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A scientific round table was held on March 16, 2022 to discuss
the role of food science, nutrition and bioactive compounds on upregulating the body’s immune system against SARS-CoV-2. The
panel from an international group of experts in food science, nutrition, microbiology and medicine provided the latest scientific
information associated with the COVID-19 pandemic. The roundtable was organised by the Dr Chin-Kun Wang of the Academy
Executive Council chaired by Dr. Aman Wrakartakusumah (Indonesia) and Charles Aworth (Nigeria). The session was concluded
by a question and answer period with a summary from Dr. Roger
Clemens (USA).
Dr. Narain Naidu, from the USA, emphasized that COVID-19
is a virus-induced ‘host metabolic reprogram’ (HMR) with clinical onset of iron (Fe)-redox dysregulation (FeRD). He noted that
the severe imbalance in iron metabolism among SARS-CoV-2 infected individuals is prominent during all three symptomatic (mild,
moderate to severe) clinical phases of COVID-19. Accordingly,
the Fe-redox restoration is a host biomarker-driven potential combat strategy for an effective clinical and post-recovery management of COVID-19.
Dr. Chin-Kun Wang, from Taiwan, outlined the role of various
“functional foods/nutraceuticals” and a balanced diet rich in various nutrients (i.e., vitamin C, vitamin D, omega 3 polyunsaturated
fatty acids, probiotics, and zinc) in restoring and reducing the risk
of COVID-19-related health problems. He also presented the results of his ongoing clinical research on electrolyzed (redox) water
as an effective antimicrobial intervention to reduce the risks and

comorbidities associated with COVID-19.
Dr. Fereidoon Shahidi, from Canada, suggested that phenolic
and polyphenolic compounds have the potential to strengthen antioxidant defenses, decrease viral entry, inhibit the binding of virus
to its angiotensin-converting enzyme 2 (ACE2) receptor, upregulate the immune system, and reduce COVID-19 cytokine storm.
Dietary compounds/mixtures/extracts that are able to offer this
inhibition may serve as intervention targets for COVID-19. These
interactions need validation and quantification through clinical research before specific recommendations can be advanced.
Dr. Kenji Sato, from Japan, explained the potential of specific
bioactive peptides to decrease risk factors for COVID-19. He explained the ability of specific bioactive peptides to decrease angiotensin II, the host inflammatory peptide. He also suggested that
oral administration of glutathione (GSH) and its precursor N-acetylcysteine (NAC) may, depending on one’s genetics, ameliorate
hypo-glutathione in COVID-10 positive individuals and possibly
decrease disease severity.
This Scientific Roundtable Discussion (SRD), one of an ongoing
series initiated by IUFoST, was organised and hosted by IAFoST,
the International Academy of Food Science and Technology. Outcomes include publication of findings by speakers and panelists
in a future publication in the Journal of Food Bioactives (JFB),
the official journal of the International Society for Nutraceuticals
and Functional Foods (ISNFF) and the IUFoST and further interdisciplinary work among interested scientists and stakeholders in
food science, nutrition and medical sciences.
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Abstract
Theaflavins in black tea and other fermented tea have attracted many studies because of their stronger antioxidant and anti-inflammatory effects among bioactives other than catechins. However, within the four major
theaflavins, namely theaflavin, theaflavin-3-O-gallate, theaflavin-3′-O-gallate and theaflavin-3,3′-O,O-digallate,
their biological properties are different. A method to efficiently and selectively synthesize targeted theaflavins
with desired property is a key condition for further evaluation. Herein, we have summarized the sources of polyphenol oxidase (PPO) and the yields of total and individual theaflavins based on some available publications. This
overview lays the foundation for a comprehensive review in this area of researchin the near future.
Keywords: Theaflavins; Polyphenol oxidase; Catechins; Theaflavin monogallate; Theaflavin digallate; Anti-inflammation.

1. Introduction
Tea is the most consumed functional beverage in the world, among
which black tea is the most popular tea and accounts for 78% of
the overall tea industry. The major polyphenols in black tea consists of theaflavins and catechins. The chemical components of
black tea have high amount of green tea catechins (4–15%) and
theaflavins are usually between 0.5 and 2% by dry weight. Major
theaflavins are theaflavin (TF1), theaflavin-3-O-gallate (TF2a),
theaflavin-3′-O-gallate (TF2b) and theaflavin-3,3′-O,O-digallate
(TF3). Although to a lesser degree as compared to green tea,
black tea also contain major catechins, including (−)-epicatechin
(EC), (−)-epicatechin gallate (ECG), (−)-epigallocatechin (EGC)
and (−)-epigallocatechin gallate (EGCG) (Li et al., 2013; 2021).
Catechins and theaflavins are reported to be the chief contributors to the biological activity of black tea by additive or synergistic effects.
The health-promotional properties of black tea and its major
theaflavin components include antioxidant (de Majia, RamirezMares and Puangpraphant, 2009; Xu, et al., 2021), anti-inflamma-
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tory (Arent et al., 2010; Gosslau et al., 2011), anti-cancer (Yang et
al., 2009; Pan et al., 2013), cardioprotective (Stangl et al., 2007;
Santesso and Manheimer, 2014) effects as well as controling of
obesity and metabolic syndrome, among others (Lin et al., 2007;
Tang et al., 2013; Vermeer et al., 2008).
2. Formation of theaflavins
Despite the fact that manufacturing process of black tea is traditionally termed as fermentation of green tea, it is actually a first
order oxidation reaction under the catalysis of polyphenol oxidase
and peroxidase followed by a polymerization of the oxidized quinones. This is a completely different process from microbial fermentation that produces ethanol and vinegar from crops and soy
sauce from soybean. As mentioned above, theaflavin formation
undergoes oxidation and polymerization, two simplified steps (Li
et al., 2013). The first step is the oxidation reaction (Figure 1),
i.e. green tea catechins, particularly EGC and EGCG are partially
oxidized to quinones under the catalysis of polyphenol oxidase

Copyright: © 2022 International Society for Nutraceuticals and Functional Foods.
All rights reserved.
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Figure 1. Formation of black tea theaflavins.

(PPO, EC1.14.18.1) and/or peroxidase (POD, EC1.11.1.7). PPO
and POD exist naturally in fresh tea leaves, fruits and vegatables.
3. Examples of PPO sources from plants and microorganisms
The initial enzyme-catalyzed oxidation is a key step and, therefore
the existence of PPO/POD in plants or microorganisms crucial for
this process. Many studies have found that the sources of PPO and
POD play very important roles in multiple aspects, such as yields,
conversion rate and composition/ratio of individual theaflavins
such as TF1, TF2a, TF2b and TF3. Traditionally, the source from
fresh green tea leaves is used in the ‘fermentation’ process to produce black tea. However, there are limitations to rely solely on tea
PPO/POD, such as the off season time of tea harvesting and low
conversion yields from green tea catechins to black tea theaflavins.
However, it is reported that PPO has greater efficacy than POD in
catalyzing the oxidation of catechins to their corresponding quinones (Jiang et al., 2018). Therefore, other sources of PPO have
been explored from vegetables, fruits, mushrooms and microbes
(Lin et al., 2017; Sang et al., 2011). Examples of PPO derived from
different sources are listed in Table 1. As seen in Table 1, the optimal conditions to obtain maximum yields of theaflavins, including
temperature, pH, time and concentration, are different from one
source of enzyme to another. For instance, between the two different tea leaves, the synthesized content of theaflavins catalyzed by
the PPO of C. sinensis is 38.8% higher than that of C. sinensis var.
assamica (Huang et al., 2017; Lin et al., 2017). Pear, Malus pumila
and Ipomoea batatas, especially pear (Echeveria ‘Sulli’) affords
the highest catalytic capacity (Wang et al., 2007).
4. Yields and ratios of major theaflavins influenced by different
sources of PPOs
Theaflavins in black tea or related products are important for
their biological activities as demonstrated by a proprietary 40%
theaflavins-containing black tea extract to induce a strong inhibition of pro-inflammatory markers. The markers considered were
COX-2, TNF-α, ICAM-1, IL-1β, IL-6, IL-8, NF-κB, C-JUN and
p53 and up-regulation of anti-inflammatory IL-10 in a cDNA and
oligomicroarray analysis by the use of a human cell-based monocyte-macrophage differentiation model (Arent et al., 2010; Li et

al., 2019). Therefore, sufficient content of theaflavins is a key for
black tea or its products to demonstrate efficacy against inflammation, among others. Furthermore, it is also evidenced that TF2
and TF3 are more effective in their bioactivities than TF1 (Gosslau
et al. 2011; Zhou et al., 2022). Hence, the content of total theaflavins and proportions of TF2 and/or TF3 are of great importance
in order to reach the desired functional bioactivity. The exploration has generally focused on the conversion yield of total theaflavins starting with green tea or catechins. Table 2 shows several
examples of the impact on the conversion efficiency to theaflavins
with different sources of PPO. It is evident that PPOs from pear
genus (Pyrus family) has high catalytic efficiency in producing total theaflavins regardless of enzyme activity. However, more than
65% of the theaflavins was TF1, which does not show any outstanding biofunctionality, indicating that enzymes from pear are
not good catalysts for theaflavin products with high percentage of
TF2 and TF3 (Wang et al., 2007). The combined contents of TF2
and TF3 are over 50% from tea PPOs (Camellia family), representing natural ‘fermentation’ of green tea, but overall transformation
yield of theaflavins is much lower than that of pear PPOs (Wang et
al., 2007; Li, 2006; Lin et al., 2017). Thus, more exploration and
optimization are needed to obtain high yield of total theaflavins
from tea PPOs. It is worth to pay special attention that two sources
of PPO can catalytically transfer catechins to very high percentages of TF2 and TF3. In particular, 54% of TF2a, 28% of TF2b
were obtained with the PPO from Malus pumila Mill (Lin et al.,
2017) and nearly 60% of TF2 and 37% of TF3, a total of 97% of
TF2 and TF3 combined, were generated with the catalysis of PPO
from Dioscoreae Rhizoma (Lin et al. 2017). Therefore, we have
learned from the limited reports that there are options to selectively
produce high percentages of TF1, TF2a, TF2b or TF3 with a careful selection of PPOs from different sources, but further optimization of conversion yield and reaction conditions are warranted to
reach the desired goals.
5. Conclusion
Theaflavins as a whole have a multitude of biological activities,
but different theaflavins, i.e. TF1, TF2 and TF3, have demonstrated
different potency in various biological assays. TF2 and TF3 have
possess better efficacy than TF1). In preparation of theaflavin-rich
black tea or its related products, aside from the ratios of natural
catechins, PPO plays a key role in the synthesis of theaflavins.
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fruit
fruit
Fruit
Fruit
Fresh potato
Fresh potato
Leaves
Fruit
Fresh root
Fresh root
Fungi extract
Fungi extract
Fresh mushroom

Pear (Echeveria ‘Sulli’)

Pear (Pyrus spp)

Solanum melongena

Solanum melongena

Solanum tuberosum

Solanum tuberosum

Malus pumila

Musa nana Lour.

Dioscoreae rhizoma

Ipomoea batatas

Trametes trogii

Trametes trogii (CGMCC5.629)

Mushroom

30

28

36

25

35

30

30

25

30

25

30

30

30

20

37

37

Temperature (°C)

5.5

–

4.5

6.0

5.5

6.0

4.8

4.8

–

4.5

4.8

4.4

5.5

5.5

4.0

4.3

pH

40

60

720

10

40

30

40

45

90

40

15

15

40

40

–

49

Time
(min)

10

10

5

5

22

1

18

1

5

2.5

1

1

10

–

4.5

5.59
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Slat + column

Camellia sinensis

1306

128.97

373.83

–

Slat + column

crude

Camellia sinensis

Dioscoreae Rhizoma

crude

Pyrus pyrifolia ‘Shineiki’

57.28

–

crude

Pyrus sinkiangensis

83.88

195.53

–

crude

Pryus nivalis

crude

crude

Pyrus pyrifolia

655.50

Malus pumila Mill

crude

Pyrus sorotina

2.55% (12.7%)

50.30 (26.3%)

44.03 (13.4%)

98.74 (25.1%)

120.75 (24.0%)

94.64 (17.4%)

132.06 (19.6%)

TF2a

0.85% (3.3%)

1.71% (8.9%)

12.4% (48.6%)

10.32 % (54.0%)

10.27% (22.5%) 17.16% (37.5%)

9.25% (46.2%)

94.50 (49.3%)

232.81 (70.6%)

257.52 (65.3%)

334.70 (66.6%)

396.32 (73.0%)

451.31 (67.0%)

Activity (U/
TF1
mL/min)

Camellia sinensis ‘Longjing’ crude

PPO purity

PPO Source

4.50% (22.5%)

8.20 (4.3%)

7.55 (2.3%)

11.51 (2.9%)

11.93 (2.4%)

10.78 (2.0%)

7.32 (1.1%)

mg/g

mg/g

mg/g

mg/g

mg/g

mg/g

2.78% (10.9%)

5.36 % (28.0%)

9.46% (37.1%)

1.73% (9.0%)

25.49% (100%) %

19.12% (100%) %

Lin et al., 2017

Lin et al., 2017

Lin et al., 2017

Li, 2006

Wang et al., 2007

Wang et al., 2007

Wang et al., 2007

Wang et al., 2007

Wang et al., 2007

Wang et al., 2007

Reference

Wang et al., 2007

Wang et al., 2007

Lin et al., 2017

Lin et al., 2017

Lin et al., 2017

Xu, 2013

Lin et al., 2017

Xu, 2013

Li et al., 2021

Fang et al., 2011

Xu, 2013

Xu, 2013

Wang et al., 2007

Lin et al., 2017

Huang et al., 2017

Lin et al., 2017

Reference

Unit

20.01% (100%) %

191.60 (100%)

329.56 (100%)

394.16 (100%)

502.63 (100%)

542.59 (100%)

673.57 (100%)

Total TFs

44.96 mg/g

10.193%

0.2%

86.9%

28.1%

0.09g/L

86.8%

0.068g/L

22.86%

7.45 mg

0.2872g/L

0.3253g/L

673.57 mg/g

45.7%

0.461 mg/mL 15.31 %

0.754 mg/mL

Content of theaflavins/
Conversion rate

11.68% (25.5%) 6.63 % (14.5%) 45.74% (100%) %

3.71% (18.5%)

38.60 (20.1%)

45.18 (13.7%)

26.4 (6.7%)

35.25 (7.0%)

40.85 (7.5%)

82.89 (12.3%)

TF2b

TF3

Catechin concentration (mg/mL)

Table 2. Examples for contents of four major theaflavins produced by different sources of PPO with catechins as substrates

Note: Substrate of catechins was mixtures extracted from green tea.

fruit

Leaves

Tea (Camellia sinensis var.

assamica cv)

Leaves

Tea (Camellia sinensis)

Pear (Pyrus sorotina)

Plant parts

Plants

Table 1. Examples of different sources of PPO used in theaflavin synthesis with mixed catechins as substrates
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From the knowledge gained from only limited publications available, we recommend a careful source selection of PPOs as a priority in producing theaflavin-rich products with targeted individual
theaflavins prior to further optimization for mass production of tea
products.
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Abstract
This study explores the potential role of cinnamaldehyde from cinnamon to elicit immunity against the pathogens
of COVID-19. In the culture of traditional and herbal treatments, it was more valuable than gold. It has been observed that coronavirus infects cells of an organism including innate and adaptive immune cells. Cinnamaldehyde,
eugenol, and other secondary metabolism of cinnamon extract, have a potential role to interact with spike protein of coronavirus. Available literature supports the suitability of cinnamon for acute respiratory infectious disease syndromes. It might be a promising source for the immune system to control viral infections like COVID-19.
Preclinical and clinical trials are necessary for the safety and efficacy of the drug.
Keywords: Cinnamon; Coronavirus, COVID-19; Immunity; SARS-CoV-2.

1. Introduction
This communication is focused on the health benefits of the extracts
of secondary metabolism of the compound found in cinnamon, a
wonder herb for COVID-19 patients. Due to high mutation rates of
SARS-CoV-2 spike protein may rise to variant of concern (VOC).
Therefore, it can evade the vaccine-induced acquired immunity.
Phytochemicals are considered as an effective alternative for treatment of COVID-19 infection (Chen, Wang, Wang and Wei, 2020;
Jena et al., 2021; Nag et al., 2021). There are several significant
risk factors for severe COVID-19 infection, such as diabetes mellitus, chronic lung disease, cardiovascular disease (CVD), obesity,
and a range of other illnesses that make the patient immune compromised (Zabetakis et al., 2020; Gasmi et al., 2021). An intimate
relationship exists between the immune system and the metabolic
response system. The metabolic and immune systems are essential
to survival (Hotamisligil, 2006). Inflammation is a flow of information in response to infection. When tissue is injured, the basic
challenge for the host is to detect whether infection is present. In
the event of injury and infection, a quick response is required to
stop the spread of infection, even at the cost of additional tissue
damage. Repairing damaged tissue caused by inflammation or that
inflammation damaged is necessary (Nathan, 2002).
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Our objective is to explore the potential role of cinnamon to
elicit an immune response in the pathogenesis of COVID-19. For
the development of this literature, an extensive database search
was carried out using scientific databases like MEDLINE, BIOSIS, PubMed, EMBASE, Mendeley database, TOXLINE, and
Google Scholar, Google, Google Patent. After careful examination
of the literature, we consider only those literatures that fit within
the scope of our target.
2. Cinnamon may be immunity booster agent for Covid-19 patients
Cinnamon, a tree of the Lauraceae family, grows up to the height
of 10–15 meters. In our traditional culture of herbal treatment, it
was more valuable than gold, commonly used in kitchens. There
is suitable evidence that confirmed that cinnamon was used in the
treatment of influenza and several related diseases (Ross 1906).
Phytochemicals study of cinnamon identified 2- propenal, 3-phenyl (trans-cinnamaldehyde-87.013%), and Eugenol (9.317%),
as major compounds. While other important phytochemicals
are identified as Tricyclo [3.3.1.0 (2,8)] nona-3,6- dien-9-on
(0.173%), O-Methoxy cinnamic aldehyde (0.236%), α-muurolene
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(0.133%), Naphthalene, 1,2,3,4-tetrahydro-1,6-dime (0.195%)
(Adinew, 2014). SARS-CoV-2 infection is associated with respiratory disease, and being a new strain, the pathogenesis of disease
causation is not fully known. The interlocking of spike (S) glycoprotein with angiotensin-converting enzyme 2 (ACE2) receptor is
the only donor to enter in the cells. Coronavirus infects all cells of
an organism including inherent and adaptive immune cells. Coronavirus mostly affects the alveolar epithelial cells of the lungs and
enterocytes of the small intestine in the initial phase (Singh et al.,
2020). Infected cells release cytokines that initiate protective immunity against SARS-CoV-2. Macrophages (B lymphocytes and
T lymphocytes) are immune cells that recognize viruses. Interleukin (IL2 and IL6), interferon (IFN), and tumor necrosis factor-α
(TNF-α) play a critical role in Covid-19 inflammation, modulating
the immune response and causing acute respiratory distress syndrome (ARDS), and multiorgan failure. Researchers confirmed
that respiratory virus infection damages free radicals (Vallyathan
and Shi, 1997).
The innate immune system acts as the first line of defence,
while the adaptive immune system destroys foreign pathogens like
viruses, bacteria, or unwanted particles. The main organs affected
by Covid 19 infection are the lungs due to collapse of alveoli, diffuse alveolar damage, destruction of alveolar epithelial cells, and
formation of hyaline membranes (Carsana et al., 2020 ; Thimmulappa et al., 2021). In moderate patients, recovery depends only on
the development of antibodies and the activation of the immune
response (Thimmulappa et al., 2021). An antibody is a Y-shaped
protein that binds to the spike (S) protein of the coronavirus and
acts as a messenger for the adaptive immune system (Chen et al.,
2021). It is necessary to understand how the Coronavirus infects
our respiratory tract and transforms into a number of cells. As the
Coronavirus invades the respiratory section of the body, its spike
(S) protein couples to the receptor of angiotensin-converting enzyme 2 (ACE2-enzyme) on the alveolar cell membrane and transfers its RNA into the host cells. Due to massive viral load and
the mRNA of SARS-CoV-2 combined with other cells and respiratory tract infection, the cells defused. In response to SARSCoV-2, the immune system triggers several immune responses
such as interferon (IFN)-γ, Interferon gamma-inducible protein
(IP-10), monocyte chemotactic protein-1 (MCP-1), tumor necrosis
factor (TNF)-α, interleukin (IL)-6, and IL-1β (Esmaeilzadeh and
Elahi, 2021). Virus pathogens activate the innate immune system.
Adaptive immunity plays a crucial role in viral infections. The
most effective adaptive immune systems are B cells (the source
of antibodies, CD4+ T cells, and CD8+ T cells) (Sette and Crotty, 2021). As a result of the innate immune response, the body’s
secondary or acquired immune system develops antibodies to attach to the spike-protein and neutralize the virus. Macrophages,
a segment of the immune system, damage the virus cells in bulk
(Kasuga et al., 2021). Functional foods increase NK cell activity, regulate cytokines specific to Th17 (RORc, IL-17A), and Th2
(IL-5, IL-13, and IL-6) immune responses, suppress IL-6, IL-1β,
RORc, IL-17A, TNF-α secretion, and add to IL-10, INF-γ secretion. The research confirmed the role of food additives as immunemodulators and immune-boosters in inflammation (Gautam et al.,
2020; Han et al., 2021). In a recent study on immune response, it
was demonstrated that IL-6 receptors play a significant role in the
trans-signaling treatment of COVID-19 cytokine storm syndrome
(Chen et al., 2020). To revive the patient’s health, the only prospective therapy is immune response activation against SARS-CoV-2.
SARS-CoV-2 infection can be overcome by intracellular signaling
pathways that modulate host immunity, and this is an area of great
interest for drug development (Catanzaro et al., 2020). “Cytokine
storm” in host defence is a result of excessive immune responses

caused by SARS-CoV-2. Overload of free radicals is known as oxidative stress, developing chronic and degenerative diseases. This
can only be rectified by antioxidants, which are produced naturally
in the body or through food supplements (Pham-Huy et al, 2008;
Rao and Gan, 2014). Nitric oxide (NO), plays a dominant role in
both the cardiopulmonary and immune defence systems (Fang et
al., 2021). Trans-cinnamaldehyde (TCA) suppresses the production of NO, modulates the expression of iNOS, IL-1β, and induces
NF-κB inactivation (Fu et al., 2017; Lucas et al 2021). Cinnamaldehyde is a standard chemical allergen, which increases the histamine release, and cell-mediated Immunity (Badger-Emeka et al.,
2020). The details of important phytocompounds and their interaction with coronavirus and immunity is mentioned in Table 1.
The cytokine profiles observed in covid-19 patients are activation of macrophages with high production of IL-6, IL-7, TNF and
inflammatory chemokines like CC-chemokine ligand 2 (CCL2),
CCL3 and CXC-chemokine ligand 10 (CXCL10). This observation confirms the dysregulation of mononuclear phagocyte contribution in hyper inflammation (Merad and Martin, 2020, Tay et
al., 2020).
Trans-cinnamaldehyde (TCA), a principal constituent in cinnamon, has the potential to reduce the maturation of influenza A/
PR/8 virus in bronchoalveolar lavage fluid. These findings support
the suitability of the empirical indication of Cinnamomi cortexcontaining herbal formulations for acute respiratory infectious diseases (Hayashi et al., 2007). Phenolic compounds of Cinnamomum
zeylanicum like caffeic acid (IC50 = 84%) and cinnamic acid (IC50
= 53%) had the most enzyme inhibition potential. Angiotensinconverting enzyme (ACE2) and type 2 transmembrane serine protease (TMPRSS2) are the target cell contributors in SARS-CoV-2
infection (Shahwar et al., 2012; Amawi et al., 2020; Prasanth et
al., 2020). The water extract of cinnamon (CWE) substantially reduced the secretion of TNF-α and IL-6 and induced macrophages,
and a substantial decrease in its mRNA expression was observed
(Kunnumakkara et al., 2021). Another study confirms the moderate effects of butanol fraction (containing procyanidin A2 and procyanidin B1) on Cinnamomi Cortex (CC/Fr. 2) on antiviral activity
against HIV/SARS-CoV S pseudo virus infections (Zhuang et al.,
2009). Researchers have noted that procyanidin type A compound
(IND02) derived from cinnamon has the potential to inhibit SARSCoV-2 at the early phase of viral infection, because of its propinquity toward ACE2 receptor and binding glycans on the spike
protein of SARS-CoV2 (Ghosh, 2020). Free radical induced immunosuppression contributes to the pathogenesis of viral infection
and expansion of viral pathogens. Cinnamaldehyde possesses antiinflammatory properties. It is perceived that cinnamaldehyde suppressed NF-κB activation and inhibits the TNF-α-induced inflammation. It also suppresses hyper-expression of Toll-like receptors
(TLRs) and cytosolic sensor NOD-like receptors (NLRs), PYD
domain-containing protein 3 (NLRP3) inflammasome signalling
pathways (Liao et al., 2008; Lee et al., 2018). Cinnamaldehyde
modulates the production of prostaglandins (PGEs) by reducing
IL-1β-induced COX-2 activity (Guo et al., 2006). Scientific evidence confirms that cinnamon is a potential anti-inflammatory,
antioxidant functional food and could be useful in mitigation of
SARS-CoV-2 induced hyper inflammation. There is an increasing
demand among covid-19 patients towards the consumption of cinnamon powder as preventive functional food against SARS-CoV-2
in the developing and developed world including India.
Another important phytocompound is eugenol, which has good
oral bioavailability, seen as a promising agent for the development
of drugs to treat SARS-CoV-2 infection (Tallei et al., 2020). The
anti-hepatitis-c antibody activity of eugenol against HSV-1(F) and
HSV was strong (Tragoolpua and Jatisatienr, 2007). Combina-
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Table 1. Important phytocompounds of cinnamon and their interaction with coronavirus and immune system

Phytocompounds

Chemical
Formula

Molecular
Chemical Structure
weight

Interaction with
Coronavirus

Cinnamaldehyde

C9H8O

132.16

Spike Protein

TLR2 and TLR4 activation, NRF2
inducer, detoxify ROS/RNS,
mitigate PI3K/Akt pathway

Eugenol

C10H12O2

164.20

Spike protein

Modulates NF-kB, IL-6, IL-1β and TNFα

Camphor

C10H16O

152.23

Mpro of COVID-19
(Omar et al., 2020)

modulation of Nrf-2 and TLR4
(Salama et al., 2021)

Trans-cinnamyl
acetate

C11H12O2

176.21

Binding with
GLU471, ARG454,
SER46 (Kulkarni
et al., 2020)

inhibits the activity of NF-κB and the
production of tumor necrosis factor
alpha (TNFα-) induced interleukin-8
(IL-8) (Cabello et al., 2009)

Caryophyllene

C15H24

204.35

interactions with
PHE 294. 3CLpro ,
NSP3, NSP9, and
RDRP (Narkhede
et al., 2020)

B cells, T cells, CD8+ lymphocytes,
CD4+ lymphocytes, NK cells,
neutrophils, macrophages,
basophils, eosinophils, platelets,
mast cells, dendritic cells, microglia,
and astrocytes (Howlett and
Abood, 2017; Jha et al., 2021)

tion of eugenol and acyclovir supported the inhibited herpes virus replication in vitro. It has been studied that eugenol delays the
growth of herpes virus induced keratitis (Benencia and Courreges,
2000). Recent study observed that eugenol interlinked with spike
(S1) protein of SARS-CoV-2 and strongly suppressed the entry of
pseudo-type SARS-CoV-2 into human ACE2- expressing HEK293
cells. They also noticed that eugenol modulates NF-kB, IL-6, IL1β and TNFα in human A549 lung cells (Paidi et al., 2021). Inhibiting the main 3-chymotrypsin-like protease (3CLpro), also called
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Immune response

Nsp5 (non-structural protein 5) is the fundamental strategy for
coronavirus. (Rizzuti et al., 2021), reported that eugenol inhibits
the enzymatic activity of 3CLpro.
Camphor has an excellent bond against protease of SARSCoV-2 and ACE2 receptors (Omar et al., 2020). Camphor is a
solid bicyclic organic compound derived from the cinnamon tree.
Camphor improves catalase and Nrf-2 activities, and reduces NO,
TNF-α, TLR4 serum levels in the covid-19 infections (Salama
et al., 2021). In the traditional system of medicine, camphor was
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applied to the neck and chest skin for cough problems. It is also
used as steam inhalation in the form of aerosol to prevent coughing
(Pappas and Hendley, 2011; Eccles, 1994). Reddy et al., (2004),
demonstrated the inhibition of NFkB by the cinnamon ingredients
in human macrophages. A study examining the cinnamyl acetate
suppression of NFκB inflammatory signaling in endothelial cells
has confirmed the suppression of TNFα-induced p65 translocation
(Liao et al., 2008). Another study concluded that dietary administration of cinnamyl acetate inhibited NF-κB activation through the
ERK and p38 MAPK pathways in the mouse (Kim et al., 2007).
Papain-Like cysteine protease (PLpro, NSP3) is required for coronavirus replication and a promising agent for antiviral drugs (Rut
et al., 2020). These phytocompounds substantially act on viral
main protease of SARS-CoV-2. On the basis of available literature, cinnamon inhibits the main protease of covid-19 and can be a
potential drug candidate as an immunity booster.
3. Conclusion
Plenty of scientific literature confirms the antiviral and immunomodulatory potential of cinnamon extracts for influenza.
Cinnamaldehyde and eugenol are effective antiviral agents and
interact with spike protein of coronavirus. Cinnamon might be
a promising source for the immune system to control viral infections like SARS-CoV-2. Functional food and food additives
have the potential to elicit immunity against covid-19 infection
and post-covid-19 care. Further preclinical and clinical trials are
necessary to evaluate the efficacy level of major constituents of
cinnamon extract as antiviral drugs.
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Abstract
Glycosides are a major source of untapped flavor in fruits and vegetables. This review aims to present an overview
of the isolation and characterized of glycosidically bound aroma compounds in fruits and vegetables. The analytical techniques of glycosidically bound aroma compounds is discussed. The characterization of glycosidically
bound aroma compounds is comprehensively included. In addition, the acidic and enzymic hydrolysis of glycosidically bound aroma compounds are reviewed as well as the liberation mechanisms. At last, the different biological
activities of glycosidically bound aroma compounds were also summarized.
Keywords: The glycosidically bound aroma compounds; Fruits; Vegetables; Enzymatic hydrolysis; Biological activities.

1. Introduction
The aroma belongs to one of the sensory traits. The sensory quality
is a crucial issue for consumers’ satisfaction (Bianchi et al., 2019).
Many aroma compounds occur as glycosidically bound precursors
that do not contribute to fruit and vegetable aroma until aglycone
release during processing or storage (Hampel et al., 2014). Glycosylated compounds are often considered as transportable storage
compounds or detoxification products (Sarry and Günata, 2004).
They are more than 10 times abundant of free aroma compounds
(Liu et al., 2017). Among the aroma compounds present within
fruits and vegetables, a significant part is assumed to come from
specific odorless precursors found mainly as glycosidic compounds which are known as bound fraction (Pedroza et al., 2010).
Glycosidically bound aroma compounds are typically analyzed

following isolation of the glycosides on columns (including solidphase extraction (SPE) or SPE cartridges) filled with a C18-bonded reversed-phase stationary phase (Hampel et al., 2014).
Not only new analytical data of the glycosides but also the role
of the glycosides was paid attention by many researchers (StahlBiskup et al., 1993). The first review article on glycosidically
bound volatiles was published in 1987 (Stahl-Biskup, 1987). At
present, research activities in this field have increased dramatically. Other results show the glycosides as a transport form of the free
monoterpenes, on one hand from the site of biosynthesis to the site
of accumulation, on the other hand in the service of monoterpene
turnover and catabolism. On account of their hydrophilic properties, their role as a transport form seems plausible and opens a wide
field for future research work.
Together with the glycosidically bound aroma compounds in
case of grapes and wines (Zhu et al., 2016), there is a growing
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Figure 1. Analysis of glycosidically bound aroma compounds in vegetables and fruits.

interest for the study of glycosidically bound aroma compounds
in fruits, vegetables and aromatic plants. At the same time, aroma
compounds, especially glycosidically bound aroma compounds in
fruits and vegitables currently represent a hot research field. There
are many papers about this research field. However, this field lacks
a systematic and comprehensive review paper for glycosidically
bound aroma compounds. In this review we will summarize the
isolation, identification, the analytical techniques, the acidic and
enzymic hydrolysis, the characterization and the biological properties of glycosidically bound aroma compounds in fruits and vegetables (Figure 1). This review helps to provide insights into the
release of glycosidically bound aroma compounds.
2. Occurrence of glycosidically bound aroma compounds in
fruits and vegetables
In fruits and vegetables, many flavor compounds are glycosilated
and accumulated as non-volatile and flavorless glycoconjugates.
Aroma glycosides have been found and studied in substantial fruits
and vegetables, such as celery, pepper, ash gourd, orange, nectarines, mangoes, cherry, mulberry, stawberry, lychees, menthaaquatica, basil and so on. The occurrence of glycosidically bound aroma
compounds is typically two to eight times greater than that of their
free counterparts (Maicas and Mateo, 2005). Additionally, Aroma
glycosides structurally involve an aroma compound (aglycone)
and a sugar moiety (glycone) (Liang et al., 2022).
3. Isolation of glycosidically bound aroma compounds in fruits
and vegetables
Free and glycosidically bound aroma compounds from Murraya
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koenigii (L.) Spreng, were isolated and separated by Amberlite
XAD-2 column. The fraction containing the free aroma compounds was eluted with pentane: diethyl ether (1:1). Aroma compounds from the bound fraction were released by β-glucosidase
hydrolysis. Samples were analyzed by GC and GC-MS. Sixtyseven constituents were found to be present in the bound fraction
where linalool was found to be the main constituent. In the free
aroma fraction, seventy-eight constituents were present with octyl
acetate being found as the main constituent. In the hydrodistilled
oil, fifty-six compounds were identified and β-caryophyllene was
the prominent compound (Padmakumari, 2008).
Apricot glycosidically bound components separated from the
heterosidic pool by silica gel chromatography, gel filtration, and
preparative overpressured layer chromatography (OPLC) were
suggested by negative ion chemical ionization (NICI) and negative
ion desorption chemical ionization (NI-DCI) mass spectrometry
(MS) and tandem mass spectrometry (MS-MS). The low-energy
collisionally activated (CAD) fragmentation patterns and the use
of chromatographic retention data have allowed the identification
of linalyl, alpha-terpinyl, neryl, geranyl, and benzyl glucosides.
The presence of linalyl arabinoglucoside was established by identification of the glucoside derivative obtained by partial enzymatic
hydrolysis. The MS and MS-MS spectra agree with the presence of
hexyl glucoside and 2-phenylethyl arabinoglucoside. In the presence of ND3 as reagent in mass spectrometry shifts of 3 mass units
were indicative of the presence of linalool oxide glucosides (four
isomers detected) and shifts of 4 mass units were characteristic
of the four dienediol glucosides isolated. One dienediol arabinoglucoside was also tentatively identified using the same method.
These results provide some indications that glucosides are the major glycosidically bound compounds present in apricot (Salles et
al., 1991).
In another study, free and glycosidically bound volatiles obtained from the guava leaves (Psidium guajava L.) by liquid-liquid
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extraction and by chromatography, followed by enzymatic hydrolysis with non-selective pectinase respectively, were analyzed
by capillary GC and GC-MS analyses. A total of 39 free volatiles were detected, with the major components being α-copaene,
β-caryophyllene, and cadina-1,4-diene. Among the 47 detected
glycosidically bound compounds , hexanol, benzyl alcohol, and
(E)-3-hexenoic acid were found to be the major constituents. In
aroma evaluation, the free volatile fraction showed a guava leaflike aroma whereas the bound fraction was odorless. However,
the characteristic herbaceous-green-fatty aroma was noted in the
bound fraction after enzymatic hydrolysis. Upon the combination
of the free and hydrolyzed bound fractions, a strongly fresh, guava
leaf-like aroma was perceived (García et al., 2009).
Wen et al. (2014) isolation the bound aroma compounds by adsorption on Cleanert PEP-SPE resins. Milos and Radonic (2000)
analyzed the essential oils in fresh needles and green and mature
berries of Juniperus oxycedrus L. (Cupressaceae) through GC-MS.
The glycosidically bound aroma compounds amounted to 21 mg
kg−1 in needles and 4 mg kg−1 from green berries. Only traces of
aglycones were identified in mature berries. There was no similarity between the glycosidically bound aglycones and the corresponding free compounds found in the essential oil.
Perez et al. (1997) presented the glycosidically bound aroma
compounds from two banana cultivars. Glycosides were isolated
from aqueous extracts of banana pulp by means of an Amberlite
XAD-2 column. Aroma compounds were released by enzymatic
hydrolysis using almond β-glucosidase and further analyzed by
HRGC/MS. The results showed that 25 main aglycons were reported for the first time in banana fruit pulp. These aglycons could
be grouped in two biogenetically different groups: 65 fatty acids
and shikimic acid-derived compounds. Alcohols, such as decan1-ol and 2-phenylethanol, and acids, such as 3-oxo-pentanoic acid,
3-methylbutanoic acid, and benzoic acid, were quantitatively the
most important aglycons in glycosides isolated from both banana
cultivars.
Menon et al. (2001) demonstrated the free and glycosidically
bound aroma compounds from fresh green pepper berries (Piper
nigrum L.) by an Amberlite XAD-2 adsorption method followed
by hydrolysis with β-glucosidase and GC and GC-MS. The results
indicated that the major compounds elucidated in the free fraction were the furanoid form of trans-linalool oxide (18.6%), and
α-terpineol (25.6%), while major volatile identified in the bound
fraction was 3-buten-2-ol (25.8 %).
Sharma et al. (2010) used steam distillation and high vacuum
distillation methods to isolate the free and glycosidically bound
aroma compounds in ash gourd. Acetoin was identified as the major constituent existing as glycosidic conjugate.
Tinjan and Jirapakkul (2007) carried out solvent extraction and
solid phase extraction methods (with Amberlite XAD-2 resin,) to
extract and isolate the free and glycosidically bound aroma compounds in Kaffir lime leaves. Better result was obtained with the
solvent extraction method. Fifty-four free and thirty-nine glycosidically bound aroma compounds were obtained by solvent extraction method and their odor descriptions related to kaffir lime
leaf odors.
In another study, Özkaya et al. (2018) determined the glycosidically bound aroma compounds from two major tomato cultivars in
Turkey. They used solid phase extraction method to extract bound
aroma compounds. Among the glycosidically bound compounds,
2-phenylethanol, guaiacol and eugenol were found to be potential
contributors to overall tomato flavor upon hydrolysis.
Wang et al. (2017) optimized the headspace solid phase microextraction (HS-SPME) methods for extracting glycosidically
bound aroma compounds in raisins. There were 91 compounds

identified in the raisins. Moreover, Politeo et al. (2007) isolated
the glycosidically bound aroma compounds from basil (Ocimum
basilicum L.) using liquid–solid chromatography containing Amberlite XAD-2 as adsorbent.
In addition, Chen et al. (2015) investigated the glycosidically
bound aroma compounds in four mulberry cultivars using solid
phase extraction (SPE) and headspace solid phase microextraction with gas chromatography-mass spectrometry (HS-SPMEGC-MS). A total of 57 glycosidically bound aroma compounds
were identified and quantified. And glycosidically bound aroma
compounds were responsible for the sweet and spicy qualities of
mulberry. Ghaste et al. (2015) evaluated the glycosidically bound
aroma compounds via LC-HRMS in ten grape cultivars. The results showed that 15 glycosylated precursors of volatiles were
identified. Sánchez-Palomo et al. (2015) isolated the glycosidically bound aroma compounds using solid phase extraction (SPE)
to later be analyzed using gas chromatography-mass spectrometry
(GC-MS). Thirty-six bound aroma compounds were identified and
quantified in La Mancha Verdejo wines oven this five-year period.
Wang et al. (2015) analyzed the glycosidically bound aroma
compounds in air-dried raisins from three seedless grape varieties using headspace solid phase microextraction (HS-SPME) with
GC-MS. The main glycosidically bound aroma compounds were
benzyl alcohol and acetoin, with β-damascenone contributing most
to the glycosidically bound aroma compounds, enhancing the floral, fruity and fatty aroma.
Twenty-two glycosidically bound aroma compounds were
identified via GC-MS in the final wines (Yilmaztekin et al., 2015).
Solís-Solís et al. (2007) reported the glycosidically bound aroma
compounds from eight apricot varieties via simultaneous distillation extraction (SDE), solid phase extraction (SPE) with reverse
phase (C18), liquid–liquid extraction (LLE) and HS-SPME.
Kilic et al. (2005) obtained the glycosidically bound aroma compounds in different parts (leaves and buds) of Laurus nobilis L. by
Amberlite XAD-2 adsorption and methanol elution. In the leaves
most of the glycosidically bound volatiles occur as a-D-glucopyranosides. Among the disaccharides, primeverosides are predominant;
smaller amounts of R-L-arabinofuranosyl-a-D-glucopyranosides,
rutinosides, and vicianocides could also be identified.
In addition, aroma compounds were extracted by solid-phase
extraction and analyzed by gas chromatography-mass spectrometry. The results showed that geranyl acetate, neryl acetate, citronellyl acetate, and menthyl acetate were formed from the corresponding terpene alcohols (Slaghenaufi et al., 2020).
Generally speaking, the conventional Amberlite XAD-2 adsorption resin method has some shortcomings such as time-consuming
and labor-intensive steps and extended concentration processes.
Nevertheless, HS-SPME-GC-MS is relatively new modern technique, which with solvent-free sample preparation. The isolation
methods of glycosidically bound aroma compounds are indicated
in Table 1.
4. Characterization of glycosidically of bound aroma compounds
Recently, there has been interest in more rapid and direct way
for characterization and analysis of glycosidically bound aroma
compounds. The volatiles of celery (Apium graveolens L.) were
separated into glycosidically bound and free fractions by Amberlite XAD-2 column chromatography combined with direct solvent
extraction. The most abundant volatiles were phthalides and psoralens. These are the major aroma compounds found in both the
glycosidically bound and free fractions. A total of 34 compounds
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Table 1. The isolation methods of glycosidically bound aroma compounds in fruits and vegetables

Source

Isolation methods

Major aroma compounds

Reference

Ash gourd

Steam distillation; high vacuum distillation

Acetoin

Sharma et al., 2010

Tomato

Solid phase extraction

2-phenylethanol, guaiacol and eugenol

Özkaya et al., 2018

Strawberry

Traditional extraction

Norisoprenoids, volatile
phenols, benzenes, lactones,
furaneol, and mesifurane.

Ubeda et al., 2012

Mulberry

Solid phase extraction (SPE) and headspace
solid phase microextraction

Benzyl alcohol

Chen et al., 2015

Raisin

Headspace solid phase microextraction (HS-SPME)

Benzyl alcohol and acetoin

Wang et al., 2015

Apricot

Simultaneous distillation extraction (SDE), solid
phase extraction (SPE) with reverse phase (C18),
liquid–liquid extraction (LLE) and headspacesolid phase microextraction (HS-SPME)

Glycosides of terpene alcohols
and glycosides of aromatic alcohols

Solís-Solís et
al., 2007

Laurus nobilis L.

Amberlite XAD-2 adsorption and methanol elution

Primeverosides

Kilic et al., 2005

Grapes

–

n-octyl-, n-dodecyl-, phenylβ-D-glucopyranoside

Hampel et al., 2014

Vitis vinifera
berries

Ultra-high-performance liquid
chromatography (UHPLC) separation

Monoterpenoids, norisoprenoids,
volatile phenols, aliphatic
alcohols, and sesquiterpenoids

Caffrey et al., 2020

was identified, including 6 alcohols, 9 terpene and sesquiterpene
hydrocarbons, 2 ketones, 7 phthalides, and 5 psoralens. Ten of
these have not been previously reported (Tang et al., 1990).
The glycosidically bound aroma compounds (mainly 12 aglycones) from fresh leaves of Cupressus arizonica Greene var. glauca
Woodal, Cupressaceae, were determined by GC/MS (Sánchez-Palomo et al., 2015). The main aglycone was 3-phenylprop-2-en-1-ol.
Sharma et al. (2010) used GC-olfactometry (GC-O) and odour activity value (OAV) methods to characterize the active aroma compounds in ash gourd. The results indicated that s-acetoin (9,522.5),
octanal (8,571) and nonanal (24,000) were identified.
In another study, Liu et al. (2018b) characterized 111 bound
aroma compounds of six currant cultivars grown in China via
SPME-GC-MS. They compared with reference standards and
matching mass spectrum in the NST11 library. An approach to
characterize glycosidically bound precursors of monoterpenoids,
norisoprenoids, volatile phenols, aliphatic alcohols, and sesquiterpenoids was investigated in grapes. Monoterpene-triol, monoterpene-tetraol, and sesquiterpenol glycosides were tentatively identified for the first time in grapes, and a C6-alcohol trisaccharide was
tentatively identified for the first time in any plant. These findings
showed that comparison of glycosylated aroma molecules in Riesling and Muscat of Alexandria grapes showed that the two varieties
were distinguishable based on relative abundances of shared glycosides and the presence of glycosides unique to a single variety
(Caffrey et al., 2020).
Furthermore, Bahena-Garrido et al. (2019) developed the comprehensive profiles of the glycosidically bound aroma compounds
and phenolic compounds in koshu berries. The results indicated
that koshu berries had 4-vinyl guaiacol and eugenol. koshu berries
containe a distinctly different terpenoid composition.
5. Hydrolysis of glycosidically bound aroma compounds
The hydrolysis of glycosidically bound aroma compounds has been
associated with the structure of glycone. They can be hydrolyzed to
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release free aroma compounds through endo- and/or exo-glucosidase, while their biosynthesis refers to glycosylation process using
glycosyltransferases (GTs) (Liang et al., 2022). Moreover, the hydrolysis of glycosidically bound aroma compounds can be considered a contribution to aroma enhancement, immobilization, genetic
engineering and biosynthesis and other industrial applications.
5.1. Acidic hydrolysis of glycosidically bound aroma compounds
Milos and Mastelić (1998) revealed acidic hydrolysis of the glycosidic extract from the leaves of Cupressus arizonica Greene var.
glauca Woodal. The results showed that acidic hydrolysis additionally released an amount of aglycones, about 8 mg/kg of plant
material.
In addition, Ubeda et al. (2012) investigated acidic hydrolysis
of the glycosidically bound aroma compounds from four strawberry varieties. The greater the duration of acid hydrolysis, the higher
was the content of norisoprenoids, volatile phenols, benzenes, lactones, furaneol, and mesifurane.
5.2. Enzymatic hydrolysis of glycosidically bound aroma compounds
In addition to acidic hydrolysis of glycosidically bound aroma
compounds, enzymatic hydrolysis is effective and does not lead
to modification of the aromatic composition of the bound fraction
(Bisotto et al., 2015).
It is well known that pectolytic enzyme has glycosidase side
activity. This commercial enzyme also yielded secondary glycosidase-type activities: β-glucosidase, arabinosidase, rhamnosidase
and apiosidase, so that it can hydrolyse most glycosides of aroma
compounds including O-β-D-glucosides and O-diglycosides (Baek
and Cadwallader, 1999). The volatile substances obtained after enzymatic hydrolysis of purified polar extracts from the aerial parts
of the two subspecies of Cedronella canariensis were shown to
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Table 2. The the biological activities of glycosidically bound aroma compounds in fruits and vegetables

Source

The biological activities

Reference

Bosnian Pine

Antioxidant properties

Maric et al., 2007

Sugarcane

PPO activity

Wang et al., 2020

Phytolacca dodecandra

Antimicrobial activities

Matebie et al., 2019

Pittosporum tobira

Antioxidant properties

Rjeibi et al., 2017

be, among others, benzyl alcohol (29.4%), chavicol (11.6%), cis3-hexenol (9.3%), 2-phenylethanol (8.6%), cis-pinocarveol (5.1%),
myrtenol (2.2%), 1-phenylethanol (2.0%, tentatively), 1-octen-3-ol
(1.8%), 1-hexanol (1.1%) for ssp. canariensis and chavicol (85.1%),
benzyl alcohol (2.5%), cis-3-hexenol (2.5%), 1-octen-3-ol (2.3%);
1-hexanol (0.8%) for ssp. anisata. Sugars detected in the polar fraction after hydrolysis were glucose, rhamnose and fructose. The main
glycosides obtained from the polar fraction before hydrolysis were
chavicol glucoside (6 ppm, ssp. anisata) and benzyl alcohol glucoside (2 ppm, ssp. canariensis) (Coen et al., 1995).
Milos and Mastelić (1998) carried out enzymatic hydrolysis
of the glycosidic extract from the leaves of Cupressus arizonica
Greene var. glauca Woodal using β-glucosidase. The liberated volatiles amounted to 75 mg/kg of plant material. Liu et al. (2018a)
released the bound volatiles compounds by pectolytic enzyme
(AR2000 enzyme). Ubeda et al. (2012) evaluated enzymatic hydrolysis of the glycosidically bound aroma compounds from four
strawberry varieties. Eight hundred microlitre of a pectinase enzyme solution with 200 mg/mL of AR 2000 was used. A total of
38 aglycones have been described for the first time in strawberry.
Bloem et al. (2008) demonstrated the glycosidically bound
aroma compounds from oak wood using Oenococcus oeni. The
results indicated that strains selected with high activities toward
glycoside substrates could hydrolyze vanillin glycoside precursors
from oak wood with the same efficiency as commercial enzymes.
It is a promising method to understand their possible role in the
metabolic pathway of plant.
Kilic et al. (2005) analyzed the glycosidically bound aroma
compounds in different parts (leaves and buds) of Laurus nobilis
L. after enzymatic hydrolysis by GC-MS or directly after trifluoroacetyl (TFA) derivatization by GC-MS in EI and NCI mode.
5.3. Others
Recent studies have emerged that a new, simple, environmentally
friendly, fast and effective method-ultrasound hydrolysis to liberate the glycosidically bound aroma compounds in orange juice.
The results showed that more types of aglycones were released
under ultrasound than enzymatic hydrolysis. Alcohols and esters
were the principal aglycones under enzymatic hydrolysis, and terpenoids, esters and aldehydes were the main aglycones under ultrasound hydrolysis (Sun et al., 2020).

Pine, had remarkable antioxidant properties, such as free radical
scavenging activities (Maric et al., 2007). Moreover, the phenolic
compounds and PPO activity of aroma properties from sugarcane
juice reduced during thermal processing. This research provided a
theoretical basis for future studies on the aroma quality control and
parameter optimization during the processing of fruit and vegetable juice (Wang et al., 2020).
In another research, Matebie et al. (2019) evaluated the antimicrobial activities of aromas from Phytolacca dodecandra using microdilution method against Escherichia coli, Staphylococcus aureus, Bacillus subtilis and Candida albicans. However, no
obvious antimicrobial activity was observed. Rjeibi et al. (2017)
investigated Pittosporum tobira seeds essential oils showed significant antioxidant activity in DPPH (IC50 value = 1.5 mg/mL),
H2O2 scavenging assay (IC50 value = 159.43 μg/mL) and reducing power test (IC50 value = 0.982 mg/mL). The the biological
activities of glycosidically bound aroma compounds are shown
in Table 2.
7. Conclusions and future prospectives
Since volatiles can be released from glycosidically bound aroma
compounds, these compounds can be considered as a deep possible source of volatile substances and may contribute to the biological activity of plant. Some hidden possible substances from
glycosidically bound aroma compounds play a crucial role in fruits
and vegetables. It is critical to optimize flavor attributes using
glycosidically bound aroma compounds in fruits and vegetables.
The challenges and prospects of glycosidically bound aroma compounds will be future discussed. Future research should be focused
on glycoside structures to improve understanding of glycosidic
hydrolysis mechanisms and enhance ability to quantify volatile
aroma glycosides.
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Abstract
The improvement in bioavailability of different compounds from PS80 micelles differs widely. This research, for
the first time, investigated the effects bioactives, with different physicochemical properties (CoQ10, curcumin,
catechin, naringenin, quercetin, β-carotene and retinyl palmitate), have on the micellar characteristics and the in
vitro bioaccessibility of the loaded bioactives. There was no link between the physicochemical properties of the
bioactives and the loading capacity of the PS80 micelles, which varied between 0.04 and 14.0%, or the average
bioaccessibility of the bioactives, which varied between 14 and 86%. Not the ratio of loaded bioactive to PS80, but
rather an increased concentration of PS80, increased the bioaccessibility of the loaded bioactive. It is not clear if
differences were due to modifications of the PS80 micelles during the digestion process, where e.g. bile salts and/
or phospholipids were incorporated into the micelles, or if the micelles totally dissociated and physiological mixed
micelles were formed, including the PS80.
Keywords: Surface charge; Size distribution; Digestive stability; Loading capacity.

1. Introduction
A substantial number of health-promoting bioactive compounds,
including: lipid-soluble vitamins, phytosterols, carotenoids, phenolic compounds and prescription drugs, have very low oral bioavailability (Raikos and Ranawana, 2017). This can be due to low
stability during the digestive track, low aqueous solubility and
resulting bioaccessibility, poor absorption or high efflux from the
enterocytes and/or pre-systemic metabolism in the gut wall. Polysorbate 80 (PS80; polyoxyethylene (20) sorbitan monooleate) is
a non-ionic surfactant and emulsifier used in food (Hasenhuettl,
2008) supplements and oral (Cannon and Long, 2008) as well
as intravenous (Bian et al., 2016) drug formulations to improve
the bioavailability of lipophilic compounds. Addition of amphiphilic compounds (surfactants) such as PS80, facilitates the incorporation of lipid-soluble compounds into emulsions, micelles
or liposomes. The exact mechanism by which PS80 micellization
improves the bioavailability of various lipophilic compounds is
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unknown and interestingly, the improvement in bioavailability of
various compounds loaded in PS80 micelles differs widely.The
effect of PS80 micellization of bioactives on their oral bioavailability has been found to range from negligible for coenzyme Q10
(CoQ10) (1.1-fold) (Weis et al., 1994) to a very high increase of
curcumin (185-fold) (Schiborr et al., 2014), with various bioactives in between: digoxin (2.6-fold) (Zhang et al., 2003), resveratrol (5-fold) (Calvo-Castro et al., 2018), astaxanthin (2- to 4-fold)
(Odeberg et al., 2003) and progesterone (4- to 6-fold) (Potluri and
Betageri, 2006). The differences in the improvement in bioavailability of the different bioactives incorporated into PS80 micelles,
could be due to the physicochemical properties of the different
compounds resulting in micelles with different characteristics,
bioaccessibility and bioavailability.
The composition of PS80 micelles can alter the micellar characteristics, including: loading capacity, size, surface charge, digestive stability and/or bioaccessibility, which all play a role in
the bioavailability of the loaded compounds. The physical micel-
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Figure 1. Experimental design.

lar characteristics (e.g. size and surface charge) affect the interactions between the micelles and the intestinal mucus layer and
membrane receptors and subsequently, alter absorption into enterocytes (Borel et al., 2013; Goncalves et al., 2015). Physiological mixed micelles are believed to dissociate during interaction/
movement through the intestinal mucus layer, after which the
contents are absorbed through their respective passive/facilitated
absorption mechanisms (Shiau et al., 1990). Nano-sized particles
(including PS80 micelles (<20 nm)), however, are formulated
to improve digestive stability, protecting the loaded compound
during gastrointestinal digestion (Gaucher et al., 2010; Verkempinck et al., 2018). Nevertheless, vast majority of in vitro research
evaluating the absorption mechanisms of nano-sized particles
and micelles (including cellular uptake studies), are done without
an initial simulated digestion step, and as such, fail to evaluate
the effect of digestive conditions on the micellar characteristics
and subsequent absorption. While PS80 micelles are formulated
to have increased digestive stability, digestive conditions such
as; changes in pH, the presence of bile salts and enzymes might
change the characteristics of PS80 micelles in as yet, unknown
ways. We hypothesise that the characteristics of the PS80 micelles, after in vitro digestion, are different from that of the originally ingested micelle.
In this study, dietary bioactives, with diverse physicochemical
properties were loaded into PS80 micelles. To obtain a better understanding of the mechanism underlying successful PS80 micellar formulation, the following characteristics were investigated:
loading capacity, stability upon aqueous solubilisation, micellar
size distribution and surface charge as well as in vitro bioaccessibility of the bioactives. The results obtained provide novel insights
into the bioaccessibility of different bioactives from PS80 micelles
and a better understanding of the factors, which affect the bioaccessibility, that will aid in the development of micellar formulations with optimally improved bioavailability.

2. Materials and methods
2.1. Reagents
For the preparation of the micelles, curcumin (95%) CoQ10
(95%), quercetin (95%), retinyl palmitate (1,7 × 106 IE/g) from
Aquanova AG (Darmstadt), catechin (≥98% (+)-catechin) and
naringenin (≥98%) from Carl Roth (Karlsruhe) and β-carotene
from Sigma-Aldrich (Steinheim) were used. The following digestive compounds used in the in vitro digestion; bile extract
(Sigma B8631), pepsin (Sigma P7000; ≥250 U/mg, labeled activity), pancreatin (Sigma P7545; 8 × USP, labeled activity), and
pancreatic lipase (Sigma L3126) were of porcine origin and obtained from Sigma-Aldrich.
2.2. Micelle production
Using a solvent evaporation process, polysorbate 80 (Tween®80,
Sigma-Aldrich) was used to formulate CoQ10, curcumin, catechin,
naringenin, quercetin, β-carotene and retinyl palmitate, micelles (n
= 4). For curcumin, catechin, naringenin and quercetin, ethanol
(ROTISOLV® HPLC Gradient Grade, Carl Roth) was used as
solvent, for CoQ10 and retinyl palmitate, hexane (ROTISOLV®
HPLC, Carl Roth) and for β-carotene dichloromethane (ROTISOLV® HPLC, Carl Roth) was used. As control, PS80 empty micelles were produced using ethanol (Figure 1).
PS80 (900 mg) alone (empty micelles) or with each of the
above-mentioned bioactives (100 mg) were added to 20 ml of the
respective solvents and dissolved in an ultrasonic bath at 25 °C
for 15 min. The solvent was evaporated overnight, using a rotary
vacuum concentrator, after which 20 ml of H2Odd (distilled and
deionized) was added and incubated (3 h, shaking at 150 rpm at
4 °C). Preliminary test showed higher stability of micelles when
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formed at lower temperatures. After incubation, the mixture was
centrifuged (4,700 ×g, 10 min, 4 °C) and filtered (Filtropur S,
200 nm, Sarstedt, Nümbrecht, Germany) to isolate the micelles
and remove any precipitated bioactive and, or larger emulsions.
The H2Odd was then evaporated overnight, using a rotary vacuum
concentrator, and the resulting micellar paste stored at 4 °C until
further use.
2.3. Loading capacity
In order to determine the loading capacity (LC) of the different
micellar formulations, the individual micelles (thick paste) were
dissolved in H2Odd (10 mg/ml) and the content of each bioactive
measured by HPLC (see section 2.4). To evaluate the stability of
the micelles, the LC was also calculated after the micellar solution was centrifuged (4,700 ×g, 5 min) and filtered (Filtropur S,
200 nm).
LC was calculated as follows:
bioactive concentration in micelles (mg)
LC(%) =
´100
weight of micelles (mg)
2.4. HPLC analysis
2.4.1. CoQ10
CoQ10 was analysed on a SHIMADZU HPLC system (autosampler SIL-20AC HT, degasser DGU-14A, column oven CTO-10AS
VP, system controller SCL-10A VP, UV/VIS detector SPD 20A,
liquid chromatograph LC-20AT) equipped with a Reprosil-Pur
column (C18-AQ, 5 µm, 250 × 4.6 mm, Dr. Maisch GmbH, Ammerbuch, Germany) maintained at 35 °C. After a 10 µl injection,
chromatographic separation was achieved with a mobile phase
consisting of 85% methanol and 15% 1,4-dioxane at a flowrate of
1 ml/min. The UV/VIS detector analysed CoQ10 at an excitation
wavelength of 272 nm.
2.4.2. Curcumin
The different curcuminoids were analysed on a SHIMADZU
HPLC system (see CoQ10), with the column maintained at 40 °C.
After a 20 µl injection chromatographic separation was achieved
using a mobile phase of 55% H2Odd (pH = 3 with perchloric acid)
and 45% acetonitrile at a flowrate of 1.4 ml/min. The analyses
were carried out with the fluorescence detector, which quantified
at an excitation wavelength of 426 nm and an emission wavelength
of 536 nm. Peak integration was done with the LabSolution data
management software and quantified against external standard
curves of curcumin (purity >97%), demethoxycurcumin (purity >98%) and bis-demethoxycurcumin (purity >98%) standards
(Chromadex, Irvine, USA).
2.4.3. Polyphenols
Catechin, naringenin and quercetin were analysed on a JASCO
HPLC system (LC-Net II ADC, AS-2059-SF Plus, PU-2080 Plus,
CO-2060 Plus, DG-2080-53, LG-2080-02 and a photodiode array detector PDA MD-2018; JASCO, Groβ-Umstadt, Germany)
equipped with a Kinetex PFP column (100 A, 250 × 4.6 mm, 5
µm, Phenomenex, Aschaffenburg, Germany) maintained at 35 °C.
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After a 20 µL sample injection, chromatographic separation was
achieved using a multistep gradient method (0 min 0% B, 1 min
20% B, 4 min 20% B, 12 min 75% B, 14 min 75% B, 17 min
30% B) with mobile phase A (deionized water with 5% formic
acid) and mobile phase B (acetonitrile with 10% deionized water and 5% formic acid) at a flow rate of 1.0 ml/min. Photodiode
array detection was monitored at 320 nm for quercetin and 280
nm for naringenin and catechin. Peak integration was done with
the JASCO ChromNAV (version 1.19.1) data management software and quantified against external standard curves of (+)-Catechin (purity ≥ 98%, Carl Roth, Karlsruhe, Germany), naringenin
(purity ≥ 98%, Carl Roth) and quercitin (purity >95%, Aquanova,
Darmstadt, Germany).
2.4.4. β-carotene, retinyl palmitate and retinol
β-carotene, retinyl palmitate and retinol were analysed on a SHIMADZU HPLC system (see CoQ10), with the column maintained
at 40 °C. After a 20 µl injection, chromatographic separation was
achieved with a mobile phase consisting of 82% acetonitrile,
15% 1,4-dioxane and 3% methanol with 100 mM ammonium
acetate and 0.1% triethylamine at a flow rate of 1.5 ml/min. The
β-carotene was measured by the UV/VIS detector with an excitation wavelength of 400 nm. Retinyl palmitate and retinol were
measured with the fluorescence detector at an excitation wavelength of 325 nm and an emission wavelength of 470 nm. Peak
integration was done with the LabSolution (SHIMADZU Corporation, Nakagyoku, Japan) data management software and quantified against external standard curves of β-carotene (≥97.0% purity,
Sigma-Aldrich), retinyl palmitate (purity >97%, Sigmal Adrich)
and retinol (purity >95%, Sigma-Aldrich (Merck Group KGaA),
Darmstadt, Germany).
2.5. In vitro digestion
A simplified version of the IFOGEST method (Rodrigues et al.,
2017), consisting of an in vitro gastric and intestinal digestion, was
carried out (n = 6). Due to the different LC of the micelles, the
digestions were normalised to simulate two concentrations (consumption scenarios). First, the concentrations were normalised to
the quantity of micellar PS80 added to the digestion, where oral
intake of the micellar paste, at such a quantity that 950 mg of micellar PS80 consumed with 250 ml of water, was simulated. The
digestions were then repeated and the concentration normalised
to the quantity of the loaded bioactive, where oral intake of the
micellar paste, at such a quantity that 50 mg of loaded bioactive
consumed with 250 ml of water, was simulated.
The amounts of micelles to be added to the in vitro digestions
were calculated using the loading capacity:
1. 50 mg loaded bioactive consumed with 250 ml water:
• [(50 mg bioactive) × 10 ml]/(250 ml water) (gastric digestion
vol-ume) = 2 mg of bioactive to be added to the digestion
• (2 mg bioactive)/[LC (%)] = micelles (mg) added to 10
ml digestion;
2. 950 mg micellar PS80 consumed with 250 ml water:
• [(950 mg PS80) × 10 ml]/(250 ml water) (gastric digestion
vol-ume) = 38 mg of PS80 to be added to the digestion
• (38 mg PS80)/[100 − LC (%)] = micelles (mg) added to
10 ml digestion.
For the gastric phase, the micelles (quantities according to
above calculations) were diluted to a final volume of 8.5 ml, to
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Figure 2. The in vitro digestive stability (%), solubility (%) and bioaccessibility (%) of bioactives loaded in PS80 micelles. Micelles were digested at two
consumption scenarios; either 950 mg micellar PS80 or 50 mg loaded bioactive consumed with 250 ml water. Data presented as mean, and error bars indicate one standard deviation (n = 6). Bars with different lowercase letters of the same bioactive and different capital letters between different bioactives,
differ significantly (p < 0.05). *Supernatant taken after the in vitro digests was centrifuged (4,700 ×g, 60 min, 4 °C). **Supernatant taken after the in vitro
digests was centrifuged and filtered (200 nm).

which pepsin was added (1.5 ml 34 mg pepsin/ml 0.1 N HCl–final
conc. 5 mg/ml), the pH adjusted to 2 and the digests incubated
(in the dark at 37 °C for 1 h, shaking at 120 rpm). For the small
intestinal phase (final volume 15 ml), porcine lipase (9 mg/ml),
porcine pancreatin (18 mg/ml) and bile extract (36 mg/ml) were
prepared in 100 mM NaHCO3 and added to final concentrations of
0.6 mg/ml lipase, 1.2 mg/ml pancreatin and 7.2 mg/ml bile extract.
The pH was adjusted to 6.5 using 1 N NaOH, the digest overlaid
with nitrogen gas and incubated, as described above, for 2 h. The
final digests were centrifuged (4,700 ×g, 60 min, 4 °C) and filtered (Filtropur S, 0.2 µm) to separate the soluble and bioaccessible fraction, respectively. All collected samples were overlaid with
nitrogen gas and stored at −80 °C for a maximum of two weeks
before HPLC analysis.
The digestive stability (%) in this study is defined as the amount
of bioactive not degraded during digestion (amount in the whole
digest), as a percentage of the total amount of bioactive digested.
The aqueous solubility (%) in this study is defined as the amount of
bioactive solubilised after digestion (amount in supernatant after
centrifuging), as a percentage of the total amount of bioactive digested. Bioaccessibility (%) in this study is defined as the amount

of bioactive incorporated into soluble micelles, smaller than 200
nm (amount in supernatant after centrifuging and filtration) (Figure 2).
2.6. Size distribution and surface charge determination
The size distribution and surface charge of micelles from digestion
fractions (50 mg of loaded bioactive/250 ml water) were analysed
with a photon correlation spectrometer (Zetasizer Nano, Malvern
Instruments, Malvern, USA).
The size distribution of particles in solution was measured
by dynamic light scattering and the distribution curve (% of total volume) in addition to the polydispersity index (PDI) of the
individual micelles were obtained. Size distributions with a PDI
value ≥0.7 were excluded in this work, as larger values indicate
an overly extensive size distribution and are therefore not appropriate for the technique of dynamic light scattering (Danaei et al.,
2018). Measurements were repeated at least 4 times with 15 runs
each at 25 °C.
The surface charge (mV) was measured with laser Doppler mi-
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Figure 3. Loading capacity (%) of aqueous solutions of various PS80 micelles (10 mg/ml) before and after centrifuging (4,700 ×g) or filtering (200 nm).
Data presented as mean, and error bars, indicate one standard deviation (n = 6). Bars with different lowercase letters of the same bioactive, differ significantly (p < 0.05). *Retinol included in the retinyl palmitate micelles **Sum of curcumin, demethoxycurcumin and bisdemethoxycurcumin in curcumin micelles.

croelectrophoresis. Measurements were made at least 4 times with
20 runs each, at 25 °C.
2.7. Statistical analysis

3. Results and discussion

Normality of data and equality of variance were assessed using the
Shapiro-Wilk and Levene’s tests, respectively (GraphPad Prism
8.4.1, GraphPad Software Inc., La Jolla, USA). For the particle
diameter data (not normally distributed), a Brown-Forsythe and
Welch ANOVA (Analysis of Variance), followed by Dunnett’s T3
multiple comparison test were done. In the case of the other data
(all normally distributed), a one-way ANOVA followed by Tukey’s posthoc test were performed. The main effects (of the two
digestion scenarios) for each bioactive (results not shown) were
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analysed with a two-way ANOVA. With all analyses p < 0.05 was
considered statistically significant.

3.1. Micellar characteristics and aqueous stability
The loading capacity (LC) of the various bioactives varied greatly,
from very low for β-carotene (0.04%) and CoQ10 (0.48%), to high
for retinyl palmitate (RP) (14.0%) (Figure 3). Various solvents
(hexane, ethyl acetate, ethanol) were tested to improve the LC of
the β-carotene and CoQ10 micelles, but the LC was similarly low
with all solvents. The RP powder used in the micellar formula-
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Table 1. Physicochemical properties of investigated bioactives

Bioactive

Molecular
weight (Da)

Hydrophobicity (logPoct/wat)

Water solubility
(25 °C) (mg/L)

Melting temperature (°C)

Polar surface
area (PSA) (Å2)

Rotatable
bonds

CoQ10

863.3

19.4

Insolublea

50–52

53

31

Curcumin

368.4

3.2

3.12

179–183

93

8

Catechin

290.3

0.4

2,260b

214

110

1

2.4

9.8c

251

87

1

Naringenin

272.3

Quercetin

302.2

1.5

2.15d

316–318

127

1

β-carotene

536.9

17.6

0.6

176–184

0

10

Retinyl palmitate

524.9

13.6

Insoluble

28.5

26
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All information was obtained from Pubchem (NCBI, 2021), except where indicated differently a(Villalba et al., 2010), b(Srinivas et al., 2010a), c (Shulman et al., 2011), d(Srinivas et
al., 2010b).

tion contained small amounts of retinol (<1%), of which the LC is
displayed. The LC of the various phenolic bioactives ranged from
2.1% for quercetin, 6.7% for catechin to 7.3% for naringenin. The
curcumin powder used, also contained demetoxycurcumin and
bisdemetoxycurcumin (≈20%), and the LC of curcumin and the
total curcuminoids were 7.0% and 8.6%, respectively. There was
no clear link between the loading capacity of the micelles and the
physicochemical characteristics of the loaded bioactives (Table
1). For example, despite the large difference between the LC of
RP and β-carotene, these bioactives have similar physicochemical
properties, including molecular weights and hydrophobicity (logPoct/wat). The polar surface area (PSA) of RP (26.3 Å2) is higher
than that of β-carotene (0 Å2). However, CoQ10 also has a higher
PSA (52.6 Å2), but the LC was equally low. The same was found
in a study where the solubility of 30 compounds with diverse physicochemical properties in lipid-based formulation excipients were
evaluated (Persson et al., 2013). The solubility of the compounds
in PS80 ranged from ≈1 to 340 mg/g, and while a partial least
squares model, using calculated molecular descriptors, resulted
in excellent predictions of solubility in soybean oil (R2 0.81) and
Captex355 (R2 0.84), for PS80 the predictive value was low (R2
< 0.62).
To evaluate the stability of the various micelles, the LC was
also measured after the micellar solutions were centrifuged or filtered. Except for the retinol in the RP micelles, centrifuging did
not reduce the LC of the micelles, indicating that there was no significant flocculation in the aqueous solution. Filtering resulted in a
substantial loss of β-carotene (34%) and retinol (75%) and smaller
losses of curcumin (14%), total curcuminoids (13%) and quercetin
(14%), indicating that there was aggregation of micelles forming
particles larger than 200 nm.
The surface charge is an important indicator of the stability of
colloidal dispersions (Mourdikoudis, et al., 2018). There was no
substantial difference in the surface charge between the empty
PS80 micelles and those loaded with the various bioactives (−3.63
vs. −3.96 to −7.03 mV) (Table 2). The surface charge of all the

micelles was close to neutral (> −10 mV), indicating that these micelles could be prone to aggregation, compared to highly positively or negatively charged particles (> ±20–30 mV) which tend to
repel each other, forming stable colloidal solutions (Mourdikoudis
et al., 2018). The surface charge, however, does not seem to be the
only factor affecting aggregation, as the LC of the retinol from the
RP micelles decreased upon filtering, but not that of the RP.
There was no substantial difference in the size distribution between the empty PS80 micelles and those loaded with the various
bioactives (Figure 4). Loading of the micelles resulted in slight increases in micellar size, but the average diameter of the main peaks
(>99% of the volume, Figure 4) were all below 20 nm (results not
displayed): empty micelles (9.2 ± 1.3 nm), curcumin (11.3 ± 2.0
nm) catechin (15.3 ± 1.2 nm), naringenin (14.6 ± 0.5 nm), quercetin (12.2 ± 0.4 nm), and RP (19.1 ± 4.7 nm).
3.2. In vitro digestion
As the LC of the micelles differed, digesting the same amount of
each micelle, would make comparison difficult, as both the quantity of micellar PS80 and the quantity of the loaded bioactive in
the digestions would differ. As such, the amount of micelles added
to the digestions was normalised to both the quantity of micellar PS80 and quantity of loaded bioactive. First the digestion was
simulated as 950 mg of micellar PS80 consumed with 250 ml of
water, then as 50 mg of loaded bioactive consumed with 250 ml of
water (see section 2.5 for calculations). The CoQ10 and β-carotene
micelles were not included in the in vitro digestion, as their LC
were too low.
There were no differences between the digestive stability (%) of
the bioactives when the micelles were digested at the two concentrations (Figure 2). The digestive stability (average of two concentrations) of curcumin, catechin and naringenin was high at 103%,
94% and 97% respectively, with that of quercetin lower, at 75%.
Technically, the digestive stability of the RP was 0%, as no RP

Table 2. The surface charge (mV) of PS80 micelles loaded with various bioactives before (micelles) and after in vitro digestion

Micelles
Soluble fraction*

Empty micelles

Curcumin

Catechin

−3.63 ± 1.53A,a

−3.96 ± 1.29A,a

−5.03 ± 2.18A,ab

−44.65 ±

2.00B,a

−59.08 ±

3.12B,c

−50.81 ±

1.95B,b

Naringenin

Quercetin

Retinyl palmitate

−7.03 ± 2.30A,b

−6.72 ± 2.18A,b

−5.93 ± 2.90A,ab

−49.54 ±

2.53B,b

Bioaccessible fraction** −44.75 ± 1.97B,a −67.68 ± 2.76C,c −53.11 ± 2.65B,b −47.33 ± 1.89B,a

−45.44 ±

2.93B,a

−62.80 ± 2.52B,c

−46.38 ± 2.78B,a −68.68 ± 3.36C,c

. Data are presented as mean ± SD, n ≥ 8, values with different lowercase letters in the same row and different capital letters in the same column, differ significantly (p < 0.05).
*Supernatant taken after the in vitro digests was centrifuged (4,700 ×g, 60 min, 4 °C). **Supernatant taken after the in vitro digests was centrifuged and filtered (200 nm).
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Figure 4. Size distribution (Percentage of total volume) of micellar solutions before and after in vitro digestion. *Supernatant taken after the in vitro digested micelles was centrifuged (4,700 ×g, 60 min, 4 °C). Measurements with a PDI > 0.7 were not included (n ≥ 5).

was detected after the digestion. The concentration of the retinol
however, increased, indicating that RP was converted to retinol,
and as such, the digestive stability, solubility and bioaccessibility data of retinol (15%) are displayed. The digestive stability of
the bioactive compounds could be indicative of the stability of the
PS80 micelles. A reduction in digestive stability could mean that
the bioactive compound leached from the micelle, or that the micelle dissociated, it is however no possible to speculate to which.
In both scenarios however, the bioactive would have been exposed
to the aqueous digestive environment where it could have been
degraded or metabolised (e.g. RP conversion to retinol), or precipitated out of solution.
The in vitro solubility (average of two concentrations) of catechin and naringenin was high at 95% and 93%, respectively;
with that of quercetin and curcumin lower at 52% and 41%, re-
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spectively; and RP (retinol) the lowest at 15% (Figure 2). The
bioaccessibility (average of two concentrations) of catechin and
naringenin was high at 86% and 70%, respectively; with that of
quercetin lower at 32%; and curcumin and RP (retinol) the lowest
at 15% and 14%, respectively. One could think that an increased
bioactive digestive stability would lead to increased solubility and
bioaccessibility. This was however not the case, where a simple
regression analysis showed low assosiation between the digestive
stability and solubility of the bioactives (R2 = 0.608), and even
lower between bioaccessibility (R2 = 0.248). As with the LC, there
was no link between the physicochemical properties (Table 1) and
the bioaccessibility of the bioactives. In a study investigating the
in vitro release of 10 compounds packaged into PS80/caprol 3GO/
Captex 200P/capmul MCM/soybean oil self-microemulsifying
drug delivery systems, there was also no clear link between the
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physicochemical properties of the compounds used and the in vitro
release from the self-microemulsifying delivery systems (Thi et
al., 2009).
Interesting is the comparison between the bioaccessibility data
from the digestions at the two different concentrations, which differed for all the bioactives, except RP (retinol). The bioaccessibility of curcumin, catechin and naringenin, from the digestions
normalised to 50 mg of the loaded bioactive, was significantly
lower (38, 6 and 16%, respectively), compared to the digestions
normalised to 950 mg of the micellar PS80 (Figure 2). The bioaccessibility of quercetin, from the digestions normalised to 50 mg
of loaded bioactive, was significantly higher (221%), compared
to the digestion normalised to 950 mg micellar PS80. The differences between the two consumption scenarios could be ascribed to
the different concentrations of PS80 in the digestions. The loading
capacity of the micelles was inversely related to differences in the
concentrations of the PS80 between the 950 mg PS80 and 50 mg
loaded bioactive digestion. With the quercetin micelles (LC 2.1%),
the PS80 concentration in the 950 mg PS80, compared to the 50
mg loaded bioactive scenario, was 2.5-fold higher, compared to RP
micelles (LC 14.0%) where the PS80 concentration was only 32%
higher. For curcumin (LC 7.0%), catechin (LC 6.7%) and naringenin (LC 7.3%), the PS80 concentrations were 67–73% higher.
This indicated that the higher the concentration of the PS80 in the
digestion, the higher the bioaccessibility of the loaded bioactive.
A linear regression, found a high correlation (R2 = 0.844) between
the difference in PS80 concentration and difference in bioactive
bioaccessibility between the two digestions. This supports the hypothesis that the concentration of PS80 in the digestion plays a
substantial role in the bioaccessibility of the loaded bioactive. So,
while a high LC is generally considered a desirable aspect, consider the following: when the same amount of bioactive (e.g. 100
µg) is consumed from PS80 micellar formulations with a low (e.g.
5%) and high (e.g. 20%) LC, respectively, the bioactive from the
micellar formulation with a lower LC, will have higher bioaccessibility and possibly, subsequent bioavailability.
The size distribution of the empty PS80 micelles, did not change
substantially after the in vitro digestion (Figure 4). The sizes of
the particles of the digests after the loaded micelles were digested,
were however, in general, much larger than that of the original
micelles. This again could have been due to aggregation of the
PS80 micelles, or formation of larger sized mixed micelles. The
size distribution of the naringenin, curcumin and RP micelles were
similar with a small peak at ≈100 nm, the main peak at ≈1,000 nm
and another small peak between 5,000 and 10,000 nm. The catechin micelles also had a substantial peak at ≈40 nm. The size distribution of quercetin was totally different, with increasing peaks
at ≈3 nm, ≈6 nm and ≈15 nm in addition to small peaks at ≈80
nm, ≈900 nm and ≈6,000 nm. On average 37, 91, 75, 62 and 93%
of the soluble curcumin, catechin, naringenin, quercetin and RP
(retinol), respectively, were assayed as bioaccessible (packed into
micelles smaller than 200 nm). This suggests that for curcumin,
and to a lesser extent for quercetin and naringenin, the bioactives
were loaded into particles larger than 200 nm. Therefore, either
PS80 micelles aggregated or larger mixed micelles, containing the
bioactives, were formed. There was no link between the size distribution of the micelles and the bioaccessibility of the bioactives,
where quercetin had the smallest micelles, but the bioaccessibility
was lower than that of naringenin and catechin.
Digestion decreased the surface charge of all the micelles by 7
to 15-fold (soluble fraction) (Table 2). Except for naringenin and
quercetin, where the surface charge of the micelles in the bioaccessible fraction was lower (19–53%) than that of the empty micelles.
The reduction in surface charge was probably due to the bile salts

(Wickham et al., 1998), either adsorbing to the PS80 micelles, or
the micelles dissociating and physiological mixed micelles (including PS80 and bile salts) forming. It has been found that above
their critical micelle concentration (CMC) (2 to 4 mM), bile salts
can displace PS80 and other surfactants from oil in water interfaces (Golding and Wooster, 2010).
4. Conclusions
Of the bioactives investigated, there is no link between their physicochemical properties and the loading capacity or stability of
their respective PS80 micelles. Not the ratio of loaded bioactive to
PS80, but rather an increased concentration of PS80 in the digestion seems to increase the bioaccessibility of the loaded bioactive.
In general, it is not clear if the differences in the size and surface
charge of the PS80 micelles after digestion, were due to modifications during the digestion process, where for e.g. bile salts and/or
phospholipids were incorporated into the micelles, or if the micelles totally dissociated and physiological mixed micelles were
formed, including the PS80. When considering the conversion of
RP to retinol during digestion, it is probable that the RP micelles
dissociated, as it has previously been found that digestion conditions lead to the conversion of RP to retinol (Courraud et al., 2013).
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Abstract
Eurycomanone is the main active ingredient of Eurycoma longifolia Jack with anti-cancer, anti-malaria, improving
male sexual dysfunction and other effects. The poor lipid solubility of eurycomanone is a potential reason for its
low bioavailability. However, the transmembrane absorption mechanism has not been reported. In this study,
the Caco-2 cell monolayer model was used to investigate the influence of different factors on the eurycomanone
transmembrane absorption, including time, concentration, temperature, P-glycoprotein inhibitors (verapamil or
cyclosporin A) and collateral transport enhancer (sodium desoxycholate or EDTA). The results showed that the
apparent permeability coefficient (Papp) of eurycomanone was lower than 10−6 cm/s with poor oral absorption.
The Papp was not dependent on concentrations or temperatures. The addition of paracellular transport enhancer
promoted the absorption of eurycomanone (P < 0.05), whereas p-glycoprotein inhibitors had no effect. Taken
together, this study indicated that absorption of eurycomanone may undergo passive transmembrane transport
and paracellular transport.
Keywords: Eurycoma longifolia Jack; Transmembrane transport; Eurycomanone; Caco-2 cells; Membrane absorption.

1. Introduction
Eurycoma longifolia Jack has been a well-known herb in Southeast Asia and received considerable attention in recent years due to
the nutritional and health protective effects, including aphrodisiac

effect, the treatment of malaria and persistent fever and cytotoxic
activity towards cancer cells (Hussein et al., 2007). Eurycomanone
is the main active ingredient of Eurycoma longifolia Jack with
anti-cancer, anti-malaria, improving male sexual dysfunction and
other effects (Kuo et al., 2004).
The oral administration is the most common and accessible man-
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ner during nutrients absorption and drug delivery, because it provides
many advantages, such as being painless, easily self-administered
and so on (Dou et al., 2019). A validated HPLC analysis of eurycomanone, in rat plasma following oral and intravenous administration of Eurycoma longifolia Jack extract was developed for pharmacokinetic and bioavailability studies (Low et al., 2005). Studies from
a rat model suggested that less lipid solubility of eurycomanone leads
to poor absorption, fast metabolic rate, and low oral bioavailability
(Low et al., 2011). In addition, intestinal instability, P-gp-mediated
substrate efflux and presystemic metabolism were involved in low
oral bioavailability of eurycomanone (Ma et al., 2017). Exploring
transport characteristics and mechanisms of eurycomanone through
intestinal epithelial cells may help us gain a deeper understanding of
the eurycomanone and improve its oral bioavailability.
Generally, the Caco-2 cell monolayer (Caco-2 Cell Monolayer,
CCM) was used as an in vitro absorption model (Kansy et al.,
2000). Because the Caco-2 cell monolayer permeability is associated with absorption in vivo, over the past few years, CCM has
been used as models of drug permeability screening trials to predict
drug intestinal permeability and human oral doses. Previous studies demonstrated that CCM is in widespread use for investigating
the absorption mechanisms of the drug, including passive transport and paracellular transport, vector-mediated resorption, and
efflux mechanisms (Kansy et al., 2000; Yamashita et al., 2000).
These experimental theories and literature will provide good direction for us to explore the transport mechanism. The permeability
of eurycomanone was investigated by using the parallel artificial
membrane permeability assay system and Caco-2 cultured cells.
The result suggests that eurycomanone is not readily absorbed
across biological membranes. The stability of eurycomanone in
Caco-2 cell model was good. The report also confirmed that eurycomanone was a very polar compound with high stability at different pHs, in the plasma and in liver microsome. No major degradation of the compound in the gastrointestinal tract and blood plasma
was noted and eurycomanone also exhibited low plasma protein
binding ability (Ahmad et al., 2018).
In our previous studies, we successfully prepared the quassinoids-phospholipid complex and in vivo study had shown that the
quassinoids-phospholipid significantly improved the oral absorption
and bioavailability of eurycomanone and overcame the limited absorption of eurycomanone (Guo et al., 2021). However, there is still
a lack of a better understanding of eurycomanone absorption. In this
study, we used the Caco-2 cell monolayer model to investigate the
transmembrane transport mechanism of eurycomanone by examining the effects of different factors on cells uptake and transport.

2.2. Cell culture
Caco-2 cells were cultured in complete medium (DMEM medium
supplemented with 10% (v/v) fetal bovine serum (FBS), 1% nonessential amino acids, 1% penicillin-streptomycin solution (100×))
and incubated in a humidified 5% CO2 incubator at 37 °C. The
cells were maintained routinely on 100 mm cell culture dishes and
the culture medium was replaced every other day. The cells were
split with 0.25% trypsin-EDTA when reaching 80–90% conﬂuence
and then transferred on the 96-well plate for cell viability determination as well as for uptake and transport experiments.
For cell uptake experiments, Caco-2 cells, in logarithmic
growth phase, were suspended in cell culture medium at 6∼8 × 104
cell/mL. The cell suspension was added to a 6-well plate (2 mL
per well) with a gentle shake. The medium was replaced every two
days thereafter. Cell monolayers were used for experimentation at
10–14 days after seeding.
For transport experiments, Caco-2 cells suspension was seeded
into 12-well polycarbonate Transwell plates at a density of 6∼8 ×
104 cells/mL (0.5 mL) in the upper chamber (apical side, AP), and
1.5 mL of fresh complete medium was added into the lower chamber (basolateral side, BL). Medium was changed every 2 days in
the initial one week, and subsequently changed once a day. About
3 weeks after culture, monolayer morphology existing on the polycarbonate membrane could be used for transport experiments.
2.3. Cell viability
Caco-2 cells in the 96-well plate were seeded at a density of 5 ×
104 cells/well and incubated at 37 °C for 24 h. Before MTT test,
eurycomanone with indicated concentrations was added to the
cultured cells and incubated for 24 h and then the medium was
discarded. After that, 100 μL of MTT solution (1.0 mg/mL) was
added and incubated for 4 h in cell culture incubator, then the medium was replaced with 100 μL of DMSO (dimethyl sulfoxide).
The absorbance at 562 nm was measured with Multiskan™ FC
microplate reader (Thermo Fisher Scientific, USA). The cell viability was calculated as the following Equation 1:

æ OD - OD
ö
test
zero ÷
Cell viability = ççç
÷÷´100%
è ODcontrol - OD zero ø÷

2. Materials and methods

(1)

ODtest, ODcontrol, and ODzero represent the absorbance of samples,
control, and blank, respectively.

2.1. Materials
Eurycomanone (mass fraction >95%; Chengdu alpha Biological
Technology Co. Ltd. Chengdu, China); DMEM medium (Thermo
Scientific .Carlsbad, CA, USA); fetal bovine serum (Excell Bio, Beijing, China); green-streptomycin (100×, Beijing Solarbio Science
& Technology Co., Ltd. Beijing, China); nonessential amino acids
(Thermo Scientific .Carlsbad, CA, USA) 0.25% trypsin–0.02%
EDTA digestion solution (laboratory homemade); Hank’s Buffer
(Hank’s balanced salt solution), (Thermo Scientific .Carlsbad, CA,
USA); MTT Reagent (Sigma Aldrich, Merck KGaA, Darmstadt,
Germany); Verapamil hydrochloride (Tianjin heowns Biological
Technology Co. Ltd. Tianjin, China); Cyclosporin A (Tianjin heowns
Biological Technology Co. Ltd. Tianjin, China); Sodium deoxy-
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cholate (J&K Scientific Co., Ltd. Beijing, China); EDTA (Tianjin
heowns Biological Technology Co. Ltd. Tianjin, China); Transwell
cell culture plate (Corning Incorporated, New York, USA); Caco-2
cell line (Jiangsu Keygen Biotech Co., Ltd. Nanjing, China).

2.4. Verification of Caco-2 cells monolayer model
2.4.1. Cell morphology
The Trans-endothelial electrical resistance (TEER) detection
was used to evaluate the monolayer modelas reported previously
(Hidalgo, 2001). Briefly, after incubation, the Caco-2 cells were
washed with prewarmed PBS twice, then, the electrodes soaked in
PBS overnight were inserted into AP side and BL side of transwell
chamber respectively, next, the TEER value was detected at days
3, 5, 7, 14, 21. The monolayer was not used until the TEER was
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Table 1. Effects of some factors on the transport of samples

FACTORS

APICAL SIDE (0.5 ML)

BASAL SIDE (1.5 ML)

TRANSPORT TIME (H)

CONCENTRATION

eurycomanone (25, 50, 100, 200 μg/mL)

HBSS buffer

1

HBSS buffer

eurycomanone (25, 50,
100, 200 μg/mL)

1

4 °C , 37 °C (eurycomanone 50 μg/mL)

HBSS buffer

1

HBSS buffer

4 °C , 37 °C (eurycomanone 50 μg/mL)

1

eurycomanone (25, 50, 100, 200 μg/mL)

HBSS buffer

0.5 h, 1 h, 2 h, 3 h

HBSS buffer

eurycomanone (25, 50,
100, 200 μg/mL)

0.5 h, 1 h, 2 h, 3 h

100 μg/mL verapamil; 100 μg/mLcyclosporin A

HBSS buffer

1h

HBSS buffer

100 μg/mL verapamil; 100
μg/mL cyclosporin A

1h

100 μg/mL sodium deoxycholate;
100 μg/mL EDTA

HBSS buffer

1h

HBSS buffer

100 μg/mL sodium deoxycholate;
100 μg/mL EDTA

1h

TEMPERATURE
TIME

P-GP INHIBITOR

ABSORPTION
ENHANCER

above 400 Ω·cm2.
Additionally, mannitol transmittance detection was used to observe the membrane integrity and transport function of the Caco-2
cells monolayer model. Briefly, 100 μg/mL of sodium fluorescein
was added to AP side, 100 μL aliquots were taken from the BL
side at 0.5, 1.0, 1.5, 2.0, 3.0 h. Then, 20 μL sample of the clear supernatant was injected onto a high-performance liquid chromatography (HPLC) system. Generally, when the transmittance is ≤0.5
%/h/cm2, the integrity of cell monolayer is considered to be good
(Bravo et al., 2004).
2.5. Uptake studies
Uptake studies were done based on previously reported literature
(Iwazaki et al., 2016). Briefly, Caco-2 cells were seeded at a density of 1 × 105 cells/well on 6-well plates (Costar Corning, NY,
USA). Before uptake studies, the culture medium was removed.
The Caco-2 cell monolayers were rinsed twice with pre-warmed
(37 °C) PBS buffer and then preincubated with HBSS buffer for 30
min at 37 °C. The monolayers were subsequently incubated with
HBSS buffer contained eurycomanone at 4 °C or 37 °C, 25, 50,
100, 200 μg/mL of eurycomanone were added to investigate the
influence of various concentrations on uptake. Furthermore, verapamil hydrochloride, cyclosporin A, sodium deoxycholate and
EDTA were added to investigate the effects of uptake inhibitors
or enhancers on eurycomanone uptake. To evaluate the effects of
time on eurycomanone uptake, times of incubation were as follows: 10, 30, 60, 120 min. Then the culture medium was discarded
and the monolayers were rinsed three times with ice-cold HBSS
buffer (4 °C). Then after, 0.15 mL of cell lysis buffer was added
to each well. Each 100 μL sample was mixed with 5 μL perchloric
acid to precipitate the protein. And the suspension was centrifuged
at 9,000 g for 10 min. Then, the supernatant was collected and
the absorbed concentration of eurycomanone was evaluated using
HPLC analysis. The protein contents of samples were determined
by Nanodrop 2000 (Thermo Fisher Scientific, Wilmington, DE,
USA). The eurycomanone uptake of the cells was normalized to
protein content and expressed as µg/mg protein.

2.6. Transport studies
Transport studies were performed as reported in literature (Iwazaki
et al., 2016). The Caco-2 cells monolayer Transwell chamber models were successfully cultured for 21 days, which were washed three
times with the preheated HBSS before each experiment and then
left at 37 °C in a CO2 incubator for 30 min to reach equilibrium.
Immediately after preincubation, HBSS buffer was removed and the
HBSS contained test compounds were added to the apical side (0.5
mL) or the basolateral side (1.5 mL) while HBSS buffer was then
added to the opposite side. We then investigated the effects of different conditions on the transport characteristics of eurycomanone
based on the methods listed in Table 1. Then, 100 μL of the samples
were taken from the receiver chamber, and the same volume of fresh
HBSS buffer was added. The samples were determined by HPLC as
described above. All drugs were freshly prepared prior to the experiment. All trials were performed in triplicate.
The transport characteristics of eurycomanone in different
conditions is represented by the apparent permeability coefficient
(Papp) and efflux ratio (ER), and the calculation method is as the
following Equations 2 and 3:

Papp =

dQ
1
´
dt A × C0

(2)

dQ/dt refers to the instantaneous rate of drug release to the receiver
side (µg/s) , A is the area of polycarbonate membrane (cm2), C0 is
the initial concentration of drug (µg/ml):

ER =

Papp ( BL ® AP )
Papp ( AP ® BL)

(3)

Papp (BL→AP) refers to the Papp values of the drug from the BL side
to the AP side, and Papp (AP→BL) refers to the Papp values of the drug
absorbed from the AP side to the BL side. All data were expressed as
mean ± SD.
During the experiments, the integrity of the cell monolayers
was assessed by measuring the TEER value and mannitol transmittance. When the TEER value reached 400 Ω·cm2 and the mannitol
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Figure 1. The survival rate of Caco-2 cells after incubation for 24 h at
different concentrations of eurycomanone (μg/mL). The results showed
that addition of eurycomanone had no significant impact on cell viabilities
compared with the control group.

permeability was ≤0.5%·h−1·cm−2, the cell monolayer membrane
was considered to be integrated.
2.7. Statistical analysis
All data in the graphs were presented as the mean value ± standard deviation from three independent measurements. Statistical
significance was performed using one-way ANOVA followed by
Dunnett’s multiple comparisons test with Graph Pad Prism 6.01
software (Graph Pad Software, Los Angeles, CA, USA). The statistical significance was assigned at P < 0.05.
3. Results and discussion
3.1. Caco-2 cell viability
Great Caco-2 cell viability is necessary for uptake and transport
studies. The MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-Htetrazolium bromide, Thiazolyl Blue Tetrazolium Bromide) method
was applied for the Caco-2 cell viability. As shown in Figure 1, there
was little impact on Caco-2 cell viability when we incubated Caco-2
cells for 24 hours with concentrations of eurycomanone range from
1 to 400 μg/mL. The cell viabilities of eurycomanone at different
concentrations were all higher than 80%, and there was no significant difference when compared with the control group. Thus, we
performed following uptake and transport studies within this concentration range of eurycomanone.
3.2. Evaluation of the Caco-2 Cell Transport Model (Single Layer
Integrity)
3.2.1. TEER detection
The integrity of the Caco-2 cell monolayers was evaluated by
measuring the TEER, which was used for the transport study. As
shown in Figure 2, the resistance value grew slowly in the first
week of the cell growth, because the cell was in the logarithmic
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Figure 2. Establishment of a 21-days Caco-2 cells monolayer model by
real-time monitoring of change by TEER value. All experiments were performed three times.

growth period in the first week, and the cell had not fully covered the Transwell polycarbonate membrane. In the second week,
the resistance values fused rapidly and reduced the gap between
cells. On day 14, the transmembrane resistance value reached 500
Ω·cm2, after which the resistance value became flatter, Caco-2 cell
could slowly differentiate to form a cell monolayer that possesses
many functions of the small intestinal villus epithelium. On day
21 the transmembrane resistance value was >500 Ω·cm2, indicating that Caco-2 cells had formed a complete and dense monolayer.
3.2.2. Mannitol transmittance detection
In order to obtain the monolayer cells, we also performed mannitol
transmittance detection in Caco-2 cells. We found that the value of
mannitol transmittance (0.5% /h/cm2) was not significantly different among sites between any time point (Table 2), consistent with
the requirements of monolayer cells.
In summary, through transmembrane resistance detection and
mannitol transmittance detection, the cultured Caco-2 cell single
layer met the integrity requirements and could be used for subsequent experiments.
3.3. Effect of differnt factors on the uptake of eurycomanone in
Caco-2 cells monolayer
As shown in Figure 3a, the uptake of eurycomanone increased lineTable 2. Mannitol transmittance of Caco-2 cells at different time points
(x ± s, n = 3)

Time (h)

Transmission rate (%/h/cm2)

P value

0.5

0.52 ± 0.04

–

1.0

0.44 ± 0.03

0.2876

1.5

0.46 ± 0.03

0.2876

2.0

0.40 ± 0.03

0.2397

3.0

0.42 ± 0.02

0.0578

Note: compare with time (0.5 h) group.
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Figure 3. Effect of incubation time (a), concentration of eurycomanone (b) and P-glycoprotein inhibitor (c) on the uptake of eurycomanone in Caco-2
cell. (a) Caco-2 cells were incubated at 37 °C in HBSS containing 50 μg/mL of eurycomanone for 120 min. (b) Caco-2 cells were incubated for 60 min at 37
°C with different concentration (0, 25, 50, 100, 200 μg/mL) of eurycomanone. (c) Caco-2 cells were incubated for 60 min at 37 °C with eurycomanone (50
μg/mL) alone, eurycomanone (50 μg/mL) with Verapamil (100 μg/mL), and eurycomanone (50 μg/mL) with Cyp-A (100 μg/mL), respectively. Each point is
presented as mean ± SD, n = 3.

arly within 60 min (R = 0.9889). As a result, 60 min’ time was chosen
as optimal. Thus the time of 60 minute ingestion was taken as the uptake time for subsequent experiments to ensure a maximum absorption. The results demonstrated that the uptake of eurycomanone by
the cells increased with increasing concentration of eurycomanone
(25∼200 μg/mL), exhibiting a linear dependence at 60 min (R2 =
0.9884). These data indicated that cellular eurycomanon uptake
mainly proceeds through passive diffusion. Furthermore, the adding
of two P-glycoprotein inhibitors (Verapamil and Cyp-A) (Bohets et
al., 2001) did not attenuated the uptake of eurycomanone (P > 0.05)
(Figure 3c), and indicated that eurycomanone was not a substrate for
P-glycoprotein mediated efflux transport.
3.4. Transport characteristics of eurycomanone on both sides
of Caco-2 cells monolayer
The absorption of the apical side to the basolateral side (AP→BL)
and the basolateral side to the apical side (BL→AP) are shown
in Figure 4a and b and Table 3. The drug transport mode can be
judged by the efflux rate (ER). At various concentrations, there is
no significant difference in the apparent permeability coefficient
(Papp). When the ER is between 0.5 and 1.5, it indicates that the
drug is mainly passive transport, and further study is needed to
investigate whether a carrier participated. When Er is greater than
1.5, the drug may be actively transported with the participation of
carrier protein (Gao et al., 2005).
The results showed that ER was between 0.5 to 1.5 and there
was no significant difference in bidirectional Papp, and the transport
mechanism of eurycomanone in the Caco-2 cell model was mainly

passive diffusion. To investigate the effects of paracellular transport
enhancers on the absorption of eurycomanone, sodium desoxycholate and EDTA were introduced in experiments. As shown in Figure
4c, although both the two paracellular transport enhancers improved
the absorption of eurycomanone (Song et al., 2014), EDTA was prior
to sodium desoxycholate in this aspect (P < 0.05). Meanwhile, these
findings suggested that there is a paracellular pathway in the passive
diffusion absorption of eurycomanone. In theory, water-soluble small
molecule compounds are common drugs for the transport of the paracellular pathway (Guan et al., 2012). Interestingly, eurycomanone is
well water-soluble with a molecular weight of 408.403, which meets
the potential to transport by the paracellular pathway.
Given that P-glycoprotein (P-gp) represents an important intervention in drug absorption, the effect of P-gp inhibitors on eurycomanone absorption was also evaluated (Figure 4d). However,
P-glycoprotein inhibitors of Verapamil and Cyp-A had no interference with eurycomanone absorption (P > 0.05), indicating that
eurycomanone is not P-gp substrate.
As shown in Table 4, the change of temperature (4 °C and 37
°C) had no significant effect on Papp and ER (P > 0.05), indicating
that there was no active transport in the absorption process of eurycomanone. Because of the decrease of temperature, the production
of adenosine triphosphate (ATP) is blocked (Guan et al., 2012),
the active transport will be inhibited, and the absorption and efflux
rate of drugs will change significantly, while the absorption and
efflux rate of eurycomanone will not change significantly due to
the change of temperature.
There have been many articles (Hussein et al., 2007; Kuo et al.,
2004) reporting that eurycomanone shows a lot of pharmacological effects. However, the effects of eurycomanone can be limited
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Figure 4. AP→BL (a) and BL→AP (b) are the effect of incubation time on cell transport; the effects of paracellular enhancers (c) and P-gp (d) inhibitors on
transmembrane transport of eurycomanone.
Table 3. Effect of concentration on bidirectional transport (x ± s, n = 3)

Papp × 10−7 (cm/s)

ER

P value

3.59 ± 0.90

0.87

-

4.47 ± 1.07

3.72 ± 0.60

0.83

0.3224

100

4.41 ± 0.99

3.61 ± 0.54

0.82

0.2045

200

3.99 ± 1.38

3.45 ± 0.84

0.86

0.8552

Concentration (μg/mL)

AP→BL

BL→AP

25

4.15 ± 0.68

50

Note: compare with concentration25 (μg/mL) group.

due to its low bioavailability. The aim of this study is to provide
the preliminary research to uncover transport mechanism of eurycomanone. We have incorporated eurycomanone into phospholipid complexes, with subsequent improvement in bioavailability
and increased its efficacy (Guo et al., 2021).
4. Conclusion
This paper investigated the transmembrane transport mechanism of
Table 4. Effect of temperature on bidirectional transport (x ± s, n = 3)

Temperature (°C)

Papp × 10−7 (cm/s)

ER

AP→BL

BL→AP

4

4.04 ± 0.43

3.53 ± 0.35

0.87

37

4.47 ± 1.07

3.72 ± 0.60

0.83
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eurycomanone, a representative compound of quassinoids. It was
confirmed that the absorption mechanism of eurycomanone is passive transmembrane transport and paracellular pathway transport,
and the factors affecting transmembrane absorption and transport
were mainly time and drug concentration, independent of temperature. Bi-directional transport experiments demonstrated the transport process of eurycomanone with no apparent directionality.
The experimental results also demonstrated that eurycomanone
was not a substrate for P-glycoprotein and was not involved in
P-glycoprotein-mediated efflux, and that paracellular transport enhancers could promote the absorption of eurycomanone. Moreover, the poor absorption of eurycomanone was indicated by a low
effective permeability coefficient. Thus, these results provided
updated information concerning the transport mechanism, which
may provide some insights for the research and application of
eurycomanoneoral formulations with intestinal absorption. However, oral absorption mechanism of eurycomanone performed by
us needs further exploration, such as in vivo experiments and exocytosis process.
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Abstract
Food-derived bioactive peptides are promising ingredients for developing functional foods and nutraceuticals due
to their putative safety, low cost, and multiple health benefits. Chicken egg is considered a major source of dietary
protein, lipids, vitamins, and minerals but is also highly allergenic. The aim of this work was to investigate the
inherent bioactive properties of chicken ovalbumin peptides using in silico approaches. Ovalbumin was in silico
hydrolyzed with gastrointestinal proteases (chymotrypsin, trypsin, and pepsin) and results indicated cleavage of
the most allergenic protein with an overall 36.62% theoretical degree of hydrolysis, consisting of 132 fragments
of which 65 were di-, tri-, tetra- or oligopeptides. The most represented biological targets obtained for these
peptides include HLA class I histocompatibility antigen A-3, E3 ubiquitin-protein ligase XIAP, and angiotensinconverting enzyme. Notably, peptides AIVF and AVL were found to have multi-target potentials. Gene enrichment
analysis showed interaction of these peptides with some kinases and transcription factors. Overall, results from
binding affinity, pharmacokinetics and physicochemical properties, and therapeutic activity showed that PGF,
SSL, GGL, AVL, VY, and IL are promising peptide candidates for further studies. These results are important in the
design of peptide-based functional foods and therapeutic products devoid of allergenic property of ovalbumin.
Keywords: Ovalbumin; Hydrolysate; Bioactive peptides; Docking; Pharmacokinetics; Therapeutic potential; In silico.

1. Introduction
Proteins are integral food components that provide nutritional,
technological, and functional properties. Bioactive peptides
(BAPs) are amino acid chain fragments that are generated during
proteolytic cleavage or maturation of functional proteins and exhibit similar or unrelated biological properties in comparison to the
parent protein (Iavarone et al., 2018). Food-derived BAPs are short
sequences of 2–20 amino acids that are embedded within the primary structure of dietary proteins (Manzanares et al., 2019). Nor-
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mally, these peptide sequences are inactive within the precursor
protein but can be activated during food processing or enzymatic
hydrolysis (Daliri et al., 2017). The precise functions of these
peptides depend on their amino acid composition, sequence, and
chain length in addition to physicochemical properties (Sánchez
and Vázquez, 2017). Food-derived BAPs are promising ingredients for developing functional foods and nutraceuticals due to their
putative safety, low cost, and multiple health benefits (Udenigwe
and Aluko, 2012). A growing body of scientific evidence indicates
that peptides regulate several physiological processes and act as
antidiabetic, antihypertensive, antimicrobial, antioxidant, antican-
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cer, and immunomodulatory agents (Antony and Vijayan, 2021;
Chalamaiah et al., 2018). Consequently, the study of food protein
hydrolysates has become a popular area in biochemical and nutritional research (Famuwagun et al., 2020, 2021; Wu et al., 2020;
Girgih et al., 2015).
BAPs have been isolated from food sources, including animal
(milk, egg, cheese, yoghurt, and meat), vegetable (pulses, lentils,
nuts, wheat, rice, oat, and flaxseeds), and marine organisms (fish,
tuna, salmon, squid, oyster, and crabs) proteins (Antony and Vijayan, 2021). BAPs are released from food proteins by exogenous or
endogenous proteases, or microbial fermentation (Xu et al., 2019).
In vitro, in vivo or in silico enzymatic hydrolysis can also be used
for BAPs preparation. To produce BAPs with specific activity,
proteases with broad cleavage specificity are used for proteolysis, e.g., bromelain, ficin, and papain from plant sources; chymotrypsin, pepsin, trypsin, and pancreatin from animal sources; and
Alcalase, collagenase, Flavourzyme, Neutrase, pronase, proteinase
K, and subtilisin A from microbial sources (Jakubczyk et al., 2020;
Yada, 2017).
Eggs are widely consumed globally and Gallus gallus (chicken)
egg is one of the most preserved natural products that is considered
a major source of proteins, lipids, vitamins, and minerals (Abeyrathne et al., 2013). The egg yolk consists of lipovitellins (36%),
livetins (38%), phosvitin (8%), low-density lipoproteins (17%),
and carotenoids (1%), which impart the yellow color (Nolasco
et al., 2019; Abeyrathne et al., 2013). The constituent major proteins in egg white are ovalbumin (60–65%), ovotransferrin (12%),
ovomucoid (11%), lysozyme (3.5%), and ovomucin (3.5%), while
avidin (0.05%), cystatin (0.05%), ovomacroglobulin (0.5%), ovoflavoprotein (0.8%), ovoglycoprotein (1.0%), and ovoinhibitor
(1.5%) are the minor proteins (Guerin-Dubiard et al., 2006; Kovacs-Nolan et al., 2005; Stein et al., 1991).
Egg white ovalbumin belongs to the serpins superfamily found
in animals, plants and viruses, and they probably evolved from a
serine protease inhibitor; example of serpins include plasma inhibitors, hormone-binding globulins, and angiotensinogen (Stein
et al., 1991). Ovalbumin is a glycoprotein with a molecular weight
of ∼45 kDa. It lacks the recognized protease inhibitory activity
despite having 30% sequence identity with antitrypsin and similarity with other functional inhibitors of the serpin family (Stein et
al., 1991). Chicken ovalbumin (Gene ID: SERPINB14) consists
of 386 residues and functions as a storage protein and mediator
of biological processes such as amino acid and ion homeostasis,
and negative regulation of endopeptidase activity (https://www.
uniprot.org/uniprot/P01012).
Several tools are now available for efficient proteomic studies
(Guerin-Dubiard et al., 2006), especially, bioinformatics methods
for predicting the potential sequence of bioactive peptides. In
silico methods are used to study bioactive peptides from various
plants and animals due to their cost-effectiveness, timeliness, and
dependability (Agyei et al., 2018). For instance, a whole peptidomics and bioinformatics study of chicken egg white revealed the
presence of 43 novel antidiabetic peptides based on homologous
sequence motifs identified in other food-derived peptides (Arena et al., 2020). According to Majumder and Wu (2010), novel
peptides could be identified by the use of quantitative structureactivity relationship (QSAR) and bioinformatics. An overview of
the application of in silico methods for the generation of food protein-derived BAPs has been provided in recent reviews by Agyei
et al. (2018) and FitzGerald et al. (2020). The current research
work fills the gap in knowledge in the previous studies on chicken
egg white (Zhao et al., 2020; Salim and Gan, 2020) by addressing the pharmacokinetic profiles, molecular targets affinity, and
biological activities of potential BAPs. Therefore, the aim of this

work was to investigate the inherent pharmacological properties
of ovalbumin using in silico approaches to release and identify
BAPs that could be used to formulate functional foods and therapeutic products.
2. Materials and methods
2.1. Protein hydrolysis and bioactivity assessment
The sequence of ovalbumin from Gallus gallus (chicken), with the
gene name: SERPINB14 and UniProt ID: P01012, was obtained
from the protein sequence database UniProt (www.uniprot.org) in
FASTA format. Enzymatic hydrolysis of ovalbumin was achieved
using BIOPEP-UWM (http://www.uwm.edu.pl/biochemia/index.
php/en/biopep), which performs enzymatic hydrolysis and bioactivity prediction based on known BAPs in the database (Minkiewicz et al., 2019). Simulated combined digestion was done in
BIOPEP-UWM using gastrointestinal (GI) enzymes, such as chymotrypsin (EC 3.4.21.1), trypsin (EC 3.4.21.4), and pepsin, pH
1.3 (EC 3.4.23.1). The theoretical degree of hydrolysis (DH) was
calculated from the equation: TDH = [d/D] × 100%, where d is
number of hydrolyzed peptide bonds and D is total number of peptide bonds in a protein chain. Potential biological activity of the
released peptides was determined using the appropriate BIOPEPUWM tool.
2.2. Target prediction
Target prediction was conducted using the sequence of 65 peptides obtained from the in silico enzymatic hydrolysis (Table s1) as
well as the sequence of 6 selected peptides with potential biological activity from the result of initial screening on BIOPEP-UWM
to serve as control. The amino acid sequence was converted to
a structure format called Simplified Molecular Input Line Entry
Specification (SMILES) using PepSMI (https://www.novoprolabs.
com/tools/convert-peptide-to-smiles-string) as described by Fatoki et al. (2020a). In silico prediction of target was done using
SwissTargetPrediction (STP) (http://www.swisstargetprediction.
ch/), where Homo sapiens was selected as the target organism (Diana et al., 2019), and selection was made based on a minimum
of 25% probability. Lastly, Super-PRED (SP) was used to predict
targets that are not analyzable on STP (https://prediction.charite.
de/subpages/target_prediction.php).
2.3. Peptide-peptide docking simulations
Based on the results obtained from the target prediction, proteinpeptide docking was done using HPEPDOCK (https://huanglab.
phys.hust.edu.cn/hpepdock/) (Zhou et al., 2018) at default setting,
using the protein structure in PDB format and the peptide sequence
in FASTA format. PyMOL software v2.0.7 was used for visualizing the three-dimensional interactions of the protein-peptide
complexes. Binding energy of the protein-peptide complex was
calculated using Prodigy (https://bianca.science.uu.nl/prodigy/)
(Xue et al., 2016).
2.4. Target gene expression analyses
Twenty genes were obtained from target prediction results for
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Figure 1. Fragments of ovalbumin released by the action of the GI enzymes, chymotrypsin, trypsin, and pepsin.

25 ovalbumin peptides. The gene IDs (FPR2, CTSB, CAPN1,
FURIN, CFB, HLA-A, FNTA, FNTB, PTGS2, ACE, OPRM1, ITGAV, SLC5A1, HMGCR, BACE1, YARS1, DPP4, XIAP, TACR1,
and OPRD1) were the basis for expression network analyses (transcription factor enrichment analysis, protein-protein interaction
network expansion, and kinase enrichment analysis), using eXpression2Kinases (https://maayanlab.cloud/X2K/) (Clarke et al.,
2018), where ‘human’ was listed as the background organism.
2.5. Pharmacokinetics and physicochemical properties prediction
The active peptides (peptides with predicted target) were subjected
to in silico Absorption, Distribution, Metabolism, and Excretion
(ADME) screening on SwissADME (http://www.swissadme.ch/)
at default settings (Diana et al., 2017). Potential toxicity of the peptides was predicted by virtual scanning using ToxinPred (https://
webs.iiitd.edu.in/raghava/toxinpred/multi_submit.php; Gupta et
al., 2013). Hemolytic or red blood cell (RBC) lysing potential of
the peptides was estimated using HemoPI (https://webs.iiitd.edu.
in/raghava/hemopi/), which was also used to calculate the theoretical isoelectric point (pI), hydrophobicity, hydropathicity, hydrophilicity, and net charge at pH 7.
2.6. Prediction of therapeutic potential of the peptides
Therapeutic potential, including anticancer, antimicrobial, antiviral, antioxidant, anti-inflammatory. antihypertensive and antidiabetic activities, of the ovalbumin peptides was conducted using (i) iAMPpred (http://cabgrid.res.in:8080/amppred/; Meher et
al., 2017) for antimicrobial (antibacterial, antiviral and antifungal
peptides), (ii) PreAIP (http://kurata14.bio.kyutech.ac.jp/PreAIP/;
Khatun et al., 2019) for anti-inflammatory properties, (iii) AntiCP
server virtual screening (https://webs.iiitd.edu.in/raghava/anticp/
multi_pep.php) for anticancer properties (Tyagi et al., 2013), and
(iv) AodPred web-server (http://lin-group.cn/server/AntioxiPred,
Feng et al., 2016) for antioxidant peptides. Peptide sequence in
FASTA format was used for all the analyses.
3. Results
3.1. Protein hydrolysis
In silico hydrolysis of ovalbumin yielded 132 fragments from the
combined actions of GI proteases (chymotrypsin, trypsin, and
pepsin), which hydrolyzed 141 of the 385 peptide bonds in the
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protein (Figure 1) resulting in a theoretical degree of hydrolysis
of 36.62%. Several biologically active peptides were screened on
BIOPEP-UWM for intact (unhydrolyzed) and hydrolyzed ovalbumin sequences having potential antioxidative, antihypertensive,
antidiabetic, hypolipidemic and kinase activities, as shown in
Tables 1 and 2. Only 65 of the 132 fragments from hydrolyzed
ovalbumin with two or more amino acid residues and six most active peptides from the unhydrolyzed screening were selected for
further analyses (Table s1).
3.2. Target prediction
Eighteen targets were selected for further studies based on a minimum score of 25% probability as shown in Table 3. After analysis,
the most represented targets obtained (with their UniProt ID) were
HLA class I histocompatibility antigen A-3 (P04439), E3 ubiquitin-protein ligase XIAP (P98170), and angiotensin-converting enzyme (P12821), while peptides that have multi-target potentials
were AIVF and AVL. Peptide CPIAIM had the highest (60%)
probability of target for protein farnesyltransferase (P49354,
P49356); LPF (90%), AIVF (85%) and PIL (75%) for E3 ubiquitin-protein ligase XIAP (P98170); GGL (70%) for cyclooxygenase-2 (P35354); PIL (75%) for dipeptidyl peptidase IV (P27487);
and VY (60%) for tyrosyl-tRNA synthetase (P54577). The hydrolysate peptides GDSIEAQCGTSVN, QPSSVDSQTAM, and EVVGSAEAGVDAASVSEEF could not be analyzed on SwissTargetPrediction due to their bulkiness, thus Super-PRED (SP) was
used. The result showed that the three bulky peptides could target
cathepsin D (P07339), delta opioid receptor (P41143), caspase-1
(P29466), cyclooxygenase-2 (P35354), and others.
3.3. Target gene expression network
Results from the enrichment analysis based on the hypergeometric
(−log10) p-value (Figure 2) showed that the peptides targeted the
expression of kinases (Gene ID, UniProt ID), including casein kinase II subunit alpha (CK2ALPHA/CSNK2A1, P68400), mitogenactivated protein kinases (MAPK1/ERK2, MAPK3/ERK1, and
MAPK14; P28482, Q16539), and homeodomain-interacting protein kinase 2 (HIPK2, Q9H2X6). In addition, the peptides targeted
the expression of transcription factors, including signal transducer
and activator of transcription 3 (STAT3, P40763), nuclear factor
erythroid 2-related factor 2 (NFE2L2, Q16236), protein C-ets-1
(ETS1, P14921), erythroid transcription factor (GATA1, P15976),
transcription factor PU.1 (SPI1, P17947), interferon regulatory
factor 8 (IRF8, Q02556), transcriptional regulator ERG (ERG,
P11308), and polycomb protein SUZ12 (SUZ12, Q15022). The
lower the hypergeometric p-value, the better the enrichment.
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Table 1. Predicted peptides (with minimum of three amino acid residues) of intact ovalbumin (UniProt ID: P01012) with potential biological activity from
BIOPEP-UWM

Biological activity
Alpha-amylase inhibitor

ACE inhibitor

Antioxidative

Others

Peptide

Sequence location

Peptide

Sequence location

Peptide

Sequence location

Peptide

Sequence location

KLPGF

64–68

VSP

396–398

VHH

21–23

LPF*

239–241

EVSGL

257–261

ILP

116–118

VHHANEN

21–27

YNL**

300–302

QITKPN

92–97

LVL

251–253

SALAM

37–41

YLG***

43–45

AEAGVD

356–361

LQP

166–168

LWE

190–192

GLF****

222–224

EAGVD

357–361

LLP

253–255

AEERYP

110–115

SSS***** 318–320

NVLQPS

164–169

VFK

15–17

DEDTQAMP

197–204

LEPINF

134–139

LPG

65–67

GAA

5–7

ANENIF

24–29

FCF

11–13

KGLWE

188–192

QIGLF

220–224

FFGRCVSP 391–398

LFC

378–380

HAEIN

342–346

ERKIKVYL

NEN

25–27

DHPFLF

374–379

FGRCVSP

392–398

SVL

304–306

NIFYCP

27–32

YNL

300–302

YLG

43–45

284–291

YAEERYPIL 109–117
QIGLF

220–224

LPF

239–241

AVL

388–390

LFR

223–225

IFY

28–30

VVR

57–59

LKISQ

332–336

INKVVR

54–59

VYLPRM

289–294

KLP

64–66

INKV

54–57

SQAVH

335–339

QAVHA

336–340

LTSVLMA

302–308

SLR

85–87

YNL

300–302

LVLL

251–254

*Anti-inflammatory, **Renin inhibitor, ***Anxiolytic-like peptide, ****Immuno-stimulating peptide, *****Stimulating vasoactive substance release. Bolded = reported in literature. Blue = multiple biological activities. Purple = component of other peptides of the same biological activity.

3.4. Peptide-peptide docking simulations
The best models obtained from HPEPDOCK scores (Table s2)
were used for calculation of binding free energy (ΔG) and dissociation constant on PRODIGY. Figure 3 shows the binding of selected peptides (number) to protein targets (alphabet), visualized using PyMOL. The binding free energy result of the protein-protein
docking for each of the ovalbumin peptides and their corresponding targets is shown in Table 4. The results of this study showed

that peptide SGISSAESL has the highest binding free energy (ΔG,
−9.6 kcal.mol−1) for HLA class I histocompatibility antigen A-3
(PDB ID: 1AKJ), followed by GSIGAASM (ΔG, −8.5 kcal.mol−1).
GIIR, PGF and AVL have highest binding free energy (ΔG, −8.9
kcal.mol−1) for furin (PDB ID: 6HLD), angiotensin-converting
enzyme (PDB ID: 4C2N) and dipeptidyl peptidase IV (PDB ID:
3Q8W) respectively. QTAADQAR has a binding free energy (ΔG)
of −8.9 kcal.mol−1 for integrin alpha-V/beta-3 and alpha-5/beta-1
(PDB ID: 4O02) while GITDVF has a binding free energy (ΔG) of
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Table 2. Ovalbumin hydrolysate peptides that were predicted to be biologically active on BIOPEP-UWM

Biological activity

Peptide

ACE inhibitor

VY, PR, AF, IF, GL, GR, SF, CF, EK, IL, AVL, VVR, VM, EF

Antioxidative

EL, VY

CaMPDE or Renin inhibitor

EF, SF

Glucose uptake stimulating peptide

VL, IL

Dipeptidyl peptidase IV inhibitor (DPP IV inhibitor)

EK, SL, GL, AF, IL, IN, PF, SF, SW, VH, VL, VN, VM, VY

Dipeptidyl peptidase III inhibitor (DPP-III inhibitor)

PR, PF, VY

Hypolipidemic peptide

EF

Regulator of phosphoglycerate kinase activity

SL

Bolded = peptides with multiple biological activity.

Table 3. Protein targets of ovalbumin protein hydrolysates predicted from SwissTargetPrediction

% Probability of Predicted Targets

α

Hydrolysate peptides (Ligands)

A

1

GSIGAASM

25

3

CPIAIM

35

4

SAL

25

5

GAK

35

8

VVR

9

PGF

11

SSL

13

QITK

17

PIL

20

GGL

22

QTAADQAR

B

C

D

30

30

E

F

40

30

G

H

I

40

35

25

J

K

L

M

N

35

35/30

O

P

35

25

Q

R

60

25
25
75

50

75

70
50

24

GIIR

26

AIVF

25

55

29

PVQM

45

30

QIGL

42

GITDVF

85

30

50

35
25

45

44

SGISSAESL

60

53

AVL

25

55

VY

40

60

IL

25

67

YLG

25

40/60

68

LPF

90

30

50/30

69

QIGLF

55

25

70

VSP

25

71

LWE

50

25

40

50

45

40
50

60

25

35

45

α indicates active peptide from serial number listed in the supplementary file Table s1, where peptides 1–65 were peptides obtained from enzymatic hydrolyzed protein, and peptide 66-71 were the most active peptides obtained from the unhydrolyzed protein screening. A: HLA class I histocompatibility antigen A-3 (P04439). B: Protein farnesyltransferase
(P49354 P49356). C: Calpain 1 (P07384). D: Cathepsin (B and K or D) (P07858 or P07339). E: Complement factor B (P00751). F: Furin (P09958). G: Inhibitor of apoptosis protein
3 (E3 ubiquitin-protein ligase XIAP) (P98170). H: Cyclooxygenase-2 (P35354). I: Angiotensin-converting enzyme (P12821). J: Lipoxin A4 receptor (N-formyl peptide receptor 2)
(by homology) (P25090). K: Dipeptidyl peptidase IV (P27487). L: Integrin alpha-V/beta-3 and alpha-5/beta-1 (P06756 P05106 and P05556 P08648). M: Neurokinin 1 receptor (by
homology) (P25103). N: Mu/Delta opioid receptors (by homology) (P35372/P41143). O: Beta-secretase 1 (P56817). P: HMG-CoA reductase (P04035). Q: Tyrosyl-tRNA synthetase
(P54577). R: Sodium/glucose cotransporter 1 (P13866).
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Figure 2. eXpression2Kinases Network showing overall interactions of intermediate proteins, kinases and transcription factors with high hypergeometric
(−log10) p-value.

−8.4 kcal.mol−1 for beta-secretase 1 (PDB ID: 2OHM).
3.5. Pharmacokinetics and physicochemical properties
The results in Table 5 show that peptides PGF, PIL, GGL, AVL,

VY, IL and LPF have high gastrointestinal absorption (GA) rate.
PGF, SSL, GGL, AVL, VY, IL and some other peptides were predicted not to be substrates for P-glycoprotein (P-gp). None of the
peptides in this study was predicted to cross the blood-brain barrier or inhibit cytochrome P450 enzymes. The bioavailability score
(BS) of PGF, SSL, PIL, GGL, AIVF, AVL, VY and some others

Figure 3. Binding interaction between selected peptides (number) and protein targets (alphabet) as shown in Table 4 and visualized using PyMOL.
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−8.3, 8.2

29 PVQM

−6.8,
100.0

53 AVL

55 VY

−9.5,
1.1

44 SGISSAESL

42 GITDVF

30 QIGL

−8.8, 3.4

−8.6,
5.0

−7.5,
29.0

−7.9,
17.0

−9.6, 0.93

B

26 AIVF

24 GIIR

22 QTAADQAR

20 GGL

17 PIL

13 QITK

11 SSL

CPIAIM

3

−8.3,
8.2

GSIGAASM −8.5,
6.2

1

Hydrolysate
α peptides
A
(Ligands)

−5.1,
1800.0

−4.8,
2800.0

−6.7,
120.0

C

−7.7,
21.0

D

F

−8.9,
2.9

−7.2, −7.9,
56.0 17.0

E

H

−8.3,
8.2

−7.3, −8.0,
45.0 13.0

−7.5,
29.0

−8.0, −8.1,
13.0 12.0

−7.3,
42.0

−7.3, −6.5,
42.0 180.0

G

−8.3, 8.2

−8.2, 9.3

−7.8, 19.0

−7.7, 21.0

−8.9, 2.9

I

−4.1,
9700.0

−5.9,
450.0

J

−8.9,
2.8

−8.5,
5.4

−8.4,
7.2

K

−8.9,
2.9

L

−5.6,
820.0

M

−7.6,
27.0

N

Predicted Binding Energy ΔG (kcal.mol−1), Dissociation Constant Kd (10−7M) at 25.0 °C

Table 4. Predicted binding energy and dissociation constant of the protein-protein complexes obtained from PRODIGY

−8.4,
7.2

O

−5.9,
460.0

P

−5.3,
1200.0

Q

R
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R

were 0.55. QTAADQAR and SGISSAESL have low BS but high
synthetic accessibility (SA). The results in Table 6 show that all the
peptides in this study are non-toxic and non-hemolytic, and that
PGF, SSL, PIL, GGL, QTAADQAR, AIVF, AVL, VY, IL and some
other peptides have zero net charge.

Q
P

−6.2,
280.0

−5.7,
670.0

O
N
M
L

−8.0, 13.0
71 LWE

−8.0,
13.0
69 QIGLF

−8.0, 13.0

−7.5, 29.0
−7.2,
53.0
68 LPF

−8.0, 13.0

−7.6, 27.0
67 YLG

−7.9, 17.0

70 VSP

−5.2,
1500.0

K
J
I
H
G
F
E
−4.8,
2800.0
60 IL

B

C

D

Predicted Binding Energy ΔG (kcal.mol−1), Dissociation Constant Kd (10−7M) at 25.0 °C

Hydrolysate
α peptides
A
(Ligands)

Table 4. Predicted binding energy and dissociation constant of the protein-protein complexes obtained from PRODIGY - (continued)

α indicates active peptide from serial number listed in the supplementary file Table s1, where peptides 1–65 were peptides obtained from enzymatic hydrolyzed protein, and peptide 66–71 were the most active peptides obtained from the unhydrolyzed screening. A: HLA class I histocompatibility antigen A-3 (1AKJ). B: Protein farnesyltransferase (2H6I). C: Calpain 1 (AF-P07384-F1-model_v2). D: Cathepsin (B and K) (2PBH). E: Complement factor
B (2OK5). F: Furin (6HLD). G: Inhibitor of apoptosis protein 3 (E3 ubiquitin-protein ligase XIAP) (AF-P98170-F1-model_v2). H: Cyclooxygenase-2 (5KIR). I: Angiotensin-converting enzyme (4C2N). J: Lipoxin A4 receptor (human
formyl peptide receptor 2) (by homology) (6LW5). K: Dipeptidyl peptidase IV (3Q8W). L: Integrin alpha-V/beta-3 and alpha-5/beta-1 (4O02). M: Neurokinin 1 receptor (by homology) (6HLO). N: Mu/Delta opioid receptors (by
homology) (AF-P35372-F1-model_v2). O: Beta-secretase 1 (2OHM). P: HMG-CoA reductase (AF-P04035-F1-model_v2). Q: Tyrosyl-tRNA synthetase (4QBT). R: Sodium/glucose cotransporter 1 (AF-P13866-F1-model_v2). AF
represent Alphafold monomer v2.0 prediction obtained from UniProt structure section for each of the selected proteins, while structures of other proteins were obtained from RCSB protein databank.
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3.6. Therapeutic potential of the peptides
Table 7 shows that peptides CPIAIM, PGF, PIL, GGL, GIIR,
QIGL, IL and LPF have antimicrobial properties, including antibacterial, antiviral, and antifungal activities. In addition, GSIGAASM, GAK, GGL, GIIR and GITDVF were predicted to have
no anticancer activity. Only GIIR and QIGLF were predicted to
have anti-inflammatory activity, while all of the peptides were predicted to have no antioxidant activity.
4. Discussion
In silico hydrolysis of ovalbumin by the three GI proteases yielded
hydrolysates containing several di-, tri-, tetra-, and oligo peptides
(Figure 1). The screening results show the release of several peptides with potential therapeutic activities. The potential allergen
peptide sequence (f323-339) was hydrolyzed by the GI protease
treatment of ovalbumin in this study, and this would prevent
production of interleukin-4 (IL-4) and the subsequent T-helper 2
(Th2) cytokine responses, which play critical roles in inducing
food allergy inflammation (Nakajima-Adachi et al., 2006). Immunotherapy with hydrolysates of ovalbumin (OVA) and egg white
(EW) produced with pepsin was reported to stimulate tolerance
development in BALB/c mice allergic to EW more efficiently than
treatment with the intact allergens, based on the induction of Treg
(T) cells (Lozano-Ojalvo et al., 2017, 2019).
The T cell receptor (TCR) cross-reactivity between major histocompatibility complex II (MHCII)-binding to self and foreign
peptides, such as nonamer peptides within f327-338 of ovalbumin,
could influence the naïve CD4+T cell repertoire and autoimmunity
(Nelson et al., 2015). Allergen peptide sequence f323-339 has been
found to be a dominant determinant of CD4+T cells from egg allergy patients (Shimojo et al., 1994). CD4+T cells critically regulate
the antigen-specific immune responses in food allergy or tolerance
induction by recognizing the epitope peptides presented by MHC
class II molecules (Nakajima-Adachi et al., 2012; Blazquez et al.,
2010). Five distinct regions of chicken egg ovalbumin that contain
dominant allergic immunoglobulin E (IgE) epitopes include L38T49, D95-A102, E191-V200, V243-E248 and G251-N260 (Mine
and Rupa, 2003). The hydrolysis of these regions by GI enzymes
in this study produced several new active and inactive peptides
(Figures s1 and s2). It is thought that only hydrolysis can completely eliminate the allergenic potential of a protein (Verhoeckx
et al., 2015; 2019). Therefore, allergic reaction to ovalbumin in
humans could be a result of defect in the structure and function
of GI proteases. This is in line with a previous hypothesis linking resistance to digestion and allergenicity, in terms of defect in
protease secretion and changes in the pH of gastric acid in disease state (Untersmayr and Jensen-Jarolim, 2008; Bernasconi et
al., 2006; Untersmayr et al., 2003; Astwood et al., 1996). A previous study on intact ovalbumin immunotherapy subcutaneously
performed in ovalbumin (OVA)-sensitized mice model of allergic
asthma showed significantly reduced OVA-specific IL-4 and IL-5
production, and increased serum levels of OVA-specific IgG1,
while OVA-specific IgG2a and IgE levels were not affected (Jans-
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QIGLF

VSP

LWE

69

70

71

446.5

301.34

576.68

375.46

351.40

244.33

280.32

301.38

849.88

650.72

429.51

473.59

448.56

457.57

859.88

245.28

341.45

488.58

305.33

319.36

372.46

274.32

289.33

646.86

692.78

MW

118.01

78.14

151.75

106.28

91.98

67.28

74.56

79.89

200.46

164.39

109.84

124.13

121.8

120.84

204.08

60.67

96.21

123.32

72.60

87.05

98.61

68.18

71.44

173.61

167.31

MR

174.61

132.96

222.81

112.73

141.75

92.42

112.65

121.52

414.34

266.35

193.71

205.02

150.62

212.52

472.63

121.52

107.53

239.96

161.98

107.53

183.42

147.54

141.75

264.13

332.78

TPSA (Å2)

0.41

−1.41

0.16

0.85

−0.02

0.49

0.01

−0.08

−4.72

−0.62

−0.67

−1.3

1.2

−0.51

−5.64

−1.1

0.59

−1.65

−2

−0.22

−1.14

−1.54

−1.39

0.4

−3.05

Log P

−0.95

1.53

−0.55

−0.86

0.14

0.25

0.25

0.72

1.99

−1.07

1.07

1.23

−1.4

0.05

3.13

1.32

−0.2

1.67

1.97

0.29

1.57

1.79

1.14

−0.78

1.38

ESOL Log S

Very soluble

Highly soluble

Very soluble

Very soluble

Highly soluble

Highly soluble

Highly soluble

Highly soluble

Highly soluble

Very soluble

Highly soluble

Highly soluble

Very soluble

Highly soluble

Highly soluble

Highly soluble

Very soluble

Highly soluble

Highly soluble

Highly soluble

Highly soluble

Highly soluble

Highly soluble

Very soluble

Highly soluble

ESOL Class

Low

Low

Low

High

Low

High

High

High

Low

Low

Low

Low

Low

Low

Low

High

High

Low

Low

High

Low

Low

Low

Low

Low

GIA

Predicted ADME Parameter

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

BBB

No

Yes

Yes

Yes

No

No

No

No

Yes

Yes

Yes

No

Yes

Yes

Yes

No

Yes

Yes

No

No

Yes

No

No

No

Yes

P-gp

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

CYPs
Inhibitor

−10.09

−11.20

−11.53

−9.51

−10.26

−9.00

−9.80

−10.13

−16.81

−11.75

−11.68

−12.44

−9.46

−10.75

−18.22

−10.15

−9.55

−12.91

−11.51

−10.18

−11.72

−10.91

−10.44

−11.99

−14.58

Log Kp
(cm/s)

0.11

0.55

0.17

0.55

0.55

0.55

0.55

0.55

0.11

0.11

0.17

0.17

0.55

0.17

0.17

0.55

0.55

0.17

0.55

0.55

0.55

0.55

0.55

0.17

0.17

BS

4.06

3.27

5.00

3.52

3.04

2.87

2.64

3.25

7.02

5.69

4.14

4.66

4.22

4.69

7.25

2.31

3.69

4.90

3.24

2.85

3.92

2.89

3.20

6.06

6.10

SA

α indicates active peptide from serial number listed in the supplementary file Table s1, where peptides 1–65 were peptides obtained from enzymatic hydrolyzed protein, and peptide 66–71 were the most active peptides obtained from the unhydrolyzed screening. Legend: Physicochemical properties: Molecular weight (MW), Molar Refractivity (MR), Total polar surface area (TPSA). Lipophilicity: Consensus Log P. Water solubility: ESOL Log S, ESOL
Class. Pharmacokinetics: Gastrointestinal absorption (GIA), Blood-brain barrier (BBB), P-glycoprotein (P-gp) substrate, Inhibition of Cytochrome P450 (CYPs) type CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4, Skin permeation (Log Kp). Drug-likeness: Bioavailability Score (BS), Medicinal chemistry: Synthetic accessibility (SA).

YLG

LPF

67

IL

60

68

AVL

VY

53

SGISSAESL

44

55

QIGL

GITDVF

30

PVQM

29

42

GIIR

AIVF

24

QTAADQAR

22

26

PIL

GGL

QITK

13

17

SSL

11

20

VVR

PGF

8

GAK

5

9

CPIAIM

SAL

3

GSIGAASM

1

4

Hydrolysate peptides (Ligands)

α

Table 5. Predicted pharmacokinetics properties of ovalbumin protein hydrolysates
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Table 6. Predicted physicochemical properties of ovalbumin protein hydrolysates

α

Hydrolysate peptides (Ligands)

1
3

Predicted Physicochemical Parameter
Toxicity

Hemolytic
(SVM score)

pI

Hydrophobicity

Hydropathicity

Hydrophilicity

Charge

GSIGAASM

No

0.49

5.88

0.16

0.95

−0.44

0.00

CPIAIM

No

0.49

5.85

0.32

2.27

−1.07

0.00

4

SAL

No

0.49

5.88

0.17

1.60

−0.67

0.00

5

GAK

No

0.49

9.11

−0.23

−0.83

0.83

1.00

8

VVR

No

0.49

10.11

−0.23

1.30

0.00

1.00

9

PGF

No

0.49

5.88

0.23

0.27

−0.83

0.00

11

SSL

No

0.49

5.88

0.00

0.73

−0.40

0.00

13

QITK

No

0.49

9.11

−0.31

−0.90

0.25

1.00

17

PIL

No

0.49

5.88

0.40

2.23

−1.20

0.00

20

GGL

No

0.49

5.88

0.28

1.00

−0.60

0.00

22

QTAADQAR

No

0.49

6.19

−0.41

−1.29

0.56

0.00

24

GIIR

No

0.49

10.11

−0.03

1.02

−0.15

1.00

26

AIVF

No

0.49

5.88

0.53

3.33

−1.57

0.00

29

PVQM

No

0.49

5.88

0.01

0.25

−0.65

0.00

30

QIGL

No

0.49

5.88

0.18

1.10

−0.85

0.00

42

GITDVF

No

0.49

3.80

0.19

1.15

−0.53

−1.00

44

SGISSAESL

No

0.49

4.00

0.00

0.33

0.01

−1.00

53

AVL

No

0.49

5.88

0.44

3.27

−1.27

0.00

55

VY

No

0.49

5.88

0.28

1.45

−1.90

0.00

60

IL

No

0.49

5.88

0.63

4.15

−1.80

0.00

67

YLG

No

0.49

5.88

0.24

0.70

−1.37

0.00

68

LPF

No

0.49

5.88

0.36

1.67

−1.43

0.00

69

QIGLF

No

0.49

5.88

0.27

1.44

−1.18

0.00

70

VSP

No

0.49

5.88

0.07

0.60

−0.40

0.00

71

LWE

No

0.49

4.00

0.09

−0.20

−0.73

−1.00

α indicates active peptide from serial number listed in the supplementary file Table s1, where peptides 1–65 were peptides obtained from enzymatic hydrolyzed protein, and
peptide 66–71 were the most active peptides obtained from the unhydrolyzed screening. ToxinPred webserver based on support vector machine (SVM) score: positive (YES) or
negative (NO). Hemolytic prediction based on SVM score.

sen et al., 1999).
The results of this study (Table 3) showed that most of the ovalbumin hydrolysate dipeptides obtained were not predicted to be
bioactive against targets at a minimum of 25% probability. The
prediction provided 18 protein targets in humans that may be modulated by the selected hydrolysate peptides of ovalbumin. These
protein targets are involved in several disease processes, including
hypertension (angiotensin-converting enzyme); immune diseases
(beta-secretase 1, cathepsin B, calpain-1, complement factor B,
and HLA class I histocompatibility antigen); diabetes (dipeptidyl
peptidase 4, and sodium/glucose cotransporter 1); microbial infection (furin, integrin alpha-V/beta-6); and inflammation (prostaglandin G/H synthase 2 or cyclooxygenase 2, HMG-CoA reductase, protein farnesyltransferase, E3 ubiquitin-protein ligase XIAP,
and tyrosine-tRNA ligase). In this study, peptides GSIGAASM,
CPIAIM, SAL, GAK, SSL, SGISSAESL, AVL, which targeted
HLA class I histocompatibility antigen A-3, all have hydrophobic

amino acids at the position before the anchor residues (Met, Leu
or Lys) at the C-terminus. This study showed that peptides VVR
and GIIR had the same Arg at the C-terminus, and they can bind to
furin. Peptides PGF, AIVF, LPF and QIGLF, contained the amino
acid Phe at the C-terminus, and they can bind to angiotensin converting enzyme (ACE). Peptides PIL, QIGL, AVL, possessed the
amino acid Leu at the C-terminus, and they can bind to DPP-IV
to possibly exert mild inhibitory effects based on their calculated
dissociation constant (kd).
Ovalbumin is a well-known source of peptides that possess
antihypertensive, anticancer, anti-inflammatory and antioxidant
activities (Nolasco et al., 2019) as shown in Tables 1 and 2. Previous works have reported that hydrolysis of egg white ovalbumin with pepsin produced peptides, of which two peptides,
YREERYPILRADHPFL and IVF, showed strong ACE-inhibitory
activities, vasodilation effect, and reduction of blood pressure in
hypertensive rats (Miguel et al., 2007; Miguel and Aleixandre,
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Table 7. Predicted therapeutic potential of the peptides

Antimicrobial*
Antibacterial

Antiviral

Antifungal

Antioxidant**

Antican- Anti-inflamcer***
matory****

GSIGAASM

YES

NO

YES

NO

NO

LOW

3

CPIAIM

YES

YES

YES

NO

YES

LOW

4

SAL

NO

NO

NO

NO

YES

NO

5

GAK

YES

YES

YES

NO

NO

NO

8

VVR

YES

YES

NO

NO

YES

NO

9

PGF

YES

YES

YES

NO

YES

NO

11

SSL

YES

NO

NO

NO

YES

NO

13

QITK

YES

YES

NO

NO

YES

NO

17

PIL

YES

YES

YES

NO

YES

NO

20

GGL

YES

YES

YES

NO

NO

NO

22

QTAADQAR

NO

NO

NO

NO

YES

LOW

24

GIIR

YES

YES

YES

NO

NO

MEDIUM

26

AIVF

YES

NO

NO

NO

YES

LOW

29

PVQM

YES

YES

NO

NO

YES

NO

30

QIGL

YES

YES

YES

NO

YES

LOW

42

GITDVF

NO

NO

NO

NO

NO

NO

44

SGISSAESL

NO

NO

NO

NO

YES

LOW

53

AVL

YES

YES

NO

NO

YES

NO

55

VY

YES

YES

NO

NO

YES

NO

60

IL

YES

YES

YES

NO

YES

NO

67

YLG

YES

NO

NO

NO

YES

NO

68

LPF

YES

YES

YES

NO

YES

NO

69

QIGLF

YES

NO

YES

NO

YES

MEDIUM

70

VSP

NO

NO

NO

NO

YES

NO

71

LWE

YES

YES

NO

NO

YES

NO

α

Hydrolysate peptides (Ligands)

1

**** Confidence

Score range

Sensitivity

Specificity

High

Score ≥ 0.468

63.22%

90.30%

Medium

0.468 > Score ≥ 0.388

71.90%

80.11%

Low

0.388 >Score ≤ 0.342

78.39%

70.87%

α indicates active peptide from serial number listed in the supplementary file Table s1, where peptides 1–65 were peptides obtained from enzymatic hydrolyzed protein, and
peptide 66–71 were the most active peptides obtained from the unhydrolyzed screening. * = 0.5 Probability cut-off. ** = 0.5 Probability cut-off. *** = SVM score: positive (YES)
or negative (NO).

2006). Furthermore, ovalbumin hydrolyzed with pepsin, trypsin,
and α-chymotrypsin produced seven angiotensin converting enzyme (ACE)-inhibiting peptides LKA, LKP, LAP, IKW, FQKPKR, FKGRYYP, and IVGRPRHQG (Fujita et al., 2000). Some
of the peptides produced from ovalbumin not only showed strong
ACE-inhibitory effects but also lowered blood lipid levels (Manso
et al., 2008). Three other ovalbumin peptide sequences, RVPSL,
TNGIIR and QIGLF, exhibited high ACE-inhibitory activity with
inhibitory concentration that reduced enzyme activity by 50%
(IC50) values of 20, 70, and 75 μM, respectively (Liu et al., 2010;
Yu et al., 2011a, 2012a). However, some of the peptides shown

44

in Table 1, specifically EVSGL, QITKPN, LEPINF, ANENIF,
AEAGVD, EAGVD, DHPFLF, HAEIN and QIGLF exhibited
α-amylase and α-glucosidase inhibitory activities with high (>150
μM) IC50 values, and thus did not possess anti-diabetic activity (Yu
et al., 2011b; 2012b).
The network analysis of target genes (Figure 2) shows overall
effect of ovalbumin hydrolysate peptides obtained in this study on
multiple kinases and transcription factors when ingested by humans. Polycomb protein SUZ12 (UniProt ID: Q15022) functions
in biological processes that involve response to retinoic acid, spinal
cord development, negative regulation of tyrosine phosphorylation
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of STAT protein, and negative regulation of chemokine production
(Cunningham and Duester, 2015; Corley and Kroll, 2015). Martínez-Blanco et al. (2020) reported that ovalbumin peptides obtained
with pepsin enhanced the retinoic acid pathway on dendritic cells
by activation of aldehyde dehydrogenase and transforming growth
factor beta (TGF-β), through Toll-like receptor (TLR) interactions.
This confers upon dendritic cells the ability to upregulate interleukin 10 (IL-10) as well as other tolerance-promoting mediators
downstream of TRL signaling, such as IL-27, IL-33, Notch ligands,
OX40L, and transcription factors such as Interferon regulatory factor 4 and 8 (IRF4 and IRF8). IRF8 (Uniprot ID: Q02556) is a transcription factor that binds to the upstream regulatory region of type
I interferon (IFN) and IFN-inducible MHC class I genes. It mediates
several biological functions such as defense response to bacterium
and protozoan, positive regulation of interleukin-12 production, and
transcription by RNA polymerase II (Berghout et al., 2013).
Results of this study also revealed homeodomain-interacting
protein kinase 2 (HIPK2) as one of the key kinases modulated by
ovalbumin hydrolysate peptides (Figure 2). HIPK2 (UniProt ID:
Q9H2X6) is a serine/threonine-protein kinase involved in transcription regulation, p53/TP53-mediated cellular apoptosis, and
cell cycle regulation. It is involved in the regulation of eye size,
lens formation and retinal lamination during late embryogenesis
(Inoue et al., 2010). Signal transducer and activator of transcription 3 (STAT3) acts in biological processes that involve glucose,
temperature, and energy homeostasis, and inflammatory response,
to mediate cellular responses to interleukins, leptins, peptide hormones, and other growth factors. Studies have shown that a specific STAT3 peptide aptamer decreased the expression level of
Bcl-xL protein within the entire STAT3 pathway, as well as inhibition of STAT3 signaling, which led to the apoptosis in tumor cells
(Borghouts et al., 2008; Nagel-Wolfrum et al., 2004).
Protein–peptide docking predicts the complex structure by
sampling possible peptide binding conformations and ranking the
putative complexes with an energy scoring function (London et
al., 2013). The key concept of molecular docking is to develop an
appropriate solution to elucidate the minimum free energy (ΔG) of
interaction per mole of ligand (Pagadala et al., 2017). The molecular docking results showed the binding affinity of the ovalbumin
peptides to their corresponding target proteins. Binding free energy (ΔG) scores of less than −5.0 kcal.mol−1 show good binding
affinity (Figure 3). The smaller the dissociation constant, the better
the affinity between the ligand and the protein. A previous study
has shown that PGF and CPIAIM interacted with ACE at H383
and E411 from the active site residues, and also at Q281, H353,
H383, E411, F457, K511, H513, Y520 and Y523 from the stabilizing residues, while PIL and GGL interacted only with ACE stabilizing residues (Salim and Gan, 2020). Similarly, peptides ADF,
CDR, MIR, FGR, and FK have been found to interact with the
ACE active site residues Lys511 and His353 (Zhao et al., 2020).
The GI epithelium interacts with food proteins after modification with gastric acid, gastric and pancreatic enzymes, and brushborder proteases, leading mainly to the production of peptides
and amino acids, which are absorbed depending on size, polarity
and shape (Snoeck et al., 2005). Overall, the results of ADMET
in this study (Table 5) showed that most of the peptides have low
gastrointestinal absorption and are substrates of P-glycoprotein.
These features limit the bioavailability of some peptides as orally
administered therapeutics. Permeability glycoprotein also known
as P-glycoprotein (P-gp; MDR1; ABCB1) is an efflux transporter
that is present in the GI tract, BBB, liver, kidneys, and placenta in
humans, where it actively transports a wide range of structurally
and mechanistically diverse endogenous and xenobiotics across
the cell membrane at the energy expense of ATP hydrolysis (Fa-

toki et al., 2020b). P-gp efflux and CYPs activity can profoundly
impact BAPs pharmacokinetics by nutritionally altering their efficacy. The synthetic accessibility score (S) ranges between 1 (easy
to make) and 10 (very difficult to make). The partition coefficient
(LogP) and solubility coefficient (LogS) contribute to the bioavailability score (Diana et al., 2017; Sanni et al., 2017). Optimization of bioavailability of promising peptides is achievable through
side-chain modification or the use of nanodelivery systems. Bioavailability could be affected by food properties including molecular weight, amino acid composition, chain length, sequence
of amino acids, net charge, biostability or resistance to hydrolysis
by GI tract-based proteases, and hydrophobicity or lipophilicity
(Udenigwe et al., 2021; Sun et al., 2020; Wang et al., 2019, 2020).
Bioaccessibility of bioactive proteins is vital to the concept of bioavailability, in that bioaccessibility of BAPs is mostly affected by
interaction with food matrix constituents such as carbohydrates,
lipids, proteins, phenolic compounds, and minerals, which occur
during food processing, product formulation, and storage (Sun and
Udenigwe, 2020).
The ovalbumin peptides with broad antimicrobial activities (anti-bacterial, antiviral and antifungal) as shown in Table 7, have a
common amino acid residue Gly or Pro at position 1 or 2 of the
N-terminal. Also, all the peptides with amino acid residue Gly at
position 1 of N-terminal showed no anticancer activity, while all the
peptides with anti-inflammatory activity have amino acid residue
Ile, Gly, Ala, Ser, or Val at position 3 of the N-terminal, and the additional presence of the same amino acid residues at position 2 or 4
improved the anti-inflammatory specificity and sensitivity (Tables
s3–s6). Although no antioxidant property was observed for the ovalbumin hydrolysate peptides in this study, the presence of nuclear
factor erythroid 2-related factor 2 (NFE2L2) in Figure 2, which is
transcription factor that plays a key role in the response to oxidative
stress and cell redox homeostasis (https://www.uniprot.org/uniprot/
Q16236), showed that certain peptide sequences (VY and QITK)
targeting N-formyl peptide receptor 2 (P25090) might possibly contribute to antioxidant property. N-formyl peptide receptor 2 interacts
with the scavenger receptor in addition to mediating biological processes, which include positive regulation of superoxide anion generation (https://www.uniprot.org/uniprot/P25090).
5. Conclusions
This study has provided insights on the potential fate of ovalbumin in the GI tract resulting from the combined hydrolytic actions
of chymotrypsin, trypsin and pepsin. Data revealed that the GI
protease treatment hydrolyzed the allergen sequences present in
ovalbumin, which indicate production of a potentially hypoallergenic hydrolysate. Overall, results from binding affinity, pharmacokinetics and physicochemical properties, and therapeutic activity showed that PGF, SSL, GGL, AVL, VY, and IL are promising
candidates for further studies. Also, this study reported peptide sequences that possess modulatory effects on existing and potential
targets associated with hypertension, diabetes, and immunosuppression. Further work is needed to validate the predicted therapeutic properties of ovalbumin hydrolysate peptides using in vitro
and in vivo techniques.
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Figure s1. Amino acid sequence of chicken ovalbumin (UniProt
ID: P01012).
Figure s2. The cleavage number and sites of each of the proteases,
obtained from peptidecutter.
Table s1. Ovalbumin hydrolysate peptides and their SMILES.
Table s2. Predicted binding score of protein-protein interactions
obtained from HPEPDOCK server.
Table s3. Anticancer activity prediction.
Table s4. Antimicrobial activity prediction.
Table s5. Anti-inflammatory activity prediction.
Table s6. Antioxidant activity prediction.
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Abstract
AAPH and hydroxyl radicals were used to induce oxidative damage to biomolecules (lipid, DNA, protein), and the
inhibitory effect of Jerusalem artichoke polysaccharides (JAPS) on oxidative damage was evaluated. The results
showed that Jerusalem artichoke polysaccharides had a good inhibitory effect on the oxidative damage of lipids
and DNA caused by AAPH and hydroxyl radicals. In the concentration range of 0.5–50.0 μg/mL, the degree of
inhibition of Jerusalem artichoke polysaccharides on lipid peroxidation and DNA oxidation increased at first and
then decreased. The protective effect of Jerusalem artichoke polysaccharides was the best at a concentration
of 5.0 μg/mL. However, Jerusalem artichoke polysaccharides performed weakly in inhibiting protein oxidation,
and they even exerted prooxidative effect in hydroxyl radical reaction system. These results may provide some
preliminary information to further study Jerusalem artichoke polysaccharides and to help in better utilization of
Jerusalem artichoke.
Keywords: Antioxidant; Free radicals; Jerusalem artichoke; Polysaccharides; Oxidation.

1. Introduction
A large number of endogenous free radicals with high oxidative
activity are generated by respiration and various normal metabolism or physiological activities. Radiation, sunlight exposure,
environmental pollution, ultraviolet and other extreme environments may also lead the body to produce abundant free radicals
(Castro and Freeman, 2001). Under normal circumstances, there is
dynamic equilibrium between the oxidation and antioxidant system in the body. However, when a variety of factors disturb this
balance and lead to oxidative stress, the excessive free radicals
will attack biomolecules in the body (Aslani and Ghobadi, 2016).
Biomolecules such as protein, lipid and DNA are the main targets
of various free radicals. Biomembranes are rich in unsaturated
fatty acids that play an extremely important role in maintaining
membrane fluidity and many other functions of biomembranes.
Unsaturated fatty acids in the cell membrane when attacked by

reactive oxygen species (ROS) decrease membrane fluidity and
ultimately affect membrane biological function, including the
changes of membrane permeability, membrane receptor, and ion
channel activity. In addition, ROS can induce intracellular protein oxidation (mainly at cysteine or methionine residues that are
sensitive to free radicals), mitochondrial damage, cause structure
damage to DNA, shorten telomeres, activate death signals, and
finally affect cell life (Adibhatla and Hatcher, 2010; Berlett and
Stadtman, 1997; Hu et al., 2021). These alteration and oxidation
of biomolecules are common causes of various diseases. Thus, to
prevent disease, it is very important to control in vivo free radicals
and oxidative damage caused by them. To deal with excessive free
radicals produced upon oxidative stress, humans have developed
sophisticated mechanisms for maintaining redox homeostasis.
In particular, antioxidants work effectively against various free
radicals, exerting their protective effects against cellular damage.
It has been well demonstrated that antioxidants can simultaneously scavenge one or more types of free radicals in vivo. Moreo-
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ver, antioxidants can inhibit free radical generation by chelating
prooxidant metal ions. In addition, enzymes including superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GSHPX) can capture free radicals in cells. Antioxidants not only act on
free radicals directly, but also indirectly enhance the scavenging
effect of free radicals by improving the activity of endogenous enzymes, so as to prevent oxidative damage (Leopoldini et al.,2011;
Masella et al., 2005). Therefore, research on the protective effect
of antioxidants on free radical-induced oxidative damage of biomolecules has attracted increasing attention (Guan et al., 2021;
Yeo and Shahidi, 2020).
Antioxidants may be synthetic or natural. Natural antioxidants,
mainly derived from animals, plants or microorganisms, have the
advantages of strong antioxidant capacity and good safety record
(Liu, 2022; Miyashita et al., 2018). Among them, plant polysaccharides are substances with superior biological activity (Yarley et al., 2021). Jerusalem artichoke polysaccharides are active
components derived from Jerusalem artichoke tubers. Jerusalem
artichoke is also known as Yangjiang and Guizi ginger in China.
In addition to its ecological, pharmaceutical, ornamental and energy-source, Jerusalem artichoke is also regarded as a nutritional
food and a neotype feed resource (Wang et al., 2020; Yang et al.,
2015). The content of Jerusalem artichoke polysaccharides in tubers accounts for about 80% of its total carbohydrate content. As
heterogeneous blend of fructose polymers, Jerusalem artichoke
polysaccharides are promising as additives in food processing. For
example, Jerusalem artichoke polysaccharides might be used as a
substitute for sugar, fat and flour in the production of cake, chip,
meat stuffing, sausage and noodles (Takeuchi and Nagashima,
2011; Zhu et al., 2020). Jerusalem artichoke polysaccharides also
have ideal food processing characteristics that are valuable for production of dairy and flour products (Yovchev and Le-Bail, 2021).
Furthermore, Jerusalem artichoke polysaccharides have many bioactivities, responsible for reducing the risk of hyperglycemia in
humans (Shoaib et al., 2016), improving the gastrointestinal function, and exerting anticancer activities (Shao et al., 2021; Yu et al.,
2018). In addition, it is also a potential ingredient in functional
foods (Shoaib et al., 2016). Jerusalem artichoke polysaccharides
could well scavenge free radicals in vitro, thus acting as antioxidants (Mu et al., 2021). However, the effect of Jerusalem artichoke
polysaccharides on biomolecule oxidation induced by free radicals
has not yet been reported. In this study, two free radical systems
(hydroxyl radicals, and AAPH to generate alkoxyl radicals) were
applied to induce oxidative damage to biomolecules (lipid, protein
and DNA) in vitro, and Jerusalem artichoke polysaccharides were
used to evaluate their protective effect on biomolecules. The acquired information may provide the basis for further research and
development for Jerusalem artichoke polysaccharides.
2. Materials & Methods
2.1. Chemicals and reagents
Bovine serum protein (BSA), calf thymus DNA and lecithin were
purchased from Beijing Solarbio Technology Co. Ltd (Beijing,
China). Linoleic acid was bought from Shanghai Macklin Biochemical Technology Co. Ltd (Shanghai, China). The compounds
1,10-phenanthroline hydrochloride (Phen) and 2,2′-azobis(2-methylpropionamidine) dihydrochloride (AAPH) were bought from
Tianjin Kemio Chemical Reagent Co. Ltd (Tianjin, China) and
2-thiobarbituric acid (TBA) was purchased from Shanghai Yuanye
Chemical Reagent Co. Ltd (Shanghai, China). Trichloroacetic acid
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(TCA) was procured from Shanghai Shanpu Chemical Co. Ltd
(Shanghai, China). Other chemicals were of analytically grade.
2.2. Preparation of Jerusalem artichoke polysaccharides (JAPS)
Jerusalem artichoke tuber powder was mixed in a ratio of 1:25
(w/v) with distilled water, stirred and extracted in 65 °C water bath
(DK-98, Shanghai Precision Instrument Co., Ltd) for 70 min. The
supernatant was then collected after filtration. The impurities were
removed by lime milk-phosphoric acid method. First, adjusting pH
to 11 with lime milk solution, after 50 °C water bath for 20 min,
the protein will be coagulated and precipitated with calcium ion
under the action of strong alkali. Then the pH was adjusted to 6
with phosphoric acid followed by 80 °C water bath for 15 min for
further precipitation of protein, repeating 3 times. De-colorization
was carried out with D301-G ion exchange resin. Ethanol was
added to the solution and let it stand at 4 °C for 12 h, and the precipitation was collected. The precipitation was pre-freeze at minus
80 °C, then lyophilized (FD-1A-80, Shanghai Bilon Instrument
Manufacturing Co., Ltd, Shanghai, China).
2.3. Linoleic acid oxidation
The hydroxyl radical produced by Fe2+/Vitamin C (Vc) reaction
system was used to induce lipid peroxidation of linoleic acid (LA)
(Xiang et al., 2013). In the reaction system, different concentrations of JAPS were mixed evenly with linoleic acid (1.0 mmol/L),
FeSO4 (50.0 µmol/L) and Vc (1.0 mmol/L), followed by heating
in a water bath at 37 °C for 24 h. Then TBA (1% w/v) and TCA
(28% w/v) (TBA assay) were added and heated at 100 °C for 15
min, and the final absorbance (A) of the reaction solution was recorded at 532 nm (Varioskan flash, Thermo Fisher Scientific). The
degree of oxidation of linoleic acid was calculated using Equation
1 (Fagali and Catalá, 2009). In AAPH induction system, AAPH
was preheated for 2 min before use, and AAPH (25.0 mmol/L)
instead of hydroxyl radical induction solutions was used (Liu and
Osawa, 2007).

Degree of oxidation (%) =

A JAPS
´100%
A oxidation

(1)

2.4. Lipid peroxidation
Lecithin is an important component of cell membranes, alveolar
surfactant, lipoproteins and bile. Lipid peroxidation process is considered to be associated with many physiological and pathological events. The effect of JAPS on lipid peroxidation was assessed
with lecithin as a model (Fagali and Catalá, 2009). Lecithin was
sonicated in an ultrasonic cleaner bath (KQ3200E, Suzhou Kunshan Ultrasonic Instrument Co., Ltd, China) in phosphate buffer
(0.05 mmol/L, pH 7.4) for 30 min. Different concentrations of
JAPS were mixed evenly with the sonicated solution and FeSO4
(50 mmol/L), and the mixtures were then placed in a water bath
at 37 °C for 40 min accompanied by vortexing every 5 min. At
the end of reaction, TBA and TCA were added and heated (100 °C
for 15 min) followed by centrifugation (2,400 g for 10 min) (HC1014, Beijing Shidai Beili centrifuge Co., Ltd, Beijing, China),
and the final absorbance of the reaction supernatant was recorded
(532 nm). The degree of lipid peroxidation was calculated using
the Equation 1.
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Figure 1. Proposed mechanism for the formation of malondialdehyde after 2-deoxyribose was attacked by hydroxyl radical (adapted from Cheeseman
et al., 1988).

2.5. DNA oxidative damage
Evidence suggests that reactive oxygen species are responsible for
damage to the DNA molecule. A mechanism for the formation of
malondialdehyde during deoxyribose degradation (Figure 1) has
been proposed (Cheeseman et al., 1988). In addition, it is reported
that this DNA damage by ROS leads to the release of oligonucleotides, free bases and a molecule with aldehyde function. This
oxidation product with aldehyde function can react with 2-thiobarbituric acid (TBA) to give colour reaction similar to that given by
the three-carbon-atom molecule malondialdehyde, and has therefore been referred to as a malondialdehyde-like substance (Gutteridge, 1979). Hydroxyl radical was produced by phen-CuSO4-Vc
system (Stoewe and Phitz, 1987). Various concentrations of JAPS
were mixed into the reaction solutions of CuSO4 (1.0 mmol/L),
phen (1.75 mmol/L) and DNA (3.0 mg/mL). Then the reaction was
started by Vc (17.5 mmol/L) followed by incubation at 37 °C for
90 min. TBA assay was used for detection and the absorbance was
recorded at 532 nm. AAPH-induced oxidative damage was analyzed following the same procedure except that AAPH was used
instead of hydroxyl radical (Xiang et al., 2013). The results were
calculated according to Equation 1.
2.6. Protein oxidative damage

Parkinson’s disease (PD) and other ailments. Linoleic acid (LA) is
a ω-6 fatty acid that is easily oxidized. Thus, it serves as an ideal
model to study lipid peroxidation. A Fe2+/Vc reaction system was
used to generate hydroxyl radicals to induce oxidation of linoleic
acid, and the protective effect of JAPS on linoleic acid was analyzed.
The effects of different concentrations of JAPS on the oxidation
of linoleic acid are shown in Figure 2. JAPS inhibited the oxidation of linoleic acid within the concentration range of 0.5, 2.5,
5.0, 25.0, 50.0 µg/mL. However, the degree of oxidation did not
show a simple decreasing trend with increasing concentration of
JAPS. The lowest oxidation degree (about 60%) was detected at a
concentration of 5.0 µg/mL. Thus, JAPS could effectively protect
linoleic acid from oxidation.
3.2. Jerusalem artichoke polysaccharides (JAPS) protect linoleic
acid from oxidation induced by AAPH
AAPH after thermal decomposition produces alkoxyl radicals. The
results in Figure 3 suggest that JAPS inhibited AAPH-induced oxidation of linoleic acid. The degrees of oxidation decreased significantly in groups treated with JAPS compared with that of the group
without the addition of JAPS. The oxidation degree displayed a
trend similar to that of Fe2+/Vc system, and the most protective
effect was observed at a concentration of 5.0 µg/mL.

Hydroxyl radical was produced by CuSO4/H2O2 induction system. The effects of polysaccharides on protein (BSA) oxidation
were evaluated according to the method of Xiang et al. (2012).
The reaction mixture containing JAPS sample, BSA (0.5 mg/mL),
CuSO4 (100 μmol/L) as well as H2O2 (2.5 mmol/L) were incubated at 37 °C for 90 min. The results were detected by Coomassie blue R250 dyeing after sodium dodecylsulfate-polyacrylamide
gel ectrophoresis (SDS-PAGE) (Bio-Rad). For AAPH-induced
BSA oxidative damage, AAPH was used instead of CuSO4/H2O2
(Xiao et al., 2012). The results were presented as the residue of
intact proteins.
3. Results
3.1. Jerusalem artichoke polysaccharides (JAPS) protect linoleic
acid from oxidation induced by hydroxyl radicals
The membrane structures of mitochondria, cell membranes, endoplasmic reticulum, lysosomes, peroxisomes and other organelles
contain a large number of polyunsaturated fatty acids which are
readily oxidized by free radicals. Excessive lipid peroxidation is
involved in the occurrence and development of stroke, atherosclerosis, chronic inflammation, diabetes, Alzheimer’s disease (AD),

Figure 2. Inhibitory actvity of JAPS on linoleic acid oxidation in FeSO4/VC
system. 1: FeSO4/VC + Linoleic acid, 2: FeSO4/VC + Linoleic acid+ 0.5 μg/
mL of JAPS, 3: FeSO4/VC + Linoleic acid+ 2.5 μg/mL of JAPS, 4: FeSO4/VC +
Linoleic acid+ 5.0 μg/mL of JAPS, 5: FeSO4/VC + Linoleic acid+ 25.0 μg/mL
of JAPS, 6: FeSO4/VC + Linoleic acid+ 50.0 μg/mL of JAPS. **p < 0.01, group
with JAPS vs. group without JAPS.
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Figure 3. Inhibitory actvity of JAPS on linoleic acid oxidation in AAPH
system. 1: AAPH + Linoleic acid, 2: AAPH + Linoleic acid+ 0.5 μg/mL of
JAPS, 3: AAPH + Linoleic acid+ 2.5 μg/mL of JAPS, 4: AAPH + Linoleic acid+
5.0 μg/mL of JAPS, 5: AAPH + Linoleic acid+ 25.0 μg/mL of JAPS, 6: AAPH
+ Linoleic acid+ 50.0 μg/mL of JAPS. **p < 0.01, group with JAPS vs. group
without JAPS.

3.3. Jerusalem artichoke polysaccharides (JAPS) inhibit lipid peroxidation
The inhibitory effects of different concentrations of JAPS on lipid
peroxidation are shown in Figure 4. JAPS at various concentrations showed different inhibitory effect on lipid peroxidation. With
the increase of JAPS concentration, the degree of lipid peroxidation showed a downward trend first and then an upward one. The
degrees of lipid peroxidation were significantly lower in groups
treated with JAPS compared with that of the group without the
addition of JAPS. The degree of lipid peroxidation decreased to
the lowest (less than 10%) when 5.0 µg/mL of JAPS was used.
The results showed that JAPS had an excellent effect in inhibit-
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Figure 5. Inhibitory effect of JAPS on DNA oxidation in phen-CuSO4-Vc.
1: phen-CuSO4-Vc + DNA, 2: phen-CuSO4-Vc + DNA + 0.5 μg/mL of JAPS,
3: phen-CuSO4-Vc + DNA + 2.5 μg/mL of JAPS, 4: phen-CuSO4-Vc + DNA
+ 5.0 μg/mL of JAPS, 5: phen-CuSO4-Vc + DNA + 25.0 μg/mL of JAPS, 6:
phen-CuSO4-Vc + DNA + 50.0 μg/mL of JAPS. **p < 0.01, group with JAPS
vs. group without JAPS.

ing lipid peroxidation. In addition, JAPS performed much better
in lecithin peroxidation (the lowest degree of oxidation, less than
10%) than in linoleic acid model (the lowest degree of oxidation,
around 60%).
3.4. Jerusalem artichoke polysaccharides (JAPS) inhibit DNA oxidation induced by hydroxyl radicals
Oxygen free radical attacks to desoxyribose of DNA and forms
malondialdehyde which can react with TBA under certain conditions (Figure 1), and thus form products (TBARS) for easy detection. As indicated in Figure 5, JAPS within tested concentrations could significantly inhibit DNA oxidative damage caused
by phen-CuSO4-Vc system. When using 0.5 µg/mL of JAPS for
protection, the degree of DNA oxidation decreased by about
20%, but it decreased to about 60% when DNA was protected
by 5.0 µg/mL or 25.0 µg/mL of JAPS. However, the protective
effect did not increase with the increase of JAPS concentration.
Compared to the group with 5.0 µg/mL of JAPS, 50.0 µg/mL of
JAPS worked less effectively in inhibiting DNA oxidation. Thus,
5.0 µg/mL and 2.5 µg/mL of JAPS exerted the best protective
effect.
3.5. Jerusalem artichoke polysaccharides (JAPS) inhibit DNA oxidation induced by AAPH

Figure 4. Inhibitory actvity of JAPS on lipid peroxidation. 1: Fe2+ + Lecithin, 2: Fe2+ + Lecithin + 0.5 μg/mL of JAPS, 3: Fe2+ + Lecithin + 2.5 μg/mL
of JAPS, 4: Fe2+ + Lecithin + 5.0 μg/mL of JAPS, 5: Fe2+ + Lecithin + 25.0 μg/
mL of JAPS, 6: Fe2+ + Lecithin + 50.0 μg/mL of JAPS. **p < 0.01, group with
JAPS vs. group without JAPS.
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Different concentrations of JAPS dramatically inhibited DNA oxidative damage induced by AAPH (Figure 6). The overall inhibition
effect of JAPS in AAPH system was better than that in the phenCuSO4-Vc system. The degree of oxidation was reduced by nearly
80% with 0.5 µg/mL or 25.0 µg/mL of JAPS, whereas it was only
reduced by about 50% if higher concentration of JAPS was applied. Lower concentrations of JAPS exerted better protection than
higher concentrations.
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Figure 6. Inhibitory effect of JAPS on DNA oxidation in AAPH system. 1:
AAPH + DNA, 2: AAPH + DNA + 0.5 μg/mL of JAPS, 3: AAPH + DNA + 2.5 μg/
mL of JAPS, 4: AAPH + DNA + 5.0 μg/mL of JAPS, 5: AAPH + DNA + 25.0 μg/
mL of JAPS, 6: AAPH + DNA + 50.0 μg/mL of JAPS. **p < 0.01, group with
JAPS vs. group without JAPS.

3.6. The effect of Jerusalem artichoke polysaccharides (JAPS) on
protein damage induced by hydroxyl radicals
The oxidative degradation of protein was detected with Coomassie
blue R-250 staining. When attacked by free radicals, the polypeptide chain of protein breaks, and the original protein band signal
(residual protein) decreased with Coomassie blue R-250 staining.
The effects of different concentrations of JAPS on the oxidation of
BSA in Cu2+/H2O2 system were illustrated in Figure 7. Part of BSA

Figure 8. The effect of JAPS on BSA oxidation in AAPH system. Lane 1:
BSA, Lane 2: AAPH + BSA, Lane 3: AAPH + BSA + 0.5 μg/mL of JAPS, Lane 4:
AAPH + BSA + 2.5 μg/mL of JAPS, Lane 5: AAPH + BSA + 5.0 μg/mL of JAPS,
Lane 6: AAPH + BSA + 25.0 μg/mL of JAPS, Lane 7: AAPH + BSA + 50.0 μg/
mL of JAPS. **p < 0.01 vs. Lane 1. ##p < 0.01 vs. Lane 2.

was degraded after oxidation, which was indicated by the reduced
content of residual BSA. Interestingly, lower or higher concentration of JAPS somehow exerted promotive effect other than suppressive effect on protein oxidation. More importantly, JAPS of
0.5 µg/mL did not work effectively in inhibiting protein damage,
and only slightly increased the level of residual BSA. It seems that
JAPS failed in inhibiting oxidative damage induced by hydroxyl
radicals.
3.7. The effect of Jerusalem artichoke polysaccharides (JAPS) on
protein damage induced by AAPH
The results in Figure 8 suggest that there was a significant decrease
of residual BSA in AAPH-induction group. However, AAPH-induced BSA oxidation was hardly affected by JAPS at low concentrations. A significant protection was observed only in groups
treated with 5.0 µg/mL or 25.0 µg/mL of JAPS. Overall, the antioxidative capacity of JAPS in AAPH system was better than that
in the Cu2+/H2O2 system.
4. Discussion

Figure 7. The effect of JAPS on BSA oxidation in Cu2+/H2O2 system. Lane
1: BSA, Lane 2: Cu2+/H2O2 + BSA, Lane 3: Cu2+/H2O2 + BSA + 0.5 μg/mL of
JAPS, Lane 4: Cu2+/H2O2 + BSA + 2.5 μg/mL of JAPS, Lane 5: Cu2+/H2O2 +
BSA + 5.0 μg/mL of JAPS, Lane 6: Cu2+/H2O2 + BSA + 25.0 μg/mL of JAPS,
Lane 7: Cu2+/H2O2 + BSA + 50.0 μg/mL of JAPS. **p < 0.01 vs. Lane 1. ##p
< 0.01 vs. Lane 2.

Persistent oxidative damage of biomolecules results in various diseases such as cancer, diabetes, cardiovascular and cerebrovascular
diseases. Supplements of antioxidants which slow down or prevent
oxidation is an effective means to reduce oxidative damage in vivo
(Abdul-Latif et al., 2021; Pisoschi et al., 2022).
ROS in the body include superoxide radical anion (O2−•), hydrogen peroxide (H2O2), hydroxyl radical (•OH), singlet oxygen
(1O2), and their derivatives such as alkoxyl radical (RO•), and
alkylperoxyl radical (ROO•), among others (Castro and Freeman, 2001). Much of the damage resulting from oxidative stress
has been attributed to the highly reactive hydroxyl radical which
has the capacity to degrade DNA, lipids and proteins by oxidation.
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Certain substances such as vitamin C, iron, and copper ions, which
widely exist in biological systems, could readily trigger hydroxyl
radical generation in aerobic metabolism (Keshtkar Vanashi and
Ghasemzadeh, 2022). The metal-mediated production of hydroxyl
radicals is one important mechanism of biological deterioration.
Therefore, hydroxyl radicals should be well managed to help
maintain homeostasis in normal and healthy tissues.
A large body of evidence has show that the antioxidant effect of
polysaccharides is exerted via a variety of mechanisms. For example, the alcohol hydroxyl group in the polysaccharide structure can
inhibit the formation of hydroxyl radical via complexation with
transition metal ions, such as those of iron and copper. In addition, polysaccharides can directly capture ROS produced in the
peroxidation chain reaction, blocking or slowing down lipid peroxidation. The antioxidant effect of polysaccharides also involves
scavenging of free radicals, enhancing the activity of antioxidant
enzymes, and regulating antioxidant signaling pathways in cells
(Wang et al., 2016; Yarley et al., 2021; Mu et al., 2021). Based on
the results in this study, it could be summarized that JAPS could
inhibit the oxidation of lipids and DNA induced by hydroxyl radicals and AAPH. However, JAPS worked less effectively in inhibiting protein damage using BSA as a model. In general, the antioxidant performance of JAPS in inhibiting lipid peroxidation and
AAPH-induced DNA oxidative damage were much better than that
tested in other systems, such as hydroxyl radical-induced DNA and
linoleic acid oxidation, AAPH-induced linoleic acid and protein
oxidation. In addition, the protective effect of JAPS did not rise
steadily with the increase of JAPS concentration, and peaked at
the concentration of 5.0 µg/mL. However, there was a decline in
the protective effect of JAPS when its concentration was too low
or too high.
We also noted that the protective effect of JAPS on protein was
not as obvious as that on lipid and DNA. Contrary to expectations,
low concentration of JAPS even promoted BSA oxidation in Cu2+/
H2O2 system. Although 5.0 µg/mL of of JAPS seemed to play a
certain protective role in AAPH system, the protection effect was
still minimal. Thus, the antioxidant activity of components may be
closely related to the reaction conditions and their concentration.
What is particularly noteworthy is the negative effect on antioxidation in some cases. With the increase of concentration, the
inhibitory effect of JAPS on oxidative damage caused by free radicals increased, but the effect decreased at higher concentrations.
For hydroxyl radical-induced protein damage, higher and lower
concentrations of JAPS even promoted oxidation. Some studies
have confirmed that many antioxidants have prooxidative effects
at high concentrations (Lange et al., 2020). For example, the level
of serum lipid peroxidation in guinea pigs increases after highdose injection of vitamin C (Kapsokefalou and Miller, 2001).
Flavonoids can react with transition metals and accelerate the
formation of hydroxyl radicals (Procházková et al., 2011). High
concentration of tea polyphenols can promote oxidation of proteins in emulsions (Tian et al., 2021). At present, the mechanism
of antioxidant promoting oxidation has not been fully elucidated
but it may be related to the structure of antioxidants. For example, the antioxidant or prooxidant activities of flavonoids largely
depend upon the number of hydroxyl substituents in their backbone structure (Cao et al., 1997). System composition and environmental conditions are also important factors. Moreover, higher
concentrations of tea polyphenols resulted in prooxidant activity
of proteins at pH 7 (Tian et al., 2022). Therefore, it might also be
related to the properties of free radicals, the different action sites
on biomolecules as well as the type of in vitro research models employed (Eren-Guzelgun et al., 2018). Further relevant research are
still needed to fully clarify these interesting preliminary findings.
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5. Conclusion
Jerusalem artichoke polysaccharides (JAPS) within certain concentrations effectively inhibited the oxidation of DNA and linoleic
acid induced by hydroxyl and alkoxyl radicals, and also inhibited
lipid peroxidation. However, JAPS exhibited poor effect in inhibiting protein oxidation. Furthermore, higher concentrations of JAPS
may exert a prooxidative effect. This study provides evidence for
the antioxidant activity of JAPS. However, comprehensive antioxidative and prooxidative mechanisms of JAPS are still needed
to shed light on details of their effects.
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Abstract
Chaga mushroom is a black perennial fungus that usually parasites on adult birch tree trunks. It has been conventionally used as a health-promoting supplement and nutraceutical in different cultures for centuries. The desired
clarification of the profile of chaga secondary metabolites responsible for various bioactive properties has been
continuously pursued for decades but has only partially been unveiled. Meanwhile, in recent years, attention
to food safety, quality stability, authentication, and sustainability of chaga products from the wild has become
increasingly popular in the current commercial market and related small/medium-size food industry enterprises.
Phenolic, hydroxylated fatty acid, and terpenoid compounds produced by sclerotia of chaga mushrooms are bioactive constituents with antioxidant, anti-microorganism, and anti-tumor activities. Some new secondary metabolites of chaga mushroom have occasionally been reported previously, and effects of environment (e.g., cultivation
method, harvesting region) on compositional characteristics noted. However, these have rarely and systematically compared the compositions of their material with a reliable database of known secondary metabolites of
chaga. Therefore, this study aimed to achieve a rapid screening and characterization of secondary metabolites
of Newfoundland chaga. A total of 111 phenolic, 63 fatty/aromatic acid, and 108 terpenoid constituents was primarily identified using HPLC-ToF-MS (high-performance liquid chromatograph coupled with time-of-flight mass
spectra), among which 161 were newly reported. In addition, an update of the compositional database of chaga
was provided as supplementary materials to help utilization and development of Newfoundland chaga mushroom
as edible-fungi. Conclusively, chaga mushroom is a very promising food supplement abundant in numerous fungal
secondary metabolites that were rarely found in other edible materials, even though its safety (e.g., oxalate content) aspects is still in need of additional investigation for being considered as a viable commercial nutraceutical.
Keywords: Edible fungi; LC-ToF-MS; Compositional database; Qualitative analysis; Bioactive compounds.

1. Introduction
Chaga mushroom is an edible herbal fungus that is mostly distributed in the circumboreal region of the Northern Hemisphere. The
medicinal/nutraceutical use of chaga has been recorded in different
ancient cultures, including Ainu and Khanty in Northeastern Asia,
and various First nations such as Wet’suwet’en, Chipewyan, Cree,
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and Gitxsan in North America. Chaga is a Latinized Russian word
known as the sterile conk trunk rot of birch in Canada. The official
binomial name of chaga is Inonotus obliquus, but other names, including Phaeoporus obliquus, Polyporus obliquus, or Fuscoporia
obliqua, have also been sporadically used in the earlier literature
(He et al., 2001; Reid, 1976).
Attributed by its global anecdotal evidence of medicinal proper-
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ties, chaga 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 pain,
and different types of cancer in the East European countries for
centuries (Babitskaya et al., 2002; Koyama, 2017; Lemieszek et
al., 2011; Peng and Shahidi, 2020; Saar, 1991; Shashkina et al.,
2006; Shikov et al., 2014). To date, numerous studies have claimed
various bioactivities, together with related biomolecular mechanism of chaga, including antioxidant, antimicrobial, anti-cancer,
hypoglycemic, antilipidemic, anti-inflammation, abirritative, immunoregulatory, and cardioprotective effects (Koyama et al.,
2008; Patel, 2015; Peng and Shahidi, 2020; Shashkina et al., 2006;
Zhong et al., 2009). Such a broad spectrum of biological/pharmacological functions implies the complexity of bioactive substances
in chaga, although related clinical data are relatively scarce. As
a result, the bioactive compounds of chaga have gradually been
unveiled over the past 20 years. Many chaga-based supplements
have been commercialized in the current nutraceutical market. To
satisfy and sustain the increased commercial demand for chaga
products, the artificial culture of chaga has been practiced for decades to overcome the long growth period of wild chaga (Ka et al.,
2017; Sun et al., 2011; Zheng et al., 2010).
The diversity and content of bioactive components of this parasitic fungus varies greatly according to its nutritional and environmental conditions, including physical (e.g., UV and γ-radiation),
biological (e.g., host), and chemical (e.g., pH, oxygen, heavy
metals, and exogenous phytochemicals) factors. For instance, ergosterol became the dominant sterols in the cultured mycelium of
chaga, rather than lanosterol and inotodiol in wild chaga. Other
trace sterols of wild chaga, such as episterol, 24-methylene dihydrolanosterol, and ergosterol peroxide can not be found in cultured
mycelium (Zheng et al., 2007). Similar phenomenon was observed
among different wild types of chaga. For example, the Canadian
and Ukrainian chaga collected by Géry et al. (2018) contained
around 1% and 10% of betulin and betulinic acid content of French
chaga, respectively. The total phenolic content of decoction and
tincture of chaga from Thailand is around 2 and 5–10 times of
those harvested from Russia and Finland, even though the DPPH
scavenging efficacy of chaga tincture from Finland is about 9–20
times higher than those from Thailand and Russia. Meanwhile, the
content of p-hydroxybenzoic acid of Finland and Thailand chaga
is around 2 and 20 times higher than that in the Russian chaga,
respectively, while gallic acid can be detected in samples from
Thailand but not in those from Finland and Russia (Glamočlija et
al., 2015). Apparently, chaga from different production sites usually show distinguishable chemical profiles. To achieve a comparable compositional profile of the artificial culture of chaga mycelia, various physiochemical stimulus have been applied to mimic
growth environments which efficiently manipulates the production of chaga secondary metabolites (Zheng et al., 2010). More
information on compositional and proportional difference, and the
production monitoring of secondary metabolites of chaga is found
in a recent review, in which around 220 compounds including 108
terpenoids, 64 small-molecule phenolics, 10 alkaloids, 17 amino
acids, and various bioactive polymers such as polysaccharidesprotein complex and allomelanins were summarized (Peng and
Shahidi, 2020). In combination with newly updated 21 phenolics
and 10 terpenoids from 2021 to 2022, it provides the database for
the current study of primary compositional characterization of
wild chaga harvested in Newfoundland (Abu-Reidah et al., 2021;
Chang et al., 2022; Kou et al., 2021). In this article, numerous bioactive compounds including small-molecule phenolics, terpenoids,
and hydroxylated fatty acids were qualitatively identified using
full-scan ToF mass spectrometry. Intriguingly, more than half of

these secondary metabolites can not be found in previous reports,
implying the significance of quality discrepancy of chaga materials from different production regions and its potential influences
on the products’ performance and reliability. The establishment of
reproducible qualification protocols of natural food supplements
and related compositional databases can effectively promote the
capability of companies and authorities in supervising their quality
control, product standardization, and potential counterfeits. Therefore, this contribution aimed to provide a comparative analysis between small-molecule bioactive secondary metabolites from Newfoundland wild chaga and its counterparts reported elsewhere, as
well as an updated database of phenolic, fatty acid, and terpenoid
compounds.
2. Materials and methods
2.1. Solvents and reagents
HPLC grade reagents acetonitrile, ethanol, and methanol were purchased from Fisher Scientific, Ltd. (Ottawa, ON, Canada). Formic
acid was purchased from ACROS Organics (Morris, IL, USA).
Water was purified using a Milli-Q system, Millipore (Bedford,
MA, USA).
2.2. Extraction of secondary metabolites from chaga mushroom
Chaga powder was obtained locally from Dr. Aubrey Anderson
from Department of Fisheries and Oceans (DFO), St. John’s, NL,
Canada. For extraction, 500 mg chaga material was freeze-dried
and then ultrasonically extracted twice with 10 mL solvent mixture
consisting of water-ethyl acetate-acetone (20:40:40, v/v/v). The
supernatants of the extracts were combined, 1 mL of which was
filtered into LC sample vials without any further concentration.
2.3. Qualitative analysis by HPLC-ESI-TOF-MS
The composition of extract was determined using high-performance liquid chromatography-electrospray ionization-time of
flight-mass spectrometry (HPLC-ESI-TOF-MS), using an Agilent
1260 HPLC unit (Agilent Technologies, Palo Alto, CA, USA) with
a UV diode array detector (UV-DAD) and a SUPERLCOSILTM
LC-18 column (4.6 × 250 mm × 5 μm with guard column; SigmaAldrich, Oakville, ON, Canada) by gradient elution. The mobile
phase consisted of 0.1% formic acid in deionized water (A) and
0.1% formic acid and 5% acetonitrile in methanol (B). The solvent
gradient was as follows: 5–5% B, 0–6 min; 5–8% B, 6–16 min;
8–20% B, 16–40 min; 20–45% B, 40–75 min; 45–60% B, 75–85
min; 60–90% B 85–110 min; 90–100% B, 110–120 min; 100–100,
120–125 min; 100–5% B, 125–130 min. The column was thermostatically controlled at 40 °C, and the ﬂow rate was set at 1
mL/min. The UV-visible absorbance of the peaks was monitored
between 190 and 600 nm. All samples and standards were dissolved in methanol, and the sample injection volume was 5 μL. LC
flow was further analyzed online by an orthogonal time-of-flight
mass spectrometer (6230 TOF LC/MS system; Agilent Technologies, Palo Alto, CA, USA) equipped with an electrospray ionization source (ESI). The ESI source was operated in the negative
ion mode, and full scan mass spectral data were acquired over a
range from m/z 100 to 1,700. The MS conditions were as follows:
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drying gas flow rate, 10 L/min; nebulizer pressure, 60 psi; drying
gas temperature, 350 °C; ESI temperature, 400 °C; and capillary
voltage, 110 V. The mass spectrum results were analyzed by the
Agilent MassHunter Workstation (version B.05.01).

/53/68/74/88/89/91/92/93/110). Twenty-four of those structures
have been previously been reported in chaga and the rest of the
compounds, P23 (C15H20O9), P48 (C22H26O11), P50 (C18H22O10),
P52 (C25H30O14), P53 (C25H32O13), P54 (C23H28O13), P68
(C25H30O13), P71(C23H26O13), P72 (C23H26O13), P89 (C34H40O18),
P91 (C34H40O18), and P93 (C34H40O18), were tentatively identified as syringic acid rhamnoside, agnuside, sinapoylquinic acid,
lippioside II, oleuropein, picroside II, grandifloroside, helonioside
B, mallophenol A, mallophenol A and its isomers, smilaside B,
smilaside B isomer, and jaslanceoside B, respectively. Compared
to the other phenolic acids or even any other phenolic compound,
hydroxybenzoic acid (P7) was reported as the most dominating
phenolic in chaga (Glamočlija et al., 2015). However, in this study,
it was noticed that the dominating phenolics might indeed be dihydroxybenzaldehyde (P8) instead of hydroxybenzoic acid (P7), the
former’s log P is slightly lower than the latter and therefore appearing subsequently (8.812 min of P7 and 10.189 min of P8) with a
very different relative abundance in TIC (total ion chromatogram).
This result is in line with that of Abu-Reidah et al. (2021)’s recent quantification results of Newfoundland chaga. However, the
protocatechuic acid glucoside, ellagic acid, methylellagic acid,
and 2,5-dihydroxyterephthalic acid detected in Abu-Reidah et al.
(2021)’s study were not found in our sample. However, the material used in our study was enriched with various benzoic and cinnamic acid derivatives. The phenolic acids with relatively higher
abundance were compounds P52, P54, P68, P71, P72, P110, and
especially syringic acid and its derivatives (P23/24/57/70).

3. Results and discussion
Secondary metabolites include a large group of specific compounds required for survival and adaptation of plants, fungi, and
bacteria in their environment. They can react to biotic stresses including mutualistic (e.g., pollination) or antagonistic interactions
(e.g., disease-resistance and existence competition) with other organisms, or deal with abiotic stresses such as radiation and heavy
metals. Macro fungi have a well-developed secondary metabolism
producing a variety of low-molecular-weight secondary metabolites that render tremendous bioactivity and medicinal properties.
However, fungi secondary metabolites remain mostly underexplored compared to plant-derived ones in spite of centuries’ old
application; chaga mushroom is one typical case.
The actual compositional profile of chaga extract is very complicated, which may arise from various pathways of secondary
metabolism in wild chaga and its host so that a gradient with over
120 min elution duration was used to sufficiently separate them
by LC C-18 system before the coupled ESI-ToF-MS analysis. The
mass error for molecular ions of all identified compounds was
within ±10 ppm. For example, compound A1 gave a deprotonated
molecular ion [M-H]− at 181.0719, with the difference of −0.76
ppm from calculated [M-H]− at 181.0718, therefore indicating its
molecular formula as C6H14O6, which is tentatively identified as a
sugar alcohol of hexose, such as sorbitol.
The eluted compounds are mainly non-nitrogenous compounds,
including phenolics, terpenoids, and fatty acid derivatives, and
this study focuses on the analysis of phenolic constituents. Figure
s1–s3 shows the total ion chromatograph (TIC) of chaga extract.
By comparison with the updated phenolic database (Table s1), our
results classified these constituents of Newfoundland chaga into
two categories, ‘known’ and ‘newly detected compounds’, along
with their accurate MS1 data given in Table 1, as discussed below.
3.1. Qualitative analysis of small phenolic molecules of chaga
Table 1 shows that the phenolic composition of chaga is a complex
profile covering 111 compounds, although the actual content of
soluble small-molecular-weight phenolics is the tip of the iceberg
due to the abundance of (insoluble) phenolic polymers, especially
melanin- and lignin-polysaccharide complexes (Wang et al., 2015;
Wold et al., 2018). According to our Folin-Ciocalteu and antioxidant results of chaga extracts, the efficacy and mass equivalents of
degradation products of insoluble phenolics are several times higher than those of its soluble counterpart (unpublished results). The
phenolics of chaga include phenolic acids, flavonoids, coumarins,
quinones, and styrylpyrones. Among the 111 phenolic compounds
in Table 1, 49 of them are in accordance with previous studies,
while the other 62 are newly detected.
3.1.1. Phenolic acid derivatives
For phenolic acids, a total of 37 compounds were identified, including 16 hydroxybenzoic acid derivatives (compounds No. P1/
2/3/4/7/9/19/20/21/23/24/28/48/54/57/70/71/72) and 19 hydroxycinnamic acid derivatives (No. P12/13/14/16/17/26/34/47/50/52
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3.1.2. Coumarin, xanthone, anthrone, and quinone derivatives
Eighteen coumarin, xanthone, anthrone, and quinone derivatives can be sporadically found in the sample. Except dihydroxycoumarin (P10), coumarin (P18), and inonotphenol A (P36),
the derivatives including P15 (C9H6O3), P31 (C14H10O5), P32
(C11H8O5), P33 (C14H16O7), P39 (C12H12O5), P42 (C13H12O5), P43
(C13H8O7), P45 (C14H10O4), P51 (C16H18O10), P57 (C12H10O4),
P58 (C24H18O9), P66 (C12H14O8), P78 (C14H8O7), P85 (C14H8O8),
and P97 (C22H16O8), are all newly detected and were tentatively
characterized as hydroxycoumarin, dihydroxymethoxyxanthone,
purpurogallin, phellodenol F, trimethoxycoumarin, pentahydroxyxanthone, acetyl dimethoxycoumarin, leucoquinizarine, fraxin,
liqcoumarin, gaboroquinone A, fulvic acid, pentahydroxyanthraquinone, hexahydroxyanthraquinone, and hydramycin, respectively. Among these derivatives, the compounds with relatively
higher abundance were compounds P15, P33, P39, P42, P45, P57,
and P85.
3.1.3. Flavonoid derivatives
Flavonoid derivatives are a diverse group of phenolics that wee
also detected in the current chaga sample. A total of 30 flavonoids
were detected while their ion abundances were generally in trace
amounts compared with the rest of phenolic groups. Zheng et al.
(2008) compared the phenolic contents of wild chaga and its mycelia cultures. Mycelia cultures of chaga mainly consisted of flavonoids [e.g., naringin, ECG (epicatechin gallate), kaempferol], and
lesser amounts of styrylpyrones and melanins. However, for the
wild chaga, flavonoids were determined in trace amounts, while
styrylpyrones (e.g., phelligridin A/D and inoscavin A/B) and melanins were dominant. In our sample, we noticed a similar phenomenon. As aforementioned, among 85 previously reported phenolic
compounds, 37 were not detected in the current sample, especially

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

tR (min)

3.071

3.371

A2

A3

2.606/4.463

4.631

4.083

8.812

18.866/20.741
/23.446

20.360/32.721

24.275

17.406/24.939

26.515

P1/2

P3

P4

P7

P12/14/16

P13/26

P17

P9/19

P20

Phenolic acid derivatives

Small-molecule Phenolics (P)

3.054

A1

Saccharides (S)

Compound
no.
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167.0345

195.029

C9H8O5

163.0405

177.0547

179.035

C8H8O4

C9H8O3

C10H10O3

C9H8O4

137.0240

153.0201

C7H6O3

181.0151

C7H6O4

169.0149

C8H6O5

C7H6O5

645.188

341.1082
/683.2280
/387.1130

C12H22O11
C24H38O20

181.0719

Measured

C6H14O6

Formula

195.0299

167.035

163.0401

177.0557

179.0350

137.0244

153.0193

181.0142

169.0142

645.1884

341.1089

181.0718

Calculated

4.58

2.87

−2.64

5.72

−0.1

3.03

−4.98

−4.69

−3.84

0.57

2.15

−0.76

Error
(ppm)

[M-H]−/[2M-H]− (m/z)

–

–

–

–

–

–

–

–

–

Tetrasaccharide (Beta-DDelta(4)-GlcpA-(1->4)-betaD-Glcp-(1->4)-alpha-LRhap-(1->3)-beta-D-Glcp)

Disaccharide

Nakajima et al. (2007);
Abu-Reidah et al. (2021)

Glamočlija et al. (2015);
Abu-Reidah et al. (2021)

Ju et al. (2010); Nakajima
et al. (2007); Glamočlija
et al. (2015); AbuReidah et al. (2021)

Hwang et al. (2016)

Zheng et al. (2008);
Glamočlija et al. (2015);
Abu-Reidah et al. (2021)

Shin et al. (2001)

Reference

Ju et al. (2010)

Vanillic acid

Chang et al. (2022)

Kim et al. (2008)

Homogentisic acid
4-Methoxyisophthalic acid

Ju et al. (2010); AbuReidah et al. (2021)

Abu-Reidah et al. (2021);
Zheng et al. (2009);
Kim et al. (2008)
Dihydroxyphenylacetic acid

Coumaric acid

4-Methoxycinnamic
Nakajima et al. (2007);
acid or mullein or
Kim et al. (2011); Abu3,4-Dihydroxybenzalacetone Reidah et al. (2021)

Caffeic acid and its isomers

Hydroxybenzoic acid/
salicylic acid

Dihydroxybenzoic acid

Hydroxyisophthalic acid

Trihydroxybenzoic
acid and its isomer

–

–

Sorbitol

Known compounds

Compounds detected in current study
Newly detected compounds

Table 1. Chemical constituents (saccharides and phenolics) of chaga extract scanned by HPLC-ESI-TOF-MS
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60
273.0400

343.1026
197.0449

225.0777
465.138
193.051
397.1141
553.1566
539.1788
511.1436
537.1631
509.1316
207.0663
311.1285
735.2112
735.2113
565.1556
603.4082

C14H10O6
C15H20O9
C9H10O5

C11H14O5
C22H26O11
C10H10O4
C18H22O10
C25H30O14
C25H32O13
C23H28O13
C25H30O13
C23H26O13
C11H12O4
C19H20O4
C34H40O18
C34H40O18
C26H30O14
C39H56O5

28.208

30.547

31.111/50.109/
57.193

33.965

46.907

41.050/46.873

48.433

48.533

49.196

49.545

56.712

57.608/57.907

59.367

63.299

63.747

64.428/64.892

64.826

110.636

P21

P23

P24/57/70

P28

P48

P34/47

P50

P52

P53

P54

P68

P71/72

P74

P88

P89

P91/93

P92

P110
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161.0246
145.0301
257.046
219.0302
295.0831
249.0409

C9H6O2
C14H10O5
C11H8O5
C14H16O7
C12H10O6

24.508

37.864

37.914

40.27

41.697

P31

P32

P33

P36

P18

177.0203

22.019

P15

C9H6O3

18.817

P10

C9H6O4

Coumarin, quinone, anthrone, and xanthone derivatives

Measured

349.0405

295.0823

219.0299

257.0455

145.0295

161.0244

177.0193

603.4055

565.1563

735.2142

735.2142

311.1289

207.0663

509.1301

537.1614

511.1457

539.177

553.1563

397.114

193.0506

465.1402

227.0768

197.0455

343.1035

273.0405

Calculated

−1.75

−2.61

−1.38

−1.76

−4.09

−1.13

−5.44

−4.47

1.2

3.92

4.06

1.23

−0.08

−3.01

−3.22

4.13

−3.31

−0.58

−0.2

−1.89

4.8

−3.77

3.27

2.49

1.68

Error
(ppm)

[M-H]−/[2M-H]− (m/z)

tR (min)

Compound
no.
Formula

Coumarin

–

Dihydroxycoumarin

Betulin-3-O-caffeate

–

–

–

(9S)-Acerogenin M

Sinapaldehyde

–

–

–

–

–

–

cis/trans Ferulic acid

–

Methylgallate

Hydroxy dimethoxybenzoic
acid/Syringic acid

–

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

–

Phellodenol F

Purpurogallin

Inonotphenol A

–

–

Dihydroxy methoxyxanthone –

–

Hydroxycoumarin

–

–

Jaslanceoside B

Smilaside B and its isomer

Helonioside B

–

–

Mallophenol A
and its isomer

Grandifloroside

Picroside II

Oleuropein

Lippioside II

Sinapoylquinic acid

–

Agnuside

–

–

Syringic acid rhamnoside

–

Known compounds

Chang et al. (2022)

Chang et al. (2022)

Ju et al. (2010)

Wold et al. (2020)

Chang et al. (2022)

Chang et al. (2022)

Kim et al. (2008); AbuReidah et al. (2021)

Chang et al. (2022)

Mazurkiewicz (2006);
Hwang et al. (2016);
Abu-Reidah et al. (2021);
Zheng et al. (2009)

Hwang et al. (2016)

Reference

Compounds detected in current study
Newly detected compounds

Table 1. Chemical constituents (saccharides and phenolics) of chaga extract scanned by HPLC-ESI-TOF-MS - (continued)
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46.425

48.466

50.225

50.739

55.518

60.23

P45

P51

P57

P58

P66

P78

369.0833
217.0511
449.0882
307.0465
287.0212

C16H18O10
C12H10O4
C24H18O9
C12H14O8
C14H8O7

317.0311
343.1184
301.0349
341.1021
327.0878
285.0405
563.1385
535.1094
325.1078
327.1237
479.1220
283.0626
609.1820
449.145
421.1156
311.0928
607.1681

C19H20O6
C15H10O7
C19H18O6
C18H16O6
C15H10O6
C26H28O14
C24H24O14
C19H18O5
C19H20O5
C22H24O12
C16H12O5
C28H34O15
C22H26O10
C20H22O10
C18H16O5
C28H32O15

34.496

34.927/41.813

41.282

42.095

43.406

46.259

46.608

49.594

51.121

51.95/52.975

52.730

52.936

56.397

57.177

58.255

59.666

P29

P30/37

P35

P38

P41

P44

P46

P55

P59

P60/63

P61

P62

P67

P69

P73

P75

P22

C15H10O8

407.0785

241.0514

C14H10O4

C22H16O8

247.06

C13H12O5

303.0139

275.0188

C14H8O8

235.0615

C13H8O7

Measured

C12H12O5

Formula
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607.1668

311.0925

421.114

449.1453

609.1825

283.0612

479.1195

327.1238

325.1081

535.1093

563.1406

285.0412

327.0874

341.1031

301.0354

343.1187

317.0303

407.0772

303.0146

287.0197

307.0459

449.0878

217.0506

369.0827

241.0506

247.0612

275.0197

235.0612

Calculated

−2.07

−0.97

−3.74

0.71

0.81

−4.94

−5.21

0.3

1.06

−0.13

3.77

−2.58

−1.18

2.81

1.58

0.91

−2.54

−3.09

2.44

−5.12

−1.81

−0.88

−2.14

−1.57

−3.17

4.83

3.36

−1.28

Error
(ppm)

[M-H]−/[2M-H]− (m/z)

29.535

Flavonoids

67.779

44.949

P43

P97

44.866

P42

65.971

42.228

P39

P85

tR (min)

Compound
no.

Diosmin

Trimethoxyflavone

Polydine

Auriculoside

–

–

Noidesol and its isomer

Tetramethoxychalcone

Moracin P

Haploside A

Vicenin-1

–

Hydroxy trimethoxyflavone

Tetramethoxyflavone

–

Tetramethoxyflavanone

Hydramycin

Hexahydroxyanthraquinone

Pentahydroxyanthraquinone

Fulvic acid

Gaboroquinone A

Liqcoumarin

Fraxin

Leucoquinizarine

Acetyl dimethoxycoumarin

Pentahydroxyxanthone

Trimethoxycoumarin

–

–

–

–

Rutin

Fortuneletin/5,7-dihydroxy3′-methoxyflavone

–

–

–

–

–

Kaempferol

–

–

Quercetin and its isomer

–

Myricetin

–

–

–

–

–

–

–

–

–

–

–

Known compounds

Zheng et al. (2009)

Zheng et al. (2009)

Zheng et al. (2009)

Zheng et al. (2009); AbuReidah et al. (2021)

Abu-Reidah et al. (2021)

Reference

Compounds detected in current study
Newly detected compounds

Table 1. Chemical constituents (saccharides and phenolics) of chaga extract scanned by HPLC-ESI-TOF-MS - (continued)

Peng et al.
Qualitative analysis of secondary metabolites of chaga mushroom

61

62

64.096

65.606

67.696

P90

P94

P96
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33.334

43.256

54.555/86.329

55.136

60.711

62.171

74.117

79.344

80.024

83.126

83.939

84.835

85.814

86.329

87.142

P27

P40

P64/106

P65

P79

P82

P98

P99

P100

P101

P102

P103

P104

P106

P107

Others

32.239

P25

Styrylpyrones

63.25

P87

288.9982
245.0457
433.1185
461.0884
463.1017
259.0253
391.0825
449.0503
395.0776
409.0953
473.0508
379.0459
420.0787
593.0725
461.0884
363.0505

C13H10O5
C28H18O5
C25H18O9
C25H20O9
C13H8O6
C22H16O7
C23H14O10
C21H16O8
C22H18O8
C25H14O10
C20H12O8
C23H16O8
C32H18O12
C25H18O9
C20H12O7

285.0424

C15H10O6
C13H6O8

299.058

C16H12O6

647.2011

315.0505

62.951

C31H36O15

339.088

C19H16O6
C16H12O7

62.868

P85

P86

479.0996

271.0621

C15H12O5

62.868

C25H20O10

317.0658

P84

737.2318

C16H14O7

62.387

P83

C34H42O18

61.275/61.690

P80/81

Measured
765.2562

60.163

P77

Formula

363.0510

461.0878

593.0725

419.0772

379.0459

473.0514

409.0929

395.0772

449.0514

391.0823

259.0248

463.1035

461.0878

433.1081

245.0455

288.9990

285.0407

299.0561

647.1981

479.0984

315.051

339.0874

271.0612

317.0667

737.2298

765.2553

Calculated

1.45

−1.29

0.08

−3.47

0.11

1.31

−5.87

−0.91

2.49

−0.44

−1.88

3.78

−1.29

−0.81

−0.62

2.76

−7.13

−6.29

−4.56

−2.56

1.67

−1.73

−3.32

2.76

−2.66

−1.22

Error
(ppm)

[M-H]−/[2M-H]− (m/z)

C43H42O13

tR (min)

Compound
no.

–

–

Methoxy
tetrahydroxyflavone/
Isorhamnetin

–

Naringenin

–

–

–

Methylinoscavin C

Hispidin

–

Kaempferol or Luteolin

–

–

–

–

–

–

Methylinoscavin D

Inoscavin D

–

Phelliribsin A

Phelligridin A

–

Phelligridin C

Inonobulin C

Phelligridin G

Inoscavin C

Phelligridin D

Phelligridin E

–

–

Inonoblin B

–

–

Davallialactone

Inoscavin A and inonobulin C –

–

–

Phelligridin J

–

Methoxyl trihydroxylflavonol –

Embigenin
2″-(2‴-acetylrhamnoside)

Rhodiolin

–

Acetylafromosin

–

Dihydrorhamnetin

Brutieridin and its isomer

Iryantherin F

Known compounds

Lee et al. (2007)

Lee et al. (2007)

Lee et al. (2007)

Zhao et al. (2015b)

Lee et al. (2007)

Lee et al. (2007)

Lee et al. (2007)

Zhao et al. (2015b)

Zheng et al. (2011)

Abu-Reidah et al. (2021)

Zheng et al. (2009)

Zheng et al. (2008);
Zheng et al. (2009); AbuReidah et al. (2021)

Zheng et al. (2009)

Reference

Compounds detected in current study
Newly detected compounds

Table 1. Chemical constituents (saccharides and phenolics) of chaga extract scanned by HPLC-ESI-TOF-MS - (continued)
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–
−1.45
409.3112
409.3118
C28H42O2
P111

113.938

β/γ-Tocotrienol

–
0.53
381.2799
381.2797
C26H38O2
P109

109.657

Desmethyl tocotrienol

Chang et al. (2022)
(−)-(S)-acerogenin B
3.08
297.1496
297.1487
C19H22O3
91.406

–

−7.37
405.1191
405.1221
C20H22O9
59.666

P108

−0.06
451.1610
451.1610

P76

1.86
135.0452
135.0449
C8H8O2
P11

P49

C22H28O10

Astringin

–

Chang et al. (2022)
Erythro-4,7,9,9′tetrahydroxy-3,5,3′,5′tetramethoxy-8-O4′-neolignane

3.1.4. Styrylpyrone derivatives

47.355

–

various flavonoid derivatives such as EGCG (epigallocatechin
gallate), ECG, EGC (epigallocatechin), naringin, apigenin, eriocitrin, rhoifolin, isorhamnetin-3-O-rutinoside, and narirutin. However, several other non-flavonoid phenolics, including resveratrol,
phellxinye A, inonoblin A, methylinoscavin A/B, and phelligridin
C/F were also absent. For the 31 detected flavonoid derivatives,
there were 18 flavones(ols) (compounds P22/30/37/41/44/46/60/
61/62/63/73/75/86/87/90/94/96), 5 flavanones(ols) (compounds
P29/80/81/83/84), 3 flavans(ols) (compounds P67/69/83) as well
as aurones (compound P55), chalcones (P59), isoflavones (P85),
and lignoflavonoids (P77). Twenty compounds in the list were
newly detected. Compound P69 (C20H22O10) showed the highest
relative abundance, and then were compounds P38 (C18H16O6),
and P55 (C19H18O5).

18.833

Hydroxy phenylacetaldehyde –

Nakajima et al. (2007);
Zheng et al. (2008); Kim et
al. (2011); Liu et al. (2014)
Dihydroxybenzaldehyde
3.75
137.0244
137.0239
C7H6O3
P8

10.189

–

Mazurkiewicz (2006)

Mazurkiewicz (2006)

Resorcinol

2,6-Dimethoxyphenol

4.57
109.0295
109.0290
C6H6O2

–

−4.98
153.0193
153.0201
C7H6O4

7.352
P6

P5

7.335

Measured

–

Reference
Error
(ppm)

Formula

Calculated

Newly detected compounds

Known compounds

Qualitative analysis of secondary metabolites of chaga mushroom

tR (min)

[M-H]−/[2M-H]− (m/z)

Compound
no.

Table 1. Chemical constituents (saccharides and phenolics) of chaga extract scanned by HPLC-ESI-TOF-MS - (continued)

Compounds detected in current study

Peng et al.

Styrylpyrones, also known as hispidin derivatives, are a rare group
in plant-derived phenolics. They have a skeleton core of C6-C2-C5
and can be found in macrofungi from genus Inonotus and Phellinus or primitive angiosperm from families Piperaceae, Lauraceae, Annonaceae, Ranuculaceae and Zingiberaceae (Lee and Yun,
2011). Detailed demonstration of the structural diversity, biosynthetic pathways, bioactivities, and corresponding mechanisms of
styrylpyrones are found elsewhere (Lee and Yun, 2011).
A total of 16 styrylpyrones were found in the current sample,
10 of them including hispidin (compound P27), methylinoscavin
C (P40), davallialactone (P65), inonoblin B (P98), phelligridin E
(P101), phelligridin D (P102), inoscavin C (P103), phelligridin G
(P104), inonoblin C (P106), and phelligridin C (P107) are known
styrylpyrones from previous compositional studies of chaga. The
newly detected styrylpyrones P25, P64, P79, P99, and P100, were
tentatively identified as phelligridin J, inoscavin A, phelligridin
A, phelliribsin A, inoscavin D, and methylinoscavin D, respectively. The compounds with relatively higher abundance were
P102, P107, and P79. The other 6 previously known styrylpyrones
including inonoblin A, phelligridin F, phelligridin H, methylinoscavin A/B, inoscavin B, and methyl davallialactone, could not
be found in the current sample.
3.1.5. Other phenolic compounds
Other phenolics, including the derivatives of simple phenols (compounds P5/6), phenolic aldehydes (P8/11), neolignans (P49), stilbenes (P76), diarylheptanoids (P108), and tocopherols (P109/111),
were found in the samples we examined. As mentioned earlier,
compound P8 was dominant in its relative abundance compared to
any other chaga phenolics in TIC, implying the antimicrobial and
anti-cancer effects of phenolic extracts of chaga. Furthermore, the
high content of α- and β-tocopherols previously reported in Newfoundland chaga could not be found in the current sample while the
desmethyl tocotrienol and β/γ-tocotrienol were present at the end
of the current elution time. Thus, either a longer elution time or a
more hydrophilic mobile phase is recommended in future studies.
3.2. Qualitative analysis of aromatic acids, fatty acids, and related derivatives
A total of 63 derivatives of aromatic acids and fatty acids were
tentatively identified. Except three compounds F1, F2, and F28,
which were characterized as aromatic acids (phthalic acid, ben-
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zoic acid, and di-iso-octyl phthalate), the other 60 compounds
were all aliphatic acid derivatives including monocarboxylic acids
and dicarboxylic acids as well as their hydroxylated derivatives.
Twenty-one of them were hydroxylated fatty acids (compounds
F3/7/8/9/10/13/14/17/26/35/39/40/44/45/48/49/54/56/58/60/63)
, 5 are dicarboxylic acid (compounds F4/5/6/11/39), and the left
37 compounds (F12/15/16/18/19/20/21/22/23/24/26/27/29/30/3
1/32/33/34/36/37/38/41/42/43/46/47/50/51/52/53/55/57/59/61/6
2) were unmodified saturated/unsaturated fatty acids. The chain
length of fatty acid derivatives ranged from 12 carbons (compound
F12, lauric acid) to 27 carbons (compound F63, hydroxyheptacosanoic acid) in the current sample. The longest saturated monocarboxylic acid was docosanoic acid (compound F55, C22H44O2) and
longest unsaturated monocarboxylic acid was hexacosenoic acid
(F62, C26H50O2) which were eluted at the very end of the gradients
(119.728 and 121.570 min), while in the past study using GC-MS,
the longest saturated monocarboxylic acid detected was melissic
acid (C30H60O2) (Table s2). This was also the case for the elution of
tocopherols; For LC-MS used in this study, the more extended elution gradient with a more hydrophilic organic phase was required
for achieving detection of such hydrophilic compounds (melissic acid, C30:2). Hydroxylation and decarboxylation significantly
increased the hydrophilicity and shortened the elution time. For
fatty acids and their derivatives, 21 compounds (F1/2/3/4/5/7/8/9
/10/11/13/14/16/26/35/39/45/46/49/56/63) were newly found, and
the rest of the 41 fatty acids and 1 aromatic acid derivatives have
been reported in the past. In both the current and previous studies, hydroxylated fatty acid derivatives, the common oxygenated
metabolites of fatty acids during bacterial or fungal fermentation
and a vital component of some fungal cell walls, have been abundantly detected. As given in Table 2 and supplementary database
(Table s2) of chaga secondary metabolites, the fatty acid derivatives were mainly reported by Shcherbakov et al. (2022) and Sun
et al. (2011). Although both studies used GC-MS to identify the
fatty acid composition, different characterization results were reported for the same molecular formula. For example, in Shcherbakov et al. (2022)’s study, C14H28O2 (compound F15) was identified as myristic acid/tetradecanoic acid while it was reported as
ethyl dodecanoate in Sun et al. (2011)’s study. Similar cases apply
to C16H32O2 (compounds F25/33/41/48/52), C17H34O2 (F30/32),
C19H38O2 (F37/38), and C20H40O2 (F43), as shown in Table 2.
Only using tandem mass or standard comparison can help to distinguish and confirm their accurate structures. In this study, oleic
acid (F27, C18H34O2), hydroxydocosanoic acid (F44, C22H44O3),
hydroxytricosanoic acid (F48, C23H46O3), hydroxytetracosanoic
acid (F54, C24H48O3), hydroxypentacosanoic acid (F58, C25H50O3)
showed predominant relative abundance, followed by stearic acid
(F24, C18H36O2), hydroxyhexacosanoic acid (F60, C26H52O3), linoleic acid (compounds F22, C18H32O2), palmitic acid and its isomers (F25/33/41/48/52, C16H32O2), hydroxyarachidic acid (F35,
C20H40O3), hydroxyheneicosanoic acid (F39, C21H42O3), hydroxytricosenoic acid (F40, C23H44O3).

derivatives reported previously could not be detected due to limitation of current elution period. Meanwhile, apart from compounds
T1 (monoterpenoid glycoside), T8/25/55 (sesquiterpenoids),
T35/38/41/45 (diterpenoids), T15(tetraterpenoid), T87 (pentaterpenoid), the rest of the 98 terpenoids identified from our sample
were all triterpenoids and steroids. The compound T77 (C30H48O3)
showed the highest relative abundance within all the terpenoids,
followed by compounds T75 (C30H46O3), T76 (C39H56O5), T83
(C31H50O3), T84 (C39H56O4), T93 (C39H58O5), T103 (C32H52O6),
and T106 (C39H58O4). It is remarkable that several hydroxycinnamoyl esters of triterpenoids, including compounds P110, T76,
T80, T82, T84, T93, T101, T104, and T106, were detected, which
highlights new antioxidant contributors other than pure phenolics,
lignin, and melanin in chaga extracts considering their high relative abundance in TIC. However, compared to phenolic and fatty
acid derivatives, the tentatively deduced structures of terpenoid
compounds are more equivocal based on the primary mass data
because of their higher molecular weights, which usually lead to
many possible isomers. Therefore, the names of newly identified
terpenoids in Table 3 were mainly from previous terpenoid studies
of other fungi and only provided as preliminary results. Furthermore, numerous in vivo and in vitro studies of bioactive properties
of purified chaga terpenoids have previously been reported and
reviewed (Peng and Shahidi, 2020).

3.3. Qualitative analysis of terpenoids of chaga
A total of 108 terpenoids were tentatively identified from the current chaga sample, but only 30 of them
can be recognized based on previous reports (Table s3, 129
known terpenoids in chaga) and the rest of the 78 were found as
new terpenoids. In this study, except for the last compound T108
(C30H50O, 122.267 min), most of the terpenoids eluted by the current gradient were terpenes substituted with multi-oxygenated
functional groups, and various terpenes and their mono-oxygenated

64

4. Conclusion
This study tentatively screened and identified over two hundred
and eighty phenolic, fatty acid, and terpenoids compounds through
literature review and comparison with previously reported studies of chaga. This priliminary screening of non-nitrogenous smallmolecule phenolics, fatty acids, and terpenoids by HPLC-ToF-MS
shows that Newfoundland chaga exhibits a unique secondary metabolites’ profile demonstrating its potential for further development as a high-quality food supplement and nutraceutical. On the
other hand, although compositional studies of chaga were initiated
half of a century ago, many major bioactive compounds are still
waiting to be identified. Due to the parasitic feature and environmental sensitivity of chaga mushroom, its secondary metabolic
pathways and related bioactive stability of commercial products
can be significantly skewed and jeopardized. Therefore, strategies
for artificial cultivation and standardization of chaga culturing/
farming and sustainable production may be the way for future production and marketing of chaga. Additional new secondary metabolites are waiting to be screened, separated, and identified in a
targeted manner for Newfoundland chaga. However, further studies are also required for identification of nitrogenous compounds
(e.g., peptides and alkaloids) and polymeric compounds (e.g., polysaccharides, lignin, and melanin) of chaga and to examine their
myriad of physicochemical properties and bioactivities. Moreover,
to a great extent, the use of chaga has usually been randomly guided by the folk experience, and the reported cases showing potential
adverse health effects (on kidney) due to extremely high quantity
of oxalic acid in chaga (up to 14% of dried material) have recently
provoked serious safety concerns in unguided long-term administration of wild chaga and its products (Kwon et al., 2022; Lee
et al., 2020; Peng and Shahidi, 2020). The standardized quality
control based on fast detection technologies, the advancement of
oxalate-free processing protocols, and the dosage guideline based
on quantification of the bioactives present and their safe level of
use and sufficient preclinical/clinical data for its chronic toxicity
are most urgently needed.
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Formula

10.902

14.918

92.219

95.471

96.081

96.848

99.917/100.448
/101.228

100.730

101.875

102.340

103.169

105.940

107.699

107.848

108.296

108.595

108.910

109.308

109.790

109.922

110.553

110.768

111.747/114.634
/116.957/118.152
/118.965

112.029

112.278

112.71

112.942

F1

F2

F3

F4

F5

F6

F7/8/10

F9

F11

F12

F13

F14

F15

F16

F17

F18

F19

F20
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F21

F22

F23

F24

F25/33/
41/48/52

F26

F27

F28

F29

C24H38O4

C18H34O2

C18H34O2

C18H36O3

C16H32O2

C18H36O2

C17H32O2

C18H32O2

C15H30O2

C18H30O2

C20H38O4

C16H30O2

C16H32O3

C20H30O2

C14H28O2

C15H30O3

C18H34O3

C12H24O2

C19H32O4

C18H32O3

C18H30O3

C18H34O4

C18H32O4

C17H26O4

C18H34O5

C7H6O2

C8H6O4

389.2698

281.2505

281.2501

299.2608

255.233

283.2642

267.2323

279.2334

241.2176

277.2161

341.2692

253.2185

271.2293

301.2188

227.2014

257.2111

297.2433

199.1713

323.2211

295.2287

293.2100

313.2366

311.2206

293.1764

329.2359

121.0300

165.019

389.2697

281.2486

281.2486

299.2592

255.233

283.2643

267.2330

279.233

241.2173

277.2173

341.2697

253.2173

271.2279

301.2173

227.2017

257.2122

297.2435

199.1704

323.2228

295.2279

293.2122

313.2384

311.2228

293.1758

329.2333

121.0295

165.0193

−0.17

−6.72

−5.3

−5.43

−0.18

0.19

2.44

−1.59

−1.22

4.33

1.56

−4.71

−5.26

−4.95

1.11

4.33

0.73

−4.73

5.19

−2.01

7.54

5.83

6.99

−1.93

−7.73

−4.07

2

Calculated Error (ppm)

[M-H]−/[2M-H]− (m/z)
Measured

Fatty acids, aromatic acid, and related derivatives (F)

Comt (min)
pound no. R

–

–

–

Hydroxystearic acid

–

–

–

–

–

–

–

–

–

Eicosapentaenoic acid

–

Hydroxypentadecanoic acid

Hydroxyoleic acid

–

Nonadecadienedioic acid

Hydroxylinoleic acid

Hydroxylinolenic acid
and its isomers

–

Octadecadienedioic acid

Heptadecatrienedioic acid

Trihydroxyoctadecenoic acid

Benzoic acid

Phthalic Acid

Newly detected compounds

Di-iso-octyl phthalate

Vaccenic acid

Oleic acid

Sun et al. (2011)

Shcherbakov et al. (2022)

Shcherbakov et al. (2022)

Sun et al. (2011)

Ethyl tetradecanoate
–

Shcherbakov et al. (2022)

Shcherbakov et al. (2022)

Shcherbakov et al. (2022)

Sun et al. (2011)

Shcherbakov et al. (2022)

Kahlos et al. (1989);
Shcherbakov et al. (2022)

Shcherbakov et al. (2022)

Shcherbakov et al. (2022)

Palmitic acid

Stearic acid

Heptadecenoic acid

Linoleic acid

Pentadecanoic acid

Linolenic acid

Eicosanedioic acid

Palmitoleic acid

Shcherbakov et al. (2022)

Sun et al. (2011)

Ethyl dodecanoate
2-Hydroxyhexadecanoic
acid

Shcherbakov et al. (2022)

Shcherbakov et al. (2022)

Shcherbakov et al. (2022)

Reference

Myristic acid

–

–

Lauric acid

–

–

–

Octadecanedioic acid

–

–

–

–

–

Known compounds

Compounds detected in current study

Table 2. Chemical constituents (fatty acids, aromatic acids, and related derivatives) of chaga extract scanned by HPLC-ESI-TOF-MS
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307.2627

339.3273
409.3723

C20H36O2

C22H44O2
C26H50O3

113.191

114.900/117.090
/118.069/119.015

114.983

115.198

115.746/116.211

116.277

116.393

117.438

117.538

117.588

117.704

118.533

118.666

118.681

118.743

119.595

119.728

119.778

119.911

120.525

120.641

121.420

121.537

121.570

122.316

F31

F34/42
/47/53

F35

F36

F37/38

F39

F40

F43

F44

F45

F46

F48

F49

F50

F51

F54
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F55

F56

F57

F58

F59

F60

F61

F62

F63

C27H54O3

C26H50O2

C24H48O2

C26H52O3

C23H46O2

C25H50O3

C24H46O2

C24H48O3

C23H44O2

C21H42O2

C25H48O3

C23H46O3

C22H42O2

C24H46O3

C22H44O3

C20H40O2

C23H44O3

C21H42O3

C19H38O2

C20H38O2

C20H40O3

C18H36O2

269.2509

C17H34O2

112.809/113.357

F30/32

425.3995

393.3735

367.3600

411.3865

353.3446

397.371

365.3448

383.3551

351.3272

325.3132

395.3560

369.3390

337.3118

381.3386

355.3228

311.2939

367.3219

341.3057

297.2783

309.2785

327.2895

283.2648

Measured

Formula

Comt (min)
pound no. R

425.4000

393.3738

367.3582

411.3844

353.3425

397.3687

365.3425

409.3687

339.3269

383.3531

351.3269

325.3112

395.3531

369.3374

337.3112

381.3374

355.3218

311.2956

367.3218

341.3061

297.2799

309.2799

327.2905

283.2643

307.2643

269.2486

1.22

0.77

−5.01

−5.17

−5.91

−5.73

−6.27

−8.73

−1.31

−5.28

−0.98

−6.12

−7.39

−4.27

−1.76

−3.09

−2.89

5.3

−0.36

1.22

5.39

4.52

2.95

−1.92

5.04

−8.5

Calculated Error (ppm)

[M-H]−/[2M-H]− (m/z)

Hydroxyheptacosanoic acid

–

–

–

–

–

–

Hydroxyhexacosenoic acid

–

–

–

–

Hydroxypentacosenoic acid

–

Docosenoic Acid

Hydroxytetracosenoic acid

–

–

–

Hydroxyheneicosanoic acid

–

–

Hydroxyarachidic acid

–

–

–

Newly detected compounds

Sun et al. (2011)

Ethyl octadecenoate

–

Hexacosenoic acid

Lignoceric acid

Hydroxyhexacosanoic
acid

Tricosanoic acid

Hydroxypentacosanoic
acid

Tetracosenoic acid

–

Docosanoic Acid/
behenic acid

Hydroxytetracosanoic
acid

Tricosenoic acid

Heneicosanoic acid

Hydroxytricosanoic acid

–

–

Shcherbakov et al. (2022)

Shcherbakov et al. (2022)

Shcherbakov et al. (2022)

Shcherbakov et al. (2022)

Shcherbakov et al. (2022)

Shcherbakov et al. (2022)

Shcherbakov et al. (2022)

Shcherbakov et al. (2022)

Shcherbakov et al. (2022)

Shcherbakov et al. (2022)

Shcherbakov et al. (2022)

Hydroxydocosanoic acid Shcherbakov et al. (2022)

Shcherbakov et al. (2022)

Arachidic acid

Shcherbakov et al. (2022)

Sun et al. (2011)

Ethyl heptadecanoate
Hydroxytricosenoic acid

Shcherbakov et al. (2022)

Sun et al. (2011)

Sun et al. (2011)

Nonadecanoic acid

Isopropyl linoleate

–

Ethyl hexadecanoate

Sun et al. (2011)

Sun et al. (2011)

Ethyl pentadecanoate
Ethyl linoleate

Shcherbakov et al. (2022)

Reference

Heptadecanoic acid/
margaric acid

Known compounds

Compounds detected in current study

Table 2. Chemical constituents (fatty acids, aromatic acids, and related derivatives) of chaga extract scanned by HPLC-ESI-TOF-MS - (continued)
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487.3467

265.1427
503.2977
471.2776
469.2595
533.3481
473.2917
311.1656

C30H48O5

C15H22O4
C29H44O7
C28H40O6
C28H38O6
C31H50O7
C28H42O6
C20H24O3

T24/28/34/56 88.170/90.759
/93.662/102.323

89.979

90.726

91.140

91.754

91.754/92.932

93.214

93.762

T25

T27

T29

T30

T31/32

T33

T35

533.3474

537.3453

C38H46O2

C30H50O8

87.639

549.3453

C31H50O8

T23

547.3283

C31H48O8

85.532

86.163/90.261

T19

85.167

T17

T20/26

503.339

C30H48O6

83.326

517.3205

T15

519.3337

C30H46O7

83.110/84.835
/86.698

T14/16/21

C30H48O7

82.28

T13

565.3321

C38H46O4

81.965/86.810

539.3579

T12/22

519.3338

C30H52O8

81.816

T11

C30H48O7

80.372

T10

533.3123

C30H46O8

80.007

T9

549.3435

C31H50O8

79.41

T8

565.3401

C31H50O9

74.897/75.710
/78.796

509.3153

T5/6/7

505.2837

C28H46O8

73.171

T4

C28H42O8

67.746

T3

423.1301

C20H24O10

48.665

T2

413.1093

Measured

311.1653

473.2909

533.3484

469.2596

471.2752

503.3014

265.1445

487.3429

537.3433

549.3433

547.3276

503.3378

533.3484

517.3171

519.3327

565.3323

539.3589

519.3327

533.312

549.3433

565.3382

509.312

505.2807

423.1297

413.1089

Calculated

−1.06

−1.77

0.52

0.13

−5.06

7.39

6.89

−7.78

−3.73

−3.65

−1.2

−2.35

1.83

−6.6

−1.87

0.41

1.93

−2.06

−0.58

−0.38

−3.34

−6.48

−5.94

−1.01

−0.88

Triptophenolide

Cynanchogenin

Viburnol F

Withanone

Ajugin B

Capitasterone

Fascicularone J

–

Secodehydrothyrsiferol

Methyl 3-(β-D-allopyranosyloxy)
chol-5-en-24-oate

Stereonsteroid D

–

1′,2′,5′-Tridemethyl-β,phicarotene-3′-carboxylic acid

Perulactone

Trachelosperogenin B

Dichapetalin A and its isomers

Longilene peroxide

Platycodigenin

Platycogenic acid A

Laccijalaric ester II

24-Methylene-lanosta-7,9(11)dien-3β-ol and its isomers

Palythoalone A

Kidjoladinin

Ginkgolide B

Asperuloside

Zhao et al. (2016)

Inonotusane E

–

–

–

–

–

–

–

Liu et al. (2014)

Kou et al. (2021)

Reference

Inonotusol D or C or E

–

–

–

Inonotusal H

–

–

–

–

–

–

–

–

–

–

–

–

–

Known compounds

Compounds detected in current study

Error (ppm) Newly detected compounds

[M-H]−/[2M-H]− (m/z)

C18H22O11

Formula

3.287

tR (min)

T1

Terpenoids (T)

Compound
no.

Table 3. Chemical constituents (terpenoids) of chaga extract scanned by HPLC-ESI-TOF-MS
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101.477

101.709

102.307

T52

T54

T55

104.099/104.596/
105.194/105.924
/106.654

101.129

T51

T60/61/62
/64/65

100.365

T50

103.203

98.806

T48

103.551

C30H50O5

98.540/99.951

T47/49

T58

469.3346

C30H46O4

T46/53/57/63 97.130/101.378/
102.257/105.708

T59

325.1806

471.3501

455.3185

C30H48O4

469.3364

427.2853

C27H40O4

C29H44O4

311.2023

C21H28O2

C30H46O4

319.2272

C30H46O4

249.1481

429.303

C27H42O4

C15H22O3

339.1988

C22H28O3

489.3611

499.3050

457.2957

485.3301

C30H46O5

C28H42O5

457.295

C28H42O5

C21H26O3

95.388

T42

455.2801

C28H40O5

421.2232

501.3191

C23H34O7

505.3151

C29H46O7

Measured

471.348

455.3167

469.3323

249.1496

427.2854

311.2017

319.2279

429.301

339.1966

489.3585

469.3323

325.1809

499.3065

457.2959

4212232

485.3272

457.2959

455.2803

501.3222

505.3171

Calculated

−4.48

−3.98

−8.65

6.07

0.19

−2.07

2.09

−4.57

−6.56

−5.2

−4.82

0.98

3.02

0.54

−0.05

−5.86

2.07

0.43

6.1

3.91

–

8α-epidioxyergosta-6,22dien-3β-formate

Polyporenic acid C

–

Dimethyl 4β,14α-dirnethyl3-nor-5α-pregn-8-ene4α,20α-dicarboxylate

–

–

–

Inonotsulide A

–

–

3β-Hydroxycinnamolide

–

Inonotusic acid

17-Hydroxy-entatisan-19-oic acid

Inonotusane C

Taji et al. (2007)

Ying et al. (2014)

Liu et al. (2014)

Ying et al. (2014)

Baek et al. (2018)

Inonotusane F/
Chagabusone A
–

Taji et al. (2007)

Reference

Inonotsulide B

–

–

–

–

–

–

–

–

–

17β-Hydroxy-2-(hydroxymethyl)- –
17α-pregna-1,4-dien-20-yn-3-one

(7b,15a)-7,15dihydroxysoyasapogenol B

–

Neridienone A

Ganolucidic acid D

5β,6β-epoxy-3β,7α,9αtrihydroxy-(22E,24R)-ergosta8(14),22-dien-15-one

Nigakilactone J

3β,15,223-trihydroxylanosta7,9(11),24-trien-26-oic acid/
Methyl ganolucidate

Strophasterol C

Tolypodiol

Medicagenic Acid

Ajugasteron B

Known compounds

Compounds detected in current study

Error (ppm) Newly detected compounds

[M-H]−/[2M-H]− (m/z)

C30H46O6

Formula

C30H44O6

95.355

T41

95.852

95.089/95.753

T40/43

96.383

94.658

T39

T44

94.426

T38

T45

93.994

94.210

T36

T37

tR (min)

Compound
no.

Table 3. Chemical constituents (terpenoids) of chaga extract scanned by HPLC-ESI-TOF-MS - (continued)
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107.832

108.612

T66

T67
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459.3131
453.3381

C28H44O5
C30H46O3

110.785

111.067

109.574/111.349

111.714

T72

T74

T71/75

T76

C39H56O5

441.3040

C28H42O4

110.636

P110

603.4077

603.4082

C39H56O5

109.491

T70

475.3091

109.093
C28H44O6

455.3526

C30H48O3

367.2658

483.3514

C31H48O4

C25H36O2

605.4253

Measured

603.4055

453.3374

459.3116

441.3010

603.4055

475.3065

367.2643

455.3531

483.348

605.4211

Calculated

−3.64

−1.5

−3.26

−6.71

−4.47

−5.43

−4.2

1.03

−7.05

−6.85

Celastrusin A

–

Polyporusterone G

Eringiacetal B

–

(20S,22R,24R)-16,22epoxy-3β,14α,23β,25tetrahydroxyergost-7-en-6-one

Variecolin

–

Methyl polyporenic acid C

Karavoate M

Zhao et al. (2016)
Kou et al. (2021)
Taji et al. (2008a)
Zhao et al. (2016)

Saponaceoic acid I
Inonotusol I
Inonotsulide A
Saponaceoic acid I

Zhao et al.
(2015a)
Taji et al. (2008b)
Liu et al. (2014)
Taji et al. (2008a)
Handa et al.
(2010)

Oleanolic acid/
Betulinic acid
Lanosta-7,9(11),23Etrien-3β,22R,25-triol
Inonotusol G
Inonotsutriol C
Inonotsuoxodiol A

Zhao et al.
(2015a)
Taji et al. (2007)

3β-Hydroxylanosta7,9(11),24-trien21-oic acid
Inonotsulide C
–

Shin et al. (2000)

3β-Hydroxylanosta8,24-diene21,23-lactone

–

–

Betulin-3-O-caffeate

–

Wold et al.
(2020)

Zhao et al. (2016)

Ganodecochlearin A

–

Kim et al. (2011)

Trametenolic acid

–

–

Reference

Known compounds

Compounds detected in current study

Error (ppm) Newly detected compounds

[M-H]−/[2M-H]− (m/z)

C39H58O5

Formula

T69

T68/77/81/89 108.595/112.17
/96/105/107 9/112.892/114.
203/114.601/11
6.874/118.915

tR (min)

Compound
no.

Table 3. Chemical constituents (terpenoids) of chaga extract scanned by HPLC-ESI-TOF-MS - (continued)

Peng et al.
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69

70

tR (min)

112.428/112.71

112.826/113.556

113.076

113.224

113.772

113.821

113.888

114.153

114.286/114.568

114.352

110.785/114.369

114.385/116.824

114.568

114.767

115.298

115.547

115.646

115.995/118.301

116.559

116.592

122.267

Compound
no.

T78/79

T80/84

T82

T83

T85

T86

T87

T88

T90/95

T91

T73/92

T93/104

T94

T97

T98

T99

T100

T101/106

T102

T103

T108

764.5114
473.3250
503.3396

C43H73O11
C29H46O5
C30H48O6
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501.3557
531.3683
425.3792

C32H52O6
C30H50O

589.4284

C39H58O4
C31H50O5

591.3457

C40H48O4

695.4752

C39H68O10
605.4092

731.3989

C40H60O12

C35H58O8

634.4824

C38H67O7

605.4219

625.3909

C41H54O5

C39H58O5

796.5408

489.3209

C29H46O6

C55H73O4

469.3711

C31H50O3

433.3322

601.3909

C27H46O4

587.4124

C39H54O5

497.3628

Measured

425.3789

531.3691

501.3585

589.4262

591.348

605.4059

695.474

731.4012

634.4814

605.4211

503.3378

473.3272

764.508

625.3898

796.5436

433.3323

489.3222

469.3687

601.3898

587.4106

497.3636

Calculated

−0.73

1.53

5.67

−3.67

3.86

−5.45

−1.76

3.14

−1.57

−1.24

−3.54

4.74

−4.43

−1.68

3.52

0.31

2.58

−5.06

−1.75

−3.09

1.67

–

–

–

–

–

Inonotusol A or
Inonotusol B

–

–

–

–

–

–

Methyl trametenolate

–

–

–

–

Fomitopinic acid B

Ganoderiol I

β-Sitosteryl ferulate
and its isomers

Lanosterol

–

–

–

7,8,7′,8′-Tetradehydroastaxanthin –

Unknown triterpenoid glycoside

5α-Cholestanyl 3-O-(αL-fucopyranosyl)-β-DGalactopyranoside

Unknown triterpenoid glycoside

Unknown triterpenoid glycoside

3β,20(s),26-trihydroxydammar24-ene-3-O-p-coumarate
and its isomers

–

Trichiol C

Unknown triterpenoid glycoside

Furostan-3,26-diyl dibenzoate

Unknown pentaterpenoids

2,3-Secocholestan-2,3-dioic acid

(17R, 20R)-7β,20,23,29tetrahydroxy-28norlupane-3,16-dione

–

3-(p-Coumaroyl) ursolic Acid

Lupeol caffeate

6α-Hydroxypolyporenic
acid C and its isomers

Known compounds

Compounds detected in current study

Error (ppm) Newly detected compounds

[M-H]−/[2M-H]− (m/z)

C39H56O4

C32H50O4

Formula

Table 3. Chemical constituents (terpenoids) of chaga extract scanned by HPLC-ESI-TOF-MS - (continued)
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Liu et al. (2014)

Shin et al. (2000)
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Abstract
Differentiation of preadipocytes into adipocytes is a major step leading to obesity. This study examines the effects
of isorhamnetin, a metabolite of quercetin, at physiological and supraphysiological concentrations on the differentiation of 3T3-L1 pre-adipocyte to adipocyte. Comparison was made with the effect of quercetin on 3T3-L1 differentiation under the same conditions. Cell viability during adipocyte differentiation for 8 days in the presence of
isorhamnetin and quercetin was above 94 and 97%, respectively. Oil Red O staining showed significant differences
(P < 0.05) between the effect of isorhamnetin or quercetin on cytoplasmic lipid droplet accumulation and control
untreated cells. Isorhamnetin at physiologically attainable concentrations was more effective than quercetin in
inhibiting cytoplasmic lipid droplet accumulation. Neither isorhamnetin nor quercetin had an effect on the expression of macrophage chemoattractant protein-1 (MCP-1). CCAAT/enhancer binding protein α (C/EBP-α) was
down-regulated by isorhamnetin. Compared to the control, isorhamnetin or quercetin decreased PPAR-γ 1 and 2
expressions. The data indicate that isorhamnetin was more effective than quercetin at physiologically attainable
concentrations in reducing lipid accumulation in 3T3-L1 pre-adipocytes.
Keywords: Isorhamnetin; Quercetin; 3T3-L1; Pre-adipocyte differentiation; MCP-1; PPAR-gamma; C/EBP-alpha.

1. Introduction
Isorhamnetin (3,5,7-trihydroxy-2-(4-hydroxy-3-methoxyphenyl)
chromen-4-one occurs naturally in seabuckthorn and berries (Lee
et al., 2009). Isorhamnetin is also the major metabolite of quercetin (3,3′,4′,5,7-penthydroxyflavone). Quercetin is one of the most
abundant dietary flavonoids present in fruits, vegetables and beverages and its antioxidative properties have been associated with
cardiovascular health and anti-cancer activities (Jiang et al., 2019;
Russo et al., 2012). The main sources of quercetin are red onions,
red delicious apples, asparagus, red leaf lettuce, cranberry juice,
red wine and tea (Dixon Clarke and Ramsay, 2011; Hertog et al.,
1993). A diet rich in fruits and vegetables can provide 68 mg of

quercetin per day; however, on the average 5–40 mg of quercetin
is consumed per day (Harwood et al., 2007). It has been shown
that the daily intake of quercetin can be increased to 200–500 mg
per day in individuals who consume quercetin rich foods such
as apples, onions and tomatoes (Harwood et al., 2007). Studies
have shown that quercetin can act as an antioxidant at low doses,
prooxidant at high doses, anti-inflammatory, and regulate lipid
accumulation (Dajas, 2012; Fujimori and Shibano, 2013; Pandey
et al., 2012; Vargas and Burd, 2010). In dietary sources, quercetin is found conjugated to a variety of carbohydrates. In onions,
quercetin is conjugated to glucose and is found as quercetin-4′-Oβ-D-glucoside and quercetin-3-4′-O-bis-β-D-glucoside; in apples
quercetin is conjugated to galactose, arabinose, rhamnose, xylose
and glucose while berries contain quercetin arabinosides (Erlund,
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2004). Quercetin is absorbed as an aglycone and the deglycosylation of quercetin depends on the carbohydrate conjugated to it
and the availability of the appropriate enzyme such as epithelial
β-glucosidase or intestinal bacteria rhamnosidase in human astrointestinal tract (Dixon Clarke and Ramsay, 2011). Quercetin is
absorbed as is or is metabolized and absorbed as isorhamnetin or
tamaraxetin (Egert et al., 2008).
Isorhamnetin as an antioxidant, and an anti-inflammatory compound, inhibits monoamine oxidase A and has antitumor activity
(Dixon Clarke and Ramsay, 2011; Manach et al., 2005; Yan et al.,
2002). The antioxidative and anti-inflammatory activities of isorhamnetin are mediated via HO-1 induction through the NF-E2-related factor 2 (Nrf2) mechanism and a PPAR-γ activation pathway
(Christensen et al., 2010; Ramachandran et al., 2012). Kong et al.
(2012) reported that micromolar concentrations of isorhamnetin
inhibit the adipogenic activity of 3T3-L1 cells (Kong et al., 2012).
However, the fate of isorhamnetin or quercetin when incubated
with 3T3-L1 cells in DMEM is not known.
Obesity is major risk factor for several chronic degenerative
diseases including hypertension, type 2 diabetes, coronary heart
diseases, and cancer. Plasma concentrations of metabolites such as
isorhamnetin are in the nanomolar range (Dixon Clarke and Ramsay, 2011). The objective of this study was to evaluate the efficacy
of isorhamnetin or its parent compound quercetin at physiologically
attainable concentration on biomarkers of 3T3-L1 differentiation.
2. Materials and methods
2.1. Materials
Dulbecco’s modified Eagle’s medium (DMEM), Pre-adipocyte
Expansion Medium (PEM) composed of 90% DMEM and 10%
bovine calf serum, differentiation medium (DM) containing
90% DMEM and 10% FBS, and adipocyte maintenance medium
(AMM) containing 90% DMEM, 10% FBS and 1.0 μg/ml Insulin
were purchased form Gibco Life Technologies, Parsley, PA, USA).
Calf serum and fetal bovine serum (FBS) were obtained from ATLANTA® Biological (Lawrenceville, GA, USA). Dexamethasone,
insulin, isorhamnetin, oil red O, and the PeroxideDetect Kit were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Methyl
isobutylxanthine (IBMX) was obtained from Cayman Chemical
Company (Ann Arbor, MI, USA). Quercetin of more than 98%
purity and isorhamnetin of more than 95% purity were purchased
from LKT Labs (St. Paul, MN, USA). Anti-β-catenin (cat number
4977), β-actin (catalog number 8480), C/EBP-α (catalog number
8178), and PPAR-γ (catalog number 2443) monoclonal antibodies
were obtained from Cell Signaling (Danvers, MA, USA). Alkaline
phosphate-conjugated secondary antibody was from Santa Cruz
Biotechnology® (Santa Cruz, CA, USA). SuperSignal® West Pico
Chemiluminescent Substrate was from Thermo Scientific (Rockford, IL, USA).
2.2. Cell culture

medium was replaced with DM, 1.0 μM dexamethasone, 0.5 mM
isobutylmethylxanthine (IBMX), and 1.0 μg/ml Insulin) (Day 0)
and incubated for 48 h at 37 °C in humidified atmosphere containing 5% CO2. Then, the differentiation medium was replaced with
AMM. AMM was changed every 72 h. Finally, the cells were fully
differentiated on day 10 after induction. Pre-adipocyte cells were
fully differentiated between 8 and 12 days after DM application.
To examine the effect of quercetin or isorhamnetin on adipocyte
differentiation, 3T3-L1 cells were treated with PEM until day 10
in the absence or presence of 20 nM to 10 µM of isorhamnetin
or quercetin. In addition, a flask of cells containing PEM (nondifferentiated cells) was maintained until day 10.
2.3. MTS cell viability assay
The 3T3-L1 cells were seeded in 96-well plates at a density of
1.0 × 104 cells per well. The cells were initiated for differentiation as described earlier. Stock solutions of 100 μM and 10 μM of
pure isorhamnetin or quercetin were prepared with PEM, DM, and
AMM. Different concentrations of isorhamnetin or quercetin (25
nM to 10 μM) were tested during the differentiation period. The
cells were incubated for 1, 3, 5, 7, and 8 days at 37 °C in an incubator with 5% CO2. After incubation, cell viability was determined
according to the protocol provided by the supplier of CellTiter 96
AQueous One solution (Promega, Madison, WI, USA). Twenty microliters of MTS reagent were added to every well and incubated
under the same conditions for 4h. Absorbance of the plates was
read at 490 nm in a BioRad Model 680 micro plate reader (Hercules, CA, USA). The number of viable cells was directly proportional to the absorbance of formazan formed due to the reduction
of MTS. Cell viability was expressed as the percentage of control
cells. Treatments were tested in triplicates.
2.4. Oil red O staining intracellular triacylglycerols
The 3T3-L1 cells were seeded in 6-well plates at a density of 8 ×
104 cells per well. Cells were subjected to differentiation following
the protocol described above including non-differentiated, control,
and different concentrations of isorhamnetin or quercetin (25 nM
to 10 μM) in triplicates. On day 10 of differentiation, 3T3-L1 adipocytes were washed with PBS and fixed with 10% formalin for
30 min. The cells were washed with distilled water twice, stained
for 45 minutes in a 37 °C incubator with diluted oil red O solution.
Treatments were photographed with a microscope OLYMPUS
Model DP72 (Center Valley, PA, USA). Finally, the dye retained
in 3T3-L1 cells was eluted with isopropanol and pipetted in a 96
well-plate to measure the absorbance by a microplate spectrophotometer BIORAD Benchmark PlusTM (Philadelphia, PA, USA) at
510 nm. Briefly, the oil red O solution was prepared from 0.05 g
of oil red O dissolved in 100 ml of propanol (stock solution), then
six parts of stock solution were mixed with four parts of distilled
water, and this mixture was vacuum filtered.
2.5. Analysis of biomarkers during 3T3-L1 differentiation

3T3-L1 cell line was obtained from American Type Culture Collection (ATCC) (Rockville, MD, USA). 3T3-L1 is a continuous
substrain of 3T3 (Swiss albino) developed through clonal isolation
(Zebisch et al., 2012). 3T3-L1 pre-adipocyte differentiation was
performed following the ATCC protocol. Cells were seeded and
maintained with PEM for 48 h by incubating at 37 °C and 5%
CO2, or after reaching 100% confluence. Next, identical volume of
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In order to study the inhibitory effects of isorhamnetin or quercetin on differentiation, the prevention approach was tested. Cells
were treated in the presence or absence of isorhamnetin or quercetin before and during adipocyte differentiation. The 3T3-L1 cells
were seeded in T25 flasks at a density of 2 × 105 cells per flask
and subjected to differentiation following the protocol previously
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described. Cells were treated with isorhamnetin or quercetin at
concentrations of 0 to 10 μM from the expansion period until the
completion of adipocyte differentiation on day 10. Finally, the supernatant and the cell lysates were collected for further analysis.
The inhibitory effect of isorhamnetin or quercetin on cell differentiation was determined by collecting the supernatants on days
0, 2, 5, 7, and 10 that were used to measure the MCP-1 levels
by ELISA using commercial ELISA kits from eBioscience® (San
Diego, CA, USA). All analyzes were performed in triplicate.
The anti-adipogenic properties of isorhamnetin or quercetin were measured during 3T3-L1 differentiation. The levels of
β-catenin, PPAR-γ, and C/EBP-α were determined on day 10 after differentiation by Western blot. 3T3-L1 cells were rinsed once
with ice-cold phosphate buffered saline (1X PBS), then lysed in
240 µl of radioimminoprecipitation assay buffer (RIPA) supplemented with protease inhibitor cocktail, sodium orthovanadate and
PMSF for 30 min at 4 °C. Cells were harvested by scraping and
transferred into an Eppendorf, incubated on ice for 20 min, centrifuged at 10,500 ×g for 30 min, and the supernatant was saved
in an Eppendorf. Protein concentration in the supernatant was determined by the BCA method using BCA protein Assay Reagents
(Pierce Chemical, Rockford, IL). Extracts containing 20 µg protein
from control, quercetin or isorhamnetin treated 3T3-L1 cells were
mixed with LDS sample buffer (Invitrogen, Carlsbad, CA, USA),
water, boiled for 3 minutes for protein denaturation, and 20 µl of
samples were loaded onto a 12 well 4–12% Bis-Tris gels (Invitrogen, Carlsbad, CA, USA), ran for 35 min at 200 V and 125 mA.
After protein separation, they were transferred to a polyvinylidene
difluoride (PVDF) membrane (Invitrogen, Carlsbad, CA) for 1h
10 min at 30 V and 170 mA. Five percent bovine serum albumin
(BSA) in 1X PBS containing 0.05% Tween 20 (PBS-Tween) was
used to block the membrane for 1h at room temperature. Then
the membrane was incubated with primary antibody (dissolved in
PBS-Tween containing 5% BSA as manufacturer’s instructions)
overnight at 4 °C with gentle agitation. The next day, the membrane was washed 3 times for 10 min each with PBST, secondary
antibody (dissolved in PBS-Tween containing 5% BSA as manufacturer’s instructions) was incubated for 1h at room temperature
and washed again 3 times for 10 min each with PBST. Finally,
the blots were developed by enhanced chemiluminescence with
SuperSignal® West Pico Chemiluminescent substrate and exposed
to X-ray film (Kodak X-omat 1000A processor).
2.6. Statistical analysis
Data were expressed as mean ± standard deviation from triplicates
of each experiment. Statistical analysis was performed using the
Statistical Analysis Software (SAS) (version 9.2). Differences between control and treatments were determined by analysis of variance (ANOVA) and followed by Tukey analysis. A P-value of <
0.05 was considered statistically significant.
3. Results and discussion
3.1. Cell viability
The effects of isorhamnetin or quercetin on 3T3-L1 cell viability during the eight-day pre-adipocyte differentiation period were
determined using 3T3-L1 cells treated with 0 to 10 µM of isorhamnetin, quercetin or non-differentiated cells maintained only on
PEM. Data were collected on day 1, 3, 5, 7, and 8; cell viability

results are expressed as the percentage of the control cells. The
results for isorhamnetin are shown in Figure 1a. There was no significant difference in viability among non-differentiated cells, the
control, and 25 nM to 10 µM isorhamnetin treatments. The cell
viability results for quercetin are also shown in Figure 1b. Similar
to isorhamnetin, there was no significant difference among nondifferentiated cells, control, and 25 nM to 10 µM quercetin treated
cells. During adipocyte differentiation in the presence of isorhamnetin or quercetin, average cell viability was 94.84 and 97.63%,
respectively. Isorhamnetin or quercetin at the concentrations used
was not cytotoxic to 3T3-L1 during the differentiation from preadipocytes to adipocytes.
3.2. Effect of isorhamnetin and quercetin on lipid accumulation
Obesity is characterized by increased adipose tissue mass that results
from increased fat cell size (hypertrophy) or number of adipocytes
(hyperplasia). Adipose tissue serves as the major energy reservoir
in the body, storing excess energy as lipids and releases the lipids
for energy on demand. Adipocytes also constitute an endocrine system which secrete TNF-α and IL-6 adipokines (Kanda et al., 2012).
Recent studies have shown that phytochemicals can down regulate
adipose tissue mass accumulation by inhibiting adipogenesis from
fibroblastic pre-adipocytes to mature adipocytes (Ejaz et al., 2009;
Ju et al., 2011; Kim et al., 2012; Yang et al., 2008).
Results in Figure 2 clearly show the difference between non-differentiated cells and the control on day 10. Non-differentiated cells
(ND) maintained the initial fibroblast morphology and showed no
lipid accumulation except for the control, where the intracellular
lipid accumulation is observed in oil red O staining. The addition
of isorhamnetin showed a significant reduction (P = 0.001; P <
0.05) in lipid accumulation among non-differentiated cells, the
control and 25 nM to 10 µM isorhamnetin-treated cells (Figure 2a
and b). Control differentiated cells were significantly (P < 0.05)
different from all other treatments. There was a significant difference between cells treated with 25 nM isorhamnetin and the control cells (P < 0.05). Tukey’s test results showed that cells treated
with 50 nM to 10 µM isorhamnetin were not significantly different
from non-differentiated cells. Isorhamnetin anti-adipogenic effect
was observed at a concentration that did not significantly reduce
3T3-L1 cell viability and is physiologically attainable. While Lee
et al. (2009) reported that at concentrations between 25 and 50 µM
isorhamnetin significantly lowered lipid accumulation (Lee et al.,
2009). Our results show that at physiologically attainable concentration in the 50–500 nanomolar range isorhamnetin can exhibit
a potent anti-adipogenic effect and significantly inhibit lipid accumulation in 3T3-L1.
The physiological concentration of quercetin is ≤ 1 µM (Nicholson et al., 2010). The addition of quercetin reduced intracellular lipid accumulation in a dose-dependent manner that resulted
in a significantly (P = 0.0002; P < 0.05) lower lipid accumulated in
cells treated with 25 nM to 10 µM quercetin (Figure 2). There was
significant difference (P = 0.0002; P < 0.05) between non-differentiated cells, the control, and 25 nM to 10 µM quercetin-treated
cells. Ex vivo incubation of quercetin aglycone with gastrointestinal fluids from healthy individuals showed minimal quercetin
degradation (Hollman et al., 1995). Quercetin aglycone uptake is
very low (Hollman et al., 1995). However, an in vitro study using
human hepatocarcinoma cell line Hep G2 showed that quercetin
is rapidly metabolized into metabolites including isorhamnetin
(Boulton et al., 1999), suggesting the anti-adipogenic effects observed with low concentrations of isorhamnetin may be ascribed
to its viability inside the cells as opposed to quercetin. Yang et
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Figure 1. Effects of isorhamnetin (a) or quercetin (b) on 3T3-L1 cell viability. Non-differentiated 3T3-L1 cells were treated with isorhamnetin (0 to 25 µM)
or quercetin (0 to 10 µM) for 0 to 8 days. The values are expressed as percentage of control cells.

al. (Yang et al., 2008) reported that quercetin at 25 µM decreased
lipid accumulation by 15.9 ± 2.5% while at 12.5 µM there was no
significant difference compared to the control. Furthermore, it was
found that combinations of quercetin with resveratrol down regulated lipid accumulation by 68.7 ± 0.7% (Yang et al., 2008). Yang
et al. (Yang et al., 2012) reported that concentrations of quercetin
from 0.1 to 20 µM showed a concentration-dependent inhibition of
adipocyte differentiation.
3.3. Effects of isorhamnetin and quercetin on the secretion of
MCP-1 during pre-adipocyte differentiation
During adipogenesis pro-inflammatory adipokines such as macrophage chemoattractant protein-1 (MCP-1) are released. MCP-1
plays an important role in the development of obesity-associated
insulin resistance (Olefsky and Glass, 2010; Sartipy and Loskut-
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off, 2003; Tateya et al., 2010). The expression of MCP-1 by adipose tissue induces inflammatory reactions and insulin resistance,
suggesting that the suppression of MCP-1 is important for the
management of adipose accumulation (Kuroyanagi et al., 2008;
Tateya et al., 2010). The levels of MCP-1 in the supernatants of
3T3-L1cells treated with vehicle, undifferentiated, or isorhamnetin
are shown in Figure 3. There was no significant difference between
non-differentiated cells, the control and 25 nM to 10 µM isorhamnetin treatments. These data also suggest that isorhamnetin did not
affect MCP-1 levels during adipocyte differentiation. Studies in
human umbilical cells stimulated with TNF-α for 24 h in order
to increase MCP-1 secretion showed that quercetin at 2 to 10 µM
decreased the secretion of MCP-1 by 18 and 67%, respectively
(Winterbone et al., 2009). However, in these umbilical cells, isorhamnetin which is a metabolite of quercetin did not affect MCP-1
secretion. The effects of quercetin on the secretion of MCP-1 in
the supernatants were also determined (Figure 3). The supernatants
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Figure 2. Effect of isorhamnetin (a) or quercetin (b) on lipid accumulation in 3T3-L1 cells. The values were expressed as percentage of control cells. Results
are presented as mean ±S.D. (n = 3). Letters with different superscripts are significantly different (P < 0.05) among groups. (1) non-differentiated cells, (2)
control, and from (3) to (10) 25 nM to 25 µM isorhamnetin- or quercetin-treated 3T3-L1 cells, respectively. Pictures were obtained with an OLYMPUS microscope Model DP72 and taken at 5X magnification.

were collected on day 0, 2, 5, 7, and 10. Only samples from days
0, 2, and 10 were measured by ELISA. Treatments were compared
to the control and non-differentiated cells. There were significant
statistical differences (P < 0.0001; P < 0.05) between non-differentiated cells, the control and quercetin or isorhamnetin treatments.
The means separation by Tukey’s suggested that there were differences between non-differentiated – the control and quercetin
treated – non-differentiated cells. Results in Figure 3 show that
there was no significant difference among non-differentiated cells,
the control and 25 nM to 10 µM quercetin-treated cells suggesting
that quercetin did not affect MCP-1 levels during adipocyte differentiation. Extracts rich in p-coumaric acid, quercetin, and resveratrol changed the levels of MCP-1 in 3T3-L1 cells (Yen et al., 2010)
suggesting that quercetin alone does not inhibit MCP-1.
3.4. Expression of β-catenin, PPAR-γ, or C/EBP-α during 3T3-L1
cell differentiation
The Wnt/β-catenin signaling pathway has been identified as a negative regulator of adipogenesis (Kennell and MacDougald, 2005;
Prestwich and Macdougald, 2007; Ross et al., 2000). β-catenin has

been identified as the central mediator of the Wnt/β-catenin pathway. Cell lysates were collected after PEM was replaced with DM.
That was considered day 0 (D0); next the samples were collected
after 5, 16, and 24 h. Subsequently after 48 h, DM was replaced
with AMM every 72 h, samples were taken on day 2 (D2), day 5
(D5), day 7 (D7), and day 10 (D10). Finally, a sample from nondifferentiated cells was collected on day 10. Total cell lysates were
analyzed by western blot analysis as described under the materials
and methods. Results are shown in Figure 4. β-catenin level decreased until day 5 and increased slightly on day 7 and 10 (Figure
4). There was significant difference for total cell lysate β-catenin
expression (P < 0.0001; P < 0.05) during adipocyte differentiation.
β-catenin expression decreased to 41.90 ± 2.43% of the control
during early period of adipocyte differentiation. Lee et al. (2009)
showed that β-catenin level decreased during the early period after
DM was added.
Peroxisome proliferator-activated receptor-γ (PPAR-γ) is the
downstream target of β-catenin and expressed and involved in later stage of adipocyte differentiation (Cristancho and Lazar, 2011).
The expression of (PPAR-γ1 and 2) during 3T3-L1 differentiation
was examined using Western blot. We observed that PPAR-γ levels
increased by day 10 (D10) (Figure 4). There was significant dif-
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Figure 3. Effect of isorhamnetin (a) or quercetin (b) on MCP-1 levels (pg/µg protein) during 3T3-L1 adipocyte differentiation. Results are presented as
mean ± S.D. (n = 3). Letters with different superscripts are significantly different (P < 0.05).

ference in PPAR-γ levels (P < 0.0001; P < 0.05). PPAR-γ 1 and 2
levels increased until D2, decreased by D5, and increased on D7
and D10. PPAR-γ 1 and 2 levels of non-differentiated cells on D10
were not significantly different from D0.
The CCAAT/enhancer binding protein α (C/EBP α) is a master
regulator of adipogenesis (Christy et al., 1991). C/EBPα is critical
to the progression of the final stage of adipocyte differentiation
(Christy et al., 1991; Gregoire et al., 1998). The expression of C/
EBP α was visible on day 10 (D10) (Figure 4). C/EBP-α p30 and
p42 did not change from D0 to D7 but increased significantly from
D7 to D10 (P < 0.0001; P < 0.05). C/EBP-α p30 and p42 level in
non-differentiated cells was higher than D0.
3.5. Effects of isorhamnetin on β-catenin, PPAR-γ or C/EBP-α
during differentiation
To evaluate the inhibition of adipocyte differentiation by isorhamnetin, the expression of β-catenin, PPAR-γ, and C/EBP-α in
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cells treated with 25 nM to 10 µM was examined on day 10 and
compared with control and non-differentiated cells as described
under material and methods. The expression of β-catenin, PPAR-γ
and C/EBP-α on 3T3-L1 on D10 are shown in Figure 5. β-catenin
was highly expressed in non-differentiated cells and isorhamnetintreated cells (Figure 5). The highest expression of β-catenin level
was in the control cells, and the lowest in 100 nM isorhamnetintreated cells. There was significant difference for β-catenin expression (P < 0.0001; P < 0.05) among isorhamnetin treatments.
Isorhamnetin at nanomolar concentration that is physiologically
attainable can inhibit β-catenin accumulation in 3T3-L1 cells.
The PPAR-γ 1 and 2 expressions decreased with increasing concentrations of isorhamnetin (Figure 5). PPAR-γ 1 and 2 levels were
low compared to levels in non-differentiated cells. Isorhamnetin
had significant effects on PPAR-γ 1 and 2 levels (P < 0.0001; P <
0.05) (Figure 5). PPAR-γ 1 and 2 lowest levels were observed at
10 µM isorhamnetin. Lee et al. (2009) reported a decreased expression of PPAR-γ 1 and 2 by 25 or 50 µM isorhamnetin.
The results of C/EBP-α level in cells treated with 25 nM to 10
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Figure 4. Expression of β-catenin, PPAR-γ1 and 2, and C/EBP-α during 3T3-L1 cell differentiation (a). Graphical representation of the expression of
β-catenin (b), PPAR-γ 1 and 2 or C/EBP (c) during 3T3-L1 cell differentiation. Results are presented as mean ± S.D, (n = 3). Letters with different superscripts
are significantly different (P < 0.05).

Figure 5. Effect of isorhamnetin on β-catenin, PPAR-γ1 and 2, or C/EBP during 3T3-L1 cell differentiation (a). Graphical representation of the effect of
isorhamnetin on β-catenin (b), PPAR-γ1 and 2 (c) or C/EBP (b) (c) expression during 3T3-L1 cell differentiation. Results are presented as mean ± S.D, (n =
3). Letters with different superscripts are significantly different (P < 0.05).
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Figure 6. Effect of quercetin on β-catenin, PPAR-γ1 and 2, or C/EBP expression during 3T3-L1 cell differentiation (a). Graphical representation of the effect
of quercetin on β-catenin (b), PPAR-γ 1 and 2 (c), or C/EBP (d) expression during 3T3-L1 cell differentiation. Results are presented as mean ± S.D, (n = 3).
Letters with different superscripts are significantly different (P < 0.05).

µM isorhamnetin are shown in Figure 5. The C/EBP-α p30 and
p42 levels dose-dependently decreased with increasing concentration of isorhamnetin. There was significant difference (P < 0.0001;
P < 0.05) among cells at increasing concentrations of isorhamnetin
from 25 nM to 10 µM. Lee et al. (2009) reported significant decrease of C/EBP-α p30 and p42 levels in 3T3-L1 cells that were
treated with 25 µM or 50 µM isorhamnetin during adipocyte differentiation compared to control cells (Lee et al., 2009).
3.6. Effects of quercetin on β-catenin, PPAR-γ or C/EBP-α during 3T3-L1 cell differentiation
Because of β-catenin central role in adipogenesis is through the
Wnt/β-catenin pathway, it has been suggested that its targeting could prevent obesity. To evaluate the effect of quercetin on
3T3-L1 adipocyte differentiation, we determined the expression
of β-catenin, PPAR-γ, and C/EBP-α in lysates of quercetin-treated
cells on day 10 and compared with the control and non-differentiated cells as described under materials and methods. Results
in Figure 6 show that β-catenin level was more intense in nondifferentiated cells than in differentiated cells and decreased after
quercetin treatment. The results of β-catenin expression in cells
treated with vehicle, non-differentiated or 25 nM to 10 µM quercetin are shown in Figure 6. The highest expression of β-catenin level
was in non-differentiated cells and the lowest when quercetin at 1
µM was added to the 3T3-L1 cells. Level of β-catenin did not follow a trend, suggesting that β-catenin expression was not dose de-
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pendent. There was significant difference in β-catenin expression
(P < 0.0001; P < 0.05) with increasing concentrations of quercetin
from 25 nM to 10 µM. The levels of β-catenin in non-differentiated
cells were higher than in the control cells. These data suggest that
the expression of β-catenin is not regulated by quercetin in a concentration dependent manner.
PPAR-γ expression decreased with increasing concentration
of quercetin; at 10 µM quercetin the levels of PPAR-γ 1 and 2
were lower than in non-differentiated cells. PPAR-γ levels in cells
treated with 25 nM to 10 µM quercetin are shown in Figure 6; there
was significant difference (P < 0.0001; P < 0.05) compared to the
control cells. PPAR-γ level decreased as quercetin concentration
increased. PPAR-γ 1 and 2 lowest levels were observed at 10 µM
quercetin. Quercetin at 25 µM decreased PPAR-γ 1 by 27.6 ±1.4%
(p < 0.001) but had no effect on PPAR-γ 2 expression (Yang et al.,
2008). At physiologically attainable concentration, quercetin had
no effect on PPAR-γ 1 and 2 expression.
Quercetin reduced the expression of C/EBP-α levels compared
to that in the control differentiated cells. Results in Figure 6 show
a significant difference (P < 0.0001; P < 0.05) compared to control untreated cells. C/EBP p30 and p42 levels decreased at 25 µM
quercetin but did not have a specific trend in response to quercetin concentrations. Quercetin alone at 25 µM did not have any effect on the expression of C/EBP-α p30 and p42 on 3T3-L1 cells,
whereas quercetin at 25 µM and resveratrol at 25 µM significantly
decreased the expression by 60.2 and 45.4%, respectively (Yang
et al., 2008).
In this study, we investigated the effect of isorhamnetin or
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quercetin on 3T3-L1 differentiation with the aim of finding the
physiological concentration range at which these bioactive compounds could be useful for preventing the pre-adipocyte from
differentiating without any cytotoxic effect. We concluded that
isorhamnetin or quercetin at physiologically attainable concentrations of 25 nM to 10 µM was not cytotoxic to 3T3-L1 cells. Isorhamnetin suppressed lipid accumulation more than quercetin during 3T3-L1 cell differentiation. Isorhamnetin more than quercetin
down regulated lipid accumulation. Isorhamnetin or quercetin did
not have any effect on MCP-1 levels during adipocyte differentiation. Isorhamnetin more than quercetin reduced β-catenin in 3T3L1 cells. Both isorhamnetin and quercetin decreased C/EBP-α p30
and p42 and PPAR-γ 1 and 2 expressions compared to the control.
Taken together, the results from this study indicate that isorhamnetin, more than quercetin, at physiologically attainable concentrations inhibited adipogenesis through down regulation of lipid
droplet accumulation during pre-adipocyte differentiation, expression of β-catenin, and down regulation of the expression of C/
EBP-α and PPAR-γ suggesting the beneficial effect of consuming
foods rich in quercetin such as apple skin, cranberry, onion, garlic,
and ginger because quercetin metabolizes into isorhamnetin which
in turn can at physiologically attainable concentration be effective
against adipogenesis. A direct translation of this study to humans is
premature. However, the results reported herein suggest that isorhamnetin or quercetin at physiologically attainable concentration
should be investigated for their efficacy on human pre-adipocyte
differentiation.
4. Conclusion
This study has demonstrated that certain dietary bioactives can be
effective at nanomolar concentrations. Consumption of foods rich
in dietary bioactives such as quercetin or isorhamnetin which are
bioavailable and effective at nanomolar concentration should be
promoted. The health benefits of these compounds are so many
that even nanomolar concentrations can enhance health. In vivo
investigation of the health benefits of quercetin and isorhamnetin
and consumption of foods and beverages rich in these compounds
such as onion, citrus fruits, berries, apples, parsley, tea, and red
wine should be promoted.
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