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W N e

Abstract: (1) Background: The extraction parameters can dramatically alter the extraction rate and
biological activity of polysaccharides. (2) Methods: Here, an enzyme-assisted extraction (EAE) was
employed to extract D. officinale polysaccharides (DOPs), and its optimal extraction conditions were
established by single-factor and Box-Behnken design (BBD) experiments. Further, on the basis of
in vitro antioxidant capacity, the paraquat (PQ)-induced oxidative stress of Caenorhabditis elegans
(C. elegans) was chosen as a research model to explore the antioxidant activity of DOPs. (3) Results:
The results showed that the extraction yield of DOPs reached 48.66% =+ 1.04% under the optimal
condition. In vitro experiments had shown that DOPs have considerable ABTS* radical scavenging
capacity (EC50 = 7.27 mg/mL), hydroxyl radical scavenging capacity (EC50 = 1.61 mg/mL), and
metal chelating power (EC50 = 8.31 mg/mL). Furthermore, in vivo experiments indicated that
DOPs (0.25 mg/mL) significantly prolonged the lifespan, increased antioxidant enzyme activity, and
upregulated the expression of daf-16 (>5.6-fold), skn-1 (>5.2-fold), and sir-2.1 (>2.3-fold) of C. elegans.
(4) Conclusions: DOPs can be efficiently extracted by EAE and are effective in the reduction of
oxidative stress levels in C. elegans.
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1. Introduction

Oxidative stress is when the relative balance of reactive oxygen species (ROS) in the
body becomes disturbed [1,2]. It can be the result of internal or external stimuli which have
a damaging effect on biological macromolecules, such as proteins and nucleotides [3,4].
Scavenging excess ROS has been shown in several studies to reduce oxidative stress and
delay the onset and progression of aging and related diseases [5].

Natural polysaccharides are considered to be promising in reducing oxidative stress
injury [6]. Polysaccharides are known to have a wide range of biological activities, includ-
ing anti-aging, immunomodulatory, hypolipidemic, hypoglycemic, and anti-tumor [5,7].
Notably, polysaccharides are well-absorbed by the body as well as being naturally biocom-
patible and non-toxic [8]. At present, the research on the antioxidant activity of natural
polysaccharides is mainly focused on their ability to scavenge free radicals in vitro and their
effects on the endogenous enzyme system against oxidative stress in vivo. The antioxidant
activity of natural polysaccharides in vitro should be based on different antioxidant mecha-
nisms and evaluated by different antioxidants, such as the radical scavenging rate, reducing
power, and chelating capacity [9]. The study of antioxidation in vitro is simple and rapid,
and the results can provide some reference for the study of antioxidation in vivo. On the
other hand, natural polysaccharides alleviate oxidative stress in the body by regulating
endogenous enzyme activities, mainly consisting of superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GSH-Px) [10].
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Caenorhabditis elegans (C. elegans), Drosophila, and mammals are commonly used model
organisms to study the mechanisms of oxidative stress mitigation. Among these, C. elegans
has become an effective model for exploring potential mechanisms of oxidative stress and
evaluating the antioxidant effects [11,12]. It has the advantages of being autotrophic, a
short lifecycle, easy to cultivate, free from ethical restrictions [12,13], and 60~80% of genes
shared with humans, including 12 signaling pathways [14,15]. In C. elegans, the oxidative
stress-related insulin/IGF-1 signaling (IIS) pathway and the Nrf2 system are conserved,
structurally and functionally [16-19]. Endogenous antioxidant enzymes enhance the ox-
idative stress barrier to ROS through the mediation of transcription factors (SKN-1 and
DAF-16) [20,21]. In addition, enzyme expression at the mRNA level can be monitored by
RNAI strains or qRT-PCR [22,23].

Dendrobium officinale Kimura et Migo (D. officinale) is an orchid plant with both medici-
nal and edible uses. D. officinale contains many bioactive components, including polysac-
charides, polyphenols, flavonoids, and alkaloids, among which polysaccharides (DOPs) are
the main one [24-26]. Zeng et al. [27] reported that DOPs reduced H,O;-induced apoptosis
in human gastric mucosal epithelial cells by decreasing ROS levels and improving cell
nuclear morphology. Huang et al. [28] found oxidative stress-alleviating activity of DOPs
in cyclophosphamide-induced mice.

Historically, dendrobium polysaccharides have been prepared via hot water extrac-
tion, but it is an energy-intensive and time-consuming procedure. Therefore, ultrasonic,
microwaves, acids, bases, and enzymes are used to assist extraction to improve extraction
efficiency [26]. Enzyme-assisted extraction (EAE) is a gentler method than other extraction
methods and is effective in breaking down cell walls and proteins to facilitate the release of
polysaccharides. In past reports, cellulase-assisted extraction of DOPs has been demonstrated
to enhance anti-inflammatory activity [29] and in vitro antioxidant activity [30]. Furthermore,
it was found that complex enzymes (cellulose, papain, and pectinase)-assisted extraction
enhanced the in vitro antioxidant activity of Astragalus polysaccharides [31]. Crude green
tea polysaccharides exhibited effective hypoglycemic effects when extracted with the assis-
tance of complex enzymes (cellulase, pectinase, and glucanase) [32]. The use of complex
enzymes to extract DOPs and explore their role in alleviating oxidative stress damage is of
great significance for the development of novel polysaccharide-based antioxidants.

In the current work, cellulase and papain were used to extract DOPs to improve the
extraction efficiency of DOPs. A single-factor method and Box-Behnken design (BBD) were
used to optimize the extraction conditions, such as extraction time, extraction temperature,
enzyme concentration (E/S, enzyme weight: material weight), pH, and the ratio of liquid to
material. Afterwards, the surface morphology of enzymatically extracted DOPs was char-
acterized using scanning electronic microscopy (SEM). In addition, the in vitro antioxidant
capacity of DOPs was evaluated by the ABTS* radical rate, the hydroxyl radical scavenging
rate, and the metal chelating power. Furthermore, their oxidative stress-relieving activity
and the related mechanism were investigated using C. elegans under paraquat (PQ)-induced
oxidative stress.

2. Results and Discussion
2.1. Single-Factor Experimental Analysis

The effect of E/S on the extraction yield of polysaccharides is shown in Figure 1A.
The extraction rate gradually increased from 38.02% =+ 0.78% to 44.36% =+ 0.40% with
E/S increasing from 1% to 3%, and then leveled off, indicating that the polysaccharide
dissolution of D. officinale reached the maximum degree when E/S was 3%. Figure 1B shows
the effect of extraction time on the polysaccharide extraction yield. In the range of extraction
time from 1 to 3 h, the extraction rate significantly increased, from 34.16% =+ 2.30% to
43.66% £ 1.04%, after which the yield reduced to 41.94% =+ 1.15%. Clearly, the extraction
rate reached a maximum when the extraction time lasted for 2 h. In order to reduce the
waste of resources and time, the extraction time was set to 2 h in subsequent experiments.
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Figure 1. DOPs extraction yield at different (A) E/S, (B) extraction times, (C) extraction temperatures,
(D) pH, and (E) liquid—-material ratios. Extraction yield results were reported as means & SD, and the
bars with various letters (a—d) showed statistically significant differences (p < 0.05).

Figure 1C depicts that the extraction temperature plays a positive role in improving
the extraction yield. The extraction rate was 29.69% =+ 0.91% at 45 °C, and then reached
40.41% £ 1.05% at 60 °C. It was agreeable with some previous studies that polysaccha-
rides were difficult to release and dissolve at low temperatures [33,34]. Although high
temperatures (78~100 °C) were favorable for collecting polysaccharides, too high tempera-
tures might lead to degrading polysaccharides and further affect their chemical properties
and biofunctions [29]. Thus, the optimum extraction temperature might be around 60 °C
for EAE.

As shown in Figure 1D, the extraction rate obviously increased as the solvent pH
climbed from 5 to 6. However, there was no marked difference at pH 5.5-6.5, even though
the extraction rate reduced to 40.84% =+ 1.99% at pH 7, the main reason for which was that
acids and bases were usually used to enhance the release and solubilization of polysac-
charides during extraction [35]. Additionally, the pH could influence the enzyme activity
in this study, which was consistent with a reported conclusion [36]. Furthermore, ac-
cording to Figure 1E, the extraction yield was significantly (p < 0.05) lower when the
liquid—-material ratio was less than 60 mL/g, and the optimal liquid-material ratio was
probably around 80 mL/g.

The results of single-factor experiments demonstrated that the extraction temperature,
pH, and the liquid-material ratio had greater effects on the yield of DOPs. This was
consistent with the results of the factors influencing the cellulase-assisted extraction of
polysaccharides from Auricularia auricula [37]. However, it was inconsistent with that of
Pan et al. [29], who showed a more pronounced effect of pH and enzyme amount on the
extraction yield, which might be due to different sample species and enzyme types [35].
Further optimization studies were required to determine the optimal extraction conditions
for EAE extraction.

2.2. BBD Analysis

The yield of DOPs (Y) was utilized as the response values for the Box-Behnken design
experiment. Based on single-factor analysis, a total of 17 optimizations were performed
for 3 independent parameters: extraction temperature (A), liquid—-material ratio (B), and



Molecules 2023, 28, 3071

4 of 14

solvent pH (C) (Table 1). The quadratic regression model equations for the results of the
variables and the response values of the variables were obtained from the experimental

results as follows:

Y = 47.99 + 2.62A + 1.33B — (1.17C — 0.505AB — 2AC) — (—0.405BC — 2.16A2) — (4.77B2 — 3.43C2) 1)

Table 1. The response values of DOPs’ extraction.

A. Extraction

B. Liquid—Material

Extraction Yield

Temperature (°C) Ratio (mL/g) C.pH Y) (%)
1 1(70) 0 (80) 1(7.5) 41.67
2 1 0 ~1(5.5) 48.11
3 1 1(100) 0 (6.5) 43.88
4 0 (60) —1(60) 1 36.98
5 ~1(50) 1 0 37.24
6 0 0 0 48.43
7 0 -1 -1 38.41
8 0 0 0 46.74
9 -1 0 -1 39.13
10 0 1 -1 43.41
11 0 0 0 47.92
12 1 -1 0 43.75
13 -1 1 0 39.39
14 0 0 0 49.48
15 0 1 1 40.36
16 -1 0 1 40.69
17 0 0 0 47.4

The analysis of variance (ANOVA) in Table 2 revealed that the F-value was 23.83
(p < 0.0002), suggesting that the model was highly significant, while the unfitting F-value
of 1.48 (p = 0.3471) indicated a non-significant difference. In terms of the effect on extraction
yield, all the primary terms were significant (p < 0.05) in the order A > B > C. Of the
interaction terms, only AC was notable (p < 0.05). Besides, the secondary terms A;, By,
and C; all had a significant effect (p < 0.01) on the extraction rate. Additionally, a high
correlation between the variables and the response values was indicated by the coefficient of
determination (R? = 0.9684) and the adjusted coefficient of determination (Adj-R? = 0.9277).

Table 2. ANOVA for response surface quadratic model.

Source Sum of Squares df Mean Square F-Value p-Value
Model 279.85 9 31.09 23.83 0.0002
A 54.92 1 54.92 42.08 0.0003
B 142 1 14.2 10.88 0.0131
C 10.95 1 10.95 8.39 0.0231
AB 1.02 1 1.02 0.7816 0.4060
AC 16 1 16 12.26 0.0100
BC 0.6561 1 0.6561 0.5027 0.5012
A, 19.64 1 19.64 15.05 0.0061
B, 95.78 1 95.78 73.39 <0.0001
G 49.67 1 49.67 38.06 0.0005
Residual 9.14 7 1.31
Lack of Fit 4.81 3 1.6 1.48 0.3471
Pure Error 433 4 1.08

R2 = 0.9684, Adj-R? = 0.9277, C.V.% = 2.65.

Figure 2 illustrates that there was a skew in the 3D response surface plot, whose
degree of skewness is an indicator of how valid the experimental conditions are for the
findings. According to the software analysis results, the suitable extraction temperature,
liquid—material ratio, and pH were 67.794 °C, 82.31 mL/g, and 6.096, respectively, yielding
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a theoretical DOPs’ extraction rate of 49.33%. Subsequently, the experiment conditions
were rechecked, and the actual extraction rate was 48.66% =+ 1.04% (n = 3), which was in
line with the anticipated yield and not statistically different (p > 0.05).
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Figure 2. Three-dimensional (3D) response surface plots showing the effect of (A) AB, (B) AC, and
(C) BC on the extraction yield of DOPs.

The DOPs’ yield can be influenced by factors such as origin, harvesting time, and
extraction method. According to He et al. [30], the extraction method not only affects the
yield of polysaccharides, but also the appearance, chemical properties, and antioxidant
activity. It could be observed that the low viscosity of the extraction solution made it easier
to separate from the residue using the optimized extraction condition. Polysaccharides
obtained by enzymatic methods showed reduced MWs and improved bioactivities, i.e.,
probiotic, immunomodulatory, and antioxidant effects [38-40]. Therefore, further studies
on the chemical composition and antioxidant activity could verify the feasibility of the EAE.

2.3. In Vitro Antioxidant Activity of Different Concentrations of DOPs

ABTS undergoes electron transfer to produce the stable green radical ABTS*. This is
catalyzed by K;5,0g to undergo electron transfer again to produce the stable radical ABTS*,
which can be used to assess the antioxidant capacity [41]. Figure 3A shows the scavenging
ability of different concentrations of DOPs on ABTS radicals. As the concentration of
DOPs increased, the ABTS radical scavenging rate gradually increased to 39.82% =+ 0.52%
(EC50 =7.27 mg/mL).
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Figure 3. ABTS" scavenging ability (A), hydroxyl radical scavenging ability (B), and metal chelating
ability (C) for different concentrations of DOPs.

Hydroxyl radicals (-OH) are one of the types of ROS that are rapidly generated and
can persist for a long period of time. They can directly damage proteins, causing significant
damage to cells [42]. Thus, resistance to oxidative stress damage can be implied in in vitro
experiments. As shown in Figure 3B, the scavenging ability of DOPs for hydroxyl radicals
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became stronger with the increasing concentration (EC50 = 1.61 mg/mL). At a concentration
of 5 mg/mL of DOPs, the scavenging rate was as high as 96.95% == 1.33%, which was not
significantly different from Vc at the same concentration. Compared to the scavenging
ability of ABTS" radicals, DOPs showed a stronger scavenging ability of hydroxyl radicals.

Through the Fenton reaction, Fe>* promotes the oxidation of lipids by splitting hy-
drogen and lipid peroxides to form reactive free radicals [43]. Ferrozine, a quantitative
Fe?* chelator, interferes with complex formation, resulting in a reduction in complex red
color. Therefore, the reduction in color can be measured to assess the metal chelating
activity of the coexisting chelator. As can be seen in Figure 3C, the metal chelating capacity
of the DOPs decreased with increasing concentrations in relation to the positive control
(EC50 = 8.31 mg/mL).

Free radicals are unstable groups of atoms. They constantly take electrons from other
atoms and cause oxidation reactions. The ABTS radical scavenging ability of the DOPs
was in agreement with that reported by Zhang et al. [44], while the hydroxyl radical
scavenging ability was significantly higher. On the one hand, this may be due to differences
in extraction methods, with enzyme-assisted extraction reported to enhance the antioxidant
capacity of polysaccharides [30,31]. More importantly, this means that DOPs have the
ability to scavenge ROS and to increase the activity of the SOD enzyme in vivo.

2.4. Effect of DOPs on the Longevity of Oxidative Stress Worms

When the stockpile of oxidation products is overwhelmed, a high amount of oxidative
stress may trigger unintended harm [45]. As shown in Figure 4, worms in the negative
control group showed significant mortality after one hour of stress. The survival rate of the
low and medium DOPs (0.25, 0.5 mg/mL) was still as high as 50% after four hours of stress,
while the survival rate of the negative control and high-concentration groups was only
about 25%. It can be seen that high concentrations of DOPs lost their mitigating effect on PQ-
induced oxidative stress. As shown in Table 3, the maximum survival time of nematodes
in the negative group was 9 h, and the mean survival time was only 3.57 £ 0.5h. All
concentrations of DOPs significantly increased the mean survival time of worms under PQ-
induced oxidative stress, extending the maximum survival time to 10 h. DOP (0.5 mg/mL)
significantly prolonged the mean survival time of nematodes to 5.37 &+ 0.49 h, with a
median survival time of 3.88 £ 0.47 h. However, in the high DOPs (1.0 mg/mL) group,
worms only had a mean survival time of 3.88 4= 0.47 h and a median survival time of
3 £ 0.61 h (p > 0.05). These results demonstrate that DOPs have a protective effect against
PQ-induced oxidative stress.

100% - —— Negtive control
. —— DOP(0.25 mg/mL)
& 75%
= *— DOP(0.5 mg/mL)
e =
g | ——  DOP(1.0 mg/mL)
2 50%-
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o ]
© 25%- i —_—
o
—]
00/0 L] L] T L] L] L] L] T
o 1 2 3 4 5 6 7 8 9
Time(h)

Figure 4. The effects of DOPs on the lifespan assay of C. elegans under PQ stress conditions.
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Table 3. The effects of DOPs on the lifespan of C. elegans under oxidative stress conditions.

Mean Survival Time (h) Median Survival Time (h) Max (h) n

Negative control 3.57 £ 0.50 340.52 9 42
DOPs (0.25 mg/mL) 4.93 4+ 0.47 ** 54057 ** 10 38
DOPs (0.5 mg/mL) 5.37 4+ 0.49 ** 5+ 0.54 ** 10 35
DOPs (1.0 mg/mL) 3.88 £0.47* 3+£0610 10 31

Mean survival time and median survival time are presented as means 4 SD (n = 29~42). * p < 0.05, ** p < 0.01,
ns: no significance.

2.5. Effect of DOPs on Biochemical Indicators

Compared to the control group, PQ stress caused acute oxidative damage in the
worms. This was manifested at the level of biochemical indicators as a significant increase
in malondialdehyde (MDA) levels, a decrease in glutathione (GSH) levels, and a significant
decrease in SOD and CAT enzyme activities (Figure 5). These results indicated the suc-
cessful establishment of the nematode oxidative stress model. The low, medium, and high
concentrations of DOPs’ pretreatment could all alleviate the oxidative stress, with MDA
levels decreasing by 34.48%, 53.45%, and 25.86%, respectively. The CAT level in the worms
treated at low concentrations was not significantly different from the normal feeding group.
The SOD activity of the worms reached 279.90 =+ 2.47 U/mgprot and the GSH content was
38.02 & 2.97 umol/gprot under the medium-concentration DOPs’ pretreatment.
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Figure 5. (A) MDA levels, antioxidant enzyme activities, (B) GSH levels, (C) CAT, and (D) SOD in
the worms under PQ stress. Data are presented as mean £ SD (* p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001, as compared with negative control worms, # p < 0.05, ### p < 0.001, ##HHf p < 0.0001, as
compared with normal feeding group worms; ns: no significance, hereafter).

The MDA level represents the extent of free radical cell damage, while the level of
SOD and CAT activity shows the body’s ability to scavenge oxygen radicals [46,47]. The
superoxide anion can be converted into hydrogen peroxide by SOD, while the hydrogen
peroxide can be converted into oxygen by CAT, forming an antioxidant chain. Thus, they
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have been frequently employed to determine the antioxidant activity of polysaccharides
in vivo in recent years [37,48]. GSH is the major biological free radical scavenger and
antioxidant in the body, reflecting the redox status of cells [49]. The targets of oxidative
stress triggered by PQ are complex and involve the disintegration of antioxidant systems.
As a part of the adaptive response, the weakening of enzymatic (SOD, CAT activity) and
non-enzymatic (GSH levels) defenses together suggests that PQ causes a harmful imbalance
between internal reduction and oxidation. These results suggest that DOPs-feeding could
relieve oxidative stress by improving the disorganization of antioxidant defense barriers.

2.6. Effects of DOPs on the Expression of Stress-Related Genes

As evident from Figure 6, the expression levels of daf-16, skn-1, and sir-2.1 were rela-
tively lower in the negative control worms cultured under the oxidative stress conditions
generated by PQ compared to the normal feeding group. The expression of daf-16 and
skn-1 in C. elegans receiving 0.25 and 0.5 mg/mL of DOPs was significantly (p < 0.001)
upregulated compared with the negative control group and not significantly different
compared to the normal feeding group. When treated with DOPs at 0.25 mg/mL, the
expression levels of daf-16, skn-1, and sir-2.1 were 5.73-, 2.36-, and 5.20-fold more than
those of the negative control group. The DOPs (0.5 mg/mL) group showed an obvious
1.80-fold increase in sir-2.1 expression compared to the negative control group (p < 0.01).

Fekekk *ikk *kkk *kk ns

Relatively expression level of daf-16
E
N 1 N
Relatively expression level of sir-2.1

0.25 o.ls DOP (mg/mL

T T
i - 0.25 0.5 DOP (mg/mL)
+ - + + PQ (10 mM) + +

+ PQ (10 mM)

Relatively expression level of skn-1
s
1

0 T T T T
- 0.25 0.5 DOP (mg/mL)
. + PQ (10 mM)

+

Figure 6. Effects of DOPs on the expression levels of (A) daf-16, (B) sir-2.1, and (C) skn-1 of C. elegans.
Data are presented as mean + SD (n =3, ** p < 0.01, *** p < 0.001, **** p < 0.0001; # p < 0.05; ns: no
significance) of three independent experiments.

The IIS pathway is the first documented aging regulatory system, and it is a cru-
cial regulator of life activity, a process that is largely conserved between C. elegans and
humans [50,51]. In C. elegans, daf-16 and skn-1 are two classical transcription factors in-
volved in the IIS pathway [52], with the daf-16 belonging to the FoxO family of Forkhead
transcription factors and the skn-1 transcription factor being functionally and physically
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similar to human NRF-2 [53-55]. Both of them participate in the stress response and
minimize the oxidative damage in C. elegans. In addition, the sir-2.1 gene extends its
lifespan in a daf-16/FoxO-dependent manner [56]. According to our findings, DOPs’
pretreatment upregulated the expression levels of major transcription factors on the IIS
pathway in C. elegans (wildtype). Furthermore, these genes were involved in controlling
stress responses, shielding proteins from toxic stress, thereby increasing the antioxidant
capacity. More research is needed to confirm how DOPs impact the expression of oxidative
stress-related proteins and reveal the pathways that defend against oxidative stress.

3. Materials and Methods
3.1. Materials and Chemicals

D. officinale was purchased from Hangzhou Jiuxian Biological Technology Co., Ltd.
in Qiping Village, Lianhua Town, Jiande City, Hangzhou, Zhejiang, China. The fresh
Dendrobium stems were cut into small segments and dried at 60 °C until constant weight.
Then, they were crushed to 100 mesh. The C. elegans strains (N2) and Escherichia coli (OP50)
were purchased from SunyBiotech Co., Ltd. in Fujian, China. Cellulase (10,000 U/g)
and papain (200 U/mg) were purchased from Shanghai Macklin Biochemical Co., Ltd.
(Building 1, 68 Huatuo Road, Zhangjiang High Tech Park, Pudong, Shanghai, China). All
other reagents were of analytical grade and purchased commercially. Deionized water was
utilized throughout the experiment.

3.2. Single-Factor Experiment and Response Surface Analysis Optimization

EAE was carried out using a complex enzyme (cellulase mixed with papain in equal
proportions) with E/S of 4% at 50 °C for 2 h. Additionally, the extraction solvent was
distilled water and the liquid—-material ratio was 100 mL/g, with pH of 6. After the
extraction, the enzyme was inactivated in a boiling water bath for 10 min and immediately
filtered to obtain the D. officinale extract. The measurement of total sugar content was
carried out according to a previous report [37], with D-glucose as the standard. The impacts
of the liquid-material ratio (40, 60, 80, 100, 120 mL/g), extraction time (1, 1.5, 2, 2.5, 3 h),
E/S(1,2,3,4,5%), pH (5,5.5, 6, 6.5,7), and extraction temperature (45, 50, 55, 60, 65 °C)
were analyzed with D. officinale polysaccharide extraction yield as the dependent variable.

To optimize the EAE process, the Box-Behnken design was carried out based on the re-
sults of single-factor experiments. The three individual factors affecting the polysaccharide
extraction yield of D. officinale were coded as three levels (—1, 0, 1), resulting in a 17-run
experimental design (Design-expert 12 software).

DOPs were collected and low-temperature insoluble substances were removed accord-
ing to a previous report [57]. The Sevag reagent was used to deproteinize the materials, and
then the samples were sufficiently shaken to precipitate the protein layer, followed by re-
taining the supernatant after standing. This procedure was repeated until the solution was
protein-free after centrifugation. The supernatant was lyophilized to obtain refined DOPs.

3.3. Antioxidant Activity Assays of DOPs In Vitro
3.3.1. ABTS" Scavenging Activity

The ABTS* scavenging activity method was based on the reported method [58]. Here,
1.0 mL of the sample (5.0, 4.0, 3.0, 2.0, 1.0, 0.5, and 0.25 mg/mL) was added to 4 mL
of diluted ABTS reserve solution, and absorbance was measured at 734 nm after 6 min.

Vitamin C (Vc) was used as a positive control. The following equation was used to calculate
the ability to scavenge the ABTS* radical:

Scavenging rate (0/0) = <Ablﬂnk - Asumple) / Aptank % 100 (2)

where Apjq is the absorbance of anhydrous ethanol as the test sample, and Aggppi, is the
absorbance of DOPs or Vc.
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3.3.2. HyO; Scavenging Activity

The disclosed approach was used to assess the H,O, scavenging activity of DOP [59].
In short, DOPs concentration gradient solution (1 mL, 0.25 to 5 mg/mL) was combined
with PBS (2.4 mL, pH of 7.4) and HyO, solution (1 mL, 2 mM). After 30 min of incubation at
37 °C, the absorbance of the combination was measured at 230 nm. The H,O, scavenging
activity was determined using the following formula:

Scavenging rate (%) = (Ablank - Asample + Abackground) /Ablank x 100 (3)

where Ay, is the absorbance with water as the test sample, Aggypie is the absorbance of
DOPs or Ve, and Apgckground is the absorbance of the tested sample free of H,O, solution.

3.3.3. Assay of Ferrous Metal Ions” Chelating Activity

The previously reported approach was used to assess the chelating activity of ferrous
metal ions [60]. Here, 1 mL solutions with different DOPs concentrations (0.25 to 5 mg/mL)
were mixed with FeCl, solution (0.1 mL, 2.0 mM), ferrozine (0.2 mL, 5.0 mM), and water
(3.7 mL). The mixture was set aside for ten minutes. The absorbance of the mixture was then
measured at 562 nm. The following formula was used to calculate the ability of inhibiting
ferrozine-Fe?* complex formation:

Metal chelating abﬂity (0/0) = (Ablank — Asumple + Ahﬂckground) /Ablﬂnk x 100 (4)

where Apjank is the absorbance with water as the test sample, Agqypie is the absorbance of
the test samples or the positive control DETA-2Na, and Apsckground is the absorbance of the
tested sample in the absence of FeCl, solution.

3.4. The Lifespan Assay of C. elegans under Oxidative Stress Conditions

According to the reported approach [61], before pouring the plates, filter-depleted
5-fluorouracil (50 mM) was added to the NGM medium to inhibit the production of zygotic
worms. Worms at L4 phase were randomly transferred to plates containing DOPs (0.25, 0.5,
1.0 mg/mL) or M9 buffer and incubated continuously at 20 °C for 48 h. Groups of worms to
be tested were transferred to 96-well plates containing paraquat (PQ, 200 uL, 70 mM) using
a picker (~30 worms per group) and incubated at 20 °C. Death was determined by stiffness
and unresponsiveness to touch, and the number of dead worms was counted every hour.

3.5. Oxidative Stress and Antioxidant Biomarker Biochemical Measurement

Referring to the method of Li et al. [62], a negative control group, a blank control
group, and sample groups (low, medium, and high concentrations of DOPs: 0.25, 0.5, and
1.0 mg/mL, respectively) were set up in this experiment. Worms (4 plates per group) were
collected, and then exposed to PQ (10 mM) and incubated at 20 °C for 2.5 h. Biochemical
parameters were determined, including MDA concentration, GSH content, and the activity
of the endogenous antioxidant enzymes SOD and CAT. Refer to commercially available
kits (SOD (A001-3-2), CAT (A007-1-1), GSH (A006-2-1), total protein (A045-3-2), and MDA
(A003-1-2) assay kits from Nanjing Jiancheng Institute of Biological Engineering (Nanjing,
China)) for instructions.

3.6. Measurement of Oxidative Stress-Related Genes’ Expression

L4-phase worms were pretreated with DOPs solutions (0.25, 0.5 mg/mL) or M9 buffer
for 48 h at 20 °C. Total RNA extraction and cDNA synthesis were performed according to
previously reported methods [63]. The qRT-PCR detection was performed using SYBR®
Premix Ex Taq™ II (TaKaRa, Japan), with B-actin as the internal reference gene, and the
primer sequences are shown in Table 4. Primers were constructed based on NCBI sequences
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and designed at Hangzhou Youkang Biotechnology Co., Ltd., Hangzhou, China. The
relative change in gene expression was calculated with the 2-44Ct methodology as follows:

AACt = (Ctiarget — Clactin) Cttarget — Clactin) qontrol (5)

sample (

Table 4. Real-time quantitative PCR primers for antioxidant genes of C. elegans.

Gene Forward 5' Reverse 5

[3-actin CCAGGAATTGCTGATCGTATGCAGAA TGGAGAGGGAAGCGAGGATAGA
daf-16 GGAAGAACTCGATCCGTCACA GATTCCTTCCTGGCTTTGCA
skn-1 TTCGCCTTCTCTCGAGGATATC AACGTCTGCAAATCACATTCGT
sir-2.1 AAATCTTCCCAGGACAGTTCGTA ATGGGCAACACGCATAGCA

3.7. Statistical Analysis

All studies were carried out in triplicate, and the results were reported as mean =+ standard
deviation (mean £ SD). GraphPad Prism 8.0 and IBM SPSS 20 software were used to
conduct one-way ANOVA tests for inter-group comparison. p < 0.05 was considered
statistically significant.

4. Conclusions

In this study, DOPs were extracted using a complex of cellulase and papain enzymes.
Through the response surface optimization, an optimized process for the preparation of
DOPs was obtained: the E/S of 3%, the extraction time of 2 h, the extraction temperature of
68 °C, the liquid—material ratio of 82 mL/g, and pH 6, which corresponded to an extraction
yield of 48.66% =+ 1.04%. The ability to scavenge ABTS* radicals and hydroxyl radicals
as well as the metal chelating power suggest that DOPs have the potential to scavenge
excess ROS and to alleviate lipid peroxidation. The oxidative stress damage induced
by PQ in C. elegans was alleviated by the intervention of DOPs (0.5 mg/mL). The mean
lifespan of C. elegans was prolonged by 50.42%, MDA content was decreased by 53.45%,
and GSH content was increased by 167.93%, indicating that DOPs have an inhibitory effect
on oxidative stress damage. The increase in SOD and CAT enzyme activities demonstrated
that DOPs have a regulatory effect on endogenous antioxidant enzymes. In addition,
DOPs upregulated the mRNA levels of the transcription factors daf-16 (5.8-fold), skn-1
(4.9-fold), and sir-2.1 (1.8-fold). In conclusion, cellulase and papain-assisted extraction can
effectively increase the yield of D. officinale polysaccharides and the potential for functional
food production.

Author Contributions: Y.T.: conceptualization, data curation, formal analysis, investigation, writing—
original draft preparation; Y.L.: investigation, software, visualization; J.S.: formal analysis, supervision;
S.C.: investigation, resources; X.Z.: methodology, supervision; W.W.: visualization; J.L.: funding
acquisition, project administration, visualization, writing—review and editing. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the Zhejiang Basic Public Welfare Research Program (LGF19C200001)
and the Zhejiang Key R&D Program (2018C02049).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The authors confirm that the data supporting the findings of this study
are available within the article.

Acknowledgments: We thank the researchers who facilitated the completion of this study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.



Molecules 2023, 28, 3071 12 of 14

Sample Availability: Samples of polysaccharides are available from the authors.

References

1. Grattagliano, I; Palmieri, V.O.; Portincasa, P.; Moschetta, A.; Palasciano, G. Oxidative Stress-Induced Risk Factors Associated
with the Metabolic Syndrome: A Unifying Hypothesis. J. Nutr. Biochem. 2008, 19, 491-504. [CrossRef] [PubMed]

2. Wen, Y,; Xiao, H; Liu, Y,;; Yang, Y.; Wang, Y.; Xu, S.; Huang, S.; Hou, S.; Liang, J. Polysaccharides from Dendrobium Officinale
Ameliorate Colitis-Induced Lung Injury via Inhibiting Inflammation and Oxidative Stress. Chem. Biol. Interact. 2021, 347, 109615.
[CrossRef]

3.  Sies, H.; Berndt, C.; Jones, D.P. Oxidative Stress. Annu. Rev. Biochem. 2017, 86, 715-748. [CrossRef] [PubMed]

4.  Hayes, ].D.; Dinkova-Kostova, A.T.; Tew, K.D. Oxidative Stress in Cancer. Cancer Cell. 2020, 38, 167-197. [CrossRef]

5. Santos, M.A; Franco, EN.; Caldeira, C.A.; de Aratjo, G.R,; Vieira, A.; Chaves, M.M.; Lara, R.C. Antioxidant Effect of Resveratrol:
Change in MAPK Cell Signaling Pathway during the Aging Process. Arch. Gerontol. Geriatr. 2021, 92, 104266. [CrossRef] [PubMed]

6. Zeng, F.-S,; Yao, Y.-F,; Wang, L.-F,; Li, W.-]. Polysaccharides as Antioxidants and Prooxidants in Managing the Double-Edged
Sword of Reactive Oxygen Species. Biomed. Pharm. 2023, 159, 114221. [CrossRef] [PubMed]

7. Romdhane, M.B.; Haddar, A.; Ghazala, I.; Jeddou, K.B.; Helbert, C.B.; Ellouz-Chaabouni, S. Optimization of Polysaccharides
Extraction from Watermelon Rinds: Structure, Functional and Biological Activities. Food Chem. 2017, 216, 355-364. [CrossRef]

8.  Imre, B.; Garcia, L.; Puglia, D.; Vilaplana, F. Reactive Compatibilization of Plant Polysaccharides and Biobased Polymers: Review
on Current Strategies, Expectations and Reality. Carbohydr. Polym. 2019, 209, 20-37. [CrossRef]

9. Wang, J.; Hu, S.; Nie, S.; Yu, Q.; Xie, M. Reviews on Mechanisms of In Vitro Antioxidant Activity of Polysaccharides. Oxidative
Med. Cell. Longev. 2016, 2016, 5692852. [CrossRef]

10. Mu, S.; Yang, W.; Huang, G. Antioxidant Activities and Mechanisms of Polysaccharides. Chem. Biol. Drug. Des. 2021, 97, 628-632.
[CrossRef]

11. Moreno-Arriola, E.; Cdrdenas-Rodriguez, N.; Coballase-Urrutia, E.; Pedraza-Chaverri, J.; Carmona-Aparicio, L.; Ortega-Cuellar, D.
Caenorhabditis Elegans: A Useful Model for Studying Metabolic Disorders in Which Oxidative Stress Is a Contributing Factor.
Oxid. Med. Cell. Longev. 2014, 2014, 705253. [CrossRef] [PubMed]

12. Racz, P.I; Wildwater, M.; Rooseboom, M.; Kerkhof, E.; Pieters, R.; Yebra-Pimentel, E.S.; Dirks, R.P,; Spaink, H.P.; Smulders, C,;
Whale, G.F. Application of Caenorhabditis Elegans (Nematode) and Danio Rerio Embryo (Zebrafish) as Model Systems to Screen
for Developmental and Reproductive Toxicity of Piperazine Compounds. Toxicol. Vitr. 2017, 44, 11-16. [CrossRef] [PubMed]

13.  Ayuda-Duran, B.; Gonzédlez-Manzano, S.; Gonzalez-Paramas, A.M.; Santos-Buelga, C. Caernohabditis Elegans as a Model
Organism to Evaluate the Antioxidant Effects of Phytochemicals. Molecules 2020, 25, 3194. [CrossRef] [PubMed]

14. C. Elegans Sequencing Consortium. Genome Sequence of the Nematode C. elegans: A Platform for Investigating Biology. Science
1998, 282, 2012-2018. [CrossRef]

15. Lant, B; Storey, K.B. An Overview of Stress Response and Hypometabolic Strategies in Caenorhabditis Elegans: Conserved and
Contrasting Signals with the Mammalian System. Int. J. Biol. Sci. 2010, 6, 9-50. [CrossRef]

16. Altintas, O.; Park, S.; Lee, S.-].V. The Role of Insulin/IGF-1 Signaling in the Longevity of Model Invertebrates, C. Elegans and D.
Melanogaster. BMB Rep. 2016, 49, 81-92. [CrossRef]

17.  Das, D.; Arur, S. Conserved Insulin Signaling in the Regulation of Oocyte Growth, Development, and Maturation. Mol. Reprod.
Dev. 2017, 84, 444-459. [CrossRef]

18. Loboda, A.; Damulewicz, M.; Pyza, E.; Jozkowicz, A.; Dulak, ]J. Role of Nrf2/HO-1 System in Development, Oxidative Stress
Response and Diseases: An Evolutionarily Conserved Mechanism. Cell. Mol. Life Sci. 2016, 73, 3221-3247. [CrossRef]

19. Fuse, Y,; Kobayashi, M. Conservation of the Keap1-Nrf2 System: An Evolutionary Journey through Stressful Space and Time.
Molecules 2017, 22, 436. [CrossRef]

20. Oliveira, R.P; Porter Abate, J.; Dilks, K.; Landis, J.; Ashraf, J.; Murphy, C.T.; Blackwell, TK. Condition-Adapted Stress and
Longevity Gene Regulation by Caenorhabditis Elegans SKN-1/Nrf. Aging Cell 2009, 8, 524-541. [CrossRef]

21. Chavez, V.; Mohri-Shiomi, A.; Maadani, A.; Vega, L.A.; Garsin, D.A. Oxidative Stress Enzymes are Required for DAF-16-Mediated
Immunity due to Generation of Reactive Oxygen Species by Caenorhabditis Elegans. Genetics 2007, 176, 1567-1577. [CrossRef]
[PubMed]

22. Kampkétter, A.; Nkwonkam, C.G.; Zurawski, R.E; Timpel, C.; Chovolou, Y.; Witjen, W.; Kahl, R. Investigations of Protective
Effects of the Flavonoids Quercetin and Rutin on Stress Resistance in the Model Organism Caenorhabditis Elegans. Toxicology
2007, 234, 113-123. [CrossRef] [PubMed]

23.  Kampkotter, A.; Pielarski, T.; Rohrig, R.; Timpel, C.; Chovolou, Y.; Witjen, W.; Kahl, R. The Ginkgo Biloba Extract EGb761 Reduces
Stress Sensitivity, ROS Accumulation and Expression of Catalase and Glutathione S-Transferase 4 in Caenorhabditis Elegans.
Pharm. Res. 2007, 55, 139-147. [CrossRef] [PubMed]

24. Li,M,; Trapika, .G.S.C.; Tang, S.Y.S.; Cho, J.-L.; Qi, Y;; Li, C.G.; Li, Y.; Yao, M.; Yang, D.; Liu, B.; et al. Mechanisms and Active
Compounds Polysaccharides and Bibenzyls of Medicinal Dendrobiums for Diabetes Management. Front. Nutr. 2021, 8, 811870.
[CrossRef] [PubMed]

25. Huang, K,; Li, Y;; Tao, S.; Wei, G.; Huang, Y.; Chen, D.; Wu, C. Purification, Characterization and Biological Activity of

Polysaccharides from Dendrobium Officinale. Molecules 2016, 21, 701. [CrossRef]


http://doi.org/10.1016/j.jnutbio.2007.06.011
http://www.ncbi.nlm.nih.gov/pubmed/17855068
http://doi.org/10.1016/j.cbi.2021.109615
http://doi.org/10.1146/annurev-biochem-061516-045037
http://www.ncbi.nlm.nih.gov/pubmed/28441057
http://doi.org/10.1016/j.ccell.2020.06.001
http://doi.org/10.1016/j.archger.2020.104266
http://www.ncbi.nlm.nih.gov/pubmed/33070070
http://doi.org/10.1016/j.biopha.2023.114221
http://www.ncbi.nlm.nih.gov/pubmed/36634589
http://doi.org/10.1016/j.foodchem.2016.08.056
http://doi.org/10.1016/j.carbpol.2018.12.082
http://doi.org/10.1155/2016/5692852
http://doi.org/10.1111/cbdd.13798
http://doi.org/10.1155/2014/705253
http://www.ncbi.nlm.nih.gov/pubmed/24955209
http://doi.org/10.1016/j.tiv.2017.06.002
http://www.ncbi.nlm.nih.gov/pubmed/28595837
http://doi.org/10.3390/molecules25143194
http://www.ncbi.nlm.nih.gov/pubmed/32668705
http://doi.org/10.1126/science.282.5396.2012
http://doi.org/10.7150/ijbs.6.9
http://doi.org/10.5483/BMBRep.2016.49.2.261
http://doi.org/10.1002/mrd.22806
http://doi.org/10.1007/s00018-016-2223-0
http://doi.org/10.3390/molecules22030436
http://doi.org/10.1111/j.1474-9726.2009.00501.x
http://doi.org/10.1534/genetics.107.072587
http://www.ncbi.nlm.nih.gov/pubmed/17483415
http://doi.org/10.1016/j.tox.2007.02.006
http://www.ncbi.nlm.nih.gov/pubmed/17376580
http://doi.org/10.1016/j.phrs.2006.11.006
http://www.ncbi.nlm.nih.gov/pubmed/17207635
http://doi.org/10.3389/fnut.2021.811870
http://www.ncbi.nlm.nih.gov/pubmed/35155528
http://doi.org/10.3390/molecules21060701

Molecules 2023, 28, 3071 13 of 14

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

He, Y,; Li, L.; Chang, H.; Cai, B.; Gao, H.; Chen, G.; Hou, W.; Jappar, Z.; Yan, Y. Research Progress on Extraction, Purification,
Structure and Biological Activity of Dendrobium Officinale Polysaccharides. Front. Nutr. 2022, 9, 965073. [CrossRef]

Zeng, Q.; Ko, C.-H,; Siu, W.-S; Li, L.-F; Han, X.-Q.; Yang, L.; Lau, C.B.-S.; Hu, J.-M.; Leung, P.-C. Polysaccharides of Dendrobium
Officinale Kimura & Migo Protect Gastric Mucosal Cell against Oxidative Damage-Induced Apoptosis In Vitro and In Vivo.
J. Ethnopharmacol. 2017, 208, 214-224. [CrossRef]

Fan, H.; Meng, Q.; Xiao, T.; Zhang, L. Partial Characterization and Antioxidant Activities of Polysaccharides Sequentially
Extracted from Dendrobium Officinale. J. Food Meas. Charact. 2018, 12, 1054-1064. [CrossRef]

Pan, L.-H.; Wang, J.; Ye, X.-Q.; Zha, X.-Q.; Luo, J.-P. Enzyme-Assisted Extraction of Polysaccharides from Dendrobium Chryso-
toxum and Its Functional Properties and Immunomodulatory Activity. LWT-Food Sci. Technol. 2015, 60, 1149-1154. [CrossRef]
He, L,; Yan, X,; Liang, ].; Li, S.; He, H.; Xiong, Q.; Lai, X.; Hou, S.; Huang, S. Comparison of Different Extraction Methods for
Polysaccharides from Dendrobium Officinale Stem. Carbohydr. Polym. 2018, 198, 101-108. [CrossRef]

Shang, H.; Chen, S.; Li, R;; Zhou, H.; Wu, H.; Song, H. Influences of Extraction Methods on Physicochemical Characteristics and
Activities of Astragalus Cicer L. Polysaccharides. Process. Biochem. 2018, 73, 220-227. [CrossRef]

Zhu, J.; Chen, Z.; Zhou, H.; Yu, C.; Han, Z.; Shao, S.; Hu, X.; Wei, X.; Wang, Y. Effects of Extraction Methods on Physicochemical
Properties and Hypoglycemic Activities of Polysaccharides from Coarse Green Tea. Glycoconj. J. 2020, 37, 241-250. [CrossRef]
[PubMed]

Wang, W.; Ma, X.; Jiang, P.; Hu, L.; Zhi, Z.; Chen, ].; Ding, T.; Ye, X; Liu, D. Characterization of Pectin from Grapefruit Peel: A
Comparison of Ultrasound-Assisted and Conventional Heating Extractions. Food Hydrocoll. 2016, 61, 730-739. [CrossRef]
Pawlaczyk-Graja, I.; Balicki, S.; Wilk, K.A. Effect of Various Extraction Methods on the Structure of Polyphenolic-Polysaccharide
Conjugates from Fragaria Vesca L. Leaf. Int. ]. Biol. Macromol. 2019, 130, 664-674. [CrossRef] [PubMed]

Yi, Y.; Xu, W,; Wang, H.-X,; Huang, F; Wang, L.-M. Natural Polysaccharides Experience Physiochemical and Functional Changes
during Preparation: A Review. Carbohydr. Polym. 2020, 234, 115896. [CrossRef]

Shang, H.; Zhou, H.; Duan, M; Li, R.; Wu, H,; Lou, Y. Extraction Condition Optimization and Effects of Drying Methods on
Physicochemical Properties and Antioxidant Activities of Polysaccharides from Comfrey (Symphytum officinale L.) Root. Int. ].
Biol. Macromol. 2018, 112, 889-899. [CrossRef]

Xiao, B.; Chen, S.; Huang, Q.; Tan, J.; Zeng, J.; Yao, J.; Feng, T.; Wang, G.; Zhang, Y. The Lipid Lowering and Antioxidative Stress
Potential of Polysaccharide from Auricularia Auricula Prepared by Enzymatic Method. Int. J. Biol. Macromol. 2021, 187, 651-663.
[CrossRef]

Ahmadi Gavlighi, H.; Tabarsa, M.; You, S.; Surayot, U.; Ghaderi-Ghahfarokhi, M. Extraction, Characterization and Immunomodu-
latory Property of Pectic Polysaccharide from Pomegranate Peels: Enzymatic vs Conventional Approach. Int. J. Biol. Macromol.
2018, 116, 698-706. [CrossRef]

Alboofetileh, M.; Rezaei, M.; Tabarsa, M. Enzyme-Assisted Extraction of Nizamuddinia Zanardinii for the Recovery of Sulfated
Polysaccharides with Anticancer and Immune-Enhancing Activities. J. Appl. Phycol. 2019, 31, 1391-1402. [CrossRef]

Huang, F; Liu, H.; Zhang, R.; Dong, L.; Liu, L.; Ma, Y;; Jia, X.; Wang, G.; Zhang, M. Physicochemical Properties and Prebiotic
Activities of Polysaccharides from Longan Pulp Based on Different Extraction Techniques. Carbohydr. Polym. 2019, 206, 344-351.
[CrossRef]

Thaipong, K.; Boonprakob, U.; Crosby, K.; Cisneros-Zevallos, L.; Hawkins Byrne, D. Comparison of ABTS, DPPH, FRAP, and
ORAC Assays for Estimating Antioxidant Activity from Guava Fruit Extracts. J. Food Compos. Anal. 2006, 19, 669-675. [CrossRef]
Chun-Hui, L.; Chang-Hai, W.; Zhi-Liang, X.; Yi, W. Isolation, Chemical Characterization and Antioxidant Activities of Two
Polysaccharides from the Gel and the Skin of Aloe Barbadensis Miller Irrigated with Sea Water. Process. Biochem. 2007, 42, 961-970.
[CrossRef]

Kohgo, Y.; Ikuta, K.; Ohtake, T.; Torimoto, Y.; Kato, J. Body Iron Metabolism and Pathophysiology of Iron Overload. Int. |. Hematol.
2008, 88, 7-15. [CrossRef]

Zhang, W.; Liu, X,; Sun, X.; Han, R.; Yu, N.; Liang, J.; Zhou, A. Comparison of the Antioxidant Activities and Polysaccharide
Characterization of Fresh and Dry Dendrobium Officinale Kimura et Migo. Molecules 2022, 27, 6654. [CrossRef] [PubMed]
Zhang, F; Zhang, X.; Liang, X.; Wu, K; Cao, Y.; Ma, T.; Guo, S.; Chen, P,; Yu, S.; Ruan, Q.; et al. Defensing against Oxidative Stress
in Caenorhabditis Elegans of a Polysaccharide LFP-05S from Lycii Fructus. Carbohydr. Polym. 2022, 289, 119433. [CrossRef]
Castello, PR.; Drechsel, D.A.; Patel, M. Mitochondria are a Major Source of Paraquat-Induced Reactive Oxygen Species Production
in the Brain. J. Biol. Chem. 2007, 282, 14186-14193. [CrossRef]

Kim, J.; Takahashi, M.; Shimizu, T.; Shirasawa, T.; Kajita, M.; Kanayama, A.; Miyamoto, Y. Effects of a Potent Antioxidant,
Platinum Nanoparticle, on the Lifespan of Caenorhabditis Elegans. Mech. Ageing Dev. 2008, 129, 322-331. [CrossRef] [PubMed]
Fan, H.-F,; Ding, L.; Du, C.-X.; Wu, X. Effect of Short-Term Water Deficit Stress on Antioxidative Systems in Cucumber Seedling
Roots. Bot. Stud. 2014, 55, 46. [CrossRef]

Irigaray, P.; Caccamo, D.; Belpomme, D. Oxidative Stress in Electrohypersensitivity Self-reporting Patients: Results of a Prospective
In Vivo Investigation with Comprehensive Molecular Analysis. Int. ]. Mol. Med. 2018, 42, 1885-1898. [CrossRef]

Kenyon, C. The First Long-Lived Mutants: Discovery of the Insulin/IGF-1 Pathway for Ageing. Phil. Trans. R. Soc. B 2011, 366, 9-16.
[CrossRef]

Lin, K.; Hsin, H.; Libina, N.; Kenyon, C. Regulation of the Caenorhabditis Elegans Longevity Protein DAF-16 by Insulin/IGF-1
and Germline Signaling. Nat. Genet. 2001, 28, 139-145. [CrossRef]


http://doi.org/10.3389/fnut.2022.965073
http://doi.org/10.1016/j.jep.2017.07.006
http://doi.org/10.1007/s11694-018-9721-8
http://doi.org/10.1016/j.lwt.2014.10.004
http://doi.org/10.1016/j.carbpol.2018.06.073
http://doi.org/10.1016/j.procbio.2018.07.016
http://doi.org/10.1007/s10719-019-09901-2
http://www.ncbi.nlm.nih.gov/pubmed/31915970
http://doi.org/10.1016/j.foodhyd.2016.06.019
http://doi.org/10.1016/j.ijbiomac.2019.03.013
http://www.ncbi.nlm.nih.gov/pubmed/30844450
http://doi.org/10.1016/j.carbpol.2020.115896
http://doi.org/10.1016/j.ijbiomac.2018.01.198
http://doi.org/10.1016/j.ijbiomac.2021.07.138
http://doi.org/10.1016/j.ijbiomac.2018.05.083
http://doi.org/10.1007/s10811-018-1651-7
http://doi.org/10.1016/j.carbpol.2018.11.012
http://doi.org/10.1016/j.jfca.2006.01.003
http://doi.org/10.1016/j.procbio.2007.03.004
http://doi.org/10.1007/s12185-008-0120-5
http://doi.org/10.3390/molecules27196654
http://www.ncbi.nlm.nih.gov/pubmed/36235191
http://doi.org/10.1016/j.carbpol.2022.119433
http://doi.org/10.1074/jbc.M700827200
http://doi.org/10.1016/j.mad.2008.02.011
http://www.ncbi.nlm.nih.gov/pubmed/18400258
http://doi.org/10.1186/s40529-014-0046-6
http://doi.org/10.3892/ijmm.2018.3774
http://doi.org/10.1098/rstb.2010.0276
http://doi.org/10.1038/88850

Molecules 2023, 28, 3071 14 of 14

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Robida-Stubbs, S.; Glover-Cutter, K.; Lamming, D.W.; Mizunuma, M.; Narasimhan, S.D.; Neumann-Haefelin, E.; Sabatini, D.M.;
Blackwell, T.K. TOR Signaling and Rapamycin Influence Longevity by Regulating SKN-1/Nrf and DAF-16/FoxO. Cell Metab.
2012, 15, 713-724. [CrossRef] [PubMed]

Accili, D.; Arden, K.C. FoxOs at the Crossroads of Cellular Metabolism, Differentiation, and Transformation. Cell 2004, 117, 421-426.
[CrossRef] [PubMed]

Duangjan, C.; Rangsinth, P.; Gu, X.; Zhang, S.; Wink, M.; Tencomnao, T. Glochidion zeylanicum Leaf Extracts Exhibit Lifespan
Extending and Oxidative Stress Resistance Properties in Caenorhabditis Elegans via DAF-16/FoxO and SKN-1/Nrf-2 Signaling
Pathways. Phytomedicine 2019, 64, 153061. [CrossRef] [PubMed]

Liu, H.; Wang, Y.; Zhang, W.; Sun, W,; Ji, X,; Zhang, S.; Qiao, K. Lentinan Extends Lifespan and Increases Oxidative Stress
Resistance through DAF-16 and SKN-1 Pathways in Caenorhabditis Elegans. Int. ]. Biol. Macromol. 2022, 202, 286-295. [CrossRef]
Tissenbaum, H.A.; Guarente, L. Increased Dosage of a Sir-2 Gene Extends Lifespan in Caenorhabditis Elegans. Nature 2001, 410, 227-230.
[CrossRef]

Yang, J.; Chen, H.; Nie, Q.; Huang, X.; Nie, S. Dendrobium Officinale Polysaccharide Ameliorates the Liver Metabolism Disorders
of Type II Diabetic Rats. Int. |. Biol. Macromol. 2020, 164, 1939-1948. [CrossRef]

Zhang, Y.; Shi, Q.; Jiang, W.; Yao, J.; Zeng, ].; Wang, W.; Zhang, Y. Comparison of the Chemical Composition and Antioxidant
Stress Ability of Polysaccharides from Auricularia Auricula under Different Drying Methods. Food Funct. 2022, 13, 2938-2951.
[CrossRef]

Ye, C.-L.; Hu, W.-L.; Dai, D.-H. Extraction of Polysaccharides and the Antioxidant Activity from the Seeds of Plantago asiatica L.
Int. . Biol. Macromol. 2011, 49, 466—470. [CrossRef]

Zhang, N.; Chen, H.; Ma, L.; Zhang, Y. Physical Modifications of Polysaccharide from Inonotus Obliquus and the Antioxidant
Properties. Int. ]. Biol. Macromol. 2013, 54, 209-215. [CrossRef] [PubMed]

Yuan, Z.; Dan-Yang, M.; Jin, W.; Yan-Ping, L.; Xu, Y.; Shi, D.; Xing-Ming, M.; Kai-Zhong, D. Constituent and effects of
polysaccharides isolated from Sophora moorcroftiana seeds on lifespan, reproduction, stress resistance, and antimicrobial capacity
in Caenorhabditis elegans. Chin. J. Nat. Med. 2018, 16, 252-260.

Li, W.; Li, Z,; Peng, M.-].; Zhang, X.; Chen, Y.; Yang, Y.-Y.; Zhai, X.-X,; Liu, G.; Cao, Y. Oenothein B Boosts Antioxidant Capacity
and Supports Metabolic Pathways That Regulate Antioxidant Defense in Caenorhabditis elegans. Food Funct. 2020, 11, 9157-9167.
[CrossRef] [PubMed]

Fang, Z.; Chen, Y,; Wang, G.; Feng, T.; Shen, M.; Xiao, B.; Gu, J.; Wang, W.; Li, ].; Zhang, Y. Evaluation of the Antioxidant Effects of
Acid Hydrolysates from Auricularia Auricular Polysaccharides Using a Caenorhabditis Elegans Model. Food Funct. 2019, 10, 5531-5543.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.cmet.2012.04.007
http://www.ncbi.nlm.nih.gov/pubmed/22560223
http://doi.org/10.1016/S0092-8674(04)00452-0
http://www.ncbi.nlm.nih.gov/pubmed/15137936
http://doi.org/10.1016/j.phymed.2019.153061
http://www.ncbi.nlm.nih.gov/pubmed/31401497
http://doi.org/10.1016/j.ijbiomac.2022.01.071
http://doi.org/10.1038/35065638
http://doi.org/10.1016/j.ijbiomac.2020.08.007
http://doi.org/10.1039/D1FO03956C
http://doi.org/10.1016/j.ijbiomac.2011.05.026
http://doi.org/10.1016/j.ijbiomac.2012.12.030
http://www.ncbi.nlm.nih.gov/pubmed/23270834
http://doi.org/10.1039/D0FO01635G
http://www.ncbi.nlm.nih.gov/pubmed/33026384
http://doi.org/10.1039/C8FO02589D

	Introduction 
	Results and Discussion 
	Single-Factor Experimental Analysis 
	BBD Analysis 
	In Vitro Antioxidant Activity of Different Concentrations of DOPs 
	Effect of DOPs on the Longevity of Oxidative Stress Worms 
	Effect of DOPs on Biochemical Indicators 
	Effects of DOPs on the Expression of Stress-Related Genes 

	Materials and Methods 
	Materials and Chemicals 
	Single-Factor Experiment and Response Surface Analysis Optimization 
	Antioxidant Activity Assays of DOPs In Vitro 
	ABTS+ Scavenging Activity 
	H2O2 Scavenging Activity 
	Assay of Ferrous Metal Ions’ Chelating Activity 

	The Lifespan Assay of C. elegans under Oxidative Stress Conditions 
	Oxidative Stress and Antioxidant Biomarker Biochemical Measurement 
	Measurement of Oxidative Stress-Related Genes’ Expression 
	Statistical Analysis 

	Conclusions 
	References

