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Abstract

Chaga (Inonotus obliquus) is an edible herbal mushroom extensively distributed in the temperate to frigid regions
of the Northern hemisphere, especially the Baltic and Siberian areas. Chaga parasites itself on the trunk of various
angiosperms, especially birch tree, for decades and grows to be a shapeless black mass. The medicinal/nutraceuti-
cal use of chaga mushroom has been recorded in different ancient cultures of Ainu, Khanty, First Nations, and other
Indigenous populations. To date, due to its prevalent use as folk medicine/functional food, a plethora of studies on
bioactive compounds and corresponding compositional analysis has been conducted in the past 20 years. In this con-
tribution, various nutraceutical and pharmaceutical potential, including antioxidant, anti-inflammatory, anti-tumor,
immunomodulatory, antimutagenic activity, anti-virus, analgesic, antibacterial, antifungal, anti-hyperglycemic, and
anti-hyperuricemia activities/effects, as well as main bioactive compounds including phenolics, terpenoids, polysac-
charides, fatty acids, and alkaloids of chaga mushroom have been thoroughly reviewed, and tabulated using a total
171 original articles. However, only key bioactivities and bioactives are selectively discussed. Besides, the up-to-date
toxicity concerns and risk assessment about the misuse of chaga, which limit its acceptance and use as medicinal/
nutraceutical products, have also been clarified.

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

1. Introduction the trunk would finally develop to be a white heart rot in the ap-
pearance of shapeless black mass, and these decays typically last
for more than ten years and result in the death of the host (Lee et
al., 2008). In Northern and Eastern Europe/Asia such as Russia,
Poland, Finland, Belarus, and Japan, this wood-destroying fungus

Chaga (Inonotus obliquus) is a terrestrial polypore fungus of Hy-
menochaetaceae family, which is mainly distributed in temper-
ate to frigid regions, including North/East Asia, North America,

and Central/Eastern/North Europe (Zhong et al., 2009). It is also has been used as a functional beverage (tea) or folk medicine (de-
found in low-latitude areas such as Western/Southern Europe and coction, ointment) for the treatment of stomach diseases, intesti-
even Southeast Asia (Thailand) (Glamoclija et al., 2015). Chaga nal worms, liver/heart ailments, dermatomycoses, joint pains, and
parasites itself on the bark of various boreal broad-leaved decidu- different kinds of cancers for centuries (Babitskaya et al., 2002;
ous angiosperms such as birch (Betula spp.) and beech (Fagus Koyama, 2017; Lemieszek et al., 2011; Saar, 1991; Shashkina et
spp.). However, some other rare hosts such as maple (4cer spp.), al., 2006; Shikov et al., 2014). In North America, the historical
alder (Alnus spp.), oak (Quercus spp), and poplar (Populus spp.) use for medicinal purposes (including skin irritation and arthri-
may also be available (Lee et al., 2008). The parasitized site on tis) by Alaskan, First Nations and other Indigenous tribes such as
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Cree, Chipewyan, Gitxsan, Wet’suwet’en has also been recorded
(Cottesfeld, 1992; Kari, 1987; Rogers, 2012; Scerbak et al., 2016).

The binomial name of chaga is known as Inonotus obliquus, but
other names including Phaeoporus obliquus, Polyporus obliquus,
or Fuscoporia obliqua, have also been sporadically used (He et al.,
2001; Reid, 1976). Inonotus is a genus of fungi in the family Hy-
menochaetaceae that was first described and given by Petter Adolf
Karsten and so far is estimated to have 101 species in its wider sense
(2005 data) (Ghobad-Nejhad and Kotiranta, 2008; Kirk et al., 2008;
Ren and Dai, 2018; Ryvarden, 2005; Wu et al., 2018; Zhou et al.,
2016). Interestingly, even though chaga has been clearly defined and
classified in nomenclature and taxonomy, the misuse of the original
data from the studies of others closely related species rather than the
real Inonotus obliquus has frequently happened in some previous
reviews (Duru et al., 2019; Zheng et al., 2010). To date, numerous
studies have claimed various bioactivities, together with related mo-
lecular mechanism of chaga, including antioxidant, antimicrobial,
anti-cancer, hypoglycemic, antilipidemic, anti-inflammation, abirri-
tative, immunoregulatory, and cardioprotective effects (Koyama et
al., 2008; Patel, 2015; Shashkina et al., 2006; Zhong et al., 2009).
Apparently, such a broad spectrum of biological/pharmacological
functions implies the complexity of bioactive substances in chaga.
However, despite decades of efforts, the full scale of known bio-
active components of chaga and corresponding mechanisms of its
health effects upon oral ingestion or other administration approaches
is still uncertain. Meanwhile, several side effects associated with
specific cases are rarely discussed. This contribution intends to fill
the existing gap in previous works and to update the secondary me-
tabolites of chaga and their biological properties as well as safety
considerations based on the latest available studies.

2. Health claims for chaga (Inonotus obliquus) extracts

In East Asian countries, such as China, Japan, and Korea, the use
of medicinal mushrooms (e.g., Ganoderma lucidum and Grifola
frondosa) and their derived products (e.g., f-glucan and lentinan)
has continued in traditional therapies, but is now also supported by
the modern medicinal systems with the verification of phases I, II,
or even III clinical trials (Chatterjee et al., 2011; Deng et al., 2009;
Deng et al., 2008; Gao, 1993; Gao et al., 2004a; Gao et al., 2004b;
Gordon et al., 1998; Kidd, 2000; Ohno et al., 2011; Taguchi et al.,
1985; Xu et al., 2012; Zhang et al., 2019). Similarly, chaga is one
of the most important and popular medicinal mushrooms which has
been extensively used in the East European countries for centuries.
As already mentioned, the diversity of its bioactive compounds and
effects thereof have been gradually unveiled in the past decades,
even though related clinical data are relatively scarce. The recent ad-
vancement of health functions as well as the molecular mechanism
of chaga extracts is summarized (Table 1) and discussed

2.1. Anti-tumor effects

Among various pharmacological properties of crude extracts of
chaga, its anti-tumor effects have attracted the most attention. Ac-
cording to World Health Organization (WHO) (2018), cancer, the
second leading cause of death, led to an estimated 9.6 million death
globally in 2018; thus accounting for around one in six deaths. In the
United States, approximately 39.55% of men and women are diag-
nosed with cancer at some points during their lifetime (2015-2017
data), and estimated national expenditure for cancer care in 2017 was
$147.3 billion (NIH, 2020). As shown in Table 1, various extracts of

chaga mushroom present broad in vitro anti-proliferation activities on
various cancer cells. Baek et al. (2018) reported that the hexane and
dichloromethane fractions of methanolic extract of chaga showed sig-
nificant cytotoxicity on A549, H1264, H1299, and Calu-6 lung cancer
cell lines, with ICy, of 95.3-225.1 pg/ml. Water and 70% ethanolic
extracts of chaga inhibited the growth of MCF-7 human breast can-
cer cells, NCI-H460 human non-small cell lung cancer cells, HeLa
human cervical uteri tumor cells, and HepG2 human liver cancer
cells with ICy, ranging from 80.93 to 318.19 pg/ml (Glamoclija et
al., 2015). In in vitro models of PC3 human prostatic carcinoma
cells and MDA-MB-231 human breast carcinoma cells, petroleum
ether fraction of chaga showed a similar anti-proliferation activity to
doxorubicin (Ma et al., 2013). Chaga extracts were found to inhibit
the proliferation of cancer cells by inhibiting mitosis and arresting
the cell cycle. Jarosz et al. (1990) found that the culture medium of
chaga and its lower-molecular weight extracts (fractions from Se-
phadex G-25 chromatography) block the mitosis of Hela cells with
a significant increase of catalase activity and impairment of chromo-
some and cellular membrane. Later, Mishra et al. (2013) showed that
water extract of chaga arrested DLD 1 and HCT116 cells at S phase.
While in B16-F10 cells, the water extract arrested cell cycle at G/
G, phase with down-regulation of pRb, p53, p27, cyclin DI/E and
CDK 2/4 expression levels (Youn et al., 2009). Likewise, the cell cy-
cle of HepG2 cells was arrested by water extract of chaga at the G/
G, phase associated with down-regulation of p53, pRb, p27, cyclins
D1/D2/E, and CDK 2/4/6 expression (Youn et al., 2008). However,
in HT-29 cells, the ethanol extract of chaga arrested it in the G, phase
by inhibition of CDK2, CDK4, cyclin D1, and pRb, but with activa-
tion of p21, p27, and p53 (Lee et al., 2015a). This vital function of
p53 was proven to be unrelated to the pro-apoptotic effect of hexane
and dichloromethane fractions of methanolic extracts of chaga on
A549, H1264, H1299, and Calu-6 lung cancer cell lines (Back et al.,
2018). Besides, several classic apoptotic pathways were reported to
be modulated by chaga extracts. For example, water extract of chaga
induced cell apoptosis through downregulation of antiapoptotic pro-
tein (Bcl-2) and upregulation of proapoptotic proteins (Bax and cas-
pase-3) in HT-29 cells (Lee et al., 2009). The apoptosis of HepG2
cells induced by water extract of chaga was coupled with the activa-
tion of caspase-3 (Youn et al., 2008). Meanwhile, both caspase 3 and
9 were activated in both extract-treated DLD 1 and HCT116 cells,
but caspase 8 was only partially activated in HCT116 cells (Mishra
et al., 2013). In these two in vitro studies of Youn et al. (2008) and
Mishra et al. (2013), water extract inhibited both cytoplasmic and
nuclear levels of NK-kB and B-catenin, as well as the cytosolic level
of a key inflammatory mediator Cox-2 (cyclooxygenase-2). The in
vivo anti-tumor effects of chaga extracts were also assessed in various
animal models. The intraperitoneal administration of water extract of
chaga at a dose of 20 mg/kg/day for ten days significantly inhibited
the growth of tumor mass in B16-F10 cells implanted mice (Youn et
al., 2009). A 14-days oral administration of water extract of chaga
at a dose of 20-100 mg/kg body weight/day regressed the tumors in
sarcoma 180 implanted mice by inhibiting the sarcoma 180-induced
reduction of splenic lymphocytes, stimulating TNF-ao release in peri-
toneal macrophage, and eliciting the over-expression of Bax gene
in sarcoma 180 cells of mice (Chen, 2007). In addition, the water
extract of chaga showed inhibitory effects on the growth of intesti-
nal polyps in APCMI* mice and colon tumors in AOM/DSS-treated
mice. Supplement of the water extract of chaga suppressed the nu-
clear levels of B-catenin, inhibited its downstream targets (cyclin DI
and c-Myc), reduced pro-caspase-3 and cleaved PARP, along with
CRC (colorectal cancer) oncogene CDKS8 in APCM* mice (Mishra
et al., 2013). Simultaneously, the inhibition of inflammatory proteins
including iNOS and Cox-2 and mRNA levels of pro-inflammatory
cytokines (IL-6, IL-1B, TNF-a and IFN-y) was found in the intestine
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of these two tumor/cancer models, which demonstrated that the anti-
inflammatory effect might be a key mechanism in anti-cancer effect
of chaga extracts (Mishra et al., 2013). Furthermore, a successful cure
for triple-negative breast cancer of a 49 years old female patient by
combined use of chaga and Ganoderma lucidum has been reported
(Tiziana et al., 2020). Even during radiation therapy, the inflamma-
tory markers of this patient were still significantly reduced by admin-
istrating low dosages of chaga. On the other hand, Song et al. (2007)
thought that the anti-tumor effect of chaga was associated with its
immunomodulatory ability. In their study, chaga extract simulated the
in vitro immunomodulatory activity of mouse splenocytes but also
inhibited the pulmonary metastasis in CT-26 cell-inoculated BALB/c
mice (Song et al., 2007). This view was strongly supported by further
anti-tumor studies of chaga polysaccharide, as discussed in section
4.3. Hence, these two mechanisms may be involved in inhibiting tu-
mor progression in different stages which are due to different com-
pounds. Particularly, it is noteworthy that either short period (4-days)
oral administration (20 or 200 mg/kg BW/day; high/low doses,) or
short period (4-days)/low dose (10 mg/kg BW/day) intravenous ad-
ministration of water extract of chaga could significantly inhibit pul-
monary metastasis in CT-26 inoculated mice. However, when mice
were treated for a long period (14-days) oral administration (20 or
200 mg/kg BW/day) or a short period (4-days)/high dose (100 mg/
kg BW/day) intravenous administration, their tumor metastasis was
significantly stimulated (Song et al., 2007). This contradictory result
may imply the adverse effect of long-term/high-dose use of chaga, as
discussed in section 3.

2.2. Anti-inflammatory effects

Inflammation is a vital part of the immune system’s response to dam-
aged cells, pathogens, and irritants. During inflammation, the cy-
tokines released by injured cells signal the damaged sites for the im-
mune system, which further helps to defend the body against foreign
invaders such as pathogens, irritants, and toxins. However, chronic
inflammation can contribute to the development of diseases, espe-
cially cardiovascular disease and tumor progression (Coussens et al.,
2002; Pahwa et al., 2019). On the one hand, inflammation promotes
the apoptosis of injured cells and tries to eliminate the cause of in-
flammation through activating immune cells to release pro-apoptotic
cytokines and free radicals (Haanen and Vermes, 1995). On the other
hand, to replace the necrotic tissue, it constantly stimulates the pro-
liferation of adjacent cells until repair is completed (Coussens et al.,
2002). The abnormal repetition of cell proliferation in microenviron-
ments rich in inflammatory cells (e.g. dendritic cells, macrophages,
eosinophils, mast cells, and lymphocytes, but chiefly neutrophils),
growth factors (e.g. platelet-derived growth factor, platelet-derived
angiogenesis factor (PDGF), transforming growth factor-a (TGF-a),
TGF-p and basic fibroblast growth factor), activated stroma (e.g. en-
dothelial cells, nerve cells, immune cells, and extracellular matrix),
and DNA-damage-promoting agents (e.g. UV light, gastric acids, sil-
ica, reactive oxygen/nitrogen species (ROS/RNS), alcohol, viruses,
parasites, and bacteria) potentiates the in vivo DNA damage-induced
mutations, in other words, neoplastic risk (Coussens et al., 2002;
Kiraly et al., 2015). Therefore, prevention of chronic inflammation
may be regarded as an anti-cancer therapeutic opportunity. There
are numerous herb/food products containing functional components
with proven excellent anti-inflammatory properties, one of them be-
ing chaga (Azab et al., 2016; Muszynska et al., 2018). The aqueous
alcohol extracts of chaga can effectively inhibit inflammation by
lowering NO (nitrite oxide) production in LPS (lipopolysaccharide)-
induced RAW 264.7 murine macrophage (Ma et al., 2013; Park et
al., 2005b; Van et al., 2009). The NO inhibition ability of methanol

or 80% ethanolic extract of chaga at 50 pg/ml is close to celastrol
at 25 ug/ml but better than that of L-N°~(1-iminoethyl) lysine at 10
uM (Ma et al., 2013; Van et al., 2009). Besides, in an in vitro in-
flammation model, different inflammation signaling proteins such
as MAPKSs (mitogen-activated protein kinases), ILs (interleukins),
STATs (signal transducer and activator of transcription proteins),
IFN-y (interferons), NF-kB (nuclear factor kappa-light-chain-en-
hancer of activated B cells), and TNF (tumor necrosis factor) were
modulated by chaga extracts. Luciferase has been used as a measure
of the activation (high fluorescence incidence) or inhibition (low
fluorescence incidence) of NF-«xB. A cell line stably expressing lu-
ciferase reporter gene under the transcriptional control of the NF-xB
response element, known as NF-kB luciferase reporter cell line, is
widely used for screening signaling activators or inhibitors related
to TLR (toll-like receptors) signaling pathways and activation of the
transcription factor NF-kB in pharmaceutical studies (Battin et al.,
2017). Ma et al. (2013) reported that 70% ethanolic extract of chaga
inhibited the activation of NF-kB-dependent luciferase in (lucif-
erase reporter gene) stably transfected RAW264.7 cells. Meanwhile
in LPS-induced RAW 264.7 inflammation model, the 80% alcohol
extract (100 pg/ml) exhibited a similar or higher inhibition activ-
ity of pro-inflammatory factors compared with salicin (500 pg/ml),
which down-regulated expression of IL-6, TNF-qa, iNOS, COX-2
and inhibited the phosphorylation of IkB-a, Akt, and MAPKs (JNK,
p38, ERK) (Van et al., 2009). In the same model, pure methanolic
extract and water extract of chaga not only decreased the production
of PEG2, STAT1, pSTAT1, STAT6, and pSTAT6 but also suppressed
the degradation of cytosol IkB-a and the protein/mRNA levels of
TNF-a, iNOS, COX-2, NF-kB (p65/p50), and nuclear p65 (Choi et
al., 2010; Park et al., 2005b). Most recently, 50% methanolic and
water extracts of chaga were found to inhibit TNF-a production in
either LPS- or histamine-induced RAW 264.7 cells. Meanwhile,
simultaneous treatment of 50% methanolic extract and histamine
could attenuate histamine-induced microvascular inflammation by
reversing the reduction of conducted vasodilation of second-order
arterioles in the gluteus maximus muscle of C57BL/6 mice (Javed et
al., 2019). Furthermore, anti-inflammatory effects have been further
verified in in vivo inflammation models. Park et al. (2005b) exam-
ined the anti-inflammatory effect of a methanolic extract of chaga
in a carrageenin-induced mouse edema model. They found that this
extract exhibited a preventative inhibitory effect on inhibiting carra-
geenin-induced edema for 2—4 h if it was administered orally for 7
consecutive days prior to injecting carrageenin, even if effectiveness
of extract (100/200 mg/kg) was much lower than that of the positive
control (ibuprofen, 100 mg/kg). In addition, in DSS (dextran sul-
fate sodium)-induced mouse acute colitis model, oral administration
of water extract of chaga after inducing colitis maintained the liver
weight, it decreased the serum level of IgE, decreased the expression
of TNF-a, IFN-y, IL-4, STAT6, and STAT1 proteins in the spleen
(Choi et al., 2010). Moreover, in another DSS-induced mouse acute
colitis model, both preventative and therapeutic treatment of water
extract of chaga suppressed edema, mucosal damage, and the loss of
crypts, inhibited iNOS levels and myeloperoxidase accumulation,
and suppressed mRNA overexpression of TNF-a, IFN-y, IL-14, and
IL-6 induced by DSS in colon tissues (Mishra et al., 2012).

2.3. Antioxidant effects

In aerobic organisms, oxygen consumption is essential for efficient
energy metabolism but, paradoxically, produces ROS (reactive ox-
ygen species) and free radicals(Reuter et al., 2010). The detrimen-
tal environmental factors, including radiation and toxins as well as
adverse physiological/psychological status such as tension, sleep
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deprivation, hyperglycemia, and obesity, can excessively induce free
radicals. The overload of free radicals leads to chronic inflammatory
reactions and molecular damage in cells, which then progresses to a
broad spectrum of diseases, especially type-1/2 diabetes and cancers
(Hapuarachchi et al., 2003; Limon-Pacheco and Gonsebatt, 2009;
Tsuboi et al., 2008; Zhang et al., 2013a). Thus, endogenous antioxi-
dant enzymes such as CAT (catalase), SOD (superoxide dismutase),
GPx (glutathione peroxidase), thioredoxin and endogenous/exog-
enous antioxidants such as GSH (glutathione), ascorbic acid, uric
acid, tocopherols, bilirubin, phenolics play crucial roles in prevent-
ing in vivo free radical-induced oxidative damage. Similar to other
medicinal mushrooms and plant-based herbs, polar-solvent extracts
of chaga were found to exert intense antioxidant activity. Various
antioxidant activities of water/alcohol extracts of chaga have been
evaluated in DPPH (2,2-diphenyl-1-picrylhydrazyl), FRAP (ferric
reducing antioxidant power), superoxide/hydroxyl radical scaveng-
ing, TBARS (thiobarbituric acid reactive substances) formation inhi-
bition, and f-carotene bleaching assays (Cui et al., 2005; Glamoclija
etal., 2015; Liang et al., 2009). The effectiveness of these extracts in
scavenging free radicals and reducing transition metal ions is close
to that of ascorbic acid at the same concentration (Cui et al., 2005).
These antioxidant abilities of chaga mushroom provides the chemi-
cal basis in preventing oxidative stress and damage. For instance,
water and ethanolic extracts of chaga protected H,O,-treated human
lymphocyte from DNA damage (Najafzadeh et al., 2007; Park et al.,
2005a; Park et al., 2004). Besides, water extracts of chaga also pre-
vented H,O,-induced apoptosis and premature senescence in human
fibroblasts, it functioned through scavenging intracellular ROS (reac-
tive oxygen species), preventing lipid peroxidation, and increasing
collagen synthesis through inhibition of MMP-1 and MMP-9 activi-
ties (Yun et al., 2011). Recently, Szychowski et al. (2018) found that
chaga extract enhanced the antioxidative stress ability of normal cells
but induced oxidative stress to cancer cells. Thus, treatment of 1 mg/
ml ethanolic extract on BJ normal human skin fibroblast induced in-
crease of SOD1, CAT and KI67 mRNA expression along with de-
crease of ROS production. However, the same dose gave opposite
results in Caco-2 human colon cancer cells, decreased SOD1, CAT
and K167 mRNA expression and increased the ROS production (Szy-
chowski et al., 2018). Apart from the anti-inflammation and antioxi-
dant activities, the antimutagenic activity of chaga could also attenu-
ate cancer initiation and progression processes (Chung et al., 2010).
The data of Park et al. (2005a) and Ham et al. (2003) support the
protective effects of chaga extracts against oxidative DNA damage in
H,0,-treated human lymphocytes and MNNG-induced genotoxicity
in mice. In another study, Ham et al. (2009) later found that two sub-
fractions of methanolic extract mainly contained 3f-hydroxylanosta-
8,24-dien-21-al and inotodiol, respectively; these strongly inhibited
the mutagenesis of Salmonella typhimurium strain TA100 induced
by the directly acting mutagen MNNG (N-methyl-N-nitro-N-nitro-
soguanidine) by 77.3-80.0%. At the same concentration, they also
inhibited another directly acting mutagens 4NQO (D-biotin, 4-nit-
roquinoline-1-oxide)-induced mutations in Salmonella typhimurium
strain TA98 and TA100 by 52.6-62.0%. Besides, the mutagenesis in
strain TA98 induced by the indirectly acting mutagens Trp-P-1 (tryp-
tophan-P-1) and B(a)P (benzo[a]pyrene) was reduced by 47.0-68.2%
by these subfractions, while the mutagenesis in TA100 induced by
Trp-P-1 and B(a)P was reduced by 70.5-87.2%.

2.4. Anti-diabetic effects

As emphasized in the most recent WHO (2017) statistics report,
8.5% of global adults had diabetes which resulted in an estimated 1.6
million deaths in 2016. In 2015 in Canada, diabetes and prediabetes

rates were 9.3% (3.4 million) and 22.1% (5.7 million), respectively
(Houlden, 2018). These data in 2018 in the United State of America
were around 10.4% (34.2 million) and 26.8% (88 million), respec-
tively (Centers-for-Disease-Control-Prevention, 2020). One of the
most direct results of pre-diabetes and diabetes is hyperglycemia.
Without treatment, hyperglycemia can further cause severe compli-
cations, including ketoacidosis, infection (immune dysfunction), and
various tissue/organ damage. Chaga and its extracts showed an out-
standing anti-hyperglycemic effect in both in vivo type-1 and type-2
diabetic models. The clinical data of Maenaka et al. (2008) showed
that prior use of chaga improved postprandial endothelial dysfunc-
tion and various indicators of blood sugar in type-2 diabetic patients.
Besides, in genetically type-2 diabetes KK-Ay mice, either a single
or repeated 6 weeks oral administration of water extract of chaga
could significantly reduce blood glucose, as well as plasma insulin,
which demonstrate that chaga extract could alleviate insulin resist-
ance (Miura, 2007). In addition, hypoglycemic effects of chaga were
confirmed in a type-1 diabetic model. Sun et al. (2008) and Xu et
al. (2010a) reported that 2-weeks oral administration of cultured or
wild chaga extracts could decrease mice serum contents of FFA (free
fatty acids), TC (total cholesterol), TAG (triacylglycerols), LDL-C
(low-density lipoprotein-cholesterol), and liver MDA (malondialde-
hyde) content in alloxan-induced diabetes models. Meanwhile, the
treatment also increased mice HDL-C (high-density lipoprotein-
cholesterol), insulin level, and hepatic glycogen contents as well as
CAT, SOD and GPx activities in the liver (Sun et al., 2008; Xu et
al., 2010a). The histopathological examination of these mice showed
that the damage to pancreatic B-cells was restored in the treated dia-
betic mice compared to the untreated group, in other words chaga
stimulated regeneration of the B-cells and thus normalized the level
of insulin (Sun et al., 2008; Xu et al., 2010a). Later, other potential
mechanisms on regulating insulin and blood lipid levels by using
chaga were found. For example, alkaloids and terpenoids isolated
from chaga extract were found effective in inhibiting the DPP-4 (di-
peptidyl peptidase 4), an important enzyme and as a new therapeutic
target for diabetes (Geng et al., 2013). The differentiation of 3T3-L1
preadipocytes was induced by chaga extract via signaling pathway
of C/EBPa (CCAAT/enhancer-binding protein o) and PPARy (per-
oxisome proliferator-activated receptors y) (Joo et al., 2010). Wa-
ter extract of chaga also increased both non-insulin-stimulated and
insulin-stimulated glucose uptake of 3T3-L1 adipocytes through
activating PI 3-K (phosphoinositide 3-kinase) and phosphorylation
of'its downstream protein the Akt, and increasing mRNA expression
of lipogenic genes FAS (fatty acid synthase) and fatty acid oxidation
genes including CPT-1 (carnitine palmitoyltransferase 1), AOX (acyl
CoA oxidase), and LCAD (long-chain acyl-CoA dehydrogenase)
(Lee and Hyun, 2014a). A similar result was confirmed through high
fat-fed obese mice, the oral administration of water extract of chaga
at a dose of 50 mg/kg BW/day improved insulin sensitivity and re-
duced adiposity with increasing mRNA expression of adiponectin
and fatty acid oxidative genes including CPT-1, AOX, PGClo (per-
oxisome proliferator-activated receptor gamma coactivator 1-a) in
epididymal adipose tissue (Lee and Hyun, 2014a).

2.5. Other health effects and their potential relevance with
chemistry of chaga extracts

Beyond the health effects mentioned above, other bioactivity stud-
ies have been carried out as summarized in Table 1. The chaga
extract exhibited a broad-spectrum of antiviral, anti-bacterial and
anti-fungal activities in various in vitro trials (Glamoclija et al.,
2015; Shibnev et al., 2015; Shibnev et al., 2011). The ethanolic
extract of chaga showed platelet aggregation inhibitory activity

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



Peng et al.

Bioactive compounds and bioactive properties of chaga

in whole blood and platelet-rich plasma, from which Hyun et al.
(2006) isolated a novel tripeptide and confirmed its anti-aggrega-
tion effect in mice. In addition, the alcohol extracts showed anti-
hyperuricemic effect by inhibiting xanthine oxidase in both in vitro
and in vivo trials (Szychowski et al., 2018; Wold et al., 2020; Yong
et al., 2018). Yonei et al. (2007) published a clinical study about
chaga which verified several health claims of foods containing
chaga by a double-blind trial. The parameters including systolic/
diastolic blood pressure, lipid peroxide, and the mental/physical
symptoms such as “cold skin” and “inability to sleep because of
worries” were significantly improved. However, several adverse
effects were also found (see section 3).

Normally extraction means concentrating certain groups of
functional ingredients from a specific material. Compared to the
hypoglycemic efficacy of the materials used in the studies of Sun
et al. (2008) and Xu et al. (2010a), 80% ethanolic extract of the
cultured broth of chaga was almost 100-fold more efficient than the
simple cultured broth of chaga. Regarding different extraction and
preliminary purification approaches, variations exist in the compo-
sition of extracts. The dry chaga contains around 2-2.76% protein,
0.04—6.0% phenolics, 11.63—15% ash, 0.51-8% terpenoids, 0.2—2%
melanin, 2.76% lipid, 25-37.56% lignin, 2% cellulose, and 12.5%
hemicellulose (Glamoclija et al., 2015; Ju et al., 2010; Kim et al.,
2008b; Koyama et al., 2008; Rhee et al., 2008; Shashkina et al.,
2006; Si, 2018). Regardless of the actual proportion of various com-
pounds in chaga, the main bioactive components in various chaga
extracts are polysaccharides, terpenoids, phenolics/lignin, melanin,
peptides/protein, and their covalent complexes; some compounds
such as alkaloids have also been reported. The data of Mishra et
al. (2012) revealed significant anti-inflammation ability of water
extract (40 °C, 3 h) of chaga which contained 57, 204, 127 ng/mg
of phenolics, polysaccharides, and protein, respectively. In another
comparative study, the water extract prepared by 2 h process at 80
°C showed the presence of 247.5 pug/mg extract of polysaccharides
and 136.9 pg/mg extract of protein, while these were not detected
in the pure-ethanolic extract (Hu et al., 2009). The latter, however,
possessed a much stronger pro-apoptotic effect on human colorectal
cancer cell line DLD-1 in a time-dependent manner. The presence
of higher concentrations of terpenes and/or phenolics is regarded
as being the contributor. Along with the anti-proliferation ability,
simlilar comparative data between water and organic solvent ex-
tracts also corresponded with their in vitro anti-inflammatory and
enzyme inhibition activity (Baek et al., 2018; Nomura et al., 2008;
Van et al., 2009; Wold et al., 2020). The presence of a high amount
of terpenoids and sometimes even alkaloids in organic-solvent ex-
tracts was deemed as the main cause (Baek et al., 2018; Geng et al.,
2013; Ma et al., 2013; Nomura et al., 2008; Wold et al., 2020). On
the other hand, the crude polysaacharide fraction (water fraction)
of 80% ethanolic extract of chaga was found to render stronger
anti-inflammatory activity than its crude phenolic/terpene fraction
(ethyl acetate fraction) (Van et al., 2009). Meanwhile, Lee et al.
(2009) showed that anti-proliferation activity of the 70% ethanolic
extract on HT-29 cells was significantly lower than that of the water
extract. Hyun et al. (2006) screened the anti-platelet aggregation
activity of water/ethanol extracts from nine chaga samples. The en-
thanolic extract of one sample showed the highest platelet aggrega-
tion inhibitory activity compared to the other ethanol/water extracts
but platelet aggregation inhibitory activity of water extracts was
found in more samples. The platelet aggregation inhibitory activ-
ity was eventually attributed to a tripeptide isolate (Trp-Gly-Cys).
In short, the exact efficacies of biactivities of chaga extracts varied
with different samples employed. Meanwhile, the combined effects
of different pure compounds also needs to be considered although
certain compounds may mainly contribute to some specific health

effects. To verify the exact contributors and the specific mechanism
of these bioactivity differences, further studies of the bioactivity of
isolated pure compounds from the extracts are necessary, as dis-
cussed further in section 4.

3. Safety of chaga products and oxalate-associated side effects
of chaga decoction

Based on their long folk therapy history, the use of chaga and its
products is generally deemed safe. Although clinical or animal
studies have not sufficiently investigated the acute toxicity, subtox-
icity, or chronic toxicity of chaga crude extracts, some preliminary
studies have incidentally assessed their toxicity/safety in in vitro
cellular assays and murine animal trials. In terms of cellular test,
the ethanol and water extracts of chaga were only toxic at concen-
trations of 100 and 400 pg/ml, respectively, to human HaCaT ke-
ratinocytes (Cui et al., 2005). Similarly, normal Chang-liver cells
and primary porcine liver cells PLP2 were not markedly affected
by alcohol and/or water extracts of chaga at a concentration of less
than 400 pg/ml (Glamoclija et al., 2015; Youn et al., 2008). There
are also studies that show the general cytotoxicity in both the nor-
mal and cancer cell lines. Song et al. (2007) reported that the water
extract of chaga at high concentrations of over 100 pg/ml inhibited
the viability of HT1080, Hep G2, CT-26 as well as CRL-7250 nor-
mal human fibroblast after a 6-days culture (much longer than the
treating duration in other studies). Nakajima et al. (2009) found the
water extract of chaga was more toxic on IMR90 normal human
lung cells (IC,/LD4~18.7-29.8 pg/ml) than on cancer cell lines
(A549, PA-1, U937, and HL-60, IC,/LD,,~23.2-105.2 pg/ml).
As for in vivo trials, the pro-tumor effect as well as toxic appear-
ance in liver to the naked eye in the CT-26 cells-inoculated mice
induced by intravenous administration of water extract of chaga
were noticed (Song et al., 2007). In the case of non-intravenous ad-
ministration, Park et al. (2005b) did not find any toxic syndromes
based on the body weight change of male Sprague-Dawley rats
which were orally administrated 100 or 200 mg/kg body weight of
chaga methanolic extract for 7 consecutive days. There were also
no life-threatening toxic effect and body weight loss in the mice
administrated 30 mg/kg/day, intraperitoneally, or 300 mg/kg/day,
orally, of the extract for 60 consecutive days (Kim et al., 2006). A
single dosage of ethanol extract of chaga at 30-120 mg/kg body
weight had no toxic impact on kidney and liver functions of male
SPF Kunming mice (Yong et al., 2018). Another anti-tumor study
on pathogen-free female ICR mice showed that 20-weeks consec-
utive external use of chaga-origin inotodiol had no influence on
their body weight (Nakata et al., 2007). The review of Koyama et
al. (2008) reported that oral administration of dried raw chaga at 1
g/day for 2-3 weeks did not cause any problem in human subjects.

However, other reports indicated the side effects, including di-
etary hyperoxaluria, oxalate-induced acute/chronic nephropathy,
and liver injury, upon oral administration of chaga over a moder-
ate/long-term and high dose use (Kim et al., 2005; Lee et al., 2020;
Lumlertgul et al., 2018; Maenaka et al., 2008; Yonei et al., 2007).
The most recent clinical case came from the emergency room of a
Korean hospital in 2016. A 49 years-old male without any family
medical history and history of kidney stone, diabetes, hyperten-
sion, and operation, was confirmed with kidney failure (oxalate
nephropathy) and eventually underwent kidney transplantation
after 18-months maintenance with hemodialysis. His regular ex-
amination result of renal function and urine analysis were both
normal until hospitalization. After looking into his drug history,
the kidney failure caused by oxalate nephropathy was associated
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with his 5-years continuous use of chaga powder (for treating at-
opic dermatitis) (Lee et al., 2020). The dosage he took was 3 g/day
(two times/day) in the first 4 years and 9 g/day in the fifth year.
Back to 2014, a 72-year-old Japanese female was diagnosed with
liver cancer and had to undergo hepatectomy after 15 months. For
alleviating the cancer, she ingested chaga powder (4-5 teaspoons/
day) from the sixth month to the twelfth month after diagnosis, but
eventually turned to be oxalate nephropathy with detectable oxa-
late crystals in her kidney tubules and urinary sediment (Kikuchi
et al., 2014). As early as 2007 in Japan, a double-blind study of
chaga food product using 60 healthy human volunteers showed un-
favorable effects including frequent urination and increased sweat-
ing after oral administration at doses of 5 or 15 ml/person/day for
8 weeks even if no specific attention was paid to the concentration
of blood/urine oxalate (Yonei et al., 2007). The potential cause of
adverse results in these cases was thought to be related to the ex-
tremely high quantity of oxalic acid in chaga. Lee et al. (2020)
reported a 14.2% oxalate (0.142 g oxalate/g chaga) in chaga pow-
der. Glamoclija et al. (2015) reported oxalic acid content of chaga
water extracts at 3.29% (Thailand), 5.57% (Finland), and 9.76%
(Russia), while 70% ethanolic extracts possessed a lower percent-
age at 0.67% (Thailand), 0.95% (Finland), 2.42% (Russia). It is
worth noting that less than 100 mg of oxalate daily is considered
safe for preventing kidney stone even if typical diets contain 200
to 300 mg of oxalate daily, and the daily oxalate intake of patient
(9gx3—-14%) in the first case is close to its lethal dose of 2-30 g/
day (Lee et al., 2020). On the other hand, there is no related study
about the oxalate levels in cultured chaga materials.

The above cases should make people consider the susceptibility
of Asians to chaga-origin oxalate nephropathy because potential ra-
cial difference in handling dietary oxalate truly exists (Lewandowski
et al., 2001; Lewandowski et al., 2005). However, around 12 other
chaga-related cases including two nephropathy cases have also been
noted by British Columbia, Drug and Poison Information Centre
(BC-DPIC), as reported by Toxicology Committee chair of NAMA
(North American Mycological Association) (BC-DPIC, 2016; Beug,
2019; Takikawa, 2006). In the nephropathy case of BC-DPIC, hep-
atitis as well as renal failure happened in patient at the same time
and dialysis was still required on last follow-up 2 months later but
fortunately the patient was recovered. Another case is an unofficial
personal narrative from NAMA, the patient was a regular chaga user
(a cup of chaga decoction daily) for over 10 years, nothing wrong
happened to him until the resumption of using chaga after a prostate
surgery. Then he had quite heavy hematuria, followed by excruciat-
ingly painful bladder spasms which was suspected to be due to us-
ing chaga, even 3 weeks post surgery (Beug, 2019). Therefore, even
though the content of oxalic acid in chaga and excretion capacity of
absorbed oxalate is circumstantial, long-term administration of chaga
or its decoctions/tincture will undoubtedly increase the plasma con-
centration of oxalate and corresponding risk of oxalate nephropathy.

In addition, liver damage induced by the arbitrary use of tradi-
tional herbs as well as chaga has become a worldwide medical issue
(Douros et al., 2016; Jing and Teschke, 2018; Lee et al., 2015b; Lin
et al., 2019; Takikawa, 20006). It is understandable that conducting
expensive clinical studies are impractical for every herb especially
for niche market products. However, specific safe guideline and
healthy limitation for the use of non-mainstream herbal products
should be followed. Regardless of clinical studies, the scientific
basis of the safety assumption including acute/chronic animal tri-
als and subsequent blood/urine/histoanatomy analysis is reasonable
to be requested before their commercialization. Furthermore, suf-
ficient chemical analysis not only helps demonstrating the bioactive
sources of natural herb products but would also reveal their risk fac-
tors before tragedies happen to vulnerable individuals. Sometimes

the so-called bioactive compound is the risk itself as it is the dose
that makes the poison. Meanwhile, the safety and chemical compo-
sition of wild mushroom supplements are largely influenced by their
nutritional host. In the following section, a retrospect of the known
organic constituents especially the bioactive compounds of chaga
and their potential safety concerns are discussed.

4. Main bioactives/medicinal constituents of chaga and their
bioactivities

4.1. Terpenoids

Based on numerous comparative studies of the structure-function
relationship of different components in chaga, it was found that the
anti-cancer effect of chaga extracts is remarkably influenced by their
content of terpenoid/terpene derivatives (Kim et al., 2011; Liu et al.,
2014; Zhao et al., 2016a; Zheng et al., 2011b). Terpenoid/terpene de-
rivatives are a major class of chemical compounds found in natural
plants which normally function as signaling chemicals (e.g. gibber-
ellin and abscisic acid), attractants (e.g. carotenoids, caryophyllene,
limonene), repellents (e.g. linalool, farnesene), as well as crucial
structural components of biomembranes (e.g. phytosterols) (Sharma
etal.,2017; Theis and Lerdau, 2003). Terpenes are a plentiful and di-
verse group of hydrocarbon compounds categorized by their number
of isoprene units and include hemiterpene, monoterpene, sesquiter-
pene, and diterpene, among others. Even if the mixed-use of ter-
penoids and terpenes is common, the term “terpenoids” is different
from “terpenes”, the latter compounds are simply unsaturated hy-
drocarbons polymerized by isoprene units while the former belongs
to terpene derivatives structured with various elements or functional
groups such as oxygenated and nitrogenated branches. According to
the number of cyclic structures, the triterpenoids can be divided into
linear triterpenoids (squalene), monocyclic triterpenoids (e.g. achil-
leol A and camelliol C), bicyclic triterpenoids (e.g. myrrhanol C and
myrrhanone A), tricyclic triterpenoids (e.g. arabidiol and achilleol
B), pentacyclic triterpenoids (ceanothanolic and rosamultic acid),
as well as the two most common categories in the study of chaga
terpenoids, namely tetracyclic triterpenoids and steroids (Daniel
and Mammen, 2016; Grishko et al., 2015; Kimura et al., 2001; Per-
veen, 2018; Xiang et al., 2006; Xu et al., 2018). The steroids and
tetracyclic triterpenoids both contain four cycloalkane rings joined
mutually, therefore it is sometimes difficult to conceptually sepa-
rate them from each other. Some structural characteristics such as
methyl groups on the C-4 and 14 positions may help to distinguish
some steroids from terpenoids (Tong, 2013). Biosynthetic routes can
also help to differentiate them. The tetracyclic triterpenoids derivate
from 2,3-oxidosqualene or/and squalene involving various syn-
thetic reactions such as hydroxylation, cyclization, hydrogenation/
dehydrogenation, epoxidation/peroxidation, and hydride/methyl
shift (Rascon-Valenzuela et al., 2017). Then the produced lanosterol
(animals/yeast) or cycloartenol (plants) can further be metabolized
into steroids. The derivation of steroids involves demethylation,
ketonization, and hydrogenation/dehydrogenation (Bishop and
Yokota, 2001). Therefore, some tetracyclic triterpenoids, including
lanosterol and cycloartenol, can also be classified as steroids. Figure
1 displays various core skeletons of tetracyclic and pentacyclic trit-
erpenoids (Bishop and Yokota, 2001; Biswas and Dwivedi, 2019;
Hamid et al., 2015; Rascon-Valenzuela et al., 2017; Stanczyk,
2009; Xiao et al., 2018). The lanostane-type terpenoids are main
triterpenoids/steroids isolated from mushrooms which also apply
to terpenoid composition of chaga. As summarized in Table 2, 57
out of 108 known triterpenoids/steroids are lanostane-type tetracy-
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clic terpenoids/steroids. Some triterpenoids such as fuscoporianols
A-D, inoterpene A-F, inonotsuoxodiol A, spiroinonotsuoxodiol,
inonotsudiol A, inonotusane A-G, inotolactone A-C, inonotsuox-
ide A and B, inonotsutriol A-E, fuscoporianol A-C, obliquic acid,
and inotodiol are exclusive and can only be found in chaga (Figure
2). The isolation and identification methods of these compounds
are also briefly given in Table 2. Moreover, the review of Nikitina
et al. (2016), which summarized the original Russian articles, may
provide different structural information about chaga terpenoids
from those given in this contribution that is built upon using the
English source.

Lanostane-type terpenoids are well known for their potential
in cancer treatment (Duru and Cayan, 2015). As Table 3 summa-
rizes, numerous in vitro anti-proliferation studies of lanostane-type
terpenoids isolated from chaga extracts have been published. In
this table, only the results with significant inhibitory ability at the
experimental dosage (ED) employed or the results with IC,, (half
maximal inhibitory concentration) less than 40 uM are shown.
For example, the ergosterol peroxide purified from chaga exerted
moderate-high cytotoxicity on various cancer cell lines such as
PC3, MDA-MB-231, A549, L1210, HepG2, MCF-7, HCT116,
HT-29, SW620, DLD-1 cells (Kang et al., 2015; Kim et al., 2011;
Ma et al., 2013). In HT-29 and HCT116 colorectal cancer cell
models, ergosterol peroxide could induce subG1 arresting, inhibit-
ing the nuclear levels of of B-catenin, and ultimately resulting in
reduced transcription of c-Myec, cyclin D1, and CDK-8 (Kang et
al., 2015). The inotodiol also showed cytotoxicity on many cancer
cell lines including L1210, A549, P388, AGS, MCF-7, and Hela
cells (Chung et al., 2010; Nomura et al., 2008; Tanaka et al., 2011;
Zhong et al., 2011). In A549 lung cancer cell model, inotodiol ar-
rested cell cycle in S phase, decreased expression of Ki-67 and
Bcl-2 proteins, and increased expression of p53 and bax proteins
(Zhong et al., 2011). Furthermore, the in vivo anti-cancer effect
of chaga terpenoids has been confirmed in animal trials. Taking
ergosterol peroxide (isolated from chaga), as an example, the oral
administration of ergosterol peroxide at 15 mg/kg body weight/12
h for 8 or 14 weeks helped maintaining colonic epithelial cell
structures, improving histological damage in response to AOM/
DSS, and suppressing tumor growth in the colon colorectal cancer
in mice (Kang et al., 2015). More in vivo anti-cancer trials can be
found in the studies of chaga-origin triterpenoids such as lanoster-
ol, inotodiol, and 3B3-hydroxylanos-8,24-dien-21-al (Table 3). Oth-
er bioactivities of chaga-origin terpenoids including a-glucosidase
inhibitory activity, EBV-EA activation inhibitory activity, PTKs
(protein tyrosine kinases) inhibitory activity, hepatoprotective ac-
tivity, antioxidant, and anti-inflammatory activity have also been
reported (Table 3). Intriguingly, chaga ethanolic extract was found
to have significant in vivo anti-hyperuricemic effect, and the trit-
erpenoids such as 3p-hydroxylanosta-7,9(11),24-trien-21-oic acid,
inonotusic acid, trametenolic acid, and betulin were considered as
the main contributors due to their efficient xanthine oxidase in-
hibitory activity (Yong et al., 2018). However, this standpoint was
challenged later due to the failed repetition in the study of Wold et
al. (2020) who suggested the non-terpenoid compounds inhibit the
xanthine oxidase activity. This property was therefore not included
in Table 3. Besides, a quantity of medicinal potential of common
triterpenoids such as ergosterol peroxide, f-sitosterol, betulin-
ic acid, and oleanolic acid, which are extractable from not only
chaga but also various other fungi/plants, have been prevalently
reported (Chhikara et al., 2018; Merdivan and Lindequist, 2017;
Moghaddam et al., 2012; Yogeeswari and Sriram, 2005). Such
bioactivity studies may provide additional information in inves-
tigating pharmaceutical properties of chaga products. Apart from
the various bioactivities published, the terpenoids also attract the

toxicity concerns. Some terpenoids are known to cause detrimental
effects on skin, digestive tract and even central nervous system
with various adverse syndrome such as irritation, gastrointestinal
disorders, hallucination, seizure, and coma (Mbaveng et al., 2014).
However, to date, there is no specific toxicity studies on the unique
terpenoids of chaga.

The growth rate of wild chaga is extremely slow. To satisfy the
increased commercial requirement of chaga products, the artificial
culture of chaga has attracted much attention. However, the di-
versity and content of chaga terpenoids are quite distinct between
wild and cultured types. For example, instead of the two dominant
sterols in wild chaga, namely lanosterol and inotodiol, ergosterol
becomes the main sterol in the cultured mycelium. Meanwhile,
other trace sterols in wild chaga such as episterol, 24-methylene
dihydrolanosterol, and ergosterol peroxide can not be found in
cultured mycelium (Zheng et al., 2007a). A similar phenonmenon
was found for the terpenoids composition of chaga among different
wild types. Géry et al. (2018a) compared chaga samples collected
from Canada, Ukraine, and France. The betulin and betulinic acid
contents of French chaga were almost 100-fold and 10-fold higher
than the Canadian/Ukrainian ones, respectively. Furthermore, the
collected raw materials of wild chaga were sometimes divided into
sclerotium and fruits/mycelia parts. The simliarity or difference of
the composition of these two parts have frequently been reported
but are beyond the scope of this review and hence are not described
here (Kim et al., 2005; Song et al., 2008; Sun et al., 2011). These
results directly implicate that the growth environment is one of
the critical factors determining the composition and proportion of
chaga terpenoids. Optimizing the nutritional condition of artificial
medium, including pH, the concentration of minerals, carbon, and
nitrogen sources, or even nitrogen to oxygen ratio, could effec-
tively enhance terpenoids’ production such as betulin, inotodiol
and betulinic acid in cultured chaga (Bai et al., 2012; Chen et al.,
2020a; Wei et al., 2018). Meanwhile, supplementing Ag*, Cu?*
and Ca?" could stimulate accumulation of lanosterol and ergosterol
(Zheng et al., 2008a). Adding methyl jasmonate or linoleic acid
could enhance more than 50 % of the total triterpenoid production
as well as its phenolic content and diversity (Xu et al., 2015b; Xu
et al., 2016a). Besides, cultivating the mycelium with the aqueous
extracts or methanolic extracts of birch bark, birch core or chitosan
could significantly enhance the steroid production of inotodiol, er-
gosterol peroxide, betulin, ergosterol, cholesterol, lanosterol, stig-
masterol, and sitosterol (Kahlos, 1994; Wang et al., 2014). Similar-
ly, the addition of betulin, or various spent substrates such as bark
residues of white birch, birch extracts, corn grain and mulberry
powder in the medium, or exposing into light at certain wave-
lengthes to mimic the wild nutritional or host condition could effi-
ciently stimulate the growth of chaga mycelium as well as its poly-
saccharide yield (Chen et al., 2020b; Fradj et al., 2019; Poyedinok
etal., 2015; Wang et al., 2019). Other stimulants such as colloidal
metal nanoparticles, AgNPs (silver nanonparticles), could inhibit
polysaccharide and flavonoid synthesis but may stimulate melanin
synthesis while MgNPs (magnesium nanonparticles) colloid was
effective in stimulating the accumulation of endopolysaccharides,
flavonoids, and melanin pigments (Poyedinok et al., 2020).

4.2. Phenolic compounds in chaga

Naturally occurring phenolics could be found in most plant and
other sources. They play vital roles in chemical defense, pigmenta-
tion, signals delivery, and even structure building in the organisms
especially the plants and microorganisms (Mandal et al., 2010;
Zhang et al., 2016). In our daily diet, natural phenolics have been
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considered as contributors of various health benefits with relative-
ly few toxic/side effects based on extensive cellular, animal, and
molecular biology experiments, as well as intervention and epi-
demiological studies (Scalbert et al., 2005). The small-molecule
phenolics could be classified according to the number of carbons
on their skeleton cores, such as simple phenolics (C6), phenolic
acids (C6-Cl1, C6-C2, C6-C3), coumarins (C6-C3), naphthoqui-
nones (C6-C4), xanthones (C6-C1-C6), stilbenes and anthraqui-
nones (C6-C2-C6), chalconoids and flavonoids (C6-C3-C6), and
lignans (C6-C3), (Vermerris and Nicholson, 2008). As summa-
rized in Table 4, there are a total of 64 small-molecule phenolics
in chaga. Along with several small-molecules, common phenolics
such as coumarins, phenolic acids, and flavonoids, a rare phenolic
group, namely styrylpyrones (C6-C2-C5), was also reported in
chaga. They are inonoblin A-C, inoscavin B-C, phelligridin C-H,
methylinoscavin A-C, davallialactone, and methyl davallialactone
(Figure 3). The styrylpyrones are mainly produced from Hymeno-
chaetaceae family such as Phellinus and Inonotus genus macro-
mycetes or primitive angiosperm families including Piperaceae,
Lauraceae, Annonaceae, Ranuculaceae and Zingiberaceae (Lee
and Yun, 2011). More data of the bioactivities and corresponding
molecular mechanism of styrylpyrones are given in a review by
Lee and Yun (2011). The bioactive studies of chaga-isolated phe-
nolics are relatively few, as listed in Table 5. The purified 3,4-dihy-
droxybenzaldehyde, 4-(3,4-dihydroxyphenyl)-(E)-3-buten-2-one,
and 3,4-dihydroxybenzalacetone exhibited considerable in vitro
anti-proliferation activity on various cancer cell lines (Liu et al.,
2014; Nakajima et al., 2009; Zhao et al., 2016a). The antioxidant
activities of different chaga-isolated styrylpyrones are expressed
as the ratios of IC,, values of these styrylpyrones (uM) to ICy,
values of Trolox (uM) using DPPH and ABTS assays, which are
0.43 and 1.45 for inonoblin A, 0.58 and 1.42 for inonoblin B, 0.65
and 0.82 for inonoblin C, 0.33 and 1.51 for phelligridin D, 0.40
and 1.57 for phelligridin E, and 0.43 and 1.48 for phelligridin G,
respectively (Lee et al., 2007). Besides, different fractions of lignin
were recently isolated and identified from wild chaga in the form
of lignin-carbohydrate complex and assessed using in vitro anti-
oxidant, anti-proliferation, immunomodulatory, and anti-inflam-
matory activity studies (Niu et al., 2016; Wang et al., 2015).
Similar to other secondary metabolites, the specific diversity
and quantity of phenolics in chaga are influenced by their nutri-
tional and environmental conditions. Zheng et al. (2008b) com-
pared the phenolic content of wild chaga and its submerged cul-
tures, the predominant phenolics or their derivatives in wild chaga
including phelligridin A, phelligridin D, inoscavin A, inoscavin
B, and melanins could hardly be detected in the cultured product.
Meanwhile, the main phenolics of cultured chaga such as narin-
genin, epicatechin gallate (ECG), and kaempferol barely existed
in the wild group. This difference was assumed to be the cause
of the less in vivo immune-stimulating effects by phenolic com-
pounds of cultured chaga than wild chaga (Zheng et al., 2008b). In
another cultivation study of chaga, davallialactone and inscavin B
were only synthesized when using the culture medium consisting
of lignocellulosic biomass, while the group cultured in medium
containing no lignin did not show these two phenolics (Xu et al.,
2014a). Besides, the lignocellulose-added medium gave a signifi-
cantly higher production level of other flavonoids including ECG,
epigallocatechin gallate (EGCG), phelligridin G, and a lower level
of simple phenolic acids such as gallic acid and ferulic acid, which
resulted in a significant enhancement of the total antioxidant abil-
ity of chaga extracts (Xu et al., 2014a; Zhu and Xu, 2013). Based
on the functional nature of phenolics, the disadvantaged environ-
mental factors may act as elicitors and skew certain pathways and
affect their production. For example, instead of using lignocellu-

losic medium during submerged cultures, the coculture of chaga
with other white-rot fungi such as Phellinus punctatus or Phellinus
morii leads to an increased accumulation of phenolic compounds
including phelligridin C, phelligridin H, methyl inoscavin A, in-
oscavin C, inoscavin B, davallialactone, methyl davallialactone,
as well as melanins and various lanostane-type triterpenoids, even
though production of mycelial biomass will be inhibited (Zheng et
al., 2011c). Furthermore, imposing oxidative stress by moderately
supplementing with H,0, or Na,[Fe(CN);NO] (sodium nitro-
prusside), or using other stimulatory agents such as y-irradiation,
Tween-20, Tween-80, jasmonic acid, L-tyrosine, linoleic acid,
heavy metal ions (Mg?*, Cu?*, Co?", Zn**, and Mn?") and extracts
or cell debris of Alternaria alternata, Aspergillus flavus and Mucor
racemosus in mycelia medium of chaga can also significantly in-
crease the production, accumulation and/or diversity of phenolics,
and corresponding antioxidant ability of extracts thereof (Kim et
al., 2009; Poyedinok et al., 2020; Xu et al., 2015a; Xu et al., 2015b;
Xu et al., 2019b; Xu et al., 2016b; Yang and Zheng, 1994; Zhao
et al., 2009; Zheng et al., 2007b; Zheng et al., 2009a; Zheng et al.,
2009b). More insights into the regulatory machinery that controls
biosynthesis of chaga phenolics, especially styrylpyrones, are dis-
cussed below. Different from mechanism of higher plants, the elic-
itors-induced increase of phenolic production in chaga is mediated
by boosted NO (nitric oxide) synthesis via a signalling pathway
independent of oxylipins or jasmonic acid (Zheng et al., 2009a).
Later, the higher cellular NO-mediated homeostasis between S-
nitrosylation and denitrosylation of SNO (S-nitrosothiols) was
found to play an important role in the biosynthesis of styrylpyrones
in chaga (Zheng et al., 2011a). Suppressing GSNOR (S-nitroso-
glutathione reductase)-mediated S-nitrosylation enhanced TrxR
(thioredoxin reductase) activity and biosynthesis of phelligridins
C and H, inoscavin C, and methyl inoscavin B while reducing that
of phelligridin D, methyl inoscavin A, davallialactone and methyl
davallialactone. Conversely, inhibiting TrxR-induced denitrosyla-
tion increased production of phelligridin D, methyl inoscavin A,
davallialactone, and methyl davallialactone, but decreased that of
phelligridins C and H, methyl inoscavin B and inoscavin C (Zheng
et al., 2011a). Besides, the elicitors-stimulated NO gerneration
was followed with increased gene transcription and/or protein
expression of phenylalanine ammonia lyase (PAL), 4-coumarate
CoA ligase (4CL), inducible NO synthases-like protein (iNOSL),
and styrylpyrone synthase (SPS), the key enzymes involved in
styrylpyrone biosynthesis (Zhao et al., 2015b). Furthermore, the
S-nitrosylation of these enzymes was also found with NO accumu-
lation (Zhao et al., 2016b).

4.3. Polysaccharides and their derivatives

Polysaccharides are known for their role as structural and energy-
related elements in plants, animals, and microorganisms. They are
formed through polymerization of at least 10 monosaccharides that
are connected by glycosidic bonds in linear or branch sequence.
The polysaccharides can be divided into homopolymers if they
are composed of identical monosaccharides and heteropolymers
if they contain more than one monosaccharide (Rodrigues et al.,
2011). The structural complexity of polysaccharides involving the
molecular weight, sequence and composition, anomeric configura-
tion, type of glycosidic linkage, and presence of substituents can
be used in demonstrating the discrepancies of their bioactive func-
tions (Rodrigues et al., 2011; Wasser, 2002). In the studies of phys-
icochemical properties of chaga polysaccharides, various fractions
with different monosaccharide composition and molecular weight
(MW) are achieved through various purification methods (Table
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6). For example, the purified chaga polysaccharide reported by Liu
et al. (2019), is a proteoglycan with a MW of 40 kDa and contains
57.17% carbohydrate and 32.53% protein. The carbohydrate part
is comprised of D-galactose, D-glucose, D-xylose, and D-mannose
ina 2.0:3.5:1.0:1.5 mole ratio. In the study by Xiang et al. (2012),
the crude polysaccharide reported was composed of rhamnose,
arabinose, xylose, mannose, glucose, galactose with a mole ratio
0f 2.64:5.09:3.03:24.8:10.3:54.1. Six fractions were purified from
it with MW of 19-36 kDa and consisted of 7.12-38.3% protein.
Meanwhile, in the study of Hu et al. (2016), the purified polysac-
charide contained 98.6% polysaccharide which was composed of
mannose, thamnose, glucose, galactose, xylose and arabinose in a
mole ratio 0 9.8:13.6: 29.1:20.5:21.6:5.4, and its molecular weight
was 32.5 kDa. Besides, five homogeneous fractions were purified
from chaga crude polysaccharides by Huang et al. (2012), the MWs
of which were 150, 93, 230, 44, 100 kDa, respectively. Herein, the
fraction with MW at 230 kDa was a glycoprotein and the fractions
with MW of 44 and 100 kDa were acidic polysaccharides com-
posed of 21.2 and 23.3% uronic acid. Kim et al. (2006) reported 5
purified fractions from chaga, among which one was identified as
fucoglucomannan with a molecular weight of approximately 1,000
kDa. This fraction consisted of 70.8% mannose, 1.6% glucose,
0.8% fucose, 0.1% glucosamine, and 26.8% protein. At the same
time, some purified polysaccharide fractions of chaga also con-
tained little or no protein (Chen et al., 2015; Fan et al., 2012; Hu
et al., 2017a; Huang et al., 2012; Ma et al., 2012). In the study of
Maetal. (2012), 8.45% protein, 30.01% neutral sugar, and 14.47%
uronic acid were present in one purified fraction of chaga poly-
saccharide (122 kDa); around 48% of this purified polysaccharide
were unknown compounds (neither protein nor polysaccharide).
Its carbohydrate content was composed of 2.67% rhamnose, 3.20%
arabinose, 6.57% xylose, 21.60% mannose, 48.00% glucose, and
17.90 % galactose. More recently, Wold et al. (2018) isolated and
fully analyzed three relatively pure polysaccharide fractions from
chaga, neutral polysaccharides (60—73 kDa), alkaline polysaccha-
rides (>450 kDa) and acidic polysaccharides (10-31 kDa). The
neutral polysaccharides consisted of a (1—3)-linked S-Glc back-
bone with branches of (1—6)-linked f-Glc, in addition to substan-
tial amounts of (1—6)-linked a-Gal with 3-O-methylation at about
every third Gal residue, and alkaline polysaccharides consisted
mainly of (1—3)- and (1—6)-linked f-Glc and (1—4)-linked -
Xyl. The protein content of these fractions was less than 0.1% but
the content of phenolics (trace-9.7%) and unknown non-carbo-
hydrate compounds was still remarkably high (11-58%). Hence,
it is worth noting that regardless of being “crude” or “purified”,
polysaccharides of chaga in these studies are, to a large extent,
covalently linked to non-polysaccharide components. It is possible
that these non-polysaccharide components could enhance certain
bioactivities through their linkage with polysaccharides or simply
function independently. Therefore, to clarify and differentiate the
exact mode of action of various fractions of chaga “polysaccha-
rides” in in vitro/in vivo bioactivity studies, a thorough purification
and comprehensive analysis of their physicochemical properties
also deserves further investigation.

For mushroom, a plethora of studies have shown that polysac-
charides possess immense biological properties, especially im-
mune-stimulating and anti-cancer/tumor activities (Rodrigues et
al., 2011; Singdevsachan et al., 2016; Yu et al., 2018). Through
intraperitoneal administration, mushroom polysaccharides were
treated as antigens in the body of higher animals, although the
analogy of cellular specificities between them and LPS is frequent-
ly made even if their structure and action mechanism are quite dis-
tinct (Hua et al., 2007; Kim et al., 2010; Kim et al., 2008a; Kim
et al., 2005; Kim et al., 2006; Pan et al., 2015; Park et al., 2003;

Shao et al., 2004; Wang et al., 2018d; Won et al., 2011; Yang et
al., 2015). Meanwhile, the diversity of the origin of these polysac-
charides gives them a vast variability of regulatory mechanisms
of various cell-cell interactions in higher organisms. For instance,
polysaccharides of Platycodon grandiflorum only stimulate B cells
and macrophages instead of T cells, while lentinan and schizophyl-
lan stimulate T cells and macrophages but not B cells (Han et al.,
2001). Earlier, It was reported that using chaga polysaccharides
enhances the nitrite production and expression of IL-1 h, IL-6,
TNF-0, and iNOS in macrophages as well as the in vitro pro-pro-
liferation activity on fractioned B cells but no effects on T cells
(Kim et al., 2005). However, later on, dose-dependent activation
between chaga polysaccharide and enhancement of Th1/Th2 cell-
related cytokine secretion (IFN-y and IL-4) in in vitro model of
mouse splenocytes demonstrated that T cells were also affected
(Won et al., 2011). Other studies indicating the in vitro and in vivo
pro-proliferation ability of chaga polysaccharides on immune cells
are given in Table 7.

The polysaccharides of mushroom were deemed to function as
anti-cancer/tumor agents which strive to inhibit or eliminate the
growth of cancer cells by activating and reinforcing the immuno-
logical functions of the host instead of directly attacking cancer
cells (Ooi and Liu, 2000). In fact, direct and indirect anti-tumor/
cancer ability was reported for both chaga polysaccharides and
other mushroom polysaccharides. Kim et al. (2006) reported a
purified fraction composed of a-linked fucoglucomannan-protein
complex (~1,000 kDa) from chaga that exerted pro-proliferation
activity on Raw264.7 murine macrophages, albeit, no anti-prolif-
eration activity on HEC-1B, B16F10, A549, KATO-III, SW156,
and SK-OV3 cancer cell lines nor normal human cells HUVEC/
HEK293T at an even high concentration level of 200 pg/ml. Mean-
while, intraperitoneal administration of this fraction significantly
inhibited tumor incidence, prolonging the survival rate of B16F10-
implanted mice at a dose of 30 mg/kg/day (Kim et al., 2006). A
similar result was reported by Chen et al. (2015), in in vitro assay
showing that one purified chaga polysaccharide (48.82 kDa) had
no toxicity in Jurkat cells, but intake of this polysaccharide frac-
tion not only inhibited the growth of transplantable Jurkat tumor
in mice significantly, but also enhanced the splenocyte prolifera-
tion and lymphocyte proliferation induced by concanavalin A and
LPS in a dose-dependent manner. However, the opposite results,
showing significant toxicity of purified polysaccharide fractions
(13.6-200 kDa), were observed in HepG2 cells at high concentra-
tions of 80-240 pg/ml (Liu et al., 2018; Xue et al., 2018). Lee et
al. (2014c) demonstrated the direct in vitro anti-migration and anti-
proliferation abilities of the crude polysaccharides by decreasing
the expression levels and activity of MMP-2 (matrix metallopro-
teinase-2)/MMP-9, the phosphorylation levels of MAPKs (mito-
gen-activated protein kinases), PI3K (phosphoinositide 3-kinase)/
AKT (protein kinase B) and COX-2 (cyclooxygenase-2), as well
as inhibiting the nuclear translocation of NF-xB (nuclear factor
«B) in A549 human lung cancer cells. The same authors proposed
a similar mechanism (MAPKS, COX-2 and NF-kB pathway) on
direct in vitro anti-migration, anti-invasion, and anti-proliferation
activity on B16-F10 mouse melanoma cells (Lee et al., 2014b).
However, the same authors later refuted their own proposed anti-
migration ability (Lee et al., 2016). While in vitro trial of LLC1
cell, the purified chaga polysaccharide showed direct cytotoxic-
ity for activating AMPK via phosphorylation of threonine 172 by
LKBI1, downregulating Bel-2 and upregulating Bax, as well as en-
hancing cleavage of Caspase-3 and PARP, leading to the opening
of mitochondrial permeability transition pore, and reducing MMP,
eventually resulting in an inhibition of ATP production and cellular
proliferation (Jiang et al., 2019). The inhibitory effect of LLC1

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



Bioactive compounds and bioactive properties of chaga

Peng et al.

80¢'H%  uIpLBiRyd
*0®*"H*D J uljgouou
" HD g uljqouou|
uwn|od Og-H1 |98 xapeydas HIAN aJnjesadwal wool
(£00T) e 32 337 ‘uopoesIx® pINbI-pINbIT  -Dgr/YININ-H; PUB SIA ‘sawil oM} ‘joueyIBI Fo%H) | ulpusi|ayd/y uligouou|
uwn|od Oz-H1 xapeydas
/21dH-dYd D1dIN ‘uwn|od |33 HIAIN
(TT07) "le 32 Wiy ed||is ‘uonoesxa pinbi-pinbr] - -Der/YINN-H; pue SN sawy xIs ‘loueyp|N fo’Hh apAyap|ezuagAxospAyla-ge
193159 |Ay3a (JAyrawAxoapAy)
(£007) "le (uwinjod 8TD) JTdH-dY pue uwn|od AN -T-Ax0upAy-g pioe a10zuaq
10 ewifexeN 0¢-dH ‘uonoenxa pinbi-pinbrl  -D¢/YIAIN-Hy PUe SN y T ‘uljioq Jaiepy ‘0" Axoyrawip-g‘e-AxopAH-1
131eM %(0€ ‘@U01ade %GE ‘loueylaw
(oT0Z) "1 N[ uondesIxa pinbif-pinbi] SIN-DD %GE ‘weals ainssaid-y3iH LOsliEs) uliewnodAxospAyig-/£‘9
(v107) |2 29
N (£00¢) ‘|18 (uwn|od 8TD) D1dH-d¥d pue uwn|od HIAIN-D¢er/dIAN-H; ainjesadwa) wood
19 ewlfeyeN 02-dH ‘uonoesixa pinbij-pinbiy pue S|A ‘el1oads Y| ‘Ssawl) oM} ‘joueyian £0°H4 apAyap|ezuagAxolpAyig-v‘s
(2002) 1B uwn|od [a3 ealjIs/uwn|od
19 ewifeyeN 0¢-H1 xapeydas 4o (uwnjod
‘(t102) 81D) D1dH-d¥ pue uwn|od 0T YN y T ‘Suljiog Ja1em
‘|le 18 wiy -dH ‘uonoenxa pinbi-pinbr  -Der/YIAIN-H; PUB SIA J0 SaWy XIS ‘JouBYIDIA £0%"H M 3U0339e|eZU3qAX0IPAYIQ-1'E
(£007) "le (uwinjod 8TD) JTdH-dY pue uwn|od YN
10 ewifexeN 0T-dH ‘uonoesxa pinbi-pinbi]  -D¢r/YINN-H; PUe SN y T ‘Suljioq Jarep "0BH® proealvyed
(0107) |39
nr:(£00¢) ‘1e
19 ewifexeN (uwnjod 812) J1dH YIAIN-Dg1/HINN-Hy Yy T ‘8uljioq 91\ JO J33eM
‘(6007) '1e -dY pUe UWn|od O¢-dH pue pue SN ‘SINI %0€ ‘@U0190e %SE ‘loueylaw
10 ewifexeN /40 uondesixa pinbil-pinb -)D pue SIN-D1 %G€ ‘weals aunssald-ySiH °0°H%)  pioe aljeyiydalsiAxolpAyia-s‘z
191BM %(0€ ‘DU01DIE %GE ‘joueylaw
(0T07) "le 32 N[ uonoeJIX3 pinbij-pinbry SIN-D9 pue SIN-DT %S¢ ‘weas aunssaid-ysiy ok ko) [JRERTITITER
(sT0T) I2 Y 2—¢ ‘2, 08-0L
19 eflpowe| - I ‘loueyld %0/ 10 191\ €0 p1oe s10zuagAxospAH-d
(STOT) I8
12 elipowe|9
‘(zo07) 'Ie YININ-Der/HINN-Hy
1o ewifexeN  (uwinjod 8TD) DTdH-dY pue uwnjod pue Sl ‘SIN-09 Y T 491em Buljloq/y - D,
‘(0TOZ) |E 3@ NI 02-dH ‘uonoesixa pinbij-pinbi pue SIN-DT D1 08—0L ‘|oueyid %0/ 40 Jarepn "o’Hb ploe 21nYd233e3030.4
(ST0T) I8
19 elijgowe|o
‘(ago07) '|e Y v2—¢ . 08-0L
19 uayz - o1 ‘louBY1® %0/ 40 J31eM “0°H5 [JRERIITEL)
ERIIEIEIEN| pPoYyIsaN uonedylund Poyis|Al uonesyljenp POYISIA UOLIORIIX]  B|NW.IO) JB|NIS|OAl saljouayd

uonesynuapi/uonesyrind J1ayy pue eSeyd jo siswAhjod pue sajndsjow |jews sljouayd umouy "t 3|qeL

45

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



Peng et al.

Bioactive compounds and bioactive properties of chaga

*0”"H"D uluagidy
S0'HH uluasuuen
90Ty uloan
0% ugauweyos|
0%y une2I3ND
0% joJasdwaey
YTl ugniueN
I 08 Ly unny
ELT0 S T i) apisounnJ-O-g-UsuUWEeYIOS|
apisopliadsayoau-O-£
ol uiuagurieu/uidurieN
apisounnJ-0-£
s, -uuaside/uo10y.os|
apisopuadsayoau
"To%H D -0-£-uluaside/uijoyioyy
(96002) sawl 994y} ‘aanlesadwal wood

‘le 12 Suayz = 1 ‘y ¢ “auo1ade snosnby %0/ £0%H%) pioe s1ewno)-d
80°'HE J ulABISOU|

60y auoloe|el|jeaep [Ay1a
(45702) AN 0% 1e(el|[eARp [AYISIA
‘|e 19 oeyz - Dgr/dINN-H; pUE D1 - 80%H% auole|el|jereq
3U0-z-uaINng-€-(3)
°0"H™ -(|AuaydAxoipAyia-v'e)-v
auouedoud-T-(|[AuaydAxoylswip

S0""H™Y  -g‘e-AxoupAy-t)-T-AxoupAyig-£*
(UWN|0d §T) YTdH-dY pue O0"'H™ "D -§'€-Ax0IpAy-p)-T-Ax0upAyIQ-€°C
02Z-H1 |98 xopeydas ‘uwn|od |28 HINN-Dger/HINN-H; sawil] 924y} ‘xn|ad auo-T-uedoud(jAuaydAxoylsw
(¥TOZ) "[B 32 NN ed||Is ‘uondeslxa pinbi-pinbi pue SN ‘eJ10ads Y| ‘Yz ‘loueyld %Sse 0" -g-Ax0ipAy-p)-T-AxoipAyIa-€
b0¥H% 4 ulpusiayd
0¥ H*) H uipLBi|ayd
“0°'H% 2 uIpBI|ayd
80%'H" 2 uineasouljAyia

Sawil 934Y3 J0j XN|yaJ U1em pue s 77 <z

(a1102) |joueyia ‘uolade ‘elelde |Ayla O"H™ g uinedsouljAyisiy
‘le 19 Suayz - YINN-H; ‘WJ04040JY2 43y13 WN3|0J13d 60%H%% v ulneasouljAy1s A
TofTHy 9 ulpusi||ayd
0"y 3 uIpu8i|jayd
EPIEIEIEN POYISIAl UoledYLINd  POYISIAI UoledYI|EnD POYISIAl UOORIIXT  BINWLIOY JBJNJ3JOIAl soljouayd

(panunuo2) - uonesynuapi/uonesyiind J19ys pue eseyd jo siowAjod pue sajndsjow |jews d1jouayd umouy ‘t 3|jqeL

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

46



Bioactive compounds and bioactive properties of chaga

Peng et al.

19159 |Ayreoxo-g-Axoing-g

L0%H°T -Axoyrawip-5‘c-AxoIpAH-t
12159 [Ay1aW pioe
210zusq AXOY1BWIp-G‘s
-[Axoyiaoxo-z-Axoylaw-g
80®"H"D -(IAy32wAx0IpAH)-T]-(S,2)
12153 JAy1aw pioe
a10zuaq AXOy1aWIp-G‘s
HIAIN -[Axoyrsoxo-g-Axoylaw-g
(6107) |8 32 noZ uwnjod o Yed|edlyd  -Der/dIANN-H; Pue SW - %0®"H"D -(AyrwAx01pAH)-T]-1(4,2)
“0°H5 apAysp|ezuagAxolpAyia-€‘z
“0"H " 293
LACT, ,9T
(98002) aJnjesadwal wood 0"H™ uhautueylos|
‘e 32 Buayz - o1 ‘4 ¥ ‘loueYIBIN %0S To W U0
“0°H% p1oe oljeyiydosiAxoipAH-¥
pioe 213uliAs/pioe
a10zusgAxoyswip
*0”"H% -G'g-Ax0IpAH-¥
pioe dljAxoq.edlp-,g'e
(Uwinjod 812) 21dH-dY pue 90T, 1 ‘ ‘
98pL1Ied yedas-SA0/0Z-H1  YINN-Der/YININ-H; OTH™D  (Ausydiq-17)-Ax01pAua-9'9
9107) ‘|Ie 98 xapeydas ‘uwn|od |93 ue AN ‘SIN 1oe 21|AxoqJedp-9‘y
| | pey 03] p p |[AX0qJesip
19 Suemy e21|is ‘uonoesIxa pinbij-pinbry ‘eJ1dads Y| 9. 09 ‘Y ZT ‘|ouBYIBIN %0L L0°HMy  -auswWoIYIHZ-0X0-Z-AX0IpAH-€
pioe 210zusgAxoyawip
*0”"H% -§'y-AX0IPAH-€
91,9
(9002) |joueyiaw pue 1e1ade [Ayla O°'H™D |out24059Y
ZoIMaD|INZe N —  SIN-DD pue eJ3dads Y| 104 Uay3 ‘Xnpas ‘y G 4s1em-|DH o) jousydAxoylawig-9‘z
£0%'H [0J18I3ASDY
€0%H%) PIo€ 211eWN0)-0
¥ ~0T,,0T
(98002) aJnjesadwal wool O"H™ PIoEJlINIa4
‘e 19wy - o1 ‘4  ‘ajuo10e-DH "ofH® p1oe disnuagowoy
80%H"y g ulAeIsoU|
o%"H 923
o TH 9793
auoneAxoyiaw-, ¢
o Tidte) -Ax01pAy1p-£ ‘5 /unajauniioy
ESUEICIEN POYIaIAl UOlEIYLING  POYIBIA UoBeIIeND POYISIAl UOLIRIIXT  BJNWIOY JBJNID|OIAl saljouayd

(panunuo2) - uonesynuapl/uoyeayund Jiayl pue edeyd Jo siawAjod pue sajndIsjow |jews dijouayd umouy ‘f 3|qeL

47

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



Bioactive compounds and bioactive properties of chaga

Peng et al.

48

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

Qualification Method Purification Method Reference
HPSEC

Extraction Method
Water, 4 h, 60 °C

Molecular formula

Phenolics

Wang et al.
(2015)

Anion-exchange chromatography

(DEAE-cellulose column); SEC

Lignin-carbohydrate

complexes (37.9 and 24.5
kDa, 75—80% lignin)

(Sephadex G-25 column); dialysis

Niu et al. (2016)

Anion-exchange chromatography

(DEAE-cellulose column); SEC

NaOH-water, 12 h, 4 °C HPSEC

Lignin-carbohydrate complexes

,35,an a, 64% lignin
(29, 35, and 61 kDa, 64% lignin)

(Sephadex G-25 column); dialysis

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

allograft tumor in mice was also verified through intraperitoneal
injection of purified chaga polysaccharide at 50 mg/kg BW/day
(Jiang et al., 2019). The more interesting point is that these chaga
polysaccharide fractions render in vivo anti-tumor/cancer effects
through not only intraperitoneal injection but also via oral admin-
istration (Kim et al., 2006; Mizuno et al., 1999; Won et al., 2011).
Specifically, the oral treatment of purified fraction of chaga poly-
saccharides at a dose of 50/100 mg/kg/day showed an excellent in
vivo tumor-inhibitory effect in mice and in vitro immunoregulatory
activities on spleen lymphocyte and macrophage without direct in
vitro cytotoxicity on SGC-7901 human gastric cancer cells (Fan et
al., 2012). A daily oral ingestion of chaga crude polysaccharides at
a dose of 200 mg/kg body weight for 6 days could also effectively
inhibit the growth of melanoma solid tumor (Won et al., 2011).
Furthermore, Chen et al. (2010) found that crude polysaccharides
can inhibit both the proliferation of in vitro tumor cells and tu-
mor growth in orally-treated Balb/c-nu/nu nude mice. However,
the results which include enhancement of NO, ROS, TNF-o and
phagocytosis via regulating MAPKS (JNK, p38, ERK) and NF-xB
signaling pathways in macrophages still imply that the anti-tumor
effect of orally administrated chaga polysaccharides was also con-
tributed by activating immune response systems. The exact mecha-
nism of how the anti-tumor effect worked via oral administration
is not yet clear. It was suggested that a major component of chaga
polysaccharides, f-glucan, was taken up by intestinal macrophag-
es, after which it was transported to lymph nodes, spleen and bone
marrow, therefore upregulating and activating the intestinal im-
mune system (Rhee et al., 2008; Rop et al., 2009; Won et al., 2011).
Overall, the anti-cancer/tumor effects of chaga polysaccharides
may be through oral or intraperitoneal treatments with both direct
and indirect inhibitory effects.

Coinciding with those of chaga extracts, chaga crude polysac-
charides exerted excellent in vivo antihyperglycemic and antihy-
perlipidemic effects in different diabetic models. Xu et al. (2010b)
reported that oral administration of crude polysaccharide extract of
cultured chaga in alloxan-induced type-1 diabetic mice, at 150 and
300 mg/kg body weight for 21 days, significantly decreased blood/
liver glucose level, liver malondialdehyde (MDA) and serum con-
tents of free fatty acids (FFA), total cholesterol (TC), triacylglyc-
erols (TAG), and low-density lipoprotein cholesterol (LDL-C).
Meanwhile, it effectively increased high-density lipoprotein cho-
lesterol (HDL-C), insulin levels, and hepatic glycogen contents,
along with the enhancement of the catalase (CAT), superoxide
dismutase (SOD), and glutathione peroxidase (GPx) activities in
the liver of diabetic mice (Xu et al., 2010b). In the STZ-induced
diabetic mice model, constant oral administration of chaga poly-
saccharides at 50 mg/kg BW/day for 4 weeks down-regulated IL-
2R and MMP-9, and enhanced IL-2 level, and decreased the ex-
pression of phosphorylated NF-kB in the kidneys, thus, inhibiting
inflammatory infiltrate and extracellular matrix deposit injuries in
the mice kidneys (Wang et al., 2017b). Meanwhile, in STZ/high-
fat-diet-induced type-2 diabetic mice model, the high oral dose of
polysaccharides at 900 mg/kg BW/day for 4 weeks alleviated the
STZ-lesioned organ tissues (liver, kidney, and pancreas), up-regu-
lated protein expressions of PI3K, p-Akt, GLUT4 if mice adipose
tissues (Wang et al., 2017¢). In a subsequent paper (Wang et al.,
2017a), the polysaccharides-Cr(III) complex orally administrated
at 300, 600 and 900 mg/kg BW/day improved glucose tolerance
capacity, promoted the metabolism of glucose and synthesis of
glycogen, ameliorated severe pathological damages in kidneys
including mesangial expansion, glomeruli partly sclerosis and glo-
merular hypertrophy in STZ/high-fat-diet-induced type-2 diabetic
mice. Meanwhile, the improvement of antioxidant enzymes (CAT,
SOD, GPx) and various blood/liver parameters (insulin, MDA,
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FFAs, TC, TG, LDL-C, and HDL-C) were mentioned in all mod-
els described above (Wang et al., 2017a; Wang et al., 2017b; Wang
et al., 2017c¢).

Thus far, many studies have verified various significant in vitro
antioxidant results of chaga polysaccharides including radical/
peroxide scavenging and metal reduction ability (Table 7). Clas-
sically, the “crude polysaccharides” are prepared through sev-
eral primary steps such as water extraction/alcohol precipitation,
deproteinization, and/or dialysis. However, for “purified poly-
saccharides”, combinations of several chromatographic isolation
techniques are necessary. The mixtures so produced are believed
to be predominately composed of polysaccharides and therefore
labeled as “crude/purified polysaccharides” in most of chaga stud-
ies. However, several studies have suggested that polysaccharides
were not the only main constituents of chaga “crude/purified poly-
saccharides”. The data of Chen et al. (2009) showed that 42.50%
of chaga deproteinated “crude polysaccharides” was protein while
only 18.50 and 6.10% of those were neutral sugar and uronic acid,
respectively. More data about the protein content of chaga “crude
polysaccharides” can be found in other articles citated here, rang-
ing from 6.28 to 30.2% (Mu et al., 2012; Wang et al., 2018c; Xu
etal., 2011a). As for purified polysaccharides, a high proportion of
protein content was also found. Xiang et al. (2012) reported 6 puri-
fied fractions consisting of 7.12-38.3% protein, and the fraction
with highest protein content (38.3%) exerted the highest radical
scavenging activity. Kim et al. (2006) obtained 5 purified fractions
of chaga polysaccharides with a total protein content ranging from
22.1 to 59.3%. While in another study, 5 fractions were purified
through different columns (DEAE-Sepharose column and gel per-
meation column, Sepharose CL-6B), which contained relatively
less protein (0-21.4%) (Huang et al., 2012). In some cases, the
deproteination process can even enhance protein content of chaga
crude polysaccharides which demonstrates that the protein compo-
nents are covalently bound to the polysaccharide matrix (Xiang et
al., 2012; Xu et al., 2014a; Xu et al., 2014b). This result is consist-
ent with the fact that polysaccharides, proteins and glycoproteins/
proteoglycans, are the shared main constituents of the fungi cell
wall (Beauvais and Latgé, 2018; Ma et al., 2018; Peberdy, 1990).
More compositional data of different “polysaccharides™ fractions
of chaga were later updated which helped to challenge its anti-
oxidant results. Mu et al. (2012) once attributed moderate-strong
radical scavenging ability to the polysaccharide components in
chaga “crude polysaccharides”, but later they found that lignin-
carbohydrate complex was also present in the purified fraction of
this “crude polysaccharides”, containing 64—80% lignin but only
16-28% neutral sugars and uronic acid (Wang et al., 2015). Be-
sides, melanin is another group of aromatic copolymers rich in wa-
ter extract of chaga. It possesses a similar polysaccharide hydro-
philicity and range of molecular weight (ranging from less than 10
kDa to more than 120 kDa). Therefore it was rarely distinguished
and identified during the analysis of chaga polysaccharides (Babit-
skaya et al., 2002; Wold et al., 2018). In the study of Wold et al.
(2018), in spite of purifying through anion-exchange and size-ex-
clusion (gel filtration) chromatography, three protein-free (<0.1%)
fractions of chaga polysaccharides were successfully produced but
they still contained 4.2-9.7% phenolics due to the existence of
covalently bound melanin pigment on polysaccharides. However,
none of the quantification methods of protein (Bradford, BCA and
Lowry assays) and sugar (sulfuric acid-phenol assay) used in these
studies could entirely avoid the interference of abundant phenol
groups in lignin or melanin (Dalilur Rahman and Richards, 1987;
Owusu-Apenten, 2002; Redmile-Gordon et al., 2013). It should be
noted that whether the health effects of natural “polysaccharides”
is related to the existence or the synergistic effect of non-polysac-

charide components especially the protein therein that has been
proposed for decades remains controversial (Cruz et al., 2016; Cui
and Chisti, 2003; Ng, 2003; Xu et al., 2011b; Zhang et al., 2011).
However, there are insufficient studies on the exact structures and
proportions of chaga melanin-, protein-, and lignin-polysaccharide
complexes that allow full understanding of the authentic origin
of the chemical mechanism underlying the antioxidant ability of
chaga “polysaccharides”. On the other hand, as mentioned before,
the “purified chaga polysaccharides” indeed show significant in
vivo antioxidant and anti-inflammatory effects, which further po-
tentiate various tissue-protective effects, especially for pancreas/
liver/kidney protection (Diao et al., 2014; Hu et al., 2016; Wang et
al., 2017a; Wang et al., 2017b; Xu et al., 2010b). Recently, Hu et
al. (2016) found that ingestion of chaga polysaccharides alleviated
DDC (diethyldithiocarbamate)-induced pancreatic acinar atrophy
and weight loss by increasing pancreatic SOD, and decreasing LDH
(lactate dehydrogenase), hydroxyproline, AMS (amylase), IFN-y,
IL-1 levels in serum of chronic pancreatitis mice. Later in the same
model, the increase of pancreatic levels of GPx and TAOC (total
antioxidant capacity) and the decrease of serum levels of TNF-a,
TGF-p as well as lipase and trypsin, were also detected (Hu et al.,
2017b). The improved gut microbiota composition through ingest-
ing chaga polysaccharides were found to be positively correlated
with relief of inflammation and oxidative stress (Hu et al., 2017b).
Furthermore, the activation of the Nrf2/HO-1 signaling pathway
by chaga polysaccharide also protected the mitochondrial damage
and neuronal cells apoptosis in L-glutamic acid-damaged HT22
cell model and APP/PS1 transgenic mice model (Han et al., 2019).
Similarly, the finding of Xu et al. (2019a) suggests that chaga poly-
saccharides protect mice against the 7. gondii-induced liver injury,
partially due to inhibition of the TLRs/NF signaling axis and the
activation of the antioxidant response such as increasing the con-
tents of serum/liver SOD and GSH, by inducing the Nrf2/HO-1
signaling.

In general, compared with the organic solvent extracts rich in
phenolics or terpenoids, the polysaccharide-rich water extract/
decoction contains much higher amount of oxalic acid. However,
the purification process of polysaccharide, including precipitation
and dialysis, can effectively remove small-molecule compounds.
However, there are limited investigations on oral safety of chaga
polysaccharides. Chen et al. (2009) reported a single oral dose of
chaga crude polysaccharide at 5,000 mg/kg body weight exerted
no acute-toxicity damage on the liver, kidney, heart, thymus or
spleen of male Kunming mice. Hu et al (2017a; 2017b) found that
oral administration of purified fractions of chaga polysaccharide at
a dose of 1,000 mg/kg BW three times in one day showed no acute
symptoms in pathogen-free male ICR mice including external
morphological, behavioral, neurological, and autonomic changes.
Another test conducted for 20 consecutive days of oral administra-
tion with a dose of 1,500 mg/kg body weight/day also showed no
sub-acute-toxicity damage to the liver, pancreases, kidney, heart,
thymus and spleen of male Kunming mice (Wang et al., 2017a).
However, except for safe short-term doses, more toxicological tri-
als of long-term administration are much desired.

4.4. Other components

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

5. Conclusion

Chaga is recorded with numerous historical applications and anec-
dotal evidence of medicinal properties worldwide. The studies of
bioactivities of chaga along with the latest technologies/methodol-
ogies and prevalence of “open access” policy of scientific journal
may flourish even further. As summarized, the in vivo/in vitro bio-
active properties of chaga include anti-proliferation, anti-tumor,
immunomodulatory, anti-inflammation, antioxidant, antimuta-
genic, analgesic, anti-virus, antibacterial, antifungal, antibacterial,
antihyperglycemic, anti-platelet-aggregation, anti-hypertension,
anti-hyperuricemia, anti-obesity, probiotic, hepatoprotective, and
enzyme inhibitory activities/effects. These bioactivity studies ex-
tend the understanding of pharmaceutical values of chaga and po-
tentiate its future application in modern medicine if more rigorous
biological/clinical studies could be conducted. In recent decades,
the investigations of the chemical diversity of chaga have also
achieved remarkable progress. The main secondary metabolites of
fungi such as terpenoids, phenolics, polysaccharides, and melanin
have been identified in various chaga extracts. They are considered
as the main contributors to their wide spectrum of bioactivities.
However, compared with small-molecule compounds, a further
characterization of specific structures of bioactive polymers in
chaga, such as polysaccharide, lignin, and melanin, is still needed.
Besides, to a great extent, the use of chaga has been guided by the
folk experience or obsolete data, and the reported cases showing
potential adverse health effects have provoked serious safety con-
cerns in administrating wild chaga and its products. On the other
hand, the compositional variation among chaga samples (wild/
wild; wild/cultivated; cultivated/cultivated) are influencing judge-
ment of both their safety and effectiveness. The standardized qual-
ity control based on fast detection technologies, and the dosage
guideline under the promise of sufficient preclinical/clinical data
of'its acute and chronic toxicity are most urgently needed.
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