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Abstract
Eleutherococcus senticosus (Rupr. & Maxim.) Maxim. fruits (ESF), as a natural edible 
fruit, has long been popularized. However, few studies have conducted compre-
hensive chemical analyses of it. This study aimed to assess nonvolatile, volatile, and 
fatty oil components of ESF and to preliminarily explore the antioxidant activities. 
The qualitative and quantitative analyses of volatile and fatty oil components of 
ESF from 15 different regions were performed by the gas chromatography–mass 
spectrometry (GC–MS). Totally, 37 and 28 compounds were identified from volatile 
oil and fatty oil, respectively. The ultra-high-performance liquid chromatography–
quadrupole time-of-flight mass spectrometry (UPLC–QTOF–MS/MS) was used to 
accurately detect 43 compounds of nonvolatile components. The volatile and fatty 
oil components and nonvolatile components of ESF were used as samples to de-
termine the antioxidant activity of 2,2-diphenyl-1-picrylhydrazyl (DPPH) in vitro. 
The components of ESF had antioxidant activity, and the nonvolatile components 
had stronger antioxidant activity. The results revealed that the proposed method, 
which is of great significance for the screening of new active ingredients, is valu-
able for the identification of pharmaceutical component and further development 
of food industry.
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1  |  INTRODUC TION

Eleutherococcus senticosus (Rupr. & Maxim.) Maxim. (ES), also known 
as Acanthopanax senticosus and Siberian ginseng, is a perennial herb 
of the Araliaceae family that is mainly distributed in Russia, China, 
Korea, and Japan, especially in Heilongjiang, Jilin, and Liaoning 
provinces in the northeast China (Jia et  al.,  2021). According to 
the Chinese Pharmacopoeia, ES can invigorate qi and strengthen 
spleen, tonify kidney, and calm the mind (Committee,  2020). In 
the European Union, ES has been used for more than 40 years, the 
European Medicines Agency listed ES root as an herb that can treat 
symptoms such as fatigue in 2014, and in the 14th edition of the 
Russian Pharmacopoeia, there is also a monograph on ES (Shikov 
et al., 2021). Modern pharmacological studies have shown that var-
ious components of ES have been widely used in traditional med-
icine, including root, bark, leaf, and fruit, and they have several 
pharmacological activities, such as antioxidant, anti-inflammatory, 
and treatment of neurodegenerative diseases (Jiang & Wang, 2015; 
Kim et al., 2020; Xia et al., 2020; Zhou et al., 2023). And most im-
portantly, ES is an adaptogen, and the extract of this natural plant 
acts as an adaptogen to improve the adaptability, resilience, and sur-
vival rate of organisms to stress (Gerontakos et al., 2020; Panossian 
et al., 2021).

As a type of delicious renewable berry, the fruit of ES (ESF) can 
be soaked in water, and it can also be made into fruit wine, fruit vin-
egar, and other products, playing an important role in daily health 
care (Liu, 2019). To date, chemical studies on ESF have mainly con-
centrated on its isolation and identification, and it has been proved 
that ESF typically contains terpenoid, flavonoid, and phenylpropyl 
compounds, as well as polysaccharides. Recent experiments have 
isolated new oleanane-type triterpenoid saponins and sesquiter-
penoids from ESF, and demonstrated that these new compounds 
have certain activities in cells (Zhang et  al.,  2021). In addition, a 
comprehensive and in-depth mass spectrometry analysis and cleav-
age regularity of triterpenoid saponins in ESF have been conducted, 
proving that triterpenoid saponins in ESF can significantly reduce 
the damage of β-amyloid-induced neural network and play a neuro-
protective role (Zhou et al., 2023). Bioactive compounds have also 
been found in rat sera after ESF administration (Han et al., 2017). 
Eleutherosides E and B are important compounds in ESF, which can 
increase the secretion of IL-10 and thus reduce viral replication in 
VSV PBLs-Int model. These studies have demonstrated that the 
compounds in ESF have immunostimulatory activities (Gerontakos 
et al., 2021; Graczyk et al., 2021). A previous study found that the 
antioxidant activity of ESF could be related to the contents of poly-
saccharides (Zhao et al., 2013). However, there is no comprehensive 
analysis of the nonvolatile, volatile, and fatty oil components of ESF 
and their antioxidant activities; thus, it is essential to further ex-
plore such components. The gas chromatography–mass spectrom-
etry (GC–MS) can analyze volatile components, label compounds 
quantitatively, and combine with stoichiometric methods to dis-
tinguish plants growing in different regions (Bai et al., 2021). The 

ultra-high-performance liquid chromatography–quadrupole time-
of-flight mass spectrometry (UPLC–QTOF–MS/MS) is an efficient 
technique in the chromatographic separation, and it has been suc-
cessfully employed for its fast, high-resolution separation with the 
satisfactory sensitivity. GC–MS and UPLC–MS/MS technologies 
have been widely used for the separation and rapid identification 
of compounds in natural plants (Liu et al., 2022; Pan et al., 2019).

In order to analyze and evaluate the volatile and fatty oil com-
ponents and quality of ESF from different production areas and as-
sess the composition and structural cracking principle of nonvolatile 
compounds, a new rapid and sensitive UPLC–MS/MS method for 
the detection of major or trace components was, for the first time, 
proposed in this study. In addition, GC–MS was used to obtain fin-
gerprints and relative area percentage from different origin of ESF 
volatile and fatty oil components. This qualitative and quantitative 
methods based on UPLC–MS/MS and GC–MS can be utilized for the 
quality assessment of ESF. Hence, this study may provide a reliable 
basis for ESF to a certain extent and for its further rational develop-
ment and utilization.

2  |  MATERIAL S AND METHODS

2.1  |  Materials

Totally, 15 batches of dried ESF were collected from different re-
gions from August to October 2022, which were mainly produced 
in Heilongjiang, Jilin, and Liaoning provinces in China (Table  1, 
Figure  S1). After picking the ripe fruits, wash them in tap water 
and ultrapure water to remove impurities, and then dry them in a 
cool place. They were identified as dried fruits of ES by Professor 
Zhenyue Wang from the School of Pharmacy, Chinese Medicine 
Resource Center, Heilongjiang University of Chinese Medicine 
(Harbin, China).

2.2  |  Instruments and reagents

MS spectra were acquired using a Synapt G2-SI Accurate-Mass Q-
TOF instrument (Waters Corp., Milford, MA) and a 7890A-5975C 
system (Agilent Technologies, Inc., Santa Clara, CA). An ACQUITY 
UPLC HSS T3 column (1.8 μm, 2.1 × 100 mm, Waters Corp.) was 
used to perform LC–MS analysis; a DB-1701 GC–MS column 
(30 m × 250 μm × 0.25 μm, Agilent Technologies, Inc.) was utilized 
to carry out GC–MS analysis. LC–MS grade acetonitrile and formic 
acid were purchased from Thermo Fisher Scientific (Waltham, MA, 
USA). N-hexane, potassium hydroxide, methanol (LC grade), and 
anhydrous sodium sulfate were all purchased from Xilong Scientific 
Co., Ltd. (Silong, China). Water required for UPLC was purified by 
a Milli-Q water purification system (Darmstadt, Germany); DPPH 
was purchased from Shanghai Yuan Ye Bio-Technology Co., Ltd. 
(Shanghai, China).
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2.3  |  GC–MS analysis

The HP-5 MS elastic quartz capillary column 
(30 m × 250 μm × 0.25 μm) was utilized for GC–MS analysis. In the 
programmed temperature condition, the temperature of volatile 
oil increased from 50 to 250°C at 5°C/min. The temperature of 
fatty oil was kept at 80°C for 1 min, then it was heated from 80 to 
250°C at 10°C/min, and was kept at 250°C for 10 min. The run-
ning time of volatile oil was 40 min and that of fatty oil was 28 min. 
The temperature of the injector used was 250°C, the carrier gas 
was high purity helium (99.999%), and the flow rate was 3.0 mL/
min. The column pressure was 9.785 psi, the solvent delay time 
was 6 min, the sample size was 1 μL, and the injector operated 
was in split mode, with a ratio of 40:1. The ion source was EI ion 
source, the electron energy was 70 eV, and the mass range was 
m/z 50 ~ 550. The temperatures of ion source, transmission line, 
and quadrupole were 230°C, 280°C, and 150°C, respectively. The 
mass spectrum retrieval standard library was NIST14.L standard 
spectrum library.

2.4  |  UPLC–MS/MS analysis

An ACQUITY UPLC system (Waters Corp.) in tandem with a QTOF 
Synapt G2-SI mass spectrometer (Waters Corp.) was utilized for 
qualitative analysis using an ACQUITY UPLC HSS T3 column (1.8 μm, 
2.1 × 100 mm, Waters Corp.). The chromatographic separation was 
carried out at an ambient temperature of 35°C. The gradient of the 
eluent mobile phase included acetonitrile with 0.1% formic acid 
(A) and water with 0.1% formic acid (B) as follows: 0–1 min, 2% A; 
1–3 min, 2%–10% A; 3–5 min, 10%–20% A;5–9 min, 20%–55% A; 
9–13 min, 55%–70% A; 13–19 min,70%–80% A; 19–22 min, 80%–
98% A; 22–22.5 min, 98%–2%A; and 22.5–23 min, 2% A. The flow 
rate was set at 0.2 mL/min, with a 1-μL injection volume. The MS 
parameters were optimized as follows: scan type: positive and nega-
tive, acquire Mse over the range of 100–1300 Da; scan time: 0.25 s, 
collision energy: 20–35 V, cone voltage: 40 V.

2.5  |  Preparation of sample solutions

2.5.1  |  Extraction of volatile and fatty oil from ESF

Extraction of volatile oil
Volatile oil was obtained from ESF (200.2 g) by reflux condensation for 
5 h, according to the Chinese Pharmacopeia 2020 (Committee, 2020). 
Volatile oil was dried over Na2SO4, centrifuged at 13,000 rpm for 
10 min, and stored at 4°C until further analysis. Following the same 
procedure, all 15 components of ESF were acquired.

Extraction and methyl esterification of fatty oil
ESF (30.04 g) was weighed and 450 mL n-hexane was added at the 
ratio of 1:15 (M/V). Under the condition of ultrasonic power of 250 W, 
ultrasonic extraction was carried out for 30 min. After vacuum filtra-
tion, the fatty oil was obtained by rotating evaporation in water bath 
(60°C) until no n-hexane was emitted. Then, 4 mL of 0.6 mol/L potas-
sium hydroxide solution, methanol, and n-hexane were added, re-
spectively. After the mixture was evenly mixed and bathed at 60°C 
for 30 min, 10 mL distilled water was added and stratified. The upper 
layer was dried with Na2SO4, centrifuged at 13,000 rpm for 10 min, 
and stored at 4°C for further analysis. Following the same proce-
dure, all 15 components of ESF were acquired.

Extraction of nonvolatile compounds from ESF
ESF (20.02 g) was randomly weighed, 30 mL of 70% methanol at 
a ratio of 1:15 (M/V) was added, stirred and mixed, ultrasonically 
extracted for 1 h, leached at room temperature, and centrifuged at 
12,000 rpm for 10 min, in which the supernatant was the aqueous 
extract of ESF.

2.6  |  Determination of antioxidant activities of 
volatile components using DPPH assay

With consideration of vitamin E as the control group, 100.3 mg 
of volatile oil and fatty oil produced in S1–S15 were taken, and 

No. Region No. Region

S1 Harbin, Heilongjiang Province S9 Yanji City, Jilin Province

S2 Antu County, Yanbian Korean 
Autonomous Region, Jilin 
Province

S10 Siping City, Jilin Province

S3 Chibei District, Baishan City, Jilin 
Province

S11 Shuangyashan City, Heilongjiang Province

S4 Benxi City, Liaoning Province S12 Shangzhi City, Heilongjiang Province

S5 Dunhua City, Jilin Province S13 Wudalianchi City, Heilongjiang Province

S6 Xunke County, Heihe City, 
Heilongjiang Province

S14 Huadian City, Jilin Province

S7 Hulunbuir City, Inner Mongolia 
autonomous Region

S15 Yichun City, Heilongjiang Province

S8 Tonghua City, Jilin Province

TA B L E  1  Distribution of different 
regions related to ESF extraction.
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dimethyl sulfoxide (DMSO) was added to obtain 10.03 mg/mL 
sample solution, which was diluted to 8.031, 4.022, 1.982, 0.5021, 
0.2506 mg/mL, respectively. Then, 150 μmol/L DPPH solution was 
prepared, sample solution (100 μL) and DPPH solution (100 μL) 
were added to the 96-well plate, mixed and reacted at room tem-
perature for 30 min in the dark, and the absorbance was measured 
at 517 nm. The percentage of DPPH inhibition was calculated as 
follows:

2.7 | Determination of antioxidant activities of  
nonvolatile components using DPPH assay

The solution, as prepared at Section  2.5.1, was taken and diluted 
with 70% methanol successively to produce 70% methanol solu-
tion with the concentrations of 0.3131, 0.6252, 1.252, 2.503, 5.021, 
and 10.03 g L−1, and the other steps were the same as those of 
Section 2.6.

3  |  RESULTS AND DISCUSSION

3.1  |  The chromatograms of the nonvolatile, 
volatile, and fatty oil components

3.1.1  |  Volatile and fatty oil components of ESF

Total ion chromatograms of volatile oil and fatty oil of 15 batches 
of ESF were collected under optimized chromatographic conditions 
(Figure 1, Tables 2 and 3). By comparing the GC–MS retention time 
of 15 chromatograms, the obtained mass spectra were matched with 
the standard mass spectra in the NIST14.L library and the literature. 
Notably, 37 and 28 compounds were identified in volatile oil and 
fatty oil, respectively.

The peak area of more than half of the components of ESF in vola-
tile and fatty oils accounted for more than 70% of the total peak area 

of each sample, indicating that the identified compounds could rep-
resent the main components of ESF in volatile and fatty oils (Tables 4 
and 5). Moreover, α-bisabolol accounted for most of the chemical 
components of ESF detected in volatile oil. In components of ESF in 
fatty oil, 10-octadecenoic acid methyl ester accounted for the most 
of chemical components.

Relative area percentage of common peaks of the components 
of ESF in volatile oil showed that the contents of α-bisabolol and 
β-bisabolene were the highest in S12 and S15, which were 45.34% 
and 8.052%, respectively. In the components of ESF in fatty oil, 
10-octadecenoic acid methyl ester exhibited to have the highest 
content in S15 (69.53%) and S5 (63.01%). The results revealed that 
the main components of volatile substance were similar in different 
regions, while the content was different.

It was indicated that S1, S2, S15, S10, S13, S4, S6, S14, S9, and 
S12 belonged to the same category, and S3, S7, S8, and S5 belong to 
the same category in volatile oil (Figure 2a). The distance between the 
two categories was only 2, confirming that the components of ESF in 
volatile oil from these two production areas were similar with a rel-
atively satisfactory quality, and S11 belonged to the same category 
independently in volatile oil. Similarly, S1, S10, S3, S7, S9, S14, S2, 
S6, S8, S12, S15, and S11 belonged to the same category, and S5 and 
S13 belong to the same category in fatty oil (Figure 2b). The distance 
between these two categories was only 3, proving that the quality of 
the components of ESF in fatty oil from these two categories was rela-
tively satisfactory. Furthermore, S4 belonged to the same category in-
dependently, and the distance between the other two categories was 
40, indicating that the quality of the components of ESF in fatty oil in 
this area was relatively poor.

3.2  |  Nonvolatile components of ESF

According to the exact fragmentation rules of fragment ions and lit-
erature, 43 compounds were identified (Figure  3, Table  6), which 
were mainly triterpene and phenylpropanoid (Hu et  al.,  2022; Liu 
et al., 2021).

Percentage of DPPH inhibition =
(

1 −
[

Asample − Acontrol

]

∕Ablank

)

× 100% .

F I G U R E  1  TIC chromatograms of volatile ESF components (top) and fatty ESF components (bottom) from different regions (S1–S15).
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3.3  |  Analysis of triterpenoids

To date, no systematic characterization of triterpenoid in ESF 
by UPLC–MS/MS has been reported. A total of 16 triterpenoid 
saponins have been identified in this study. According to their 

structural characteristics, they were mainly oleanolic acid type. 
In the positive and negative ion modes, the additional ions of 
triterpenoid saponin were mainly [M + Na]+, [M + H]+, [M-H]−, 
and [M + HCOO]−, and the nuclear parent fragment was obtained 
by breaking or continuously breaking O-glycosyl or glycosyl. It 

TA B L E  2  Qualitative analysis results of volatile ESF components.

Peak number tR (min)
Chemical Abstract Service 
(CAS) number Formula Compounds

1 16.284 20307-84-0 C15H24 δ-Elemene

2 17.213 3856-25-5 C15H24 (−)-α-Copaene

3 17.23 21391-98-0 C10H16O Phellandral

4 18.047 515-13-9 C15H24 β-Elemene

5 18.851 87-44-5 C15H24 (−)-β-Caryophyllene

6 19.634 18794-84-8 C15H24 (E)-β-Farnesene

7 19.673 3228-02-2 C10H14O 4-Isopropyl-3-methylphenol

8 19.679 499-75-2 C10H14O Carvacrol

9 19.815 6753-98-6 C15H24 (±)-α-Humulene

10 20.07 30021-74-0 C15H24 γ-Muurolene

11 20.416 5951-61-1 C15H24 Naphthalene

12 20.535 17699-05-7 C15H24 α-Trans-Bergamotene

13 20.575 23986-74-5 C15H24 Germacrene D

14 20.58 13744-15-5 C15H24 β-Cubebene

15 20.694 473-13-2 C15H24 α-Selinene

16 20.801 495-61-4 C15H24 β-Bisabolene

17 20.898 1461-03-6 C15H24 β-Himachalene

18 20.96 502–61-4 C15H24 (E,E)-α-Farnesene

19 21.091 483-75-0 C15H24 1-Isopropyl-4,7-diméthyl-1,2,4a,5,6,8a-
hexahydronaphtalène

20 21.096 39029-41-9 C15H24 (1R,4aS,8aS)-1-Isopropyl-7-methyl-4-methylen-
1,2,3,4,4a,5,6,8a-octahydronaphthalin

21 21.198 483-76-1 C15H24 (+)-δ-Cadinene

22 21.431 20307-83-9 C15H24 β-Sesquiphellandrene

23 21.589 29837-07-8 C15H24 Cyclohexene

24 22.462 3242-08-8 C15H24 Elixene

25 23.137 23262-34-2 C15H22O Dendrolasin

26 23.636 25246-27-9 C15H24 (−)-Alloaromadendrene

27 24.554 6750-60-3 C15H24O Espatulenol

28 24.656 1139-30-6 C15H24O (−)-β-Caryophyllene epoxide

29 24.832 130930-56-2 C12H18 Bicyclo[2.2.1]hept-2-ene, 2-ethenyl-1,7,7-trimethyl-

30 25.291 42558-37-2 C10H18 Bicyclo[3.3.1]nonane, 2-methyl-, (1R,2S,5R)-rel-

31 25.297 19888-34-7 C15H24O (−)-Humulene epoxide II

32 25.523 88-84-6 C15H24 Guaiene

33 25.818 22567-36-8 C15H26O2 (−)-α-Bisabolol

34 25.886 26184-88-3 C15H26O2 Bisabolol oxide B

35 26.068 67517-14-0 C15H22 2H-2,4a-Methanonaphthalene, 
3,4,7,8-tetrahydro-8,8,9,9-tetramethyl-

36 26.544 4630-07-3 C15H24 3-Isopropenyl-4a,5-dimethyl-1,2,3,4,4a,5,6,7-
octahydronaphthalene

37 26.912 515-69-5 C15H26O α-Bisabolol
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included glucose (162 Da), rhamnose (146 Da), glucuronic acid 
(176 Da), galactose (162 Da), xylose (132 Da), and arabinose 
(132 Da). The possible cleavage pathway of triterpenoids was 
deduced in the positive ion mode as represented by compound 
41. The quasi-molecular ion peak of [M + Na]+ was m/z 733.4457 
(C41H66O12). First, one glucose fragment ion, one arabinose frag-
ment ion, and one neutral fragment H2O were removed to obtain 
the m/z 439.3551 (C30H46O2) fragment. The aglycone was further 
fragmented by the retro-Diels–Alder (RDA) fragmentation. Due to 
the presence of carboxyl, it was easy to lose HCOOH fragment 
and obtain m/z 351.0621 (C26H38) fragment. Therefore, compound 
41 was preliminarily identified as glycosides E1, and the cleavage 
pathway is shown in Figure 4e.

3.4  |  Analysis of phenylpropanoids

Six of the nine phenylpropanoid compounds identified were lig-
nans with the same parent nucleus. These lignans generally break 

CO (28 Da), OCH3 (31 Da), and some glycosyl. In addition, the 7 and 
7′ positions of the benzene ring are prone to fracture, resulting in 
benzyl cleavage. If there is hydroxyl group on the side chain ben-
zene ring, it can form OCH2O (46 Da) characteristic fragments with 
the methoxy group. With compound 24 as the representative in the 
positive ion mode, the possible cleavage pathway of the bisepox-
ylignans was speculated. The quasi-molecular ion peak of [M + Na]+ 
was m/z 541.1780 (C26H30O11), and one Glc was lost. The fragment 
ion m/z 357.1320 (C20H20O6) was achieved. Therefore, compound 
24 was preliminarily identified as (+)-simplexoside, and the cleavage 
pathway is illustrated in Figure 4a.

Taking compound 22 in the negative ion mode as the example, the 
possible cleavage pathway of monoepoxylignans was speculated. The 
quasi-molecular ion peak of [M-H]− was m/z 521.2093 (C26H34O11), and 
one Glc was lost to obtain the fragment ion m/z 359.1555 (C20H24O6). 
Losing another OCH3 was resulted in the fragment ion m/z 329.1437 
(C19H22O5), with two possible fragments. Therefore, compound 22 
was preliminarily identified as lariciresinol-4′-O-β-d-glucoside, and the 
cleavage pathway is displayed in Figure 4b.

TA B L E  3  Qualitative analysis results of fatty ESF components.

Peak number tR (min)
Chemical Abstract Service 
(CAS) number Formula Compounds

1 3.769 611-14-3 C9H12 2-Ethyltoluene

2 4.175 526-73-8 C9H12 1,2,3-Trimethylbenzene

3 4.604 95-63-6 C9H12 1,2,4-Trimethylbenzene

4 4.699 1120-21-4 C11H24 Undecane

5 4.787 2783-26-8 C9H10O 2-(2-Methylphenyl)oxirane

6 5.281 527-84-4 C10H14 1-Isopropyl-2-methylbenzene

7 5.287 934-74-7 C10H14 1,3-Dimethyl-5-ethylbenzene

8 6.993 627-48-5 C3H5NO Ethyl cyanate

9 8.228 20307-84-0 C15H24 δ-Elemene

10 9.586 87-44-5 C15H24 β-Caryophyllene

11 9.804 18794-84-8 C15H24 (E)-β-Farnesene

12 10.075 89155-85-1 C10H16O (2E,4E)-3,7-Dimethyl-2,4,6-octatrien-1-ol

13 10.086 6753-98-6 C15H24 α-Caryophyllene

14 10.192 6829-41-0 C7H11NO5 Diethyl (hydroxyimino)malonate

15 10.292 17699-05-7 C15H24 α-trans-Bergamotene

16 10.463 23986-74-5 C15H24 Germacrene D

17 10.481 495-61-4 C15H24 β-Bisabolene

18 10.692 1019577-40-2 C8H11NO3 Methyl N-(2-furylmethyl)glycinate

19 10.839 20307-83-9 C15H24 β-Sesquiphellandrene

20 12.039 17202-57-2 C9H14O2 Ethyl spiro[2.3]hexane-1-carboxylic acid ethyl ester

21 12.616 1139-30-6 C15H24O Caryophyllene Oxide

22 12.621 74744-54-0 C16H28 (Z)-4-Hexadecen-6-yne

23 12.951 19888-34-7 C15H24O (−)-Humulene epoxide II

24 13.233 26184-88-3 C15H26O2 Bisabolol oxide B

25 13.251 6750-60-3 C15H24O Spathulenol

26 13.61 515-69-5 C15H26O α-Bisabolol

27 17.145 112-39-0 C17H34O2 Methyl palmitate

28 22.239 13481-95-3 C19H36O2 10-Octadecenoic acid methyl ester
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The possible cleavage pathway of simple lignans was deduced 
by compound 27. The quasi-molecular ion peak of [M + Na]+ was m/z 
543.1832 (C26H32O11), and one Glc was lost. The fragment ion m/z 
359.1475 (C20H22O6) and the loss of two neutral fragments H2O led 
to achieve the fragment m/z 323.1310 (C20H18O4). Therefore, com-
pound 27 was preliminarily identified as tetracentronside B, and the 
cleavage pathway is shown in Figure 4c.

In the positive ion mode, compound 30 was represented, and the 
possible cleavage pathway of cyclolignans was predicted. The quasi-
molecular ion peak of [M + Na]+ was m/z 545.1993 (C26H34O11), and one 
Glc was lost. Fracture occurs at the 7 and 7′ positions and the loss of 
C7H8O results in the fragment ion m/z 219.1025 (C11H16O3). Therefore, 
compound 30 was preliminarily identified as isolariciresinol-4-O-β-d-
glucopyranoside, and the cleavage pathway is illustrated in Figure 4d.

3.5  |  Determination of antioxidant activity

Several studies have characterized the nonvolatile, volatile, and fatty 
oil components in plants by GC–MS and UPLC–MS/MS, accompanied 
by antioxidant activities of components in plants (Ali et al., 2022; Al-
Nemari et al., 2020; Castillo et al., 2023; Duan et al., 2022; Hefny 
Gad et al., 2021). A previous study demonstrated that phenolic acids, 
represented by chlorogenic acid and caffeic acid, are the main rea-
son for the antioxidant effect of ESF (Kim et al., 2015). However, the 
antioxidant effects of triterpene and phenylpropanoid in the nonvol-
atile components of ESF and the volatile and fatty oil components of 
ESF have not yet been studied.

The changes of 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical 
scavenging abilities of the volatile and fatty oil of ESF with the con-
centration are shown in Figure 5. The scavenging ability of fatty oil 
on DPPH free radical was significantly stronger than that of volatile 
oil, and with the increase of concentration, the scavenging ability of 
fatty oil from different origins on DPPH free radical was gradually 
enhanced. S1, S7, S10, S3, S9, and S14 exhibited to have weaker than 
other production areas, and S15 had the strongest removal capacity. 
When the concentration of fatty oil in S15 reached 8.031 mg/mL, 
the scavenging rate was 82.04%, while the largest component in S15 
was 10-octadecenoic acid methyl ester. Moreover, this ingredient 
has been confirmed to have antioxidant activity, and it was specu-
lated that this ingredient might have a certain relationship with the 
antioxidant activities of the components of ESF in fatty oil. The free 
radical scavenging abilities of the components of ESF in volatile oil 
from different production areas were not the same. Furthermore, 
S8, S7, S5, S3, and S11 also increased with the elevation of concen-
tration before reaching 1.982 mg/mL, which did not show regular-
ity. The scavenging abilities of the components of ESF in volatile oil 
from other production areas were enhanced with the increase of 
volatile oil concentration before reaching 4.022 mg/mL, and weak-
ened to varying degrees when the concentration was greater than 
4.022 mg/mL. Besides, S12 had the strongest scavenging ability, and 
the scavenging rate was 71.10% when the concentration of vola-
tile oil reached 4.022 mg/mL. α-Bisabolol, which accounted for the Pe
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F I G U R E  2  Cluster analysis of volatile ESF components (a) and fatty ESF components (b) from different regions (S1–S15).

F I G U R E  3  The BPI chromatograms of nonvolatile ESF components were detected at 7–22 min in positive ion mode (a) and at 1–17 min in 
negative ion mode (b).
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largest proportion in S12, has been confirmed to have antioxidant 
activity, and it was speculated that this ingredient might have a cer-
tain relationship with the antioxidant activity of the components of 
ESF in volatile oil.

The changes of DPPH radical scavenging abilities of nonvolatile 
components of ESF with the concentration are shown in Figure 6. 
When the concentration of sample was lower than 5.001 g/L, 
the free radical scavenging effect was gradually enhanced with 
the increase of concentration. When the concentration reached 
5.001 g/L, the scavenging rate was about 99.09%, and then, with 
the elevation of the concentration, the scavenging effect on free 
radical decreased. The results of DPPH scavenging activity showed 
that nonvolatile components of ESF had strong scavenging ability on 
DPPH free radical, and their antioxidant activity was stronger than 
that of the volatile and fatty oil.

The studies have shown that sleep deprivation causes exces-
sive oxidation of free radicals in brain tissue, leading to degen-
erative changes in tissues and cells, making excessive lipofuscin 

and malondialdehyde (MDA), thus damaging brain function and re-
ducing learning and memory capacity. In this study, ESF has been 
proved to significantly improve the above symptoms and counter 
the effects of chronic sleep deprivation on the central nervous 
system (Zhang & Zhu, 2022). The main components of ESF volatile 
oil and fatty oil were terpene and fatty acid compounds by GC–MS 
analysis.

There is increasing evidence that terpene and fatty acid com-
pounds have antioxidant activity (Wang et al., 2019). β-Caryophllene 
alcohol (BCP), for example, inhibits oxidative stress and inflamma-
tion, reduce the activity of key enzyme myeloperoxidase (MPO) and 
the levels of key oxidative inflammatory factors reactive oxygen 
species (ROS) and oxidized glutathione (GSSG) in mouse liver (Ames-
Sibin et al., 2018), reduce neuropathic pain, prevent the increase of 
the content of malondialdehyde, the end product of lipid peroxida-
tion, and thus improve the antioxidant capacity of cells (Aguilar-Ávila 
et al., 2019). By activating transient receptor potential (TRP)V1, ge-
ranylacetone (GAT) makes Ca2+ flow in HEK293 cells and regulates 

F I G U R E  4  The cleavage pathways of (+)-simplexoside (a), tetracentronside B (b), lariciresinol-4’-O-β-d-glucoside (c), isolariciresinol-4-O-β-
d-glucopyranoside (d), and glycosides E1(e).
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the production of human neutrophils, thus producing antioxidant 
effects (Schepetkin et al., 2016).

Many fatty acid compounds can be obtained from food and used 
as a natural antioxidant, such as palmitic acid methyl ester (PAME), 
which dilates blood vessels and plays a significant role in brain dam-
age caused by asphyxia cardiac arrest, elevated cholesterol, and 

cancer (Ichihara, 2021; Lee et al., 2019). Arachidic acid methyl ester 
plays a significant role for the prevention of gallstones by acting as a 
cholesterol solvent (Gilat et al., 2001). Methyl linoleate serves as an 
emulsifier in cosmetics and plays a direct role in the epidermal os-
motic barrier, thus achieving an antioxidant effect (Qin et al., 2007).

In our study, ESF volatile oil and fatty oil have antioxidant ef-
fects, and its main components are α-bisabolol and 10-octadecenoic 
acid methyl ester. α-Bisabolol was found to slow ROS production and 
inhibit the deposition of beta-amyloid protein (Aβ) peptide induced 
by Alzheimer's disease in Candida albicans and N-formyl-methionyl-
leucyl-phenylalanine(fMLP). Restoration of mitochondrial membrane 
potential (MMP) leads to antioxidant effects (Braga et  al.,  2009; 
Eddin et al., 2022; Gger et al., 2018). 10-Octadecenoic acid methyl 
ester has been shown to lower blood cholesterol, have antifungal 
properties, and antioxidant effects (Belakhdar et al., 2015; Kewlani 
et  al.,  2022). However, there are few researches on the specific 
mechanism of its antioxidant. The study on the antioxidant activity 
of ESF volatile oil and fatty oil with terpene compounds and fatty 
acid compounds as the main components can be used as a new di-
rection of ESF as a natural antioxidant in the food industry for the 
preparation of different health products. Moderate development of 
ESF can also provide another idea for the waste caused by excessive 
exploitation of ES roots and rhizome.

4  |  CONCLUSIONS

In this study, rapid and sensitive UPLC–QTOF–MS/MS plus GC–MS 
methods were developed for the analysis of nonvolatile and volatile 

F I G U R E  5  (a) DPPH radical scavenging standard curve. (b) Scavenging effects of volatile oil and fatty oil with different concentrations on 
DPPH free radical (S1–S15).

F I G U R E  6  Scavenging effects of nonvolatile components with 
different concentrations on DPPH free radical.
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components of ESF. Based on NIST14.L mass spectrometry database 
and precise molecular weight, 37 and 28 compounds were identified 
and analyzed from volatile oil and fatty oil of ESF, respectively, from 
different regions. The cluster analysis results of volatile oil showed 
that the distance between S11 and the other two categories was 16, 
and the cluster analysis results of fatty oil showed that the distance 
between S4 and the other two categories was 40, and the quality of 
oil from these two regions was significantly different from that of 
other producing areas.

In addition, 43 compounds were identified and analyzed from 
the nonvolatile components of ESF, and the cracking principles of 
some identified compounds were studied. DPPH antioxidant assay 
further verified that nonvolatile and volatile components of ESF 
might be associated with antioxidant activity. It has been suggested 
that ESF could be developed as a natural and potentially effective 
drug or functional food, however, its pharmacological action and re-
lated mechanisms need additional in vivo studies.
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