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A B S T R A C T   

Excessive free radicals can cause oxidative stress (OS), which lead to neurodegenerative diseases (ND) are 
harmful to the human body. Therefore, it is necessary to explore dietary antioxidants and neuroprotectants from 
nutrient foods. Chaga mushroom (Inonotus obliquus) has been used as an important functional food in many 
countries for centuries. This present study was carried out to discover active compounds from I. obliquus and 
investigate the in vitro antioxidant activity and neuroprotective activity. Sixteen natural products including two 
new isocoumarins (1–2), a new 8-O-4′-neolignan (3), a new cyclic diarylheptanoid (4), and twelve known 
compounds (5–16) were separated from I. obliquus. Their structures were elucidated by extensive spectroscopic 
analyses of high resolution electrospray mass spectrometry (HRESIMS), ultra violet (UV), and nuclear magnetic 
resonance (NMR). Among them, compounds 1 and 2 revealed remarkable antioxidant activities through the 
comprehensive analysis of DPPH, ABTS, and ferric reducing antioxidant power (FRAP) methods. Meanwhile, 
compound 1 demonstrated significant neuroprotective activity by increasing SH-SY5Y cells viability and pre-
venting mitochondrial damage. Apart from that, electronic analyses were performed using the highest occupied 
molecular orbital (HOMO), and the lowest unoccupied molecular orbital (LUMO) to analyze compound 1. These 
results indicated that compound 1 had a significant implication for the search of natural raw material to prevent 
OS and nerve damage in the field of functional foods, and the isocoumarin fragment as well as an oxygenated cis 
double-bond might be the active sites to play prominent parts in antioxidant and neuroprotective activities of 
compound 1.   

1. Introduction 

Excess free radicals can cause oxidative stress (OS) and lead to 
several diseases such as neurodegenerative diseases (ND), stroke, auto-
immune disorders, and cancers (Di Meo & Venditti, 2020). Parkinson’s 
disease (PD), Alzheimer’s disease (AD), and Huntington’s disease (HD) 
are common ND that makes neuronal cells become dysfunctional and 
cause damage to the central nervous system, peripheral nerves, and 
muscles (Radi et al., 2014). Common free radicals, such as reactive ox-
ygen species (ROS), may trigger OS when their levels increase (Liu et al., 
2021). The nerve cell damage induced by this phenomenon is closely 
related to ND and is also an important cause of their pathogenesis 

(Alkadi, 2020; Bhat et al., 2015; Li et al., 2021). Antioxidants are divided 
into endogenous antioxidants produced in the human body and exoge-
nous antioxidants obtained from foods or nutrients (Alkadi, 2020; Neha 
et al., 2019). According to research, exogenous antioxidants such as 
vitamin C and vitamin E obtained through the diet are also a class of 
dietary antioxidants that contribute greatly to helping patients with ND 
(Albarracin et al., 2012; Zia & Alibas, 2021). Therefore, it is of great 
significance to screen for dietary antioxidant supplements and neuro-
protectants from natural foods that are effective in weakening OS to 
develop benefits for human health. 

Inonotus obliquus, as a well-known Chaga mushroom, grows on the 
barks and kraurotic trunks of birch trees and is widely distributed in 
Russia, Northern China, Japan, as well as in United States, Korea, and 

* Corresponding author. Key Laboratory of Computational Chemistry-Based Natural Antitumor Drug Research & Development, Liaoning Province, China. 
E-mail address: songsj99@163.com (S.-J. Song).   

1 These authors contributed equally to this study. 

Contents lists available at ScienceDirect 

Food Bioscience 

journal homepage: www.elsevier.com/locate/fbio 

https://doi.org/10.1016/j.fbio.2022.101623 
Received 27 October 2021; Received in revised form 7 February 2022; Accepted 16 February 2022   

mailto:songsj99@163.com
www.sciencedirect.com/science/journal/22124292
https://www.elsevier.com/locate/fbio
https://doi.org/10.1016/j.fbio.2022.101623
https://doi.org/10.1016/j.fbio.2022.101623
https://doi.org/10.1016/j.fbio.2022.101623
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fbio.2022.101623&domain=pdf


Food Bioscience 47 (2022) 101623

2

Siberia (Ma et al., 2013; Zheng et al., 2010). In the field of functional 
foods, I. obliquus had been developed into a range of health products, 
such as Chaga mushroom capsules, mushroom concentrate powders, and 
functional drinks (Chen et al., 2021). On the other hand, it had also been 
drunk as a tea in Japan and Russia for centuries because of its health 
benefits (Liang et al., 2009; Yu et al., 2020). I. obliquus has great po-
tential to become a natural and edible antioxidant due to its remarkable 
antioxidant capacity to maintain a balance between the oxidative system 
and free radicals in the human body (Wang et al., 2018; Xiang et al., 
2012; Xu et al., 2011). In conjunction with previous studies, Chaga 
mushroom is rich in aromatic compounds with polyphenolic hydroxyl 
groups (Lee et al., 2007), which may have the potential to protect the 
body from diseases caused by OS. 

Therefore, in order to obtain more bioactive compounds from 
I. obliquus, this article conducts chemically investigation, evaluates 
antioxidant and neuroprotective capacity as well as analyzes active sites. 
Meanwhile, the purpose of this study is to discover raw material for 
dietary antioxidant supplements and neuroprotectants with significant 
biological activities from Chaga mushroom for protecting human body 
from diseases caused by OS and nerve damage. The results of experi-
ments will reveal the types of compounds and pharmacological activities 
in I. obliquus, and provide a scientific basis for searching dietary anti-
oxidant supplements and neuroprotectants. 

2. Materials and methods 

2.1. Fungal material 

The sclerotia of I. obliquus was collected in Siberia, Russia in 2016. 
The species identification was confirmed by Prof. Yi-Xuan Zhang (School 
of Life Sciences and Biopharmaceutical Science). A voucher specimen 
(No.20160626) was deposited at the herbarium of Shenyang Pharma-
ceutical University, Shenyang, Liaoning Province, PR China. 

2.2. General experimental procedures 

Optical rotations were determined using a JASCO DIP-370 digital 
polarimeter (Jasco, Tokyo, Japan) in methanol (MeOH) at 20 ◦C. Ultra 
violet (UV) was measured using the Shimadzu UV-1700 spectropho-
tometer (Shimadzu, Kyoto, Japan). Electronic circular dichroism (ECD) 
measurements were carried out on a Bio-Logic MOS 450 spectropho-
tometer (Bio-Logic Science Instruments, Seyssinet-Pariset, France). Nu-
clear magnetic resonance (NMR) spectra were measured with a Bruker 
AVIII-600 spectrometer (600 and 150 MHz for 1H and 13C, respec-
tively) (Bruker Corp., Bremen, Germany) with dimethyl sulfoxide-d6 
(DMSO-d6) and chloroform-d (CDCl3) as solvents and MHz spectrome-
ters using tetramethylsilane (TMS) as the internal standard. High- 
resolution electrospray mass spectrometry (HRESIMS) analyses were 
performed on a Bruker Micro Q-TOF instrument (Bruker Daltonics, 
Billerica, MA, USA) in positive-ion mode. Semipreparative high- 
performance liquid chromatography (HPLC) system (YMC gel C18 col-
umn, 250 mm × 10 mm, 5 μm, Shimadzu) was performed using an in-
strument equipped with a LC-6AD pump (Shimadzu) and a SPD-20A 
ultraviolet–visible light absorbance detector (Shimadzu). Column 
chromatography was performed with silica gel (100~200 or 200~300 
mesh, Qingdao Marine Chemical Inc., Qingdao, Shandong, China), HP- 
20 macroporous resin (75~150 μm, Mitsubishi Chemical Co., Ltd., 
Tokyo, Japan) and octadecylsilyl silica (ODS) gel (60~80 μm, Merck, 
Darmstadt, Germany). All solvents were of analytical grade except for 
the chromatographic grade MeOH and acetonitrile (MeCN) for HPLC 
separations. The chemicals used in the experimental process were all 
purchased from Sigma-Aldrich (Steinheim, Germany). 

Besides, DPPH (2,2-diphenyl-1-(2,4,6-trinitrophenol)hydroxyl), 
ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) dia-
mmonium salt), TPTZ (2,4,6-tripyridyl-s-triazine), and Trolox were all 
purchased from Sigma-Aldrich in order to test the antioxidant capacities 
of scavenging reactive oxidants of the isolated compounds. 

Abbreviations 

ABTS 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 
diammonium salt 

AD Alzheimer’s disease 
ANOVA Analysis of variance 
CDCl3 Chloroform-d 
CH2Cl2 Dichloromethane 
COSY Two-dimensional shift correlated spectroscopy 
DFT Density functional theory 
DMEM Dulbecco’s modified Eagle’s medium 
DMSO Dimethyl sulfoxide 
DMSO-d6 Dimethyl sulfoxide-d6 
DPPH 2,2-diphenyl-1-(2,4,6-trinitrophenol)hydroxyl 
ECD Electronic circular dichroism 
EtOAc Ethyl acetate 
EtOH Ethyl alcohol 
FRAP Ferric reducing antioxidant power 
H2O2 Hydrogen peroxide 
H2O Water 
HD Huntington’s disease 
HMBC Heteronuclear multiple bond correlation 
Hoechst 33258 2’-(4-hydroxyphenyl)-5-(4-methyl-1-piperazinyl)- 

2,5′-bi-1H-benzi midazole 
HOMO Highest occupied molecular orbital 
HPLC High-performance liquid chromatography 

HRESIMS High resolution electrospray mass spectrometry 
HSQC Heteronuclear single quantum correlation 
JC-1 5,5′,6,6′-tetrachloro-1,1,3,3′-tetraethylbenzimidizolyl 

carbocyanine iodide 
LUMO Lowest unoccupied molecular orbital 
MeCN Acetonitrile 
MeOH Methanol 
MMP Mitochondrial membrane potential 
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2Htetrazolium 

bromide 
n-BuOH Normal butanol 
ND Neurodegenerative diseases 
NMR Nuclear magnetic resonance 
NOESY Nuclear overhauser effect spectroscopy 
ODS Octadecylsilyl silica 
OS Oxidative stress 
PBS Phosphate-buffered saline 
PCM Polarizable continuum model 
PD Parkinson’s disease 
ROS Reactive oxygen species 
SD Standard deviation 
TDDFT Time-dependent density functional theory 
TMS Tetramethylsilane 
TPTZ 2,4,6-tripyridyl-s-triazine 
UV Ultra violet 
VLC Vacuum liquid chromatography  
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2.3. Extraction and isolation 

The air-dried sclerotia of I. obliquus (30 kg) was soaked with 70 L of 
70% ethyl alcohol (EtOH), for 2 h at 70 ◦C for three times, and evapo-
rated under reduced pressure to obtain a crude extract. This extract 
(1200 g) was suspended in distilled water and partitioned sequentially 
with 15 L of ethyl acetate (EtOAc) and 42 L of normal butanol (n-BuOH), 
to give EtOAc-soluble (277 g) and n-BuOH-soluble extracts (764 g), 
respectively. The EtOAc-soluble fraction was separated by vacuum 
liquid chromatography (VLC) on a silica gel column chromatography 
using a step gradient elution of dichloromethane (CH2Cl2)/MeOH 
(CH2Cl2, 24 L; MeOH, 12 L; from 50:1 to 1:2, v:v) to obtain three frac-
tions (Fr.1 to Fr.3). Fr.1 (46 g) was fractionated using column chroma-
tography over ODS and eluted with EtOH/Water (H2O) (from 10:90 to 
100:0, v:v) to afford three fractions (Fr.1.1 to Fr.1.3). Fr.1.1 (15 g) was 
purified by semi-preparative HPLC with solvent system MeCN/H2O 
(15:85, 2.5 mL/min) to yield 6 (13.0 mg), 7 (15.7 mg), 8 (120.0 mg), 10 
(4.9 mg), 11 (4.6 mg), 14 (2.6 mg) and 15 (2.6 mg). Fr.1.2 (17 g) was 
passed over a preparative HPLC, eluted with MeCN/H2O (20:80, 2.5 
mL/min), to give 2 (13.6 mg) and 9 (36 mg). Fr.1.3 (9 g) was purified by 
chromatography on a semi-preparative HPLC-C18 column and eluted 
with a mixture of MeCN/H2O (35:65, 2.5 mL/min), affording com-
pounds 1 (8.9 mg) and 5 (4.6 mg). Fr.2 (101 g) was separated by HP-20 
macroporous resin with EtOH/H2O (from 30:70 to 90:10, v:v) to yield 
three subfractions (Fr.2.1a to Fr.2.1c). Three subfractions were severally 
loaded on an ODS column eluting with EtOH/H2O (from 10:90 to 100:0, 
v:v) and precisely analyzed with HPLC to obtain five pooled subfractions 
(Fr.2.1.1 to Fr.2.1.5). Fr.2.1.1 (15 g) was further refined by reversed- 
phase C18 column chromatography with MeCN/H2O (17:83, 2.5 mL/ 
min) to provide compounds 13 (3.1 mg) and 16 (5.2 mg). Compounds 3 
(5.3 mg) and 12 (3.1 mg) were obtained from Fr.2.1.3 (9 g) by pre-
parative HPLC on a YMC RP-C18 column with a gradient of MeCN/H2O 
(41:59, 2.5 mL/min). Fr.2.1.4 (11.0 g) was eluted with an isopycnic 
gradient of MeCN/H2O (49:51, 2.5 mL/min) to yield 4 (4.7 mg). 

Phellxinye A (1): Light yellow powder; [α] +214.0; UV (MeOH) λmax 
(log ε) 202 (1.05), 257 (0.45) nm; HRESIMS m/z 659.0646 [M + Na]+

(calcd for C30H20O16Na, 659.0644); 1H NMR (600 MHz, DMSO-d6): δH 
8.35 (1H, s, H-10), 8.28 (1H, s, H-5′), 7.54 (1H, s, H-7), 7.49 (1H, s, H- 
8′), 7.37 (1H, s, H-4), 6.59 (1H, s, H-9′), 3.90 (3H, s, 14′-OCH3), 3.62 
(3H, s, 13′-OCH3), 2.86 (2H, t, J = 7.3 Hz, H-11′), 2.73 (2H, t, J = 7.3 Hz, 
H-12′); 13C NMR (150 MHz, DMSO-d6): δC 171.9 (C-13′), 163.8 (C-10′), 
160.6 (C-3′), 160.0 (C-4a), 159.0 (C-14′), 158.6 (C-1′), 158.5 (C-11), 
158.4 (C-6), 158.2 (C-1), 153.7 (C-9), 153.7 (C-6′), 148.3 (C-8), 147.0 
(C-7′), 146.5 (C-3), 126.6 (C-4′a), 125.6 (C-10a), 114.6 (C-7), 114.4 (C- 
8′), 112.5 (C-6a), 111.4 (C-8′a), 111.1 (C-10), 110.5 (C-5′), 104.4 (C- 
10b), 106.3 (C-4), 99.0 (C-9′), 98.5 (C-4′), 53.3 (14′-OCH3), 51.7 (13′- 
OCH3), 30.0 (C-12′), 28.2 (C-11′). 

Inonotphenol A (2): Brown powder; [α] -7.0; UV (MeOH) λmax (log 
ε) 245 (1.60) nm; HRESIMS m/z 251.0561 [M + H]+ (calcd for 
C12H11O6, 251.0550); 1H NMR (600 MHz, DMSO-d6): δH 7.43 (1H, s, H- 
8), 7.04 (1H, s, H-5), 3.88 (3H, s, 10-OCH3), 2.31 (3H, s, H-9); 13C NMR 
(150 MHz, DMSO-d6): δC 166.1 (C-10), 159.7 (C-1), 155.0 (C-3), 153.8 
(C-6), 146.9 (C-7), 128.2 (C-4a), 113.3 (C-8), 110.5 (C-8a), 109.2 (C-5), 
109.0 (C-4), 52.4 (10-OCH3), 18.7 (C-9). 

Erythro-4,7,9,9′-tetrahydroxy-3,5,3′,5′-tetramethoxy-8-O-4′- 
neolignan (3): Yellow oil; [α] -6.0; UV (MeOH) λmax (log ε) 206 (2.65), 
277 (0.41) nm; HRESIMS m/z 475.1576 [M + Na]+ (calcd for 
C22H28O10Na, 475.1575); 1H NMR (600 MHz, DMSO-d6): δH 8.31 (1H, s, 
4-OH), 7.22 (2H, s, H-2′/6′), 6.60 (2H, s, H-2/6), 4.80 (1H, d, J = 4.9 Hz, 
H-7), 4.36 (1H, dt, J = 4.9, 3.5 Hz, H-8), 3.83 (6H, s, 3′/5′-OCH3), 3.77 
(2H, t, J = 6.3 Hz, H-9′), 3.72 (6H, s, 3/5-OCH3), 3.71 (1H, m, H-9a), 
3.49 (1H, dd, J = 11.9, 3.5 Hz, H-9b), 3.13 (2H, t, J = 6.3 Hz, H-8′); 1H 
NMR (600 MHz, CDCl3): δH 7.29 (2H, s, H-2′/6′), 6.58 (2H, s, H-2/6), 
4.99 (1H, d, J = 3.3 Hz, H-7), 4.23 (1H, dt, J = 6.6, 3.5 Hz, H-8), 4.05 
(2H, t, J = 5.2 Hz, H-9′), 3.96 (6H, s, 3′/5′-OCH3), 3.92 (1H, overlap, H- 
9a), 3.88 (6H, s, 3/5-OCH3), 3.53 (1H, d, J = 12.0 Hz, H-9b), 3.23 (2H, t, 

J = 5.3 Hz, H-8′); 13C NMR (150 MHz, DMSO-d6): δC 197.9 (C-7′), 152.4 
(C-3’/5′), 147.4 (C-3/5), 140.6 (C-4′), 134.4 (C-4), 132.4 (C-1), 131.6 
(C-1′), 105.7 (C-2′/6′), 104.3 (C-2/6), 86.5 (C-8), 72.4 (C-7), 60.2 (C-9), 
57.1 (C-9′), 56.1 (C-3′/5′-OCH3), 55.9 (C-3/5-OCH3), 41.2 (C-8′) 

(9S)-acerogenin M (4): Yellow oil; [α] -36.0; UV (MeOH) λmax (log 
ε) 209 (3.30), 230 (2.80), 277 (1.70) nm; HRESIMS m/z 335.1254 [M +
Na]+ (calcd for C19H20O4Na, 335.1254); 1H NMR (600 MHz, CDCl3): δH 
7.52 (1H, dd, J = 8.4, 2.1 Hz, H-4), 7.31 (1H, overlap, H-19), 7.31 (1H, 
overlap, H-15), 7.20 (1H, dd, J = 8.5, 2.5 Hz, H-16), 7.02 (1H, d, J = 8.4 
Hz, H-3), 6.96 (1H, dd, J = 8.7, 2.5 Hz, H-18), 6.03 (1H, d, J = 2.1 Hz, H- 
6), 3.32 (1H, m, H-9), 2.99 (1H, dd, J = 13.0, 1.6 Hz, H-8a), 2.84 (1H, m, 
H-13a), 2.59 (1H, m, H-13b), 2.07 (1H, dd, J = 13.0, 9.7 Hz, H-8b), 1.76 
(1H, m, H-12a), 1.50 (1H, m, H-12b), 1.44 (1H, m, H-10a), 1.24 (1H, m, 
H-10b), 1.15 (1H, m, H-11a), 0.90 (1H, m, H-11b); 13C NMR (150 MHz, 
CDCl3): δC 199.1 (C-7), 154.3 (C-17), 149.6 (C-2), 148.6 (C-1), 141.4 (C- 
14), 132.0 (C-15), 131.3 (C-19), 129.5 (C-5), 123.7 (C-18), 123.2 (C-16), 
122.8 (C-4), 117.4 (C-6), 116.3 (C-3), 70.1 (C-9), 46.6 (C-8), 37.5 (C- 
10), 35.0 (C-13), 32.3 (C-12), 21.8 (C-11). 

2.4. DPPH scavenging activity 

The free radical-scavenging potentials of all isolated compounds 
were appraised using DPPH (Ghalkhani et al., 2021), a stable free 
radical, which obtained a center of a nitrogen atom. The DPPH free 
radicals turned into stabilized DPPH molecules and causing the color to 
change from deepest purple to pale yellow after scavenging reactive 
oxidants and a specific absorption at 517 nm was observed by the UV 
spectrophotometer. Diluted compounds 1–16 (100 μL) with various 
concentrations (200, 100, 50, 25, 10 μg/mL) prepared in absolute EtOH 
were added to 100 μL of DPPH solution (0.2 mmol/L) and Trolox was 
considered as a positive reference. The absorbances of the reaction 
mixture after a 30 min adequate incubation at ambient temperature 
(25 ◦C) were measured at room temperature (25 ◦C) in the dark. The 
DPPH scavenging activities were calculated according to the following 
equation:  

DPPH scavenging activity (%) = [1 − (As − Ab) / A0] × 100%                     

Where As is the absorbance of the tested sample, Ab is the absorbance of 
the contrast group and A0 is the absorbance of black control. 

2.5. ABTS scavenging activity 

The ABTS radical scavenging assay by some certain steps with slight 
modifications (Otmani et al., 2021). The specific operation was as fol-
lows: ABTS solution was suitably diluted with prepared 
phosphate-buffered saline (PBS) solution so that its absorbance reached 
about 0.70 at 734 nm. Subsequently, 100 μL of different concentrations 
of above compounds (200, 100, 50, 25, 10 μg/mL) were blended with 
150 μL of ABTS radical cation solution thoroughly and measured as (As). 
The test mixture consisted of 100 μL (200, 100, 50, 25, 10 μg/mL) of 
samples and 150 μL of PBS solution, and the absorbance was measured 
and expressed as (Ab). A mixture of 100 μL of absolute EtOH and 150 μL 
of ABTS solution was used as a blank control and the value of absorbance 
was presented with A0. Finally, the reaction was carried out for 6 min at 
room temperature and protected from light in 96-well plates (Nest 
Biotech, Co., Ltd., Wuxi, Jiangsu, China), and the absorbance values at 
734 nm were perused. The ABTS radical scavenging rate can be calcu-
lated by the following formula:  

ABTS scavenging activity (%) = [1 − (As − Ab) / A0] × 100%                     

Where As is the absorbance of the tested sample, Ab is the absorbance of 
the contrast group and A0 is the absorbance of black control. 
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2.6. FRAP scavenging activity 

The total antioxidant capacity was assessed through ferric reducing 
antioxidant power (FRAP) method (Zuriarrain-Ocio et al., 2021). Illus-
tration of the strength and weakness of antioxidant activity by 
comparing the capacity of reduction of trivalent ferric tripyridyltriazine 
(Fe3+-TPTZ) transform into ferrous form (Fe2+-TPTZ). The standard 
curve (Y = 0.0109X − 0.124) was prepared by taking varies linearly 
with concentrations of Ferrous sulfate. The absorbance at 593 nm of 150 
μL of FRAP working solution and 5 μL of different concentrations (200, 
100, 50, 25, 10 μg/mL) of the samples were measured after 30 min of full 
reaction with 145 μL of FRAP working solution at 37 ◦C and were 
recorded as Ax and Ax0. The differences between Ax and Ax0 were 
calculated and the values were subsequently brought into the standard 
curve to obtain the corresponding FRAP values. 

2.7. Cell culture and MTT assay 

For this experiment, the human neuroblastoma cell line SH-SY5Y 
(ATCC, Manassas, VA, USA) was cultured in DMEM (Dulbecco’s modi-
fied Eagle’s medium) (Thermo Scientific, Logan, UT, USA) supple-
mented with 10% fetal bovine serum (Thermo Scientific) and 1% 
penicillin G (Thermo Scientific) was added into the medium in 96-well 
plates at an initial density of 1.2 × 104 cells/mL. Afterward, the 

suspended cells were grown at 37 ◦C with 5% CO2 and 90% relative 
humidity condition to incubate for 12 h in the incubator (Thermo Sci-
entific). After overnight incubation, SH-SY5Y cells were treated with the 
tested compounds at a series of concentrations (12.5, 25 and 50 μmol/L) 
for 1 h and then treated with hydrogen peroxide (H2O2) (300 μmol/L) 
(Tianjin Hengxing Chemical Reagents Co., Ltd., Tianjin, China) incu-
bated for 4 h. Subsequently, 20 μL of MTT (3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyl-2Htetrazolium bromide) (Sigma, St. Louis, MO, USA) so-
lution (5 mg/mL in PBS) was added into each well and incubated for 4 h 
in the dark. After adding 150 μL of dimethyl sulfoxide (DMSO) into each 
well, the optical density of formazan crystals was recorded at 490 nm by 
a microplate reader (Thermo, Waltham, MA, USA). Trolox and DMSO 
were used as positive and negative controls, respectively. The experi-
ments were carried out in triplicate and the neuroprotective activities of 
compounds were determined by MTT assay (Li, Lu, et al., 2020). The cell 
viability was calculated as follows:  

Cell viability (%) = [(A490,sample − A490,blank)/(A490,control − A490,blank)] ×
100%                                                                                                    

Fig. 1. Structures of compounds 1–16.  
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2.8. Observation of nuclear morphology 

Nuclear morphology was observed and analyzed using Hoechst 
33258 (2’-(4-hydroxyphenyl)-5-(4-methyl-1-piperazinyl)-2,5′-bi-1H- 
benzimidazole) (Sigma) stain according to the method previously re-
ported in the literature (Zhang et al., 2018). SH-SY5Y cells at logarith-
mic phase were made into cell suspension, it was inoculated into 6-well 
plates (Nest Biotech) at an inoculation density of 1 × 105 cells per well 
and incubated for 4 h. After 4 h of incubation, the upper layer of the 
culture medium was discarded, the cells were washed three times with 
phosphate buffer and subsequently stained with Hoechst 33258 (10 
μg/mL). The plates were allowed to stand in the dark for 25 min at room 
temperature. After the staining was completed, the culture plates were 
placed under a fluorescent microscope to observe the nuclear 
morphology of the cells and photographed the results. 

2.9. Mitochondrial membrane potential assay 

The mitochondrial membrane potential (MMP) assay was performed 
like the method described in the previous report (Xu et al., 2019). Cells 
of exponential phase were inoculated uniformly in 6-well plates at a cell 
density of 1 × 105 cells per well, and 50 μmol/L of the sample was added 
to the dosing group, the control group and the model group were pre-
treated with an equal volume of blank medium for 1 h. The model group 
and the dosing group were incubated with 400 μmol/L H2O2 in 5% CO2 
at 37 ◦C for 4 h to injure the cells. The treated cells were washed three 
times using PBS and mixed with cationic fluorescent JC-1 (5,5′,6, 
6′-tetrachloro-1,1,3,3′-tetraethylbenzimidizolyl carbocyanine iodide) 
(1X) (Sigma). Furthermore, observe the changes of red and green fluo-
rescent aggregates under a fluorescent microscope. 

2.10. ECD spectral calculation 

The absolute configuration of compound 4 was determined using the 
method of ECD calculation. Conformational analyses were performed by 

CONFLEX software (Conflex Corp., Carlsbad, CA, USA) in the MMFF94 
force field (Li, Hou, et al., 2020). Density functional theory (DFT) cal-
culations have been performed with the Gaussian 09w (Gaussian Inc., 
Wallingford, CT, USA) program package using the B3LYP/6-31G(d) 
level to obtain the geometry optimizations and frequency calculations 
(Tang et al., 2019). Subsequently, the ECD calculations of all the 
selected conformers were calculated using the time-dependent density 
functional theory (TDDFT) method at the B3LYP/6-31G(d,p) level with 
the polarizable continuum model (PCM) in a MeOH solution. The 
calculated ECD spectra were generated using SpecDis 1.51 (University of 
Wurzburg, Wurzburg, Germany) according to the Boltzmann weighting 
of each conformer (Bruhn et al., 2013). 

2.11. Molecular orbital analysis 

A conformational search was performed utilizing the MMFF94 force 
field with an energy window of 10 kJ/mol by the Spartan 20 program 
(Wavefunction Inc., Beijing, China). The conformations under a certain 
energy window were processed in the use of GaussView 5.0 software 
(Gaussian) and convert their formats of the files to facilitate subsequent 
calculations. The calculations were carried out and the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) were analyzed in the Gaussian 09w package. Eventually, the 
presentations of tracks were optimized and drawn in combination with 
Multiwfn 3.7 (Beijing Kein Research Center for Natural Sciences, Bei-
jing, China) and VMD 1.9.3 software (University of Illinois, Urbana, IL, 
USA) (Lu & Chen, 2012; Decherchi, Spitaleri, Stone, & Rocchia, 2019). 

2.12. Statistical analysis 

All results and data were confirmed in at least three parallel exper-
iments. Analysis of variance (ANOVA) test using GraphPad Prism 6.0 
software (GraphPad Software, San Diego, CA, USA) were used for sta-
tistical analysis and p < 0.05 was considered to indicate a statistical 
significance. The data are expressed as means ± standard deviation 

Fig. 2. Key HMBC and 1H-1H COSY correlations of compounds 1–4.  
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(SD). 

3. Results and discussion 

3.1. Elucidation of compound structures 

The 70% EtOH-based extract of I.obliquus was subjected to a chem-
ical investigation that consecutively provided two new isocoumarins 
(1–2), a new 8-O-4′-neolignan (3), a new cyclic diarylheptanoid (4) 
together with 12 known compounds (5–16) by successive flash chro-
matography and semipreparative HPLC. The chemical structures of 
these compounds are exhibited in Fig. 1. 

Compound 1 was obtained as a light yellow powder with the mo-
lecular formula C30H20O16, which was established from a molecular ion 
peak at m/z 659.0646 ([M + Na]+, calcd 659.0644) in the HRESIMS 
spectrum with 21 indices of hydrogen deficiency. Five uncoupled pro-
tons δH 8.35 (1H, s, H-10), 8.28 (1H, s, H-5′), 7.54 (1H, s, H-7) 7.49 (1H, 
s, H-8′), 6.59 (1H, s, H-9′) in the low field and two methoxy protons δH 
3.90 (3H, s), 3.62 (3H, s) were identified in the 1H NMR spectrum. Be-
sides, the 1H NMR spectrum of 1 exhibited the presence of two aliphatic 
protons at δH 2.86 (2H, t, J = 7.3 Hz, H-11′) and 2.73 (2H, t, J = 7.3 Hz, 
H-12′), indicating that this snippet of 1 is an ethidene group. The 13C 
NMR and heteronuclear single quantum correlation (HSQC) spectra of 1 
suggested the presence of thirty carbon resonances, consisting of twenty- 
six sp2 atoms and four sp3 atoms. Two tetrasubstituted aromatic rings 
signals (δC 153.7, 153.7, 148.3, 147.0, 126.6, 125.6, 114.6, 114.4, 
112.5, 111.4, 111.1, 110.5) were inferred and downfield shifts of C-9, C- 
6′, C-8, C-7’ (δC 153.7, 153.7, 148.3, 147.0) gave expressions to the o- 
oxygenated substituted fragments in two benzene rings with the aid of 
1H NMR spectral data. Moreover, the 13C NMR of 1 showed six sp2 

carbonyl carbons (δC 171.9, 159.0, 158.6, 158.5, 158.4, 158.2), four sp2 

oxygen-bearing double bonds (δC 163.8, 160.6, 160.0, 146.5), four sp2 

double bonds (δC 106.3, 104.4, 99.0, 98.5), two sp3 methylene (δC 30.0, 
28.2), and two methoxy groups (δC 53.3, 51.7). 

The heteronuclear multiple bond correlation (HMBC) correlations of 
H-8’ (δH 7.49) with C-1’ (δC 158.6), C-6’ (δC 153.7), C-4′a (δC 126.6), of 
H-5’ (δH 8.28) with C-4’ (δC 98.5), C-7’ (δC 147.0), C-8′a (δC 111.4), in 
conjunction with correlations from 14′-OCH3 (δH 3.90) to C-14’ (δC 

159.0) constructed the isocoumarin moiety and C-14′ placed a methyl 
structural fragment at C-4’ (Fig. 2). Also, the HMBC spectrum relation-
ship between H-9’ (δH 6.59) and C-4’ (δC 98.5), C-10’ (δC 163.8) along 
with the nuclear overhauser effect spectroscopy (NOESY) correlation 
(Fig. 3) of H-9′ and H-11′ suggested that the location of oxygenated cis 
double-bond was determined to be at C-3’. The assignment of the methyl 
propionate group at C-10′ was supported by the HMBC correlations of 
H2-11’ (δH 2.86) with C-13’ (δC 171.9), H2-12’ (δH 2.73) with C-10’ (δC 
163.8), C-11’ (δC 28.2), 13′-OCH3 (δH 3.62) with the low-field shift of C- 
13’. There was another isocoumarin fragment at the other end of the 
compound 1, evidenced by the HMBC correlations of H-7 (δH 7.54) with 
C-6 (δC 158.4), C-9 (δC 153.7), C-10a (δC 125.6), and of H-10 (δH 8.35) 
with C-8 (δC 148.3), C-6a (δC 112.5), C-10b (δC 104.4). Apart from the 
aforementioned moieties, the remaining four indices of hydrogen defi-
ciency could be classified as a ring unit and a carbonyl group. By 
comparing its NMR data with phelligridin J in literature (Wang et al., 
2007), it was indicated that 1 contained a 8,9-dihydroxypyrano[4,3-c] 
isochromen-4-on-3-yl fragment. Additionally, the HMBC spectrum 
showed an olefinic singlet at δH 7.37 correlated with the carbonyl carbon 
signal at δC 158.5, the oxygenated olefinic carbon signal at δC 146.5, and 
the olefinic carbon signal at δC 104.4, the above information indicated 
that the carbonyl group was attached to the pyran ring through the C-3. 
Therefore, the gross structure of 1 was deduced and elucidated as 
Phellxinye A. 

Compound 2 was isolated as a brown powder, for which the mo-
lecular formula was established as C12H10O6 by HRESIMS (positive 
mode) m/z = 251.0561 [M + H]+ (calcd for C12H11O6, 251.0550), with 
eight degrees of unsaturation. Analysis of 1H NMR data for 2 revealed 
two aromatic protons at δH 7.04 (1H, s) and 7.43 (1H, s), indicating that 
2 contained a 1,2,4,5-tetrasubstituted benzene. The 1H NMR spectrum 
of 2 exhibited signals for a methoxyl at δH 3.88 (3H, s), and a methyl of 
the double bond at δH 2.31 (3H, s). 

Interpretation of the 13C NMR and HSQC data revealed 12 carbon 
signals attributable to six aromatic ring signals (δC 153.8, 146.9, 128.2, 
113.3, 110.5, and 109.2) and six aliphatic signals (δC 166.1, 159.7, 
155.0, 109.0, 52.4, and 18.7). The structural framework of 2 was 
determined by the HMBC experiment (Fig. 2), in which 13C-1H long- 
range correlations were found between H-8 and C-4a/C-6/C-1, be-
tween H-5 and C-7/C-8a, between H-9 and C-4/C-10. The position of the 
methyl formate group at C-4 was confirmed by the HMBC correlation 
from OCH3-10 to C-10. Meanwhile, the assignments of the two hydroxyl 
groups were established based on 13C NMR chemical shifts of C-6 (δC 
153.8) and C-7 (δC 146.9). From the above, the planar structure of 
Inonotphenol A (2) was constructed. 

Compound 3 was obtained as a yellow oil, and its molecular formula 
of C22H28O10, with eight degrees of unsaturation, was determined by 
HRESIMS measurements ([M + Na]+ m/z 475.1576, calcd for 
C22H28O10Na, 475.1575). 

The 1H NMR data exhibited signals for four isolated aromatic hy-
drogens at δH 7.22 (2H, s, H-2′, and H-6′) and 6.60 (2H, s, H-2, and H-6) 
indicating the presence of two 1,3,4,5-tetrasubstituted aromatic rings 
and two oxygenated methines at δH 4.80 (1H, d, J = 4.9 Hz, H-7), 4.36 
(1H, dt, J = 4.9, 3.5 Hz, H-8), one oxygenated methylene at δH 3.71 (1H, 
m, H-9a) and 3.49 (1H, dd, J = 11.9, 3.5 Hz, H-9b) attributable to a 
1,2,3-propanetriol unit. The spectrum also implied the presence of two 
sets of couple methylenes hydrogens at δH 3.77 (2H, t, J = 6.3 Hz, H-9′), 
δH 3.13 (2H, t, J = 6.3 Hz, H-8′) and four methoxyl groups at δH 3.83 
(6H, s) and 3.72 (6H, s). Meanwhile, the assignments of the 1,2,3-pro-
panetriol unit and the ethylidene unit were also supported by the 
1H-1H two-dimensional shift correlated spectroscopy (COSY) (Fig. 2) 
correlations of H-7/H-8/H-9 and H-8′/H-9′. 

The 22 carbon resonances were composed of twelve aromatic car-
bons (δC 152.4, 152.4, 147.4, 147.4, 140.6, 134.4, 132.4, 131.6, 105.7, 
105.7, 104.3, 104.3), a conjugated carbonyl (δC 197.9), three sp3 

methylenes (δC 60.2, 57.1, 41.2), two oxidated methines (δC 86.5, 72.4) 
and four methoxy groups (δC 55.9, 55.9, 56.1, 56.1). Considering the 

Fig. 3. NOESY correlation of 1.  
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aforementioned 1H and 13C NMR, it was strongly proposed that 3 might 
be an 8-O-4′-neolignan possessing two phenylpropanoid units. This 
assumption was also supported by the HMBC correlations of H-7 with C- 
2, C-6, C-8, C-9, of H-2′, H-6′, H-8′ and H-9′ with C-7′, of H-8 with C-4′. 
Additionally, the locations of four methoxy groups at C-3, C-5, C-3′, C-5′

were supported by the HMBC correlations of δH 3.72 (s, 3/5-OCH3) with 
δC 147.4 (C-3/5), of δH 3.83 (s, 3′/5′-OCH3) with δC 152.4 (C-3′/5′). 
Since the optical value of compound 3 was almost zero, it was presumed 
to exist in the form of a racemate. 

The relative configuration of 3 was assigned as erythro-form, based 
on the small coupling constant (J7,8 = 3.3 Hz) in the 1H NMR data of 3 in 
CDCl3 (Yang et al., 2019). Therefore, the structure of erythro-4,7,9, 
9′-tetrahydroxy-3,5,3′,5′-tetramethoxy-8-O-4′-neolignan (3) was 
defined as shown (Fig. 1). 

Compound 4 was isolated as a yellow oil. Its positive HRESIMS 
analysis gave an [M + Na]+ ion peak at m/z 335.1254 (calculated for 
C19H20O4Na, 335.1254), consistent with the molecular formula 
C19H20O4, accounting for ten indices of hydrogen deficiency. The UV 
spectrum showed absorption bands at 277 nm suggesting that 4 was a 
biphenyl ether-type cyclic diarylheptanoid compound (Nagumo et al., 
1993). 

The 1H NMR data displayed diagnostic signals for one 1,2,4-trisubsti-
tuted benzene ring at δH 7.52 (1H, dd, J = 8.4, 2.1 Hz, H-4), δH 7.02 (1H, 
d, J = 8.4 Hz, H-3), δH 6.03 (1H, d, J = 2.1 Hz, H-6), and one para- 
disubstituted benzene ring at δH 7.31 (1H, overlap, H-15), δH 7.31 (1H, 
overlap, H-19), δH 7.20 (1H, dd, J = 8.5, 2.5 Hz, H-16), δH 6.96 (1H, dd, 
J = 8.7, 2.5 Hz, H-18). With the assistance of 1H-1H COSY correlations of 
H2-13/H2-12/H2-11/H2-10/H-9/H2-8, five methylenes, and an oxygen- 
bearing methine group were identified in the 1H NMR spectrum. 

The 13C and HSQC NMR spectra revealed the presence of twelve 
aromatic carbons (δC 154.3, 149.6, 148.6, 141.4, 132.0, 131.3, 129.5, 
123.7, 123.2, 122.8, 117.4, 116.3), one carbonyl group (δC 199.1), five 
sp3 secondary carbons (δC 46.6, 37.5, 35.0, 32.3, 21.8) and an oxygen-
ated sp3 tertiary carbon (δC 70.1), respectively. The substitution of one 
carbonyl position was verified by H-4/C-7, H-6/C-7, and H-8/C-7 key 
HMBC correlations (Fig. 2). The hydroxyl group was then located at C-9 
supported by the key H2-10/H-9/H2-8 COSY correlations. Therefore, the 
2D structure of 4 was defined as depicted. 

The absolute configuration of 4 was assigned according to a com-
parison of experimental and theoretical ECD spectra utilizing the TDDFT 
method. The computed ECD curve of (9S)-4 was well-matched with the 
experimental data (Fig. 4). Hence, the absolute configuration of 4 was 
elucidated as 9S and named (9S)-acerogenin M. 

Additionally, 12 known compounds were isolated and characterized 
by comparing with the reported 1D NMR data in the literature. Com-
pounds 5–16 were respectively identified as (− )-(S)-acerogenin B (5) 

(Morikawa et al., 2003), 4-hydroxybenzalacetone (6) (Kwon et al., 
2016), vanillic acid (7) (Li et al., 2012), (E)-4-Hydroxy-3-methoxycin-
namic acid (8) (Zhao et al., 2017), 4-Methoxyisophthalic acid (9) (Liu 
et al., 2017), 2-Hydroxy-3-methoxy-5-(3-oxo-1-buten-1-yl)benzoic acid 
(10) (Profft & Sacharow, 1965), sinapaldehyde (11) (Lakornwong et al., 
2018), tri-O-methylgallate (12) (Ito et al., 2014), syringic acid (13) 
(Huang et al., 2019), (3S,8E)-3-hydroxy-β-damascone (14) (Baumes 
et al., 1994), 6-hydroxy-4,7-megastigmadiene-3,9-dione (15) (Metuno 
et al., 2008), grasshopper ketone (16) (Uyen et al., 2020). 

3.2. Antioxidant activities in vitro 

Free radicals are products of metabolic pathways and contain mol-
ecules with one or more unpaired electrons. Under physiological con-
ditions, there is a balance between the production and scavenging of free 
radicals in the body. Antioxidants, also known as free radical scaven-
gers, can eliminate OS and some of them have been used as neuro-
protectants to prevent disease of the central nervous system 
(Pearson-Smith & Patel, 2020). The mushroom I.obliquus had antioxi-
dant capacity according to the previous literature (Eid & Das, 2020; Xu 
et al., 2011), and the antioxidative effects of natural foods were bene-
ficial to human health to a certain extent. Therefore, the isolated 16 
monomer compounds were proposed to discover their activities against 
free radicals in vitro. The free radical scavenging effects were directly 
analyzed with DPPH, ABTS, and FRAP methods, as summarized in 
Table 1. 

In the DPPH assay, with Trolox (IC50 = 23.04 ± 1.14 μmol/L) as the 
positive control, tested compound 1 (IC50 = 33.45 ± 1.22 μmol/L) 
exhibited preferable antioxidant activity, and compounds 13, 4, 15 and 
2 presented moderate activities with IC50 values of 44.26 ± 0.99, 45.46 
± 1.43, 48.98 ± 2.36 and 49.35 ± 2.55 μmol/L, respectively. According 
to the results of ABTS assay, compounds 4 (IC50 = 40.51 ± 0.54 μmol/ 
L), 8 (IC50 = 50.33 ± 1.24 μmol/L), 1 (IC50 = 55.03 ± 0.94 μmol/L) and 
2 (IC50 = 64.24 ± 1.25 μmol/L) had significant free radical scavenging 
abilities comparable to that of the positive drug. Obviously, 4 had the 
remarkable capacity to scavenge free radicals, 5 (IC50 = 84.66 ± 1.75 
μmol/L) and 9 (IC50 = 84.25 ± 1.24 μmol/L) showed potent activities 
being comparable with that of the positive control Trolox (IC50 = 72.99 
± 1.02 μmol/L). FRAP evaluation results revealed that compounds 1 
(588.33 ± 23.97 μmol Trolox/g DW), 6 (569.76 ± 30.24 μmol Trolox/g 
DW) and 11 (556.64 ± 29.67 μmol Trolox/g DW) displayed noticeable 

Fig. 4. Experimental and calculated ECD spectra of compound 4.  

Table 1 
Antioxidant activities of compounds 1–16 from Chaga mushroom I. obliquus.  

compound DPPHb,c ABTSb,c FRAPb,d 

1 33.45 ± 1.22 55.03 ± 0.94 588.33 ± 23.97 
2 49.35 ± 2.55 64.24 ± 1.25 402.88 ± 28.32 
3 86.96 ± 0.64 152.11 ± 1.29 228.40 ± 10.45 
4 45.46 ± 1.43 40.51 ± 0.54 215.21 ± 18.46 
5 55.45 ± 0.73 84.66 ± 1.75 376.43 ± 13.49 
6 116.90 ± 1.22 178.13 ± 2.35 569.76 ± 30.24 
7 NA 148.49 ± 1.31 105.79 ± 9.56 
8 52.55 ± 0.83 50.33 ± 1.24 432.48 ± 25.14 
9 106.90 ± 0.82 84.25 ± 1.24 104.36 ± 12.46 
10 NA NA 122.64 ± 10.38 
11 170.78 ± 2.01 NA 556.64 ± 29.67 
12 NA 190.33 ± 3.04 317.03 ± 14.55 
13 44.26 ± 0.99 NA 467.05 ± 19.03 
14 50.78 ± 0.88 90.58 ± 1.04 308.11 ± 16.50 
15 48.98 ± 2.36 103.72 ± 2.07 224.74 ± 23.08 
16 67.27 ± 1.51 135.77 ± 2.24 329.62 ± 25.69 
Trolox 23.04 ± 1.14 72.99 ± 1.02 737.23 ± 33.65 

aNA: Not active. 
b Results represent means ± SD (n = 3) and all values are significantly 

different (p < 0.05). 
c DPPH and ABTS: concentration in μmol/L required to scavenge 50% of the 

free radical. 
d FRAP: concentration in μmol Trolox/g DW. 
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effects on total reducing capacities and the reducing ability of compound 
1 was particularly outstanding. Beyond that, metabolites 2 (402.88 ±
28.32 μmol Trolox/g DW), 8 (432.48 ± 25.14 μmol Trolox/g DW) and 
13 (467.05 ± 19.03 μmol Trolox/g DW) exerted moderate potent 
radical-scavenging properties against FRAP. 

Afterwards, the correlations between three experimental methods 
were carried out using GraphPad Prism 6.0 software. The results 
(Table 2) of this provided a medium-high coefficient of determination 
between DPPH, ABTS, and FRAP assays. This indicated that the vari-
ability of the above three methods was small and it was consistent with 
the previously reported study (Huang et al., 2014). Therefore, through 
the comprehensive analysis of the above three chemical antioxidant 
capacity tests, compound 1 was a prominent antioxidant component and 
2 was also a medium bioactive constituent contributing to antioxidant 
capacity. 

3.3. Neuroprotective effect in H2O2-induced SH-SY5Y cells 

The use of antioxidants to scavenge excess free radicals is one of the 
strategies in the clinical treatment of neurological diseases (Neha et al., 
2019). Herein, two selected compounds with preferable antioxidant 
activities were tested for neuroprotection. Compounds 1 and 2 were 
tested for their neuroprotective effects against the H2O2-induced 
SH-SY5Y cell line, using an MTT assay, with Trolox as the positive 
control. Only compound 1 exhibited a significant neuroprotective effect 
in vitro with survival rates of 96.75% at 50 μmol/L and 66.00% at 25 
μmol/L as compared to the positive control. 

3.4. Neuroprotective effect against H2O2-induced SH-SY5Y cells 
apoptosis 

The definition of apoptotic cells is based on changes in nuclear 
morphology, such as chromatin condensation and breakage of chro-
matin (Kijima et al., 2019). Hoechst 33258 had the ability to show 
apoptosis, and the apoptosis was detected by the fluorescence degree 
and morphology of the cell nucleus (Zhou et al., 2018). To further, 
comprehend the mechanism for protecting H2O2-induced SH-SY5Y cells, 
the apoptotic morphology was operated. The phenomenon showed that 
the blue fluorescence of compound 1 at concentrations of 12.5, 25 and 
50 μmol/L was significantly weakened after staining the cell nucleus 
with Hoechst 33258 (Fig. 5A). Besides, the decreased expressions of 
nuclear shrinkage, chromatin condensation, and fragmentation were 
induced by H2O2. This result from the above morphological observations 
indicated that compound 1 exerted a neuroprotective effect against 
H2O2-induced SH-SY5Y cells by reducing apoptosis. 

3.5. Neuroprotective effect of compound 1 against the mitochondrial 
damage 

The decrease of MMP is commonly used as an important indicator of 
early cell apoptosis. To assess the role of compound 1 in mitochondrial 
dysfunction, JC-1 staining was used to detect the changes of MMP (Wang 
et al., 2020). Tested 1 treated in 12.5, 25 and 50 μmol/L, as demon-
strated by their prominent red fluorescence in a dose-dependent 
manner, whereas cells treated with H2O2 in the model group exhibited 
green fluorescence (Fig. 5B). Therefore, based on the aforementioned 
results under a fluorescence microscope confirmed that the protective 
effect of 1 against H2O2-induced apoptosis. 

3.6. Identification of bonding sites by molecular orbital analysis 

ROS may lead to lipid peroxidation, which injures neurotransmitter 
signaling and further worsens the functions of the nervous system (Bhat 
et al., 2015). To a certain extent, secondary metabolites with strong free 
radical scavenging abilities have relatively protective effects of SH-SY5Y 
cells caused by H2O2-induced OS (Wang et al., 2019). The objective of 
the molecular orbital analysis was further to expound on the functional 
groups that can produce chemical reactions (Veiko et al., 2021). The 
computational studies were performed by operating the Gaussian 09 

Table 2 
Coefficient of determination (R2) among DPPH, ABTS and FRAP assays.  

R2 (p < 0.05) DPPH values ABTS values FRAP values 

DPPH values 1.000 0.687 0.894 
ABTS values 0.687 1.000 0.876 
FRAP values 0.894 0.876 1.000 

Results represent means ± SD (n = 3) and all values are significantly different (p 
< 0.05). 

Fig. 5. (A) Observation of compound 1 (12.5, 25 and 50 μmol/L) on morphological changes of H2O2-treated SH-SY5Y cells. (B) Compound 1 (12.5, 25 and 50 μmol/ 
L) reduced mitochondrial dysfunction in H2O2-treated SH-SY5Y cells. 
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software package. Full geometry optimizations were carried out using 
DFT at the B3LYP level for compound 1. The parts of the molecule that 
tend to donate or lose electrons are indicated by HOMO and LUMO. In 
general, HOMO is an extremely significant marker to investigate the free 
radical scavenging potential (Yang et al., 2021). The HOMO molecular 
orbital of 1 may indicate its active sites of the free radical elimination 
due to an isocoumarin fragment and an oxygenated cis double-bond 
after electron transfer (Fig. 6) and the value of energy difference of 
the frontier molecular orbitals (HOMO − LUMO) about 3.228076 eV. 
This process was calculated at the Multiwfn software (Lu & Chen, 2012) 
and beautified with VMD software. 

4. Conclusion 

The chemical investigations of the Chaga mushroom I. obliquus led to 
the isolation of four new compounds (1–4) along with 12 known com-
pounds (5–16) from the EtOAc-fraction. Compounds 1 and 2 had anti-
oxidant activities compared to Trolox, and 1 was effective in 
ameliorating H2O2-induced nerve damage by increasing cells viability 
and preventing mitochondrial damage in SH-SY5Y cells. Furthermore, 
the isocoumarin fragment and an oxygenated cis double-bond might be 
the active sites of secondary metabolite 1 to eliminate the OS and exert 
neuroprotective activity. In this sense, 1 as a potential natural source of 
neuroprotective and antioxidant compound that possesses health ben-
efits against nerve damage and OS, is able to be used as raw material for 
nutritional, dietary antioxidant supplements and neuroprotectants. 
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