colonic epithelial cell
structures, improving histological damage in response to AOM/
DSS, and suppressing tumor growth in the colon colorectal cancer
in mice (Kang et al., 2015). More in vivo anti-cancer trials can be
found in the studies of chaga-origin triterpenoids such as lanosterol, inotodiol, and 3β-hydroxylanos-8,24-dien-21-al (Table 3). Other bioactivities of chaga-origin terpenoids including α-glucosidase
inhibitory activity, EBV-EA activation inhibitory activity, PTKs
(protein tyrosine kinases) inhibitory activity, hepatoprotective activity, antioxidant, and anti-inflammatory activity have also been
reported (Table 3). Intriguingly, chaga ethanolic extract was found
to have significant in vivo anti-hyperuricemic effect, and the triterpenoids such as 3β-hydroxylanosta-7,9(11),24-trien-21-oic acid,
inonotusic acid, trametenolic acid, and betulin were considered as
the main contributors due to their efficient xanthine oxidase inhibitory activity (Yong et al., 2018). However, this standpoint was
challenged later due to the failed repetition in the study of Wold et
al. (2020) who suggested the non-terpenoid compounds inhibit the
xanthine oxidase activity. This property was therefore not included
in Table 3. Besides, a quantity of medicinal potential of common
triterpenoids such as ergosterol peroxide, β-sitosterol, betulinic acid, and oleanolic acid, which are extractable from not only
chaga but also various other fungi/plants, have been prevalently
reported (Chhikara et al., 2018; Merdivan and Lindequist, 2017;
Moghaddam et al., 2012; Yogeeswari and Sriram, 2005). Such
bioactivity studies may provide additional information in investigating pharmaceutical properties of chaga products. Apart from
the various bioactivities published, the terpenoids also attract the

toxicity concerns. Some terpenoids are known to cause detrimental
effects on skin, digestive tract and even central nervous system
with various adverse syndrome such as irritation, gastrointestinal
disorders, hallucination, seizure, and coma (Mbaveng et al., 2014).
However, to date, there is no specific toxicity studies on the unique
terpenoids of chaga.
The growth rate of wild chaga is extremely slow. To satisfy the
increased commercial requirement of chaga products, the artificial
culture of chaga has attracted much attention. However, the diversity and content of chaga terpenoids are quite distinct between
wild and cultured types. For example, instead of the two dominant
sterols in wild chaga, namely lanosterol and inotodiol, ergosterol
becomes the main sterol in the cultured mycelium. Meanwhile,
other trace sterols in wild chaga such as episterol, 24-methylene
dihydrolanosterol, and ergosterol peroxide can not be found in
cultured mycelium (Zheng et al., 2007a). A similar phenonmenon
was found for the terpenoids composition of chaga among different
wild types. Géry et al. (2018a) compared chaga samples collected
from Canada, Ukraine, and France. The betulin and betulinic acid
contents of French chaga were almost 100-fold and 10-fold higher
than the Canadian/Ukrainian ones, respectively. Furthermore, the
collected raw materials of wild chaga were sometimes divided into
sclerotium and fruits/mycelia parts. The simliarity or difference of
the composition of these two parts have frequently been reported
but are beyond the scope of this review and hence are not described
here (Kim et al., 2005; Song et al., 2008; Sun et al., 2011). These
results directly implicate that the growth environment is one of
the critical factors determining the composition and proportion of
chaga terpenoids. Optimizing the nutritional condition of artificial
medium, including pH, the concentration of minerals, carbon, and
nitrogen sources, or even nitrogen to oxygen ratio, could effectively enhance terpenoids’ production such as betulin, inotodiol
and betulinic acid in cultured chaga (Bai et al., 2012; Chen et al.,
2020a; Wei et al., 2018). Meanwhile, supplementing Ag+, Cu2+
and Ca2+ could stimulate accumulation of lanosterol and ergosterol
(Zheng et al., 2008a). Adding methyl jasmonate or linoleic acid
could enhance more than 50 % of the total triterpenoid production
as well as its phenolic content and diversity (Xu et al., 2015b; Xu
et al., 2016a). Besides, cultivating the mycelium with the aqueous
extracts or methanolic extracts of birch bark, birch core or chitosan
could significantly enhance the steroid production of inotodiol, ergosterol peroxide, betulin, ergosterol, cholesterol, lanosterol, stigmasterol, and sitosterol (Kahlos, 1994; Wang et al., 2014). Similarly, the addition of betulin, or various spent substrates such as bark
residues of white birch, birch extracts, corn grain and mulberry
powder in the medium, or exposing into light at certain wavelengthes to mimic the wild nutritional or host condition could efficiently stimulate the growth of chaga mycelium as well as its polysaccharide yield (Chen et al., 2020b; Fradj et al., 2019; Poyedinok
et al., 2015; Wang et al., 2019). Other stimulants such as colloidal
metal nanoparticles, AgNPs (silver nanonparticles), could inhibit
polysaccharide and flavonoid synthesis but may stimulate melanin
synthesis while MgNPs (magnesium nanonparticles) colloid was
effective in stimulating the accumulation of endopolysaccharides,
flavonoids, and melanin pigments (Poyedinok et al., 2020).
4.2. Phenolic compounds in chaga
Naturally occurring phenolics could be found in most plant and
other sources. They play vital roles in chemical defense, pigmentation, signals delivery, and even structure building in the organisms
especially the plants and microorganisms (Mandal et al., 2010;
Zhang et al., 2016). In our daily diet, natural phenolics have been
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Figure 1. Various skeleton cores of pentacyclic, tetracyclic triterpenoids, and steroids. (a) Types of pentacyclic triterpenoid; (b) Types of tetracyclic triterpenoid; (c) Types of steroid.
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28
C30H48O2

3β-Hydroxylanosta-8,24-dien-21-ala

C30H50O2
C39H56O5
C30H50O3
C30H50O3
C30H48O3
C30H50O2
C30H48O6
C30H48O6
C30H48O5
C30H48O5
C30H48O5
C31H48O3
C30H48O3
C21H28O2
C30H48O3
C28H46O

Lanosta-7,9(11),24-trien-3β,22-diola

Lanosta-8,23E-dien-3β,22R,25-triol/3β,22R,25trihydroxylanosta-8,23E-dienea

Lanosta-7,9(11),23E-trien-3β,22R,25-triol/3β,22,25trihydroxylanosta-7,9(11),23E-trienea

Lanosta-8,24-dien-3β,21-diol/3β,21-dihydroxylanosta8,24-diene/uvariol/21-hydroxylanosterola

Inonotusol A/(−)-(3R,5S,10S,11R,15S,17R,20R,21S,24S)-21,24cyclopenta-3,11,15,21,25-pentahydroxylanosta-8-en-7-onea

Inonotusol B/(−)-(3R,5S,10S,11R,15S,17S,20R,21S,24R)-21,24cyclopenta-3,11,15,21,25-pentahydroxylanosta-8-en-7-onea

Inonotusol C/(17α,20β,24α)-21,24-cyclopenta1α,3β,21α,25,28pentahydroxy-5α-lanosta-7,9(11)-dienea

Inonotusol D/(17β,20β,24β)-21,24-cyclopenta1α,3β,21α,25,28-pentahydroxy-5α-lanosta-7,9(11)-dienea

Inonotusol E/(−)-(3R,5S,10S,11R,17S,20R,21S,24R)-21,24cyclopenta-3,11,21,25-tetrahydroxylanosta-8-en-7-onea

Inonotusol F/(17α,21α,23α)-24-methyl-3βhydroxy-5α-lanosta-8,24-dien-21,23-lactonea

Inonotusol G/3β,22-dihydroxy-5α-lanosta-8,25-dien-24-onea

Inonotusic acid/(−)-(5S,10S)-13-isopropyl-7oxo-abieta-8,11,13-trien-20-oic acide

3β,22-Dihydroxylanosta-8,24-dien-7-onea

Ergosta-7,22-dien-3β-olb

C30H48O3

C30H50O2

Betulin-3-O-caffeated

acida

Betulind

Trametenolic acid/3β-hydroxylanosta-8,24-dien-21-oic

Inotodiol/Lanost-8,24-dien-3β,22R-diola

C28H44O3

C29H50O

β-Sitosterol/24R-ethylcholesta-5-en-3β-ol I

Ergosterol

C30H50O

Lanosterol/lanosta-8,24-dien-3β-ola

peroxide/5,8-epidioxyergosta-6,22-dien-3β-olb

Molecular
formula

Terpenoid

Table 2. Known terpenes and terpenoids of chaga and their purification/identification

95% Ethanol, 2
h, three times

Chloroform, 20
days, 60 °C

n-Hexane

Dichloromethane,
48 h, reflux

Methanol, six times

Extraction Method

Silica gel column, RPHPLC (C18 column)

Liquid-liquid extraction,
silica gel column/
RP-HPLC/Sephadex
LH-20 column

Purification mMethod

IR spectra, MS, and Liquid-liquid extraction,
1H-NMR/13C-NMR
silica gel column, RPHPLC (C18 column)

IR spectra, MS, and Silica gel column and
1H-NMR/13C-NMR
RP-MPLC/HPLC

IR spectra, MS, and Alumina column
1H-NMR/13C-NMR

MS and
1H-NMR/13C-NMR

MS and
1H-NMR/13C-NMR

Qualification
Method

Liu et al. (2014)

Taji et al. (2008b)

Kahlos and
Hiltunen (1986)

Wold et al. (2020)

Kim et al. (2011)

Reference
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C30H46O3
C31H50O3

3β-Hydroxylanosta-8,24-dien-21,23-lactonea

Methyl trametenolatea

C30H48O3
C30H50O3
C27H42O4
C27H42O3
C30H46O3

Oleanolic acidc

Inonotusane A/(21S, 24R)-24-cyclolanost-8-en-3β,21,25-triola

Inonotusane C/3β-hydroxy-4,4,14trimethylchola-8,22E-dien-24-alo

Obliquic acid/3β-hydroxy-25,26,27trinorlanosta-8,22E-dien-24-oic acida

3β-Hydroxylanosta-7,9(11),24-trien-21-oic acida
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C30H50O3
C30H50O3
C30H50O3
C30H48O3
C30H48O4
C30H46O4

Inonotsutriol A/(20R,21R,24S)-21,24cyclopentalanosta-8-en-3β,21,25-triola

Inonotsutriol B/(20R,21R,24R)-21,24cyclopentalanosta-8-en-3β,21,25-triola

Inonotsutriol C/(20R,21R,24S)-21,24cyclopentalanosta-7,9(11)-dien-3β,21R,25-triola

Inonotsulide A/(20R,24S)-3β,25dihydroxylanost-8-en-20,24-olidea

Inonotsulide B/(20R,24R)-3β,25dihydroxylanost-8-en-20,24-olidea

C30H50O3

(+)-Fuscoporianol C/3β,22α,25-trihydroxylanosta-8,23E-dienea

Inonotusane B/(21S,

24S)-24-cyclolanost-8-en-3β,21,25-triola

C30H50O3

Inonotsutriol E/lanosta-8-en-3β,22R,24S-triola
C30H48O3

C30H50O3

Inonotsutriol D/lanosta-8-en-3β,22R,24R-triola

Betulinic

C30H52O3

Lanosta-8-en-3β,22,25-triola

acidd

C30H50O3

21,24-Cyclopentalanosta-8-en-3β,21,25-triola

C28H44O

C28H40O

Ergosterolb

Ergone/ergosta-4,6,8(14),22-tetraen-3-oneb

C28H48O

C29H50O

Lawsaritol/stigmast-4-en-3β-oli

Fungisterol/ergosta-7-en-3β-olb

Molecular
formula

Terpenoid

Chloroform, 20
days, 60 °C

Chloroform, 20
days, 60 °C

95% Ethanol, 1 h,
reflux, 5 times

Chloroform, 7
days, 50 °C

95% Ethanol, 24 h,
room temperature,
5 times

95% Ethanol, 24 h,
room temperature,
5 times

–

95% Ethanol, 24 h,
room temperature,
5 times

Extraction Method

Table 2. Known terpenes and terpenoids of chaga and their purification/identification - (continued)

Liquid-liquid extraction,
silica gel column

Liquid-liquid extraction,
silica gel column

–

Liquid-liquid extraction,
silica gel column

Purification mMethod

Shin et al. (2002)

Shin et al. (2001b)

Shin et al. (2000)

Reference

IR spectra,
1H-NMR/13CNMR, and MS

IR spectra,
1H-NMR/13CNMR, and MS

Zhao et al. (2015a)

Silica gel column and RP- Taji et al. (2007)
MPLC (silica gel column)/
HPLC (C18 column)

Silica gel column and RP- Taji et al. (2008a)
MPLC (silica gel column)/
HPLC (C18 column)

IR spectra, MS, and Liquid-liquid extraction,
1H-NMR/13C-NMR
silica gel column,
Sephadex LH-20 and
RP-HPLC (C18 column)

IR spectra, MS, and Silica gel column and RP- Tanaka et al. (2011)
1H-NMR/13C-NMR
MPLC (silica gel column)/
HPLC (C18 column)

MS and
1H-NMR/13C-NMR

MS and
1H-NMR/13C-NMR

–

MS and
1H-NMR/13C-NMR

Qualification
Method
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C31H48O3
C31H46O3
C15H24O3
C15H24O3
C15H22O3
C20H32O3
C30H48O4
C30H48O3

Inotolactone B/3β-hydroxy-24-methyllanosta-8,24(25)-dien-26,22R-olidea

Inotolactone A/3β-hydroxy-24-methyllanosta-7,9,24(25)-trien-26,22R-olidea

Inotolactone C/3β-hydroxydriman-12,11-olidef

6β-Hydroxydriman-12,11-olidef

3β-Hydroxycinnamolidef

17-Hydroxy-ent-atisan-19-oic acidg

Saponaceoic acid I/3β,25-dihydroxy-4,4,14trimethyl-5α-cholesta-8,23-dien-21-oic acida

Ganodecochlearin A/22R,25-epoxylanost-7,9-dien-3β,24S-diola
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C30H46O4
C32H52O4
C30H48O3

Inonotusane F/Chagabusone A/3β-hydroxylanosta8,25-dien-24-on-21-oic acida

Spiroinonotsuoxodiol/3S,7S-dihydroxy7(8→9R) abeo-lanost-24-en-8-onea

Inonotsuoxodiol A/3β,22-dihydroxylanosta-8,24-dien-11-onea

C28H44O
C28H46O
C30H52O3
C30H52O3

5,8,22-Ergostatrienolb

5,7-Ergostadienolb

Inoterpene Aa

Inoterpene Ba

C38H48O2

C31H54O4

Inonotusane G/lanosta-8-en-3β,22,24,25tetraol-25-methyl oxidea

Inonotsudiol A/lanosta-8,24-dien-3

C30H48O5

Inonotusane E/3β,12β,15α,21R,25-pentahydroxy21,24S-cyclopentalanosta-7,9(11)-dienea

β,11β-diola

C26H42O2

Inonotusane D/3β-hydroxy-24,25,26,27tetranorlanosta-8-en-22-onea

C28H42O3

C30H50O3

Inonotsuoxide B/22S,25-epoxylanost-8-en-3β,24S-diola

9,11-Dehydroergosterol

C30H50O3

Inonotsuoxide A/22R,25-epoxylanost-8-en-3β,24S-diola

peroxideb

C30H46O3

Molecular
formula

Inonotsulide C/(20R,24S)-3β,25-dihydroxylanosta7,9(11)-dien-20,24-olidea

Terpenoid

IR spectra,
1H-NMR/13C-

Qualification
Method

Methanol, 3 h,
reflux, 3 times

Petroleum, 14 h,
room temperature

Chloroform

80% Methanol, 2
days, twice, room
temperature

95% Ethanol, 1 h,
reflux, 5 times

Silica gel column and
RP-HPLC (C8 column)

Silica gel column
and RP-MPLC (silica

Purification mMethod

–
IR spectra, MS, and Liquid-liquid extraction,
1H-NMR/13C-NMR
silica gel column, and
HPLC (C18 column)

GC-MS

IR spectra, MS, and Silica gel column, MPLC
1H-NMR/13C-NMR
(silica gel column) and
RP-HPLC (C18 column)

IR spectra, MS, and Liquid-liquid extraction,
1H-NMR/13C-NMR
silica gel column/RPHPLC (C18 column)

IR spectra, MS, and Liquid-liquid extraction,
1H-NMR/13C-NMR
silica gel column,
Sephadex LH-20 and
RP-HPLC (C18 column)

95% Ethanol, 3 days, IR spectra,
1H-NMR/13Croom temperature
NMR, and MS

Chloroform, 7
days, 50 °C

Extraction Method

Table 2. Known terpenes and terpenoids of chaga and their purification/identification - (continued)

Nakamura et
al. (2009)

Sun et al. (2011)

Handa et al. (2010)

Baek et al. (2018)

Zhao et al. (2016a)

Ying et al. (2014)

Nakata et al. (2007)

Reference
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C32H50O
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C31H52O3
C30H50O4
C30H50O3
C30H50O
C30H48O

Fuscoporianol A/25-methoxy-21,
22-cyclolanosta-8-en-3β,21α-diola

Fuscoporianol B/3β,22α-dihydroxylanosta-8,23E-dien-25-peroxidea

Fuscoporianol C/3β,22α,25-trihydroxy-lanosta-8,23E-dienea

Lupeold

Lupenoned

Ergosta-5,7,9(11),22-tertraen-3-ol
C30H50O4

C28H42O

Ergosta-5,7,9(11),22-tertraen-3-olb

Fuscoporianol D/3β,22α-dihydroxy-lanosta8,25(27)-dien-24-peroxidea

C28H46O

Episterol/ergosta-7,24(28)-dien-3-olb
C35H46O2

C30H46O

Fecosterol/δ-8(24),28-Ergostadienolb

benzoateb

C31H48O

4-Methyl fecosterolb

4,4-Dimethyl

24-Methylene

C31H52O

C14H17O

fecosterolb

C39H57O3

Ligudentatolv

dihydrolanosterola

C31H47O2

(3β)-Olean-12-en-3-yl-(4-hydroxyphenyl)propanoatec

C28H47N2O2

(5α,20S)-3β,20-Bis-(dimethylamino)-4-(hydroxylmethyl)4,14-dimethyl-9β,19-cyclopregn-6-en-16α-olk

(22E)-Stigmasta-7,22,25-trien-3-yl acetatei

C22H31O

(2S,4aR,10bR)-1,1,4a,10b-Tetramethyl-1,2,3,4,4a,4b,5,
6,10b,11,12,12a-dodecahydrochrysen-2-ol

C30H48O2

Inoterpene
C22H33O2

C30H50O4

Fa

Inoterpene

(3R,5S,8R,9S,10S,13S,14S,17S)-21-Methylidyne-pregn-3ol/(3R,5S,8R,9S,10S,13S,14S,17S)-17-(1-hydroxyprop-2ynyl)-10,13-dimethyl-2,3,4,5,6,7,8,9,11,12,14,15,16,17tetradecahydro-1H-cyclopent-a[a]phenanthren-3-olk

C30H50O3

Ea

C30H52O3

Inoterpene Ca

Inoterpene Da

Molecular
formula

Terpenoid

–

Petroleum
ether, reflux

80% Ethanol, 24 h,
room temperature

80% Ethanol, 24 h,
room temperature

Chloroform, 12 h,
room temperature,
three times

Extraction Method

Table 2. Known terpenes and terpenoids of chaga and their purification/identification - (continued)

GC and GC-MS

IR spectra, MS and
1H-NMR/13C-NMR

GC-MS,
1H-NMR/13CNMR, X-ray, and
IR spectra,

GC-MS

UPLC-Q-TOF-MSn

Qualification
Method

–

Silica gel column

Silica gel column and
macroporous resin

–

Silica gel column/RPHPLC (C18 column)

Purification mMethod

Kahlos and
iltunen (1987);
Kahlos (1994)

He et al. (2001)

Zheng et al. (2007a)

Geng et al. (2013)

Reference

Peng et al.
Bioactive compounds and bioactive properties of chaga

31

32
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C29H52O
C27H46O
C15H24
C15H24
C15H24
C15H24
C14H22
C15H24
C15H24O
C15H26O
C15H26O
C10H14
C15H24
C15H26O
C15H24
C15H22
C15H24
C15H22O

Stigmastanol/sitostanoli

Cholesterolh

β-Selinenel

cis-Bergamotenen

trans-Bergamotenen

α-Santalenem

β-Sesquifenchene

epi-β-Santalenem

Photosantalolm

β-Eudesmoll

γ-Eudesmoll

p-Cymenet

α-Bisabolenes

δ-Cadinolp

(Z)-β-Farnesener

α-Curcumeneu

α-Cedreneq

α-Turmeroneu

Hydrodistillation

–

Extraction Method

GC and GC-MS

GC and GC-MS

Qualification
Method

–

–

Purification mMethod

Kahlos et al. (1992)

Ayoub et al. (2009)

Reference

tane-type steroids; istigmastane-type steroids; jcycloartane-type triterpenoids and steroids; kpregnane-type steroids; leudesmane-type sesquiterpenoids; msantalane-type sesquiterpenoids; nbergamotane-type sesquiterpenoids; ocholane-type triterpenoids; pcadinane-type sesquiterpenoids; qcedrane-type sesquiterpenoids; rfarnesane-type sesquiterpenoids; sbisabolane-type sesquiterpenoids; tmenthane-type monoterpenoid; ucurcumane-type
sesquiterpenoids; vnoreudesmane-type sesquiterpenoids

alanostane-type triterpenoids and steroids; bergostane-type steroids; coleanane-type triterpenoids; dlupane-type triterpenoids; eabietane-type diterpenoids; fdrimane-type sesquiterpenoids; gatisane-type diterpenoids; hcholes-

Molecular
formula

Terpenoid

Table 2. Known terpenes and terpenoids of chaga and their purification/identification - (continued)

Bioactive compounds and bioactive properties of chaga
Peng et al.

Peng et al.

Bioactive compounds and bioactive properties of chaga
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Bioactive compounds and bioactive properties of chaga

34
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Peng et al.

Peng et al.

Bioactive compounds and bioactive properties of chaga
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Peng et al.

Figure 2. Terpenoids in chaga. (a) Lanostane-type terpenoids in chaga; (b) Other terpenoids in chaga.

Bioactive compounds and bioactive properties of chaga
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Lanosterol

Ergosterol peroxide
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–

IC50∼9.06 μM
ED∼10 μg/ml
ED∼5 μg/ml
ED∼10 μg/ml
ED∼10 μg/ml

MCF-7 breast cancer cell
HCT116 human
colorectal cancer cell
HT-29 human colorectal
cancer cell
SW620 human
colorectal cancer cell
DLD-1 human colorectal
cancer cell

D-galactosamine-induced
toxicity in WB-F344 cells
TPA-induced Raji cell
L1210 cell line

Anti-cancer
activity

Anti-proliferation
activity

IC50∼37.15 μM

ED∼10–1,000 ratio/TPA

ED∼10 μM

ED∼15 mg/kg/12 h
(oral administration)

–

IC50∼13.19 μM

HepG2 human liver cancer

AOM/DSS-induced
colorectal cancer in mice

–

IC50∼36.40 μM

L1210 mouse lymphocytic
leukemia cell

–

Inhibited EBV-EA activation

Protection rate∼74.8%

Suppressed colon tumor growth and total
tumor count but not the tumor incidence
in mice; suppressed the overexpression
of β-catenin, c-Myc and cyclin D1

–

–

Induced subG1 arrest; increased
cleaved PARP and decreased uncleaved
caspase-3; reduced expression of
β-catenin, c-Myc, cyclin D1 and CDK-8

–

–

A549 human lung cancer cell IC50∼17.04 μM

IC50∼38.19 μM
–

Hepatoprotective
activity

Anti-tumor effect

Inhibited the NO production
and NF-κB luciferase activity

–

–

–

Mechanism or manifestation

ED∼40 μg/ml, inhibition Inhibited the NO production
rate∼36.88% and 53.63% and NF-κB luciferase activity

ED∼40 μg/ml, inhibition
rate∼6% and 23.46%

IC50∼9.82 μM

IC50∼7.7 μM

IC50∼4.7 μM

IC50 value or experimental dosage (ED)

IC50∼30.23 μM

PC3 human prostatic
carcinoma cell

Anti-proliferation
activity
MDA-MB-231 breast
carcinoma cell

LPS-induced RAW
264.7 macrophages

LPS-induced RAW
264.7 macrophages

Anti-inflammatory
activity

Anti-inflammatory
activity

PC3

Anti-proliferation
activity

ELISA assay

PTKs inhibitory
activity

Ergosterol

Bel-7402 cell line

Anti-proliferation
activity

Osmundacetone

Model

Bioactivity

Terpenes

Table 3. Bioactivities of the terpenoids purified from chaga

Zhao et al. (2015a)

Nakata et al. (2007)

Liu et al. (2014)

Kang et al. (2015)

Kim et al. (2011)

Ma et al. (2013)

Ma et al. (2013)

Liu et al. (2014)

Reference

Peng et al.
Bioactive compounds and bioactive properties of chaga
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38
ED∼62.5–250 μg/ml
ED∼62.5–250 μg/ml

MCF-7
Hela

Hepatoprotective
activity

Anti-proliferation
activity

Anti-proliferation
activity

Anti-proliferation
activity

Anti-proliferation
activity

Inonotusol G

Inonotsutriol A

Inonotsutriol D

Inonotsutriol E

human follicle dermal
papilla cells

Pro-proliferation
activity

3β,22Dihydroxylanosta8,24-dien-11-one

LPS-induced RAW
264.7 macrophages

Anti-inflammatory
activity
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–

–

–

–

–
IC50∼32.08 μM

Hela

–

–

KB cell line

IC50∼11.60 μM

–

IC50∼10.00 μM

L1210 cell line

IC50∼37.43 μM

–

HT29

–

IC50∼8.39 μM
IC50∼10.20 μM

A549 cell line
P388 cell line

–

–

–

Protection rate∼81.2%

Protection rate∼71.9%

–

Inhibited the NO production and
NF-κB luciferase activity, inhibition
rate∼50.04% and 18.42%

Inhibited EBV-EA activation

Protection rate∼75%

–

IC50∼29.56 μM

IC50∼2.34 μM

IC50∼9.9 μM

ED∼10 μM

ED∼10 μM

ED∼1–25 μg/ml

ED∼40 μg/mL

ED∼10–1,000 ratio/TPA

ED∼10 μM

ED∼1–25 μg/ml

Hela cell

A549 cell line

KB cell line

D-galactosamine-induced
toxicity in WB-F344 cells

D-galactosamine-induced
toxicity in WB-F344 cells

TPA-induced Raji cell

Anti-cancer
activity

Hepatoprotective
activity

D-galactosamine-induced
toxicity in WB-F344 cells

Hepatoprotective
activity

human follicle dermal
papilla cells

ED∼62.5–250 μg/ml

AGS

Pro-proliferation
activity

ED∼62.5–250 μg/ml

A549

–

Mechanism or manifestation

ED∼0.1/0.2 mg/mice/day –

ED∼10–100 μg/ml

HT1080 cells

Sarcoma-180 cells
implanted Balbc/c mice

IC50 value or experimental dosage (ED)

Model

Anti-tumor effect

Bioactivity

Inonotusol F

Trametenolic acid

Terpenes

Table 3. Bioactivities of the terpenoids purified from chaga - (continued)

Zhao et al. (2015a)

Tanaka et al. (2011)

Zhao et al. (2015a)

Zhao et al. (2015a)

Liu et al. (2014)

Liu et al. (2014)

Liu et al. (2014)

Sagayama et
al. (2019)

Ma et al. (2013)

Nakata et al. (2007)

Liu et al. (2014)

Sagayama et
al. (2019)

Chung et al. (2010)

Ryu et al. (2017)

Reference

Bioactive compounds and bioactive properties of chaga
Peng et al.

Anti-proliferation
activity

Anti-proliferation
activity

Betulin

Betulinic acid

Anti-proliferation
activity

Anti-proliferation
activity

Anti-proliferation
activity

Inonotsuoxide B

Inonotusane C

Inotodiol

Anti-cancer
activity

Anti-proliferation
activity

Anti-proliferation
activity

3β,22αDihydroxylanosta8,25-diene-24-one

Inonotsuoxide A

Bioactivity

Terpenes
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ED∼62.5–250 μg/ml
ED∼62.5–250 μg/ml

A549
AGS

–

–

–

ED∼10–100 μg/ml

–

IC50∼12.40 μM

L1210 cell line

HT1080 cells

–

IC50∼3.8 μM

HT29-MTX colon cancer cell

Up-regulated the expression
of caspase-3/7

–

IC50∼3.8 μM

NCI-H460 lung cancer cell

ED∼30 μM

–

IC50∼29.18 μM

Hela cell line

mouse leukemia P388 cell

–

IC50∼22.50 μM

human lung cancer
A549 cell line

Down-regulated the expression of
Ki-67 and Bcl-2 protein; up-regulated
the expression of p53 and bax protein;
arrested A549 cells in S phase

–

human lung cancer A549 cell –

–

IC50∼22.27 μM
IC50∼16.30 μM

HT29 cell line

–

IC50∼14.22 μM

L1210 cell line

Hela cell line

Inhibited EBV-EA activation

–

IC50∼19.40 μM

L1210 cell line
ED∼10–1,000 ratio/TPA

–

TPA-induced Raji cell

–

Hela
IC50∼12.15 μM

–

IC50∼0.80 μM

HT29-MTX colon cancer cell
IC50∼30.30 μM

–

IC50∼2.10 μM

Hela cell line

–

IC50∼28.81 μM

A549
NCI-H460 lung cancer cell

–

IC50∼1.6 μM

HT29-MTX colon cancer cell

–

IC50∼20.20 μM

Hela cell line
–

–

IC50∼5.39 μM

A549 cell line

IC50∼2.8 μM

–

IC50∼1.63 μM

A549 cell line

NCI-H460 lung cancer cell

–

IC50∼38.23 μM

L1210

Mechanism or manifestation

IC50 value or experimental dosage (ED)

Model

Table 3. Bioactivities of the terpenoids purified from chaga - (continued)

Chung et al. (2010)

Ryu et al. (2017)

Nomura et al. (2008)

Zhong et al. (2011)

Tanaka et al. (2011)

Wold et al. (2020)

Zhao et al. (2015a)

Tanaka et al. (2011)

Zhao et al. (2015a)

Nakata et al. (2007)

Tanaka et al. (2011)

Zhao et al. (2015a)

Zhao et al. (2015a)

Wold et al. (2020)

Zhao et al. (2015a)

Wold et al. (2020)

Zhao et al. (2015a)

Reference

Peng et al.
Bioactive compounds and bioactive properties of chaga
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40
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Inonotusane D

3β-Hydroxylanos8,24-dien-21-ol

3β-Hydroxylanos8,24-dien-21-al

Terpenes

Anti-proliferation
activity

Pro-proliferation
activity

Anti-proliferation
activity

Anti-tumor effect

–
–

IC50∼14.70 μM
IC50∼36.5 μM
ED∼10–100 μg/ml
ED∼62.5–250 μg/ml
ED∼62.5–250 μg/ml
ED∼62.5–250 μg/ml
ED∼62.5–250 μg/ml

KB cell line
MDA-MB-231
HT1080 cells
A549
AGS
MCF-7
Hela

–
–
–
–
–

IC50∼24.23 μM
IC50∼19.93 μM
IC50∼19.20 μM
IC50∼9.40 μM

HT29 cell line
L1210 cell line
MCF-7 cell line
4T1

–

IC50∼32.1 μM

KB cell line

ED∼1–25 μg/ml

–

IC50∼10.40 μM

L1210 cell line
human follicle dermal
papilla cells

–

–

–

–

–

ED-0.1/0.2 mg/mice/day

Sarcoma-180 cells
implanted Balbc/c mice

–

–

–

IC50∼33.00 μM
IC50∼10.70 μM

–

Inhibited the NO production,
inhibition rate∼3.13%

NCI-H460 lung cancer cell

ED∼1–25 μg/ml

ED∼40 μg/ml

Inhibited EBV-EA activation

–

–

–

–

–

Mechanism or manifestation

L1210 cell line

human follicle dermal
papilla cells

Pro-proliferation
activity

Anti-proliferation
activity

LPS-induced RAW
264.7 macrophages

Anti-inflammatory
activity

ED∼10–1,000 ratio/TPA

ED∼85 nmol/0.1
ml acetone/day
for 20 weeks

DMBA/TPA-induced skin
carcinogenesis in pathogenfree female ICR mice
TPA-induced Raji cell

ED-0.1/0.2 mg/mice/day

Sarcoma-180 cells
implanted Balbc/c mice

ED∼62.5–250 μg/ml

Hela
ED∼3 and 10 mg/kg for
day 1 and 4, respectively

ED∼62.5–250 μg/ml

MCF-7
mouse leukemia P388bearing female CDF1 mice

IC50 value or experimental dosage (ED)

Model

Anti-cancer
activity

Anti-tumor effect

Bioactivity

Table 3. Bioactivities of the terpenoids purified from chaga - (continued)

Zhao et al. (2016a)

Sagayama et
al. (2019)

Tanaka et al. (2011)

Chung et al. (2010)

Ryu et al. (2017)

Ma et al. (2013)

Tanaka et al. (2011)

Wold et al. (2020)

Sagayama et
al. (2019)

Ma et al. (2013)

Nakata et al. (2007)

Chung et al. (2010)

Nomura et al. (2008)

Reference

Bioactive compounds and bioactive properties of chaga
Peng et al.

Anti-proliferation
activity

Anti-proliferation
activity

Anti-proliferation
activity

Inonotusane F

Inonotusane G

Inotolactone B
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–
–
–

IC50∼24.29 μM
IC50∼26.67 μM
IC50∼31.31 μM

HepG2
4T1

Anti-proliferation
activity

Anti-proliferation
activity

Anti-proliferation
activity

Saponaceoic acid I

Inonotusol A

Inonotusol C

–
–
–
–
–

IC50∼24.23 μM
IC50∼37.98 μM
IC50∼8.35 μM
IC50∼7.79 μM
IC50∼33.80 μM

Hela
L1210 cell line
MCF-7 cell line
4T1

HepG2

–

–

IC50∼12.78 μM

HT29

IC50∼30.56 μM

–

4T1

–

IC50∼10.91 μM

4T1

IC50∼39.39 μM

–

IC50∼35.98 μM

HepG2
A549 cell line

–

IC50∼35.11 μM

–

–

IC50∼30.72 μM
–

–

–

A549 cell line

PNPG hydrolysis assay

α-Glucosidase
inhibitory activity

Anti-proliferation
activity

MCF-7 cell line

PNPG hydrolysis assay

–

4T1
IC50∼39.39 μM

–

IC50∼36.32 μM

HepG2

4T1

–

IC50∼31.88 μM

Hela

–

–

IC50∼24.10 μM

4T1

–

–

IC50∼15.20 μM

MCF-7 cell line

IC50∼20.90 μM

–

IC50∼35.83 μM

HepG2

IC50∼36.34 μM

–

MCF-7 cell line

–

IC50∼26.99 μM
IC50∼27.70 μM

Hela
L1210 cell line

HT29

–

Mechanism or manifestation

IC50∼37.72 μM

IC50 value or experimental dosage (ED)

HT29

Model

Anti-proliferation
activity

Ganodecochlearin A

Inotolactone A

Anti-proliferation
activity

Inonotusane E

α-Glucosidase
inhibitory activity

Bioactivity

Terpenes

Table 3. Bioactivities of the terpenoids purified from chaga - (continued)

Liu et al. (2014)

Liu et al. (2014)

Zhao et al. (2016a)

Zhao et al. (2016a)

Zhao et al. (2016a)

Zhao et al. (2016a)

Zhao et al. (2016a)

Zhao et al. (2016a)

Zhao et al. (2016a)

Reference

Peng et al.
Bioactive compounds and bioactive properties of chaga
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42
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–
Reduced NO production

IC50∼17.6 μM

α-Glucosidase
inhibitory activity

PNPG hydrolysis assay

–
–

IC50∼0.24 mM
IC50∼3.39 mM

–

–

IC50∼19.7 μM
IC50∼17.7 μM

L1210
HL-60

IC50∼0.24 mM

–

IC50∼15.2 μM

P388

–

–

IC50∼14.5 μM

KB

IC50∼52 μM

–

IC50∼27.2 μM

HL-60

DPPH radical
scavenging assay

–

IC50∼23.8 μM

L1210

Antioxidant
activity

–

IC50∼23.8 μM

P388

LPS + IFNγ-activated
C57BL/6 primary
macrophages

–

IC50∼21.2 μM

Anti-inflammatory
activity

–

IC50∼30.1 μM

KB

4T1

HL-60

–

IC50∼8.40 μM

MCF-7 cell line

–

–

IC50∼10.93 μM

HepG2

IC50∼12.5 μM

–

IC50∼29.31 μM

L1210 cell line

L1210

–

IC50∼35.82 μM

Hela

–

–

IC50∼30.76 μM

HT29

–

–

IC50∼10.77 μM

A549 cell line

IC50∼9.31 μM

–

IC50∼30.45 μM

4T1

IC50∼29.5 μM

–

P388

–

IC50∼34.29 μM
IC50∼31.37 μM

4T1

Mechanism or manifestation

HepG2

IC50 value or experimental dosage (ED)

Model

PTKs: protein tyrosine kinases; EBV-EA: Epstein–Barr virus early antigen activation; AOM: Azoxymethane; DSS: Dextran sulfate sodium; PNPG: p-nitrophenyl-α-D-glucopyranoside.

3β-Hydroxycinnamolide

Inotolactone B

Inotolactone A

Betulin-3-O-caffeate

Inonotsudiol A/(22R)Anti-proliferation
3β,22-dihydroxylanosta- activity
8,24-dien-11-one

Anti-proliferation
activity

Inonotsuoxodiol A/
lanosta-8,24-dien3β,11β-diol

Anti-proliferation
activity

9,11-Dehydroergosterol
peroxide

Anti-proliferation
activity

Anti-proliferation
activity

Inonotusol B

Spiroinonotsuoxodiol/
(3S,7S,9R)-3,7dihydroxy-7(8→9)abeolanost-24-en-8-one

Bioactivity

Terpenes

Table 3. Bioactivities of the terpenoids purified from chaga - (continued)

Ying et al. (2014)

Wold et al. (2020)

Handa et al. (2010)

Handa et al. (2010)

Handa et al. (2010)

Zhao et al. (2016a)

Liu et al. (2014)

Reference

Bioactive compounds and bioactive properties of chaga
Peng et al.

Peng et al.

Bioactive compounds and bioactive properties of chaga

considered as contributors of various health benefits with relatively few toxic/side effects based on extensive cellular, animal, and
molecular biology experiments, as well as intervention and epidemiological studies (Scalbert et al., 2005). The small-molecule
phenolics could be classified according to the number of carbons
on their skeleton cores, such as simple phenolics (C6), phenolic
acids (C6-C1, C6-C2, C6-C3), coumarins (C6-C3), naphthoquinones (C6-C4), xanthones (C6-C1-C6), stilbenes and anthraquinones (C6-C2-C6), chalconoids and flavonoids (C6-C3-C6), and
lignans (C6-C3)2 (Vermerris and Nicholson, 2008). As summarized in Table 4, there are a total of 64 small-molecule phenolics
in chaga. Along with several small-molecules, common phenolics
such as coumarins, phenolic acids, and flavonoids, a rare phenolic
group, namely styrylpyrones (C6-C2-C5), was also reported in
chaga. They are inonoblin A-C, inoscavin B-C, phelligridin C-H,
methylinoscavin A-C, davallialactone, and methyl davallialactone
(Figure 3). The styrylpyrones are mainly produced from Hymenochaetaceae family such as Phellinus and Inonotus genus macromycetes or primitive angiosperm families including Piperaceae,
Lauraceae, Annonaceae, Ranuculaceae and Zingiberaceae (Lee
and Yun, 2011). More data of the bioactivities and corresponding
molecular mechanism of styrylpyrones are given in a review by
Lee and Yun (2011). The bioactive studies of chaga-isolated phenolics are relatively few, as listed in Table 5. The purified 3,4-dihydroxybenzaldehyde, 4-(3,4-dihydroxyphenyl)-(E)-3-buten-2-one,
and 3,4-dihydroxybenzalacetone exhibited considerable in vitro
anti-proliferation activity on various cancer cell lines (Liu et al.,
2014; Nakajima et al., 2009; Zhao et al., 2016a). The antioxidant
activities of different chaga-isolated styrylpyrones are expressed
as the ratios of IC50 values of these styrylpyrones (μM) to IC50
values of Trolox (μM) using DPPH and ABTS assays, which are
0.43 and 1.45 for inonoblin A, 0.58 and 1.42 for inonoblin B, 0.65
and 0.82 for inonoblin C, 0.33 and 1.51 for phelligridin D, 0.40
and 1.57 for phelligridin E, and 0.43 and 1.48 for phelligridin G,
respectively (Lee et al., 2007). Besides, different fractions of lignin
were recently isolated and identified from wild chaga in the form
of lignin-carbohydrate complex and assessed using in vitro antioxidant, anti-proliferation, immunomodulatory, and anti-inflammatory activity studies (Niu et al., 2016; Wang et al., 2015).
Similar to other secondary metabolites, the specific diversity
and quantity of phenolics in chaga are influenced by their nutritional and environmental conditions. Zheng et al. (2008b) compared the phenolic content of wild chaga and its submerged cultures, the predominant phenolics or their derivatives in wild chaga
including phelligridin A, phelligridin D, inoscavin A, inoscavin
B, and melanins could hardly be detected in the cultured product.
Meanwhile, the main phenolics of cultured chaga such as naringenin, epicatechin gallate (ECG), and kaempferol barely existed
in the wild group. This difference was assumed to be the cause
of the less in vivo immune-stimulating effects by phenolic compounds of cultured chaga than wild chaga (Zheng et al., 2008b). In
another cultivation study of chaga, davallialactone and inscavin B
were only synthesized when using the culture medium consisting
of lignocellulosic biomass, while the group cultured in medium
containing no lignin did not show these two phenolics (Xu et al.,
2014a). Besides, the lignocellulose-added medium gave a significantly higher production level of other flavonoids including ECG,
epigallocatechin gallate (EGCG), phelligridin G, and a lower level
of simple phenolic acids such as gallic acid and ferulic acid, which
resulted in a significant enhancement of the total antioxidant ability of chaga extracts (Xu et al., 2014a; Zhu and Xu, 2013). Based
on the functional nature of phenolics, the disadvantaged environmental factors may act as elicitors and skew certain pathways and
affect their production. For example, instead of using lignocellu-

losic medium during submerged cultures, the coculture of chaga
with other white-rot fungi such as Phellinus punctatus or Phellinus
morii leads to an increased accumulation of phenolic compounds
including phelligridin C, phelligridin H, methyl inoscavin A, inoscavin C, inoscavin B, davallialactone, methyl davallialactone,
as well as melanins and various lanostane-type triterpenoids, even
though production of mycelial biomass will be inhibited (Zheng et
al., 2011c). Furthermore, imposing oxidative stress by moderately
supplementing with H2O2 or Na2[Fe(CN)5NO] (sodium nitroprusside), or using other stimulatory agents such as γ-irradiation,
Tween-20, Tween-80, jasmonic acid, L-tyrosine, linoleic acid,
heavy metal ions (Mg2+, Cu2+, Co2+, Zn2+, and Mn2+) and extracts
or cell debris of Alternaria alternata, Aspergillus flavus and Mucor
racemosus in mycelia medium of chaga can also significantly increase the production, accumulation and/or diversity of phenolics,
and corresponding antioxidant ability of extracts thereof (Kim et
al., 2009; Poyedinok et al., 2020; Xu et al., 2015a; Xu et al., 2015b;
Xu et al., 2019b; Xu et al., 2016b; Yang and Zheng, 1994; Zhao
et al., 2009; Zheng et al., 2007b; Zheng et al., 2009a; Zheng et al.,
2009b). More insights into the regulatory machinery that controls
biosynthesis of chaga phenolics, especially styrylpyrones, are discussed below. Different from mechanism of higher plants, the elicitors-induced increase of phenolic production in chaga is mediated
by boosted NO (nitric oxide) synthesis via a signalling pathway
independent of oxylipins or jasmonic acid (Zheng et al., 2009a).
Later, the higher cellular NO-mediated homeostasis between Snitrosylation and denitrosylation of SNO (S-nitrosothiols) was
found to play an important role in the biosynthesis of styrylpyrones
in chaga (Zheng et al., 2011a). Suppressing GSNOR (S-nitrosoglutathione reductase)-mediated S-nitrosylation enhanced TrxR
(thioredoxin reductase) activity and biosynthesis of phelligridins
C and H, inoscavin C, and methyl inoscavin B while reducing that
of phelligridin D, methyl inoscavin A, davallialactone and methyl
davallialactone. Conversely, inhibiting TrxR-induced denitrosylation increased production of phelligridin D, methyl inoscavin A,
davallialactone, and methyl davallialactone, but decreased that of
phelligridins C and H, methyl inoscavin B and inoscavin C (Zheng
et al., 2011a). Besides, the elicitors-stimulated NO gerneration
was followed with increased gene transcription and/or protein
expression of phenylalanine ammonia lyase (PAL), 4-coumarate
CoA ligase (4CL), inducible NO synthases-like protein (iNOSL),
and styrylpyrone synthase (SPS), the key enzymes involved in
styrylpyrone biosynthesis (Zhao et al., 2015b). Furthermore, the
S-nitrosylation of these enzymes was also found with NO accumulation (Zhao et al., 2016b).
4.3. Polysaccharides and their derivatives
Polysaccharides are known for their role as structural and energyrelated elements in plants, animals, and microorganisms. They are
formed through polymerization of at least 10 monosaccharides that
are connected by glycosidic bonds in linear or branch sequence.
The polysaccharides can be divided into homopolymers if they
are composed of identical monosaccharides and heteropolymers
if they contain more than one monosaccharide (Rodrigues et al.,
2011). The structural complexity of polysaccharides involving the
molecular weight, sequence and composition, anomeric configuration, type of glycosidic linkage, and presence of substituents can
be used in demonstrating the discrepancies of their bioactive functions (Rodrigues et al., 2011; Wasser, 2002). In the studies of physicochemical properties of chaga polysaccharides, various fractions
with different monosaccharide composition and molecular weight
(MW) are achieved through various purification methods (Table
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6). For example, the purified chaga polysaccharide reported by Liu
et al. (2019), is a proteoglycan with a MW of 40 kDa and contains
57.17% carbohydrate and 32.53% protein. The carbohydrate part
is comprised of D-galactose, D-glucose, D-xylose, and D-mannose
in a 2.0:3.5:1.0:1.5 mole ratio. In the study by Xiang et al. (2012),
the crude polysaccharide reported was composed of rhamnose,
arabinose, xylose, mannose, glucose, galactose with a mole ratio
of 2.64:5.09:3.03:24.8:10.3:54.1. Six fractions were purified from
it with MW of 19–36 kDa and consisted of 7.12–38.3% protein.
Meanwhile, in the study of Hu et al. (2016), the purified polysaccharide contained 98.6% polysaccharide which was composed of
mannose, rhamnose, glucose, galactose, xylose and arabinose in a
mole ratio of 9.8:13.6: 29.1:20.5:21.6:5.4, and its molecular weight
was 32.5 kDa. Besides, five homogeneous fractions were purified
from chaga crude polysaccharides by Huang et al. (2012), the MWs
of which were 150, 93, 230, 44, 100 kDa, respectively. Herein, the
fraction with MW at 230 kDa was a glycoprotein and the fractions
with MW of 44 and 100 kDa were acidic polysaccharides composed of 21.2 and 23.3% uronic acid. Kim et al. (2006) reported 5
purified fractions from chaga, among which one was identified as
fucoglucomannan with a molecular weight of approximately 1,000
kDa. This fraction consisted of 70.8% mannose, 1.6% glucose,
0.8% fucose, 0.1% glucosamine, and 26.8% protein. At the same
time, some purified polysaccharide fractions of chaga also contained little or no protein (Chen et al., 2015; Fan et al., 2012; Hu
et al., 2017a; Huang et al., 2012; Ma et al., 2012). In the study of
Ma et al. (2012), 8.45% protein, 30.01% neutral sugar, and 14.47%
uronic acid were present in one purified fraction of chaga polysaccharide (122 kDa); around 48% of this purified polysaccharide
were unknown compounds (neither protein nor polysaccharide).
Its carbohydrate content was composed of 2.67% rhamnose, 3.20%
arabinose, 6.57% xylose, 21.60% mannose, 48.00% glucose, and
17.90 % galactose. More recently, Wold et al. (2018) isolated and
fully analyzed three relatively pure polysaccharide fractions from
chaga, neutral polysaccharides (60–73 kDa), alkaline polysaccharides (>450 kDa) and acidic polysaccharides (10–31 kDa). The
neutral polysaccharides consisted of a (1→3)-linked β-Glc backbone with branches of (1→6)-linked β-Glc, in addition to substantial amounts of (1→6)-linked α-Gal with 3-O-methylation at about
every third Gal residue, and alkaline polysaccharides consisted
mainly of (1→3)- and (1→6)-linked β-Glc and (1→4)-linked βXyl. The protein content of these fractions was less than 0.1% but
the content of phenolics (trace-9.7%) and unknown non-carbohydrate compounds was still remarkably high (11–58%). Hence,
it is worth noting that regardless of being “crude” or “purified”,
polysaccharides of chaga in these studies are, to a large extent,
covalently linked to non-polysaccharide components. It is possible
that these non-polysaccharide components could enhance certain
bioactivities through their linkage with polysaccharides or simply
function independently. Therefore, to clarify and differentiate the
exact mode of action of various fractions of chaga “polysaccharides” in in vitro/in vivo bioactivity studies, a thorough purification
and comprehensive analysis of their physicochemical properties
also deserves further investigation.
For mushroom, a plethora of studies have shown that polysaccharides possess immense biological properties, especially immune-stimulating and anti-cancer/tumor activities (Rodrigues et
al., 2011; Singdevsachan et al., 2016; Yu et al., 2018). Through
intraperitoneal administration, mushroom polysaccharides were
treated as antigens in the body of higher animals, although the
analogy of cellular specificities between them and LPS is frequently made even if their structure and action mechanism are quite distinct (Hua et al., 2007; Kim et al., 2010; Kim et al., 2008a; Kim
et al., 2005; Kim et al., 2006; Pan et al., 2015; Park et al., 2003;
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Shao et al., 2004; Wang et al., 2018d; Won et al., 2011; Yang et
al., 2015). Meanwhile, the diversity of the origin of these polysaccharides gives them a vast variability of regulatory mechanisms
of various cell-cell interactions in higher organisms. For instance,
polysaccharides of Platycodon grandiflorum only stimulate B cells
and macrophages instead of T cells, while lentinan and schizophyllan stimulate T cells and macrophages but not B cells (Han et al.,
2001). Earlier, It was reported that using chaga polysaccharides
enhances the nitrite production and expression of IL-1 h, IL-6,
TNF-α, and iNOS in macrophages as well as the in vitro pro-proliferation activity on fractioned B cells but no effects on T cells
(Kim et al., 2005). However, later on, dose-dependent activation
between chaga polysaccharide and enhancement of Th1/Th2 cellrelated cytokine secretion (IFN-γ and IL-4) in in vitro model of
mouse splenocytes demonstrated that T cells were also affected
(Won et al., 2011). Other studies indicating the in vitro and in vivo
pro-proliferation ability of chaga polysaccharides on immune cells
are given in Table 7.
The polysaccharides of mushroom were deemed to function as
anti-cancer/tumor agents which strive to inhibit or eliminate the
growth of cancer cells by activating and reinforcing the immunological functions of the host instead of directly attacking cancer
cells (Ooi and Liu, 2000). In fact, direct and indirect anti-tumor/
cancer ability was reported for both chaga polysaccharides and
other mushroom polysaccharides. Kim et al. (2006) reported a
purified fraction composed of α-linked fucoglucomannan-protein
complex (∼1,000 kDa) from chaga that exerted pro-proliferation
activity on Raw264.7 murine macrophages, albeit, no anti-proliferation activity on HEC-1B, B16F10, A549, KATO-III, SW156,
and SK-OV3 cancer cell lines nor normal human cells HUVEC/
HEK293T at an even high concentration level of 200 μg/ml. Meanwhile, intraperitoneal administration of this fraction significantly
inhibited tumor incidence, prolonging the survival rate of B16F10implanted mice at a dose of 30 mg/kg/day (Kim et al., 2006). A
similar result was reported by Chen et al. (2015), in in vitro assay
showing that one purified chaga polysaccharide (48.82 kDa) had
no toxicity in Jurkat cells, but intake of this polysaccharide fraction not only inhibited the growth of transplantable Jurkat tumor
in mice significantly, but also enhanced the splenocyte proliferation and lymphocyte proliferation induced by concanavalin A and
LPS in a dose-dependent manner. However, the opposite results,
showing significant toxicity of purified polysaccharide fractions
(13.6–200 kDa), were observed in HepG2 cells at high concentrations of 80–240 μg/ml (Liu et al., 2018; Xue et al., 2018). Lee et
al. (2014c) demonstrated the direct in vitro anti-migration and antiproliferation abilities of the crude polysaccharides by decreasing
the expression levels and activity of MMP-2 (matrix metalloproteinase-2)/MMP-9, the phosphorylation levels of MAPKs (mitogen-activated protein kinases), PI3K (phosphoinositide 3-kinase)/
AKT (protein kinase B) and COX-2 (cyclooxygenase-2), as well
as inhibiting the nuclear translocation of NF-κB (nuclear factor
κB) in A549 human lung cancer cells. The same authors proposed
a similar mechanism (MAPKS, COX-2 and NF-κB pathway) on
direct in vitro anti-migration, anti-invasion, and anti-proliferation
activity on B16-F10 mouse melanoma cells (Lee et al., 2014b).
However, the same authors later refuted their own proposed antimigration ability (Lee et al., 2016). While in vitro trial of LLC1
cell, the purified chaga polysaccharide showed direct cytotoxicity for activating AMPK via phosphorylation of threonine 172 by
LKB1, downregulating Bcl-2 and upregulating Bax, as well as enhancing cleavage of Caspase-3 and PARP, leading to the opening
of mitochondrial permeability transition pore, and reducing MMP,
eventually resulting in an inhibition of ATP production and cellular
proliferation (Jiang et al., 2019). The inhibitory effect of LLC1
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Water or 70% ethanol,
70–80 °C, 2–24 h

C7H6O5

C7H6O4

C7H6O3
C8H8O4
C8H6O6

C9H8O4
C10H10O3

C7H6O3
C9H6O4
C12H16O7
C7H6O3
C33H20O13
C23H14O10
C25H18O9
C20H12O8

Gallic acid

Protocatechuic acid

p-Hydroxybenzoic acid

Vanillic acid

2,5-Dihydroxyterephthalic acid

Caffeic acid

3,4-Dihydroxybenzalacetone

3,4-Dihydroxybenzaldehyde

6,7-Dihydroxycoumarin

4-Hydroxy-3,5-dimethoxy
benzoic acid 2-hydroxy-1(hydroxymethyl) ethyl ester

2,5-Dihydroxybenzaldehyde

Inonoblin A/phelligridin I

Inonoblin B

Inonoblin C

Phelligridin D

LC

LC, LC-MS and
GC-MS, MS and
1H-NMR/13C-NMR

LC
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Liquid-liquid extraction, HP20 column and RP-HPLC (C18
column) or Sephadex LH-20
column/silica gel column

MS and 1H-NMR/13CNMR

Methanol, two times,
room temperature

Methanol, six times

Water boiling, 1 h

Liquid-liquid extraction, HP-20
column and RP-HPLC (C18 column)
Liquid-liquid extraction, silica
gel column, MPLC, RP-HPLC/
Sephadex LH-20 column
Liquid-liquid extraction,
Sephadex gel LH-20 column

MS and 1H-NMR/13CNMR
MS and 1H-NMR/13CNMR
MS and 1H-NMR/13CNMR

Liquid-liquid extraction

Liquid-liquid extraction, HP-20
column and RP-HPLC (C18 column)

Liquid-liquid extraction, HP-20
column and RP-HPLC (C18 column)

MS and 1H-NMR/13CNMR

IR spectra, MS and
1H-NMR/13C-NMR

Liquid-liquid extraction or/
and HP-20 column and RPHPLC (C18 column)

LC-MS and GCMS, MS and
1H-NMR/13C-NMR

High-pressure steam, 35%
GC-MS
methanol, 35% acetone, 30% water

Methanol, two times,
room temperature

Methanol, six times or
water boiling, 1 h

Water boiling, 1 h

High-pressure steam, 35%
methanol, 35% acetone, 30%
water or Water boiling, 1 h

Liquid-liquid extraction

–

Liquid-liquid extraction, HP-20
column and RP-HPLC (C18 column)

–

Qualification Method Purification Method

High-pressure steam, 35%
LC-MS and GC-MS
methanol, 35% acetone, 30% water

Water or 70% ethanol,
70–80 °C, 2–24 h

Water or 70% ethanol, 70–80
°C, 2–24 h/boiling water, 1 h

Extraction Method

Molecular formula

Phenolics

Table 4. Known phenolic small molecules and polymers of chaga and their purification/identification

Lee et al. (2007)

Kim et al. (2011)

Nakajima et
al. (2007)

Ju et al. (2010)

Nakajima et
al. (2007); Liu
et al. (2014)

Kim et al.
(2011);
Nakajima et
al. (2007)

Nakajima et
al. (2007)

Nakajima et
al. (2009);
Nakajima et
al. (2007); Ju
et al. (2010)

Ju et al. (2010)

Glamočlija et
al. (2015)

Ju et al. (2010);
Nakajima et
al. (2007);
Glamočlija et
al. (2015)

Zheng et
al. (2008b);
Glamočlija et
al. (2015)

Reference

Peng et al.
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C32H18O12
C26H20O9
C25H22O8
C24H18O8
C20H12O7
C33H18O13
C26H22O9
C10H12O5

Phelligridin G

Methylinoscavin A

Methylinoscavin B

Methylinoscavin C

Phelligridin C

Phelligridin H

Phelligridin F

2,3-Dihydroxy-1-(4-hydroxy-3methoxyphenyl)propan-1-one

C11H14O6
C25H20O9
C26H22O9
C23H16O8
C9H8O3
C27H30O14
C27H30O14
C27H32O14
C28H32O16
C27H30O16
C27H32O14
C15H10O6
C15H10O7
C16H12O7
C15H10O6
C15H12O5
C15H10O5

4-(3,4-Dihydroxyphenyl)(E)-3-buten-2-one

Davallialactone

Methyl davallialactone

Inoscavin C

p-Coumaric acid

Rhoifolin/apigenin-7-Oneohesperidoside

Isorhoifolin/apigenin7-O-rutinoside

Naringin/naringenin
7-O-neohesperidoside

Isorhamnetin-3-O-rutinoside

Rutin

Narirutin

Kaempferol

Quercetin

Isohamnetin

Luteolin

Naringenin

Apigenin

2,3-Dihydroxy-1-(4-hydroxy-3,5- C11H14O6
dimethoxyphenyl)-1-propanone

Molecular formula
C25H14O10

Phenolics

Phelligridin E

70% Aqueous acetone, 24 h,
room temperature, three times

–

95% Ethanol, 2 h,
reflux, three times

Petroleum ether, chloroform,
ethyl acetate, acetone, ethanol
and water, reflux for three times

Extraction Method

LC

LC and 1H-NMR/13CNMR

IR spectra, MS and
1H-NMR/13C-NMR

1H-NMR

–

–

Liquid-liquid extraction, silica
gel column, Sephadex gel LH-20
and RP-HPLC (C18 column)

–

Qualification Method Purification Method

Table 4. Known phenolic small molecules and polymers of chaga and their purification/identification - (continued)

Zheng et al.
(2009b)

Zhao et al.
(2015b)

Liu et al. (2014)

Zheng et al.
(2011b)

Reference
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C14H10O6
C9H10O5
C8H6O5
C27H32O15
C16H12O7
C15H14O7
C7H6O5
C14H18O8

C14H18O8

C15H20O7

6,6′-Dihydroxy-(1,1′-biphenyl)3,3′-dicarboxylic acid

4-Hydroxy-3,5dimethoxybenzoic
acid/syringic acid

4-Hydroxyisophthalic acid

Eriocitrin

Isorhamnetin

EGC

2,3-Dihydroxybenzaldehyde

(2′R)4-[1-(Hydroxymethyl)2-methoxy-2-oxoethoxy]3,5-dimethoxy benzoic
acid methyl ester

(2′S)4-[1-(Hydroxymethyl)2-methoxy-2-oxoethoxy]3,5-dimethoxy benzoic
acid methyl ester

4-Hydroxy-3,5-dimethoxy2-butoxy-2-oxoethyl ester

C14H12O3

Resveratrol

C11H6O7

C9H8O3

o-Coumaric acid

3-Hydroxy-2-oxo-2Hchromene4,6-dicarboxylic acid

C10H10O4

Ferulic acid

C9H10O5

C8H8O4

Homogentisic acid

3-Hydroxy-4,5dimethoxybenzoic acid

C24H20O8

Inoscavin B

C8H10O3

C22H18O10

ECG

C6H6O2

C22H18O11

EGCG

2,6-Dimethoxyphenol

C16H12O5

Fortuneletin/5,7-dihydroxy3′-methoxyflavone

Resorcinol

Molecular formula

Phenolics
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–

50% Methanol, 24 h,
room temperature

70% Methanol, 12 h, 60 °C

HCl-water, 5 h, reflux; then hot
ethyl acetate and methanol

HCl-acetonitrile, 2 h,
room temperature

Extraction Method

MS and 1H-NMR/13CNMR

LC

IR spectra,
MS, UV and
1H-NMR/13C-NMR

IR spectra and GC-MS

LC

Chiralpak IG column

–

Liquid-liquid extraction, silica
gel column, Sephadex gel
LH-20/ODS-Sepak cartridge
and RP-HPLC (C18 column)

–

–

Qualification Method Purification Method

Table 4. Known phenolic small molecules and polymers of chaga and their purification/identification - (continued)

Zou et al. (2019)

Zheng et al.
(2008b)

Hwang et
al. (2016)

Mazurkiewicz
(2006)

Kim et al.
(2008b)

Reference

Peng et al.
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Niu et al. (2016)
Anion-exchange chromatography
(DEAE-cellulose column); SEC
(Sephadex G-25 column); dialysis
–

SEC: size exclusion chromatography; HPSEC: high performance size exclusion chromatography.

HPSEC

Reference

Lignin-carbohydrate complexes
(29, 35, and 61 kDa, 64% lignin)

NaOH-water, 12 h, 4 °C

Anion-exchange chromatography
(DEAE-cellulose column); SEC
(Sephadex G-25 column); dialysis
HPSEC

Qualification Method Purification Method
Extraction Method

Water, 4 h, 60 °C

Molecular formula

–

Phenolics

Lignin-carbohydrate
complexes (37.9 and 24.5
kDa, 75–80% lignin)

Table 4. Known phenolic small molecules and polymers of chaga and their purification/identification - (continued)
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Wang et al.
(2015)
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Peng et al.
allograft tumor in mice was also verified through intraperitoneal
injection of purified chaga polysaccharide at 50 mg/kg BW/day
(Jiang et al., 2019). The more interesting point is that these chaga
polysaccharide fractions render in vivo anti-tumor/cancer effects
through not only intraperitoneal injection but also via oral administration (Kim et al., 2006; Mizuno et al., 1999; Won et al., 2011).
Specifically, the oral treatment of purified fraction of chaga polysaccharides at a dose of 50/100 mg/kg/day showed an excellent in
vivo tumor-inhibitory effect in mice and in vitro immunoregulatory
activities on spleen lymphocyte and macrophage without direct in
vitro cytotoxicity on SGC-7901 human gastric cancer cells (Fan et
al., 2012). A daily oral ingestion of chaga crude polysaccharides at
a dose of 200 mg/kg body weight for 6 days could also effectively
inhibit the growth of melanoma solid tumor (Won et al., 2011).
Furthermore, Chen et al. (2010) found that crude polysaccharides
can inhibit both the proliferation of in vitro tumor cells and tumor growth in orally-treated Balb/c-nu/nu nude mice. However,
the results which include enhancement of NO, ROS, TNF-α and
phagocytosis via regulating MAPKS (JNK, p38, ERK) and NF-κB
signaling pathways in macrophages still imply that the anti-tumor
effect of orally administrated chaga polysaccharides was also contributed by activating immune response systems. The exact mechanism of how the anti-tumor effect worked via oral administration
is not yet clear. It was suggested that a major component of chaga
polysaccharides, β-glucan, was taken up by intestinal macrophages, after which it was transported to lymph nodes, spleen and bone
marrow, therefore upregulating and activating the intestinal immune system (Rhee et al., 2008; Rop et al., 2009; Won et al., 2011).
Overall, the anti-cancer/tumor effects of chaga polysaccharides
may be through oral or intraperitoneal treatments with both direct
and indirect inhibitory effects.
Coinciding with those of chaga extracts, chaga crude polysaccharides exerted excellent in vivo antihyperglycemic and antihyperlipidemic effects in different diabetic models. Xu et al. (2010b)
reported that oral administration of crude polysaccharide extract of
cultured chaga in alloxan-induced type-1 diabetic mice, at 150 and
300 mg/kg body weight for 21 days, significantly decreased blood/
liver glucose level, liver malondialdehyde (MDA) and serum contents of free fatty acids (FFA), total cholesterol (TC), triacylglycerols (TAG), and low-density lipoprotein cholesterol (LDL-C).
Meanwhile, it effectively increased high-density lipoprotein cholesterol (HDL-C), insulin levels, and hepatic glycogen contents,
along with the enhancement of the catalase (CAT), superoxide
dismutase (SOD), and glutathione peroxidase (GPx) activities in
the liver of diabetic mice (Xu et al., 2010b). In the STZ-induced
diabetic mice model, constant oral administration of chaga polysaccharides at 50 mg/kg BW/day for 4 weeks down-regulated IL2R and MMP-9, and enhanced IL-2 level, and decreased the expression of phosphorylated NF-κB in the kidneys, thus, inhibiting
inflammatory infiltrate and extracellular matrix deposit injuries in
the mice kidneys (Wang et al., 2017b). Meanwhile, in STZ/highfat-diet-induced type-2 diabetic mice model, the high oral dose of
polysaccharides at 900 mg/kg BW/day for 4 weeks alleviated the
STZ-lesioned organ tissues (liver, kidney, and pancreas), up-regulated protein expressions of PI3K, p-Akt, GLUT4 if mice adipose
tissues (Wang et al., 2017c). In a subsequent paper (Wang et al.,
2017a), the polysaccharides-Cr(III) complex orally administrated
at 300, 600 and 900 mg/kg BW/day improved glucose tolerance
capacity, promoted the metabolism of glucose and synthesis of
glycogen, ameliorated severe pathological damages in kidneys
including mesangial expansion, glomeruli partly sclerosis and glomerular hypertrophy in STZ/high-fat-diet-induced type-2 diabetic
mice. Meanwhile, the improvement of antioxidant enzymes (CAT,
SOD, GPx) and various blood/liver parameters (insulin, MDA,
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Figure 3. Styrylpyrones in chaga.
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Anti-proliferation activity
Anti-proliferation activity
Anti-proliferation activity

3,4-dihydroxybenzaldehyde

caffeic acid

(2′S)4-[1-(hydroxymethyl)-2methoxy-2-oxoethoxy]-3,5dimethoxy benzoic acid methyl ester

–
–
–
–
–
–
–

IC50∼12.2 μM
IC50∼32.9 μM
IC50∼23.6 μM
IC50∼21.8 μM
ED∼10 and 100 μM
IC50∼12.1 μM
IC50∼27.4 μM
ED∼10 and 100 μM

PA-1
HL-60
A549
HL-60
HCT116
HL-60
HCT116

–
–
–

IC50∼80 μM
IC50∼150 μM
IC50∼170 μM

IC50∼0.43 and 1.45 μM –

Protocatechuic acid

3,4-Dihydroxybenzaldehyde

2,5-Dihydroxy-terephthalic acid

Inonoblin A/Phelligridin I

Inonoblin B

IC50∼0.58 and 1.42 μM –

–

IC50∼175 μM

Syringic acid

ABTS and DPPH
scavenging assays

–

Antioxidant activity

–

3,4-Dihydroxybenzalacetone

IC50∼50 μM

–

IC50∼15.0 μM

–

–

IC50∼10 μM

DNA topoisomerase
II inhibitory assays

Hep3B cells

–

–

IC50∼26.67 μM

4T1

ED∼25 μM

–

IC50∼30.71 μM

MCF-7 cell line

PA-1

–

IC50∼24.23 μM

A549 cell line

Gallic acid

Caffeic acid

Anti-proliferation activity

Anti-proliferation activity

3,4-dihydroxybenzalacetone

4-hydroxy-3,5-dimethoxy-2butoxy-2-oxoethyl ester

Anti-proliferation activity

–

IC50∼24.6 μM

ELISA assay

–

PTKs inhibitory activities

–

Bel-7402 cell line

Anti-proliferation activity

–

Mechanism or
manifestation

IC50∼3.7 μM

4T1

Anti-proliferation activity

IC50∼23.63 μM
or 3.1 μM

IC50 value or experimental dosage (ED)

IC50∼16.40 μM

A549 cell line

Model

Anti-proliferation activity

Bioactivity

4-(3,4-dihydroxyphenyl)(E)-3-buten-2-one

3,4-dihydroxybenzaldehyde

Phenolics

Compounds

Table 5. Bioactivities of phenolics purified from chaga

Lee et al. (2007)

Kuriyama et al. (2013)

Zou et al. (2019)

Kuriyama et al. (2013)

Nakajima et al. (2009)

Nakajima et al. (2009)

Kuriyama et al. (2013)

Kim et al. (2011)

Nakajima et al. (2009)

Zhao et al. (2016a)

Liu et al. (2014)

Zhao et al. (2016a)

Liu et al. (2014);
Zhao et al. (2016a)

Reference
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Purified phenolic extract

CYP-induced ICR mice

LPS-induced HEK 293/
NF-B-Luc cells

Anti-inflammatory activity
Immunomodulatory ability

A549, LO2, Bel7402 or HEK 293

Anti-proliferation activity

ED∼50 mg/kg BW/day
(oral administration)

ED∼1 mg/ml

Arrested cells at S
phase of A549;

IC50∼150 and 200
µg/mL (for A549)

Lignin–carbohydrate complex

–

ED∼0.25–1.00 mg/ml

DPPH, hydroxyl radical
scavenging and FRAP assays

Antioxidant activity

Inhibited the CYPinduced reduction
of body weight,
spleen index
and the viability
of peripheral
lymphocytes

Inhibited the
activation of NF-κB

Stimulated NO
production and
phagocytic activity

ED∼50 or 100 μg/ml

Anti-virus activity
Immunomodulatory activity RAW 264.7 macrophages

Lignin fraction

Lignin–carbohydrate complex

–

IC50∼0.66 and 0.41 μM –

Caffeic acid
IC50∼1.4 μg/ml

IC50∼0.43 and 1.48 μM –

Phelligridin G
HIV-protease

IC50∼0.40 and 1.57 μM –

Phelligridin E

Mechanism or
manifestation

IC50∼0.33 and 1.51 μM –

IC50 value or experimental dosage (ED)

Phelligridin D

Model
IC50∼0.65 and 0.82 μM –

Bioactivity

Inonoblin C

Compounds

Table 5. Bioactivities of phenolics purified from chaga - (continued)

Zheng et al. (2008b)

Wang et al. (2015)

Niu et al. (2016)

Ichimura et al. (1998)

Reference
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FFAs, TC, TG, LDL-C, and HDL-C) were mentioned in all models described above (Wang et al., 2017a; Wang et al., 2017b; Wang
et al., 2017c).
Thus far, many studies have verified various significant in vitro
antioxidant results of chaga polysaccharides including radical/
peroxide scavenging and metal reduction ability (Table 7). Classically, the “crude polysaccharides” are prepared through several primary steps such as water extraction/alcohol precipitation,
deproteinization, and/or dialysis. However, for “purified polysaccharides”, combinations of several chromatographic isolation
techniques are necessary. The mixtures so produced are believed
to be predominately composed of polysaccharides and therefore
labeled as “crude/purified polysaccharides” in most of chaga studies. However, several studies have suggested that polysaccharides
were not the only main constituents of chaga “crude/purified polysaccharides”. The data of Chen et al. (2009) showed that 42.50%
of chaga deproteinated “crude polysaccharides” was protein while
only 18.50 and 6.10% of those were neutral sugar and uronic acid,
respectively. More data about the protein content of chaga “crude
polysaccharides” can be found in other articles citated here, ranging from 6.28 to 30.2% (Mu et al., 2012; Wang et al., 2018c; Xu
et al., 2011a). As for purified polysaccharides, a high proportion of
protein content was also found. Xiang et al. (2012) reported 6 purified fractions consisting of 7.12–38.3% protein, and the fraction
with highest protein content (38.3%) exerted the highest radical
scavenging activity. Kim et al. (2006) obtained 5 purified fractions
of chaga polysaccharides with a total protein content ranging from
22.1 to 59.3%. While in another study, 5 fractions were purified
through different columns (DEAE-Sepharose column and gel permeation column, Sepharose CL-6B), which contained relatively
less protein (0–21.4%) (Huang et al., 2012). In some cases, the
deproteination process can even enhance protein content of chaga
crude polysaccharides which demonstrates that the protein components are covalently bound to the polysaccharide matrix (Xiang et
al., 2012; Xu et al., 2014a; Xu et al., 2014b). This result is consistent with the fact that polysaccharides, proteins and glycoproteins/
proteoglycans, are the shared main constituents of the fungi cell
wall (Beauvais and Latgé, 2018; Ma et al., 2018; Peberdy, 1990).
More compositional data of different “polysaccharides” fractions
of chaga were later updated which helped to challenge its antioxidant results. Mu et al. (2012) once attributed moderate-strong
radical scavenging ability to the polysaccharide components in
chaga “crude polysaccharides”, but later they found that lignincarbohydrate complex was also present in the purified fraction of
this “crude polysaccharides”, containing 64–80% lignin but only
16–28% neutral sugars and uronic acid (Wang et al., 2015). Besides, melanin is another group of aromatic copolymers rich in water extract of chaga. It possesses a similar polysaccharide hydrophilicity and range of molecular weight (ranging from less than 10
kDa to more than 120 kDa). Therefore it was rarely distinguished
and identified during the analysis of chaga polysaccharides (Babitskaya et al., 2002; Wold et al., 2018). In the study of Wold et al.
(2018), in spite of purifying through anion-exchange and size-exclusion (gel filtration) chromatography, three protein-free (<0.1%)
fractions of chaga polysaccharides were successfully produced but
they still contained 4.2–9.7% phenolics due to the existence of
covalently bound melanin pigment on polysaccharides. However,
none of the quantification methods of protein (Bradford, BCA and
Lowry assays) and sugar (sulfuric acid-phenol assay) used in these
studies could entirely avoid the interference of abundant phenol
groups in lignin or melanin (Dalilur Rahman and Richards, 1987;
Owusu-Apenten, 2002; Redmile-Gordon et al., 2013). It should be
noted that whether the health effects of natural “polysaccharides”
is related to the existence or the synergistic effect of non-polysac-
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charide components especially the protein therein that has been
proposed for decades remains controversial (Cruz et al., 2016; Cui
and Chisti, 2003; Ng, 2003; Xu et al., 2011b; Zhang et al., 2011).
However, there are insufficient studies on the exact structures and
proportions of chaga melanin-, protein-, and lignin-polysaccharide
complexes that allow full understanding of the authentic origin
of the chemical mechanism underlying the antioxidant ability of
chaga “polysaccharides”. On the other hand, as mentioned before,
the “purified chaga polysaccharides” indeed show significant in
vivo antioxidant and anti-inflammatory effects, which further potentiate various tissue-protective effects, especially for pancreas/
liver/kidney protection (Diao et al., 2014; Hu et al., 2016; Wang et
al., 2017a; Wang et al., 2017b; Xu et al., 2010b). Recently, Hu et
al. (2016) found that ingestion of chaga polysaccharides alleviated
DDC (diethyldithiocarbamate)-induced pancreatic acinar atrophy
and weight loss by increasing pancreatic SOD, and decreasing LDH
(lactate dehydrogenase), hydroxyproline, AMS (amylase), IFN-γ,
IL-1 levels in serum of chronic pancreatitis mice. Later in the same
model, the increase of pancreatic levels of GPx and TAOC (total
antioxidant capacity) and the decrease of serum levels of TNF-α,
TGF-β as well as lipase and trypsin, were also detected (Hu et al.,
2017b). The improved gut microbiota composition through ingesting chaga polysaccharides were found to be positively correlated
with relief of inflammation and oxidative stress (Hu et al., 2017b).
Furthermore, the activation of the Nrf2/HO-1 signaling pathway
by chaga polysaccharide also protected the mitochondrial damage
and neuronal cells apoptosis in L-glutamic acid-damaged HT22
cell model and APP/PS1 transgenic mice model (Han et al., 2019).
Similarly, the finding of Xu et al. (2019a) suggests that chaga polysaccharides protect mice against the T. gondii-induced liver injury,
partially due to inhibition of the TLRs/NF signaling axis and the
activation of the antioxidant response such as increasing the contents of serum/liver SOD and GSH, by inducing the Nrf2/HO-1
signaling.
In general, compared with the organic solvent extracts rich in
phenolics or terpenoids, the polysaccharide-rich water extract/
decoction contains much higher amount of oxalic acid. However,
the purification process of polysaccharide, including precipitation
and dialysis, can effectively remove small-molecule compounds.
However, there are limited investigations on oral safety of chaga
polysaccharides. Chen et al. (2009) reported a single oral dose of
chaga crude polysaccharide at 5,000 mg/kg body weight exerted
no acute-toxicity damage on the liver, kidney, heart, thymus or
spleen of male Kunming mice. Hu et al (2017a; 2017b) found that
oral administration of purified fractions of chaga polysaccharide at
a dose of 1,000 mg/kg BW three times in one day showed no acute
symptoms in pathogen-free male ICR mice including external
morphological, behavioral, neurological, and autonomic changes.
Another test conducted for 20 consecutive days of oral administration with a dose of 1,500 mg/kg body weight/day also showed no
sub-acute-toxicity damage to the liver, pancreases, kidney, heart,
thymus and spleen of male Kunming mice (Wang et al., 2017a).
However, except for safe short-term doses, more toxicological trials of long-term administration are much desired.
4.4. Other components
As mentioned before, melanin is another antioxidant source in chaga. The natural melanin is polymerized by either aromatic amino
acids or phenolics via C-C linkage, hence, could be divided into
nitrogenous melanin (eumelanin, pheomelanin) and non-nitrogenous melanin (allomelanin, pyomelanin), respectively (Ahmad et
al., 2016; Plonka and Grabacka, 2006). Therefore, the structure as
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–

–

–

–

–
–
–

–
–

–

Proteoglycan (40 kDa)

α-Linked fucoglucomannan
(1,000 kDa)

Purified fractions of
polysaccharide (93 kDa)

Purified fractions of
polysaccharide (122 kDa)

Purified fractions of
polysaccharide (32.5 kDa)

Purified fractions of
polysaccharide (111.9 kDa)

Purified homogeneous
polysaccharide fraction
(37.354 kDa)

Neutral polysaccharides
(60–73 kDa)

Acidic polysaccharides
(melanin-polysaccharide
complex) (10–31 kDa)

Alkaline polysaccharides
(>450 kDa)

C18H21N2O
C19H19N2O

3,3-Dimethyl-9-(propylamino)3,4-dihydro-1(2H)-acridinone

2-Butyl-3-(3-methylphenyl)4(3H)-quinazolinone

Alkaloids

–

Molecular
formula

Glycoprotein (230 kDa)

Polysaccharides

Compound

Chloroform, 12 h, room
temperature, three times

Water, 2 h, 100
°C, two times

Water, 2.5 h, 60 °C

Water, 2 h, 90 °C

Water, 2.5 h, 60 °C

Water, 80 min, 75 °C,
ultrasonication

Water, 3 h, 80 °C

Water, 6 h, 121 °C

Water, 2 h, 100
°C, two times

Water, 3 h, 80 °C

Extraction Method

UPLC-Q-TOF-MSn

SEC-MALLS, IR
spectra, 1H-NMR/13CNMR, and GC-MS

FT-IR, HPSEC,
1H-NMR/13C-NMR

UV, IR spectra, HPSEC

SEC

SEC

GC and HPSEC

SEC

HPSEC (refractive
index, UV, and
MALLS detectors),
AEC, and FT-IR

SEC

Qualification Method

Table 6. Polysaccharides and other known compounds of chaga and their purification/identification

Han et al. (2019)

Hu et al. (2016)

Ma et al. (2012);
Zhang et al. (2013b)

Fan et al. (2012)

Kim et al. (2006)

Liu et al. (2019)

Huang et al. (2012)

Reference

Silica gel column/RPHPLC (C18 column)

AEC (ANX Sepharose™ 4 Fast
Flow), SEC (Sephacryl S-500
HR column), dialysis

AEC (ANX Sepharose™ 4 Fast
Flow), SEC (Hiload™ 16/60
Superdex™ 200 column), dialysis

AEC (ANX Sepharose™ 4 Fast Flow),
SEC (Superose® 6 column), dialysis

Geng et al. (2013)

Wold et al. (2018)

Deproteination (Sevag reagent),
Hu et al. (2017a)
alcohol precipitation, AEC (DEAE
cellulose column), Sephadex G-200 gel

Alcohol precipitation, DEAE-52
column, SEC (Sephadex G-100)

Anion-exchange DEAE cellulose
column and SEC (Sephadex G-200)

Deproteination (Sevag reagent),
alcohol precipitation, DEAE-52
cellulose column, dialysis

Alcohol precipitation, AEC (DEAESepharose CL-6B column), SEC
(sepharose CL-6B column), dialysis

Alcohol precipitation, AEC (DEAEcellulose column), SEC (Toyopearl
HW65F column), dialysis

Liquid-liquid extraction

Alcohol precipitation, AEC (DEAESepharose fast flow column), SEC
(SepharoseCL-6B column), dialysis

Purification Method

Peng et al.
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C40H73N2O6
C24H36N

2,2-Bis[2,2,6,6-tetramethyl1-(octyloxy)piperidin4-yl]-hexanedioate

3-(4-Cyclohexylbutyl)-6,11dimethyl-1,2,3,4,5,6-hexahydro2,6-methano-3-benzazocine
C13H22O2
C5H8O3
C22H46
C36H74
C22H32O2
C16H32O2
C21H44
C7H8O

2-(1,4,4-Trimethylcyclohex2-en-1-yl)ethyl acetate

4-Oxopentanoic acid

Docosane

Hexatriacontane

O-Acetyl-all-trans-Retinol

Hexadecanoic acid

Heneicosane

Benzyl alcohol

Other organic compounds

C32H57N3O5

C27H49N4O

1,1-Dimethyl-3,3-bis(2,2,6,6tetramethyl-1-prop-2-en1-ylpiperidin-4-yl)urea

(2R,4S,5S,7S)-5-Amino-N-butyl7-{4-[4-(dimethylamino)-butoxy]3-(3-methoxypropoxy)benzyl}-4hydroxy-2,8-dimethylnonanamide

C26H43N4O5

N-{(1S,2S)-1-benzyl-3[1-(cyclohexylmethyl)
hydrazino]-2-hydroxypropyl}N2-[(2-methoxyethoxy)
carbonyl]-L-valinamide

C11H21N4O

C14H31N4O

1-{[2-(Diethylamino)ethyl]
amino}-3-(4-methyl-1piperazinyl)-2-propanol

1-(3,6-Dihydropyridin-1(2H)-yl)-3[3-(dimethylamino)propyl]urea

C16H31N4O

Molecular
formula

1-(4-Methyl-1-piperazinyl)-2{[3-(2-methyl-1-piperidinyl)
propyl]amino}ethanone

Compound

HCl-water, 5 h, reflux;
then hot ethyl acetate
and methanol

Extraction Method

IR spectra and GC-MS

Qualification Method

Table 6. Polysaccharides and other known compounds of chaga and their purification/identification - (continued)

–

Purification Method

Mazurkiewicz (2006)

Reference
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Molecular
formula
C2H2O4
C9H8O2
C6H8O7
C12H26O
C13H26O
C20H40O2
C20H38O2
C20H38O2
C18H36O2
C14H28O2
C16H32O2
C16H22O4
C24H38O4
C17H34O2
C19H38O2
C21H44
C19H40
C16H34
C18H38
C17H36
C19H40
C16H22O4
C19H34O2
C20H36O2
C15H30O
C18H32O2
C7H6O

Compound

Oxalic acid

Cinnamic acid

Isocitric acid

1-Dodecanol

2,10-Dimethyl-9-undecenol

Ethyl octadecanoate

Isopropyl linoleate

Ethyl oleate

Ethyl hexadecanoate

Ethyl dodecanoate

Ethyl tetradecanoate

Di-isobutyl phthalate

Di-iso-octyl phthalate

Ethyl pentadecanoate

Ethyl Heptadecanoate

2,6,10,14-Tetramethyl
heptadecane

2,6,10,14-Tetramethyl
pentadecane

Hexadecane

Octadecane

Heptadecane

Nonadecane

Dibutyl phthalate

Methyl-8,11-octadecadienoate

Ethyl linoleate

Pentadecanal

Linoleic acid

Benzaldehyde

HCl-water, 5 h, reflux;
then hot ethyl acetate
and methanol

Petroleum, 14 h, room
temperature,

High-pressure steam,
35% methanol, 35%
acetone, 30% water

Water or 70% ethanol,
2–24 h, 70-80 °C

Extraction Method

IR spectra and GC-MS

GC-MS

LC-MS and GC-MS

LC

Qualification Method

Table 6. Polysaccharides and other known compounds of chaga and their purification/identification - (continued)

–

–

Liquid-liquid extraction

None

Purification Method

Sun et al. (2011)

Ju et al. (2010)

Glamočlija et
al. (2015)

Reference
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Hexane
Chloroform, 12 h, room
temperature, three times

C18H30O2
C19H37O4
C19H35O2

Linolenic acid

1,6-Dideoxy-3,4-O-(1,5,9trimethyl-decylidene)-Dmannitol

(1S,4aR,5R,8aS)-5-[(1R)-5Hydroxy-1,5-dimethylhexyl]-4amethyldecahydronaphthalen-1-ol

C9H11NO3
–
–

–
–

–

Tyrosin

Purified melanin fractions (56–60
kDa or 100–120 kDa or more)

Purified melanin fractions (2–20
kDa or 90–100 kDa or more)

Purified melanin-polysaccharide
(<10 kDa, ∼5% polysaccharide)

Purified polysaccharidemelanin complex (10–31
kDa, ∼4.2–9.7% melanin)

Crude melanin

SEC (Toyopearl HW65 resin column)

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

–

SEC-MALLS, IR
spectra, 1H-NMR/13CNMR, and GC-MS

HPSEC (diol300 column)

Acid precipitation

AEC (ANX Sepharose™ 4 Fast
Flow); SEC (Hiload™ 16/60
Superdex™ 200 column); dialysis

Ethanol precipitation, dialysis,
acid precipitation

Burmasova et al.
(2019); Parfenov
et al. (2019)

Wold et al. (2018)

Wold et al. (2020)

Ethanol precipitation, acid
Olennikov et al. (2012)
precipitation, Sephadex G-100 column

SEC (Sephadex G-75 column)

UPLC-Q-TOF-MS/MS: ultra-high-performance liquid chromatography-quadrupole time-of-flight tandem mass spectrometry; RP-HPLC: reverse-phase high performance liquid chromatography; MALLS: multi-angle laser light scattering; SEC: size exclusion chromatography; HPSEC: high performance size exclusion chromatography; AEC: anion-exchange chromatography; HPAEC: high-performance anion-exchange chromatography.

Water, 10 h, 70 °C or
microwave-assisted
extraction

Water, 2 h, boiling, 2 times

Water, 2 h, boiling,
three times

50–95% ethanol, 2 h, 100 °C; IR spectra, 13C NMR
then water, 1 h, 100 °C; then
KOH-water, 1–3 h, 20 °C

NaOH-water, 2 h, boiling

Babitskaya et
al. (2000)

Zheng et al. (2008b)

Sephadex LH-20 column

Hyun et al. (2006)
HPLC

C9H11NO2

Phenylalanine

50% Ethanol, 24 h,
room temperature

C16H20N4O4S

Trp-Gly-Cys

Shin et al. (2001a)

Geng et al. (2013)

Kahlos et al. (1989)

Kahlos (1994)

Geng et al. (2013)

Reference

C6H14O6

Liquid-liquid extraction,
silica gel column

Silica gel column/RP-HPLC

LC-Q-TOF-MSn

MS and 1H-NMR/13CNMR

–

TLC, GLC, and GC-MS

–

Silica gel column/RP-HPLC

LC-Q-TOF-MSn
GC and GC-MS

Purification Method

Qualification Method

Glucitol

95% Ethanol, 24 h, room
temperature, 5 times

Hydrodistillation

C8H16O

1-Octen-3-ol

Chloroform, 12 h, room
temperature, three times

Extraction Method

C13H15O

Molecular
formula

(2S)-2-[(1S)-1-Phenylethyl]3,6-dihydro-2H-pyran

Compound

Table 6. Polysaccharides and other known compounds of chaga and their purification/identification - (continued)
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Antioxidant activities
Antioxidant activities
Antioxidant activities
Antioxidant activities

Purified polysaccharide
(32.5 kDa)

Purified polysaccharide
(122 kDa)

Purified polysaccharide
(122 kDa)

Purified homogeneous
polysaccharide
(37.354 kDa)

DPPH and hydroxyl
radical Scavenging

FRAP and anti-liver-lipid
peroxidation model

FRAP and anti-liver-lipid
peroxidation model

DPPH and hydroxyl radicals
scavenging assays

ED∼1.0–5.0 mg/mL

ED∼0.5–5 mg/ml

ED∼0.5–5 mg/ml

IC50∼1.3–3.2 mg/ml

ED∼50–1,000 μg/ml

Antioxidant activities

Purified polysaccharide
(40 kDa)

DPPH radicals scavenging,
TEAC, and FRAP assays

ED∼100, 200, 400,
and 800 μg/ml

Fe2+-VC-induced
mitochondria swelling

–

–

–

–

–

–

–

ED∼100, 200, 300,
and 400 μg/ml

Fe2+-Cys-induced lipid
peroxidation in fresh
mouse liver homogenate

Antioxidative
stress activity

–

–

–

Crude polysaccharide

ED∼0.5–3 mg/ml

IC50∼1.33–4.35
mg/ml

IC50∼498.35 μg/mL

Improved the cell viability; restored
the morphology alterations of cells and
maintained the integrity of mitochondria

–

DPPH, TBARS assays

DPPH assay

DPPH radical
scavenging test

H2O2-induced oxidative
ED∼50–500 μg/mL
damage in hepatic L02 cells

Improved the cell viability; inhibited the
morphology alteration and maintained
the integrity of mitochondria

Hydroxyl and superoxide
IC50∼1.08 mg/ml
radicals scavenging abilities and 174.1 µg/ml

Antioxidant activities

Crude exo/endopolysaccharide from
submerged cultures

ED∼5, 10, 20 µg/ml

Crude exo-polysaccharide Antioxidant activities
from submerged cultures

Antioxidant activity

Crude proteinpolysaccharide complex

Antioxidant activity

Antioxidative
stress activity

Purified polysaccharide
(97.12 kDa)

Mechanism or manifestation

IC50∼0.27–7.0 mg/ml –

IC50 value or experimental dosage (ED)

H2O2-induced oxidative
ED∼500 μg/mL
damage in hepatic L02 cells

H2O2-induced cell
death of PC12 cell

Antioxidative
stress activity
Antioxidative
stress activity

DPPH test, hydroxyl
radical/superoxide anion
radical scavenging test

Model

Antioxidant activity

Bioactivity

Polysaccharideschromium (III)
complex (115 kDa)

Crude polysaccharides

Polysaccharides

Compounds

Table 7. Bioactivities of polysaccharides and other compounds purified from chaga

Hu et al.
(2017a)

Zhang et al.
(2013b)

Ma et al.
(2012)

Hu et al.
(2016)

Liu et al.
(2019)

Song et al.
(2008)

Chen et al.
(2011)

Xu et al.
(2011a)

Xiang et
al. (2012)

Wang et al.
(2018c)

Wang et al.
(2018a)

Mu et al.
(2012)

Reference
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Anti-genotoxic effects

Antioxidative
stress activity

Anti-inflammatory
and anti-oxidative
stress effects, and
protective effect of
reproductive function

Purified polysaccharide

Purified polysaccharide

Purified polysaccharide
(42 kDa)
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Toxoplasma gondiiinduced male mouse

H2O2-treated RINm5F
pancreatic β-cells

UVB-exposed
zebrafish embryos

Antioxidative stress and Zebrafish embryos
anti-proliferation activity

Purified polysaccharide

Tacrine induced apoptosis
of HepG2 cells

Antioxidant
protective activity

Unknown
polysaccharides

Purified homogeneous
selenized polysaccharide
(28.071 kDa)

D-gal-induced oxidant
damage in mice

ED∼100, 200, and
400 mg/kg BW/day
(oral administration)

ED∼1–100 µg/ml

ED∼2.5 mg/mL

ED∼1–5 mg/mL

–

ED∼100 mg/kg DW

Mechanism or manifestation

Improved the spermatogenic capacity and
ameliorated pathological damage of testis;
increased serum testosterone, luteinizing
hormone and follicular-stimulating hormone
levels; Decreased the levels of MDA and NO, but
increased the activities of SOD and GSH; Upregulated testicular StAR, P450scc and 17β-HSD
expressions; up-regulated the expressions of
Nrf2, HO-1 and NQO-1, and suppressed the
apoptosis of testicular cells by decreasing Bax
and cleaved caspase-3 expresisions; enhanced
testicular PI3K, p-AKT and p-mTOR expression

Decreased DNA fragmentation and
the rate of apoptosis; upregulated
phosphorylation of MAPK (JNK, ERK, and
p38); Suppressed cleaved caspase-3

Reduced DNA damage and ameliorated
the deformed structures; upregulated
mRNA expressions of XRCC-5, XRCC6, RAD51, P53, and GADD45

Reduced levels of intracellular ROS and
apoptosis in the developing embryos;
arrested the cells at G1 stage

Reduced tacrine-induced apoptosis; Inhibited
tacrine-induced ROS generation, 8-OHdG
formation in mitochondrial DNA, and loss of
the mitochondrial transmembrane potential;
decreased tacrine-induced the cytochrome
c release and activation of caspase-3

Increased SOD and GPx levels coupled
with reduction in MDA level

Antioxidative
stress activity

IC50 value or experimental dosage (ED)

Purified homogeneous
polysaccharide
(37.354 kDa)

Model
–

Bioactivity

Purified homogeneous
selenized polysaccharide
(28.071 kDa)

Compounds

Table 7. Bioactivities of polysaccharides and other compounds purified from chaga - (continued)

Ding et al.
(2020)

Sim et al.
(2016)

Eid et al.
(2020b)

Eid and Das
(2020a)

Li et al.
(2019)

Reference
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Anti-inflammatory effect DSS-induced colitis mice

Anti-inflammatory
activity

Unknown polysaccharide

Crude polysaccharide

LPS-induced RAW 264.7
murine macrophage cells

Anti-inflammatory
and anti-oxidative
stress effects

Purified polysaccharide
(32.5 kDa)

DDC-induced chronic
pancreatitis mice

HFD/STZ-Induced
diabetic nephropathy
in C57BL/6 male mice

ED∼50–500 μg/ml

ED∼100–300 mg/
kg BW/day (oral
administration)

ED∼100, 200 and
400 mg/kg BW/day
(oral administration)

ED∼300 and 1,000
mg/kg BW/day (oral
administration)

Restored the integrity of the glomerular
capsules and increased the numbers of
glomerular mesangial cells; alleviated the
glucotoxicity in renal tubular cells;

Decreased the liver coefficient, the levels of
ALT, AST, MDA, and NO; increased the contents
of SOD and GSH in liver/serum; Decreased
the expression of serum TNF-α, IL-6, IL-1β,
IFN-γ and IL-4; down-regulated TLR2, TLR4,
phosphorylation of NF-κB and IκBα; upregulated the expressions of Nrf2 and HO-1

Van et al.
(2009)

Chen et al.
(2019b)
Reduced the losses of tight junction proteins
Occludin and ZO-1 in colon tissues; regulated
imbalanced Th1/Th2 and Th17/Treg in
colon tissues, mesenteric lymph nodes and
spleen; upregulated p-STAT1 and p-STAT3;
down-regulated expression of p-STAT6
Down-regulated IL-6 and TNF-α levels; no
effect on IL-1β; reduced NO production

Hu et al.
(2016)

Chou et al.
(2016)

Xu et al.
(2019a)

Xu et al.
(2020)

Reference

Alleviated pancreatic acinar atrophy and weight
loss; increased SOD and MDA level in pancreatic
tissue; decreased LDH, hydroxyproline,
AMS, IFN-γ, and IL-1 levels in serum

Decreased NF-κB and TGF-β expression;
decreased expression of TGF-β on renal cortex

Renal protective effect

Low-molecularweight polysaccharide
(10–100 kDa)

Toxoplasma gondii-induced ED∼100, 200, and
mouse liver injury
400 mg/kg BW/day
(oral administration)

Reduced the abortion rate; inhibited the
decreases of serum progesterone and estriol
levels and the increase of MDA level; increased
the activities of SOD and GSH in blood and/or
placenta; Inhibited the production of TNF-α,
IL-6, IFN-γ, IL-1β and IL-17A; and promoted
the production of anti-inflammatory cytokine
IL-10 and TGF-β in placenta; Up-regulated
the expression of Fox-p3, whereas downregulated the expressions of ROR-γt, STAT-3
and TLR-4, and inhibited the phosphorylations
of NF-κB and IκBα in placental tissues

Mechanism or manifestation

Anti-inflammatory effect

Anti-inflammatory, antioxidative stress, and
hepatoprotective effect

Purified polysaccharide
(42 kDa)

Toxoplasma gondii-induced ED∼100, 200, and
adverse pregnancy
400 mg/kg BW/day
in female mouse
(oral administration)

IC50 value or experimental dosage (ED)

Decreased insulin tolerance,
triglyceride levels, urinary albumin/
creatinine ratio and LDL/HDL ratio

Anti-inflammatory and
anti-oxidative stress
effects, and protective
effect of pregnancy

Purified polysaccharide
(42 kDa)

Model

Anti-hyperglycemic
effect

Bioactivity

Compounds

Table 7. Bioactivities of polysaccharides and other compounds purified from chaga - (continued)

Peng et al.
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60
Anti-inflammatory
activity

Immunomodulatory
activity
Immunomodulatory
activity
Immunomodulatory
activity
Immunomodulatory
activity
Immunomodulatory
activity
Immunomodulatory
activity
Immunomodulatory
activity

Crude endopolysaccharide from
submerged cultures

Crude endopolysaccharide from
submerged cultures

Crude polysaccharide

Purified polysaccharide
(40 kDa)

Purified α-linked
fucoglucomannan
(∼1,000 kDa)

Purified proteoglycan
(40 kDa)

Purified polysaccharides
(32–119 kDa)

Alkaline (>450 kDa) and
acidic polysaccharides
(10–31 kDa)
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Immunomodulatory
effect

Jurkat cells implanted
Kunming mice

B16F10 melanoma cellsimplanted (SPF) BDF1 mice

Anti-tumor effect

Anti-tumor effect

MCF-7, Hur7 cells

Anti-proliferation
activity

Purified α-linked
fucoglucomannan
(∼1,000 k Da)

Purified polysaccharides
(48.82 kDa)

Unclear cellular model

Anti-proliferation
activity

J774.A1 murine
macrophage cell
and D2SC/1 murine
dendritic cell

Human peripheral blood
mononuclear cells

LPS-induced RAW 264.7
murine macrophage cell

RAW 264.7 murine
macrophage cell

RAW 264.7 murine
macrophage cell

Macrophage and
splenocytes

Fractionated fresh
B and T cells

LPS-induced RAW 264.7
murine macrophage cell

Model

Crude proteinpolysaccharide complex

Neutral polysaccharides
(60–73 kDa)

Bioactivity

Compounds

ED∼20–80 mg/
kg BW/day (oral
administration)

ED∼30 mg/kg BW/
day (intraperitoneal
administration) or
300 mg/kg BW/day
(oral administration)

ED∼10 and 50 μg/ml

–

ED∼10 µg/ml

ED∼100 µg/ml

ED∼15–150 µg/ml

ED∼50–500 µg/ml

ED∼1–100 μg/ml

ED∼50–500 μg/ml

ED∼20 and
100 μg/ml

ED∼1–100 μg/ml

ED∼1–10 μg/ml

IC50 value or experimental dosage (ED)

Table 7. Bioactivities of polysaccharides and other compounds purified from chaga - (continued)

Stimulated proliferation splenocyte
and lymphocyte; promoted cytokine
secretion (IL-2, IL-6, IL-12 and TNF-) and
macrophage phagocytosis in mice;

Increase Bax expression and
inhibit Bcl-2 expression

Enhanced survival rate; decreased
tumor incidence

–

Inhibited the activity of cdc25 and cdc2/cyclin B;

Increased NO production

Stimulated cell proliferation and secretion
of TNF-α, IFN-γ, IL-1β, and IL-2

Increased the release of NO

Stimulated proliferation and NO production

Stimulated NO production

Promoted cell proliferation and
production of IL-2 and GM-CSF

Stimulated proliferation and differentiation
of B cells into antibody-producing plasma
cells; stimulated IgM antibody yield

Up-regulated the mRNA expression of the
INOS and inflammatory effector cytokines
(IL-1β, IL-6 and TNF-α); Increased total
nitrite-producing activity of macrophages

Mechanism or manifestation

Chen et al.
(2015)

Kim et al.
(2006)

Mizuno et
al. (1999)

Wold et
al. (2018)

Xu et al.
(2014b)

Liu et al.
(2019)

Kim et al.
(2006)

Liu et al.
(2019)

Lee et al.
(2017b)

Kim et al.
(2005)

Kim et al.
(2005)

Reference

Bioactive compounds and bioactive properties of chaga
Peng et al.
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Purified polysaccharide
(45 kDa)

Purified polysaccharide
(111.9 kDa)

LLC1 Lewis lung cancer cell

LLC1 cells implanted
C57BL/6J mice

Anti-proliferation
activity

Anti-tumor effect

ED∼50 mg/kg BW/
day (intraperitoneal
injection)

ED∼0.1 or 1 mg/mL

ED∼25 or 50 mg/
kg BW/day (oral)

Inhibited allograft tumor growth

Activated AMPK via phosphorylation of
threonine 172 by LKB1; downregulates
Bcl-2, upregulates Bax; enhances
cleavage of Caspase-3 and PARP

Improved the pathological behaviors related to
memory and cognition; reduced the deposition
of β-amyloid peptides and neuronal fiber tangles
induced by enhanced phosphor-Tau in the brain;
modulated the levels of anti- and prooxidative
stress enzymes; Enhanced the expression levels
of Nrf2 and its downstream proteins, including
HO-1 and SOD-1, in the brains of APP/PS1 mice

APP/PS1 transgenic mice

Anti-Alzheimer’s
disease effect

Reduced the release of lactate dehydrogenase;
restored the dissipated mitochondrial
membrane potential; enhanced levels of
Bcl-2, Nrf2, HO-1, SOD-1, and cysteine
ligase catalytic subunit and suppressed the
excess accumulation of intracellular ROS

–

–

Inhibited cellular apoptosis and caspase-3
activity; reduced levels of Bax and Keap1

ED∼5 or 10 μg/mL

ED∼25–400 g/mL

ED∼50, 75 and 100
mg/kg BW/day

Induced NO/ROS production and TNF-α
secretion; induced the phosphorylation
of three MAPKs (ERK, JNK and p38) and
nuclear translocation of NF-κB; secretion of
TNF-α were inhibited by anti-TLR2 mAb

Promoted cell proliferation, comitogenic
effect and IFN-γ/IL-4 secretion

Anti-apoptotic activity

L-glutamic acid-damaged
HT22 hippocampal
neuronal cells

Spleen lymphocyte
and Macrophage

Immunomodulatory
effect
Anti-oxidative
stress activity,

SGC7901 cells
implanted nude mice

ED∼100, 300 and
500 μg/ml

RAW 264.7 murine
macrophage cell

Anti-tumor effect

ED∼10–1,000 μg/ml

Fractionated fresh
mouse splenocyte

Purified polysaccharide
(93k Da)

ED∼300 and 500 μg/ Promoted phagocytosis, NO/ROS production,
mice (intraperitoneal and TNF-α secretion of peritoneal macrophages
administration)

Female C57BL/6 mice

Inhibited the growth of the
peritoneal tumor mass

Immunomodulatory
effect

ED∼200 mg/
kg BW/day (oral
administration)

B16-F10 melanoma
cells implanted female
C57BL/6 mice

Anti-tumor effect

Mechanism or manifestation

Crude polysaccharide

IC50 value or experimental dosage (ED)

Bioactivity

Compounds

Model

Table 7. Bioactivities of polysaccharides and other compounds purified from chaga - (continued)

Jiang et al.
(2019)

Han et al.
(2019)

Fan et al.
(2012)

Won et al.
(2011)

Reference

Peng et al.
Bioactive compounds and bioactive properties of chaga
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62
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Anti-hyperglycemic
effect

Anti-tumor effect

Crude proteinpolysaccharide complex

Anti-proliferation
activity

Crude polysaccharide

Antihyperglycemic
activity

Anti-proliferation
activity

Crude polysaccharide

Crude polysaccharide

Anti-proliferation
activity

Crude polysaccharide

Anti-proliferation
activity

Jurkat tumor cellsimplanted Balb/c-nu/
nu nude mice

Anti-proliferation
activity

Crude polysaccharide

Crude proteinpolysaccharide complex

Human T lymphadenoma
jurkat cell and human B
lymphadenoma daudi cell

Anti-proliferation
activity

Crude polysaccharide

Type-1 diabetic mice

α-Glucosidase
Inhibitory assay

SMMC7721 hepatoma cell

U251 human
Neurogliocytoma Cells

A549 human non-small
cell lung cancer cell

B16-F10 mouse
melanoma cell

B16-F10 mouse
melanoma cell

A549 human non-small
cell lung cancer cell

Anti-proliferation
activity

Crude polysaccharide

Model

Bioactivity

Compounds

–

ED∼50 and 100 mg/
kg BW/day (oral
administration)

–

IC50∼24.34–82.97
μg/ml

Maintained hypoglycemic effect
for 3−48 h after injection

–

–

–

ED∼0.7–200 µg/ml

ED∼150 μg/ml

Decreased the expression of Bcl-2 and
increased the expression of caspase-3

Suppressed the migration and invasive ability
of A549 cells; decreased the expression levels
and activity of MMP-2 and MMP-9; decreased
the phosphorylation levels of MAPKs and PI3K/
(AKT) as well as the expression level of COX-2,
and inhibited the nuclear translocation of NF-κB

Suppressed the migration and invasive ability
of B16-F10 cells and decreased the expression
levels and activities of MMP-2 and MMP9; decreased the phosphorylation levels of
MAPKs (ERK, JNK and p38); decreased the
expression level of COX-2, and inhibited
the nuclear translocation of NF-κB;

No effects on migration of B16-F10
cells; inhibited the invasion of B16-F10
cells and suppressed the expression of
MMPs (2/7/9); inhibited NF-κB nuclear
translocation; inhibited the phosphorylation
of c-Jun N-terminal kinases and AKT

Suppressed the migration and invasive ability
of A549 cells throughout reducing MMP
expression and inhibiting NF-κB nuclear
translocation and phosphorylation of JNK/AKT

Mechanism or manifestation

ED∼25–500 µg/ml

ED∼25, 50 and
100 µg/ml

ED∼25, 50 and
100 µg/ml

ED∼50 and
100 µg/ml

ED∼50 and
100 µg/ml

IC50 value or experimental dosage (ED)

Table 7. Bioactivities of polysaccharides and other compounds purified from chaga - (continued)

Mizuno et
al. (1999)

Wang et
al. (2019)

Mizuno et
al. (1999)

Chen et al.
(2010)

Ning et al.
(2014)

Lee et al.
(2014c)

Lee et al.
(2014b)

Lee et al.
(2016)

Lee et al.
(2017a)

Reference

Bioactive compounds and bioactive properties of chaga
Peng et al.
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α-pyran-type purified
polysaccharide (20 kDa)

ED∼10–40 μg/ml

Increased the glucose consumption in both
HepG2 Cell and insulin resistant HepG2 Cell

Xue et al.
(2018)

HepG2 Cell and insulin
resistant HepG2 Cell

Antihyperglycemic
activity

β-pyran-type purified
polysaccharide
fractions (200 kDa)

Wang et al.
(2017a)
Improved the glucose tolerance capacity;
promoted the metabolism of glucose and
synthesis of glycogen; reduced TG, TC, LDL-C
levels; promoted the activities of SOD, CAT,
GPx and reduced the MDA levels in liver;
ameliorated severe pathological kidney damages
including mesangial expansion, glomeruli
partly sclerosis and glomerular hypertrophy
ED∼300, 600, and
900 mg/kg BW/day
(oral administration)

Xu et al.
(2010b)
Reduced blood glucose level; decreased serum
contents of free fatty acid, TC, TG, and LDL-C;
increased HDL-C, insulin levels, and hepatic
glycogen contents in the liver; increased CAT,
SOD, and GPx activities and decreased MDA
level; restored the damage of pancreatic tissues

Wang et al.
(2017b)

STZ and high-fatdiet-induced type-2
diabetic mice

PolysaccharidesCr(III) complex

ED∼150 and 300
mg/kg BW/day (oral
administration)

Increased the insulin and pyruvate kinase
levels in serum; improved the synthesis
of glycogen; restored the serum levels of
SOD, CAT, GPx, and MDA; down-regulated
IL-2R and MMP-9, and enhanced IL-2 level;
decreased the expression of phosphor-NFκB in the kidneys; repaired the damage on
kidney tissues, inhibited inflammatory infiltrate
and extracellular matrix deposit injuries

Antihyperglycemic and
antihyperlipidemic
effects

Antihyperglycemic
effects

Crude polysaccharide

Alloxan-induced type1 diabetic mice

ED∼50 mg/kg
BW/day (oral
administration)

Wang et al.
(2017c)

Diao et al.
(2014)

Antihyperglycemic,
antihyperlipidemic, and
antioxidant effects

Crude polysaccharide
of submerged cultures

STZ-induced diabetic mice

Restored the body and fat mass weight,
reduced fasting blood glucose levels, improved
glucose tolerance ability, increased hepatic
glycogen level and ameliorate insulin resistance;
Enhanced the cholesterol transportation
in the liver; increased HDL-C levels and
decreased TC, TG and LDL-C levels; improved
the antioxidant activities of liver and alleviate
the STZ-lesioned organ tissues (liver, kidney,
and pancreas); Up-regulated expressions
of PI3K-p85, p-Akt (ser473), GLUT4

Reference

Restored the altered in vivo glycoprotein
components; diminished the focal necrosis,
congestion in central vein; protect βcells from selective destruction

Antihyperglycemic, antiinflammatory and antioxidative stress effects

Crude polysaccharide
(46–41,508 kDa)

ED∼900 mg/
kg BW/day (oral
administration)

STZ and high-fatdiet-induced type-2
diabetic mice

Mechanism or manifestation

ED∼10–30 mg/
kg BW/day (oral
administration)

Antihyperglycemic and
antihyperlipidemic
effects

Crude polysaccharide

IC50 value or experimental dosage (ED)

Model

STZ-induced diabetic mice

Bioactivity

Compounds

Table 7. Bioactivities of polysaccharides and other compounds purified from chaga - (continued)

Peng et al.
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α-Glucosidase
inhibitory assay
Hemolysis inhibitory assay

α-Glucosidase
inhibitory ability
H2O2-induced hemolysis
inhibitory assay

Purified polysaccharide
(75.94 kDa)

Purified polysaccharide
(114.30 kDa)

α-Amylase inhibitory assay

α-Amylase
inhibitory ability

Purified polysaccharide
(97.12 kDa)

Hemolysis inhibitory assay

H2O2-induced hemolysis
inhibitory assay

Hemolysis inhibitory assay

H2O2-induced hemolysis
inhibitory assay

α-Glucosidase
inhibitory assay

α-Glucosidase
inhibitory assay

α-Glucosidase
inhibitory ability

α-Glucosidase
inhibitory ability

α-Amylase inhibitory assay

α-Amylase
inhibitory ability

α-Amylase and
α-glucosidase
inhibitory assays

α-Amylase and
α-glucosidase
inhibitory ability

Polysaccharideschromium (III)
complex (115 kDa)

α-Amylase and
α-glucosidase
inhibitory assays

α-Amylase and
α-glucosidase
inhibitory ability

α-Amylase inhibitory assay

Purified polysaccharide
(105.02 kDa)

α-Glucosidase
inhibitory activities

STZ-induced diabetic mice

β-type purified
Antihyperglycemic
polysaccharide (15.2 kDa) effects

IC50∼51.53 μg/ml

IC50∼55.20 μg/ml

IC50∼58.53 μg/ml

IC50∼159.73 μg/ml

IC50∼2.83 mg/ml

IC50∼47.63 μg/ml

IC50∼51.47 μg/ml

IC50∼482.49 μg/ml

ED∼3.0 mg/mL

ED∼40–200 μg/ml

IC50∼3.841 μg/ml

ED∼4.5 mg/
kg BW/day (oral
administration)

–

–

–

–

–

–

–

–

–

–

–

–

–

α-Amylase inhibitory assay

α-Glucosidase
inhibitory activities

IC50∼7.875 μg/ml

–

ED∼4.5 mg/
kg BW/day (oral
administration)

STZ-induced diabetic mice

α/β-type purified
Antihyperglycemic
polysaccharide (13.6 kDa) effects

Mechanism or manifestation

–

IC50 value or experimental dosage (ED)

β-type purified
polysaccharide (15.2 kDa)

Model
–

Bioactivity

α/β-type purified
polysaccharide (13.6 kDa)

Compounds

Table 7. Bioactivities of polysaccharides and other compounds purified from chaga - (continued)

Wang et al.
(2018c)

Wang et al.
(2018a)

Wang et al.
(2018b)

Liu et al.
(2018)

Liu et al.
(2018)

Reference

Bioactive compounds and bioactive properties of chaga
Peng et al.
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Anti-inflammation,
antioxidative stress
and probiotic effects

Anti-fatigue effect

Anti-fatigue effect

Anti-virus

Purified polysaccharide
(32.5 kDa)

Purified polysaccharide

Crude polysaccharide

Purified polysaccharide
(32.5 kDa)

Melanin

Trp-Gly-Cys

Peptide
Platelet aggregation
inhibitory activity

Anti-obesity and
probiotic effects

Crude polysaccharide

Other compounds

Bioactivity

Compounds

IC50∼22.87 μg/ml
IC50∼68.47 μg/ml
IC50∼48.51 μg/ml

FIPV-infected CRFK cells
H5N6-infected MDCK cells
H3N2-infected MDCK cells

–

IC50∼45.33 μg/ml

FPV-infected CRFK cells

83.3% Platelet
aggregation inhibitory
activity in collagen/
epinephrine-induced
thrombotic ICR mice,

IC50∼18.15 μg/ml

ED∼100, 200, 300
mg/kg BW/day (oral
administration)

ED∼50 mg/kg
BW/day (oral
administration)

ED∼100, 200, 400
mg/kg BW/day (oral
administration)

ED∼1,000 mg/
kg BW per day

IC50 value or experimental dosage (ED)

FHV-infected CRFK cells

Forced sports test of
male Kunming mice

Forced sports test of
male Kunming mice

DDC-induced chronic
pancreatitis in mice

High-fat diet fed
C57BL6/J mice

Model

Table 7. Bioactivities of polysaccharides and other compounds purified from chaga - (continued)

–

Shoed a low cytotoxicity to CRFK and
MDCK cells and broad-spectrum antiviral
activity against feline calicivirus

Extended the swimming time; Enhanced liver
and muscle glycogen content; Decreased the
level of blood lactic acid and urea nitrogen

Increase the climbing duration and swimming
time as well as reduced the immobility time;
Decreased the level of blood lactic acid, urea
nitrogen and lactic dehydrogenase; Decreased
the 5-HT concentrations in the mice brain

Increased GPx and TAOC levels in pancreas,
and decreased TNF-α, TGF-β, lipase and trypsin
levels in serum; Increased the proportion of
Bacteroidetes and decreased that of Firmicutes
at phylum level; maintained the microbiota
structure and richness to normal level

Improved the obesity of mice, including the
adjustment of body weight gain, energy intake,
energy efficiency, liver glucose metabolism and
triglyceride metabolism, tricarboxylic acid (TCA)
cycle, and degradation of three major nutrients
(carbohydrate, lipid, and protein); Improved the
level of cecal butyrate by Lactobacillus and the
Bacteroidales S24-7 group, resulting in increased
energy consumption, and fat degradation
by regulating the TCA cycle of the host

Mechanism or manifestation

Hyun et
al. (2006)

Tian et al.
(2017)

Zhong et
al. (2015)

Zhang et
al. (2020)

Hu et al.
(2017b)

Yu et al.
(2020)

Reference

Peng et al.
Bioactive compounds and bioactive properties of chaga
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66
DPPH radical
scavenging assay
CI-H460 and HT29-MTX

Antioxidant activity
Anti-proliferation
activity
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Total antioxidant assay
(phosphomolybdate
method) and Ferric
Ions reduction assay
(phenanthroline method)
D-Galactosaminetreated normal human
(Chang) Liver cell
Tetrachloromethanetreated Sprague
Dawley rats

Hepatoprotective
activity
Hepatoprotective effect

Total antioxidant assay
(phosphomolybdate
method)

Antioxidant activity

Antioxidant activity

Bifidobacterium bifidum
1 and Bifidobacterium
animalis subsp. lactis

Probiotic activity

ED∼100 mg/
kg BW/day

–

–

–

ED∼10−10, 10−7,
10−2 mg/cm3

–

IC50 > 50 μg/ml

Decreased steatosis, necrosis, fat accumulation,
and normalized various indicators including
the total and unconjugated bilirubin,
total protein, serum cholinesterase, and
γ-glutamyl transpeptidase levels

–

–

–

–

–

–

–

Reduced NO production

IC50∼24.1 ±
7.9 µg/ml
IC50∼61.4 μg/ml

–

Mechanism or manifestation

IC50∼4.9–8.4 µg/ml

IC50 value or experimental dosage (ED)

Parfenov et
al. (2019)

Burmasova
et al. (2019)

Olennikov
et al. (2012)

Wold et
al. (2020)

Reference

HFD: high-fat diet; STZ: streptozotocin; MDA: maleic dialdehyde; TC: total cholesterol; TG: triglyceride; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol; CAT: catalase; SOD: superoxide
dismutase; GPx: glutathione peroxidase; GSH: glutathione; TBARS: thiobarbituric acid-reactive substances; ALT: alanine aminotransferase; AST: aspartate aminotransferase; BW: body weight; CYP: cyclophosphamide; DDC:
diethyldithiocarbamate; TAOC: total antioxidant capacity; AMS: amylase; MMP: matrix metalloproteinase; MSPKs: mitogen-activated protein kinases; PI3K: phosphoinositide 3-kinase; AKT: protein kinase B; ERK: extracellular
signalregulated protein kinase; JNK: c-Jun N-terminal kinase; P38: Cytokinin Specific Binding Protein (CSBP); MAPKs: mitogen-activated protein kinases; NF-κB: nuclear factor κB p65; COX: cyclooxygenase, IL-2R: interleukin-2
receptor; Bax: Bcl-2 associated X protein; Keap1: Kelch-like ECH-associated protein 1; Bcl-2: B-cell lymphoma-2; Nrf2: NF-E2p45-related factor 2; HO-1: heme oxygenase-1; APP/PS1: amyloid precursor protein/presenilin 1 ; NO:
nitric oxide; IL-6: interleukin-6; IL-1β: interleukin-1β; INF-γ: interferon-γ; IL-4: interluekin-4; TLR2: toll-like receptor 2; TLR4: toll-like receptor 4; IκBα: inhibitor kappaBα of NF-κB, or nuclear factor of kappa light polypeptide gene
enhancer in B-cells inhibitor alpha; TGF-β: transforming growth factor; Fox-p3: forkhead box; ROR-γt retinoic acid-related orphan receptor; STAT-3: signal transducer and activator of transcription; STAR: steroidogenic acute
regulatory protein; NQO-1: NADPH quinoneoxidoreductase-1; p-AKT: phospho-protein kinase B; p-mTOR: phospho-mammalian target of rapamycin; Nrf2: erythroid 2-related factor 2; GM-CSF: granulocyte macrophage-colony
stimulating factor.

Crude melanin

Crude melanin

Total antioxidant assay;
DPPH, ABTS and hydroxyl
radical assays; FRAP and
Fe2+ chelation assays;
β-carotene bleaching assay

LPS + IFNγ-activated
C57BL/6 primary
macrophages

Anti-inflammatory
activity

Antioxidant activity

Sheep erythrocytes

Anti-hemolysis activity

Purified melaninpolysaccharide
complex (<10 kDa)

Purified melanin
(2–20 kDa or 90–100
kDa or more)

Model

Bioactivity

Compounds

Table 7. Bioactivities of polysaccharides and other compounds purified from chaga - (continued)

Bioactive compounds and bioactive properties of chaga
Peng et al.

Peng et al.

Bioactive compounds and bioactive properties of chaga

well as the physiochemical properties of non-nitrogenous melanin
are somewhat similar to those of lignin (Babitskaya et al., 2000;
Kukulyanskaya et al., 2002; Solano, 2014; Varga et al., 2016).
Kukulyanskaya et al. (2002) suggested that the melanin in wild
chaga was allomelanin while in cultured ones was eumelanin
according to the difference in their mole ratio of C/N. In fungi,
the allomelanin is believed to be mainly composed of 1,8-dihydroxynaphthalene (DHN)/tetrahydroxynaphthalene, while for eumelanin was L-3,4-dihyroxyphenylalanine (L-DOPA) (Eisenman
and Casadevall, 2012; Plonka and Grabacka, 2006). One review
mentioned around 17 amino acids hydrolyzed from eumelanin of
cultured chaga, but reliability of this data needs to be confirmed
(Balandaykin and Zmitrovich, 2015). The allomelanin of wild
chaga is known to be heterogeneous and contains aromatic methoxy group, carboxyl group, pyrocatechol, along with the phenolic
hydroxyl group (Olennikov et al., 2012; Wold et al., 2020). However, no original study has successfully clarified the exact units
and linkages of chaga allomelanin. In fungi, melanin granules are
localized in the cell wall, where they are likely cross-linked to
polysaccharides, protein, or lignin. It contributes to the strengthening of the fungus cell wall and their defence mechanisms
against harsh environmental conditions, such as ultraviolet radiation, extreme temperatures, free radicals, toxic heavy metal, and
enzymatic degradation (Eisenman and Casadevall, 2012; Gómez
and Nosanchuk, 2003; Varga et al., 2016). In addition, the fungus melanin could promote the penetration and invasion ability
against the plant host by providing mechanical strength to the appressoria (Eisenman and Casadevall, 2012). So far, various MWs
of different melanin fractions have been reported. Babitskaya et
al. (2000) reported that the MWs of melanin from cultured and
wild chaga mainly ranged from 50 to 60 kDa, and the MWs of
a minor amount of the other melanin fractions went up to 100 or
even several hundred daltons. Similarly, Olennikov et al. (2012)
isolated dozens of fractions of purified chaga melanin, the MWs
of which mainly ranged from 2 to 20 kDa, and the rest were more
than 100 kDa. The melanin fraction in the study of Wold et al.
(2018) had a MW range of 10–31 kDa because it was detected
in a polysaccharide fraction of similar MW range. Meanwhile,
this study suggested that melanin was not covalently bound to
the polysaccharides (Wold et al., 2018). More recently, Wold et
al. (2020) specifically measured the approximate polymer size of
the melanin fraction to be less than 10 kDa. Furthermore, their
study strengthened the hypothesis that melanin from wild chaga
was allomelanin according to the analysis of the combustion and
chemical degradation constituents, though still none of these degradation products were isolated and identified. Meanwhile, GC
analysis of melanin hydrolysis of chaga showed that around 5%
polysaccharides existed in the melanin after repeated sedimentation purification, which demonstrated that the sugars were covalently bound to the melanin polymer (Wold et al., 2020). The melanin is also considered a main bioactive compound in the water
extract of chaga. Besides the antioxidant nature of chaga melanin,
its hepatoprotective, probiotic, anti-hemolysis, anti-inflammatory,
and anti-proliferation activities have also been studied (Table 7).
Table 6 presents more categories under “Other compounds”, including various alkaloids, organic acids, organic acid esters, alkanes, alcohols, aldehydes, and amino acids. Chaga also contains
an abundance of mineral microelements. Chen et al. (2009) quantified 12 microelements (in μg/g) in chaga including 22.41 boron,
726.00 calcium, 0.21 cobalt, 0.58 chromium, 5.55 copper, 213.33
iron, 1,127.80 magnesium, 117.84 manganese, 0.88 nickel, 0.18
selenium, 12.90 strontium, and 88.13 zinc, which indicated the
possibility that chaga and its products might act as a candidates
for mineral supplementation.

5. Conclusion
Chaga is recorded with numerous historical applications and anecdotal evidence of medicinal properties worldwide. The studies of
bioactivities of chaga along with the latest technologies/methodologies and prevalence of “open access” policy of scientific journal
may flourish even further. As summarized, the in vivo/in vitro bioactive properties of chaga include anti-proliferation, anti-tumor,
immunomodulatory, anti-inflammation, antioxidant, antimutagenic, analgesic, anti-virus, antibacterial, antifungal, antibacterial,
antihyperglycemic, anti-platelet-aggregation, anti-hypertension,
anti-hyperuricemia, anti-obesity, probiotic, hepatoprotective, and
enzyme inhibitory activities/effects. These bioactivity studies extend the understanding of pharmaceutical values of chaga and potentiate its future application in modern medicine if more rigorous
biological/clinical studies could be conducted. In recent decades,
the investigations of the chemical diversity of chaga have also
achieved remarkable progress. The main secondary metabolites of
fungi such as terpenoids, phenolics, polysaccharides, and melanin
have been identified in various chaga extracts. They are considered
as the main contributors to their wide spectrum of bioactivities.
However, compared with small-molecule compounds, a further
characterization of specific structures of bioactive polymers in
chaga, such as polysaccharide, lignin, and melanin, is still needed.
Besides, to a great extent, the use of chaga has been guided by the
folk experience or obsolete data, and the reported cases showing
potential adverse health effects have provoked serious safety concerns in administrating wild chaga and its products. On the other
hand, the compositional variation among chaga samples (wild/
wild; wild/cultivated; cultivated/cultivated) are influencing judgement of both their safety and effectiveness. The standardized quality control based on fast detection technologies, and the dosage
guideline under the promise of sufficient preclinical/clinical data
of its acute and chronic toxicity are most urgently needed.
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Abstract
Type 2 diabetes (T2D) is one of the most prevalent metabolic disorders in the United States. Increased blood
glucose levels and improper crucial metabolism ensuing from insulin action, insulin secretion defect, or both
are characteristics of this disease. The risk of developing T2D is associated with many factors, including obesity,
race, inactivity, and genetics. Increased whole-grain (WG) consumption has been reported to lower the risk of
obesity and T2D. Among WGs, barley shows a comparative advantage in its fiber content, especially the soluble fiber, beta-glucan (β-glucan), an active component credited for this benefit. Barley also contains important
phytochemicals, mostly intertwined with its fiber, reported to offer glycemic response benefits. The mechanism
by which barley exerts these changes in glycemic response is not entirely understood. However, the physical
properties of barley fiber, the function of microbial metabolites of fiber, short chain fatty acids, and the beneficial
effects of its phytochemicals through multiple pathways have all been reported as the potential mechanisms for
its antidiabetic effects. This review summarizes recent studies concerning the health-promoting benefit of barley
in preventing and moderating the risk factors associated with diabetes and the potential underlying mechanisms.
Keywords: Barley; Diabetes; Β-Glucan; Short Chain Fatty Acids; Phytochemicals.

1. Introduction
Diabetes is the seventh leading cause of death in the United States,
with a reported two to three-fold increase in mortality and a decreased life expectancy of up to eight years (Gæde et al., 2016; Li
et al., 2020). In 2018, the US Center for Disease Control and Prevention reported that 34.2 million Americans and 10.5% of the US
population were diagnosed with diabetes, buttressing this disease’s
gravity (CDC 2020). Most reported cases of diabetes are type 2
diabetes (T2D) (90% of all cases) (Bullard et al., 2018; Holman
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et al., 2015), which results from a developed resistance to insulin
or the pancreas inability to produce enough insulin (Critchley et
al., 2018; Redondo et al., 2020). Although the precise underlying
cause of T2D is not entirely understood, a combination of genetic
susceptibility, environmental factors, and consumption of high
glycemic index diets appears to be significant risk factors for the
occurrence of diabetes (Esposito et al., 2019; Li et al., 2020; Sado
et al., 2016).
Postprandial glucose control is a crucial strategy for managing
T2D, with diet therapy often the first-line approach for this con-
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trol (Evert et al., 2019). Nutrition therapists and health practitioners recommend consuming foods with a slow absorption rate and
low glycemic index (GI) as a strategy for modulating glycemic
response (GR) in individuals with T2D, with characteristics of efficiency and cost-effectiveness (Eleazu 2016; Fujiwara et al., 2017;
Kavitha and Parameshwari 2019; Wolever 2006). Furthermore,
since the amount and type of ingested carbohydrate is usually the
primary factor determining postprandial glycemic response, functional foods with low GI and slow glucose absorption rates are
now being developed to manage obesity and diabetes. Consequently, the evolving understanding of WG’s importance in diets has
led to an interest in its use as a functional food in diabetes control.
Whole grains (WGs) are generally low GI foods with an established metabolic link between their consumption and reduced
risk of T2D and obesity. Results from extensive prospective cohort
studies unequivocally indicate that a high intake of WG products
(in most studies, >30–40 g/d) rich in fiber may help reduce insulin resistance and the risk of developing T2D by up to 20–30%
(Weickert and Pfeiffer 2018). Due to the aforementioned benefit,
the Health and Human Services and the United States Department
of Agriculture (USDA) released guidelines that recommend and
assert that consuming about 3 to 8 ounce-equivalents of WG each
day may help reduce the risk of chronic diseases, including T2D
and obesity (Croke 2016; DeSalvo 2016). Epidemiological evidence has also indicated that individuals who consume an average
of two-to-three servings (60–90 g/day) of WGs daily may experience a 21–32% decrease in the prevalence of T2D compared to
those who hardly or never consume WGs (Della Pepa et al., 2018).
Probable candidates for WG’s efficacy in disease prevention and
control are: enhanced insulin sensitivity, modulation of inflammatory markers, and direct and indirect influences on the gut microbiota (Aydin et al., 2018; Kim et al., 2017; Malin et al., 2018).
Among WG’s, there appears to be the potential for more utilization of barley in functional foods as part of a low GI diet and
an additional strategy for preventing diabetes and obesity. This is
due to barley’s classification as not just a low GI food but its high
fiber content relative to other WGs and its unique phytochemical
configuration with implications for oxidative stress and inflammation control; both risk factors lead to diabetes. The international
table for GI and glycemic load values classifies barley as the WG
with the lowest GI (Atkinson et al., 2008). This classification is
noteworthy as the consumption of a high-GI diet is associated with
an increased risk of developing T2D, while a low-GI diet may decrease the need for anti-hyperglycemic medications. Regarding
barley’s ability to moderate diabetes, several well designed, extensive, prospective cohort studies have attributed the anti-diabetic
benefit of barley mainly to the effect of the soluble fiber, β-glucan
(Association 2017). Interestingly, except for oat, barley is the only
WG that contains β-glucan in a significant amount. Depending
on the variety, genetics, and environmental factors, the quantity
of β-glucan in barley may exceed that of oat. A study by Havrlentova et al., which examined the β-glucan content of different
spring barley and oat genotypes, found β-glucan at average levels
of 41.6 g/kg in barley and 34.9 g/kg in oat. In a similar experiment, Lee et al. compared the β-glucan content of nine barley and
ten oat genotypes grown consecutively, recording slightly higher
β-glucan content for barley 52.3 g/kg than Oat 51.0 g/kg (Lee et
al., 1997). Aside from β-glucan’s presence in barley in substantial quantity, barley is equally more economical to cultivate due
to its winter-hardy, drought-resistant, and early maturing nature,
which portends well for its widespread use as a dietary agent in
the prevention of T2D and obesity. Thus, the present review aims
to summarize the available evidence derived from epidemiological studies, intervention trials, and rodent studies on the possible

protective effects of barley on T2D, and the reported mechanisms
from its unique components (fiber, its microbial metabolites, and
phytochemicals).
2. Anti-diabetic effects of barley: evidence from human studies
WG barley and isolated barley β-glucan have been broadly studied
for their ability to impact diabetic markers among diabetic, obese
or overweight, mildly diabetic, and healthy individuals, with varying degrees of success (Chillo et al., 2011; Higa et al., 2019; Liu
et al., 2015; Tosh 2013). Most of these studies also enriched or
incorporated WG barley and β-glucan into various food like bread,
porridge, tortillas, and pasta while evaluating their ability to exert
glycemic control. Generally, the results of these clinical trials and
experimental studies have shown evidence in favor of lowering
postprandial glycemic response. However, while most studies have
reported a significantly reduced glycemic response, some studies,
especially those which incorporated barley and barley β-glucan
into different food, failed to find the same effect due to variations
in the food’s physical properties, such as molecular weight and
viscosity (Smith et al., 2008; Thondre and Henry 2011). All in all,
it appears that clinical trials on barley and glycemic response in
humans show evidence in favor of a lowered postprandial glycemic response.
AbuMweis and colleagues conducted a meta-analysis that explored whether changes in glucose response after consuming barley products were enough to be considered physiological relevant.
This meta-analysis concluded that barley and barley β-glucan lowered postprandial glycemic response in magnitudes large enough
to be regarded as a physiological change (AbuMweis et al., 2016).
The results showed that barley and barley β-glucan significantly reduced glucose area under the curve (AUC) by −34.4 min×mmol/L,
while the glycemic index was considerably lowered by (−24.3).
AUC for insulin was also reduced by 2,577 min × pmol/L, while
insulin index was reduced by −33.8. A 2020 review by Tosh and
her team, who scrutinized 34 studies on the influence of β-glucan,
extracted from barley and oat, on postprandial blood glucose
concentration, found that 4 g of β-glucan substantially reduced
glycemic response, especially for meals containing barley (Tosh
and Bordenave 2020). An observation study by Aldughpassi et
al., which examined the impact of nine barley cultivars on participants’ blood glucose levels, found that all barley cultivars significantly altered all ten healthy participants’ GR. All barley test
meals provoked significantly lower glycemic reactions with a GI
range of 21–40 (Aldughpassi et al., 2012). Tosh and colleagues
conducted a cohort study investigating the effect barley products
high in soluble dietary fiber (DF) have on glycemic and insulin
response compared to high in insoluble DF products. This study
found that there was more noticeable decisive protective action
against diabetes and obesity for soluble DF than insoluble fiber
products. The authors of this study concluded that the processing
procedures that result in more β-glucan content presented the most
astounding benefit in GR (Tosh 2013). In an observational study
involving ten participants, Thondre et al. investigated the impact
of barley fiber on glycemic and insulin response in participants
who consumed barley meals prepared from two different barley
types (16 g/100 g and 10 g/100 g fiber content). Irrespective of the
serving sizes (equivalent to either 25 or 50 g available carbohydrate) and fiber content, both barley meals significantly lowered
GR when compared to reference glucose (P < 0.05). Interestingly,
there was no difference in the GR to both barley grains regardless
of the difference in total fiber content or serving size. However,
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both barley types’ soluble fiber content were similar, suggesting a
more pronounced impact on glycemic and insulin response from
different soluble fiber content than total fiber content (Thondre
et al., 2012). This conclusion was supported by Bourdon et al.
who investigated insulin and glucose responses in eleven healthy
men who consumed two test meals containing different β-glucan
contents (5.0 g and 15.7 g). Glucose was more slowly absorbed
into the blood from the higher β-glucan enriched meals than the
low fiber meals, suggesting that the difference in β-glucan plays a
significant role in diabetes control (Bourdon et al., 1999). A randomized, single-blind study, which assessed the effect of barley
β-glucan with different molecular weight on GR in fifteen healthy
subjects established a relationship between β-glucan’s molecular
weight and improvement in glycemic response (Thondre et al.,
2013). The impact of different β-glucan’s concentration on GR
was examined by Chillo et al., who designed a study that measured
the GR of nine healthy subjects who consumed spaghetti meals
enriched with different amounts of barley β-glucan (0%, 2%, 4%,
6%, 8%, and 10%). Measured blood glucose levels, 120 minutes after consuming different β-glucan enriched spaghetti diets,
showed a GI decrease with increasing β-glucan concentration. Notably, the GI of 10% β-glucan spaghetti was 54% lower (P < 0.02;
GI = 29) than that of the control (GI = 64), making this product
a markedly low-GI food, for semolina spaghetti and control spaghetti, respectively (Chillo et al., 2011). Ames et al. also confirmed
barley β-glucan’s positive impact on improving insulin response
in a double-blind, randomized, and controlled study (Ames et al.,
2015). where twelve healthy adults consumed varying amounts of
barley β-glucan enriched meals (low: 4.5 g, medium: 7.8 g, and
high: 11.6 g). There was a 39% lower insulin release after high
β-glucan treatment than the medium β-glucan treatment, which
had a 33% lower insulin response than the low-β-glucan treatment.
Remarkably, from this study, it was observed that amylose and insoluble fiber did not alter postprandial glucose and insulin levels
in blood samples examined. Additionally, while all barley meals
elicited lower postprandial glucose response, it was observed that
increasing the barley β-glucan content in the tortillas meals improved glucose response the most. This finding suggests a possible
dose-effect of barley and barley β-glucan in insulin and GR. The
authors concluded that any benefit of increasing amylose content
might be masked by the effects of β-glucan in foods that contain
barley (Ames et al., 2015).
Barley fiber’s impact on GR has also been compared to other
whole grains, showing better moderating benefits from barley. Behall and colleagues compared the effect of barley and oat on glucose and insulin response in a Latin square designed study. In this
study, ten women with a body mass index of 30 consumed glucose
(1 g/kg body weight) and different test meals (1 g carbohydrate/
kg body weight; 2/3 of the carbohydrate from oat flour, oatmeal,
barley flour, or barley flakes and 1/3 from pudding) after consuming controlled diets for two days. Glucose AUCs after test meals
compared with AUCs after glucose consumption showed reductions after both oat (29–36%) and barley (59–65%) (p < 0.002)
meals. However, insulin AUCs after test meals compared with glucose AUCs were significantly reduced only by barley (44–56%) (p
< 0.005) (Behall et al., 2005). Casiraghi et al. also compared the
postprandial glucose and insulin response of crackers or cookies
made from barley and whole wheat flour or flour enriched with
barley β-glucan. While barley products provided 12 grams of
dietary fiber with 3.5 grams of β-glucan per portion, the wholewheat products provided 14 grams of dietary fiber with negligible
β-glucan. The results showed that GI was reduced by 8.5 to 15.2
GI units per gram of added β-glucan for the crackers and cookies,
respectively (Casiraghi et al., 2006).
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Remarkably, barley may not only have a beneficial effect on
the glycemic response after a meal in which it is consumed but
may also impact insulin responses after succeeding meals. Nilsson
et al. studied the impact of barley on GR after subsequent meals
in twelve healthy subjects (Nilsson et al., 2008). Results of this
study revealed that barley kernel breakfasts lowered blood glucose
at breakfast and the next lunch. The cumulative postprandial blood
glucose incremental AUC for breakfast, lunch, and dinner were
lower than white-wheat bread (P < 0.05). The postprandial blood
glucose incremental AUC for lunch positively correlated with
breakfast (r = 0.30, P < 0.05). The evening meal of barley kernel
also resulted in lower postprandial blood glucose incremental areas
under the curve (P < 0.05) after a subsequent breakfast compared
with the control white-wheat bread (Nilsson et al., 2008). This
finding was supported by Liljeberg et al. (Liljeberg et al., 1999),
who examined the extent to which postprandial glycemic response
can be modulated by the GI of previous meals in healthy individuals. Test breakfasts containing four types of high-amylose barley
bread, with a GI between sixty and ninety-nine, were evaluated
using white wheat bread as the control breakfast. Barley-bread
breakfast with the lowest GI resulted in lower glucose levels at
30 and 70 minutes after lunch, compared to the white wheat bread
breakfast (Liljeberg et al., 1999).
The impact of barley on glycemic and insulin response has
also been examined in intervention studies involving diabetic and
mildly diabetic or obese subjects. Azam et al. investigated the effect of barley on postprandial blood glucose response in 20 diabetics subjects (Azam et al., 2019). Subjects were subdivided into
two groups, with ten acting as a control group while the other ten
formed the experimental group that received a 100 g barley diet
for four weeks. Each subject’s blood glucose level was checked at
both fasting and after ninety minutes from barley diet consumption. Results showed a significant reduction in blood sugar levels after barley consumption (Azam et al., 2019). A similar intervention study involving 109 T2D subjects who consumed meals
enriched with barley reported that glucose and insulin response
levels were reduced to extents where patients on oral hypoglycemic treatments were able to discontinue their treatment and still
maintain reasonable metabolic control (Hinata et al., 2007). Behall et al. also conducted an intervention study involving obese or
overweight individuals with mild diabetes who consumed meals
enriched with either barley β-glucan or resistant starch (Behall et
al., 2006). In this study, 20 men comprising ten control subjects
of normal-weight and ten overweight or obese subjects consumed
several resistant starch diets from high-amylose cornstarch and
soluble fiber diets containing β-glucan barley, in both singular and
combined meals. The highest β-glucan level was the most effective
in lowering glucose (P < 0.001) and insulin responses (P < 0.0001).
Findings from this study indicated that high β-glucan meals elicited the lowest average glucose (P < 0.025) and insulin (P <
0.0001) levels than meals involving resistant starch. Thus, it was
concluded that the acute consumption of barley β-glucan, but not
resistant starch, effectively reduces glucose and insulin responses
in mildly insulin-resistant men (Behall et al., 2006). In this same
study, the impact of barley β-glucan and preformed resistant starch
were examined to ascertain whether barley β-glucan and resistant
starch independently or synergistically impacted glucose and insulin responses. For this Latin square design study, ten overweight
subjects were fed glucose or one of nine muffins containing three
levels of resistant starch (0.1, 6.1, or 11.6 g/tolerance) and three
levels of β-glucan (0.1, 3.1, or 5.8 g/tolerance). Results showed
that acute consumption of barley β-glucan, but not resistant starch,
effectively reduces glucose and insulin responses in mildly insulinresistant men. Pick and his colleague also evaluated the long-term
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effects of incorporating waxy hulless barley with 7% β-glucan
bread in the typical dietary pattern of twelve men with T2D (Pick
et al., 1998). In the twenty-four-week study, five randomly chosen subjects ate barley bread products, while others ate the control
white bread diet. The mean total dietary fiber intake was 28 g/d for
the white bread and 39 g/d (10 g/d from barley) for barley bread.
Measured blood glucose and insulin (8-h profiles) levels at 0, 12,
and 24 weeks indicated that incorporation of barley bread products
(5 g/d β-glucan) into the diet significantly improved GR (Pick et
al., 1998).
Observation and intervention studies involving healthy, mildly
diabetic and diabetic patients indicate that consuming barley or
barley products, at least 4 g β-glucan, might significantly reduce
GR in diabetic individuals. Thus, increasing barley intake may
substantially improve glycemic control and minimize oral medication and insulin doses. Besides, with more individuals preferring
food products to pharmacologic agents, barley’s utilization in diabetic complication alteration is an exciting prospect. Remarkably,
a shrunken-endosperm, short awn, waxy starch, hulless barley
product with low starch and high fiber content, called Prowash,
was found to elicit reduced postprandial glucose levels both in diabetic and normal subjects by similar levels to those observed in
diabetic patients treated with alpha-glucosidase treatment (Rendell
et al., 2005).
3. Anti-diabetic effects of barley: evidence from animal studies
The impact on diabetes moderation by barley and barley β-glucan
has also been examined using animal models, mainly mice. Most
of these studies have focused on its impact on fasting glucose
and serum insulin levels. Aside from these markers, barley’s action on gut microbiota, improvements in gut hormones, leptin
levels, insulin-positive cells, and the groups of pancreatic cells,
islets of Langerhans are examined as modulating sign. Concerning
the interplay between leptin and adiponectin, leptin treatment has
been found to correct plasma adiponectin concentration, a protein
hormone that impacts glucose regulation (Miyamoto et al., 2018;
Shatwan et al., 2013). Most studies also examine the effect of barley on T2D using obese animal models since obesity is a risk factor
closely linked to T2D (Garcia-Mazcorro et al., 2018). Although
obesity can result from naturally occurring mutations or genetically manipulated animal models, obesity can also be induced by
high-fat (HF) feeding. While obesity in humans is hardly caused
by a monogenic mutation, in T2D research, monogenic obese animal models are commonly used. The most widely used monogenic
models are often defective in leptin signaling since the absence of
leptin causes hyperphagia and subsequent obesity. For chemicallyinduced diabetic non-obesity models, the commonly used inducers
are streptozotocin (STZ) and alloxan. While the results of most
studies examining barley’s impact on the glycemic response have
been positive, one study (Belobrajdic et al., 2015) failed to find any
relationship between barley and diabetes moderation.
Shatwan et al. evaluated the effects of barley flour, crude cinnamon, and their combination on blood glucose, and serum insulin
levels in STZ-treated rats (Shatwan et al., 2013). The rats were
divided into five groups comprising of a diabetic, nondiabetic, diabetic group fed 5% cinnamon, diabetic group fed 30% barley, and
diabetic group fed 5% cinnamon and 30% barley. Fasting blood
glucose and insulin levels were examined after eight weeks. Results
showed a significant change in glucose response for all treated diabetic rats compared with the diabetic control group (Shatwan et al.,
2013). Li et al. evaluated the anti-diabetic effects of enzymatically

isolated insoluble (73.93 ± 0.62 g/100 g) and soluble (84.07 ± 0.82
g/100 g) barley fiber on HF diet treated rats (Li et al., 2020). Remarkably, the administration of barley insoluble fiber or barley soluble fiber prevented the progress of T2D, reflected by the reduced
level of fasting blood glucose compared with the control diabetes
group in the second, third, and fourth week of the experiment (p <
0.01; at fourth week, p < 0.05). Furthermore, serum level of insulin
and the values of homeostatic model assessment of insulin resistance were found to be reduced in the barley soluble fiber-treated
diabetic rats compared with those in the untreated diabetic rats (p
< 0.01). The increased value of the quantitative insulin sensitivity
check index confirmed the effects of barley soluble fiber treatment
on insulin sensitivity (p < 0.01) (Li et al., 2020). A similar study involving four weeks old male C57BL/6J mice investigated the impact of a 20% barley flour containing either high β-glucan (HBG;
2% β-glucan) or low β-glucan (LBG; 0.6% β-glucan) diet on HF
diet treated mice under conventional and germ-free conditions
(Miyamoto et al., 2018). Additionally, these mice were fed either a
HF diet with 5% cellulose (HFC; high fiber cellulose) or 5% barley
β-glucan (HFB; high fiber β-glucan). This study showed that plasma glucose levels of HBG-fed mice tended to be lower than those
of control mice (P = 0.087). Results indicated that the HBG diet
suppressed the elevation of plasma glucose levels and the increase
in body fat mass, preventing the HFD-fed mice from becoming
obese (Miyamoto et al., 2018). Moreover, the modification of gut
microbiota and the increase of SCFAs (especially butyrate) under
conventional condition were observed, and the secretion of the gut
hormones PYY and GLP-1 increased in HBG-fed mice, these all
contributed to improve insulin sensitivity (Miyamoto et al., 2018).
The therapeutic effect of malted barley extract on blood glucose
and insulin level has also been investigated in genetically diabetic
mice. Results from this study also showed a reduction in fasting
blood glucose for the group of mice orally administered 62.5 mg/
kg of body weight of malted barley compared to the control group
(P < 0.05) (Hong and Jai Maeng 2004). To investigate the mechanism for the effects of barley β-glucan, Choi et al. fed three groups
of male 7-week-old C57BL/6J mice with high-fat diets containing
0, 2, or 4% of barley β-glucan for 12 weeks (Choi et al., 2010). The
2 and 4% β-glucan groups had significantly lower body weights
than the 0% β-glucan Group. The 4% β-glucan group demonstrated improved glucose tolerance, lower insulin-resistance index, and
glucose-dependent insulinotropic levels. Consumption of 2 and
4% β-glucan for 12 weeks resulted in 6.4 and 4.5% reductions in
body weight, respectively, compared with 0% β-glucan Group (p <
0.05), while no significant differences in food intake between the
treatment groups were observed. Performed glucose tolerance tests
after eleven weeks of β-glucan consumption indicated that 4% of
β-glucan significantly increased the glucose response during 2-h
glucose tolerance tests compared to the 0% β-glucan Group. The
area under the curve values was significantly reduced in the 2%
and 4% β-glucan Group, which indicates enhanced insulin sensitivity. Consumption of 4% β-glucan markedly reduced serum insulin compared with 0% β-glucan (from 550.1 ± 65.4 to 340.1 ± 43.1
pmol/L, respectively), even though insulin content in the pancreas
was not significantly different. Consumption of 4% β-glucan significantly reduced serum glucose-dependent insulinotropic peptide
compared with 0% β-glucan (Choi et al., 2010). Brockman’s study,
which subjected fatty rats to glucose tolerance tests, verified the
assumption that barley and its β-glucans content improves glucose
control through better control of postprandial glycemia. At the end
of this six-week study involving chronic consumption of whole
grain barley flour, rats fed with WG barley flour had a significantly
lower glycemic response and improved insulin resistance than the
control group (Brockman et al., 2013).
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Figure 1. The structures of barley β-glucan and oat β-glucan, and their difference.

In contrast to findings showing favorable GR after barley consumption, Belobrajdic et al. sought to test the hypothesis that
barley β-glucan fermentation raises circulating incretin hormone
levels and improves glucose control, independent of other grain
components. Results from this study found that although WG barley β-glucan suppressed feed intake and increased cecal fermentation, it did not improve postprandial glucose control or insulin
sensitivity in Male Sprague-Dawley rats (n = 30) fed a high-fat diet
for six weeks and then randomly allocated to 1 of 3 dietary treatments for two weeks; low (LBG, 0% β-glucan) and high (HBG,
3% β-glucan) β-glucan diets contained 25% WG barley and similar levels of insoluble dietary fiber (Belobrajdic et al., 2015).
4. Mechanisms of the anti-diabetic effects of barley
The beneficial effect of barley on serum insulin, blood glucose,
and diabetes moderation is credited to the viscous fiber, β-glucan.
It has been hypothesized that this benefit may be a function of the
physical properties, especially the viscous and gel-forming soluble
DF component of barley (Bozbulut and Sanlier 2019; Schloermann
and Glei 2017). Soluble barley fiber, especially β-glucan, creates
increased viscosity in the gut, slowing down the digestion rate of
high glycemic index foods, stomach emptying, and glucose absorption (Bozbulut and Sanlier 2019). Barley β-glucans might also
reduce food digestibility by regulating water availability or altering the microstructure of food products (Brennan 2005). Another
advanced idea is that colonic fermentation after a meal of soluble
barley fiber may also contribute to subsequent meal improvements
in postprandial glycemia. Furthermore, barley β-glucan may affect
serum short-chain fatty acid concentration resulting from colonic
fermentation of soluble fibers, which may positively affect glucose
metabolism (Kim 2018). Soluble barley fibers may also alter the
levels of gut hormones involved in appetite and satiety (Schroeder
et al., 2009). Moreover, barley phytochemicals may play an essential role in moderating glycemic response by acting as antiinflammatory and anti-oxidant agents, both risk factors associated
with diabetes (Belobrajdic and Bird 2013). Inhibition of amylase
and delayed starch hydrolysis, or the reduction in diffusion to the
small intestinal microvilli of amylolytic products, may also im-
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pact glycemic response after a barley treatment. It has also been
projected that barley’s viscous nature helps develop an absorptive
barrier layer through interactions with the mucosa.
4.1. Physiological effects from fiber
Barley is an essential source of dietary fiber as it contains about
15–24 g of dietary fiber per 100 g of WG on a dry weight basis.
Fiber composition of different barley varieties ranges from 9% to
greater than 30%, with fiber content present in soluble and insoluble forms and composition correlated with the amount of polymerization (Bai et al., 2019). For blood glucose management, barley’s
soluble fiber component has been mainly credited for this benefit,
especially β-glucan (Behall et al., 2006). In a 2008 study, Wang
et al. reported that high viscose β-glucan solution extracted from
barley exhibited a higher capacity to reduce total blood glucose
(Henrion et al., 2019).
Barley β-glucans are linear polysaccharides linked by β-1,3/1,4
glycosidic bonds with the β-1,4-linked glucose chain (∼70%) interrupted by β-1,3 linkages (∼30%) (Goudar et al., 2020; Lazaridou
and Biliaderis 2004). The structural difference of barley β-glucan
compared with oat β-glucan is due to a slight difference in the ratio of the two central oligomer units, trisaccharide unit (DP3) and
tetrasaccharide unit (DP4) (Figure 1) (Lazaridou et al., 2004; Mikkelsen et al., 2013), which explains more than 90% of β-glucan
structures. While the ratio of DP3 to DP4 in barley is 2.8–3.4, that
of oat is 2.1–2.4 (Wood 2011). Another structure difference is barley has more β-1,4 linkages with a degree of polymerization higher
than 4, and longer blocks of up to 14 adjacent exist (Vaikousi et
al., 2004; Woodward et al., 1983). These structural features are
important to β-glucan’s water solubility, viscosity, and gelation
properties. Furthermore, the difference in molecular weight, viscoelasticity, conformational change in a solution, gelling properties, and interaction between other compounds are indicators of
barley β-glucans functionality in food systems and its ability to
affect postprandial response.
The positive effects of β-glucans on blood glucose, insulin response, and diabetic risk factors are well recognized. For example,
the European Food Safety Authority approved a health claim for
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Figure 2. Overview of the effects of dietary fiber and phytochemicals in whole grain barley on type 2 diabetes with variety of mechanisms.

lowering glucose response when at least 4 g of β-glucans per 30 g
of available carbohydrates are consumed in a meal (Henrion et al.,
2019). One mechanism for this effect was related to the physical
property of dietary fiber in barley, such as the viscosity. Multiple
studies have shown a dose-response effect of β-glucans on the attenuation of postprandial glycemic response due to increased intestinal viscosity (Hassan 2016; Henrion et al., 2019). Particularly,
the high water holding capacity and gelling property of β-glucans
form a viscous solution, which causes a slower gastric emptying
rate, which, in turn, delays the delivery of the chyme to the intestine. At the same time, the resistant to digestion character hinders
the carbohydrates in the chyme to be digested by the intestinal enzyme and delays the diffusion of glucose to the absorbing surface
(Henrion et al., 2019). Thondre et al. reported a decrease in glycemic response occasioned by increased viscosity and delayed gastric emptying after high molecular weight barley β-glucan intake,
highlighting the role of viscosity in diabetes moderation (Thondre
et al., 2013). Tosh et al. also proposed a mechanism for β-glucans
ability to impact glycemic response centers around its viscosity
and rheological behavior, which may slow down starch transport
by decelerating α-amylase diffusion towards its starch substrate.
Additionally, a decrease in glucose absorption may arise from a reduction in the speed of sugars and α-dextrins distribution towards
the intestinal epithelium (Tosh and Bordenave 2020). β-glucan’s
resistant nature to digestion might also help explain its ability to
improve postprandial blood glucose response.
While the larger concentration of fiber and β-glucan in barley
compared to other cereal is thought to be the primary factor that
influences its reported superior ability to favorably control diabetic
risk factors, the structure and conformation of barley β-glucan may
also play a role in its bioactivity. Besides, the rheological property
of β-glucans play an important role in controlling blood glucose.
4.2. Roles of microbial metabolites of fiber
Barley may also affect diabetic risks by interacting with gut microbiota through the formation of microbial metabolites of fiber,

Short-chain fatty acids (SCFA), and acting as prebiotics (Figure 2).
SCFA are the primary bacterial metabolites of fiber. These metabolites have essential roles in metabolism, and their physiological relevance in diabetes moderation is receiving increased attention. High concentrations of SCFAs are assumed to be beneficial,
as they can reduce hepatic glucose output and improve lipid homeostasis and may also influence the composition of the gut microbiota. SCFA such as acetate, propionate, and butyrate are also signal
molecules that modulate glucose metabolism via distinct specific
receptors. Through these receptors, such as the free fatty acid receptors, SCFA can increase the concentration of gastrointestinal
hormones such as PYY and GLP-1 (Schloermann and Glei 2017).
Both hormones play vital roles in altering diabetic risk factors as
PYY induces glucose intake in muscle- and fat tissue, while GLP1 indirectly reduces blood glucose concentration by increasing the
insulin concentration and reducing the production of glucagon in
the pancreas. Also, obesity is associated with a pro-inflammatory
state of the adipose tissue, which is connected with insulin resistance that causes T2D. SCFA such as propionate are capable
of inducing the satiety hormone leptin. They can also reduce inflammatory cytokines and chemokines, indicating that SCFA has
anti-inflammatory effects in human adipose tissue. A study by Roelofsen et al. found that WG products can offset any increase in glucose-induced TNF-α and IL-6. This ability to offset this increase
was connected with an increase in plasma butyrate concentration,
further suggesting that barley fiber can produce an SCFA profile
that could proffer anti-inflammatory effect in diabetic cases (Roelofsen et al., 2010). Furthermore, concerning energy and glucose
metabolism, SCFAs suppress appetite by increasing the release of
satiety hormones and stimulating vagal afferent chemoreceptors.
It can boost energy expenditure by upregulating thermogenesisrelated proteins in the liver and adipose tissue and also increase
glucose-stimulated insulin secretion from pancreatic β-cells. Miyamoto et al.’s intervention study on glycemic response in diabetic
mice found that β-glucan treatment improved glucose metabolism
via SCFA. Increased levels of plasma PYY and GLP-1 were observed after barley flour diets, leading to the speculation that the
suppression of food intake and improvement in insulin sensitivity
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induced by the barley flour diets was due to the promotion of gut
hormone secretion from enteroendocrine cells by SCFAs, likely
involving SCFA receptors GPR41 and GPR43 (Miyamoto et al.,
2018). Studies have shown that butyric acid could improve insulin
sensitivity via promotion of energy expenditure, regulation of histone deacetylases activity, and induction of mitochondria function
(Gao et al., 2009; Khan and Jena 2016). Interestingly, in a study by
Li et al. on T2D, it was observed that barley treatment increased
the caecal levels of butyric acid together with improved insulin
sensitivity (Li et al., 2020). Thus, indicating that increased insulin
sensitivity by butyric acid signaling might be another mechanism
by which barley ameliorates diabetic complications.
Barley dietary fiber can serve as prebiotics as they are converted to SCFAs by gut microbiota and can facilitate beneficial
probiotics (Garcia-Mazcorro et al., 2018; Kovatcheva-Datchary
et al., 2015; Sandberg et al., 2019). In a db/db mouse study,50
barley intake was reported to increase Prevotella and Lactobacillus’ abundances while decreasing plasma insulin and resistin levels. In a human study exploring the modulatory impact of barley
kernel-based bread on diabetes risk factors (Kovatcheva-Datchary
et al., 2015), Petia Kovatcheva-Datchary and colleagues found
that barley kernel-based bread acted as prebiotics by increasing
Prevotella/Bacteroides ratio. The prebiotic action of the barley
kernel-based bread ultimately induced improvements in glucose
metabolism. In a metagenomic analysis where responders’ gut microbiota was enriched with Prevotella copri and then transplanted
to germ-free mice, germ-free mice exhibited improved glucose
metabolism. This improvement was associated with an increased
abundance of Prevotella and liver glycogen content compared to
germ-free mice that received non-responder microbiota. Cristina
Teixeira and colleagues (Teixeira et al., 2018) found that barley
β-glucan increased the butyrate-producing bacteria, Lactobacillus,
Blautia, and Allobaculum in rat models, thus indicating that barley β-glucan can improve glucose response via the production of
butyrate.
4.3. Role of phytochemicals
Barley contains myriads of phytochemicals, including phenolic
acid, flavonoids, phenolamides, and hordatines (Figure 3) (Ferreres
et al., 2009; Holtekjølen et al., 2006; Idehen et al., 2017; Martínez
et al., 2018; Pihlava 2014; Seikel and Bushnell 1959; Seikel and
Geissman 1957). The most abundant phytochemicals in barley are
phenolic acid, ferulic acid, and p-coumaric acid, mainly found in
their bound forms. Some studies have shown that probiotic strains
can free up these phenolic acids (Hole et al., 2012), and that bound
phenolic acids are more effective than their free forms (Rondini et
al., 2004). The bound ferulic acid content of different barley varieties has been reported to range between 403–723 mg/kg, accounting for 52–69% of total phenolic acid in barley (Holtekjølen et
al., 2006). p-Coumaric acid is the second most abundant phenolic
acid in barley, with concentration ranging between 15–374 mg/
kg depending on barley variety. Deng and colleagues (Deng et al.,
2020) quantified the phenolic profile of four highland barley varieties, discovering that aside from ferulic acid with 99.76–100% present in their bound form (50.06–54.52 mg/100 g), 93.59–98.46%
of naringin (bound form: 7.08–9.21 mg/100 g), 0–52.65% of
catechin (bound form: 0–2.11 mg/100 g) and 100% of quercetin
(bound form: 1.4–3.0 mg/100 g) also existed in barley in bound
forms. The correct proportions of these essential bioactive compounds are easily underestimated when considering their importance in health promotion. In diabetic moderation, phenolic acids,
catechin, and quercetin have been found to exert α-glucosidase and
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α-amylase inhibitory effect (Figure 2) (Adisakwattana et al., 2004;
Gong et al., 2020; Rasouli et al., 2017; Tadera et al., 2006; Xiao
et al., 2013), consequently leading to the belief that barley phytochemicals modulate the effect of carbohydrates and blood sugar
levels, thereby preventing hyperglycemia. Naringin was reported
to possess a potent anti-hyperglycemic impact in a study involving NA/STZ-induced type 2 diabetic rats (Ahmed et al., 2017).
The antidiabetic effect of ferulic and p-coumaric acids have also
been studied in several animal studies (Abdel-Moneim et al., 2018;
Amalan et al., 2016; Amalan et al., 2015; Narasimhan et al., 2015;
Narasimhan et al., 2015). In a high fat and fructose-induced T2D
rat study, Akilavalli Narasimhan and colleagues found that ferulic
acid reduces hepatic glucose production by preventing the interaction between FoxO1 and the genes involved in gluconeogenesis.
In the same study, it was found that ferulic acid reduced hepatic
GLUT2 expression through the interaction between transcription
factors of SREBP1c, HNF1, HNF3, and GLUT2 gene promoter
(Narasimhan et al., 2015). p-Coumaric acid has also been reported
to present a similar effect. In an STZ induced diabetic rat study,
Venkatesan Amalan and colleagues demonstrated that p-coumaric acid could increase the plasma insulin levels and decrease the
expression of GLUT 2 mRNA in the pancreas. This p-coumaric
acid benefits significantly lowered blood glucose, glucose-6-phosphatase, fructose-1, and 6-bisphosphatase levels, while increasing
the levels of hexokinase and glucose-6 phosphatase dehydrogenase (Amalan et al., 2016; Amalan et al., 2015). In a similar study
involving rat models induced for T2D with NA/STZ, Adel AbdelMoneim and colleagues found that p-coumaric acid decreased
TNF-α and adipocytokines secretion while upregulating PPARγ
mRNA expression, thereby exhibiting antidiabetic effect (AbdelMoneim et al., 2018). Moreover, in a muscle cell model study,
Seon-A Yoon and colleagues demonstrated that p-coumaric acid
could modulate glucose response through AMP-activated protein
kinase (Yoon et al., 2013).
Another important kind of phytochemicals in barley with possible antidiabetic effects are the agmatine conjugated phenolamides
and their dimers hordatines. Among these phytochemicals, hordatines are unique to barley, with their total level and bioactivity
still unclear (Pihlava 2014). In 2013, Kohyama N and Ono H (Kohyama and Ono 2013) purified Hordatine A β-D-glucopyranoside
from ungerminated barley grains and quantified its contents, which
ranged from 103–254 nmol/g dry weight in ten cultivars of ungerminated mature grains, equal to 7.3–18.1 mg/100 g dry weight.
Hordatines contain a guanidine group from their elucidated structures, which is similar to the antidiabetic drug metformin. Also,
hordatine A can bind to the muscarinic M3 receptors, which are
critical regulators of glucose homeostasis (Gautam et al., 2006).
Besides, agmatine was reported to activate the I2-imidazoline
receptors, thereby improving insulin sensitivity and increasing
β-endorphin secretion in type-2 diabetic rats model (Chang et al.,
2010; Su et al., 2009). These findings strongly indicate that agmatine conjugated phenolamides and hordatines are potential antidiabetic phytochemicals and can also contribute to the antidiabetic
effect of barley.
Federico and colleagues (Ferreres et al., 2009) identified and
quantified 28 phenolic compounds in barley leaves, seeds, awns,
and stems. The total amount of these compounds in seeds was 50.0
mg/kg, including lutonarin (1.5 mg/kg) and saponarin (2.0 mg/kg),
which were also present in barley leaves at 2,150.8 and 145.3 mg/
kg concentrations, respectively. Saponarin are α-glucosidase inhibitor (Sengupta et al., 2009), and their presence in barley seeds
and leaves portend well for their use as antidiabetic agents. WooDuck Seo and colleagues (Seo et al., 2015) found that the administration of barley sprout extract for 12 weeks lowered fasting glu-
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Figure 3. The structures of phenolic acids, flavonoids, phenolamides, and hordatines in barley.

cose levels in the plasma and improved insulin sensitivity in mice
fed a high-fat diet. In that same study, the molecular mechanism of
saponarin for regulating insulin sensitivity was investigated. Additionally, saponarin in barley can suppress the rate of gluconeogenesis and increase cellular glucose uptake in HepG2 and TE671
cells by activating AMPK in a calcium-dependent manner. Thus,
barley flavonoids might also contribute to barley’s antidiabetic effect with its benefits obtained through the consumption of barley
malts or barley grass.
5. Conclusion
Barley is a high-fiber, low-fat WG with a low-energy-density that
aligns with recommendations for a low-calorie, high-fiber diet for
glycemic control. The mechanism by which barley reduces postprandial glucose levels is thought to be mainly by increasing the
intestinal contents’ viscosity, which reduces carbohydrate digestion and absorption. The viscosity of barley and barley β-glucan

is determined by its molecular weight and the amount solubilized
in the intestine. From a structure point, barley β-glucan is a linear chain polysaccharide made of units of β-D-glucopyranosyl
residues linked by 1,3 and 1,4 glycosidic bonds. The β-1,3 linkage
breaks up the uniform structure, allowing it to form viscous solutions upon solubilization. The rheology and structure of β-glucan
through several mechanisms play an essential role in reducing
postprandial blood glucose via fermentability and creating high
viscosity solutions in humans to delay gastric emptying. Different
mechanisms that would explain barley’s glucose and insulin lowering effects have been suggested. Significant considerations focus
on the formation of SCFA in the colon and the interaction between
barley β-glucan and gut microbiota by playing as the prebiotics.
Additionally, barley’s phytochemicals also play a role in maintaining a healthy gut microbiota that can alter postprandial glucose
response. However, the interplay between fiber, microbiota, and
phytochemicals in diabetes moderation still needs to be thoroughly
investigated and understood. A well-designed human study investigating the long-term benefits of barley and barley β-glucan con-
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sumption among individuals with diabetics is also highly required.
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Abstract
The approval of new ingredients and compounds for use in food supplements is subjected to governmental regulations in many countries. In this context, there is a gap between what the scientific literature reports and how
these translate into food regulation when it comes to bioactives. In this perspective piece, we analyze the case
of Anvisa’s Normative Instruction (NI) N° 76, which regulates food supplements in Brazil. This updated version of
a previous Normative Instruction adds hyaluronic acid, boron, silicon, undenatured type II collagen, hydroxymethylbutyrate, methylsulfonylmethane, and palmitoylethanolamide to its list of approved compounds. According
to the NI, only supplements containing undenatured type II collagen are allowed to make health claims on their
labels. In addition, the list does not include any substance from major bioactive groups, such as phenolic compounds. However, this might be due to the fact that the metabolic fate of phenolics has not yet been completely
clarified, which could contribute to the slowing down of their approval by Anvisa. In this case, safety issues would
need to be sorted out, and a direct relationship between consumption and health effect would need to be established for allowing health claims to be made. Therefore, the need for studies on the bioefficacy of bioactive
compounds is imperative.
Keywords: Anvisa; Normative instruction N° 76; Phenolic compounds; Hyaluronic acid; Collagen.

1. Introduction
The enactment of food regulations is usually based on scientific
evidence. The approval process of a new ingredient and/or compound for use in food formulations may involve several steps,
such as petition examination, gathering of enough and convincing scientific data, toxicity analysis, and the opinion of experts in
the field, before finally reaching a consensus on whether or not
the ingredient/compound could be approved. The same goes for
establishing limits of usage, recommendations, claims, labelling

regulations, and other details involving practical and legal aspects.
Therefore, it is reasonable to consider that such procedures are
time-consuming and may not move as fast as other parties expect.
Nevertheless, it is common that food regulations from different
countries are often somewhat different from one another. For instance, a certain compound can be legal and widely used in a specific country while in other countries the same substance may be
banned. These differences reveal that each territory has its own
specificities in what comes to establishing food laws and regulations, as well as their own pace of approving new compounds and
banning harmful ones. This fact is especially evident in the case of
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–
NA: Not authorized. The approved dosages correspond to the amount that must be present in the full product. Source: Adapted from Anvisa (2020c).
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157.7
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Pregnant BreastfeedClaims
women
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0–6
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Bioactive compound

Table 1. List of bioactive compounds approved by Anvisa’s Normative Instruction N° 76 of November 5, 2020 for use in food supplements

some bioactive substances, such as phenolic compounds as already
discussed by de Camargo and Lima (2019).
In Brazil, the Ministry of Health has a regulatory body (Brazil’s
National Health Surveillance Agency–Anvisa) that is responsible
for approving and enforcing regulations for the food, cosmetics,
tobacco, pharmaceuticals, health services, and medical devices,
among others. Regarding food supplements, it is important to note
that different countries may have specific definitions for food supplements, which will be reflected by how they will handle these
products regulation-wise. For instance, in the United States, ingredients and compounds to be used in food supplements should meet
the requirements of the Dietary Supplement Health and Education
Act of 1994. Novel ingredients must be evaluated by the Food
and Drug Administration (FDA) for approval, with the manufacturer notifying the agency 75 days prior to launching the product
(Dominguez-Díaz et al., 2020). On the other hand, in Brazil, food
supplements are defined as “products for oral ingestion, presented in a pharmaceutical form, aimed at supplementing the diet of
healthy individuals with nutrients, bioactive substances, enzymes
or probiotics, either alone or in combination” (Anvisa, 2020a).
Food supplements are regulated in Brazil by Anvisa and the
inclusion of a new constituent in Anvisa’s list of approved components/ingredients for use in this product category is an extensive and detail-oriented process. In general, when a petition for
approval of a new constituent is received, the agency evaluates
data concerning the safety of the compound and whether the compound presents any health-promoting effects, and the intake dose
necessary to render beneficial effects. A second process may then
take place to see whether claims regarding functional properties
and health can be used to promote the product. The procedure for
claim approval may proceed in parallel to the process for approval
of the bioactive substance or in different timeframes. Health claim
approval is contingent on availability of sufficient data to demonstrate that there is a direct relationship between consumption and
positive health outcome (Anvisa, 2020b).
Anvisa’s recently published Normative Instruction (NI) N° 76 of
November 5th, 2020 updates the list of ingredients and compounds
allowed in food supplement formulations, as well as their limits of
usage, claims, and labelling requirements. The list includes several
nutrients (proteins, lipids, minerals, vitamins), enzymes, probiotics, and bioactive compounds (Anvisa, 2020c), with the latter two
being the focus of the present analysis. It is noteworthy that this
specific NI is an addition to the Normative Instruction N° 28 from
July 26th, 2018, which was reviewed by de Camargo and Lima
(2019), with an emphasis on phenolic compounds.
Regarding bioactive compounds, the NI 76 addresses only ingredients and compounds used in food supplements not intended for
breastfeeding women (0 to 12 months) and children aged between 1
and 3 years. However, an update from December 2020 establishes
limits of use for folic acid in supplements intended for children and
teenagers between 1 and 18 years of age (Brazil, 2020). Table 1 provides the list of newly added compounds with their limits of usage
according to age and condition, as well as approved claims. According to the labelling requirements, products containing the compounds in Table 1 must display the warning “This product should
not be consumed by pregnant and lactating women and children.”
A total of 15 bioactive substances have been allowed by IN 76
to be incorporated as ingredients in food supplements; these are:
hyaluronic acid, sodium hyaluronate obtained by Streptococcus
zooepidemicus assisted fermentation, rooster comb extract (Gallus
gallus), boron, sodium tetraborate decahydrate, type 2 collagen,
chicken collagen with undenatured type II collagen, phosphatidylserine, phosphatidylserine from soy lecithin, hydroxymethylbutyrate, calcium hydroxymethylbutyrate, methylsulfonylmethane,
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silicon, orthosilicic acid stabilized with choline chloride, and palmitoylethanolamide (Anvisa, 2020c).
However, it is important to note that some promising bioactive
classes, such as phenolic compounds, have not been addressed by
NI 76, leading to no additional improvements in this aspect when
compared with NI 28 (Anvisa, 2020c). This is especially remarkable since this bioactive class of compounds is backed by mounting
scientific evidence about their heath-promoting benefits, such as antioxidant, cardioprotective, anticancer, and anti-inflammatory properties (de Camargo et al., 2018), deeming them suitable for possible
use as food supplement. Another gap that remains since NI 28 is the
lack of approved sources of bioactive compounds that are widely
available in Brazil. As pointed out by de Camargo and Lima (2019),
NI 28 approves the incorporation of rutin into food supplements, but
fails to include orange peel and other rutin-rich feedstocks that are
widely available in the country as a rich source of this compound.
The same comment could be made for chlorogenic acid, proanthocyanidins, tocopherols and tocotrienols. In this situation, and as far
as we know, no petitions from manufacturers requesting the use of
these ingredients were sent to the agency as evaluations happen
through a petition-based system. Therefore, the food industry is a
key player in what may be added to the list of bioactive compounds
under existing regulations in Brazil. The individual compounds listed in the latest approved bioactives in Brazil are discussed below.
2. Hyaluronic acid
Hyaluronic acid is an anionic and non-sulfated carbohydrate present in the connective, epithelial, and neural tissues. Its structure
consists of several disaccharide molecules bonded through β-1,4
glycosidic linkages, with the repeating structure [(1→3)-β-dGlcNAc-(1→4)-β-d-GlcA-]. The main biological function of hyaluronic acid is to bind water, acting as a lubricant for the joints
and muscles. Due to this characteristic, hyaluronic acid may also
be perceived as component for use in cosmetics, more specifically
in moisturizers. As a naturally occurring substance in all living
organisms, hyaluronic acid has also been used in clinical applications, such as the supplementation of joint fluid in arthritis, eyesupporting structures during eye surgery, and healing aid of surgical wounds (Necas et al., 2008).
Besides its clinical applications, hyaluronic acid is also known
to display in vitro and in vivo antioxidant activity. Ke et al. (2011)
demonstrated that low-molecular-weight hyaluronic acid produced
from its high-molecular-weight counterpart was able to effectively
inhibit lipid peroxidation and scavenge superoxide anion, hydroxyl, and 1,1-diphenyl-2-picryldydrazyl (DPPH) radicals. When
administered orally to immunosuppressed mice, hyaluronic acid
increased the activity of endogenous antioxidant enzymes, namely
superoxide dismutase, catalase, and glutathione peroxidase.
The European Food Safety Authority (EFSA) released a scientific opinion in 2009 deeming hyaluronic acid an authorized component for use in food formulations. The report highlighted that
the compound has been sufficiently characterized in the literature
and proposed claims regarding the improvement of joint health, by
contributing to joint mobility and lubrication. The report also established limits of intake that should not exceed 100 mg per day (EFSA,
2009a). Anvisa’s NI 76 indicates that 157.7 mg should be the compound’s limit of usage in food supplements marketed to adults (Table 1), but it does not bring any approved claims and sources for
procuring hyaluronic acid. For claim approval, a direct relationship
between intake and health effect would need to be attested by Anvisa’s regulatory process. The only ingredient/compound in NI 76

with approved claims at this time is undenatured type II collagen.
Soybean and soy-derived products (tofu, soy milk, soy yogurt)
are well-known sources of hyaluronic acid. Among the leading soybean producers in the world (Statista, 2020) the availability of this
source is plenty in Brazil and it could serve as an ingredient for obtaining the approved compound. Pan et al. (2015) proposed the use
of agro-industrial by-products widely available in Brazil (sugarcane
molasses and juice, soy molasses, soy protein, corn steep liquor,
and whey protein) for procurement of hyaluronic acid through
Streptococcus zooepidemicus fermentation. However, the use of
such sources for the extraction of hyaluronic acid was not addressed
by NI 76, a gap that needs to be filled by the food industry (Table 1).
3. Boron and silicon
Boron and silicon are trace elements naturally occurring in food
and have also been included in the NI 76 as approved components
of food supplements. Boron is present in fruits (e.g, peaches, grape,
apple, orange), vegetables (e.g., lettuce, broccoli), milk, coffee and
tea (National Institute of Health, 2020), while silicon can be found
in raisins, green beans, high-bran cereal, whole grain bread, beer,
and red wine, among others (Charles, Kenneth, and Joshua, 2013).
Both substances have been perceived as bioactives for promoting
health such as bone growth and maintenance, protection of the
central nervous system, reduction of arthritis and cancer development (Nielsen, 2014a) in the case of boron, while silicon has been
associated with improving bone and connective tissue health, as
well as immune and inflammatory response (Nielsen, 2014b).
A clinical trial (Miljkovic et al., 2009) involving 20 subjects
affected by osteoarthritis found that boron supplementation of 6
mg/d as calcium fructoborate, found in fruits and vegetables, was
able to mitigate the symptoms associated with this condition, with
80% of the subjects reporting to have reduced or abandoned the
use of painkiller medication. Another human study (Scorei and
Rotaru, 2011) showed that the consumption of margarine-enriched
boron (226 mg/d of calcium fructoborate) for six months improved
bone density in 66% of osteoporosis patients.
The proposed action mechanism of boron responsible for its
health benefits involves the formation of ester complexes between
boric acid and hydroxyl groups of adjacent compounds, especially
ribose, a component of adenosine base. This ability increases the
affinity of biologically relevant molecules for boron in animal tissues. Another proposed mechanism is the formation of diester borate
complexes with phosphoinositides, glycoproteins, and glycolipids in
cellular membranes, acting as calcium chelators and redox modifiers, affecting membrane integrity and function (Nielsen, 2014a).
In the United States, boron is largely used in dietary supplements at 0.15–6 mg, either alone or in combination with other
nutrients (National Institute of Health, 2020). Anvisa’s NI 76 establishes 8.866 mg in the final product (>19 yeas old) as the limit
for boron incorporation into food supplements (Table 1). EFSA
(2009b) has concluded that boron is sufficiently characterized and
hence approved its use as a food constituent with claims related to
the amelioration of joint and bone health.
Silicon is believed to perform a structural or binding role in the
connective tissue, binding to it in abundant concentrations. This
hypothesis is backed by the fact that silicon is capable of forming complexes with polyols having a minimum of four hydroxyl
groups, which are present in glycosaminoglycans, mucopolysaccharides, and collagen. Such molecules are involved in the formation and stabilization of the connective tissue as well as bone
formation. Another hypothesis is that silicon may positively affect
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the absorption and utilization of other minerals related to bone
metabolism and inflammatory response. According to epidemiological evidence, an intake of 25 mg/d of silicon is necessary for
promoting bone health (Nielsen, 2014b).
EFSA approves the use of silicon as a food constituent. The
agency has established that the amount of silicon in food supplements depends on the target and the form it is incorporated in the
formulation. Claims related to joint, bone, and skin health are approved to be used in labels, as well as claims about cardiovascular
and brain health (EFSA, 2011). Incorporation of silicon in food
supplements is limited to 2.96 mg for adults (Table 1).
4. Undenatured type II collagen
Collagen is a structural protein found abundantly in the connective
tissues of the mammals. This protein is characterized by a triple
helix formed by three polypeptide chains, containing around 1,000
amino acids in each chain, with approximately 300 kDa molecular
weight. Among the 30 existing types of collagen, type I is predominant, representing over 90% of all collagen present in the body.
Nevertheless, undenatured type II collagen (UC-II), a component
of cartilage, has gained attention due to its positive effects on osteoarthritis and joint health (Gencoglu et al., 2020).
In a rat model of osteoarthritis, supplementation of 0.66 mg/kg
of UC-II for 8 weeks was examined by Bagi et al. (2017). These
researchers showed that UC-II was able to preserve the integrity
of cancellous bone at tibial metaphysis, as well as limiting excessive formation of osteophyte and degradation of articular cartilage.
Cartilage degradation was further studied in a randomized controlled trial with 39 patients diagnosed with knee osteoarthritis
(Bakilan et al., 2016). The treatment involved administration of 10
mg/day of UC-II for three months. Although biochemical markers did not detect improvements regarding cartilage degradation,
significant enhancement was achieved for joint pain and function
in comparison with acetaminophen treatment.
Some proposed mechanisms of action for the amelioration of
joint health caused by UC-II include the recognition of UC-II by
Treg (regulatory T) cells, active immune cells that secrete anti-inflammatory mediators that help diminish joint inflammation whilst
promoting cartilage repair. This is possible due to collagen’s oral
tolerance, an immune process trigged by the body’s recognition of
innocuous compounds and potentially harmful substances (Bagi
et al., 2017).
Although there is no established upper limit of usage for UC-II
in Anvisa’s NI 76 (Table 1), this is the only component with approved health claims. According to the regulation, the claim “Undenatured Type II collagen helps maintain joint function” can be
displayed on the label of food supplements containing a minimum
of 10 mg of UC-II. The claim is in accordance with the scientific
literature on health benefits related to UC-II.
5. Hydroxymethylbutyrate, methylsulfonylmethane, and palmitoylethanolamide
Hydroxymethylbutyrate (HMB), a leucine metabolite naturally
produced in the human body, is largely used as food supplement
for cancer patients and people living with HIV who are experiencing weight loss. A systematic review conducted by Asghari Hanjani et al. (2018) concluded that the use of HMB in combination with
arginine and glutamine improves lean mass, weight, and immune
function in weight-compromised patients. According to Molfino et
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al. (2013), HMB prevents muscle mass degradation by a number
of pathways, including the attenuation of protein kinase R (PKR),
AKT, the scavenging of reactive oxygen species, and decreasing
the activity of caspase 3 and 8.
Methylsulfonylmethane (MSM) is a naturally occurring organosulfur compound, also widely used as dietary supplement. Food
sources of MSM include fruits, vegetables, grains, beer, wine, coffee, tea, and cow’s milk. In vitro and in vivo studies have associated the intake of MSM with anti-inflammatory, anticarcinogenic,
and antioxidant effects (Butawan et al., 2017). EFSA approved the
use of MSM as a food constituent and allows claims involving the
improvement and maintenance of joint health in products containing this compound (EFSA, 2009c).
Palmitoylethanolamide (PEA) is an endogenous fatty acid
amide synthesized by microglia and mast cells, and provides
anti-inflammation and neuroprotective effects. PEA is believed
to maintain homeostasis through mediating the resolution of inflammatory processes, thus controlling neuroinflammation, and
helping prevent and ameliorate symptoms of neurodegenerative
diseases such as Alzheimer’s (Cordaro et al., 2020).
Hydroxymethylbutyrate, methylsulfonylmethane, and palmitoylethanolamide can be used as food supplements commercialized in Brazil as long as they respect the limits of usage established
by NI 76 (Table 1).
6. Probiotics
Anvisa defines probiotics as “Viable microorganisms that when
taken in adequate amounts, provide health benefits. These microorganisms belong to different genus and species (both bacteria and
yeasts) and have been associated with several health benefits” (Anvisa, 2020d). Besides improving gut health, probiotics have been
associated with a myriad of other health-promoting effects, such as
modifying immune response against inflammatory diseases, inhibiting metabolic syndrome-related ailments in pre-diabetic adults,
reducing neurodegenerative damage, among others (Roobab et al.,
2020). With that being said, the agency’s process to approve new
probiotics for food supplements is based on the evidence that a certain microorganism is able to effectively improve human health.
Clinical trials are the foundation for the inclusion of newly approved
probiotics into the regulation, once the results of in vitro studies, although essential to characterize microorganisms, are not necessarily
reproducible in vivo, especially in human subjects (Anvisa, 2017).
According to Anvisa, the request for probiotics approval should
take into consideration the type of claim being pursued – general
or specific. A general claim needs to be backed by at least one
clinical study showing adequate evidence level for the said benefit, with a well-established mechanism of action. In this case, the
agency also analyzes evidence other than clinical, such as in vitro
and animal studies. However, if a manufacturer wants to make specific claims for their probiotic, a minimum of two clinical studies
is required, showing the efficacy towards the claimed benefit. For
this type of claim, the process is completely focused on clinical
evidence (Anvisa, 2020d; Anvisa, 2017).
In general, a probiotic to be used in food supplements must have
been properly identified as being safe for consumption and having displayed efficacy towards gastrointestinal (general claim) and
other health-promoting benefits (specific claim). IN 76 has included a total of 12 new probiotics/probiotic mixtures for use in food
supplements (Table 2). All of them carry approved claims and an
extensive list of minimum usage limits established, separated by
age group. According to the normative instruction, the claims can
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Min
1 × 109

NA

NA

Min
1 × 1010

Min
1 × 1010

Lactobacillus acidophilus
NCFM (ATCC SD5221)

Lactobacillus gasseri
BNR17 (KCTC 10902BP)

Lactobacillus rhamnosus
GG (DSM 33156)

Lactobacillus rhamnosus
GG (ATCC 53103)

Min
1 × 109

Bifidobcterium animalis subsp.
lactis BB12 (DSM 15954)

Bifidobcterium lactis NCC 2818

NA

0–6
months

Bifidobcterium animalis subsp.
lactis HN019 (ATCC SD5674)

Probiotic

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

Min
1 × 1010

Min
1 × 1010

NA

NA

Min
1 × 109

Min
1 × 109

NA

7–11
months

Min
1 × 1010

Min
1 × 1010

NA

NA

Min
1 × 109

Min
1 × 109

NA

1–3
years

Min
1 × 1010

Min
1 × 1010

NA

NA

NA

Min
1 × 109

NA

4–8 years

Min
1 × 1010

Min
1 × 1010

NA

NA

NA

Min
1 × 109

NA

9–18 years

Min
1 × 1010

Min
1 × 1010

Min
1 × 1010

Min
1 × 109

NA

Min
1 × 109

Min
2 × 109

> 19 years

Table 2. List of probiotics approved by Anvisa’s Normative Instruction N° 76 of November 5, 2020 for use in food supplements

Min
1 × 1010

NA

NA

NA

NA

Min
1 × 109

NA

Min
1 × 1010

NA

NA

NA

NA

NA

NA

Pregnant Breastfeedwomen
ing women

Lactobacillus
rhamnosus GG (ATCC
53103) may contribute
to the health of the
gastrointestinal tract

Lactobacillus
rhamnosus GG (DSM
33156) may contribute
to the health of the
gastrointestinal tract

Lactobacillus
gasseri BNR17
(KCTC 10902BP)
may contribute to
the health of the
gastrointestinal tract

Lactobacillus
acidophilus NCFM
(ATCC SD5221)
may contribute to
the health of the
gastrointestinal tract

Bifidobcterium
lactis NCC 2818
may contribute to
the health of the
gastrointestinal tract

Bifidobcterium
animalis subsp. lactis
BB12 (DSM 15954)
may contribute to
the health of the
gastrointestinal tract

Bifidobcterium
animalis subsp. lactis
HN019 (ATCC SD5674)
may contribute to
the health of the
gastrointestinal tract
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Min
1 × 108

NA

Association of Lactobacillus
rhamnosus R0011 (CNCM I-1720)
and Lactobacillus helveticus
R0052 (CNCM I-1722)

Min
6 × 109

Lactobacillus rhamnosus
HN001 (ATCC SD5675)

Limosilactobacillus
reuteri DSM 17938

0–6
months

Probiotic
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NA

NA

Min
6 × 109

7–11
months

NA

NA

Min
6 × 109

1–3
years

NA

4 × 109, where
3.8 × 109 is L.
rhamnosus
and 2 × 108 is
L. helveticus

4 × 109, where
3.8 × 109 is L.
rhamnosus
and 2 × 108 is
L. helveticus

NA

9–18 years

NA

NA

4–8 years

8 × 109, where
7.6 × 109 is L.
rhamnosus
and 4 × 108 is
L. helveticus

Min
1 × 108

NA

> 19 years

NA

NA

Min
6 × 109

NA

NA

Min
6 × 109

Pregnant Breastfeedwomen
ing women

Table 2. List of probiotics approved by Anvisa’s Normative Instruction N° 76 of November 5, 2020 for use in food supplements - (continued)

The association
of Lactobacillus
rhamnosus R0011
(CNCM I-1720)
and Lactobacillus
helveticus R0052
(CNCM I-1722)
may contribute to
the health of the
gastrointestinal tract

Limosilactobacillus
reuteri DSM 17938
may contribute to
the health of the
gastrointestinal
tract in adults.
Limosilactobacillus
reuteri DSM 17938
may contribute to
reduce intestinal
discomfort in
breastfed infants
younger than
6 months

Lactobacillus
rhamnosus HN001
(ATCC SD5675) may
reduce the risk of
eczema (atopic
dermatitis) in infancy,
when administered
to pregnant and
breastfeeding women,
from the 35th week
of pregnancy to
the 6th month of
breastfeeding, and
to their offspring,
high-risk breastfed,
from birth until
2 years of age

Claims
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NA

NA

0–6
months

NA

NA

7–11
months

NA

NA

1–3
years

NA

NA

4–8 years

NA

NA

9–18 years

1.7 × 1010,
with 4.25 ×
109 UFC for
each strain

3 × 109, where
2.7 × 109 is L.
rhamnosus
and 3 × 108
is B. longum

> 19 years

NA: Not authorized. The approved dosages correspond to the amount that must be present in the full product. Source: Adapted from Anvisa (2020c).

Association of Bifidobacterium
lactis BI-07 (ATCC SD5220),
Lactobacillus acidophilus NCFM
(ATCC SD5221), Bifidobacterium
lactis BI-04 (ATCC SD5219),
and Lactobacillus paracasei
Lpc-37 (ATCC SD5275)

Association of Lactobacillus
helveticus R0052 (CNCM
I-1722) and Bifidobacterium
longum R0175 (CNCM I-3470)

Probiotic

NA

NA

NA

NA

Pregnant Breastfeedwomen
ing women

Table 2. List of probiotics approved by Anvisa’s Normative Instruction N° 76 of November 5, 2020 for use in food supplements - (continued)

The association of
Bifidobacterium
lactis BI-07 (ATCC
SD5220), Lactobacillus
acidophilus NCFM
(ATCC SD5221),
Bifidobacterium lactis
BI-04 (ATCC SD5219),
and Lactobacillus
paracasei Lpc-37
(ATCC SD5275)
may contribute to
the health of the
gastrointestinal tract

The association
of Lactobacillus
helveticus R0052
(CNCM I-1722) and
Bifidobacterium
longum R0175 (CNCM
I-3470) may help
reduce anxiety in
healthy individuals.
The association
of Lactobacillus
helveticus R0052
(CNCM I-1722) and
Bifidobacterium
longum R0175 (CNCM
I-3470) help reduce
gastrointestinal
complications, such as
abdominal pain and
nausea due to mild to
moderated stress in
healthy individuals

Claims
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only be made if the supplement provides the minimum established
level for the efficacy of the probiotic used.
The inclusion of a high number of probiotics in the Brazilian
legislation is an indicator of the importance of food manufacturers
working closely with academia in order to reduce any gaps in the
regulation.

et al., 2017). Therefore, there is a need for further clarification of
the fate of phenolic compounds in the gastrointestinal tract, as well
as determination of the threshold necessary for each phenolic to
achieve health promotion.

7. Bioactive compounds not included in NI 76

Scientific evidence and food regulation enactment do not always
move at the same pace. The complexity of approving new substances to be used in food supplements may vary according to the
country. In Brazil, the process, regulated by Anvisa, involves the
gathering of sufficient scientific proof demonstrating the cause/effect relationship of a designated compound. Therefore, some classes of bioactive compounds can be left out of the list of approved
ingredients/constituents due to the lack of sufficient clarification
about their metabolic fate, absorption rate, and biavailability aspects. This shows the importance of conducting in vivo studies,
especially human trials, when researching the potential healthpromoting benefits of a bioactive substance.
Besides, Anvisa’s Normative Instruction N° 76 expands the list
of approved bioactive compounds for use in food supplements,
including substances that have largely been used in this type of
product in the United States and European countries. Additionally,
an extensive list of newly incorporated probiotics for use in food
supplements has been included, all of them with approved health
claims addressing the benefits that probiotic consumption can
bring to digestive health.
Nevertheless, some aspects have not been improved since the
publication of the previous Normative Instruction addressing bioactives for food supplements in Brazil, including the lack of approved health claims for most of the compounds and absence of
natural sources available in the country for their procurement. This
highlights the key role of the food industry when it comes to the
approval of new ingredients to be used in food supplements. Thus,
a close relationship between the scientific community and the industry is essential in order to accumulate relevant data that will
back up the regulation of new bioactives.

In recent decades, phenolics have become one of the most prominent bioactive classes of compounds. This large group of phytochemicals is vastly concentrated in fruits, vegetables, nuts, cereals,
herbs, and spices, among other plant sources. The basic structure
of a phenolic compound consists of at least one hydroxylated benzene ring. Structural differences determine their classification into
subgroups, with flavonoids, phenolic acids, and tannins (hydrolysable and condensed) being the major ones. In their natural sources,
phenolics can be present as soluble (free, esterified, and/or etherified) and insoluble-bound (associated with fiber, cellulose, pectin,
and protein) compounds (de Camargo et al., 2018).
The main biologically relevant characteristic associated with
phenolics is their antioxidant capacity, which can be manifested
through different mechanisms, such as donation of hydrogen
atoms to free radicals, interrupting oxidation chain reactions,
and ability to reduce and/or chelate transition metals, which are
prooxidant factors (Shahidi et al., 2019). Due to their antioxidant
activity, phenolics have shown in vitro and in vivo evidence of
numerous potential health-promoting effects, including anti-inflammatory activity (Colombo et al., 2019; Zhang et al., 2019),
antimicrobial potential (de Camargo et al., 2017), prevention of
some types of cancer (Ayoub et al., 2017), reduced risk of cardiovascular diseases (Lutz et al., 2019), prevention and management
of type 2 diabetes (Pinaffi et al., 2020), and diminished risk of
neurodegenerative diseases (Hanafy et al., 2020; Taslimi et al.,
2019), among others.
Notwithstanding, the fate of phenolic compounds upon ingestion and aspects related to their absorption, metabolism, and bioavailability are not yet fully understood. It is also reasonable to
expect that these aspects will not be the same for every compound
within such a diverse group. The state in which the phenolics are
found in the food matrix, association with other molecules, and
structural modification through the gastrointestinal tract will influence their bioaccessibility and bioavailability. In addition, phenolic compounds are known to interact with each other in additive,
synergistic and antagonistic manners, which makes it harder to
predict how a specific compound will behave in terms of biological activity in different food systems (Shahidi and Peng, 2018).
The NI 28 only included rutin, chlorogenic acid, and proanthocyanidins in its approved list of components to be used in food supplements. However, this additional list of approved bioactives of
NI 76 did not include any other phenolic compounds (de Camargo
and Lima, 2019). The key to understand this gap between regulation and scientific evidence supporting the benefits of phenolic
consumption may lie in the fact that there is a limited number of
epidemiological studies evidencing the efficacy of some phenolic
compounds from Brazilian native sources and/or important local
commodities on human health. Anvisa’s process for approving
new constituents is based upon the availability of data clearly demonstrating the relationship between the consumption of a certain
substance and its effect on claimed benefits. Furthermore, the safety of substances incorporated into food products and supplements
is a major concern for regulatory agencies, including Anvisa (Low

94

8. Conclusions

References
Anvisa. (2017). Probiotics: Establishing the list of probiotic strains. http://
antigo.anvisa.gov.br/documents/3845226/0/An%C3%A1lise+das+L
inhagens+de+Probi%C3%B3ticos__23042018.pdf/6e37da13-21514330-85b0-0f449dbb0e95. Accessed 7 Dec. 2020.
Anvisa. (2020a). Food supplements. https://www.gov.br/anvisa/pt-br/
acessoainformacao/perguntasfrequentes/alimentos/suplementosalimentares. Accessed 16 Nov. 2020.
Anvisa. (2020b). List of ingredients (constituents) authorized for use in food supplements. https://www.gov.br/anvisa/pt-br/assuntos/alimentos/suple
mentos-alimentares/ingredientes. Accessed 16 Nov. 2020.
Anvisa. (2020c). Normative Instruction – NI N° 76, of November 5th, 2020.
https://www.in.gov.br/en/web/dou/-/instrucao-normativa-in-n76-de-5-de-novembro-de-2020-287508490. Accessed 16 Nov. 2020.
Anvisa. (2020d). Procedural instruction guide for probiotics evaluation for
use in foods. https://www.gov.br/anvisa/pt-br/assuntos/noticias-anvisa/2019/guia-orienta-sobre-instrucao-processual-de-probioticos.
Accessed 7 Dec. 2020.
Asghari Hanjani, N., Farsi, F., Sepidarkish, M., Omidi, A., Ardehali, S.H.,
Akbari-Fakhrabadi, M., and Heshmati, J. (2018). Effect of supplementation with a combination of L-arginine, L-glutamine, and hydroxy
methyl butyrate on cachexia: A systematic review. J. Food Biochem.
42(6): e12636. doi:10.1111/jfbc.12636.
Ayoub, N.M., Siddique, A.B., Ebrahim, H.Y., Mohyeldin, M.M., and El Sayed,
K.A. (2017). The olive oil phenolic (-)-oleocanthal modulates estro-

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

Danielski et al.

The gap between scientific evidence and food regulation

gen receptor expression in luminal breast cancer in vitro and in vivo
and synergizes with tamoxifen treatment. Eur. J. Pharmacol. 810:
100–111. doi:10.1016/j.ejphar.2017.06.019.
Bagi, C.M., Berryman, E.R., Teo, S., and Lane, N.E. (2017). Oral administration of undenatured native chicken type II collagen (UC-II) diminished deterioration of articular cartilage in a rat model of osteoarthritis (OA). Osteoarthr. Cartil. 25(12): 2080–2090. doi:10.1016/j.
joca.2017.08.013.
Bakilan, F., Armagan, O., Ozgen, M., Tascioglu, F., Bolluk, O., and Alatas,
O. (2016). Effects of Native Type II Collagen Treatment on Knee Osteoarthritis: A Randomized Controlled Trial/Diz Osteoartritli Hastalarda Nativ Tip 2 Kollajen Tedavisinin Degerlendirilmesi: Randomize
Kontrollu Calisma. Eurasian J. Med. 48(2): 95. doi:10.5152/eurasianjmed.2015.15030.
Brazil. (2020). Retificação do ANEXO II (CONSTITUINTES INCLUÍDOS NA
“LISTA DE CONTITUINTES AUTORIZADOS PARA USO EM SUPLEMENTOS ALIMENTARES INDICADOS PARA LACTENTES (0 A 12 MESES) OU
CRIANÇAS DE PRIMEIRA INFÂNCIA (1 A 3 ANOS)”) da Instrução Normativa - IN nº 76, de 5 de novembro de 2020, de 29 de dezembro
de 2020. https://www.in.gov.br/web/dou/-/retificacao-296824474.
Accessed 18 January 2021.
Butawan, M., Benjamin, R., and Bloomer, R. (2017). Methylsulfonylmethane: Applications and Safety of a Novel Dietary Supplement. Nutrients 9(3): 290. doi:10.3390/nu9030290.
Charles, T.P., Kenneth, J.K., and Joshua, R.L. (2013). Silicon: A Review of
Its Potential Role in the Prevention and Treatment of Postmenopausal Osteoporosis. Int. J. Endocrinol. 2013: 316783–316786.
doi:10.1155/2013/316783.
Colombo, F., Di Lorenzo, C., Regazzoni, L., Fumagalli, M., Sangiovanni, E.,
Peres de Sousa, L., Bavaresco, L., Tomasi, D., Bosso, A., Aldini, G.,
Restani, P., and Dell’Agli, M. (2019). Phenolic profiles and anti-inflammatory activities of sixteen table grape ( Vitis vinifera L.) varieties.
Food Funct. 10(4): 1797–1807. doi:10.1039/c8fo02175a.
Cordaro, M., Cuzzocrea, S., and Crupi, R. (2020). An Update of Palmitoylethanolamide and Luteolin Effects in Preclinical and Clinical Studies
of Neuroinflammatory Events. Antioxidants 9(3): 216. doi:10.3390/
antiox9030216.
de Camargo, A.C., and Lima, R.S. (2019). A perspective on phenolic compounds, their potential health benefits, and international regulations: The revised Brazilian normative on food supplements. J. Food
Bioact. 7: 7–17. doi:10.31665/JFB.2019.7193.
de Camargo, A.C., Regitano-d’Arce, M.A.B., Rasera, G.B., Canniatti-Brazaca,
S.G., do Prado-Silva, L., Alvarenga, V.O., Sant’Ana, A.S., and Shahidi, F.
(2017). Phenolic acids and flavonoids of peanut by-products: Antioxidant capacity and antimicrobial effects. Food Chem. 237: 538–544.
De Camargo, A.C., Schwember, A.R., Parada, R., Garcia, S., Maróstica Júnior,
M.R., Franchin, M., Regitano-d’Arce, M.A.B., and Shahidi, F. (2018).
Opinion on the Hurdles and Potential Health Benefits in Value-Added
Use of Plant Food Processing By-Products as Sources of Phenolic Compounds. Int. J. Mol. Sci. 19(11): 3498. doi:10.3390/ijms19113498.
Dominguez-Díaz, L., Fernández-Ruiz, V., and Cámara, M. (2020). The frontier between nutrition and pharma: The international regulatory
framework of functional foods, food supplements and nutraceuticals. Crit. Rev. Food Sci. Nutr. 60(10): 1738–1746.
EFSA. (2009a). Scientific Opinion on the substantiation of health claims
related to hyaluronic acid and maintenance of joints (ID 1572,
1731, 1932, 3132) pursuant to Article 13(1) of Regulation (EC) No
1924/2006. https://efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.
efsa.2009.1266. Accessed 16 Nov. 2020.
EFSA. (2009b). Scientific Opinion on the substantiation of health claims
related to boron and maintenance of bone (ID 218, 219) and maintenance of joints (ID 219, 220) pursuant to Article 13(1) of Regulation (EC) No 1924/2006. https://efsa.onlinelibrary.wiley.com/doi/
epdf/10.2903/j.efsa.2009.1261. Accessed 16 Nov. 2020.
EFSA. (2009c). Scientific Opinion on the substantiation of health claims
related to methylsulfonylmethane alone or in combination with glucosamine hydrochloride and maintenance of joints (ID 395, 1616,
1617) pursuant to Article 13(1) of Regulation (EC) No 1924/2006.
https://efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.efsa.
2009.1268. Accessed 16 Nov. 2020.
EFSA. (2011). Scientific Opinion on the substantiation of health claims

related to silicon and protection against aluminium accumulation
in the brain (ID 290), “cardiovascular health” (ID 289), forming a
protective coat on the mucous membrane of the stomach (ID 345),
neutralisation of gastric acid (ID 345), contribution to normal formation of collagen and connective tissue (ID 287, 288, 333, 334, 335,
1405, 1652, 1718, 1719, 1945), maintenance of normal bone (ID
287, 335, 1652, 1718, 1945), maintenance of normal joints (ID 1405,
1652, 1945), maintenance of normal appearance and elasticity of
the skin (ID 288, 333), and contribution to normal formation of hair
and nails (ID 334, 1652, 1719) pursuant to Article 13(1) of Regulation (EC) No 1924/2006. https://efsa.onlinelibrary.wiley.com/doi/
epdf/10.2903/j.efsa.2011.2259. Accessed 16 Nov. 2020.
Gencoglu, H., Orhan, C., Sahin, E., and Sahin, K. (2020). Undenatured Type
II Collagen (UC-II) in Joint Health and Disease: A Review on the Current Knowledge of Companion Animals. Animals (Basel) 10(4): 697.
doi:10.3390/ani10040697.
Hanafy, D.M., Burrows, G.E., Prenzler, P.D., and Hill, R.A. (2020). Potential
Role of Phenolic Extracts of Mentha in Managing Oxidative Stress
and Alzheimer’s Disease. Antioxidants 9(7): 631. doi:10.3390/antiox9070631.
Ke, C., Sun, L., Qiao, D., Wang, D., and Zeng, X. (2011). Antioxidant acitivity
of low molecular weight hyaluronic acid. Food Chem. Toxicol. 49(10):
2670–2675. doi:10.1016/j.fct.2011.07.020.
Low, T.Y., Wong, K.O., Yap, A.L., De Haan, L.H., and Rietjens, I.M. (2017).
The regulatory framework across international jurisdictions for risks
associated with consumption of botanical food supplements. Compr.
Rev. Food Sci. Food Saf. 16(5): 821–834.
Lutz, M., Fuentes, E., Ávila, F., Alarcón, M., and Palomo, I. (2019). Roles of
Phenolic Compounds in the Reduction of Risk Factors of Cardiovascular Diseases. Molecules (Basel, Switzerland) 24(2): 366. doi:10.3390/
molecules24020366.
Miljkovic, D., Scorei, R.I., Cimpoia u, V.M., and Scorei, I.D. (2009). Calcium
Fructoborate: Plant-Based Dietary Boron for Human Nutrition. J.
Diet. Suppl. 6(3): 211–226. doi:10.1080/19390210903070772.
Molfino, A., Gioia, G., Rossi Fanelli, F., and Muscaritoli, M. (2013). Betahydroxy-beta-methylbutyrate supplementation in health and disease: a systematic review of randomized trials. Amino Acids 45(6):
1273–1292. doi:10.1007/s00726-013-1592-z.
National Institute of Health. (2020). https://ods.od.nih.gov/factsheets/
Boron-HealthProfessional/#en2. Accessed 18 Nov. 2020.
Necas, J., Bartosikova, L., Brauner, P., and Kolar, J. (2008). Hyaluronic acid
(hyaluronan): a review. Vet. Med. 53(8): 397–411.
Nielsen, F.H. (2014a). Update on human health effects of boron. JTEBF
28(4): 383–387. doi:10.1016/j.jtemb.2014.06.023.
Nielsen, F.H. (2014b). Update on the possible nutritional importance of
silicon. JTEBF 28(4): 379–382. doi:10.1016/j.jtemb.2014.06.024.
Pan, N.C., Vignoli, J.A., Baldo, C., Pereira, H.C.B., Silva, R.S.S.F., and Celligoi, M.A.P.C. (2015). Agroindustrial byproducts for the production
of hyaluronic acid by Streptococcus zooepidemicus ATCC 39920. Int.
J. Sci. Res. 4(4): 114–118.
Pinaffi, A.C.D.C., Sampaio, G.R., Soares, M.J., Shahidi, F., de Camargo,
A.C., and Torres, E.A.F.S. (2020). Insoluble-Bound Polyphenols Released from Guarana Powder: Inhibition of Alpha-Glucosidase and
Proanthocyanidin Profile. Molecules (Basel, Switzerland) 25(3): 679.
doi:10.3390/molecules25030679.
Roobab, U., Batool, Z., Manzoor, M.F., Shabbir, M.A., Khan, M.R., and
Aadil, R.M. (2020). Sources, formulations, advanced delivery and
health benefits of probiotics. Curr. Opin. Food Sci. 32: 17–28.
Scorei, R.I., and Rotaru, P. (2011). Calcium Fructoborate—Potential Antiinflammatory Agent. Biol. Trace Elem. Res. 143(3): 1223–1238.
doi:10.1007/s12011-011-8972-6.
Shahidi, F., and Peng, H. (2018). Bioaccessibility and bioavailability of phenolic compounds. J. Food Bioact. 4: 11–68.
Shahidi, F., Varatharajan, V., Oh, W.Y., and Peng, H. (2019). Phenolic compounds in agri-food by-products, their bioavailability and health effects. J. Food Bioact. 5(1): 57–119.
Statista. (2020). Leading soybean producing countries worldwide from
2012/13 to 2019/20. https://www.statista.com/statistics/263926/
soybean-production-in-selected-countries-since-1980/. Accessed 18
Nov. 2020.
Taslimi, P., Köksal, E., Gören, A.C., Bursal, E., Aras, A., Kılıç, Ö., Alwasel,

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

95

The gap between scientific evidence and food regulation
S., and Gülçin, İ. (2019). Anti-Alzheimer, antidiabetic and antioxidant
potential of Satureja cuneifolia and analysis of its phenolic contents
by LC-MS/MS. Arab. J. Chem. 13(3): 4528–4537. doi:10.1016/j.arabjc.2019.10.002.
Zhang, Q., Gonzalez de Mejia, E., Luna-Vital, D., Tao, T., Chandrasekaran,

96

Danielski et al.
S., Chatham, L., Juvik, J., Singh, V., and Kumar, D. (2019). Relationship of phenolic composition of selected purple maize (Zea mays L.)
genotypes with their anti-inflammatory, anti-adipogenic and antidiabetic potential. Food Chem. 289: 739–750. doi:10.1016/j.foodchem.2019.03.116.

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

Journal of

Food Bioactives

International Society for
Nutraceuticals and Functional Foods

Review

J. Food Bioact. 2020;12:97–105

A review: potential of resveratrol and its analogues to mitigate
diseases via gut microbial modulation
Yen-Chun Koha, You-Tsz Liena, Yu-Ting Choub, Chi-Tang Hoc
and Min-Hsiung Pana,d,e*
aInstitute

of Food Sciences and Technology, National Taiwan University, Taipei, Taiwan
of Food Science, National Taiwan Ocean University, Keelung, Taiwan
cDepartment of Food Science, Rutgers University, New Brunswick, New Jersey, USA
dDepartment of Medical Research, China Medical University Hospital, China Medical University, Taichung City, Taiwan
eDepartment of Health and Nutrition Biotechnology, Asia University, Taichung City, Taiwan
*Corresponding author: Min-Hsiung Pan, Institute of Food Science and Technology, National Taiwan University, No. 1, Section 4,
Roosevelt Road, Taipei 10617, Taiwan. Tel: +886-2-33664133; Fax: +886-2-33661771; E-mail: mhpan@ntu.edu.tw
DOI: 10.31665/JFB.2020.12248
Received: December 12, 2020; Revised received & accepted: December 28, 2020
Citation: Koh, Y.-C., Lien, Y.-T., Chou, Y.-T., Ho, C.-T., and Pan, M.-H. (2020). A review: potential of resveratrol and its analogues to
mitigate diseases via gut microbial modulation. J. Food Bioact. 12: 97–105.
bDepartment

Abstract
The stilbenoids form a group of bioactive phenolic compounds found in various plant species whose original
functions are to act as protective compounds against microbial infections and toxins. Among the stilbenoids,
resveratrol is the most well-studied and has been shown to exert multiple benefits in disease prevention. The bioavailability of resveratrol is one of the major limitations in its role as a disease-prevention agent; however, it has
exhibited biological activity in animals and clinical models. Gut microbiota may play a role in overcoming limited
bioavailability via microbial transformations. On the other hand, the modulatory effects of stilbenoids on gut
microbial dysbiosis induced by several diseases can be crucial in disease alleviation. In addition to gut microbial
metabolites, such as SCFAs (short-chain fatty acids), stilbenoids can be used to inhibit microbial growth, making
their use a potential strategy in preventing disease progression. In this review, the interactions of stilbenoids (with
a major focus on resveratrol and pterostilbene) and gut microbiota will be discussed to clarify the importance of
gut microbiota in the strategy of “disease prevention via phytochemicals.”
Keywords: Stilbenoids; Resveratrol; Pterostilbene; Gut microbiota.

1. Introduction
The term “bioavailability” defines the potential and percentage of
the administered substance, i.e., the uptake dose of the substance,
be it a drug or xenobiotic, that finally reaches the circulation system of a living organism (Nikinmaa, 2014). Generally, the bioavailability of a substance administrated intravenously is practically 100% (F = 1), while those substances administered orally or
through dietary intake may have much lower bioavailability (F <
1) due to several issues, including incomplete absorption, polarity
of the substances, and the possibility of the target substance be-

ing metabolized (known as the first-pass effect) (Hinderliter and
Saghir, 2014; Waller and Sampson, 2018). Bioavailability is one
of the major concerns when considering dietary phytochemicals
as strategies for achieving health benefits. However, phytochemicals are normally transient due to their low bioavailability, meaning that the concentration of the parent compound could be low
in the circulatory system (Selby-Pham et al., 2017). Consumption
of phytochemicals in the diet can reach up to several grams, but
the concentration of the final fraction absorbed and circulated
in body may be much lower than expected (Martel et al., 2020).
Therefore, the efficacy of phytochemicals in the amelioration of
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Figure 1. Resveratrol and its analogues found naturally in plants. (a) Resveratrol, (b) pinostilbene, (c) pterostilbene, (d) oxyresveratrol, (e) piceatannol, (f)
thunalbene, and (g) batatasin III.

several diseases could be the result of the phytochemical itself or
its derivatives, metabolites produced in the liver or colon tissue, or
microbial metabolites.
According to the latest definition, polyphenols can be categorized as prebiotic-like components via their influence on gut
microbiota, including the stimulation of beneficial gut microbes,
which leads to beneficial microbial metabolite production, balances the gut ecosystem, and protects the organism from pathogens, resulting in host health benefits (Peng et al., 2020). The
beneficial outcomes for gut microflora under optimal conditions
may include lowering blood ammonia, modulating immune responses, and reducing cancer risks (Manning and Gibson, 2004).
The relationship between gut microbiota and phytochemicals,
such as polyphenols, permits substituting conjugates, hydrolysis,
reduction, and cleavage or degradation; therefore, the presence of
metabolites in plasma can be extended beyond that of the parent
compounds (Carrera-Quintanar et al., 2018). It is possible that the
catabolism of polyphenols by gut microbes could release metabolites or derivatives with better bioactive effects and absorption
(Simó and García-Cañas, 2020). Intervention via phytochemicals
may produce multi-benefits for gut health, including: (1) enrichment of beneficial bacteria, (2) inhibited growth or reduced levels
of opportunistic bacteria, (3) facilitated growth of short-chain fatty
acid (SCFA) producers that metabolize bile acids, (4) inhibited digestive enzymes, and (5) enhanced colonic tight junctions (Martel
et al., 2020). In this review, we focus on the regulatory effects of
resveratrol and pterostilbene on gut microbiota and the potential
benefits for the host in terms of health and disease prevention.
2. Resveratrol potentially interacts with gut microbiota to improve host health
The benefits of resveratrol (Figure 1) with regard to gut health has
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been recently revealed by Chen et al., who showed that resveratrol plays multiple roles, including enhancing the intestinal barrier
(upregulating occludin, ZO1, claudin1), inhibiting inflammation,
and attenuating gut microbial dysbiosis (Chen et al., 2020). Among
the gut microbes, Akkermansia muciniphila, Ruminococcaceae,
and Lachnospiraceae were enhanced, while Desulfovibrio growth
was inhibited. In an in vitro study using M-SHIME® to investigate
the changes in the gut microbiota of a female volunteer, it was revealed that the amount of Enterobacteriaceae was increased via the
administration of an extract containing resveratrol (Giuliani et al.,
2016). Therefore, resveratrol could have a regulative effect on gut
microbiota. Thus, the effect of resveratrol on gut microbial modulation will be discussed (Tables 1 and 2).
Using combinations of phytochemicals in disease amelioration
has become a trend, as doing so follows the concept of precise prevention. Additionally, different compounds may not share the same
targets. Early in 2015, it was revealed that, compared to quercetin,
trans-resveratrol could scarcely modify the gut bacteria profile and
more likely contributes to the mRNA expression of tight-junction
related proteins and inflammation-associated genes (Etxeberria et
al., 2015). As phytochemicals with low bioavailability, resveratrol
and quercetin surprisingly showed distinct effects on gut health.
Yang et al. demonstrated that resveratrol showed a positive effect
on controlling blood glucose and increasing HDL-c levels, while
sinapic acid exhibited alleviative effects on oxidative stress, TGs
(triglycerides), and NEFAs (non-esterified fatty acids) in plasma.
The authors revealed that a combination of the two could suppress
the growth of disease-related species, such as Bacteroides and
Desulfovibrionaceae sp, and increase the abundance of the genera
Blautia and Dorea from the family Lachnospiraceae (Yang et al.,
2019). These results showed that combinations of phytochemicals
could have beneficial or even synergistic effects on disease prevention. However, Sreng et al. suggested that the glycemic regulative
effect of resveratrol could be blunted by curcumin, thus indicating
that it is possible for a phytochemical to have an antagonistic ef-
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HFD-induced mice

HFD-induced mice

HFD/high sucroseinduced mice

HFD exposure
during maternal
and postnatal
stage (offspring)

L-NAME treatment
+ HFD exposure

Resveratrol (300
mg/kg B.W.)

Resveratrol
(0.4% in diet)

Resveratrol
(0.4% in diet)

Resveratrol (50 mg/L
drinking water)

Resveratrol (50 mg/L
drinking water)

HFD-induced rat

Resveratrol (400 mg/
kg B.W.) + sinapic acid
(200 mg/kg B.W.)

Tilapia (Oreochromis
niloticus)

HFD-induced rat

Resveratrol (400
mg/kg B.W.)

Resveratrol (25–100
mg/kg B.W.)

Feces of female
human volunteer

Extract containing
resveratrol

HFD-induced mice

HFD-induced rat

Resveratrol (50
mg/kg B.W.)

Resveratrol (60
mg/kg B.W.)

Model/inducer

Supplementation
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–

–

–

–

F/B ratio ↓
Bacteriodetes ↑
Cyanobacteria ↑
Tenericutes ↓
F/B ratio ↓

Turicibacteraceae ↓
Lachnospiraceae ↓

–

–

–

–

Acetobacteraceae ↑
Methylobacteriaceae ↑
Streptococcaceae ↓

Ruminococcaceae ↑
Rikenellaceae ↑
Peptostreptococcaceae ↓
S24-7 ↑

Lachnospiraceae ↑
Peptostreptococcaceae ↑

Peptostreptococcaceae ↓
S24-7 ↓

Enterobacteriaceae ↑

Ruminococcaceae ↑
Lachnospiraceae ↑

Family

–

–

–

–

–

Bacteroidales ↓

–

Class/Order

–

Bacteriodetes ↑
Firmicutes ↓
F/B ratio ↓

–

Firmicutes ↑
Proteobacteria ↑
Cyanobacteria ↑

–

Tenericutes ↓
Actinobacteria ↓

F/B ratio ↑

–

–

Phylum

Table 1. Gut microbial re-composition after supplementation with stilbenoids for disease prevention

Giuliani et
al., 2016

Chen et al., 2020

Ref.

Akkermansia ↑

Akkermansia ↓

Akkermansia ↓
Moryella ↓
Bacteroides ↑
Parabacteroides ↑

–

Desulfovibrio ↓
Lachnospiraceae_
NK4A316_group ↓
Alistipes ↓
Allobaculum ↑
Bacteroides ↑
Blautia ↑

–

Alistipes ↓
Anaerotruncus ↑
Clostridium XI ↓

Roseburia ↑

Chen et al., 2019

Huang et
al., 2020

Sung et al., 2017

Yin et al., 2020

Wang et
al., 2020

Zheng et
al., 2018

Sreng et al., 2019

Yang et al., 2019

Yang et al., 2019
unclassified
Peptostreptococcaceae ↑
unclassified Ruminococcaceae ↑
Anaerotruncus ↑
Bilophila ↑
Blautia ↑
Dorea ↑
Sutterella ↑

–

Akkermansia muciniphila ↑
Desulfovibrio ↑

Genus/Species
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100

Choline or TMA
drinking mice

Carnitine-drinking
mice (1.3%)

HFD-induced mice

Zucker rats

Pterostilbene
(0.05% in diet)

Piceatannol (0.1–
0.25% in diet)

Piceatannol (15–45
mg/kg B.W.)

Zucker rats

Pterostilbene (15
mg/kg B.W.)

Resveratrol
(0.4%in diet)

TNBS-induced
colitis in mice

Resveratrol (100
mg/kg B.W.)

–

–

Class/Order
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Deferribacteres ↓
Planctomycetes ↓
Verrumicrobia ↓

Firmicutes ↑
Bacteroidetes ↓

–

–

–

–

–

–

Firmicutes ↓
–
Verrucomicrobia ↑

–

CFA-induced TMJ
Bacteroidetes ↑
inflammation in mice

Resveratrol (40–80
mg/kg B.W.)

Phylum

Model/inducer

Supplementation

–

–

Erysipelotrichia ↓

Peptococcaceae ↓
Ruminococcaceae ↓

–

–

Lachnospiraceae ↑

Family

Table 1. Gut microbial re-composition after supplementation with stilbenoids for disease prevention - (continued)

Bacteroides dorei ↑
Clostidium aerotolerans ↑
Clostidium viride ↑
Faecalibacterium prausnitzii ↑
Lactobacillus animalis ↓
Lactobacillus oris ↓
Bacteroides acidifaciens ↓
Clostidium hathewayi ↓

Lactobacillus ↓

Turicibacter ↓
Bacteroides ↓

Lactobacillus ↑
Bifidobacterium ↑
Akkermansia ↑
Bacteroides ↑
Prevotella ↓
Anaerotruncus ↓
Alistipes ↓
Helicobacter ↓

Akkermansia muciniphila ↑
Odoribacter splanchnicus ↑

Bacteroides acidifciens ↓
Ruminococcus gnavus ↑
Akkermansia mucinphilia ↑

–

Genus/Species

Hijona et
al., 2016

(Tung et al.,
2016)

Koh et al., 2019;
Simó and GarcíaCañas, 2020

Chen et al., 2016

Usune Etxeberria
et al., 2017

Alrafas et
al., 2019

Ma et al., 2020

Ref.
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Piceatannol (15-45 mg/kg B.W.)

Piceatannol (0.1–0.25% in diet)

Pterostilbene (0.05% in diet)

Resveratrol (0.4%in diet)

Pterostilbene (15 mg/kg B.W.)

Resveratrol (100 mg/kg B.W.)

Resveratrol (40–80 mg/kg B.W.)

Resveratrol (50 mg/L drinking water)

Reduced plasma LPS level
Decreased circulating non-esterified fatty acid, LDL-c and lactate
Increased cardiac ephrin-B1

Zucker rats

Resveratrol (50 mg/L drinking water)

Resveratrol (0.4% in diet)

Resveratrol (0.4% in diet)

Resveratrol (300 mg/kg B.W.)

Resveratrol (25–100 mg/kg B.W.)

Resveratrol (400 mg/kg B.W.) +
sinapic acid (200 mg/kg B.W.)
Resveratrol (60 mg/kg B.W.)

Resveratrol (400 mg/kg B.W.)

Model
HFD-induced rat

Potential outcomes
Maintained intestinal barrier integrity by colonic CB1
Inhibited intestinal inflammation by CB2
HFD-induced rat
Blood glucose control
Increased HDL-c level
HFD-induced rat
Suppressed oxidative stress
Mitigated intestinal dysbiosis induced by HFD
HFD-induced mice
Efficacy of resveratrol on glycemic control was correlated with gut microbiota
Curcumin could eliminate effect of resveratrol
Tilapia (Oreochromis
Proportion of beneficial microbial taxa increased
niloticus)
Proportion of harmful microbial taxa decreased
HFD-induced mice
Improved gut intestinal barrier integrity
Increased abundance of SCFA-producing bacteria
Ameliorated weight gained, hepatic lipid metabolism
Prevented low-grade inflammation and liver steatosis
HFD-induced mice
Lipogenesis-related genes and proteins (SREBP-1, FAS, ACC) were
influenced by resveratrol modulated gut microbiota
Hepatic steatosis was prevented
HFD/high sucroseGlucose homeostasis of obese mice could be improved
induced mice
by resveratrol modulated gut microbiota
HFD exposure during
Increased plasma propionate level
maternal and postnatal Altered metabolic dysregulation and dysbiosis induced
stage (offspring)
by maternal/postnatal HFD exposure
L-NAME treatment
Prevented inhibition of AMPK/PGC-1α pathway induced by L-NAME and HFD exposure
+ HFD exposure
Prevented hypertension by gut microbiota modification
CFA-induced TMJ
Restored BBB integrity
inflammation in mice
Reduced proinflammatory cytokine
TMJ inflammatory pain could be prevented by resveratrol modulated gut microbiota
TNBS-induced
Increased production of butyric acid
colitis in mice
Resveratrol modulated microbiota was more resistant to TNBS colitis
Protected against colonic inflammation by inducing Tregs and suppression Th1/Th17 cells
Zucker rats
Re-composited gut microbiota
Enrichment of mucin-degrading bacteria, Akkermansia and Odoribacter
might be associated with anti-obesity effect of resveratrol
Choline or TMA
Enhanced bile acid deconjugation via increased Lactobacillus and Bidifobacterium
drinking mice
Decreased TMAO level and increased hepatic bile acid neosynthesis via
gut microbiota remodeling and enterohepatic FXR-FGF15 axis
Carnitine-drinking
Decreased hepatic flavin monooxygenase 3 (FMO3) mRNA level
mice (1.3%)
Decreased vascular inflammatory markers
Decreased conversion of carnitine into TMA by gut microbiota
HFD-induced mice
Preventing adipogenesis

Supplementation
Resveratrol (50 mg/kg B.W.)

Table 2. Ameliorative effects of stilbenoids on disease

Tung et
al., 2016
Hijona et
al., 2016

Koh et al.,
2019

Usune
Etxeberria
et al., 2017
Chen et
al., 2016

Alrafas et
al., 2019

Chen et
al., 2019
Ma et al.,
2020

Sung et
al., 2017
Huang et
al., 2020

Yin et al.,
2020

Ref
Chen et
al., 2020
Yang et
al., 2019
Yang et
al., 2019
Sreng et
al., 2019
Zheng et
al., 2018
Wang et
al., 2020
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fect. In gut microbiota analyses, it has been suggested that some
bacterial taxons correlate to the glycemic index, including S477 (family) and Lactobacillus and Prevotella (genes), which have
negative correlations, as well as Peptococcaceae (family) and Mucisporollum schaedleri, which positively correlate with the glycemic index. In comparison, both resveratrol and curcumin alone led
to changes in microbial composition. However, the reversed effect
of resveratrol, in terms of reducing Alistipes and Clostridium XI
was masked when combining with curcumin (Sreng et al., 2019).
Therefore, care should be taken in combining phytochemicals as a
strategy for disease prevention.
Zheng et al. suggested that dietary supplementation with resveratrol significantly enriched bacteria of the phylum Firmicutes in
farmed tilapia (Zheng et al., 2018). Moreover, the resveratrol supplemented microbiota were dominated by Proteobacteria, Firmicutes, and Cyanobacteria, with increases in Acetobacteraceae and
Methylobacteriaceae and reductions in Streptococcaceae. In another study, the high-fat diet (HFD)-induced nonalcoholic fatty liver
disease (NAFLD) in a mouse model suggests that supplementation
with resveratrol could modulate gut microbial composition, including decreasing Lachnospiraceae_NK4A316_group, Alistipis,
and Desulfovibrio concomitant with increases in the abundance of
SCFA-producing bacteria, namely, Allovaculum, Bacteroides, and
Blautia (Wang et al., 2020). Moreover, transplantation of the fecal
microbiota of resveratrol-supplemented mice into HFD-induced
mice could significantly prevent obesity, NAFLD, and inflammation, indicating that resveratrol-modified gut microbiota could potentially prevent obesity-related diseases induced by HFD. A study
by Yin et al. obtained a similar result in that it revealed that transplantation of fecal microbiota from mice fed a chow diet supplemented with resveratrol could both ameliorate the hepatic steatosis
and reverse the gut microbiota dysbiosis in mice fed a HFD (Yin
et al., 2020). The Firmicutes/Bacteriodetes (F/B) ratio of the fecal microbiota for FMT (fecal microbiota transplant) was reversed
and showed no significant difference from the ratios for mice fed
a chow diet or a chow diet supplemented with resveratrol. In a
HFD/high sucrose induced diabetes model in mice, it was revealed
that obesity and glucose homeostasis dysregulation was ameliorated by oral administration of resveratrol, and it might be related
to decreases in Turicibacteraceae, Lachnospiraceae, Moryella, and
Akkermansia and increases in Bacteroides and Parabacteroides
(Sung et al., 2017). The FMT model was also employed to confirm
that gut microbiota from resveratrol-supplemented donors could
improve glucose homeostasis of mice.
In summary, a HFD can lead to gut microbial dysbiosis and a
deterioration in the host’s metabolism. In 2020, Huang et al. revealed that resveratrol was capable of improving the microbialdysbiosis-damaged metabolisms of offspring induced by HFD
exposure during maternal and postnatal diet intake (Huang et al.,
2020). In terms of the SCFA levels, maternal and postnatal HFD
exposure led to reductions in the plasma SCFA concentration,
while supplementation with resveratrol increased propionate levels in offspring in both situations. In the microbial analysis, it was
found that lactate-producing bacteria had decreased in the early life
of offspring due to maternal exposure to HFD. In adulthood, both
maternal and postnatal HFD exposure sharply increased the F/B
ratio (up to 10-fold) compared to a control group. Fortunately, the
changes were reversed by supplementation with resveratrol, which
was reflected in the increases in Bacteroidetes and Cyanobacteria
and decreases in Tenericutes. The modulation of resveratrol also
occurred at the genus level, as indicated by the decrease in the
Akkermansia level. In 2019, the same research team demonstrated
that resveratrol exhibited a preventive effect on programmed hypertension and gut microbiota (Chen et al., 2019). In the study,
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treatment with L-NAME (NG-nitro-L-arginine-methyl ester) combined with a HFD led to hypertension and an increased F/B ratio.
However, supplementation with resveratrol prevented both outcomes as well increased Akkermansia, which is from the phylum
Verrucomicrobia. Therefore, resveratrol had a positive impact on
gut microbiota regulation, which altered metabolic dysregulation
and lowered hypertension.
In addition to metabolic syndromes, other diseases may be correlated to gut microbial composition. For instance, temporomandibular disorder, a neurological disease that results in chronic pain,
was found to have a possible pathogenesis caused by disturbances
in the gut microbiota (Ma et al., 2020). In the study, a complete
Freund’s adjuvant was injected at the intra-temporomandibular
joint, and a reduction in SCFA production was observed. Surprisingly, the disturbance was diminished by resveratrol, concomitant
with increased SCFA levels. In the study of 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced colitis in mice, resveratrol not
only attenuated colonic inflammation but the homeostatic levels
of gut microbes recovered (Hijona et al., 2016). Additionally, bacteroides acidfaciens induced by TNBS was significantly reduced,
while Ruminococcus gnavus and Akkermansia muciniphila were
significantly induced, concomitant with acetic and butyric acid
concentrations (Alrafas et al., 2019).
As a phytochemical with low bioavailability, the reason as to
why resveratrol is capable of effectively ameliorating several diseases in the body has not been clearly elucidated. However, it is
believed that the modification of the gut microbial composition
in recent studies could supply a partial reason. Changes in gut
microbes via resveratrol supplementation may lead to potential
benefits to the host in disease amelioration, especially in terms of
obesity-related syndromes. Nevertheless, the underlying details
still need to be clarified.
3. The role of pterostilbene in modulating gut microbiota to
produce a host health benefit
Compared to resveratrol, the bioavailability of pterostilbene (Figure 1) is much higher, but complete absorption is impossible.
Therefore, the interaction between pterostilbene and gut microbiota should not be overlooked. However, studies focusing on interactions between pterostilbene and gut microbiota have not been as
well-clarified as those involving resveratrol. Therefore, in this section, the anti-microbial effects of pterostilbene will be discussed to
postulate the potential of pterostilbene in gut microbial modulation
(Tables 1 and 2).
In a study involving Zucker rats fed either a standard diet or
a pterostilbene-supplemented diet, it was found that pterostilbene
not only exerted anti-obesity effects but also re-structured gut
microbial composition (Etxeberria et al., 2017). In particular, a
reduction in the abundance of Firmicutes and an increase in the
phylum Verrucomicrobia was observed. Akkermandia muciniphila
and Odoribacter splanchnicus (members of Verrucomicrobia and
Bacteroidetes, respectively) were found to increase in abundance
in the supplemented group. The former was found to be inversely
correlated with obesity, while the latter was negatively correlated
with adiposity. In addition to obesity, the incidence of cardiovascular disease is also highly related to the composition of gut microbiota, as the role of gut microbiota in the conversion of carnitine to trimethylamine has been clarified recent years (Simó and
García-Cañas, 2020). In the aforementioned study, the abundance
of Turicibacter from Erysipelotrichia (family) was significantly
increased in the carnitine group, while pterostilbene supplementa-
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Figure 2. Potential metabolites or derivatives of the stilbenoids depicted in Figure 1 formed via gut microbial transformation. (a) Resveratrol, natural
compound provided for structural comparison; (b) dihydroresveratrol; (c) 3,4′-dihydroxy-trans-stilbene; (d) lunularin, (e) isoresveratrol; (f) 3,3′,4′-trihydroxystilbene or 3′,4′,5-trihydroxystilbene; and (g) 3,3′,4′-trihydroxybibenzyl.

tion led to its reduction and increased Bacteroides. In comparison,
resveratrol exhibited a similar effect, mainly on gut microbiota
remodeling to prevent the production of trimethylamine-N-oxide
(TMAO) from trimethylamine (TMA) (Chen et al., 2016). The increased abundance of Lactobacillus and Bifidobacterium might be
closely related to bile salt hydrolase activity and bile acid deconjugation.
The secretion of stilbenoids occurs naturally in some plants
as protection against infections; therefore, most of them could
exhibit anti-microbial effects (Akinwumi et al., 2018). Inhibiting the growth of pathogenic or disease-related microbes is one
of the strategies used in disease prevention. In fact, the antibacterial and antifungal properties of resveratrol have been reviewed
by Vestergaard and Ingmer (Vestergaard and Ingmer, 2019).
Therefore, the inhibition of adverse gut microbial growth could
be a potential strategy in gut microbial re-composition. Mattio et
al. suggested that among resveratrol and its derived monomers,
pterostilbene showed significant anti-bacterial capabilities against
gram-positive foodborne pathogens (Mattio et al., 2019). In 2017,
Yang et al. demonstrated that pterostilbene exhibited anti-bacterial
effects against Staphylococcus aureus, which is resistant to methicillin, and was even more efficient than resveratrol (Yang et al.,
2017). The capability of Staphylococcus aureus to form biofilms
was eradicated by pterostilbene, thus highly reducing its resistance to antibiotics and immune cells. In 2020, a similar result was
observed in that pterostilbene was able to inhibit the growth and
formation of Staphylococcus epidermidis, and more importantly,
the pterostilbene-enhanced anti-microbial activity of antibiotics,
including erythromycin and tetracycline (Kašparová et al., 2020).
The enhanced effects of pterostilbene on antibiotics were also observed in combination with gentamicin, as they synergistically
inhibited Staphylococcus aureus ATCC 25923, Escherichia coli
O157, and Pseudomonas aeruginosa 15442 (Lee et al., 2017).
Supplementation of pterostilbene is not as well-studied as sup-

plementation with resveratrol. However, pterostilbene’s anti-microbial abilities indicate its high potential to prevent pathogenic
microbial diseases and inhibit the growth of adverse gut microbes,
resulting in gut health improvement. Therefore, more research is
required to ensure its beneficial properties related to the gut.
4. The role of gut microbiota in the conversion of stilbenoids in
terms of their bioactivity
As mentioned above, it is believed that interactions between phytochemicals and gut microbiota may reflect metabolite production,
derivatives (Figures 1 and 2), and gut microbial composition. In
a moderate long-term (28-day) consumption of red wine or dealcoholized red wine study involving humans, up to 21 metabolites
of resveratrol were identified in urine, and it was suggested that
some of them were gut microbial-derived metabolites, although
no further analyses took place (Rotches-Ribalta et al., 2012). To
be more specific, dihydroresveratrol was the most prevalent gut
microbial metabolite, followed by 3,4′-dihydroxy-trans-stilbene
and lunularin. Dihydroresveratrol was found to be produced by
Slackia equolifaciens and Adlercreutzia equolifaciens, while the
production of lunularin was related to the increased abundance of
Bacteroidetes, Actinobacter, Verrucomicrobia, and Cyanobacteria
(Bode et al., 2013).
In 2019, Jarosova et al. observed the metabolic transformation
of six stilbenoids (resveratrol, oxyresveratrol, piceatannol, thunalbene, batatasin III, and pinostilbene) by using a fecal fermentation
system, with fresh feces supplied by five donors (Jarosova et al.,
2019). Among the selected stilbenoids, the following conversions
were observed: resveratrol into dihydroresveratrol, oxyresveratrol
into 2′3,4′,5-tetrahydroxybibenzyl, and thunalbene into isoresveratrol. The metabolites of piceatannol found in this in vitro study
included dihydropiceatannol, and 3,3′4′-trihydroxystilbene, or
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3′4′5-trihydroxystilbene, and the latter compounds could be further converted into 3,3′,4′-trihydroxybibenzyl. Note that batatasin
III and pinostilbene might be too stable to be transformed further
in a colon environment. In another animal study, it was suggested
that intragastric administration of resveratrol and piceatannol in
rats not only leads to conjugated metabolites but also the methylation of piceatannol to form O-methyl piceatannol and its conjugates (Setoguchi et al., 2014).
In addition to conversions between stilbenoid monomers, since
1998, there have been several studies that have mentioned the oligomerization of resveratrol and pterostilbene to form dimers or
trimers through catalyzation with laccase (Jeandet et al., 2020).
Nevertheless, although the microbial cultures contributing the laccase were not bacterial strains, they still provided the potential to
think in terms of stilbenoid metabolism.

tion of several diseases. The analogues of resveratrol, including
pterostilbene and piceatannol, are interesting compounds that also
lead to changes in gut microbial composition. Notably, pterostilbene has a synergistic effect when combined with different antibiotics. However, the role of stilbenoids in disease alleviation should
be further clarified. In addition, the transformations of individual
stilbenoids in the colon environment, either via microbial conversion or colonic/hepatic enzymatic transformation or conjugation,
also need to be further investigated. The bioactive effect of these
metabolites should not be neglected, as some of them have been
proven to have disease prevention capabilities in recent studies.
All in all, stilbenoids may be striking choices for development as
chemopreventive agents, and most importantly, their modulatory
effects on gut microbial may greatly increase their potential for
improving gut health.

5. Interactions between gut microbiota and analogues of resveratrol and pterostilbene
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Abstract
The industrial utilization of native starches is limited because of their poor qualities and different starch modifications are used to improve functionality of starch. Physical modification of starch is preferred since it is simple,
inexpensive, and specially it does not involve any chemical reagents. Physical modifications can be divided into
thermal and non-thermal treatments. These techniques alter physicochemical properties of starch including in
vitro digestibility, which indicates the nutritional value of starch. Starch nutritional fractions are of three types;
RDS (rapidly digestible starch), SDS (slowly digestible starch) and RS (resistant starch). It is important to understand how physical modifications affect starch nutritional fractions as both SDS and RS have beneficial health
effects and specially RS has the potential to be used as a natural bioactive compound. This review aims to summarize the recent knowledge regarding the physical modifications and their impact on in vitro digestibility and
nutritional fractions of starch.
Keywords: Physical modification; Starch digestibility; RDS; SDS; RS.

1. Introduction
Starch provides 50–70% of the energy requirement in the human
diet, serving as a direct source of glucose. Starch has a great potential to serve as an important material for both food and nonfood industries (Srikaeo, 2016). The industrial utilization of native starch is limited due to its inherent imperfect nature, such as
water insolubility, low stability at low pH, high temperature, and
tendency to easily retrograde and undergo syneresis forming unstable pastes and gels (Ashogbon, 2018; Punia, 2020). Therefore,
native starches are often modified using different techniques to
enhance their functional properties relevant to industrial applications (Wang et al., 2020). The physical modification is preferred in
the food industry because it does not require any chemical treatment, hence it is safe (Zhang et al., 2019). Physical modification
techniques can be categorized into thermal and non-thermal treatments. Thermal treatments include extrusion, heat moisture treat-
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ment, annealing and microwave heating. Meanwhile, non-thermal
treatments include ultrasound and high-hydrostatic pressure treatments (Ashogbon, 2018).
Starch is the main carbohydrate in human nutrition and the digestion of starch is not a simple and single process. The major
physiological properties of starch are the release of glucose as a
source of energy for the body and the timeline of digestion (Lehman and Robin, 2007). Starch digestibility is one of the important
properties that can be altered due to physical modifications. The
enzymatic digestion of starch often involves a combination of one
or more endo-enzymes and exo-enzymes that convert the products
of endo-enzymes into monomer units or act directly (Zhang et al.,
2013). Enzyme hydrolysis of granular starch is a heterogeneous
reaction, which involves a reaction between an enzyme in a solution and a solid substrate represented by the granules (Tahir et al.,
2010). The steps involved in enzyme digestion include diffusion
of enzymes onto the granule surface, followed by adsorption and
subsequent catalytic events (Uthumporn et al., 2010). According to
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in vitro measurement of starch digestibility, starch can be divided
into three groups, namely rapidly digestible starch (RDS), slowly
digestible starch (SDS) and resistant starch (RS) (Englyst et al.,
1999). SDS and RS have gained attention in many researchers as
they play important roles in human health. SDS may help to control and prevent hyperglycaemic-related diseases while RS may
be helpful in maintaining colon health (Miao et al., 2015). RS is
considered as a component of dietary fibre and it has the potential
to be a source of prebiotic compound, hence the food industry and
researchers are showing interest on RS as a natural bioactive ingredient (Amini et al., 2016). The present review focuses on the
impact of different physical modification techniques on starch digestibility and the content of RDS, SDS and RS from different
botanical origins.
2. Starch nutritional fractions
Starch and starch-containing foods can be classified according to
their digestibility, which is generally characterized by the rate and
the duration of the glycemic response (Singh et al., 2010). Among
the starch nutritional fractions, RDS is the fraction of starch granule that causes a rapid increase in blood glucose concentration after ingestion of starch, whereas SDS is the fraction of starch that is
digested slowly but completely in the human small intestine (Dona
et al., 2010). RS is the sum of the starch and products of starch degradation not absorbed in the small intestine of healthy individuals
(Englyst et al., 1999). RDS is measured chemically as the starch
that is converted to the constituent glucose molecules in 20 minutes of enzyme digestion whereas; SDS is defined as the starch
that is digested between 20 and 120 min under standard conditions
of substrate and enzyme concentration. RS is measured by subtracting the amount of glucose released within 120 min of in vitro
digestion from total starch (TS) (Englyst et al., 1999). The AACC
method is also used to determine starch nutritional fractions. This
method is in many ways similar to Englyst method. However, hydrolysis is carried out for 16 hours and RDS is measured as the
starch that is digested within 30 minutes of digestion, SDS is the
starch that is digested between 30 minutes to 16 hours and RS is
measured by subtracting the amount of glucose released within
120 min of in vitro digestion from total starch (Ambigaipalan et
al., 2014; Perera et al., 2010).
RDS is mainly comprised of amorphous and dispersed starch
and is found in large amounts in starchy foods cooked by moist
heat, such as bread and potatoes (Sajilata et al., 2006). RDS content of cereal starches (2.5–90%) is higher than tuber (0.1–21.0%)
and legume (3.0–21.0%) starches. The shortest A chains (DP 5–10)
cannot form double helices, and they may disrupt the ordered crystalline structure leading to crystalline defects. Therefore, starches
with high amount of shortest A chains are likely to be easily attacked by enzymes leading to higher amount of RDS (Zhang et
al., 2006b).
SDS consists of physically inaccessible amorphous starch and
raw starch with A- and C-type crystalline structures, while B-type
starch is resistant to enzyme hydrolysis (Lee and Moon, 2015).
SDS has physical structures that decrease enzyme accessibility and
chemical structures that limit the rate of enzyme action (Zhang and
Hamaker, 2009). Presence of channels in cereal starches enable
migration of enzymes into the center of granule and initiate hydrolysis leading to layer-by-layer inside-out pattern where amorphous
and crystalline regions are digested simultaneously and this sideby-side digestion mechanism of native cereal starches cause slow
digestion and produce more SDS (>50%) (Zhang et al., 2006a).

Cereal starches which had higher short chains (A+B1) showed a
higher proportion of SDS compared to potato starch which had less
short chains, suggesting that SDS is associated with the fraction of
short chains in amylopectin which contributes to the formation of
double helices and crystalline lamellae in the crystalline region,
and hence, crystalline region is the major determining factor for
the slow digestion properties of native cereal starches (Zhang et
al., 2006b).
RS is the fraction of starch that cannot be digested in the small
intestine, and may be subject to bacterial fermentation in the large
intestine to produce short-chain fatty acids and other products
(Bello-Perez et al., 2020). RS positively influences the functioning of the digestive tract, microbial flora, blood cholesterol level,
glycemic index and assists in the control of diabetes. RS has been
shown to have lower impact on the sensory properties of food as
a dietary fibre source compared with traditional sources of fibre,
as whole grains, fruits or bran (Fuentes-Zaragoza et al., 2010). RS
contents of cereal and pulse starches vary with the amylose and
amylopectin contents and their chain lengths (Perera et al., 2010).
RS fractions have extremely broad and diverse range and different
types ranging from RS1 to RS5. At present, these are mostly defined according to physical and chemical characteristics (Nugent,
2005).
RS1 is entrapped within whole or partly milled grains or seeds
and physically inaccessible (Niba, 2002). RS2 is raw starch granules (such as banana and potato) and high-amylose (high-amylose
corn) starches which are protected from enzyme digestion by the
conformation or structure of the starch granule. This compact structure restricts the accessibility of digestive enzymes, and accounts
for the resistant nature of RS2 (Fuentes-Zaragoza et al., 2010).
RS3 are retrograded starches, which may be formed during cooling of cooked foods (Jiang et al., 2020). Foods which are processed
with heat and moisture, therefore, contain some RS3 (Sajilata, et
al., 2006). RS3 is thermally stable and this property allows it to
be stable in most normal cooking operations, enabling its use as
a potential ingredient in a wide variety of conventional foods (Ma
et al., 2020). RS4 is formed using chemical modifications, such as
substitution, conversion, or cross linking, which can prevent starch
digestion by blocking enzyme access and forming linkages other
than α-D-(1→4) and α-D-(1→6) (Coulon et al., 2020; FuentesZaragoza et al., 2010; Sajilata et al., 2006). Amylose-lipid complex
has been proposed as RS5, as a result its resistance to enzyme hydrolysis (DeMartino and Cockburn, 2020). The enzyme resistance
of amylose-lipid complex depends on the molecular structure of
the lipid and the crystalline structure of the single helices (Hasjim
et al., 2013).
3. Health benefits of resistant starch
Many studies have shown that the RS starch has many health benefits and since it is a part of dietary fiber, RS has the functionality
of dietary fiber as well (Fuentes-Zaragoza et al., 2010; Jiang et al.,
2020). RS provides a source of energy for microbial growth in human colon and short chain fatty acids (SCFAs) which produce as
a result of bacterial fermentation of RS help to maintain low pH in
the gut leading to the inhibition of the action of pathogenic bacteria
(Jiang et al., 2020). Guo et al. (2020) have performed a systemic
review on the impact of dietary intake of RS on obesity and related
health condition and suggested that the there is no direct effect
of dietary intake of RS on body weight or body composition, but
there are beneficial effects on blood glucose homeostasis, insulin
sensitivity, and gut hormone concentration. The bacterial fermen-
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Table 1. Health benefits of resistant starch

Health condition/disease

Effect of resistant starch

Colorectal cancer

Reduce gut pH which creates an environment less prone to the formation of cancerous tumors

Diabetes

Decrease postprandial insulin and glucose responses, increase insulin sensitivity, and delay onset of insulin
resistance

Obesity

Low caloric value and reduced energy intake, increased satiety

Blood lipids levels

Inhibit the synthesis of cholesterol and fatty acids in the liver

Mineral absorption

Facilitate absorption of calcium and magnesium by SCFAs

Diarrhea

Shorten the duration of rotavirus diarrhea by probiotics

Sources: Amini et al., 2016; Guo et al., 2020; Jiang et al., 2020.

tation of RS may play an important role with respect to prevention of colorectal cancer as both in vitro and in vivo studies have
reported that butyrate production from starch is high and butyrate
has been suggested to have a protective effect on colorectal cancer
(Amini et al., 2016). The slow digestion RS has positive impact on
controlling diabetes as it reduces postprandial glucose and insulin
responses (Sajilata et al., 2006). In vivo studies have shown that
RS rich diets reduced plasma cholesterol and triglyceride levels
indicating the positive effects of RS starch on lipid metabolism
(Fuentes-Zaragoza et al., 2010). However, the impact of RS on
physiological/health conditions may vary depending on the structural variations of the RS and the differences in individual microbiota composition (DeMartino and Cockburn, 2020). The effects
on RS on health conditions are presented in Table 1.
4. Thermal modifications of starch
4.1. Extrusion
Extrusion cooking is one of the industrial processes used to produce pregelatinized starch. The major functional property of pregelatinized starch is increased water absorption and water solubility
upon dispersion in cold water. Extrusion cooking is more versatile compared to other techniques used to prepare pregelatinized
starches such as drum drying and spray drying, which explains its
popularity (Ashogbon and Akintayo, 2014; Colonna et al., 1984).
Extrusion is a high-temperature, short-time process in which flours
or starches are plasticised and cooked in a barrel under one or more
varieties of conditions of moisture, pressure, temperature and mechanical shear, causing molecular transformation and chemical reactions (Adeleye et al., 2020; Riaz, 2000; Singh et al., 2007). Most
of the commercially available extruders allow temperature control
of the barrel and preferred levels of thermal energy input can be
applied (Wolf, 2010). High shear extruders disrupt starch granule structure and are used to produce pregelatinized starch (Riaz,
2000). Several chemical and/or physicochemical changes can occur during extrusion: cleavage, binding of smaller molecules, loss
of native structure, recombination of fragments and thermal degradation (Arora et al., 2020). In extrusion, gelatinization occurs at
a lower moisture content in extrusion (12–22%), which makes it
different from other food processing techniques (Camire, 2000).
Extrusion converts starch from a granular and semi-crystalline material into a highly viscous, plastic material which causes a reduction in molecular weight (Colonna et al., 1984) and crystallinity
(Sharma et al., 2015).
The information on the impact of extrusion on in-vitro hydroly-
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sis and RS content of starches are conflicting. Screw speed, temperature and moisture content could affect the RS formation in the
extruder (Agustiniano-Osornio et al, 2005) as well as the enzyme
concentration, enzyme purity, and time of hydrolysis. Extrusion
has been shown to increase susceptibility towards enzyme hydrolysis and decrease RS content in normal corn (Yan et al., 2019),
Gelose 50 (Shrestha et al., 2015), Hylon VII (Htoon et al.,2009)
and Gelose 80 starches (Chanvrier et al., 2007; Htoon et al., 2009;
Shrestha et al., 2010, 2015). Starch granules are disrupted by
thermal and mechanical energy during extrusion cooking which
would be expected to increase accessibility of amylases to starch
polymers. However, upon cooling, hydrated amylose (and amylopectin) chains may undergo a process of retrogradation, and may
consequently acquire resistance to enzymatic digestion (Htoon et
al., 2009).
Extrusion has been shown to decrease susceptibility towards
enzyme hydrolysis of normal maize starch (Sharma et al., 2015;
Shrestha et al., 2015). However, Chanvrier et al. (2007) reported a
slight increase in enzyme resistant starch (ERS) in normal maize
starch (from 1.5 to 2.1%) after extrusion. Shrestha et al. (2015)
observed that increase in susceptibility towards enzyme hydrolysis
after extrusion was less in high amylose maize starch compared to
normal maize starch. This difference could be attributed to greater
tendency of normal maize starch to undergo gelatinization under
the extrusion conditions whereas high amylose starches may not
undergo complete gelatinization, due to their relatively extended
phase transition and the presence of limiting water during extrusion which further raised the phase transition temperature (Shrestha et al., 2015). The susceptibility of extruded rice starch to hydrolysis by pancreatic α-amylase and amyloglucosidase has been
shown to increase as the feed moisture content increases (from 30
to 50 %), indicating that increased degree of gelatinization upon
extrusion facilitates the access of the enzymes to the starch molecules (Ye et al., 2018).
ERS content was slightly increased in wheat (from 0.8 to 2.8%)
starch after extrusion (Chanvrier et al., 2007). An increase in RS
content on extrusion has also been observed in mango starch
(28.7% amylose) processed under different temperature, moisture
and screw speed conditions and a maximum of 97.0 ± 0.01 g/kg RS
content was obtained compared to the low value of 11 ± 0.3 g/kg
for native starch (Agustiniano-Osornio et al., 2005).
Legume starches such as faba bean (Alonso et al., 2000), kidney bean (Alonso et al., 2000; Sharma et al., 2015) and field pea
(Sharma et al., 2015) have been shown to exhibit increased susceptibility towards enzyme hydrolysis after extrusion. A decrease
in SDS (from 17.8 to 8.7% in kidney bean, from 25.9 to 11.9% in
field pea) and RS (from 70.1 to 15.9% in kidney bean, from 60.1
to 14.8% in field pea) contents and an increase in RDS (from 10.4
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to 75.3% in kidney bean, from 12.9 to 72.2% in field pea) contents
were observed in kidney bean and field pea starches (Sharma et al.,
2015). Extrusion increased the enzyme digestibility of African yam
beans, bambara groundnut, and pigeon pea starches and increase
of extrusion temperature (from 100 to 140 °C) caused further increase in the digestibility where RDS fractions were significantly
increased (Adeleye et al., 2020). Increase in RDS contents after
extrusion could be due to loss of structural integrity of granules as
a result of increased shearing and kneading in the extruder barrel
(Sharma et al., 2015).
Variation of RS content with varying extrudate moisture content has been studied. Increasing extrudate moisture content from
20.8 to 36.3% caused aslight increase in ERS content from 13.1 to
15.6% in Gelose 80 (Shrestha et al., 2010). RS content of kidney
bean starch remained unchanged while RS content slightly increases in normal maize (from 1.6 to 2.5%) and field pea (from 14.8 to
15.6%) starches when extrudate moisture content increase from
20 to 24% (Sharma et al., 2015). Shrestha et al. (2010) postulated
that increase in moisture content under high temperatureand shearing facilitates gelatinization of starch and this gelatinized starch is
more likely to retrograde and contribute towards ERS. However, it
is difficult to correlate extrudate moisture content and RS content,
because RS content varies depending on materials/machine interactions caused by the different rheology of different starches, and
the extent of structure loss (Sharma et al., 2015).
RS3 corresponds to the resistant fractions in starch-based foods
that have been processed, cooled and stored. Extruded starches
have been stored and analyzed for RS content to determine the
influence of storage conditions on the formation of RS. Chanvrier
et al. (2007) stored extruded waxy, normal, high amylose maize
and wheat starch at 4, 30 and 60 °C for 72 hours and found that
ERS content did not change significantly except for high amylose
starch, which showed an ERS content of 27.3% after conditioning at 60 °C, compared to the 20% ERS content obtained for extruded starch. Storage of extruded Gelose 80 at 4 °C for 12 days
also showed a slight increase in ERS (from 13.1 to 15.6%) content
(Shrestha et al., 2010).
High amylose starches contain a significant RS content compared to starches with lower amylose content even after extrusion
and this offers the possibility of formulating foods realistically
achieving high level of RS content (Shrestha et al., 2010) and also
storage of extruded high amylose starches prior to digestion could
further increase the RS content (Chanvrier et al., 2007).
4.2. Annealing
Annealing (ANN) is a hydrothermal treatment that modifies physicochemical properties of starch without destroying the granular
integrity. Annealing of starch granules occurs in excess (>60%
w/w) or intermediate (40–55%, w/w) moisture content and at a
temperature above the glass transition temperature (Tg) but below
the onset temperature of gelatinization (To) for a certain time period (Ashogbon and Akintayo, 2014; BeMiller and Huber, 2015;
Jacobs and Delcour 1998; Jayakody and Hoover 2008; Zavareze
and Dias 2011). Annealing causes crystalline perfection in starch
granules and facilitates interactions between starch chains which
lead to changes in physicochemical properties. The extent of crystalline perfection and starch chain interactions occur during annealing varies depending on the starch source and annealing conditions. Annealing temperature, moisture content, and time vary
widely with the botanical origin. Single step annealing has been
used in many studies while double and multi-step annealing have
been conducted to a limited extent (Jayakody and Hoover, 2008).

Different starch to water ratios have been used in annealing
studies at varying temperatures. Generally, excess moisture content and a temperature 5–15 °C below onset temperature of gelatinization are the annealing conditions which give significant
changes to a given starch (Jayakody and Hoover, 2008). Annealing
causes several changes to starch structure and properties such as
increase in granular stability, crystalline growth and perfection, increase in the interactions between starch chains in the amorphous
and crystalline regions of the granule, increase in crystallinity, increase in gelatinization temperatures and a narrowing of the gelatinization temperature range, and reduction in granular swelling and
amylose leaching (Hoover and Vasanthan, 1994; Lan et al., 2008;
Waduge et al., 2006; Zhong et al., 2020). However, the occurrence
and extent of these changes depend on the starch source and annealing conditions.
Although there is a wide range of literature describing susceptibility of annealed starches towards enzyme hydrolysis, reported
data are conflicting which could be due to differences in annealing conditions, analysis methods and starch source (BeMiller and
Huber, 2015; Jayakody and Hoover, 2008). In cereal starches, annealing has been shown to increase susceptibility of normal corn
(Chung et al., 2009a, 2009b; Rocha et al., 2012; O’Brien and Wang,
2008), waxy rice (Zeng et al., 2015), low-, medium-, and highamylose rice (Dias et al., 2010), Hylon V and Hylon VII (O’Brien
and Wang, 2008), waxy wheat (Lan et al., 2008), oat (Hoover and
Vasanthan, 1994), waxy corn and waxy barley (Samarakoon et al.,
2020) and decreased susceptibility of waxy, normal and high amylose rice (Hung et al., 2016), wheat (Su et al., 2020; Lan et al.,
2008; Hoover and Vasanthan, 1994), waxy potato (Samarakoon et
al., 2020), mung bean starches (Zou et al., 2019) towards enzyme
hydrolysis. However, annealed waxy corn (O’Brien and Wang,
2008; Rocha et al., 2012; Wang et al., 2014), normal and high
amylose corn (Wang et al., 2014) starches exhibited no change
in susceptibility towards enzyme hydrolysis compared to native
starches. It is difficult to develop a relationship between amylose
content and digestibility since there are other factors affecting enzyme digestibility. Dias et al. (2010) found that the increase in the
percentage of hydrolysis of low-, medium-, and high-amylose rice
starches was more intense as the annealing temperature increased
from 45–60 °C.
Legume starches such as field pea (Chung et al., 2009b, 2010;
Wang et al., 2013), lentil (Chung et al., 2009b, 2010), and navy
bean (Chung et al., 2010) starches have been shown to exhibit
increased susceptibility towards enzyme hydrolysis on annealing
whereas, black bean, pinto bean (Simsek et al., 2012) and lentil
(Hoover and Vasanthan, 1994) starches have been shown to exhibit
decreased susceptibility towards enzyme hydrolysis upon annealing. O’Brien and Wang (2008) reported that the susceptibility of
annealed potato starch towards bacterial α-amylase as well as amyloglucosidase was higher than its native counterpart whereas, annealing has been shown to reduce susceptibity of potato starch towards porcine pancreas α-amylase (Hoover and Vasanthan, 1994)
and prancreatin (a mixture of α-amylase from porcine pancreatic
stomach mucosa, lipase and protease) (Jacobs et al., 1998). However, Rocha et al. (2011) reported that annealing did not change the
susceptibility of potato starch towards bacterial α-amylase and amyloglucosidase. Jyothi et al. (2011) reported that susceptibility of
sweet potato starch towards porcine pancreas α-amylase decreased
upon annealing while Song et al. (2014) found that susceptibility
of sweet potato starch towards pancreatin and amyloglucosidase
increased on annealing. Cassava starch has shown a decrease in
susceptibility towards porcine pancreas α-amylase (Jyothi et al.,
2011) but an increase in susceptibility towards bacterial α-amylase
and amyloglucosidase (Rocha et al., 2011) on annealing. These re-
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Enzyme Source

Pancreatin & amyloglucosidase

Pancreatin & amyloglucosidase

Pancreatin & amyloglucosidase

Porcine pancreas α amylase
& amyloglucosidase

Porcine pancreas α amylase
& amyloglucosidase

Porcine pancreas α amylase
& amyloglucosidase

Fungal α amylase &
amyloglucosidase

Fungal α amylase &
amyloglucosidase

Fungal α amylase &
amyloglucosidase

saccharifying enzyme &
porcine pancreas α amylase

Porcine pancreas α amylase
& amyloglucosidase

Porcine pancreas α amylase
& amyloglucosidase

Porcine pancreas α amylase
& amyloglucosidase

Porcine pancreas α amylase
& amyloglucosidase

Porcine pancreas α amylase
& amyloglucosidase

Starch source

Waxy corn

Normal corn

High AM corn

Normal corn

Normal corn

Waxy rice

Normal rice

Waxy rice

High AM rice

Normal wheat
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Field pea

Field pea

Lentil

Lentil

Navy bean

70% moisture

50

24

24

8.2

14.8

20.8

15 °C below To 24

70% moisture

50

20.8

10 °C below To 24

70% moisture
70% moisture

19.2

24

50

27.0

15 °C below To 24

70% moisture
70% moisture

27.0

32.8

10 °C below To 24

48

32.8

70% moisture

50
50

1:3
1:3

24

32.8

90.0

77.0

77.9

32.4

32.8

50

1:3

12

24

24

24

24

72

50

45

45

45

50

1:3

1:2

1:2

1:2

excess

29.7

15 °C below To 24

70% moisture

23.4
29.7

72

0.9

0.9

2.5

2.5

9.5

9.5

Native

10 °C below To 24

50

72

24

72

24

72

24

Time
(h)

7.4

18.8

30.4

57.8

21.2

29.3

53.4

28.2

29.7

30.4

31.6

69.8

56.6

58.4

38.7

43.4

59.9

26.9

1.1

1.8

2.8

2.0

8.5

8.2

ANN

RDS (%)

70% moisture

1:2

45
45

1:2
1:2

45

1:2

45
45

1:2
1:2

45

Temp.(°C)

1:2

S:W ratio

ANN conditions
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32.3

41.5

70.1

70.1

40.3

62.9

62.9

45.0

45.0

45.0

45.0

3.7

12.8

14.0

45.5

65.7

65.7

56.9

3.7

3.7

9.6

9.6

21.6

21.6

Native

38.8

44.0

60.4

30.8

43.2

59.8

34.4

46.0

46.0

45.8

45.4

10.7

16.5

19.0

43.6

48.6

31.4

54.8

2.9

3.0

13.1

11.7

20.3

22.5

ANN

SDS (%)

59.4

43.7

9.1

9.1

40.5

10.0

10.0

22.2

22.2

22.2

22.2

6.3

10.2

6.5

22.1

4.6

4.6

19.7

95.4

95.4

87.9

87.9

68.9

68.9

53.9

37.2

9.2

11.4

35.6

10.9

11.2

25.8

24.3

23.9

23.1

19.5

26.9

22.6

17.7

8.0

8.7

18.3

96.0

95.2

84.1

86.3

71.2

69.7

Native ANN

RS (%)

Chung et al., 2010

Chung et al., 2010

Chung et al.,
2009b

Chung et al., 2010

Chung et al.,
2009b

Su et al., 2020

Hung et al., 2016

Hung et al., 2016

Hung et al., 2016

Zeng et al., 2015

Chung et al.,
2009b

Chung et al.,
2009a

Wang et al., 2014

Wang et al., 2014

Wang et al., 2014

Reference

Physical modifications and starch nutritional fractions
Samarakoon

Trung et al., 2017
32.0
25.3
2.7
1.0
65.3
73.7
24
45
α amylase & amyloglucosidase
Purple sweet potato

1:2

Trung et al., 2017
29.2
24.0
4.7
0.7
66.1
75.3
24
45
α amylase & amyloglucosidase
White sweet potato

1:2

Trung et al., 2017
28.8
24.1
3.2
1.0
68.0
74.9
24
45
α amylase & amyloglucosidase
Yellow sweet potato

1:2

Song et al., 2014

Simsek et al., 2012
58.13

26.9
45.8

41.61
22.27

44.8
34.2

27.16
13.98

28.3
20.0

25.42
24

24
55

50

Pancreatin & amyloglucosidase
Sweet potato

90% moisture

Pancreatin & amyloglucosidase
Pinto bean

1:2

Simsek et al., 2012
43.26
36.15
24.48
34.98
24.16
22.8
24
50
Pancreatin & amyloglucosidase
Black bean

1:2

37.8
41.3
42.3
39.1
19.9
19.6
10 °C below To 24
Porcine pancreatin,
amyloglucosidase & invertase
Grass pea

1:3

Wang et al., 2013
62.6

65.4
72.5

72.5
25.9

24.0
19.5

19.5
11.5

10.6
8.0

8.0
24

72

45

45

Porcine pancreas α amylase
& amyloglucosidase
Field pea

1:5

Temp.(°C)
S:W ratio

1:5

Native ANN
ANN
Native
ANN
Native

RS (%)
SDS (%)
RDS (%)

Time
(h)
ANN conditions

Enzyme Source
Starch source
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Piecyk et al., 2018
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sults clearly show that even the same starch can behave differently
towards different enzymes and these differences can further vary
greatly depending on the annealing conditions (Table 2).
With regards to nutritional fractions of starches RDS, SDS and
RS contents, only slight changes were observed in RDS and RS
contents while SDS content increased in normal corn starch on
annealing. Increase in SDS content was attributed to slight disruption of crystalline lamellae or small dissociation of double helices
(Wang et al., 2014). However, Chung et al. (2009b) reported an
increase in RDS and RS contents and a decrease in SDS contents
and Chung et al. (2009a) reported an increase in RDS levels and a
slight decrease in SDS and RS levels in normal corn starch upon
annealing. Even with the same starch source enzyme digestibility characteristics vary upon annealing depending on the enzyme
characteristics and annealing conditions (Table 2). The increase in
RDS levels and a decrease in SDS and RS fractions on annealing could be due to the formation of porous structures (O’Brien
and Wang, 2008) which allows greater accessibility of hydrolytic
enzymes to penetrate into the granule (Chung et al., 2009a). Enhanced interactions between starch chains upon annealing could
have caused an increase in RS levels (Chung et al., 2009b). Nutritional fractions of waxy corn and high amylose corn showed
only slight changes on annealing (Wang et al., 2014) whereas,
a decrease in RDS contents and increase in SDS and RS levels
upon annealing were observed in waxy rice, normal rice and high
amylose rice (Hung et al., 2016). However, Zeng et al. (2015) reported an increase in RDS contents and a decrease in SDS and
RS contents of waxy rice upon annealing. Su et al. (2020) studied
the effects of repeated and continuous ANN treatments on wheat
starches and reported that SDS and RS contents of waxy and normal wheat starches increased with as annealing cycles (8 cycles,
12 h each) or duration (12–96 h) increased.
The impact of annealing on nutritional fractions of legume
starches also varies widely. RDS levels were increased, SDS contents decreased and RS levels showed a slight increase in field pea
and lentil starches upon annealing (Chung et al., 2009b). However,
Chung et al. (2010) observed an increase in RDS and SDS levels and a decrease in RS contents in field pea and lentil starches
upon annealing. A similar finding was also reported by Wang et
al. (2013) for field pea starch where RDS and SDS levels were increased while RS levels decreased upon annealing. RDS and SDS
levels were decreased and RS levels were increased in pinto bean,
while a slight increase in RDS levels, a decrease in SDS levels
and an increase in RS levels were observed in black bean starch
upon annealing (Simsek et al., 2012). In navy bean starch, RDS
levels did not show any change while SDS levels increased and RS
levels decreased upon annealing (Chung et al., 2010). SDS content
was increased and RS content decreased in grass pea starch upon
ANN (Piecyk et al., 2018). Zou et al. (2019) studied the effects of
repeated and continuous ANN treatments on mung bean starch and
found that SDS and RS contents of mung bean starches increased
with as annealing cycles (8 cycles, 12 h each) or duration (24–96
h) increased. There is a dearth of information on the impact of
annealing on nutritional fractions of root and tuber starches. Song
et al. (2014) reported an increase in RDS and SDS levels and a
decrease in RS levels in sweet potato starch upon annealing. Annealing causes crystalline perfection and facilitates starch chain
interactions, therefore, theoretically annealing should decrease
starch susceptibility towards enzyme attack and RDS contents
and increase SDS and RS fractions. However, in some starches
RDS contents were increased while SDS and RS contents were
decreased, suggesting that changes to granule surface (increase in
granule porosity) on annealing could negate the effect of crystalline perfection and starch chain interactions on enzyme hydrolysis
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and thereby facilitates the entry of enzymes into the granule interior (Jayakody and Hoover, 2008).
The impact of gelatinization/cooking on starch nutritional fractions were studied in normal corn, field pea, lentil and navy bean
starches (Chung et al., 2009b, 2010) and found that gelatinization
increased RDS levels and decreased SDS and RS levels in all the
starches compared to ungelatinized native counterparts indicating
that the disruption of inter- and intra-molecular hydrogen bonds
between starch chains during gelatinization, which increases the
accessibility of the starch chains to enzyme attack. However, RDS
contents decreased and SDS and RS contents increased after gelatinization of annealed starches compared to unmodified gelatinized
starches suggesting that amylose-amylose interactions formed
during annealing may resist the disruption during gelatinization
(Chung et al., 2009b).
4.3. Heat moisture treatment
Heat-moisture treatment (HMT) is a hydrothermal modification
which involves heating of starch granules at low moisture levels
(<35% moisture w/w) and high temperatures (80–140 °C) for a
certain period of time (1–24 h) (BeMiller and Huber, 2015; Li et
al., 2020). Under these conditions, HMT allows increased molecular mobility of amylose and amylopectin, causing structural changes in both amorphous and crystalline regions of starch granules
(BeMiller and Huber, 2015; Chen et al., 2015; Hoover and Manuel,
1996b; Jacobs and Delcour, 1998; Zavareze and Dias, 2011).
The main structural changes occur on HMT are increase in interactions between starch chains, change in the X-ray pattern from
B/C to A+B or A-type (Ambigaipalan et al., 2014; Varatharajan et
al., 2010, 2011; Zhang et al., 2010) reduction in relative crystallinity (Chung et al., 2009a, 2010; Huang et al., 2016; Lee et al.,
2012; Varatharajan et al., 2011) formation of amylose-lipid complexes (Chen et al., 2015; Hoover and Manuel, 1996a) and reduction in the molecular order at the granule surface (Ambigaipalan
et al., 2014; Chung et al., 2009a, 2009b, 2010; Huang et al., 2016;
Kim and Huber, 2013;Varatharajan et al., 2011; Zeng et al., 2015).
Structural changes within the amorphous and crystalline domains
on HMT have been shown to alter the physicochemical properties
such as, reduction in granular swelling and amylose leaching/solubility, elevation of gelatinization transition temperatures, decrease
in gelatinization enthalpy (Chung et al., 2009b, 2010; Guneratne
and Hoover, 2002; Guzel and Sayar, 2010; Huang et al., 2016; Kim
and Huber, 2013) and increase in pasting temperature and decrease
in pasting viscosities (Chen et al.,2015; Huang et al., 2016; Jiranuntakulm et al., 2011; Kim and Huber, 2013; San et al., 2014).
Susceptibility of heat moisture treated starches to enzyme hydrolysis has shown an increase or a decrease, even in the same
starch type, indicating that the starch cultivar, HMT conditions,
and enzyme assay characteristics play an important role in in vitro
digestibility. Susceptibility towards porcine pancreatic α-amylase
of dull waxy maize, waxy maize, normal maize and amylomaize
V decreased only marginally after HMT treatment and this reduction was attributed to formation of amylase-lipid complexes and/
or increased association of starch chains in the amorphous regions
(Hoover and Manuel, 1996a). An increase in RDS levels and a
decrease in SDS and RS contents were observed upon HMT in
normal corn starch (Chung et al., 2009a). However, Chung et al.
(2009b) reported an increase in RDS and RS levels and a decrease
in SDS levels of normal corn starch after HMT. HMT has been
shown to decrease RDS levels and increase SDS and RS contents of normal and high amylose maize starches, indicating the
formation of densely packed starch fractions upon HMT (Wang
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et al., 2016). HMT has been shown to increase the susceptibility
of high-, medium- and low-amylose rice starches towards bacterial α-amylase and the digestibility of starches increased with an
increase in the moisture content of HMT (Zavareze et al., 2010).
Similarly, HMT has increased RDS and SDS contents and decreased RS contents of waxy rice, normal rice and corn starches
(Jiranuntakulm et al., 2011). This increased digestibility could be
due to disruption of the crystallites near the surface of the granule which facilitates the enzyme attack within the granule and
dislocation of double helical structures in the amorphous region
(Guneratne and Hoover, 2002). However, HMT has increased the
RS contents of low-, medium- and high-amylose rice starches,
where modified high-amylose starch had a higher RS content compared to low-and medium-amylose starch and RS levels of all the
starches were increased with increasing moisture content of HMT
(Zavareze et al., 2012). In high-, intermediate-low-amylose rice,
normal rice and waxy rice, HMT has decreased RDS levels, SDS
levels (except in normal rice where SDS levels decreased upon
HMT) and increased RS contents and the highest RS content was
observed in modified high amylose rice starch (Hung et al., 2016).
HMT has decreased RDS and RS levels and increased SDS contents in waxy rice starch (Zeng et al., 2015). RDS contents were
decreased and SDS and RS contents were increased upon HMT
in wheat starch and the higher moisture content (35%) resulted in
the highest RS content (14.32%) (Chen et al., 2015) suggesting
that some interactions between the starch and protein and/or lipids
form during HMT, thereby partly restricting accessibility of starch
chains towards enzyme hydrolysis (Chen et al., 2015; Chung et al.,
2009b). Zhang et al. (2020) studied the effects of repeated and continuous HMT treatments on wheat A- and B-starches. RDS and RS
contents of wheat A-starch decreased and SDS content increased
with repeating HMT cycles (6 cycles at 120 °C) whereas, RDS and
SDS contents were increased and RS content decreased in wheat
B-starch upon repeated HMT (Zhang et al., 2020).
In faba bean, black bean and pinto bean starches RDS contents
increased, SDS contents decreased and RS contents increased after
HMT at different temperatures (80, 100 and 120 °C) (Ambigaipalan et al., 2014). The increase in RDS levels in all the starches was
attributed to the decrease in molecular order at the granular surface
as a result of transformation of A+B crystalline type to A-type. Atype crystallites are weaker than B-type crystallites since A-type
has part of α-(1,6) branch points in the crystalline region compared
to α-(1,6) branch points solely present in the amorphous regions in
B-type, which makes A-type crystallites more susceptible towards
enzyme attack (Gérard et al., 2001; Jane et al., 1997). Maximum
RS content was observed at 80 °C and then RS content decreased
with increasing temperature in all the starches and the extents were
different in different starches (Table 3) indicating that an increase
or decrease in RS content on HMT may be influenced by HMT
conditions, amylose content, proportion of A+B type crystallites
and extent of amylose-amylopectin co-crytallization (Ambigaipalan et al., 2014). An increase in susceptibility towards porcine
pancreatic α-amyalse of green arrow pea, lentil, pinto bean, black
bean and field pea starches after HMT also has been also reported
(Hoover and Manuel, 1996b). SDS content was increased and RS
content was decreased in grass pea starch upon HMT (Piecyk et
al., 2018). Chung et al. (2009b) has reported an increase in RDS
and RS levels and a decrease in SDS contents in field pea and lentil
starches upon HMT. However, an increase in RDS and SDS levels
and a decrease in RS levels of pea and lentil starches upon HMT
was also reported (Chung et al., 2010). These results prove that not
only a single factor, but many factors affect the starch digestibility
upon HMT.
RS contents of mung bean starches which were subjected to
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Pancreatin & amyloglucosidase

Porcine pancreas α amylase
& amyloglucosidase

Porcine pancreas α amylase
& amyloglucosidase

Porcine pancreas α amylase
& amyloglucosidase

Porcine pancreas α amylase
& amyloglucosidase

Porcine pancreas α amylase
& amyloglucosidase

Fungal α amylase &
amyloglucosidase

Wheat

Normal corn

Normal corn

Normal corn

High AM corn

Waxy rice

High AM rice

24

35
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100

30

α amylase & amyloglucosidase

Yellow sweet
potato

Pancreatin & amyloglucosidase

15

120

100

35

Potato

100
100

Pancreatin & amyloglucosidase

Water yam

100

25

35

Purple sweet
potato

100

100

30

35

White sweet
potato

35

100

30

Porcine pancreas α amylase
& amyloglucosidase

Sweet potato

110

30

Waxy rice

110
110

30
30

110

30

110

120
120

25
30
25

120

120

30
20

120
100

30

120

25
30

120

20

120

24

25
30

24

Temp. (°C)

HMT conditions
15

M.C (%)

Low AM rice

Normal rice

Enzyme Source

Starch source

3

8

8

8

6

6

6

6

2

8

8

8

8

8

2

2

2

2

2

2

2

2

24

120

120

120

Time (h)

5.18

0.1

0.1

0.1

73.7

75.3

74.9

21.79

21.79

77.0

77.7

79.5

90.0

32.4

86.0

86.0

86.0

29.7

29.7

91.7

91.7

91.7

23.4

89.07

89.07

89.07

Native

5.40

38.3

33.7

31.7

59.7

56.7

65.7

37.67

31.95

57.5

63.8

65.3

73.2

27.3

51.7

63.8

78.6

70.4

65.2

69.4

76.8

82.9

34.2

80.81

85.09

88.28

HMT

RDS (%)

Table 3. : Heat-moisture treatment parameters and starch nutritional fractions of cereal, tuber, and legume starches

1.95

4.9

4.9

4.9

1.0

0.7

1.0

5.91

5.91

12.8

10.5

14.0

3.7

45.5

7.4

7.4

7.4

65.7

65.7

6.2

6.2

6.2

56.9

4.87

4.87

4.87

11.21

34.9

39.0

43.5

4.9

4.0

3.7

5.85

16.39

24.0

17.5

10.8

4.4

54.6

18.8

15.8

10.2

17.3

24.2

18.9

9.1

12.9

48.9

1.08

8.48

3.91

HMT

SDS (%)
Native

93.08

95.0

95.0

95.0

25.3

24.0

24.1

72.29

72.29

10.2

11.8

6.5

6.3

22.1

6.6

6.6

6.6

4.6

4.6

2.1

2.1

2.1

19.7

2.27

2.27

2.27

Native

83.39

26.9

27.4

24.9

35.4

39.3

30.6

56.48

51.66

18.5

18.7

23.9

22.4

18.1

29.5

20.4

11.2

12.3

10.5

11.7

14.1

4.2

16.9

14.32

2.64

3.92

HMT

RS (%)

Kim and
Huber, 2013

Son Trinh et
al., 2012

Trung et al., 2017

Huang et
al., 2016

Hung et al., 2016

Zeng et al., 2015

Wang et al., 2016

Chung et
al., 2009b

Wang et al., 2016

Chung et
al., 2009a

Chen et al., 2015

Reference
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Enzyme Source

Porcine pancreas α amylase
& amyloglucosidase

Porcine pancreas α amylase
& amyloglucosidase

Porcine pancreas α amylase
& amyloglucosidase

Pancreatin & amyloglucosidase

Pancreatin & amyloglucosidase

Pancreatin & amyloglucosidase

Porcine pancreas α amylase
& amyloglucosidase

Porcine pancreas α amylase
& amyloglucosidase

Porcine pancreatin,
amyloglucosidase & invertase

Starch source

Lentil

Lentil

Navy bean

Faba bean

Black bean

Pinto bean

Pea

Pea

Grass pea

120

25

120
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120
120

30
20

100

30

120

120

23
30

80
100

23

120

23
23

80
100

120

23
23

100

23

23

80

23

120

30
30

100

30

120

120

20
30

Temp. (°C)

M.C (%)

HMT conditions

2

2

2

24

12

12

12

12

12

12

12

12

12

24

2

2

24

3

3

Time (h)

19.6

27.0

27.0

19.2

1.72

1.72

1.72

1.57

1.57

1.57

2.8

2.8

2.8

8.2

20.8

20.8

14.8

5.18

5.18

Native

18.6

71.7

60.8

25.4

7.30

6.34

6.32

7.31

7.70

7.71

13.15

11.11

7.17

7.6

61.7

56.4

21.7

22.85

8.08

HMT

RDS (%)

42.5

23.6

30.4

49.2

23.20

21.77

39.1

62.9

62.9

40.3

50.90

50.90

50.90

53.62

53.62

53.62

77.

77.29

49.5

13.8

25.9

45.3

37.94

32.37

26.65

34.09

31.40

30.05

63.86

60.00

77. 2929 43.05

32.3

70.1

70.1

41.5

1.95

1.95

HMT

SDS (%)
Native
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41.3

10.0

10.0

40.5

36.57

36.57

36.57

33.46

33.46

33.46

10.00

10.00

10.00

59.4

9.1

9.1

43.7

93.08

93.08

Native

31.9

14.5

13.3

29.2

25.54

41.34

44.14

39.23

41.91

44.90

2.21

11.39

32.75

49.9

14.7

13.2

29.0

53.96

70.16

HMT

RS (%)

Piecyk et
al., 2018

Chung et
al., 2009b

Chung et
al., 2010

Ambigaipalan
et al., 2014

Ambigaipalan
et al., 2014

Ambigaipalan
et al., 2014

Chung et
al., 2010

Chung et
al., 2009b

Chung et
al., 2010

Reference
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HMT at 120 °C for 12 h with different moisture contents (15–35%)
resulted in an increase in RS content compared to native starch (RS
content of 5.16%) and highest RS content (45.15%) was obtained
at 20% moisture content (Li and Gao, 2010). Similar results were
obtained for African locust bean starch subjected to HMT at different moisture contents (15–30%), where RS content increased
in modified starches and maximum RS content (50.14%) was
obtained at 20% moisture content compared to low RS content
(33.38%) in native starch (Sankhon et al., 2014) suggesting that
the moisture content plays an important role in RS formation during HMT treatment. There was no significant change in RDS, SDS
and RS levels in borlotti bean, chickpea and kidney bean starches
which were subjected to HMT at 22% moisture content, 100 °C for
16 h (Guzel and Sayar, 2010).
Varatharajan et al. (2011) reported that HMT at 80 °C (27%
moisture content, 16 h) decreased hydrolysis in normal potato, but
did not significantly influence hydrolysis in waxy potato, whereas
HMT at 100, 120 and 130 °C (27% moisture content, 16 h) increased hydrolysis in both normal and waxy potato starch towards
porcine pancreatic α-amylase. There was no recognizable trend in
the effect of HMT on α-amylase hydrolysis for Canna starch at different moisture levels (Watcharatewinkul et al., 2010). HMT has
been shown to increase RDS and SDS levels in waxy potato (Jiranuntakulm et al., 2011; Lee et al., 2012), normal potato (Jiranuntakulm et al., 2011; Kim and Huber, 2013), water yam (Son Trinh et
al., 2012) and decrease RS levels in normal potato (Jiranuntakulm
et al., 2011; Kim and Huber, 2013) and water yam (Son Trinh et
al., 2012) starches. Vieira and Sarmento (2008) also reported an
increased susceptibility of Peruvian carrot, sweet potato and ginger
starches towards bacterial α-amylase and amyloglucosidase. Heatmoisture treated potato (Perera and Hoover, 1998), true yam, cassava, potato, taro and new cocoyam (Guneratne and Hoover, 2002)
starches have shown an increase in susceptibility towards porcine
pancreatic α-amylase compared to native counterparts. Son Trinh
et al. (2012) studied nutritional fractions of water yam starch under
various HMT conditions and found RDS content shows negative
correlations with the moisture content and reaction time, whereas
the RS content has a positive correlation with moisture content
and SDS content has positive correlations with reaction time and
moisture content. Therefore, the impact of reaction time on SDS
formation was greater than that of moisture content, but the opposite for RS formation in water yam starch (Son Trinh et al., 2012).
Huang et al. (2016) used repeated HMT (30% moisture content, 100 °C for 24 h) in sweet potato starch and found that HMT
increases RDS and SDS levels and decreases RS levels. Maximum
SDS level (19.61%) was observed at the third cycle and maximum
RS content (58.21%) was observed at the fifth cycle of HMT. The
high SDS content at the third cycle could be the result of the damaged starch molecules and the less additional interactions between
starch chains, and the high RS content at the fifth cycle may be
caused by more additional interactions between starch chains,
which hinder the disruption of starch molecules (Huang et al.,
2016).
Thermostable SDS and RS fractions were studied by HMT of
starch followed by gelatinization/cooking. RDS contents were increased and SDS and RS contents decreased after cooking in normal corn (Chung et al., 2009b), pea, lentil (Chung et al., 2009b,
2010), navy bean (Chung et al., 2010), sweet potato (Huang et
al., 2016), potato (Kim and Huber, 2013), borlotti bean, chickpea,
kidney bean (Guzel and Sayar, 2010) starches compared to native
uncooked starches due to the granule disruption occurs during gelatinization. However, RDS contents were decreased and RS and
SDS contents of cooked modified starches increased compared to
unmodified gelatinized starches indicating the formation of strong-

er amylose-amylose interactions upon HMT, which is the most effective parameter in the formation of nutritionally beneficial starch
fractions with reduced digestibility (Chung et al., 2009b; Guzel
and Sayar, 2010; Huang et al., 2016).
4.4. Microwave heating
Microwave energy is a non-ionizing energy source and it is delivered directly to the material through molecular interaction with
the electromagnetic field. Since microwaves can transfer energy
throughout the volume of the material it produces better quality
products with higher yield in shorter processing time (Luo et al.,
2006; Thostenson and Chou, 1999). Microwave energy is transferred to the material by the interaction of the electromagnetic field
at the molecular level. The molecular structure affects the ability of
the microwaves to interact with materials and transfer energy. Specially, the dielectric properties (dielectric constant and dielectric
loss) determine the effect of the electromagnetic field on the material (Thostenson and Chou, 1999). Dry starches are not polarized
at microwave frequencies and the dielectric properties depend primarily upon the free water content (Roebuck et al., 1972). Several
studies have investigated the relationship between water content,
temperature, salt addition and/or microwave frequencies on the dielectric properties of starches from different botanical origins and
found that the dielectric properties are key factors in microwave
heating of starch and strongly depend on the starch source, moisture content, temperature and microwave frequency (Brasoveanu
and Nemtanu, 2014).
The mechanism of action of microwave irradiation on granular starch is not clearly defined. However, it can be hypothetically
divide into following steps: (1) initial heating of starch granules
caused by dielectric relaxation of water molecules, followed by
(2) creation of high pressure inside the granules as a result of rapid
increase in temperature causing vaporization of starch moisture
and further causing (3) expansion of granules which starts from
the centre where the highest temperature is and then it progresses
in the entire volume leading (4) granules to degrade (Brasoveanu
and Nemtanu, 2014). Microwave irradiation causes changes to
physical and chemical properties of starches and these changes
vary depending on the starch source and microwave processing
parameters (Brasoveanu and Nemtanu, 2014). Swelling power of
waxy barley starch decreased upon microwave treatment while it
slightly increased in microwave treated non-waxy barley starch
and the solubility of treated waxy barley starch was lower than
that of native starch (Ma et al., 2020). Reduction in solubility and
granular swelling upon microwave treatment could be due to rearrangement of crystalline regions within the starch granules, which
might have randomly distributed in the native starch granule (Luo
et al., 2006) and/or strengthening the interaction between starch
chains (amylose-amylose and/or amylose-amylopectin) (Brasoveanu and Nemtanu, 2014). Microwave treatment has been shown to
increase gelatinization transition temperatures and decrease gelatinization enthalpy of starches as a result of structural rearrangement
occurring in the starch granule (Brasoveanu and Nemtanu, 2014).
However, Zhong et al. (2020) reported that microwave treatment
did not significantly change the gelatinization transitions temperatures and gelatinization enthalpy of rice starch.
There is a dearth of information available for digestibility
characteristics of microwave irradiated starches. Microwave-heat
moisture treated waxy and non-waxy rice starches have been
shown slight increases in susceptibility towards porcine pancreatic
α-amylase hydrolysis compared to the native starches as microwave power levels were increased (Anderson and Guraya, 2006).
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They further observed that in non-waxy rice starch, the slight increase in digestibility did not take place until much higher microwave power levels were used whereas, there was a uniform increase in digestibility of waxy rice starch as power level increased,
indicating that the granular structure of waxy starch permitted
more rapid heat penetration of granules during microwave treatment. Similar results were obtained for wheat and corn starches
where susceptibility towards porcine pancreatic α-amylase did not
change when increasing the microwave energy levels (Hodsagi
et al., 2012). Short-time (1–4 min) microwave treatment of high
amylose maize starch showed an increased susceptibility towards
pancreatin and amyloglucosidase digestion causing a reduction
in RS content. The digestions rates were increased with increasing microwave treatment time, while RS content decreased from
54.8 to 29.5 % when the treatment time increased from 1 to 4 min
(Zhong et al., 2019). However, wheat starch showed a decrease in
susceptibility towards porcine α-amylase with increasing heating
time and further enzyme susceptibility decreased following storage for 120 h was observed indicating the increase in polymer reassociation (Palav and Seetharaman, 2007). Rice starch which was
microwave treated (8 W per gram of starch slurry for 3 min) and
stored (4 °C for 72 h) showed increased SDS level and decreased
digestibility rate compared to conventionally cooked counterpart
indicating that the microwave treatment has enhanced molecular
reassembly during digestion (Li et al., 2020).
Microwave treatment increased digestibility of waxy, normal
and high amylose barley starches showing increased RDS (from
16.3 to 37.5% in waxy barley, from 6.6 to 47.7% in normal barley and from 10.7 to 46.1% in high amylose barley) contents and
decreased SDS (from 20.8 to 8.1% in waxy barley, from 41.6 to
11.4% in normal barley and from 23.5 to 8.1% in high amylose
barley) and RS (from 9.2 to 0.8% in waxy barley, from 16.9 to
6.1% in normal barley and from 24.0 to 4.0% in high amylose
barley) contents compared to native starches (Emami et al., 2012).
The level of SDS in microwave treated barley starches decreased
with an increase in microwave power level from 330 W to 713 W,
whereas the levels of RDS in normal and waxy barley and the level
of RS in high amylose barley (from 4.0 to 10.5%) increased. The
level of RDS in high amylose barley and the RS levels in normal
and waxy barley were not affected markedly by power level. The
more rapid heating associated with higher power levels resulted in
a higher degree of starch gelatinization and higher starch digestibility in all barley types (Emami et al., 2012).
Zhang et al. (2009) observed that microwave power has an evident effect on porcine pancreatic α-amylase digestibility of Canna
starch, which increased to its highest levels when 800 W of microwave power was used indicating that both low (400 W) and high
(1,000 W) microwave powers were beneficial to the formation of
RS. In Canna starch, with an increase in moisture content of microwave treatment from 20 to 35%, enzymatic digestibility decreased
gradually, suggesting that the RS and SDS contents increased with
increasing moisture content of microwave heat-moisture treatment
(Zhang et al., 2009). Microwave heat-moisture treatment had a
significant impact on nutritional fractions of Canna starch, where
RS content in modified starch was higher (from 27.73 to 55.52%)
than native starch and RDS content was reduced by a half (from
60.50 to 32.62%) in the treated starch, while SDS content almost
remained unchanged after the microwave treatment (Zhang et al.,
2010).
The results obtained in different studies on enzyme digestibility
and nutritional fractions indicate that microwave treatment causes
significant changes in the crystalline structure of the starches and
that these changes were influenced in a complex manner by the
factors such as moisture content, microwave power level and tem-
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perature as well as the variations in the method used to evaluate
the starch nutritional fractions. Therefore, it is difficult to find a
clear relationship on how microwave irradiation conditions affect
enzyme digestibility and nutritional.
5. Non-thermal modifications of starch
5.1. High hydrostatic pressure treatment
High hydrostatic pressure (HHP) is a non-thermal processing technology which is suitable for the production of minimally processed
foods because HPP affects only secondary and tertiary bonds not
primary or covalent bonds. Therefore, vitamins, pigments and
flavor substances which are affected by traditional thermal processing techniques remain intact when subjected to HPP. Another
advantage over thermal processing is that the pressure acts immediately and is not dependent on the size and shape of the product
(Stute et al., 1996). The investigations on the effect of HHP on
starch can be categorized into three groups as: (1) application of
pressure which is not high enough to gelatinize starch, (2) pressure
application on almost dry starch, and (3) use of ultra-high pressure
treatment which is carried out in excess water and at a pressure
above 400 MPa (Katopo et al., 2002; Stute et al., 1996). Stute et al.
(1996) showed that maize, waxy maize, high amylose maize, rice,
waxy rice, potato, canna, lotus root, taro, water chestnut, arrow
root and smooth pea starches when subjected to HHP (350–600
MPa, 25 % moisture) treatment were gelatinized, but retained their
granular form.
Gelatinization can be achieved at low pressure (400–800 MPa)
for A-type starches such as wheat and maize, but high pressure
(800–900 MPa) is needed for gelatinization of potato starch (Btype) (Stute et al., 1996). Some studies have shown that sensitivity of C-type starches to HHP is in between A-type and B-type
(Jayaprakasha et al., 2000). X-ray diffraction patterns of A-type
starches such as waxy maize, normal maize and rice showed transformation from A- to B-like pattern, but this transformation was
weak, while potato and high amylose maize starches kept their
original X-ray pattern (B-type) after HPP treatment (690 MPa, 1:1
and 2:1 water: starch ratio) (Katopo et al., 2002). HPP treatment
has been shown to decrease gelatinization transition temperatures
and gelatinization enthalpy of different starches (Błaszczak et al.,
2005; Katopo et al., 2002; Liu et al., 2008; Stute et al., 1996). This
decrease indicates the damage and loss of molecular order and
crystallinity as a result of pressurization (Katopo et al., 2002).
There are very few studies which have evaluated digestibility
and/or nutritional fractions of HHP treated starches. HPP treatment at 200 and 400 MPa resulted a lower starch digestion rate
compared to the native counterpart while HPP treatment at 600,
800 and 1,000 MPa significantly enhanced digestion rate of high
amylose corn starch when the under similar moisture content
(Shen et al., 2018). Furthermore, with different moisture contents
(30–70%) digestion rates of high amylose corn starch did not
differ significantly at given pressures (200–800 MPa) except at
1,000 MPa suggesting that applied pressure plays an important
role rather than moisture content in altering starch digestion (Shen
et al., 2018). Wang et al. (2017) compared the effect of HPP at
200–600 MPa for 30 min on enzyme digestion of wheat, yam, and
potato starches and reported that significant differences in enzyme
hydrolysis were observed in wheat and yam starches at 600 MPa
compared to their native counterparts, while no changes in digestion were observed in potato starch even at 600 MPa. Bauer et al.
(2005) compared the RS formation of wheat starch by different
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methods and found that HHP (500 MPa for 15 min) was not an effective way to produce RS. Storage at room temperature or freezethawing of pressurized wheat starch also did not increase the RS
content, however, storage at high temperature (52 °C for 24 h) following pressure treatment resulted in higher RS contents in comparison to heat-gelatinized wheat starch (Bauer et al., 2005). The
HHP treated (600 MPa, 30 min) non-waxy rice starch contained
a higher SDS content of 36.7% compared to the heat-gelatinized
starch (33.9%) immediately after 7 days of storage at 4 °C. The
higher SDS content after HHP treatment was mainly attributed
to the intact starch granules retained in the HHP treatment and
formation of amylose-lipid complexes (Tian et al., 2014). They
observed higher SDS contents in HHP treated waxy rice starch
(38.7%) compared to heat-gelatinized waxy rice (36.3%) after
similar storage conditions. However, high SDS levels obtained in
this study for waxy rice starch are not in agreement with results
obtained by Hu et al. (2011) where waxy rice starch granules were
almost completely broken.
There was no significant difference in RDS, SDS and RS levels
of rice starch treated with 200 MPa for 30 min. However, RDS
(from 40.30 to 44.18%) and SDS (from 24.11 to 40.42%) contents
increased and RS content of rice starch decreased (from 35.59 to
15.40%) compared to native starch when treated at 600 MPa for 30
min (Deng et al., 2014). It is believed that the pressure could force
water into granules, especially amorphous regions and breaks the
crystal structure of starch (BeMiller and Huber, 2015; Li et al.,
2012). As more granules were disrupted with HHP treatment, enzymes can access easily to the inner structure increasing the digestibility (Deng et al., 2014). Since there is a dearth of information
available for digestion characteristics of HHP treated starches, it is
difficult to comprehensively evaluate the impact of HHP on starch
nutritional fractions. At present, available data shows that there is
possibility of using HHP as an alternative to traditional treatment
for improving nutritional properties of starches. Further detailed
investigations are needed with different starch sources and process conditions to develop HHP as a feasible starch modification
technique.
5.2. Pulsed electric field treatment
Pulsed electric field (PEF) technology is a non-thermal food preservation method compared to traditional thermal pasteurization,
which kills most pathogenic or spoilage microorganisms, inactivates enzymes, and also minimizes the loss of taste, color, texture, nutrients, and heat sensitive functional components of foods
(Jeyamkondan et al., 1999) In PEF , a pumpable liquid material is
treated in a processing chamber with high intensity electric pulses
(over 10 kV cm−1) at short duration (less than 40 μs). Several studies have demonstrated that the PEF treatment has prominent advantages such as low processing temperature, continuous processing nature, short treatment time, and uniform treatment intensity
(Han et al., 2012; Zeng et al., 2016).
The effects of PEF on the physicochemical properties of corn
(Han et al., 2009b), waxy rice (Zeng et al., 2016), potato (Li et
al., 2019; Han et al., 2009a), wheat and pea (Li et al., 2019) and
tapioca (Han et al., 2012) starches have been studied. PEF treatment damages the outer part of starch granule and therefore, inner
of starch granule could more effectively absorb water and swell
resulting aggregation of modified granules with each other or with
small granules, which led to an increase of granule size (Han et al.,
2009a, 2009b). PEF treatment has been shown to decrease relative crystallinity, gelatinization transition temperatures and gelatinization enthalpy of different starches (Han et al., 2009a, 2009b,

2012; Zeng et al., 2016) suggesting that the treated starches were
more sensitive to be gelatinized due to the rearrangement and destruction of starch molecular structure and crystallinity after PEF
treatment (Han et al., 2009b). Relative crystallinity decreased with
increasing field intensity (2.86–8.57 kVcm−1) in PEF treated wheat
and potato starches, while crystallinity only slightly changed in
PEF treated pea starch (Li et al., 2019).
At present, only few studies have investigated starch nutritional
fractions of PEF treated starches. RDS levels increased (from 32.4
to 37.4%) and SDS (from 45.5 to 42.0%) and RS (from 22.1 to
20.7%) levels decreased after PEF treatment in waxy rice starch
and furthermore, with the increase of PEF electric field strength
(from 30 to 50 kV cm−1), RDS levels increased (from 37.4 to
50.4%), while SDS levels (from 42.0 to 35.2%) and RS levels
(from 20.7 to 14.4%) decreased (Zeng et al., 2016). RDS contents
increased in PEF treated wheat, potato, and pea starches while
RS contents increased only in wheat and potato starches with increasing field intensity (2.86–8.57 kVcm−1) (Li et al., 2019). PEF
treated rice starch showed higher RDS levels and lower SDS levels with different field intensities (2.86–8.57 kVcm−1) while RS
contents remained unchanged in comparison to native starch (Wu
et al., 2019). The disruption of starch granule packaging/starch
crystallites may have exposed the α-(1,4) glycosidic bonds and/
or α-(1,6) glycosidic bonds that were previously buried within the
starch crystallites facilitating the entry of the enzyme into the granule interior (Zeng et al., 2016).
6. Dual modification
Dual modification involves a combination of two modification
techniques. Combination of chemical and physical methods,
chemical and enzymatic methods and two chemical methods
are used in order to improve the properties and uses of starches
(Ashogbon and Akintayo, 2014). The first modification rearranges the starch chains and structures of the granules for the second modification in the physical dual modification. In general,
the properties of the dual modified starches are mainly resulting
from the second modification and sometimes the effects can be a
combination of both modifications (Ashogbon, 2020). There are
a few studies for effect of physical dual modification on in vitro
digestibility of starches, where HMT in combination with ANN
(Chung et al., 2009a, 2010; Farias et al., 2019; Zeng et al., 2015)
and extrusion (Yan et al., 2019). ANN-HMT and HMT-ANN
treatments have been shown to restrict granule swelling, solubility and amylose leaching in waxy rice (Zeng et al., 2015), pea,
lentil and navy bean starches (Chung et al., 2010) whereas a decrease in swelling factor and an increase in amylose leaching was
observed in normal corn starch after dual modification (Chung
et al., 2009a). Relative crystallinity and molecular order at the
granule surface have been shown to increase or decrease upon
dual modification in varying extents in different starches (Chung
et al., 2009a, 2010; Zeng et al., 2015). Gelatinization transition
temperatures have increased compared to native starch after dual
modification corn (Chung et al., 2009a), waxy rice (Zeng et al.,
2015), pea, lentil and navy bean (Chung et al., 2010) and bean
starches (Farias et al., 2019) whereas gelatinization enthalpy
increased, decreased or remained unchanged in those starches
compared to native counterparts in different dual modifications
(ANN-HMT and HMT-ANN).These variations in different starch
types can be due to interplay between two factors; disruption of
crystallites during HMT which were perfected on ANN (in ANNHMT) and better alignment of crystallites during ANN which
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Table 4. : Starch nutritional fractions of native and dual modified starches from different botanical origins

RDS (%)

SDS (%)

RS (%)

Starch source

Modification type

Native

Modified

Native

Modified

Native

Modified

Waxy rice

ANN-HMT

32.4

34.2

45.5

49.3

22.1

16.5

Zeng et al., 2015

HMT-ANN

32.4

45.8

45.5

40.5

22.1

13.7

Zeng et al., 2015

ANN-HMT

23.4

33.1

56.9

49.7

19.7

17.3

Chung et al., 2009a

HMT-ANN

23.4

29.1

56.9

51.2

19.7

19.7

Chung et al., 2009a

ANN-HMT

19.2

27.0

40.3

44.8

40.5

28.1

Chung et al., 2010

HMT-ANN

19.2

24.4

40.3

44.4

40.5

31.2

Chung et al., 2010

ANN-HMT

14.8

24.6

41.5

46.5

43.7

28.8

Chung et al., 2010

HMT-ANN

14.8

21.2

41.5

45.1

43.7

33.7

Chung et al., 2010

ANN-HMT

8.2

7.2

32.3

39.5

59.4

53.3

Chung et al., 2010

HMT-ANN

8.2

6.3

32.3

38.8

59.4

54.9

Chung et al., 2010

Normal maize
Pea
Lentil
Navy bean

were disrupted on HMT (in HMT-ANN) (Chung et al., 2009a,
2010; Zeng et al., 2015). The combination of extrusion and HMT
has increased swelling power, solubility and gelatinization transition temperatures and decreased relative crystallinity and gelatinization enthalpy of corn starch compared to native counterpart
(Yan et al., 2019). However, compared to the extruded starch the
dual modification has increased crystallinity and gelatinization
parameters indicating that the dual modification has increased the
thermal stability of corn starch (Yan et al., 2019).
Both HMT-ANN and ANN-HMT modifications have been
shown to increase RDS and SDS contents in normal corn starch
whereas RS content decreased upon ANN-HMT and remain unchanged upon HMT-ANN (Chung et al., 2009a). In pea, lentil and
navy bean starches, HMT-ANN decreased RDS and SDS levels
and increased RS levels as compared to HMT starches indicating
perfection of crystallites that were disrupted on HMT. ANN-HMT
increased RDS and SDS levels and decreased RS levels in pea and
lentil compared to ANN starches indicating disruption of perfected
crystallites (Chung et al., 2010). However, Zeng et al. (2015) observed an increase in RDS and a decrease in SDS and RS contents
on HMT-ANN and compared to HMT and a decrease in RDS, an
increase in SDS and no change in RS content was observed on
ANN-HMT compared to ANN. Crystalline disruption may have
exposed the α-(1,4) and/or α-(1,6) linkages that were previously
buried within the starch crystallites, and thus enhance accessibility towards enzyme attack (Zeng et al., 2015). The combination
of extrusion and HMT increased RDS and SDS contents and decreased RS content compared to native corn starch. However, dual
modification decreased RDS content and increased RS content
compared to extruded corn starch indicating that the dual modification increased the interactions between starch chains compared
to single extrusion treatment resulting better resistance to enzyme
hydrolysis (Yan et al., 2019). The amounts of RDS, SDS and RS
contents of native and dual modified starches from different botanical sources are presented in Table 4.
Chung et al. (2010) evaluated the digestibility characteristics
of modified and gelatinized pea, lentil and navy bean starches and
found that both ANN-HMT and HMT-ANN decrease RDS content and increase SDS and RS levels in gelatinized starches compared to unmodified gelatinized starches indicating the formation
of thermos-stable AM-AM interactions during modification which
can restrict disruption during gelatinization (Chung et al., 2009b,
2010).
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7. Conclusion
Both thermal and non-thermal modifications alter starch digestibility as well as other physicochemical properties. The changes
occur in starch structure as a result of different physical modifications directly affect the susceptibility towards enzyme hydrolysis
of starches and the contents of starch nutritional fractions, which
ultimately affects the bioactive properties caused by RS. There is
a vast amount of information about the impact of ANN and HMT
on starch nutritional fractions but there are only a few studies regarding the other physical modifications techniques. However, it is
difficult to find a relationship between different modification techniques and starch nutritional fractions since different studies have
used different processing conditions and enzyme assay conditions.
More studies that investigate techniques other than ANN and HMT,
as well as dual modifications are needed to develop reliable processing technique with high RS contents since RS has the potential
to be used as a natural bioactive component in food applications. It
is also important to develop a standard method (with particular enzyme source, concentration and digestion time) to evaluate impact
on starch nutritional fractions for future studies which will enable
enhanced comparison between different processing techniques and
starch sources.
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Abstract
Hull/seed coat contains various plant cells that are responsible for sustaining the life of seeds in which phenolics perform significant roles in supporting their functions. In the present study, inhibitory activities against the
oxidation of LDL and DNA of soluble- and insoluble-bound phenolics in the dehulled and hull fractions of lentils
were determined. In addition, their α-glucosidase inhibitory activity was also assessed. The hulls possessed much
higher levels of phenolics in both the soluble- and insoluble-bound forms than dehulled grain fractions, and this
led to their potent activities in suppressing the oxidation of LDL and DNA and inhibiting α-glucosidase activity. The
high bioactivities of hulls might be due to the existence of various types of cells such as palisade and parenchyma
cells containing numerous phenolics for sustaining their functions. This study may help in a better understanding
of the localization of soluble- and insoluble-bound phenolics in the structure of lentil.
Keywords: Lentil; Seed coat; Phenolics; LDL oxidation; DNA scission.

1. Introduction
Lentils are valuable dietary sources of proteins, carbohydrates, minerals, vitamins, and dietary fiber (Rochfort and Panozzo, 2007). Moreover, they contain many health-promoting compounds such as phenolics, which are responsible for bioactivities such as anticancer and
anti-hepatitis C virus (HCV), as well as reducing diabetes and cardiovascular disease (Hsu et al., 2015; Morgan et al., 2013; Narasimhan
et al., 2015; Eitsuka et al., 2014; Mancuso and Santangelo, 2014).
In their structures, legumes mainly consist of hull/seed coat and
dehulled grain parts. The hull fraction consists of several types of
plant cells such as epidermis, hypodermis, chlorenchyma, palisade, parenchyma, and endothelium cells. These cells have various
phenolic-containing organs such as vacuole and cell wall, thus the
high level of phenolics in both soluble- and insoluble-bound forms
are found in the hulls of legumes. On the other hand, the dehulled
grain parts are primarily composed of the nutrition-storage cells
such as the endosperm, hypocotyl and radicle, containing a high
amount of lipids, proteins, and starch granules, leading to a low
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level of phenolics compared to the hulls (Figure 1).
Insoluble-bound phenolics are abundant in cereals, legumes,
and seeds. They are responsible for the rigid structure of the cell
wall by their association via covalent bonding to macromolecules
such as cellulose, pectin, and structural protein. This association
is through ether, ester, and covalent bonds. Cereals, legumes, and
seeds contain a high proportion of insoluble-bound phenolics accounting for 20–60% of their total phenolics, while fruits and vegetables have a relatively lower concentration (7–38%) of insoluble-bound phenolics (Nayak et al., 2015; Sun and Cheng, 2002).
So far, the antioxidant potential of lentil cultivars such as free
radical scavenging ability, metal chelation, and oxygen radical absorbance capacity (ORAC) has been well established in other studies, however, there is dearth information on the inhibitory activity
of soluble- and insoluble-bound phenolics in lentils against oxidation of LDL cholesterol and DNA strand breakage. Therefore, this
study evaluated and compared phenolic contents between the hulls
and dehulled grains in lentil cultivars as well as assessing their
α-glucosidase inhibitory activity.

Copyright: © 2020 International Society for Nutraceuticals and Functional Foods.
All rights reserved.
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Figure 1. The microstructure of lentil and localization of soluble- and insoluble-bound phenolics in plant cells.

2. Materials and methods
2.1. Materials
Lentils cultivars were provided by Professor Albert (Bert) Vandenberg of the experimental farm of the University of Saskatchewan,
Saskatoon, SK, Canada. Organic solvents such as hexane, methanol, ethanol, and acetone were purchased from Fisher Scientific
Co. (Nepean, ON, Canada). Chemicals used for the antioxidant
capacity and bioactivity such as Folin Ciocalteau’s reagent, gallic acid, and catechin were purchased from Sigma-Aldrich Canada
Ltd. (Oakville, ON, Canada). Mono- and dibasic potassium phosphate, ferrous sulphate (FeSO4), human low-density lipoprotein
(hLDL), pBR 322 plasmid DNA, Tris acetate, agarose, bromophenol blue, glycerol, and xylene cyanol were obtained from SigmaAldrich Canada Ltd. SYBR safe gel stain was purchased from
Probes Invitrogen (Eugene, OR, USA).
2.2. Dehulling of lentils
Lentils were cleaned thoroughly to remove any extraneous particles. Dehulling process employed was according to the procedure
described by Chandrasekara et al. (2012).
2.3. Extraction of soluble phenolics (SPs) and insoluble-bound
phenolics (IBPs)
The procedure followed for the extraction of SPs and IBPs was as
described by Yeo and Shahidi (2020). Prior to the extraction, hulls
and dehulled grains of lentils were defatted by using n-hexane. For
the extraction of SPs, defatted hulls and dehulled lentils (1.0 g)
was mixed with 10 mL of extraction medium composed of metha-

nol/acetone/water (1:1:1, v/v/v), followed by 20 min of standing at
room temperature. This procedure was repeated another two times
more and the combined extracts were kept in one vial. The residue
after extraction of SPs was used for the extraction of IBPs. Briefly,
1g of the residue was blended with 15 mL of 2M NaOH which
was subsequently allowed to stand for 4h while stirring. The alkali hydrolyzed samples were mixed with 4.63 mL of 6 M HCl to
reach pH < 2 for better extraction of the liberated phenolics. Subsequently, the released phenolics were extracted with ethyl acetate
five times. After that, the solvent ethyl acetate was removed using
a rotary evaporator, followed by dissolving in 10 mL of methanol.
2.4. Total phenolic content (TPC)
Total phenolic content of lentils was determined as described by
Chandrasekara and Shahidi (2010) with minor modifications. An
aliquot (125 μL) of each sample was mixed with 2 mL of distilled
water and 63 μL of Folin-Ciocalteu reagent. Subsequently, the
mixtures were allowed to react with 250 μL of 7% sodium carbonate and then kept in the dark for 30 min at ambient temperature.
The absorbance of the final solution was read at 725 nm and expressed as mg gallic acid equivalents /g of DW.
2.5. Total flavonoid content (TFC)
Total flavonoid content was measured as described by Chandrasekara and Shahidi (2010) with slight modification. Briefly, 0.5
mL of lentil extract (20 mg/mL) was dissolved in 2 mL of distilled
water and then 0.15 mL of 5% NaNO2 was added. After standing
for 5 min, the samples were allowed to react with 0.15 mL of 10%
AlCl3 and 1 mL of 1 M NaOH for 15 min in the dark. The absorbance was recorded at 510 nm and total flavonoid content was expressed as mg catechin equivalents (CE) /g of DW.
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2.6. Cupric ion-induced human low-density lipoprotein (LDL)
peroxidation

way ANOVA. The mean was separated by Tukey’s HSD test (p <
0.05) using SPSS 16.0 for Windows (SPSS Inc., Chicago, IL, USA).

The inhibitory activity of human LDL peroxidation induced by
cupric ion was evaluated according to the method described by
Alshikh et al. (2015). In order to remove EDTA dissolved in LDL
cholesterol, LDL was dialyzed using 10 mM phosphate buffer (pH
7.4, 0.15 M NaCl) at 4 °C under a nitrogen blanket in the dark for 12
h. For assessing inhibitory activity against LDL oxidation, 0.8 mL
of LDL cholesterol (0.04 mg LDL/mL) was mixed with 0.1 mL of
soluble- and insoluble-bound phenolics in hulls and dehulled grains
of lentils and subsequently pre-incubated at 37 °C for 15 min. After
that, 0.1mL of cupric sulphate (50 μM) was added to the mixture
and incubated at 37 °C for 11 h. The conjugated dienes (CD) from
the oxidation of LDL cholesterol was read at 234 nm using a diode
array spectrophotometer (Agilent, Palo Alto, CA, USA).

3. Results and discussion

2.7. Inhibition of peroxyl and hydroxyl radical-induced supercoiled DNA strand scission
Inhibitory activity against DNA strand scission induced by peroxyl
and hydroxyl radicals of phenolics from lentils was measured according to the method described by Chandrasekara and Shahidi
(2011). First, DNA strand (50 μg/mL), which was dissolved in 10
mM phosphate buffer (PBS, pH 7.4), was mixed with PBS (2 μL),
pBR 322 (50 μg/mL, 2 μL), and 4 μL of 7 mM 2,2′-azobis (2-methylpropanimidamide dihydrochloride (AAPH); phenolics extracted
from lentils (0.1 mg/mL, 2 μL) was used to evaluate the inhibitory
activity of phenolics against peroxyl radical induced oxidation. In addition, phenolics (6 mg/mL, 2 μL), PBS (2 μL), pBR 322 (50 μg/mL,
2 μL), FeSO4 (0.5 mM, 2 μL), and H2O2 (0.5 mM, 2 μL) were mixed
and incubated at 37 °C for 1 h for hydroxyl radical-induced oxidation. After incubation, 1 μL of dye (0.25% bromophenol blue, 0.25%
xylene cyanol, and 50% glycerol) was blended with the reaction mixture. Then, 10 μL of the resultant solution was loaded onto 0.7% agarose gel solution (prepared in Tris−acetic acid−EDTA (TAE) buffer
(40 mM Tri-acetate containing 1 mM EDTA, pH 8.5), followed by
the addition of SYBR safe (5 μL) into agarose gel solution (50 mL)
as a gel stain. The analysis of electrophoresis was carried out using a
model B1A horizontal mini gel electrophoresis system (Owl Separation Systems Inc., Portsmonth, NH, USA) and a model 300 V power
supply (VWR International Inc., West Chester, PA, USA) in TAE
buffer. The reading of intensity (area %) of bands was conducted using the Chemi-Imager 4400 software (Cell Biosciences).
2.8. α-Glucosidase inhibitory activity
α-Glucosidase inhibitory activity was determined according to Liu
et al. (2011) with slight modification. The α-glucosidase (rat intestine) concentration (10 U/mL) was dissolved in 20 mM of sodium
phosphate buffer (pH 6.8). In a test tube, 5 μL of α-glucosidase
solution was mixed with 10 μL of phenolics and 620 μL of PBS,
followed by pre-incubation at 37 °C in an oven for 20 min. The
mixture was allowed to react with 10 μL of 10 mM p-nitrophenylα-D-glucopyranoside (PNPG) solution and incubated at 37 °C for
another 20 min. The reaction was terminated by adding 650 μL of
1 M Na2CO3, and absorbance was recorded at 410 nm.
2.9. Statistical analysis
The data from three independent replicates were subjected to one-
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3.1. Total phenolic content (TPC) and total flavonoid content (TFC)
Total phenolic content (TPC) was determined using Folin Ciocalteu’s reagent for lentil cultivars and the results were expressed
as mg gallic acid equivalents (GAE)/g of DW (Table 1). In hulls,
the range of TPC in SPs was 31.5–33.6 mg GAE/g and the corresponding IBPs were 19.7–24.3 mg GAE/g, showing a higher TPC
of SPs than IBPs. On the other hand, the dehulled lentil grains
showed significantly lower TPC values than the corresponding
hulls of lentils. Thus, the soluble phenolics of dehulled grains was
1.6 mg GAE/g of DW in four lentil cultivars and 1.0–1.2 mg GAE
in the insoluble-bound phenolics. This result indicates the biased
distribution of phenolics in lentils. Therefore, both SPs and IBPs
were more abundant in hulls than in the dehulled grains. This uneven distribution of phenolics has been well documented in pulses
in the literature. For example, Das and Singh (2016) reported that
maize possessed 282.5 µmole ferulic acid equivalent (FAE)/g
of dried hulls, respectively, while a total of only 5.4 FAE/g was
found in the endosperm. This supports the biased distribution of
phenolics toward the hull portion than in the dehulled fraction in
pulses. Some studies have shown a lower TPC in whole lentils than
their hulls. For example, Alshikh et al. (2015) investigated TPC
in whole seeds of six lentil cultivars and the range of TPC in SPs
was 3.6–27.0 and 1.2–17.5 mg GAE/g DW in IBPs. Moreover, Xu
and Chang (2008) reported that the range of TPCs in lentils was
4.9–9.6 mg GAE/g, which is lower than the TPC of hulls in the
present study. These reports also support the biased distribution of
phenolics toward hulls than in the dehulled grains of pulses.
Meanwhile, the ratios of IBPs to SPs in the hulls and dehulled
grains of lentil cultivars are summarized in Table 1. This concept
was first suggested in our previous study as an efficient indicator
for the prediction of changes in the formation of phenolics from
soluble into insoluble-bound form during germination (Yeo and
Shahidi, 2015). The range of this ratio was from 0.6 to 0.8 in four
lentil cultivars in both hulls and dehulled grains, indicating that a
high percentage of phenolics was present in the soluble form than
in the insoluble-bound form in both hulls and dehulled grains of
lentils.
Total flavonoid content of soluble- and insoluble-bound phenolics of four lentil cultivars showed a similar tendency to the total
phenolic content (Table 1). Thus, the ranges of flavonoids as soluble- and insoluble-bound form were 1.1–1.2 and 0.7–0.9 mg CE/g
in dehulled lentils, respectively, also showing a biased distribution
of phenolics in the hulls than in the dehulled grain fraction.
Overall, phenolics were more abundant in hulls as shown in
the total phenolic and total flavonoid contents. The dominance of
phenolics to the hulls compared to the dehulled grains might be
due to their physical structure and the difference in the composition of cells. As described in Figure 1, the hull fraction in grains
consists of diverse types of cells such as palisade, hourglass, and
parenchyma cells which have phenolic-containing organs such as
vacuoles where most soluble phenolics occur and cell wall matrix
having insoluble-bound phenolics. Conversely, a large portion of
dehulled grain is filled with nutrition-storage organs such as endosperm. The endosperm is responsible for storing energy sources
such as starch, proteins, and lipids and not the phenolic-containing
organs such as vacuoles. Therefore, the different composition of
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Table 1. Total phenolic and total flavonoid content of SPs and IBPs in hulls and dehulled grains of lentils

Total phenolic content (Gallic acid equivalents, mg/g DW)
Hull
Greenland

Dehulled

SPs

IBPs

Total

Ratio (IBPs/SPs)

SPs

IBPs

Total

Ratio (IBPs/SPs)

32.8 ± 0.3b

19.7 ± 0.2d

52.5

0.6

1.6 ± 0.0a

1.1 ± 0.0b

2.7

0.7

3494

33.6 ± 0.1a

23.1 ± 0.2b

56.7

0.7

1.6 ± 0.0a

1.0 ± 0.0a

2.6

0.6

Invincible

32.5 ± 0.3b

24.3 ± 0.1a

56.8

0.8

1.6 ± 0.0a

1.2 ± 0.0b

2.8

0.7

Maxim

31.5 ± 0.1c

22.4 ± 0.2c

53.8

0.7

1.6 ± 0.1a

1.0 ± 0.0a

2.6

0.6

Total flavonoid content (Catechin equivalents, mg/g DW)
Hull

Dehulled

SPs

IBPs

Total

Ratio (IBPs/SPs)

SPs

IBPs

Total

Ratio (IBPs/SPs)

Greenland

7.4 ± 0.5bc

11.0 ± 0.0d

18.4

1.5

1.1 ± 0.1a

0.8 ± 0.1a

2.5

0.8

3494

7.9 ± 0.1ab

13.0 ± 0.3b

20.9

1.6

1.2 ± 0.1a

0.9 ± 0.1a

2.8

0.7

Invincible

8.4 ± 0.1a

14.7 ± 0.1a

23.1

1.7

1.1 ± 0.1a

0.8 ± 0.1ab

2.8

0.8

Maxim

7.2 ± 0.0c

12.7 ± 0.1b

19.9

1.7

1.2 ± 0.1a

0.7 ± 0.1b

2.9

0.6

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

cells in hulls and dehulled grains might be a primary reason for the
biased distribution of phenolics in lentil cultivars tested.
3.2. Inhibitory activity of soluble- and insoluble-bound phenolics in hulls and dehulled grains of lentils against oxidation of
LDL cholesterol
LDL cholesterol performs a key function in transporting lipids to
the cell body by acting as a shuttle. Nevertheless, they are referred
to as “bad cholesterol” since they cause cardiovascular disease.
The oxidation of LDL cholesterol in the bloodstream accelerates
the accumulation of the proteoglycan-oxLDL complex at the arterial wall. This leads to a narrowing of the blood vessel and can
block the bloodstream. Thus, preventing the oxidation of LDL
cholesterol is extremely important for reducing the incidence of
vascular diseases. In the present study, the LDL cholesterol oxidation inhibitory activities of soluble- and insoluble-bound phenolics
in hulls and dehulled lentils were determined (see Figure 2). According to the results, the dehulled grains of lentils in both soluble- and insoluble-bound phenolic fractions showed a decrease in
absorbance at 234 nm after 3h of incubation, which is not observed
in the hulls. The decrease of absorbance might be due to the loss
of phenolics since absorbance at 234 nm is partially derived from
phenolics, as can be seen in the absorbance at 0 h of incubation in
Figure 2. Therefore, the oxidation of LDL cholesterol is calculated
after 3h of incubation because the changes in absorbance are not
induced by the formation of conjugated dienes from the oxidation
of LDL cholesterol. Absorbance at 234 nm of the control (LDL
cholesterol without phenolics) was increased from 0.504 (3h) to
0.653 (11h), an increase of 0.149 in absorbance, indicating the formation of conjugated dienes during the oxidation of LDL cholesterol. The structure of LDL cholesterol consists of an outer surface
that is mainly phospholipids and lipoproteins and an inner space
packed with cholesterol, cholesterol-esters, and triacylglycerols.
Therefore, the production of conjugated dienes in the oxidation of
LDL cholesterol might come from the oxidation of phospholipids,
cholesterol-esters and triacylglycerols.

In the soluble phenolics of hulls, the absorbances of Greenland,
3494-6, Invincible, and Maxim were increased by 0.115, 0.099,
0.117, and 0.121 during the 11h of incubation, respectively, corresponding to 23, 22, 21, and 18% of inhibition against the oxidation
of LDL cholesterol compared to the control (an increase of 0.149).
In the same way, insoluble-bound phenolics in the hulls of lentils
also attenuated the oxidation of LDL particles by 16–32% during
LDL oxidation. On the other hand, the dehulled grains of lentils
did not show any inhibitory activity against the oxidation of LDL
cholesterol. This might be due to the difference in the level of phenolics in hulls and dehulled grains of lentils as discussed for TPC
and TFC. Chandrasekara and Shahidi (2011) studied the inhibitory
activities of hulls and dehulled grains of millets against the oxidation of LDL cholesterol and reported a better inhibitory activity
of hulls than the corresponding dehulled grains, which strongly
supports the results of the present study. Ranilla et al. (2007) also
found that polyphenols of Brazilian and Peruvian Bean Cultivars
(Phaseolus vulgaris L.) were present mainly in seed coat as compared to the cotyledon.
3.3. DNA scission inhibitory activities of soluble- and insolublebound phenolics in hulls and the dehulled lentil grains
The oxidation of DNA strand is responsible for the mutation of
cells and can lead to serious adult diseases such as cancer. Thus,
the oxidation of DNA strand should be prevented to maintain the
health of the cells. In the present study, we investigated the inhibitory activities of soluble- and insoluble-bound phenolics in hulls
and dehulled lentils against the oxidation of DNA strand, as summarized in Table 2. Figure 3 clearly shows the stronger inhibitory
activity of (insoluble-bound) phenolics in hulls compared to the
corresponding dehulled grains of lentils. In both hydroxyl radicaland peroxyl radical-induced oxidation, hulls showed much higher
inhibitory activity than the dehulled grains; namely, hulls showing
41–54% of inhibitory activity in soluble phenolics and 58–65% of
inhibition in insoluble-bound phenolics upon hydroxyl radical induce oxidation. On the other hand, dehulled grain fractions showed a
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Figure 2. LDL oxidation inhibitory activity of soluble- and insoluble-bound phenolics in hulls and dehulled grains of lentils.

relatively lower inhibitory activity against DNA oxidation than their
corresponding hulls by displaying 20–44% inhibition in soluble
phenolics and 32–52% in insoluble-bound phenolics. In the peroxyl
radical-induced oxidation, similar trends were observed with a better
inhibitory activity in hulls than the dehulled grains. Chandrasekara
and Shahidi (2011) investigated the inhibitory activity of millet hulls
and dehulled millets against oxidation of DNA strand; they reported
a higher inhibitory activity of hulls than the corresponding dehulled
grains, which agrees with the results of the present study.

In intracellular spaces, reactive oxygen species (ROS) are simultaneously produced at the mitochondria through Fenton’s reaction, and they perform an essential role by acting as a signalling
molecule. However, the overproduction of ROS in cells can cause
oxidative stress, thus leading to the oxidation of DNA. Therefore,
dietary antioxidant supplementation has been suggested for maintaining the balance between ROS and antioxidants in the cells. In
this regard, it is expected that lentils could serve as a suitable natural source of antioxidants.

Table 2. The DNA scission inhibitory activity of phenolics in hulls and dehulled grains of lentils

Hydroxyl radical-induced oxidation (inhibition %)
Hulls

Dehulled

SPs

IBPs

SPs

IBPs

Greenland

43 ± 8a

65 ± 4a

31 ± 4b

52 ± 14a

3494

45 ± 9a

65 ± 7a

30 ± 2bc

45 ± 15a

Invincible

41 ± 13a

58 ± 6a

44 ± 5a

48 ± 11a

Maxim

54 ± 2a

63 ± 6a

20 ± 2c

30 ± 5a

Peroxyl radical-induced oxidation (inhibition %)
Hulls

Dehulled

SPs

IBPs

SPs

IBPs

Greenland

97 ± 1a

97 ± 8a

67 ± 2a

24 ± 1 a

3494

99 ± 4a

98 ± 6a

60 ± 1ab

18 ± 3a

Invincible

97 ± 0a

95 ± 4a

59 ± 3ab

19 ± 8a

Maxim

97 ± 1a

95 ± 4a

53 ± 6b

10 ± 8a
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Figure 3. The DNA scission inhibitory activity of insoluble-bound phenolics of hulls and dehulled grains of lentils at the hydroxyl radical oxidation system
(1 blank; 2 control; 3 Greenland hulls; 4 3494 hulls; 5 Invincible hulls; 6 Maxim hulls; 7 Greenland dehulled; 8 3494 dehulled; 9 Invincible dehulled; and
10 Maxim dehulled).

3.4. α-Glucosidase inhibitory activity of phenolics in hulls and
dehulled grains of lentils
α-Glucosidase is involved in the hydrolysis of polysaccharides
into simple sugars, thus facilitating the supplement of energy to
the cells. However, a high activity of α-glucosidase harms the patients who suffer from diabetes since the enzyme yields more sugar
and increases the level of blood sugar in the patients. Therefore,
the inhibition of enzyme activity of α-glucosidase is important
for both reducing complications of the patients who are suffering
type-2-diabetes and preventing the incidence of type-2-diabetes.
The α-glucosidase inhibitory activities of soluble- and insolublebound phenolics in hulls and dehulled grains of lentils were measured and the results are shown in Figure 4. The soluble phenolics
in hulls showed a much higher α-glucosidase inhibitory activity
than the corresponding dehulled grains; soluble phenolics in hulls
reduced 62–75% of its activity while dehulled grains did not inhibit α-glucosidase activity. Similar results were also found for
the insoluble-bound phenolics; hulls of lentil cultivars attenuated
α-glucosidase activity about 45-80% whereas dehulled grains did
not show any inhibitory activity, except for Maxim (23%). Overall, hulls in both soluble- and insoluble-phenolics showed a higher
α-glucosidase inhibitory activity than the corresponding dehulled
grains. This might be due to the discrepancy in the localization of
phenolics in the structure of lentils.

4. Conclusion
In the present study, antioxidant potentials of soluble- and insoluble-bound phenolics from hulls and dehulled grains of lentils and
their other bioactivities were evaluated. In all measurements, hulls
in both soluble- and insoluble-phenolics showed higher antioxidant and other bioactivities than the corresponding dehulled grains
of lentils. The different composition of cells in hulls and dehulled
grains might be a primary reason for the biased distribution of phenolics in the tested lentil cultivars. Thus, the hulls of lentil cultivars
serve as an excellent source of soluble- and insoluble-bound phenolics and have the potential to serve as a source of nutraceutical
and functional food ingredients.
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Abstract
Miso, a paste of salted fermented soybean, is a seasoning used extensively in traditional Japanese cuisine. Herein,
pyroglutamyl peptides present in miso were identified by a liquid chromatography-tandem mass spectrometry
(LC-MS/MS), detecting precursor ions, which generated immonium ion of pyroglutamyl residue. By using this
method, 13 pyroglutamyl peptides were identified in four types of miso. Administration of the water extract prepared from 0.6 g soybean miso/kg body weight/day significantly suppressed high fat diet-induced weight gain. A
similar effect was exerted by the hydrophobic pyroglutamyl peptide fraction, including pyroglutamyl proline (pEP),
pEV, pEI, and pEL. Administration of a mixture of synthetic pEP, pEV, pEI, and pEL in a ratio to that in miso or pEL
alone also suppressed the weight gain in a dose dependent manner. These results suggest that the short-chain
hydrophobic pyroglutamyl peptides present in miso are effective in suppressing high fat diet-induced obesity.
Keywords: Fermented food; Miso; Pyroglutamyl peptide; Pyroglutamyl leucine; Obesity.

1. Introduction
Miso, a paste of salted fermented soybean, is used as a seasoning in Japanese cuisine. The Japanese diet, referred to as washoku,
is mainly composed of steamed rice, main and side dishes (fish,
meat, or vegetables), and miso soup (Suzuki et al., 2018). Miso
soup is prepared by the addition of a spoonful (approximately 12 g
per serve) of miso into a soup stock made from dried bonito flakes
(katsuobushi), dried anchovies (niboshi), or dried kelp (kombu),
and so on. Miso is also used as a seasoning in cooked meat including fish. Although, miso consumption has decreased to half of the

consumption in 1970s (Okouchi et al., 2019), it remains an important constituent of the Japanese diet (Suzuki et al., 2018).
Miso is made from steamed soybeans, a fungus starter (koji), and
salt. Koji is prepared by inoculating steamed rice, barley, or soybean
with Aspergillus oryzae which is then cultured at approximately 30
°C for 40 h, which is referred to as rice koji, barley koji, or soybean
koji, respectively. For preparing miso, washed soybeans are soaked
in water and steamed. Then, the steamed soybeans are mixed with
koji and salt, and aged for several weeks (short aging type), months,
or years (long aging type). In Japan, different types of miso are
produced with various kinds of ingredients and distinct fermenta-
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tion periods. Depending on the koji ingredients, the final product is
called rice miso, barley miso, or soybean miso. Approximately 80%
of miso available in Japan is rice miso, while the remaining 20% is
barley and other miso. During this process, the protein in soybean
and barley or rice is degraded into peptides and amino acids by proteases from A. oryzae, thereby giving an umami taste to the miso.
The characteristic flavor and aroma of miso could, in addition, be
generated by the products of Maillard reaction and fermentation by
air borne salt-resistant lactic acid bacteria and yeasts.
Several studies have demonstrated the health benefits associated
with miso consumption. A cross-sectional study has shown that
people who frequently consume miso soup tend to have a lower
heart rate (Ito et al., 2017). The Nagahama prospective cohort study
also demonstrated that women who consume miso soup every day
show lower values of HOMA-IR (homeostatic model assessment
for insulin resistance) (Ikeda et al., 2018). Kondo et al. (2019) have
reported that miso consumption for a duration of 8 weeks reduces
nighttime blood pressure in human subjects. Kitano et al. (2014)
have shown that Japanese diet in 1975 had high anti-obesity effect
on mice than that in 1960, 1990, and 2005. Okouchi et al. (2019)
have reported that daily miso consumption, along with exercise,
suppressed visceral fat accumulation in mice, thereby suggesting
that miso may be partially responsible for the anti-obesity effects of
the Japanese diet in 1975. These beneficial effects have been attributed to certain compounds present in miso. However, compounds
that can be beneficial at a dose accessible by a daily consumption of
miso have not been identified yet, even in animal models.
We have previously demonstrated the presence of pyroglutamyl (5-oxoprolyl) peptides in food protein hydrolysates (Sato et
al., 1998, 2013; Ejima et al., 2018) and the Japanese rice wine,
sake (Kiyono et al., 2013). Pyroglutamyl peptides are spontaneously generated during processing and storage of peptides with a
glutaminyl residue at the amino terminal (Sato et al., 1998; HigakiSato et al., 2006). Short-chain pyroglutamyl peptides resist digestion by both endo- and exopeptidases (Chen et al., 2019). Several
studies have reported the in vivo and in vitro biological activities
of short-chain pyroglutamyl peptides. Administration of pyroglutamyl leucine (pyroGlu-Leu or pEL) have been shown to attenuate
D-galactosamine-induced hepatitis in rats (Sato et al., 2013). In addition, administration of pyroGlu-Leu and pyroGlu-Asn-Ile at low
doses (0.1–1 mg/kg body weight) attenuates dextran sulfate sodium
(DSS)-induced colitis and colitis-induced dysbiosis (disturbance of
microbiota) in mice (Wada et al., 2013; Kiyono et al., 2016). Administration of pyroGlu-Leu also attenuates high fat diet-induced
dysbiosis by increasing host antimicrobial peptide (Shirako et al.,
2019), and has been shown to exert antidepressant-like effects
(Yamamoto et al., 2015). Moreover, pyroglutamyl peptides exhibit
anti-inflammatory activity against LPS-stimulated macrophages
(Hirai et al., 2014) and IL-1β stimulated hepatocytes (Oishi et al.,
2015). Our preliminary investigations based on amino acid analysis
and solid phase extraction with a strong cation exchanger indicated
that pyroglutamyl peptides represent approximately 10% of all peptides in miso. This suggests that these peptides might be, at least
partially, responsible for the beneficial effects of miso. However,
the presence of multiple constituents in miso has hindered the identification of the pyroglutamyl peptides.
Therefore, the present study was designed with overall objective of elucidating the structure, abundance, and biological activity
of pyroglutamyl peptides in miso. For this purpose, pyroglutamyl
peptides were detected by using a liquid chromatography tandem
mass spectrometry (LC-MS/MS) as precursor ions generating immonium ion of pyroglutamyl residue. Further, the suppressive effect of pyroglutamyl peptides in miso on body weight gain of rats
fed on high fat diets was examined.
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2. Materials and methods
2.1. Materials
Rice miso (short aging and long aging types A, B, and C) and barley miso were kind gifts from Marumi Koji Honten (Soja, Okayama, Japan). Rice miso (long aging type D) and soybean miso
(long aging type, 2 years) was obtained from the local market.
2.2. Reagents
Acetonitrile (HPLC grade) was purchased from Nacalai Tesque
(Kyoto, Japan). Benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate (PyBOP), 1-hydroxybenzotriazole (HOBt),
9-fluorenylmethoxycarbonyl (Fmoc) amino acid derivatives, N(tert-Butoxycarbonyl)-L-pyroglutamic acid (Boc-pyroGlu), L-proline tert-butyl ester hydrochloride (H-Pro-OtBu·HCl), L-valine tertbutyl ester hydrochloride (H-Val-OtBu·HCl), L-isoleucine tert-butyl
ester hydrochloride (H-Ile-OtBu·HCl), and L-leucine tert-butyl ester
hydrochloride (H-Leu-OtBu·HCl) were purchased from Watanabe
Chemical Industries (Hiroshima, Japan).
2.3. Identification of pyroglutamyl peptides in miso
The pyroglutamyl peptide fraction was obtained as described previously (Ejima et al., 2018). Briefly, a strong cation exchanger
(AG50W-×8, hydrogen form, 100–200 mesh, Bio-Rad Laboratories, Hercules, CA, USA) was washed with 50% methanol and
packed into a spin column (15 mm × 7 mm i.d., 5.0 μm pore size,
Ultrafree-MC, Merck, Darmstadt, Germany). The resin was further washed with 200 μL of 50% methanol and eluted by centrifugation at 815 g (thrice). Then, the resin was equilibrated with 200
μL of 0.1% formic acid containing 10% acetonitrile (twice). Soybean miso was added to 3-volume of ethanol and stirred vigorously
for minutes. The resultant suspension was centrifuged at 12,000 g
for 10 min at 4 °C. The supernatant (200 μL) was loaded onto the
spin column and eluted by centrifugation at 815 g. The eluent was
used as the pyroglutamyl peptide fraction for subsequent LC-MS/
MS analysis. The abundance of pyroglutamyl peptide in the eluent was determined by amino acid analysis of the HCl hydrolysate
obtained from the pyroglutamyl peptide fraction (Bidlingmeyer et
al., 1984). The total peptide content was estimated by subtracting
the free amino acid content from the total amino acid content of the
HCl hydrolysate generated from water extract of miso.
Aliquots of the pyroglutamyl peptide fraction were subjected to
LC-MS/MS using an LCMS-8040 setup (Shimadzu, Kyoto, Japan)
connected to an Inertsil ODS-3 column (5 μm, 2.1 mm i.d. × 250
mm, GL Sciences, Tokyo, Japan). A binary linear gradient was set
up with 0.1% formic acid (solvent A) and 0.1% formic acid containing 80% acetonitrile (solvent B) at a flow rate of 0.2 mL/min. The
gradient program was as follows: 0–30 min, 0–30% B; 30–40 min,
30–100% B; 40–50 min, 100% B; 50–50.1 min, 100–0% B; and
50.1–60 min, 0% B. The column was maintained at a temperature
of 40 °C. Total ion intensity was monitored in the positive mode by
scanning across mass to charge ratio (m/z) range of 50–150, 150–
200, 250–300, and 300–500 (total ion scan). Pyroglutamyl peptides
were detected based on specific precursor ions, which generated
immonium ion of pyroglutamyl residue (m/z = 84.1) at a collision
energy of −35 V in the positive mode in the m/z range of 50–150,
150–200, 250–300, and 300–500 (precursor ion scan). The m/z corresponding to the pyroglutamyl peptide peaks were recorded and
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utilized for product ion scanning to elucidate the primary structure
of the peptides at collision energies of −15, −25, and −35 V. Structure of pyroglutamyl peptides were estimated based on the product
ions including immonium and related ions from each amino acid
(Falick et al., 1993; Papayannopoulos, 1995).
2.4. Peptide synthesis
Peptides were synthesized by the Fmoc strategy using a PSSM-8
solid-phase peptide synthesizer (Shimadzu) for use as LC-MS/
MS standards. The synthetic peptides were purified by reversed
phase-high performance liquid chromatography (RP-HPLC) using
a COSMOSIL 5C18-MS-II column (10 mm i.d. × 150 mm, Nacalai
Tesque). A binary linear gradient was set up using 0.1% formic acid
(solvent A) and 0.1% formic acid containing 80% acetonitrile (solvent B) at a flow rate of 2 mL/min. The gradient program was as
follows: 0–20 min, 0–50% B; 20–30 min, 50–100% B; 30–35 min,
100% B; 35–35.1 min, 100–0% B; and 35.1–45 min, 0% B. The column was maintained at a temperature of 40 °C. Peptide elution was
monitored based on absorbance at wavelengths of 214 and 254 nm.
The purity of the synthesized peptides was confirmed using LC-MS.
The abundance of the purified peptides was evaluated by amino acid
analysis of the HCl hydrolysate, as described earlier (Bidlingmeyer
et al., 1984). Pyroglutamyl proline (pyroGlu-Pro or pEP), pyroglutamyl valine (pyroGlu-Val or pEV), pyroglutamyl isoleucine (pyroGlu-Ile or pEI), and pyroglutamyl leucine (pyroGlu-Leu or pEL) were
synthesized in the liquid phase through Boc strategy as described
previously (Sato et al., 2013) for use in animal experiments.
2.5. Determination of pyroglutamyl peptide abundance
Aliquots (10 μL) of pyroglutamyl peptide fraction obtained from
miso were subjected to LC-MS/MS in the multiple reaction monitoring (MRM) mode using the Inertsil ODS-3 column. The synthetic peptides were used as standards for the optimization of MRM
conditions. As before, the binary linear gradient was set up using
0.1% formic acid (solvent A) and 0.1% formic acid containing 80%
acetonitrile (solvent B) at a flow rate of 0.2 mL/min. The gradient
program was as follows: 0–20 min, 0–30% B; 20–25 min, 30– 100%
B; 25–30 min, 100% B; 30–30.1 min, 100–0% B; and 30.1–40 min,
0% B. The column was maintained at a temperature of 40 °C.
2.6. Preparation of samples for animal experiments
Soybean miso was added to 4 volumes of water and stirred vigorously. The resultant suspension was centrifuged at 3,000 g for
10 min. The supernatant was collected and used as the crude water extract. Pyroglutamyl peptides in the crude extract were fractionated by a series of column chromatography in reversed phase
and strong cation exchange mode. Sep-Pak C18 35cc Vac (10 g)
cartridges (Waters, Milford, MA, USA) was washed successively
with acetonitrile (50 mL) and 0.1% acetic acid (50 mL). The crude
water extract (100 mL) was loaded onto the column using a syringe (50 mL), followed by the addition of 50 mL of 0.1% acetic
acid. The eluents were combined and used as the non-absorbed
(N-A) fraction. The compounds absorbed to the column were then
eluted with 0.1% acetic acid containing 10 and 30% acetonitrile
(50 mL), termed as 10 and 30% ACN fractions, respectively.
The pyroglutamyl peptide fraction was obtained by passing the
N-A, 10% ACN, and 30% ACN fractions through the strong cation
exchange (AG50W-×8) resin. Then, the AG50W-×8 was washed

with 60% acetonitrile and packed into an XK column (16 mm i.d.
× 200 mm, GE Healthcare Chicago, IL, USA). The column was
equilibrated with water, and each fraction was loaded onto the
column using a Perista Pump (ATTO, Tokyo, Japan). Pyroglutamyl peptide fractions from the N-A eluent were stored separately,
whereas those from the 10 and 30% ACN were pooled and termed
as ACN. All pyroglutamyl fractions were freeze dried and used for
animal experiments
2.7. Animal experiments
All animals used in this study were treated and cared for in accordance with the guidelines of the National Institutes of Health
(NIH) for the use of experimental animals. All experimental procedures were approved by the Animal Care Committee of Louis
Pasteur Center for Medical Research (no. 20162 for experiments
1 and 2, and no. 20172 for experiments 3 and 4). Five-week-old
male Wistar/ST rats (120–140 g) were purchased from Japan SLC
(Shizuoka, Japan). All rats were housed in individual cages maintained at 24 ± 1 °C with a 12 h light/dark cycle. The rats were
allowed free access to a normal diet (solid type of certified diet
MF; Oriental Yeast, Tokyo, Japan) and drinking water for 1 week.
After 1 week acclimatization period, the rats were maintained on
normal or high fat diets, with peptide samples being administered
via drinking water for 5 weeks. Body weight, total food intake, and
total water intake were measured every 2 days. Body weight gain
(%) was calculated as (final body weight – initial body weight)/
initial body weight×100.
2.7.1. Experiment 1 (administration of water extract of miso to
rat fed on high fat diet)
After the acclimatization period (1 week), the rats were divided into
5 groups (n = 4 for each group). One group was fed on normal diet
(N). The other 4 groups were fed on a solid type of high fat diet
(HF; 45% kcal/total kcal; D12451, Research Diets, New Brunswick,
NJ, USA). The 4 HF groups were administered with vehicle, crude
water extract of miso (CE), pyroglutamyl peptide fraction prepared
from the N-A fraction (N-A), or that from the pooled ACN fractions
(ACN) via drinking water. CE, N-A, and ACN, prepared from 0.6
g of miso/kg (body weight of rat) were administered to each rat per
day. The abundance of pyroglutamyl peptides in each fraction was
determined by the method described in section 2.5, and the dosage
of each peptide is shown in Figure 1a. The rats were allowed free
access to either the normal or high fat diet, as well as drinking water.
Drinking water containing CE, N-A, or ACN was prepared every
week to administer above-mentioned dose of pyroglutamyl peptides
on the basis of their water consumption of the previous week. After
5 weeks, all rats were sacrificed by puncturing the inferior vena cava
under isoflurane-induced anesthesia. Plasma was obtained from the
peripheral blood and stored at −80 °C until analysis.
2.7.2. Experiment 2 (administration of synthetic pyroGlu-Leu to
rat fed on high fat diet)
After the acclimatization period (1 week), 2 groups were fed on
normal diet (N) and the remaining 2 groups were fed on the high fat
diet. One N and one HF group received pyroGlu-Leu (at a dosage
of 0.1 mg/kg body weight), while the other 2 were treated with the
vehicle. These experimental groups were referred to as N, N+pEL,
HF, and HF+pEL, respectively. The rats were allowed free access
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Figure 1. Effects of water extracts of miso and synthetic pyroGlu-Leu on weight gain in 45% high fat diet-fed rats. The dose of pyroglutamyl peptides in
crude water extract of miso (CE), non-absorbed fraction (N-A), and pooled mixture of 10% and 30% ACN fractions (ACN) (a). Rats were fed on normal (open
column) and 45% high fat diet (closed column). Effect of miso extracts on body weight gain (b) and total calorie intake (c) in 45% high fat (HF) diet-fed rats. Effect of synthetic pyroGlu-Leu (0.1 mg/kg body weight) on body weight gain (d) and total calorie intake (e) in the rats. One-letter codes are used for all amino
acid residues in panel (a). For b–e, data are shown as mean ± SD (n = 4). * represents significant difference with p < 0.05, as estimated by Dunnett’s test vs HF.

to either the normal or high fat diet. Synthetic pyroGlu-Leu was
orally administered via drinking water. Drinking water containing
pyroGlu-Leu (0.36–0.83 mg/L) was prepared every week to administer pyroGlu-Leu at the above-mentioned dosage on the basis
of their water consumption of the previous week. After 5 weeks,
all rats were sacrificed by the same manner as described above.
2.7.3. Experiment 3 (administration of a synthetic mixture of hydrophobic pyroglutamyl peptides to rat fed on very high fat diet)
The major pyroglutamyl peptides in ACN (pyroGlu-Pro, pyroGlu-
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Val, pyroGlu-Ile, and pyroGlu-Leu) were synthesized and mixed in
the same proportion as that in the ACN. After the acclimatization
period (1 week), the rats were divided into 4 groups (n = 4 for each
group). One group was fed on normal diet (N). The other 3 groups
were fed on another solid type of very high fat diet (VHF; 60%
kcal/total kcal; D12492, Research Diets). The very high fat diet
groups were administered with the vehicle or the mixture of synthetic pyroglutamyl peptides in doses similar to their abundance in
ACN (Figure 1a) and in 10 times higher doses. These groups were
referred to as VHF, ×1 ACN-pep, and ×10 ACN-pep, respectively.
The synthetic pyroglutamyl peptide mixture was orally administered via drinking water. After 5 weeks, all rats were sacrificed in

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

Shirako et al.

Anti-obesity effect of pyroglutamyl peptides in miso

the same manner, as described above. The weight of epididymal
adipose tissue and liver were measured.
2.7.4. Experiment 4 (administration of synthetic pyroGlu-Leu to
rat fed on very high fat diet)
After the acclimatization period (1 week), 2 groups were fed on
normal diet (N) and the other 2 groups were fed on the very high
fat diet (n = 4 for each group) and treated as described in section
2.7.2. Synthetic pyroGlu-Leu was orally administered at a dosage
of 1 mg/kg body weight via drinking water by method described
above. After 5 weeks, all rats were sacrificed in the same manner
as described above. The weight of epididymal adipose tissue and
liver were measured in the sacrificed rats.
2.8. Blood analysis
Plasma aspartate aminotransferase (AST) and alanine aminotransferase (ALT) activities were determined by outsourcing to Oriental
Yeast. Plasma leptin and ghrelin levels were determined by ELISA kits (Rat Leptin Assay Kit, Immuno-Biological Laboratories,
Fujioka, Japan, and Rat Ghrelin ELISA Kit, MyBioSource, San
Diego, CA, USA) according to the manufacture’s instruction.
2.9. Statistical analysis
The results of the experiments were presented as mean ± standard
deviation (SD). In animal experiments 1 and 3, significant differences compared to the high fat diets group were evaluated by the
Dunnett’s test. On the other hand, significant differences by administration of pyoGlu-Leu in each diet group in animal experiments
2 and 4 were evaluated by the t-test. Differences associated with
p < 0.05 were considered significant. Differences associated with
0.05 < p < 0.1 were considered to show tendency. Statistical analysis was performed using GraphPad Prism version 6.04 (GraphPad
Software, San Diego, CA, USA).
3. Results
3.1. Identification and determination of pyroglutamyl peptides
abundance in miso
Pyroglutamyl peptides in soybean miso were analyzed by LC-MS
and LC-MS/MS in the precursor ion scan mode, targeting the immonium ion generated from the pyroglutamyl residue (m/z = 84.1).
Mass chromatograms were obtained by scanning across different
m/z ranges (50–150, 150–200, 200–250, 250–300, and 300–500) as
shown in Figure 2a–e. The mass chromatograms from the LC-MS/
MS (lower) were different from those from the LC-MS (upper),
with some peaks being observed only in the lower chromatograms.
Precursor ions corresponding to the peaks in the LC-MS/MS chromatograms (Figure 2, lower) were further analyzed by LC-MS/
MS in the product ion scan mode to elucidate the peptide primary
structure. The observed product ions including the immonium ones
are summarized in Table 1. Based on the precursor and product
ion scans, 13 pyroglutamyl di- and tri-peptides (pyroGlu-Gly,
pyroGlu-Ser, pyroGlu-Thr, pyroGlu-Asp, pyroGlu-Ala, pyroGluPro, pyroGlu-Val, pyroGlu-Ile/Leu, pyroGlu-Glu, pyroGlu-Gln,
pyroGlu-Gly-Ser, and pyroGlu-Phe) were identified (peaks a–m in

Figure 2, lower). Free pyroglutamic acid (peak x) and its methyl
(peak y) and ethyl (peak z) esters were also observed. Adduct formation with acetonitrile and proton were observed (marked with *)
for pyroglutamyl esters and pyroGlu-Ile/Leu. In addition, adduct
ions generated from 2 molecules of pyroglutamic acid, its esters,
and pyroGlu-Pro with single-proton were also observed (marked
with **). Most of the peaks observed by LC-MS/MS in the precursor ion scan mode, targeting immonium ions generated from the
pyroglutamyl residue, could be assigned to pyroglutamyl peptides
and their derivatives.
The presence of pyroglutamyl peptides, including pyroGlu-Ile
and pyroGlu-Leu, were confirmed by comparison with retention
times of synthetic peptides estimated by LC-MS/MS in the MRM
mode. The amounts of pyroglutamyl di-peptides in representative
commercially available miso are shown in Figure 3. Approximately 0.05–0.5 μmol/g of pyroglutamyl peptides were present in
these miso samples. Short aging type of rice miso showed lower
amounts of pyroglutamyl peptides compared to long aging types.
Abundances of some hydrophilic pyroglutamyl peptides (pyroGluAsp, pyroGlu-Glu, pyroGlu-Gln, and pyroGlu-Gly) and pyroGluPro were higher than those of the hydrophobic peptides (pyroGluVal, pyroGlu-Ile, and pyroGlu-Leu).
3.2. Effect of water extracts of miso and pyroGlu-Leu on 45%
high fat diet-induced obesity
As shown in Figure 1b and c, feeding with 45% high fat diet significantly increased body weight gain in rats compared to those fed
on a normal diet without increasing the calorie intake. Administration of crude water extracts of soybean miso (CE) significantly
suppressed the high fat diet-induced body weight gain, along with
a concomitant significant reduction in calorie intake. ACN administration was associated with significant suppression of high
fat diet-induced body weight gain; however, no significant differences were observed in total calorie intake. As shown in Figure 1a,
ACN was predominantly composed of pyroGlu-Pro, pyroGlu-Val,
pyroGlu-Ile, and pyroGlu-Leu, while pyroGlu-Pro was also found
in N-A. N-A administration had no discernible effect on high fat
diet-induced body weight gain in the rats.
As shown in Figure 1d and e, administration of pyroGlu-Leu
at a 0.1 mg/kg body weight dosage significantly suppressed high
fat diet-induced body weight gain in rats fed on 45% high fat diet,
without significant reduction in total calorie intake. These data
indicate that the hydrophobic pyroglutamyl peptides are, at least
partially, responsible for the suppression of high fat diet-induced
body weight gain induced by miso consumption. There were no
significant differences in plasma AST and ALT level between the
groups (data not shown).
3.3. Effect of synthetic hydrophobic pyroglutamyl peptides on
weight gain in rats fed on 60% very high fat diet
As shown in Figure 4a, rats maintained on the 60% VHF diet
showed a significant increase in body weight gain compared to
those fed on normal diet (N) without increasing calorie intake.
Increase in weight gain associated with the 60% very high fat
diet was higher than that associated with the 45% high fat diet.
Mixtures of synthetic pyroGlu-Pro, pyroGlu-Val, pyroGlu-Ile,
and pyroGlu-Leu (×1 ACN-pep and ×10 ACN-pep) were administered to the 60% high fat diet-fed rats for 5 weeks. As shown
in Figure 4a and b, administration of high dose of synthetic
peptide mixtures (×10 ACN-pep) tended to reduce high fat diet-
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Figure 2. Mass spectrometry chromatograms of pyroglutamyl peptide fraction of soybean miso acquired in the total (upper) and precursor (lower) ion
scan modes. Total ion intensity was monitored in the positive mode across the mass to charge ratio (m/z) range of 50–150 (a), 150–200 (b), 200–250 (c),
250–300 (d), and 300–500 (e) (total ion scan). In the precursor ion mode, precursor ions, which generated immonium ion of pyroglutamyl residue (m/z
= 84.1), were detected in the positive mode across the same range as the total ion scans. Peaks marked with alphabets (peak a–m and x–y) were further
subjected to MS/MS analysis (product ion scan).

induced body weight gain and total calorie intake (p = 0.07 and
0.05 for body weight gain and total calorie intake, respectively).
As shown in Figure 4c and d, administration of pyroGlu-Leu at
a 1 mg/kg body weight dosage has a similar suppressive effect
on very high fat diet-induced body weight gain, along with a
significant reduction in total calorie intake. However, synthetic
pyroGlu-Leu administration did not affect body weight gain and
total calorie intake in rats fed on a normal diet. Administration
of a high dose (×10 ACN-pep) of the mixture of 4 pyroglutamyl
peptides tended to decrease liver weight in rats fed on a high fat
diet, but did not significantly affect the epididymal adipose tissue
weight (Figure 5a and b). Administration of pyroGlu-Leu (1 mg/
kg) significantly decreased liver weight in rats fed on a very high
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fat diet, but not in rats fed on a normal diet (Figure 5c). PyroGluLeu also tended to decrease epididymal adipose tissue of the rat
fed high fat diet (Figure 5d).
In experiments 3 and 4, no significant differences in plasma
AST and ALT levels were observed across the groups, indicating
that negligible liver damage was induced in the course of these
experiments. The plasma leptin level was significantly higher
in the 60% high fat diet group compared to the normal diet one.
While administration of synthetic peptide mixtures at high dose
(×10 ACN-pep) and pyroGlu-Leu (1 mg/kg) to the very high fat
diet group tended to decrease total calorie intake, administration
of these peptides did not influence plasma leptin and ghrelin levels
(data not shown).
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Table 1. Sequences of pyroglutamyl peptides and derivatives in miso

Peak

Sequence

Precursor
Product ions (m/z)
ions (m/z)

a

pyroGlu-Gly

187.1

28 (pyroGlua), 30 (Glya), 41, 56 (pyroGlua), 76 (y1), 84 (pyroGlua)

b

pyroGlu-Ser

217.1

28, 41, 56 (pyroGlua), 60 (Sera),30 (Glya), 84 (pyroGlua), 88 (z1), 106 (y1)

c

pyroGlu-Thr

231.2

41, 56 (pyroGlua), 74 (Thra), 84 (pyroGlua), 102 (z1), 120 (y1)

d

pyroGlu-Asp

245.3

70 (Aspa)

e

pyroGlu-Ala

201.2

41 (pyroGlua), 44 (Alaa), 56, 84 (pyroGlua), 90 (y1)

f

pyroGlu-Pro

227.2

41, 56 (pyroGlua), 70 (Proa), 84 (pyroGlua), 116 (y1), 181 (a2)

g

pyroGlu-Val

229.2

41, 56 (pyroGlua), 72 (Vala), 84 (pyroGlua), 118 (y1)

h

pyroGlu-Ile

243.2

28, 41, 56, 84 (pyroGlua), 86 (Ilea), 132 (y1)

i

pyroGlu-Leu

243.2

28, 41, 56, 84 (pyroGlua), 86 (Leua), 132 (y1)

j

pyroGlu-Glu

259.2

41, 84 (pyroGlua), 130 (z1)

k

pyroGlu-Gln

258.2

84 (pyroGlua), 129 (Glna), 130 (z1)

l

pyroGlu-Gly-Ser

274.2

41, 84 (pyroGlua), 256 (b3)

m

pyroGlu-Phe

277.2

41, 56, 84 (pyroGlua), 120 (Phea), 166 (y1)

x

pyroglutamic acid

130.1

28, 41, 56, 84 (pyroGlua)

y

pyroglutamic acid methyl ester

144.1

28, 41, 56, 84 (pyroGlua)

y*

pyroglutamic acid methyl ester+CH3CN

185.1

28, 41, 56, 84 (pyroGlua), 144 (peak y)

z

pyroglutamic acid ethyl ester

158.1

28, 41, 56, 84 (pyroGlua)

z*

pyroglutamic acid ethyl ester+CH3CN

199.1

28, 41, 56, 84 (pyroGlua), 158 (peak z)

x**

Two pyroglutamic acid

259.2

41, 56, 84 (pyroGlua), 130 (peak x)

y**

Two pyroglutamic acid methyl ester

287.3

41, 56, 84 (pyroGlua), 144 (peak y)

h*

pyroGlu-Ile+CH3CN

284.2

41, 56, 84 (pyroGlua), 132 (Ile y1), 243 (peak h)

i*

pyroGlu-Leu+CH3CN

284.2

41, 56, 84 (pyroGlua), 132 (Leu y1), 243 (peak i)

f**

Two pyroGlu-Pro

453.3

70 (Proa), 84 (pyroGlua), 116 (Pro y1), 227 (peak f)

z**

Two pyroglutamic acid ethyl ester

315.2

84 (pyroGlua), 130 (peak x), 158 (peak z)

Refer Figure 2 for peak name. The pyroglutamyl residue is represented as pyroGlu. Adduct ions with acetonitrile and proton are marked with *. Adduct ions consisting of two
molecules and a proton are marked with **. a represents immonium ion and related ions of amino acid.

Figure 3. Amount of pyroglutamyl di-peptides in 4 types of miso. Short aging and long aging types of rice miso (A, B, C, and D), barley miso, and soybean
miso were analyzed by LC-MS/MS in the MRM mode. Data are shown as the average (n = 3–6). The one-letter codes are used for all amino acid residues. pE
represents pyroglutamyl (pE) residue.
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Figure 4. Effect of synthetic pyroglutamyl peptides on weight gain in 60% very high fat diet-fed rats. Rats were fed on normal (open column) and 60% very
high fat diet (closed column). Effect of a mixture of hydrophobic synthetic pyroglutamyl peptides (pEP, pEV, pEI, and pEL) at doses corresponding to those
in ACN (×1 ACN-pep) and 10 times higher (×10 ACN-pep) on body weight gain (a) and total calorie intake (b) in rats fed on 60% very HF diet (VHF). Effect of
synthetic pyroGlu-Leu (1 mg/kg body weight) on body weight gain (c) and total calorie intake (d). Data are shown as mean ± SD (n = 4). For the mixture of
hydrophobic pyroglutamyl peptides, * represents significant difference with p < 0.05, as estimated by Dunnett’s test vs VHF. For pyroGlu-Leu, * represents
significant difference with p < 0.05, as estimated by t-test between each diet group.

4. Discussion
We have previously demonstrated the presence of pyroglutamyl
peptides in food protein hydrolysates (Sato et al., 1998, 2013;
Ejima et al., 2018) and the Japanese rice wine, sake (Kiyono et
al., 2013). Pyroglutamyl peptides with known structure such as
pyroGlu-Leu have also been detected in other fermented foods
including miso using LC-MS/MS in the MRM mode (Sato and
Kiyono, 2017). However, the unambiguous detection of pyroglutamyl peptides with unknown structures in a complex food matrix
such as miso is complicated due to presence of multiple substances
in the latter. In this preliminary experiment, compounds present in
miso were pre-fractionated using size exclusion chromatography
(SEC), followed by separation and detection by LC-MS analysis.
However, most of the peaks in the LC-MS chromatograms of SEC
fractions could not be assigned to pyroglutamyl peptides (data not
shown). To circumvent this problem, LC-MS/MS in the precursor
ion scan mode, targeting immonium ion of pyroglutamyl residue
(m/z = 84.1), was performed in narrow scan ranges. As shown in
Figure 2, all peaks, obtained by precursor ion scans were well resolved and could be assigned to pyroglutamyl peptides and their
derivatives (Table 1). Consequently, 13 pyroglutamyl peptides
and 11 related ions were identified without the SEC-mediated prefractionation step. The precursor ion scan method targeting immo-
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nium ion of pyroglutamyl residue could, therefore, be useful for
the detection of pyroglutamyl peptides with unknown structures in
a complex food matrix.
Okouchi et al. (2019) reported that miso supplementation to
normal diet (5% fat) at amounts similar to its proportion in Japanese diet in 1975 significantly decreased epididymal adipose tissue weight and adipocyte sizes of mice compared to control, while
there was no significant change in body weight gain. The present
study demonstrates that administration of a crude water extract
prepared from soybean miso (0.6 g miso/kg body weight of rat)
suppressed body weight gain in rats fed on 45% high fat diet. The
dosage of 0.6 g miso/kg body weight corresponds to consumption of 3 cups of miso soup/day (3 × 12 g miso/cup/60 kg of body
weight). These results suggest that daily intake of miso could have
a beneficial effect on human health. The hydrophobic compounds
without primary and secondary amines in the crude water extract
of miso were responsible for the observed suppression of weight
gain (Figure 1b), and contained pyroGlu-Pro, pyroGlu-Val, pyroGlu-Ile, and pyroGlu-Leu; their dose were 10–30 μg/kg body
weight/day. Administration of synthetic pyroGlu-Leu at a 100 μg/
kg body weight dose, approximately corresponding to the sum of
the 4 pyroglutamyl peptides, also suppressed body weight gain in
45% high fat diet-fed rats. Very high fat (60%) diet significantly
increased body weight gain compared to the 45% high fat diet. A
mixture of the 4 synthetic hydrophobic short-chain pyroglutamyl
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Figure 5. The effect of pyroglutamyl peptides on weight of epididymal adipose tissue and liver in 60% very high fat diet-fed rats. Rats were fed on normal
(open column) and 60% very high fat diet (closed column). Refer the legends for Figure 4 for abbreviation. The effect of mixture of hydrophobic pyroglutamyl peptides (pEP, pEV, pEI, and pEL) on weight of liver (a) and epididymal adipose tissue (b). The effect of synthetic pyroGlu-Leu (1 mg/kg body weight) on
weight of liver (c) and epididymal adipose tissue (d). Data are shown as mean ± SD (n = 4). For mixture of hydrophobic pyroglutamyl peptides, * represents
significant difference with p < 0.05, as estimated by Dunnett’s test vs VHF. For pyroGlu-Leu, * represents significant differences with p < 0.05, as estimated
by t-test between each diet group.

peptides (×10 ACN-pep) tended to inhibit weight gain in rats fed on
the 60% very high fat diet (Figure 4a) at a 10 times higher dose for
the 45% high fat diet-fed rats (doses of ACN in Figure 1b and ×1
ACN-pep in Figure 4a). In addition, administration with the mixture of synthetic peptides (×10 ACN-pep) tended to reduce calorie
intake, while no significant effects were observed at the same dose
for the 45% high fat diet-fed rats (doses of ACN in Figure 1b and
×1 ACN-pep in Figure 4a). PyroGlu-Leu also tended to suppress
the increase of body weight at a 10 times higher dose (1 mg/kg
body weight) with a significant reduction in calorie intake. On the
contrary, pyroGlu-Leu (1 mg/kg body weight) had no significant
effect on body weight gain and calorie intake of rats fed on normal
diet (12.8% fat). In addition, administration of synthetic pyroglutamyl peptides and miso fraction did not increase plasma AST and
ALT levels (data not shown). Moreover, there were no significant
differences in water intake (data not shown). Therefore, the reduction in high fat diet-induced body weight gain was not due to toxic
effects of synthetic peptides and any related impurities, if present.
The short-chain hydrophobic pyroglutamyl peptides are capable of
suppressing high fat diet-induced body weight gain with a reduction in calorie intake in a dose-dependent manner, while there is no
effect on the body weights of rats fed on normal diet. According to
the Ministry of Health, Labour and Welfare in Japan, the average
consumption of fat in Japan contributes to approximately 28.3% of
the total in calorie intake. Our results suggest that the short-chain
hydrophobic pyroglutamyl peptides ingested by daily consump-

tion of miso could prevent obesity in Japanese people induced by
a fat-rich diet. A well-designed human clinical trial needs to be
performed to prove this hypothesis.
It is difficult to elucidate the mechanism underlying the suppression of body weight gain in rats fed on high fat diet by the
chronic administration of a very low dose of peptides. First, the effects of pyroglutamyl peptides on appetite-related hormones were
evaluated. Leptin and ghrelin are known to control food intake
(Klok et al., 2007). Leptin is a hormone mainly produced by the
adipose tissue (Klok et al., 2007), which decreases appetite and
body weight (Farooqi et al., 2001; Licinio et al., 2004). On the
other hand, ghrelin is a hormone mainly produced by the stomach
(Klok et al., 2007), which stimulates food intake and weight gain
in rats (Nakazato et al., 2001), and increases appetite in humans
(Wren et al., 2000). However, administration of hydrophobic pyroglutamyl peptides did not exert any significant effect on the plasma
levels of these hormones at sacrifice (data not shown). However,
chronological changes of these hormones in each group were not
examined. Further studies on the effects of these short-chain hydrophobic pyroglutamyl peptides on chronological changes in the
appetite-related hormones should be examined. Alternatively, the
short chain hydrophobic pyroglutamyl peptides might act on vagal
nerve and central brain system. Goswami et al. (2018) have reported that injection of short-chain fatty acid (SCFA) suppresses food
intake via stimulating vagal afferent signaling, which provides
novel target to treat obesity and metabolic syndrome. Furthermore,
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Kozuka et al. (2012) reported that brown rice reduces the preference for dietary fat in mice. They also revealed that γ-oryzanol in
brown rice is responsible for this effect via suppression of high
fat diet-induced hypothalamic endoplasmic reticulum stress and
brain reward system stimulated by animal fat (Kozuka et al., 2012;
Kozuka et al., 2017). Further studies on the effects of these shortchain hydrophobic pyroglutamyl peptides on consumption of high
fat diet without going through appetite hormone are now investigated.
A high fat diet has been shown to increase the abundance of Firmicutes and decrease the abundance of Bacteroidetes in gut microbiota in animal models (Zhang et al., 2012; Shirako et al., 2019).
Firmicutes is known to increase host energy intake by converting indigestible substances in the gut to substances accessible to
the host digestive system (Bäckhed et al., 2005; Turnbaugh et al.,
2006). In addition, obese people have lower abundance of Bacteroidetes and higher abundance of Firmicutes in their gut compared
to lean people (Ley et al., 2006). Therefore, gut microbiota can
modulate obesity. We have earlier demonstrated that the administration of 1 mg/kg body weight of pyroGlu-Leu attenuates high
fat (60%) diet-induced dysbiosis in rats by increasing host antimicrobial peptide (Shirako et al., 2019). These facts suggest that
administration of short-chain hydrophobic pyroglutamyl peptides
present in miso could represent a potential dietary approach to curb
obesity via the modulation of gut microbiota. Effects of miso consumption on human gut microbiota need to be examined for this.
5. Conclusion
In this study, a newly developed LC-MS/MS method, based on
targeting immonium ion of puroglutamyl residue in the precursor
ion scan mode, revealed the presence of 13 types of pyroglutamyl
peptides in miso, one of the traditional fermented food popular in
Japan. In addition, administration of the hydrophobic pyroglutamyl peptide fraction of miso, including pyroGlu-Pro, pyroGlu-Val,
pyroGlu-Ile, and pyroGlu-Leu, suppressed weight gain in 45%
high fat diet-fed rats. The administration of pyroGlu-Leu at an
approximate sum of the dosage of short-chain hydrophobic pyroglutamyl peptides (0.1 and 1 mg/kg body weight) also showed a
similar suppressive effect in rats fed with high (45%) and very high
fat (60%) diets. These findings suggest that the intake of hydrophobic pyroglutamyl peptides obtained by daily consumption of miso
could be potentially useful to counter obesity.
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Abstract
To investigate the negative rate and effectiveness of black raspberry extract in clearing persistent infection with
human papilloma virus (HPV), three hundred cases are included in the multicenter, randomized, double-blind,
placebo-controlled trial. The distribution ratio of the tested group versus the control group is 2: 1 and the subject
patients were given a preparation in the vagina before bed every other day, each dose was 3 g containing black
raspberry extract (tested group) or placebo (control group). SPSS 20.0 was used for statistical analysis. Differences
between groups were analyzed by the Rank Sum method or Chi-square method. The results showed that 191 subjects in the tested group completed the trial, of which 139 subjects (72.8%) were identified to have an effective
clearance of HPV; 95 subjects in the control group completed the trial, of which only 15 subjects (15.8%) were
identified to have effective clearance of HPV. The difference between the two groups was statistically significant
(χ2 = 82.9, P < 0.001). The HPV viral load of the tested group was decreased from 224.7 RLU/CO to 88.6 RLU/CO
whereas HPV viral load of the control group was ascended from 218.4 RLU/CO to 266.1 RLU/CO. Thus, the present
clinical observation suggested that black raspberry extract may be a potential candidate in targeting persistent
infection with HPV.
Keywords: Human papillomavirus virus; Cervical cancer; Black raspberry extract.

1. Introduction
Human papillomavirus (HPV) infects epithelial cells of human skin
and mucosa tissues, especially in the genitalia of men and women.
HPV infection can lead to condyloma acuminatum, cervical erosion,
chronic cervicitis, and even tumors (Wardak, 2016). As one of the
most common malignant tumors in women, the incidence rate of
cervical cancer is only inferior to that of breast cancer and colorectal
cancer (Chan, 2012). In China, an estimated 135,000 new cases and
80,000 deaths from cervical cancer per year. Epidemiological and
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molecular biological studies have confirmed that persistent infection
of high-risk human papillomavirus (HPV) is a necessary condition
for the occurrence of cervical cancer (Yang, 2013). According to statistics, 99.7% of cervical cancer is caused by persistent HPV infection (Walboomers et al., 1999). Therefore, control of HPV infection
is the key to the prevention and treatment of cervical cancer.
At present, there are few drugs effectively controlling HPV infection in the world except for the preventive vaccine (Nicol et al.,
2015). It has been clinically confirmed that the HPV vaccine can
almost 100% prevent the infection of some HPV strains. However,
the current vaccines do not cover all types of virus strains to thor-
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oughly prevent the infection of HPV. As for treatment, laser microwave and drug are mainly used. The negative rate remains low
in patients albeit with a long course of drug treatment. Invasive
Laser microwave therapy is constrained due to local wound and
infection. Therefore, it is urgent to develop products and biological
agents effectively against HPV infection.
A number of basic researches and animal experiments have confirmed that black raspberry and its active ingredients have a chemopreventive effect on the tumor. Hecht et al. (2006) identified that
the active compounds of the black raspberry extract by high-performance liquid chromatography are mainly cyanidin-3-O-glucoside,
cyanidin 3-O-(2G-xylosylrutinoside) and cyanidin 3-O-rutinoside.
These chemical components from raspberry are promising inhibitors to target BPDE-induced NF-κB activation. Wang et al. (2009)
confirmed that black raspberry anthocyanins inhibit the occurrence
of chemically induced esophageal cancer in rats. In recent years,
it has been reported that black raspberry extract effectively target
a panel of cancer cells such as human oral cancer cells, colorectal
cancer cells, and cervical cancer cells (Rodrigo et al., 2006; Cho
et al., 2015; Zhang et al., 2011). Notably, mounting evidence suggested that black raspberry extract potentially target a number of
viruses such as influenza A virus and norovirus (Baatartsogt et al.,
2016; Lee et al., 2016b). Therefore, formulated preparation of black
raspberry extract might be suitable for HPV.
In this study, we tried to investigate the effect of the formulated
black raspberry extract gel on remove of HPV virus to patients
with persistent human papilloma virus infection.

tory histopathology.
Female adults with sexual activity.
The patients should have proper nutritional status, body mass
index ≥ 18 kg/m2, body weight > 40 kg, serum albumin ≥ 3 g/dL.
Patients should be easy to accept the study and participate in
follow-up. Patients who participated in the trial must be followed
up in the research center where they participated. This means that
patients participating in the trial must have reasonable geographical restrictions. The investigator should ensure that the patients
randomly enrolled in the study can complete all the studies, HPV
virus evaluation, adverse event evaluation and follow-up.
Patients participating in other clinical trials simultaneously during the study are not included.
Informed consent must be signed by the patient.
3. Drug administration and virus assessments
Cervical cells of all subjects were taken for HPV DNA test, HPV
E6/E7 mRNA detection, TCT test, secretion test, epidemiological examination, and quality of life assessment form 1 day before
the study. Every subject conducted 3 g gel administration Quaque
Other Die (qod) for 3 months, except for the menstrual period. The
administration periodically conducted for 20 days and ceased for
10 days within 3 months. After that, all the subjects received determinations for TCT, HPV DNA, HPV E6/E7 mRNA and secretion.
4. Evaluation criteria of study endpoint

2. Materials and methods

4.1. HPV clearance negative rate and effective rate evaluation
standard

2.1. Formulated black raspberry extract gel
The gel (SanuGene Vaginal Gel) applied in the test group is mainly composed of black raspberry extract, lactoglobulin, gel matrix
and other components. Accordingly, the gel applied in the control
group is just without black raspberry extract. The gels were provided free of charge by Medicare Biotechnology (Tianjin) Co.,
Ltd. The study Is completely independent and the company has no
declared requests or interest conflicts.
2.2. Subjects

Turn negative: HPV E6/E7 mRNA and HPV DNA test turned negative (3 points).
Remarkable effect: the viral load of HPV DNA detection was
reduced by two or more orders of magnitude (2 points).
Improvement: the viral load of HPV DNA detection decreased
by an order of magnitude (1 point).
Ineffective: HPV E6/E7 mRNA and HPV DNA detection did
not turn negative, and HPV viral load did not decrease or aggravate
(0 point).
4.2. Secondary evaluation criteria

The 300 outpatients with HPV infection were recruited in the clinical
observation confirmed by HPV E6/E7 mRNA or HPV DNA test and
were divided into test group (n = 200) and control group (n = 100).
These patients were detected in Tianjin Cancer Hospital, Tianjin
Heping District Obstetrics and Gynecology Hospital, Tianjin Central
maternity hospital, the fourth hospital of Hebei Medical University,
and Harbin cancer hospital. The mean age of the participants was
similar in both cohorts, 37.73 ± 3.67 and 36.36 ± 4.89 years in the
control and rtest cohorts, respectively. The trial is approved by the
medical ethic committees of Tianjin Medical University Cancer Institute and Hospital (Ethic Approval Protocol Number: E2018260).

No inflammation was detected by TCT (2 points).
TCT was used to detect inflammation by one level or more (1
point).
TCT test showed that the inflammatory phenomenon aggravated or decreased by less than one level (0 point).
Secretion: normal (1 point), abnormal (−1 point).
Recovery: 3 points.
Remarkable effect: the score is 2 points.
Invalid: score ≤1 point.

2.3. Inclusion criteria

4.3. Statistics

The detection of HPV E6/E7 mRNA or HPV DNA positively lasted for more than 6 months.
Cervical cytology is negative or inflammatory.
The patients with ASC-US or LISL showed cervical inflamma-

The subjects in each group were described by means and frequency
counting methods. SPSS (version 20.0) software was used for all
statistical analysis. The difference between groups was analyzed
by the rank-sum test or chi-square test. It was considered that a P
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Table 1. Comparison of effective clearance of HPV between two groups

Test group

Control group

Number of participants

200

100

Number of clinical trials completed

191

95

Number of HPV positive patients before the test (%)

191 (100%)

95 (100%)

Effective number of HPV clearance after test (%)

139 (72.8%)

15 (15.8%)

X2,

X2

P

82.9

<0.001

Chi-square value; P, P value.

Table 2. The average viral load of HPV was compared before and after the two sets of tests

Test group (RLU/CO)

Control group (RLU/CO)

Z

P

Before the test

224.7

218.4

0.762

0.446

After the test

88.6

266.1

7.551

<0.001

Z, Rank sum; P, P value.

value less than 0.05 was statistically significant.

was detected by HPV DNA quantitative method. Before the experiment, the average viral load of 191 subjects in the test group
was 224.7 RLU/Co, while the average viral load of each person in
the control group was 218.4 RLU/Co. After the test, the average
viral load of each person in the test group decreased to 88.6 RLU/
CO. The control group had an increase in the average viral load of
HPV to 266.1 RLU/CO. These data prove that the black raspberry
extract can effectively reduce the viral load in patients and even
eliminate them directly.

5. Results
5.1. Black raspberry extract can effectively prevent persistent
HPV infection
In this study, no serious side effects, including burning, tingling or
other serious symptoms, were observed. Black raspberry extract is
generally considered to be more comfortable, soft and moist in the
body. The results of HPV clearance efficiency in the test group and
control group are shown in Table 1.
As shown in Table 1, 191 patients in the test group completed
the test, of which 139 patients had HPV effectively eliminated after using the black raspberry extract preparation. In the placebo
control group, 5 patients were dropped off and 95 patients completed the test with 15 patients effectively cleared HPV virus. The
chi-square test showed that the test group and the control group
had a significant difference (P < 0.001). Therefore, black raspberry
extract can effectively eliminate persistent HPV infection.

5.3. Effect of black raspberry extract on vaginal microecology
As shown in Table 3, we studied the effect of the black raspberry
extract on vaginal microecology. Before the experiment, the vaginal microecology of the test group and the control group had different proportions of abnormalities, including bacterial vaginitis, abnormal vaginal pH, increased vaginal cleanliness index, abnormal
white blood cell count of vaginal secretions, and esterase activity
of leukocyte. After the three-month treatment of black raspberry
extract, although there was no significant difference in vaginal
pH, white blood cell count, and esterase activity of leukocyte (P >
0.05), the percentage of bacterial vaginitis decreased greatly from
20.9% to 7.9%, which was significantly lower than the control
group with a value of 18.9% (P < 0.05). The significant difference
of vaginal cleanliness was also observed between test and control
groups, with the percentage of 29.3% and 94.7%, respectively (P
< 0.05). These results confirm that black raspberry extract has the

5.2. The viral load of HPV decreased significantly after using
black raspberry extract
As shown in Table 2, the HPV DNA viral load of each subject
Table 3. The distribution and proportion of vaginal micro-ecological indicators

Number of abnormal vaginal samples (%)

Index

Before the test

After the test

Test group

Control group

P

Test group

Control group

P

Vaginal pH

126 (65.9%)

61 (64.2%)

0.768

96 (50.3%)

54 (56.8%)

0.316

bacterial vaginitis

40 (20.9%)

24 (25.3%)

0.409

15 (7.9%)

18 (18.9%)

<0.05

Vaginal cleanliness

163 (85.3%)

80 (84.2%)

0.861

56 (29.3%)

90 (94.7%)

<0.05

White blood cell count of vaginal secretion

171 (89.5%)

87 (91.6%)

0.583

164 (85.9%)

89 (93.7%)

0.075

Esterase activity of leukocyte

168 (87.9%)

89 (93.7%)

0.131

148 (77.5%)

83 (87.4%)

0.056

P, P value.
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effect of improving vaginal micro ecological environment.
6. Discussion
Human papillomavirus infection is the main cause of cervical
squamous intraepithelial neoplasia and cervical cancer, and persistent high-risk HPV infection is a necessary condition for the
occurrence of cervical cancer (Yang, 2013). The risk of HPV infection in a woman’s life is 80%. Most HPV infections are transient
and can be cleared by the immune system. However, 10–15% of
patients can not clear HPV virus in time, resulting in persistent
infection of HPV virus, cervical cell lesions, and even developing
into cervical cancer (Thomas et al., 2002). The speculated population of female with HPV infection might be with a quite large
base in China. The exact reasons mainly include: 1) women have a
long-term lifetime probability of being infected with HPV as even
high as 80%∼90%; 2) according to a recent report from China (Lu
et al., 2020), 110,650 new cancer cases and 36,714 cancer deaths
in China were attributable to HPV infection in 2015; 3) although
HPV vaccination into immunization program are well performed
in the world, the actual HPV vaccination for Chinese adolescent
women had just begun in recent year. Therefore, active prevention and treatment of HPV infection are necessary to prevent and
reduce the occurrence of cervical cancer.
Black raspberry contains a variety of bioactive compounds belonging to polyphenols, which are efficient free radical scavengers
and related to tumor chemoprevention and virus clearance (Pan et
al., 2017). Through the antioxidant system, black raspberry powder
and extract can reduce the growth rate of precancerous cells, promote cell apoptosis and cell differentiation, reduce inflammation
and angiogenesis, eliminate the damage of oxygen free radical accumulation on DNA, reduce the risk of carcinogenesis, and restore
the metabolic function of cells. Interestingly, polyphenolic compounds derived from black raspberry extract, cyanidin-3-glucoside
and gallic acid, were identified to have inhibitory effects against
influenza A and B type viruses and food-borne murine norovirus-1
and feline calicivirus-F9 (Lee et al., 2016a; Lee et al., 2016b).
Meanwhile, some studies have found that chemically modified lactoglobulin has highly effective conjugate activity to HPV6,
HPV16, and HPV18 typing (Lu et al., 2013) and can be used as an
auxiliary treatment and prevention of HPV infection. In addition,
bovine β-lactoglobulin modified by 3-hydroxyphthalic anhydride
has the potential to inhibit human immunodeficiency virus (HIV),
HIV, HSV-1, HSV-2 and some chlamydia (Jiang et al., 1996; Neurath et al., 1998). These auxiliary antiviral activities were related
to the percentage of lysine and arginine residues on lactoglobulin.
The chemically modified lactoglobulin was no cytotoxicity at a
concentration of 1 mg/ml and was highly stable at room temperature and 37 °C for at least 12 weeks. As for gel applied in this
study, lactoglobulin is acidic under the action of raspberry powder. The acidified lactoglobulin carries a large number of negative
charges on its surface, binding to human papillomavirus HPV L1
which has a large number of positively charged regions and forming a complex. Therefore, after adsorption, the virus cannot bind
to the transport glycoprotein on the cell surface or enter the cell
to form a new infection, leading to the blocking of the infection
pathway of human papillomavirus. In line with these reports, our
present observation indicated that the black raspberry extract gel
containing chemically modified lactoglobulin has potential as an
effective and safe antiviral strategy for HPV infection.
In summary, our present preliminary clinical observation seems
to promote that the black raspberry extract gel showed some prom-

ising in targeting HPV prevention and clearance. Certainly, indepth study regarding the effective compounds and mechanisms
of black raspberry extract and more stringent and comprehensive
double-blind randomized controlled trials are obviously worthy of
conducting in future.
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