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Abstract In this study, ultrasound-assisted extraction of polyphenols from C. cicadae was opti-

mized by response surface methodology (RSM). The optimized conditions were determined as

extraction time of 39 min, liquid-to-solid ratio of 1:29 g/mL, extraction temperature of 69 �C
and ethanol concentration of 55% with a yield of 21.9 mg gallic acid equivalent/g dry weight. Four

resins were used for polyphenol purification. D101 resin had the highest ratio of adsorption and was

further applied in polyphenol purification test. A total of 19 different phenolic compounds were

identified by LC-MS, including 12 phenolic acids and 7 organic acids. In addition, C. cicadae

polyphenols displayed higher antioxidant activity in vitro and anti-aging activity of C. elegans

in vivo. Lastly, C. cicadae polyphenols showed the potential to protect DNA from oxidative dam-

age. Overall, our results suggest that polyphenols from C. cicadae may be considered as novel

sources of anti-oxidation, anti-aging and recommended as reagents to protect DNA from oxidative

damage in food and pharmaceutical industries.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Cordyceps cicadae is one of the oldest and most famous tradi-
tional Chinese medicine. It has a history of more than

1600 years, but it is not the most popular among the Cordyceps
family. (Nxumalo et al., 2020). Among nearly 90 species of
Cordyceps that have been found in China so far, only C. sinen-

sis has been officially included in Chinese Pharmacopoeia (Wu
et al., 2014). Sure, Cordyceps is commonly used in China for
prevention and treatment of a variety of diseases and has been
utilized in Chinese herbal medicinal prescriptions for thou-

sands of years (Kim et al., 2012). According to Compendium
of Materia Medica, C. cicadae can improve eyesight, remove
cloudiness of eyes, promote eruption, dispel wind and heat,

and relieve convulsion (Nxumalo et al., 2020). Modern phar-
macological studies indicate that C. cicadae performs many
functions such as anti-tumor, immunomodulatory, anti-

oxidation, hypoglycemic, and hypolipidemic activities
(Olatunji et al., 2016; Kim et al., 2012). Chemicals isolated
from C. cicadae include polysaccharides, galactomannan,

cordycepin, adenosine, organic acid, and phenolic compounds
(Zhang and Xuan, 2007; Zhang and Xuan, 2008). Phenolic
compounds are abundant secondary metabolites that have
attracted research attention due to their potential benefits to

human health (Limanaqi et al., 2020; Guo et al., 2019). How-
ever, current studies on the purification and bioactive compo-
nents of C. cicadae have mainly focused on the polysaccharides

and cordycepin (Olatunji et al., 2016; Liu et al., 2018), and very
few studies have been conducted on polyphenols.

Extraction of polyphenols can be accomplished by various

extraction procedures. Conventional extraction methods such
as heating, boiling, or refluxing, have several disadvantages,
including the loss of polyphenols due to oxidation, ionization

and hydrolysis during the complex extraction processes and
the long extraction times (Dragovi´c-Uzelac et al., 2012).
Recently, several studies indicate that ultrasound yields more
abundant biomolecular extracts with shorter extraction time

compared to conventional extraction techniques (Elez
Garofulic et al., 2018; Roselló-Soto et al., 2015; Vilkhuet al.,
2008; Šic Žlabur et al., 2015). Chmelová et al. (2020) found

that the content of phenolic compounds extracted from Picea
abies by UAE was 1.1–7.1 times higher than that obtained by
SE (solvent extraction). Ultrasonic assisted extraction is

affected by many factors. An optimal extraction method is
very important for the extraction rate of polyphenols.

Different experimental design methods are used to optimize
the extraction procedure, but the two most commonly used

methods are single factor experiment and response surface
methodology(RSM) (Živković et al., 2018). RSM is a powerful
statistical method involving multiple variables. It is more

advantageous than the traditional single parameter optimiza-
tion because it reduces the use of time, space and raw materials
(Tang et al., 2021). In this sense, the Box-Behnken design

(BBD) is one of the most commonly used RSMs, requiring less
experiments and running at least three levels (low, medium,
and high: coding �1, 0 and +1). However, according to the

literatures, few studies involved the optimization extraction
of active substances from C. cicadae. In this study, considering
the four independent variables of ethanol concentration, tem-
perature, time and liquid–solid ratio, polyphenols were
extracted from C. cicadae by ultrasonic extraction technology
and optimized by RSM (BBD).

At present, it has been found that excess reactive oxygen

species (ROS) in the body could cause lipid peroxidation, pro-
ducing lipid peroxidation products that attack biofilms of
polyunsaturated fatty acids, DNA, proteins, and enzymes. In

addition, the oxidative damage caused by ROS is a major con-
tributor to body aging (Zhu et al., 2020). In this sense, numer-
ous lines of evidence suggest that polyphenols have the

capacity to mitigate age-associated cellular damage that is
related to oxidative stress, chronic inflammation, and toxin
accumulation (Bonomini et al., 2015). Because of the existence
of multiple aging-related diseases and disorders, the need for a

comprehensive understanding of the possible role of polyphe-
nols in regulating these diseases is critical (Ayuda-Duran et al.,
2019). However, the beneficial effects of polyphenolic com-

pounds have been mainly inferred from in vitro studies or
studies with short-term dietary supplements. Because of their
cost and duration, little is known about whether polyphenols

are beneficial for the whole animal, especially in the context
of aging (Wilson et al., 2006). In order to address this question,
we studied the effects of C. cicadae polyphenols on the C.

elegans.
It is already well documented that oxidative stress may lead

to DNA damage, which is closely associated with several seri-
ous illnesses such as cancer, infertility, stem cell dysfunction,

neurodegenerative disorders, cardiovascular diseases, meta-
bolic syndrome and ageing problems (Dong et al., 2021). How-
ever, to the best of our knowledge, no studies have addressed

the effects of C. cicadae polyphenols on DNA stability and
damage so far.

Therefore, the objective of the present study was to apply

RSM to optimize the process parameters of UAE including
ethanol concentration, extraction time, extraction temperature
and liquid-to-solid ratio, and to maximize the content of the

extracted polyphenols. Individual polyphenolic compounds
purified with D101 were identified by LC-MS, and their
antioxidant activities were further evaluated, including 2,2-
diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging

ability, hydroxyl radical (�OH) scavenging ability, 2,2-azino-b
is-(3-ethylbenzothiazoline-6-sulfonic acid) radical (ABTS+)
scavenging ability and chelating of ferrous ions ability. Lastly,

the effects of polyphenols on longevity and in vivo enzyme
activity in C. elegans, as well as protection against oxidative
DNA damage were also studied. The current study will pro-

vide new knowledge about this fungus and expand the possibil-
ity of its application.

2. Materials and methods

2.1. Materials and reagents

Folin-Ciocalteau reagent was purchased from Beijing Bio
Lebo Technology Co. Ltd. (Beijing, China). Gallic acid (GA)
was purchased from Sinopharm Chemical Reagent Co. Ltd.

(Shanghai, China). S-8, D101, AB-8 and NKA-9 resins were
procured from Shanghai Yuanye Biotechnology Co. Ltd.
(Shanghai, China). ABTS and DPPH were obtained from

Sigma-Aldrich Corporation (USA). Unless otherwise stated,
all reagents used were of analytical grade.
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2.2. Experimental method

2.2.1. Extraction of polyphenols

Fresh C. cicadae were obtained from Dazhu County, China.

After washing, the C. cicadae was freeze-dried at �80 �C
(Scientz-10N, Ningbo, China) for 48 h and ground into pow-
der. Polyphenols were extracted with ethanol solvent using
an ultrasonic bath (410HTD, Jato Co. Guangdong, China)

with a fixed frequency of 40 kHz and 240 W power. In all
experimental runs, cicadae powder samples (1 g) was mixed
with ethanol solvent in 250 mL flask and the extractions were

completed at different extraction times and temperatures. The
extracts were filtered through filter paper under vacuum and
the ethanol solvent was removed using a rotary vacuum evap-

orator (RE-52, Shanghai, China) under reduced pressure and
at a temperature of 45 ± 5 �C.

2.2.2. Single factor extraction experiments

In this study, the effects of four factors (temperature, time,
liquid-to-solid ratio, and ethanol addition) on the yield of
polyphenols were investigated. The single factor experimental

design was shown in Table 1. Single factor experiments were
used as the basis for the possible extraction range for RSM.

2.2.3. Experimental design of RSM

A reasonable range of parameters was selected for the RSM
based on the results of the single-factor experiments. The four
process variables were optimized at three levels according to

the Box-Behnken experimental design (BBD), which was run
29 times (Table 2).

2.3. Determination of polyphenols content

The content of total polyphenols was determined by the Folin-
Ciocalteu method described by Vrhovsek et al. (2001), using
GA as the standard. Absorbance (Abs) was measured at

750 nm using a microplate detector (Spectra Max M2, Molec-
ular Devices, USA). The total polyphenol content was
expressed as mg of GA equivalent (GAE) of dry weigh of C.

cicadae powder (mg GAE/g DW).

2.4. Adsorption and desorption capacities of the four resins

The pretreated S-8, D101, AB-8 and NKA-9 resins were added
with 60 mL of polyphenol crude extraction solution each. They
were shook with 100 rpm at 25 �C for 24 h, and the adsorption
rate of polyphenols with the standard curve was calculated.

The adsorbed resin was washed with distilled water and then
60 mL of ethanol solution (60%). The mixture was shook
under the same conditions, and the desorption rate of polyphe-

nols was calculated by the same method. The adsorption rate
and desorption rate were calculated as follows (Guo et al.,
2019):

Adsorption rate %ð Þ ¼ C0 � Cr

C0

� �
� 100%

Desorption rate %ð Þ ¼ Cd

C0 � Cr

� �
� 100%
where C0 represents the concentration of crude polyphenols,

Cr represents the concentration of adsorbed polyphenols, Cd

represents the concentration of desorbed polyphenols.

2.5. FT–IR analysis

The FT-IR spectra of the C. cicadae polyphenols were
recorded using a Nicolet 6700 spectrophotometer (Thermo Sci-
entific, USA) with the frequency range of 4000–400 cm�1. The

polyphenols were mixed with spectral grade potassium bro-
mide powders and then pressed into 1.0 mm pellets.

2.6. Analysis of phenolic acids using LC–MS

The LC-MS (Waters, UPLC; Thermo, Q Exactive) analysis
platform was used in this study. Separation was performed

on an ACQUITY UPLC HSS T3 (2.1 * 100 mm 1.8 lm).
The mobile phase consisted of two solvents: water-formic acid
(0.05%) (A) and acetonitrile (B). The constant temperature of

the column was controlled at 40 �C. The injection volume was
10 lL and the flow rate was set to 0.3 mL/min. The gradient
procedure was used: 0–1 min, 95% A; 1–12 min, 95–5% A;
12–13.5 min, 5% A; 13.5–13.6 min, 5–95% A; 13.6–16 min,

95% A. The electrospray Ionization (ESI) source was operated
in negative ion mode and obtained full-scan mass spectrometry
data in the range of m/z 70–1050. ESI- parameters were

defined as: Heater Temp 300 �C, Sheath Gas Flow rate
45arb; Aux Gas Flow Rate 15arb; Sweep Gas Flow Rate
1arb; spray voltage 3.2KV; Capillary Temp 350 �C; S-Lens
RF Level 60%.

2.7. Antioxidant activity of purified polyphenols in vitro

Polyphenols of 0.2, 0.4, 0.6, 0.8, and 1.0 mg/mL were prepared
accurately. The scavenging ability for DPPH, ABTS+, hydro-
xyl radicals and ferrous ion chelating activity were assayed
with reference to Patial et al. (2019), Zhao et al. (2020), Cao

et al. (2019) and Kuang et al. (2020).

2.8. Anti-aging activity of purified polyphenol in vivo

2.8.1. Strains and culture

C. elegans strains N2 (wild type) and E. coli OP50 were

obtained from the Botany Laboratory of Sichuan Agricultural
University. The strains were kept at 25 �C according to stan-
dard methods, cultured on NGM plates, and seeded with
E. coli OP50 (Stiernagle, 1999).

2.8.2. Food clearance assay

The proper polyphenol concentrations were estimated by the

consumption rate of food sources. 10 lL smedium liquid med-
ium containing 20–30 pieces of L4 phase N2 was added to 96
well plate, and then added 90 lL E. coli OP50 suspension con-
taining polyphenols (0, 0.25, 0.5, 1.0, 1.5, 2.0, 2.5, 3 mg/mL),

cultured at 20 �C. The absorbance at 595 nm was measured
every day.

2.8.3. Life span assay

Worms synchronized to the L4 stage were selected and pro-
vided with sufficient E. coli OP50 as food on plain NGM plates



Table 1 Design single factor experiment.

Single factor Ethanol concentration

(%)

Liquid-solid ratio

(mL/g)

Time

(min)

Temperature

(�C)

Ethanol concentration 30, 40, 50, 60, 70 40 40 70

Liquid-solid ratio 50 20, 30, 40, 50, 60 40 70

Time 50 30 20, 30, 40, 50, 60 70

Temperature 50 30 40 50, 60, 70, 80, 90

Table 2 Factors and levels of UVE parameters.

Level A

Ethanol

concentration

(%)

B

Liquid-solid

ratio(mL/g)

C

Time

(min)

D

Temperature

(�C)

�1 40 20 30 60

0 50 30 40 70

1 60 40 50 80
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with different concentrations of polyphenols. During spawn-
ing, hermaphrodites were transferred to new NGM (with
polyphenols) daily to exclude an influence of their offsprings.

Worms were observed every 24 h until they were all dead.
Worms were considered dead if they did not move when gently
touched by the worm picker. Those worms that disappeared

from the dish and those that died prematurely due to internal
hatching or vulval orgies were excluded from the analysis.

2.8.4. Reproductive experiments

At least 10 synchronized L4 larvae were randomly transferred
to fresh NGM plates treated with polyphenols. Only one
nematode was living on each NGM plate. They were trans-

ferred to a new NGM plate every 24 h. Offspring was counted
at the L2 or L3 stage. The total offspring number within 6 days
was denoted as initial reproduction.

2.8.5. Motility Measurement.

The worms were cultured in the same way as in the ordinary
lifespan assay. Motility was measured on day 1 (L4 stage),

day 5, day 8, and day 12. The motility of worms was classified
as A, B or C (Herndon et al., 2002). Worms that were able to
perform sinusoidal movements spontaneously were classified

in category A. Worms that could not perform sinusoidal
movements under stimulation but could still move belonged
to category B. Worms that could only move their head or tail
under stimulation were classified as Class C.

2.8.6. Effect of polyphenol on the lifespan of C. elegans with heat
stress assay

The worms synchronized to L4 stage were picked and provided
with sufficient E. coli OP50 as food on plain NGM plates with
different concentrations of polyphenols. These NGM plates
had 25 lM 5-fluoro-20-deoxyuridine (FUdR) and were

replaced a when worm eggs were found during the experiment.
After 5 days, worms were transferred to new NGM plates.

Then, their survival at 37 �C was monitored every 1 h until

they were all dead. Worms were considered dead if they did
not move when gently touched by a worm picker. Those
worms that disappeared from the plate and died prematurely
from internal hatching or vulval rapture were excluded from

the analysis.

2.8.7. Effect of polyphenols on antioxidant-related enzymes in C.

elegans

N2 at L4 stage was cultured in NGM medium containing dif-
ferent concentrations of polyphenols, 50 mg/mL FUdR and
E. coli OP50 for 48 h, then treated with heat stress at 37 �C
for 12 h. N2 was flushed down with M9 buffer. The cleaned
N2 was ultrasonicated in PBS (PH 7.4) (300 W, 6 min, 2 s,
4 s interval), and further centrifuged at 4 �C for 10 min

(12,000 r/min). The resulted supernatant was stored at
�80 �C.The content of MDA and the activities of SOD,
CAT and GSH-Px in C. elegans were determined according

to the instructions of the kits.

2.9. Determination of DNA damage protection activity

The inhibition of superhelical xyn11A plasmid DNA strand

breaks by ciclopirox polyphenols was estimated using a
DNA stapling assay as described by Jin et al. (2016). The reac-
tion mixture contained 10 mM PB (2 lL), plasmid DNA (3 lL,
1462 lg/mL), purified polyphenols (2 lL, 0.1, 0.2 and 0.4 mg/
mL), 1 mM FeSO4 (2 lL) and 1 mMH2O2 (2 lL). The mixture
was incubated at 37 �C for 40 min. After incubation, 3 lL of a

loading buffer was added to stop the reaction, followed by
electrophoresis of the reaction mixtures on a 1% agarose gel
at 120 V for 30 min. After electrophoresis, the gel was stained

with ethidium bromide and then visualized under the UV
Transilluminator using the Gel Doc XR system (BioRad, Her-
cules, CA, USA).

2.10. Statistical analysis

All results were obtained by evaluating the means ± standard
deviation (SD) and all experiments were performed in tripli-
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cate. Data were assessed by ANOVA (analysis of variance)
and the statistical significance of the results was analyzed by
applying Duncan’s multiple range test and t-test. Statistical

analyses were performed by using IBM SPSS Statistics (Ver-
sion 25.0, IBM Corp., Armonk, NY, USA).

3. Results

3.1. Single factor experiment

As shown in Fig. 1A, the polyphenol yield increased with
increasing ethanol concentration, ultimately reaching a maxi-

mum at 50%. These results also indicate that ethanol concen-
tration has a significant positive effect on polyphenol yield
when it is below 50%. The effect is not significant when etha-

nol concentration is above 50%. When the concentration of
ethanol continued to increase, the polarity of the solution
increased, leading to a decrease in the solubility of polyphenols
and a decreasing trend in the extraction rate (Feng et al., 2015).

Therefore, 50% was selected as the central point of ethanol
concentration in the RSM experiments.

Usually, a larger liquid-to-solid ratio can dissolve con-

stituents more effectively and thus increase the extraction yield
(Jiang et al., 2020). However, on the one hand, large liquid-to-
solid ratio causes solvent wastage. On the other hand, a small

liquid-to-solid ratio will result in lower extraction yield. There-
fore, it may be important to choose a proper liquid-to-solid
ratio (Kaderideset al., 2019). As shown in Fig. 1B, the

polyphenol yield increased slowly with increasing liquid-to-
solid ratio, ultimately reaching a maximum at 1:30 g/mL.
These results also indicate that the liquid-to-solid ratio has a
significant positive effect on polyphenol yield when it is below

1:30 g/mL. Therefore, from an economic perspective, 1:30 g/
mL was selected as the central point of liquid-to-solid ratio
in the RSM experiments.

As shown in Fig. 1C, polyphenol yields increased slowly
with increasing extraction time, eventually reaching a maxi-
mum at 40 min, indicating that extraction time has a signifi-

cant positive effect on polyphenol yield when it is below
40 min. The effect was not significant when extraction time
was longer than 40 min. There was a gradual decrease in
polyphenol yield with increasing time, probably because the

molecular structure of polyphenols was disrupted for a long
time and therefore the extraction rate decreased (Liu et al.,
2020; Oreopoulou et al., 2019). Therefore, 40 min was selected

as the central point of extraction time in the RSM experiments.
As shown in Fig. 1D, the polyphenol yield increased with

the increase of extraction temperature, and finally reached

the maximum at 70 �C. The increase in temperature increased
the movement of solvent molecules and solute molecules and
promoted diffusion, so the extraction rate increased. When

the temperature continued to rise, the extraction rate showed
a downward trend, which was mainly due to the fact that
polyphenols are heat-sensitive substances that are easily oxi-
dized by heat, resulting in a decline in extraction rate (Al-

Dhabi and Ponmurugan, 2020). These results also indicate that
extraction temperature has a significant positive effect on
polyphenol yield when it is below 70 �C. The effect is not sig-

nificant when extraction temperature is higher than 70 �C.
Therefore, 70 �C was selected as the central point of extraction
time in the RSM experiments.
3.2. Optimization of UAE conditions

3.2.1. Model fitting

Table 3 shows the results of the experimentally measured

responses based on the experimental design for the 29 runs.
Based on experimental data, a second-order polynomial

model was constructed by BBD, which can be described as
follows:

Y=22.2+1.733A�0.058B�0.042C�0.583D�0.675AB

+0.175AC+0.700AD+0.875BC+1.125BD

+0.675CD�2.019A2�2.232B2�1.732C2�2.019D2

where Y is the predicted response, A, B, C and D are ethanol
concentration, liquid-to-solid ratio, extraction time, and
extraction temperature, respectively.

The results of the RSM experiments were analyzed using
Design Expert software version 12.0.The impact and signifi-
cance of each term (linear terms, squared terms and interac-

tions) in the regression equation were evaluated by ANOVA
analysis of the quadratic model, as shown in Table 4. The
ANOVA showed that the results of the model were significant.

The significant contribution of each coefficient was determined
by the p-value of F-test (P < 0.05). As the p-value becomes
smaller, the corresponding variables become more effective.

In addition, the p-value can be employed to check the strength
of interaction between independent factors (Barman and
Badwaik, 2017; Asfaram et al., 2017). Low values of the coef-
ficient of variance clearly indicated that the model was repro-

ducible and reliable (Jiang et al., 2014). The goodness-of-fit of
the model was also evaluated by the coefficient of determina-
tion (R2 = 0.9490) and the adjusted coefficient of determina-

tion (Adj-R2 = 0.8980), which indicated that 89.80% of the
variation could be accounted for by the fitted model and
94.90% of the total variation was explained by the model. Fur-

thermore, it could be seen that the linear coefficients (A and
D), cross coefficients (BC and BD) and quadratic term coeffi-
cients (A2, B2, C2, and D2) closely affect the extraction rate of
polyphenols (P < 0.05), whereas the other term coefficients

are not significant.

3.2.2. Analysis of response surface

Three-dimensional (3D) response surface of polyphenol yield
and influence factors were constructed using BBD based on
the regression equation to illustrate the interactions between
the dependent variables, the experimental levels of each inde-

pendent variable, and the two test variables while keeping
the other independent variables at zero level (Fig. 2). Pre-
dictably, polyphenol yield is sensitive to changes in the vari-

ables. The steeper the slope of the three-dimensional
response surface, the more sensitive the response value is to
the change of experimental factors (Sady et al., 2019). Accord-

ing to the model analysis, the interaction between extraction
temperature and liquid-to-solid ratio had the most prominent
effect on polyphenol yield (Fig. 2E). According to the result of

obvious analysis, ethanol concentration (A) and extraction
temperature(D) had a greater effect (P < 0.05) on polyphenol
yield, whereas liquid-to-solid ratio (B) and extraction time (C)
were less correlation (P > 0.05). The order of the effects of the

four independent variables on polyphenol yield was
A > D > B > C.



Fig. 1 Effect of different ethanol concentration (A), liquid to material ratio (B), time (C), temperature (D) on extraction yield of

polyphenol.
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3.2.3. Validation of the model

Using Design-Expert, the optimum values of the tested vari-
ables for the extraction of polyphenols were: ethanol concen-
tration of 55%, solid–liquid ratio of 29 g/mL, extraction

time of 39 min and extraction temperature of 69 �C. The max-
imum extraction rate of polyphenols was 20.9 mg/g, which was
in good agreement with the actual yield (21.9 ± 0.28 mg/g,

n = 3). These results suggested that the model designed in this
study was valid.

3.3. Analysis of static adsorption and desorption tests

The adsorption and desorption rates of different macroporous
resins for polyphenols were shown in Fig. 3A. There were sig-
nificant (P < 0.05) differences in the adsorption and desorp-

tion rates of the four resins (S-8, D101, AB-8 and NKA-9).
Among the four resins, the adsorption rate of macroporous
resin D101 was the highest, which was 62.20%. The desorption

rate of NKA-9 was the highest at 88.28%, but the desorption
rate was only 31.58%, while the desorption rate of D101 was
75.24%. Therefore, D101 macroporous resin was selected to
purify the polyphenols of C. cicadae. The purified polyphenol

content (9.66%) was 2.3 times higher than that of the crude
polyphenol (4.13%).
3.4. FT-IR analysis

The structural feature of the polyphenol samples were further
analyzed by FT-IR spectra (Fig. 3B). A strong absorption
peak appears at 3366 cm�1 (3500–3100 cm�1), which is caused

by the stretching vibration of AOH. This is an important fea-
ture of phenolics. An absorption peak near 2959 cm�1 is the
stretching vibration of methyl or methylene CAH side chain;

peaks in the range 2000–1400 cm�1 indicate that the structure
has an aromatic character. At 1628 cm�1 is the C‚C stretch-
ing vibration absorption peak, 1405 cm�1 is the ACH2 defor-

mation vibration absorption peak, and the in-plane bending
vibration of aromaticACH is 1077 cm�1. The stretching vibra-
tion of aromatic ACH is mainly detected in the wavelength

range less than 900 cm�1(Zheng et al., 2019). Therefore, the
FT-IR results can be deduced that the C. cicadae polyphenols
have the characteristic structure of phenolic compound.

3.5. Identification of compound by LC-MS analysis

To characterize the functional antioxidant components of the
optimized ultrasonic C. cicadae extract, the optimized extracts

were analyzed using LC-MS.



Table 3 Response surface methodology design and results of polyphenols extraction from C. cicadae.

Coded (Independent variables) Yield (mg/g)

Runa order A B C D

1 50 30 40 70 22.2

2 50 30 40 70 23.2

3 50 40 40 80 17.8

4 50 40 30 70 18.0

5 50 20 50 70 17.0

6 50 30 40 70 22.5

7 50 20 40 60 19.8

8 40 40 40 70 21.1

9 40 30 30 70 19.7

10 50 30 40 70 21.5

11 50 30 40 70 23.2

12 40 20 40 70 19.1

13 50 30 30 80 17.1

14 60 30 40 60 16.7

15 50 40 40 60 16.3

16 60 30 50 70 17.0

17 50 30 50 60 18.6

18 50 30 50 80 18.8

19 40 30 50 70 19.5

20 50 20 30 70 19.5

21 40 30 40 80 18.5

22 40 30 40 60 21.5

23 50 20 40 80 16.8

24 60 30 30 70 16.5

25 60 20 40 70 16.3

26 60 40 40 70 15.6

27 60 30 40 80 16.5

28 50 30 30 60 19.6

29 50 40 50 70 19.0

a Randomized.

Table 4 Variance analysis of regression model for polyphenol content.

Source Sum of squares dfa Mean square F-value p-value Significant level

Model 126.23 14 9.02 18.61 <0.0001 **

A 34.34 1 34.34 70.88 <0.0001 **

B 0.0408 1 0.0408 0.0843 0.7758

C 0.03 1 0.03 0.0619 0.8071

D 3.41 1 3.41 7.05 0.0189 *

AB 1.82 1 1.82 3.76 0.0729

AC 0.01 1 0.01 0.0206 0.8878

AD 1.96 1 1.96 4.05 0.064

BC 3.06 1 3.06 6.32 0.0248 *

BD 5.06 1 5.06 10.45 0.006 **

CD 2.72 1 2.72 5.62 0.0327 *

A2 29.04 1 29.04 59.94 <0.0001 **

B2 33.3 1 33.3 68.74 <0.0001 **

C2 23.5 1 23.5 48.5 <0.0001 **

D2 29.38 1 29.38 60.65 <0.0001 **

Residual 6.78 14 0.4845

Lack of Fit 5.29 10 0.5291 1.42 0.3936

Pure Error 1.49 4 0.373

Cor Total 133.01 28 R2 = 0.9490 R2
Adj = 0.8980

Note: in the table, * represents significant difference (P < 0.05), and ** represents extremely significant difference (P < 0.01).
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Fig. 2 Response surface plots representing the effect of extraction parameters on extraction yield. (A) Ethanol concentration and liquid–

solid ratio; (B) Ethanol concentration and time; (C) Ethanol concentration and temperature; (D) Liquid-solid ratio and time; (E) Liquid-

solid ratio and temperature; (F) Time and temperature.

Fig. 3 (A) Adsorption and desorption of polyphenols from wine residue by 4 resins; (B) FT-IR spectra of D101 purification sample.

Different letters represent the significant difference (P < 0.05).
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3.5.1. Phenolic acid and its derivatives

In total, 12 compounds (Table 5) were compared with the LC-
MS database for retention time (RT), molecular weight, and
m/z of molecules. Based on matches with an LC-MS library,

three of them were characterized as flavanols (Zhuang et al.,
2018; Jang et al., 2018; Kumar et al., 2017), compound 4
(RT 0.94 min, m/z 338.98837), compound 14 (RT 5.204 min,
m/z 463.0813), compound 11 (RT 4.256 min, m/z 463.09106),

compound 17 (RT 12.795 min, m/z 609.50897) and compound
16 (RT 9.211 min, m/z 269.04517) were identified as quercetin,
rutin, isoquercitrin, quercetin 3-galactoside and apigenin,
respectively. One compound were characterized as isoflavones,

and compound 9 (RT 1.418 min, m/z 227.06668) was identified
as resveratrol. Two compounds were identified as phenolic



Table 5 Identification and speculation of compounds in D101 purified product.

Number RT.[min] Formula Molecular.

Weight

[M�H]�

(m/z)

Name

1 0.777 C6 H12 O7 196.05723 195.04996 Gluconic acid

2 0.851 C4 H6 O5 134.02019 133.01291 Malic acid

3 0.871 C15H14O7 306.06937 305.06232 (-)-Epigallocatechin

4 0.94 C15H10O7 302.03977 338.98837 Quercetin

5 1.171 C6 H8 O7 192.02601 191.01874 Citric acid

6 1.263 C15H12O5 272.06428 271.05698 Naringenin

7 1.299 C6 H6 O6 174.01535 173.00807 trans-Aconitic acid

8 1.405 C4H6O4 118.02517 117.01789 Succinic acid

9 1.418 C14H12O3 228.0742 227.06668 Resveratrol

10 3.093 C7H6O4 154.02545 153.01817 Gentisic acid

11 4.256 C21H20O12 464.09834 463.09106 Quercetin 3-galactoside

12 4.54 C15H14O6 290.07899 289.07172 Epicatechin

13 4.753 C7H6O4 154.02545 153.01817 Protocatechuic acid

14 5.204 C21H20O12 464.08858 463.0813 Isoquercitrin

15 6.78 C15H10O7 302.07857 301.07129 Hesperetin

16 9.211 C15H10O5 270.05244 269.04517 Apigenin

17 12.795 C27H30O16 610.51625 609.50897 Rutin

18 12.804 C18 H32 O2 280.23966 279.23239 Linoleic acid

19 13.502 C18 H34 O2 282.25524 281.24796 Oleic acid
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acids, compound 10 (RT 3.093 min, m/z 153.01817), com-
pound 13 (RT 4.753 min, m/z 153.01817) were identified as

gentian acid and protocatechuic acid, respectively. Two com-
pounds were characterized as flavanones, compound 6 (RT
1.263 min, m/z 271.05698) and compound 15 (RT 6.78 min,

m/z Hesperetin) were identified as naringenin and hesperetin,
respectively. Two compounds were presumed to be flavanols
(Luo et al., 2020; Elez Garofulic et al., 2018), compound 12

(RT 4.54 min, m/z 289.07172), compound 3 (RT 0.871 min,
m/z 305.06232) were identified as epicatechin and (-)-
epicallocatechin.

3.5.2. Organic acid and its derivatives

Seven compounds were identified as organic acids and their
derivatives. Among them, Compound 1 (RT 0.777 min, m/z
195.04996) was tentatively characterized as gluconic acid.

Compound 7 (RT 1.299 min, m/z 173.00807) was identified
as trans-aconitic acid. Compound 5 (RT 1.171 min, m/z
191.01874) was roughly speculated as citric acid. Compound

8 (RT 1.405 min, m/z 117.01789) was presumed to be succinic
acid. Compound 2 (RT 0.851 min, m/z 133.01291) was identi-
fied as malic acid. Compound 18 and 19 (RT 12.804 and

13.502 min, m/z 279.23239 and 281.24796) were identified as
linoleic acid and oleic acid, respectively.

3.6. In vitro antioxidant activity

Four antioxidant modes including DPPH radical scavenging
activity, ABTS+ radical scavenging activity, hydroxyl radical
scavenging ability and chelating rate of ferrous ion were cho-

sen to evaluate the antioxidant capacity of C. cicadae polyphe-
nol extracts.

The purified polyphenols showed much higher DPPH rad-

ical scavenging activity than the crude extracts, as revealed in
Fig. 4A. The DPPH radical scavenging activity of the purified
samples reached 45.36 ± 1.530% when the concentration of
the polyphenol extract was 1 mg/mL. However, the activity

of the crude sample was only 21.97 ± 1.610% at the same con-
centration. The DPPH radical scavenging activity of the puri-
fied sample (IC50 = 1.05 ± 0.015 mg/mL) was significantly

higher than that of the crude sample (IC50 = 1.35 ± 0.028 m
g/mL) (P < 0.05, Table 6).

ABTS+ radical scavenging activity of the crude sample

(IC50 = 1.13 ±0.021 mg/mL) was higher than that of the puri-
fied sample (IC50 = 1.02 ± 0.014 mg/mL) (P< 0.05, Table 6).
The ABTS+ radical scavenging activity of the purified sample
was clearly higher (P< 0.05) than that of crude samples with a

concentration dependence (Fig. 4B). In general, the tendency
was almost the same as that of the DPPH radical scavenging
activity.

The hydroxyl radical scavenging ability of all samples is
shown in Fig. 4C. The results indicated that the scavenging
ability of the crude samples (47.33 ± 2.101%) was significantly

higher than that of the purified samples (66.37 ± 2 0.509%) at
a concentration of 1 mg/mL. The IC50 of the crude sample
(IC50 = 1.02 ± 0.031 mg/mL) was found to be higher than
that of the purified sample (IC50 = 0.64 ± 0.012 mg/mL) or

VC (IC50 = 0.24 ± 0.011 mg/mL) (Table 6).
The Fe2+-chelating activity of the crude samples and

purified samples were evaluated (Fig. 4D). Both samples

exhibited good concentration-dependent ferrous ion-
chelating ability. The chelating potential increased with
increasing concentration up to 1 mg/mL, and the purified

samples were always stronger for than crude ones. At
1 mg/mL, the chelating potential of purified sample, crude
sample, and EDTA were 67.13 ± 2.452%, 48.5 ± 2.054%

, and 99.67 ± 0.448%, respectively. Among the different
samples tested, the purified samples showed higher ferrous
ion chelating activities with low IC50 values as 0.626 ± 0.
002 mg/mL (P < 0.05, Table 6).



Fig. 4 Antioxidant activity of polyphenols samples from C. cicadae. (A) Scavenging activity to DPPH, (B) scavenging activity to

ABTS+, (C) scavenging activity to �OH and (D) Chelating rate of ferrous ion. Different letters represent the significant difference

(P < 0.05) at the same concentration for different samples. The letter ‘a’ represents the highest value.

Table 6 IC50 values of polyphenol sample from C. cicadae in antioxidant properties.

Sample IC50 value (mg/mL)

DPPH scavenging activity �OH scavenging activity ABTS+ scavenging activity Ferrous ion chelating activity

Crude extract 1.35 ± 0.028a 1.02 ± 0.031a 1.13 ± 0.021a 1.012 ± 0.026a

Purifcation 1.05 ± 0.015b 0.64 ± 0.012b 1.02 ± 0.014b 0.626 ± 0.002b

Vc 0.34 ± 0.008c 0.24 ± 0.011c 0.18 ± 0.019c 0.272 ± 0.003c

IC50 value is half maximal inhibitory concentration. Data were presented as the mean value (n = 3). Mean with different letters in a row are

significantly different (P < 0.05).
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3.7. Anti-aging activity of purified polyphenols in vivo

3.7.1. Concentration range for in vivo screening of polyphenols in
C. Elegans

C. elegans has strong fecundity and can quickly consume the
supply of E. coli in a limited resource space. Therefore, the

appropriate polyphenols concentration can be estimated by
the consumption rate of food sources. To efficiently assess
the anti-aging and anti-stress capacity of C. cicadae polyphe-

nols, we first determined the appropriate concentrations of
polyphenols used to maintain C. elegans. As shown in Fig. 5,
C. elegans were exposed to 1.5–3 mg/mL of polyphenols that
delayed the food clearance. When the polyphenol concentra-

tion was 0–0.5 mg/mL, the values decreased rapidly after
polyphenol treatment according to the change in absorbance

of the control group, indicating that this concentration was
more suitable for the growth of worms. For polyphenols, the
optimal concentration for C. elegans was below 0.5 mg/mL

and was selected for the following tests.

3.7.2. Longevity analysis

Age-synchronized adult wild type N2 worms were fed with

polyphenols (0.125, 0.25, 0.5 mg/mL) for their lifetime. The
results showed that polyphenols significantly prolonged the
lifespan of C. elegans, compared with those of the control

group (P < 0.05) (Fig. 6A). The high-dose group exhibited a
positive effect of delaying aging with a maximum lifespan of
28 days, increasing the mean and median lifespan of C. elegans



Fig. 5 The OD of E. coli is reported daily for each concentration

of C. cicadae polyphenols.
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by 27.66% and 20.12%, respectively. The medium-dose group
treatment also increased the mean lifespan of worms by
Fig. 6 Effects of C. cicadae polyphenols on the lifespan of wild type C

SOD, CAT activity and (D) MDA levels acute thermal stress-treated

P < 0.01 as compared to control; * P < 0.05 as compared to the acute

stress group.
23.54% and 26.32%, with corresponding value of 19.18%
and 21.79% for the low-dose group (Table 7). This result sug-
gests that polyphenols might delay aging of wild type worms

under normal cultural condition.

3.7.3. Effects of polyphenols on reproduction in C. elegans

Fig. 7A presents the results for the duration of reproduction of

the F1 generation. On day 2, the three treatments led to an
increase in the total progeny. Moreover, we found that the
duration of reproduction of worms in the high dose group

was significantly increased on the day 2 compared to the con-
trol (P < 0.001). On the day 3 to 6, it also led to an increase in
total progeny for all three treatments although there was no

significant difference (P > 0.01). Interestingly, the total pro-
geny within 6 days were significantly (0.125 and 0.25 mg/
mL) or extremely significantly (0.5 mg/mL) higher than that

the control (0 mg/mL). The results suggested that polyphenols
could enhance the reproductive capacity of worms.

3.7.4. Motility measurement

Motility is a measure of muscle integrity and its measurement
has a direct impact on quality of life. We found that N2 cul-
. elegans, (A) 20 �C, (B) 37 �C; Effects of polyphenol (C) GSH-Px,

C. elegans. Data were presented as means ± S.D. (n = 3). ##

thermal stress group; **P < 0.01 as compared to the acute thermal



Table 7 Effect of polyphenol on the lifespan of C. elegans.

Group

(mg/mL)

Mean lifespan Maximum lifespan Median lifespan

37 �C 20 �C 37 �C 20 �C 37 �C 20 �C

Control 8.27 ± 0.62b 15.80 ± 1.15b 13.67 ± 0.47c 23.67 ± 0.47b 9.88 ± 0.16c 16.34 ± 0.91c

0.125 10.31 ± 0.19a 18.83 ± 0.36a 14.67 ± 0.47bc 27.00 ± 0.00a 10.89 ± 0.17b 19.90 ± 0.35b

0.25 11.36 ± 0.71a 19.52 ± 0.75a 15.00 ± 0.00ab 27.67 ± 0.47a 11.11 ± 0.45b 20.64 ± 0.80ab

0.5 11.25 ± 0.16a 20.17 ± 0.59a 16.00 ± 0.82a 28.00 ± 0.00a 11.83 ± 0.21a 21.12 ± 0.46a

Note: 37 �C: hours, 20 �C: days.
Date were expressed as means ± standard deviation (n = 3). Mean with different letters in a row are significantly different (P < 0.05).

Fig. 7 (A) Percent of per motility class of N2 cultured with or without polyphenols on day 1, day 5, day 8, and day 12; (B) Effect of

polyphenols on reproduction of N2. **P < 0 01, ***P < 0 001.
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tured with 0.5 mg/mL polyphenols were able to maintain bet-

ter locomotion than the control group (Fig. 7B). At day 12,
40% of N2 incubated with 0.5 mg/mL polyphenols still
belonged to Class A, but only 10% of the control group

remained in Class A. All these results indicate that polyphenols
enhance the ability of worms to maintain a considerably high
level of muscle integrity.

3.7.5. Effect of purified polyphenol on the lifespan of C. elegans
with thermal stress

From Table 7 and Fig. 6B, it can be seen that the mean lifes-

pan, maximum and median lifespan of C. elegans in all dose
groups of purified polyphenols were prolonged after polyphe-
nol treatment. Comparatively, the most significant effect was
observed in the high dose treatment group (P < 0.05). Com-

pared with the blank control group, the mean lifespan, maxi-
mum lifespan, and median lifespan of the high dose
treatment group were prolonged by 36.03%, 17.04% and

19.74%, respectively. From the above results, it can be seen
that polyphenols of C. cicadae have a certain therapeutic effect
on heat stress in C. elegans, and this therapeutic effect obvi-

ously extended the lifespan of C. elegans.

3.7.6. Effect of purified polyphenol on antioxidant-related
enzymes of C. elegans under thermal stress

In fact, oxidative damage caused by excessive ROS has an
accelerating effect on the body’s aging process. Fortunately,
common antioxidative enzymes, such as SOD, CAT and
GSH-Px, constitute the body’s first line of defense against for-

eign oxidative damage by scavenging excessive ROS, and thus
delay aging processes (Zhu et al., 2020). Herein, we studied the
effect of C. cicadae polyphenols on antioxidant-related

enzymes in C. elegans under acute thermal stress. As indicated
in Fig. 6C, prior treatment of C. elegans with polyphenols dra-
matically increased their SOD activities under acute thermal
stress from 31.74 U/mg protein to 34.71, 42.10, 46.72 U/mg

protein (0.125, 0.25 and 0.5 mg/mL of polyphenols, respec-
tively) (P < 0.05). Likewise, the activities of CAT and GSH-
Px were significant increased in all pretreated C. elegans groups

compared to the group under acute thermal stress (P < 0.05).
Furthermore, a significant increase was observed in the MDA
levels in C. elegans exposed to 37 �C (144.37%) (P < 0.05).

However, pretreatment with polyphenols significantly
decreased the up-regulated levels of MDA in a dose-
dependent manner (P < 0.05) (Fig. 6D). MDA is a product

of free radicals reactions, which directly indicates the degree
of oxidation in C. elegans (Tian et al., 2006). This result sug-
gests that C. cicadae polyphenols are able to protect C. elegans
from acute thermal stress by reducing lipid peroxidation prod-

ucts and enhancing the activities of antioxidant enzyme.

3.8. Inhibitory effect of polyphenols on oxidative DNA damage

In the present study, the capacity of C. cicadae polyphenols in
preventing hydroxyl radical-induced oxidative DNA damage
was evaluated. As shown in Fig. 8, in the absence of Fe2+



Fig. 8 Inhibitory effect of the purified C. cicadae polyphenols on
�OH induced DNA damage. (A) DNA electrophoretic analysis.

Lanes 1 and 2 were the normal DNA and treated with 1 mM

FeSO4 and 1 mM H2O2, respectively. Lanes 3–5 were treated with

various concentrations of polyphenols (0.1, 0.2 and 0.4 mg/mL).

(B) Statistics of relative content of superhelix DNA. Data were

presented as means ± S.D. (n = 3). ## P < 0.01 as compared to

control; **P < 0.01 as compared to the oxidative induction group.

+induction, �no induction.
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and H2O2, plasmid DNA was mainly in the form of super-
coiled (Fig. 8A, lane 1). After incubation with Fe2+ and
H2O2 (Fig. 8A, lane 2), the supercoiled form of DNA was con-

verted into the relaxed cyclic or linear form, suggesting that the
hydroxyl radical generated by the Fenton reaction induced
DNA breaks. Adding polyphenols at concentrations of 0.1,

0.2 and 0.4 mg/mL, significantly reduced the DNA damage
in a dose-dependent manner (Fig. 8A, lanes 3–5). The propor-
tion of superhelical DNA was further analyzed by statistical

electrophoresis. The results also visually reflected the signifi-
cant protective effect of C. cicadae polyphenols against plas-
mid DNA oxidative damage (P < 0.01) in an obvious dose-
dependent manner (Fig. 8B).

4. Discussion

The application of effective extraction procedures should
achieve the maximum recovery and minimum degradation of
the target bioactive compounds (Živković et al., 2018). Ultra-
sonic assisted extraction has been widely used in the extraction

of phenolic compounds because of its low cost and high effi-
ciency (Bouaoudia-Madi et al., 2019). It is reported that the
extraction rate of phenolic compounds was affected by many

factors, including solid solution ratio, extraction time and tem-
perature (Gao and Wang, 2021). When multiple variables
affect the output, response surface method (RSM) is a suitable

technology for the optimization process (Famuwagun et al.,
2017). Therefore, RSM method was used in this study to deter-
mine the effects of ethanol concentration, extraction time,
extraction temperature, and liquid–solid ratio on the content

of polyphenols in C. cicadae. The polyphenol content
(21.9 mg/g) extracted by the present method was significantly
higher than the reported extraction rate (2.46 mg/g), which

was extracted from rye bran by UAE (Iftikhar et al., 2020).
In polyphenol extraction from C. cicadae, UAE resulted in a
75% increase in polyphenol content (from 12.5 mg/g to

21.9 mg/g) and a significant decrease in extraction time (from
60 min to 49 min) compared to that reported by Yin et al.
(2017).

The purification method of macroporous adsorption resin
is to separate and purify polyphenols and other substances
from samples by the adsorption and desorption properties of
resin (Dong et al., 2021). Through adsorption and analytical

experiments, we chose D101 to purify polyphenols. The con-
tent of purified polyphenol (9.66%) was 2.3 times higher than
that of crude polyphenol (4.13%). The results were similar to a

study carried out by Guo et al. (2019), in which the concentra-
tion of fungus suillus polyphenols purified by D101 was
increased from 0.54 ± 0.02 to 4.89 ± 0.11 mg/g, with 3.5 times

more polyphenols than that crude extract.
Twelve phenolic acids were identified by LC-MS. Several

polyphenolic compounds were also detected in other edible
mushrooms. For example, Moghaddam et al. (2019) identified

ferulic acid, gallic acid, and myricetin compounds in some edi-
ble and medicinal mushrooms from Turkey, and Sulkowska-
Ziaja et al. (2012) detected protocatechuic acid, p-

hydroxybenzoic acid, and vanillic acid in polyporoid mush-
rooms from Poland. Our study found that alcohol extract of
C. cicadas contain flavonols, flavanols, flavones, and isofla-

vones, all of which are all flavonoids with different degrees
of heteroepoxidation (Scalbert et al., 2005). Phenolic acids
and flavonoids are considered to be the major contributor to
antioxidant activity (Chang et al., 2017; Li et al., 2012; Yang

et al., 2015). In vitro experiments showed that the polyphenol
extract of C. cicadae had the ability to scavenge DPPH,
ABTS+, �OH free radicals and chelating ferrous ions. These
free radicals are primarily inhibited by antioxidant com-

pounds, such as phenolic acids and flavonoids, by donating
electrons and hydrogen atoms to these harmful free radicals
(Ampofo and Ngadi, 2020). For example, Ioku et al. (2001)

found that quercetin 4-O-b-glucoside and quercetin 3, 4-O-b-
glucoside from onion polyphenols have strong antioxidant
effect. Yan et al. (2002) showed that flavonols in cranberry

have strong DPPH scavenging ability and their scavenging
effect is superior to that of the antioxidant VE. Therefore,
the antioxidant capacity of C. cicadae polyphenols in vitro
may be related to the presence of these phenolic acids. In addi-

tion, our study found purified polyphenols had stronger
antioxidant capacity in vitro. The results were similar to a
study carried out by Guo et al. (2019). Furthermore, our

results suggest that under certain conditions may promote
the release of other compounds of the matrix that are different
from the polyphenolic compounds, such as linoleic acid, oleic

acid and other organic acids. Their interactions in solution
affect the antioxidant ability (Wei et al., 2014).

In fact, oxidative damage caused by excessive ROS can

accelerate the aging process of human body. The longevity
of nematodes may be caused by two reasons: i) polyphenols
of C. cicadae can remove excess environmental reactive oxygen
species, which usually leads to rapid aging and death of nema-

todes (Zhang et al., 2019); ii) Polyphenols are a kind of antiox-
idant substances which may enhance the activity of
antioxidant enzymes in nematodes. In vitro experiments, it

has been confirmed that polyphenols have DPPH, ABTS,
and �OH scavenging abilities. To clarify the underlying mech-
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anisms of C. cicadae polyphenols in prolonging the life span of
nematodes under heat stress, we studied whether it had effects
on the levels of SOD, CAT, and GSH-Px in nematodes. Our

results showed that the activity levels of three enzymes were
increased in C. elegans, which was consistent with their sur-
vival rate during heat stress. The addition of C. cicadae

polyphenols can significantly reduce the level of MDA under
heat stress, indicating that it may reduce the degree of lipid
peroxidation by reducing the level of ROS. Similar studies also

showed that blueberry polyphenols significantly improved the
antioxidant capacity of C. elegans under heat stress, thus
improving the longevity of C. elegans (Wilson et al., 2006).
Anthocyanins from purple wheat not only have high DPPH

radical scavenging activity and strong antioxidant protective
capability in vivo, but also extended the average lifespan of
wild type C. elegans by 10.5% (Chen et al., 2003).

The fecundity of C. elegans was also significantly increased
when worms were incubated with 0.5 mg/mL of polyphenols.
This result seems to be somewhat contradictory to previous

studies that suggest a trade-off between survival and fitness
in life-extending interventions. It has been found that long-
lived C. elegans can reduce egg production, and that ablation

of germ-line precursor cells leads to increased lifespan in C.
elegans (Hsin and Kenyon, 1999). Resveratrol increases both
the mean and maximum lifespan in C. elegans but causes a sig-
nificant reduction in fertilization rate during the early gravid

period (Gruber et al., 2007). However, there may be other
trade-offs for longevity, such as between increased lifespan
and decreased pharyngeal pumping rates when worms were

cultured with blueberry polyphenols (Joseph et al. 1999). How-
ever, we also had the opposite result, with C. cicadae polyphe-
nols extending lifespan without reducing motility. This further

supports to the findings of Oh et al. (2015) who showed that
hat N-acetyl-L-cysteine and extracts from Tenebrio molitor
extended the lifespan of C. elegans and simultaneously

improved the fertility, and Zhang et al. (2019) who found that
lycium barbarum polysaccharide can increase the lifespan of C.
elegans while enhancing reproductive potential and maintain
muscle integrity. Therefore, it seems reasonable that C. cicadae

polyphenols prolong the lifespan of C. elegans without reduc-
ing fertility and muscle integrity. There may be other trade-offs
that need to be further examined in future studies.

Fenton reaction can induce the production of hydroxyl rad-
icals (Halliwell, 1991). Free radicals damage DNA strands,
resulting in DNA base modifications, DNA site mutations,

DNA duplex distortion and other forms of DNA oxidative
damage, which has been suspected to be a major cause of can-
cer (Chandrasekara and Shahidi, 2011; Meira et al., 2008). C.
cicadae phenolics may protect superhelical plasmid DNA from

hydroxyl radicals by suppressing the reaction of Fe2+ with
H2O2 or by directly quenching hydroxyl radicals by donating
hydrogen atoms or electrons (Wang et al., 2015). The second

mechanism is the capacity of phenolic extracts to scavenge
hydroxyl radicals generated in the system. In a previous study
we showed that C. cicadae phenolic extracts could effectively

chelate ferrous ions as well as scavenge hydroxyl radicals in
the in vitro system. Therefore, the results obtained in this study
could be due to a multifactorial effect of all possible inhibitory

activities aforementioned, hence suggesting that the C. cicadae
phenolics are effective against DNA cleavage mediated by
hydroxyl radicals. This further supports the findings of
Wang et al. (2017), who showed that the higher accumulation
of polyphenolics was intended to enhance the protection of
supercoiled DNA. In the present study, the C. cicadae pheno-
lics showed higher protective effects for supercoiled DNA. It is

thought that the C. cicadae phenolics inhibits oxidative DNA
damage and prevent the development of cancer.

5. Conclusion

In this study, UAE was successfully applied to extract
polyphenols from C. cicadae and BBD was used to optimize

the extraction variables. As a result, the following optimal con-
ditions were determined: ethanol concentration 55%, solid-to-
liquid ratio 29 g/mL, extraction time of 39 min and extraction

temperature of 69 �C. Under these optimal conditions, the
maximum extraction rate was 21.9 mg GAE/g DW. The
adsorption/desorption capacities of the four resins were exam-

ined, and the D101 resin was found to have good adsorption
and desorption ratios for the purification of C. cicadae
polyphenols. In addition, 19 compounds were identified by
LC-MS. Furthermore, their in vitro antioxidant activities

and anti-aging properties were evaluated on C. elegans. The
results showed that C. cicadae polyphenols exhibited strong
antioxidation properties in vitro and anti-aging properties

in vivo. Finally, the protective effect of polyphenols against
oxidative DNA damage was investigated. This result indicated
that C. cicadae polyphenols have a good inhibitory effect on

DNA oxidative damage, suggesting C. cicadae are a valuable
source of polyphenols.
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