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Abstract

Seed cake refers to the food by-product of Camellia oleifera Abel, and its insufficient
utilization can cause serious environment pollution and resource waste. This study
aimed to investigate antioxidant activities of the polysaccharide from the seed cakes
of Camellia oleifera Abel (COCP) in vitro and in vivo. The physicochemical property
of COCP was also determined. COCP was characterized to be an acidic glycoprotein
and mainly consisted of rhamnose (Rha), arabinose (Ara), galactose (Gal), glucose (Glc),
xylose (Xyl), mannose (Man), and galacturonic acid (Gal-UA). COCP exhibited the poly-
saccharide's characteristic absorption in the Fourier transform infrared (FT-IR) spec-
troscopy and showed as sheet-like structures with a smooth surface under the scanning
electron microscope (SEM). COCP exerted good scavenging activities on ABTS, DPPH,
and OH radicals, with IC,, values of 2.94, 2.24, and 5.09 mg/ml, respectively. COCP
treatment improved learning and memory abilities of D-galactose-induced aging mice.
Significant decreases were found in the levels of alanine transaminase (ALT), aspartate
aminotransferase (AST), creatinine (CRE), blood urea nitrogen (BUN), creatine kinase
(CK), and lactate dehydrogenase (LDH) in serum, as aging mice were supplemented
with COCP. Aging mice showed obviously higher malondialdehyde (MDA) contents
and lower superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) activi-
ties in serum, brain, liver, kidney, and heart. The phenomena were noticeably reversed
when mice were treated with COCP. Results indicated that COCP exerted excellent
antioxidant activities in vitro and in vivo, which support its potential application as a

natural antioxidant in food and medicine industries.
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1 | INTRODUCTION

Camellia oleifera Abel, an evergreen shrub or small tree belonging
to Camellia genus of Theaceae family, is widely cultivated in China
and South-East Asian countries with high nutritional and medicinal
values (Luan et al., 2020). In the south of China, there are more than
12 million acres of Camellia oleifera Abel distributed, since the seeds
are vital oil materials in China for producing high-quality cooking oil
(Luan et al., 2020). This oil is honored as “eastern olive oil,” primarily
because of its abundant unsaturated fatty acids and high nutritional
value for human health. Seed cake refers to a food by-product pro-
duced after squeezing the oil from the Camellia oleifera Abel seeds,
and its average annual production in China reached approximately
2.43 million tons in 2017 (Zhu et al., 2020). Numerous bioactive
compounds have been separated and identified in the seed cakes
of Camellia oleifera Abel, such as polysaccharides (Gao et al., 2020),
saponins (Yu et al., 2022), flavonoids (Zhu et al., 2018), and poly-
phenols (Wu et al., 2022). However, seed cakes are mostly applied
as fertilizers and animal feeds, or they are incinerated for heating
purposes, even discarded as wastes, thereby undoubtedly triggering
serious environment pollution and resource waste. For this reason,
the comprehensive exploitation of the seed cake resources should
be improved.

Polysaccharide is a type of natural macromolecular polymer con-
sisting of more than 10 monosaccharides through glycosidic linkages
in linear or branched chains, and it exists widely in plants, fungi, mi-
croorganisms, algae, and animals (Yang et al., 2022). Polysaccharides
can potentially act as key substances in food, medicines, cosmetics,
and other industries, for their antitumor, antioxidant, antiviral, im-
munomodulatory, and other biological activities (Huang et al., 2021).
The extraction, purification, structural characterization, and bio-
activity assessment of polysaccharides originating from the seed
cakes of Camellia oleifera Abel have currently attracted increasing
attention. Water, alkali, ultrasonic-assisted, enzyme-assisted and a
thermoseparating aqueous two-phase system extraction methods
have been applied to prepare the polysaccharides (Gao et al., 2020;
Shen et al., 2014; Xu et al., 2016). The polysaccharides were mainly
purified using the column chromatography method (Jin et al., 2019;
Zhang & Li, 2018). As revealed from several in vitro and in vivo
studies, the polysaccharides exhibited antioxidant, antitumor, an-
tiproliferative, and hypoglycemic activities (Jin et al., 2019; Jin &
Ning, 2012; Xu et al., 2016; Zhang & Li, 2018), as well as improve-
ment in intestinal flora and the immunity of yellow broilers (Wang,
Zhang, et al., 2020; Wang, et al., 2020). Nevertheless, more efforts
should be devoted to studying the polysaccharides from the seed
cakes of Camellia oleifera Abel, as an attempt to develop functional
products with a high market value.

Oxidative stress, generated by the imbalance between the proo-
xidants and antioxidants in the body, is an inducement to numerous
diseases, such as cancer, diabetes, neurodegenerative diseases, and
aging (Zhong et al., 2019). Supplementation of exogenous antioxi-

dants is recognized as the most effective and extensively employed

strategy to relieve oxidative stress. However, the applications of
synthetic antioxidants are probably correlated with potential toxic-
ity and carcinogenicity (Alexandre et al., 2022). Thus, natural antiox-
idants are being progressively used and explored. As demonstrated
by numerous evidences, polysaccharides derived from natural re-
sources may be of high significance in the prevention and treatment
of oxidative stress (Wang et al., 2017). Natural polysaccharides can
effectively alleviate oxidative stress by scavenging free radicals,
facilitating antioxidant enzymes activity, and/or controlling antioxi-
dant signaling pathways (Chen et al., 2021). For polysaccharides from
the seed cakes of Camellia oleifera Abel, their antioxidant activities
have been investigated by several researchers. The polysaccharides
have been reported to exert free radicals (DPPH, OH, and superox-
ide anion radicals)-scavenging capacity and reducing power in vitro
(Jin & Ning, 2012; Shen et al., 2014; Xu et al., 2016). However, it is
not clear whether the polysaccharides exert antioxidant activities in
vivo or not. Obviously, this is not enough to support the utilization
of the polysaccharides in treating diseases such as aging caused by
oxidative stress.

Thus, in this work, the polysaccharides from the seed
cakes of Camellia oleifera Abel were prepared by hot water ex-
traction combined with ethanol precipitation. 2,2’-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS),
1,1-diphenyl-2-picryl-hydrazyl (DPPH), and hydroxyl (OH) radicals
scavenging models were employed to assess the in vitro antioxidant
activity. Moreover, D-galactose-induced mice model was adopted to
assess the antiaging actions, including effects on learning and mem-
ory ability, along with oxidative stress levels of blood, brain, liver,
kidney, and heart. Furthermore, the physicochemical properties of
the polysaccharides, including chemical components, monosaccha-
ride composition, molecular weight, UV-visible absorption, FT-IR

spectrum, and scanning electron microscopy, were determined.

2 | MATERIALS AND METHODS

2.1 | Materials and chemicals

Sun-dried seed cakes of Camellia oleifera Abel were bought from
a local market of Xingguo County, Ganzhou City, Jiangxi province,
China. The seed cakes were broken into small pieces and then
ground into powders with a high-speed pulverizer (CS-700, Wuyi
Haina Electric Appliance Co., Ltd.). After being selected via a 40-
mesh (size of 0.45 mm) sieve, the obtained fine powders underwent
the subsequent polysaccharide extraction.

Bovine serum albumin (BSA), monosaccharide standards that
included fucose (Fuc), rhamnose (Rha), arabinose (Ara), galactose
(Gal), glucose (Glc), xylose (Xyl), mannose (Man), fructose (Fru), ri-
bose (Rib), galacturonic acid (Gal-UA), glucuronic acid (Glc-UA),
mannuronic acid (Man-UA), guluronic acid (Gul-UA), galac-
tosamine hydrochloride (GalN), and glucosamine (GluN), dextran
standards (molecular weights of 1.0 x 10% 4.0 x 10% 5.0 x 10%,
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7.0 x 10% 5.0 x 10° and 2.0 x 10° Da), sodium azide (NaN,), and
1,1-diphenyl-2-picryl-hydrazyl (DPPH) were bought from Sigma-
Aldrich Chemical Corp. Gallic acid and trifluoroacetic acid were pur-
chased from Aladdin Industrial Corporation. Coomassie brilliant blue
G-250, Folin-Ciocalteu, ascorbic acid (Vitamin C (Vc)), and 2,6-di-te
rt-butyl-4-methylphenol (BHT) were obtained from Beijing Solarbio
Science & Technology Co., Ltd. Alanine transaminase (ALT), aspar-
tate aminotransferase (AST), creatinine (CRE), blood urea nitrogen
(BUN), lactate dehydrogenase (LDH), creatine kinase (CK), superox-
ide dismutase (SOD), glutathione peroxidase (GSH-Px), and malond-
ialdehyde (MDA) assay kits were gained from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China) and Beyotime Institute of
Biotechnology (Shanghai, China). All other chemicals used in this

study were of analytical grade.

2.2 | Animals

Seventy-two male Kunming mice weighing 20 + 2 g were pur-
chased from Hunan Slac Jingda Laboratory Animal Co. (certificate
number: SCXK (Xiang) 2019-0004, Hunan, China). All experimen-
tal procedures were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory ani-
mals (NIH Publications No. 8023, revised 1978), and approved by
the Experimental Animal Ethics Committee of Gannan Medical
University (SYXK (Gan) 2014-0001). Mice were held in cages in a
room with a 12 h light-dark cycle and with a temperature of 25 + 1°C
and a humidity of 50 ~ 55%.

2.3 | Polysaccharide extraction from the seed
cakes of Camellia oleifera Abel

The polysaccharide from the seed cakes of Camellia oleifera Abel was
gained through hot water extraction. To remove fats and other in-
terfering elements, the obtained fine powders of the seed cakes of
Camellia oleifera Abel were pretreated with 95% (w/w) ethanol im-
mersion for 24 h. With an electric heating air-blowing drier (DHG-
914385-1ll, Shanghai CIMO Medical Instrument Manufacturing
Co., Ltd.), the pretreated materials were heated at 45°C to vapor-
ize ethanol. The dried materials were extracted two times with
distilled water (1:15 g/ml, w/v) at 90°C for 2 h. The water extracts
were filtered with a 4-layer gauze (200 mesh) and then centrifuged
(4800 rpm/min, 10 min) via a centrifuge (TDL-5-A, Shanghai Anting
Scientific Instrument Factory) to acquire the supernatant. The su-
pernatant was concentrated at 70°C under the reduced pressure
distillation with a rotary evaporator (RE-3000A, Shanghai Yarong
Biochemical Instrument Factory). Next, the concentrates were
precipitated with 95% (w/w) ethanol (the final ethanol concentra-
tion was 80%) overnight. After the centrifugation (4800 rpm/min,
10 min), the produced precipitates were washed with 70%, 90%, and
absolute ethyl alcohol in succession. Subsequently, the precipitates

were dissolved in distilled water and deproteinized with threefold
volumes of Sevag agents (n-butyl alcohol:trichloromethane =1:4,
v/v) (Staub, 1965). The deproteinized solutions were transferred to
the dialysis bags (molecular weight cut-off of 3500 Da) and dialyzed
against 24 h of flowing water and another 24 h of distilled water.
After being concentrated to small volumes, the solutions were
freeze-dried with a lyophilizer (FreeZone® 2.5L, Labconco Co.) at
-80°C. Lastly, the polysaccharide from the seed cakes of Camellia
oleifera Abel was obtained, labeled as COCP. The yield of COCP was
calculated by Equation (1):

Yield (%, w/w) = (W, /W,) x 100 1

where W, and W, are the weights for the powder of Camellia oleifera

Abel seed cake and the obtained polysaccharide, respectively.

2.4 | Physicochemical property
determination of COCP
241 | Chemical component analysis

Total sugar content was detected by the phenol-sulfuric acid
method at 490 nm (Dubois et al., 1956), using Glc as the standard.
The amount of uronic acid was determined at 560 nm by apply-
ing the sulfuric acid-carbazole method (Blumenkrantz & Asboe-
Hansen, 1973), with Glc-UA as a standard. The protein content was
measured at 590 nm based on the Coomassie brilliant blue method
(Bradford, 1976) with BSA as the standard. The total phenol content
was examined at 760 nm by the Folin-Ciocalteu method (Slinkard &
Singleton, 1977), using gallic acid as the standard. Moisture content
was measured by complying with the methods recommended by the
Standardization Administration of the People's Republic of China
(GB 5009.3-2016).

2.4.2 | Monosaccharide composition detection

Monosaccharide composition of COCP was analyzed through high-
performance anion-exchange chromatography with pulsed ampero-
metric detection (HPAEC-PAD), according to a previously reported
method (Chen et al., 2016) with minor modifications. In brief, the
polysaccharide sample (~5.0 mg) was completely hydrolyzed with
trifluoroacetic acid (2.0 mol/L, 1.0 ml) at 105°C for 6 h within a
vacuum tube. The reaction system received nitrogen processing
blow to remove trifluoroacetic acid and then was washed thrice with
methyl alcohol. Subsequently, the hydrolysate was dissolved with
ultrapure water and then filtered via 0.22-pm microporous filtering
film. Afterward, under gradient elution process, the solution was
eluted on a Dionex ICS-5000 system (Thermo Scientific) equipped
with a CarboPac™ PA10 anion-exchange column (4 mm x250 mm).
As much as 0.1 mol/L NaOH (A) and 0.1 mol/L NaOH with 0.2 mol/L
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NaAc (B) were applied as the mobile phase at a flow rate of 0.5 ml/
min. The gradient elution procedures were designed as follows: 0.0-
30.0 min, 95% of A and 5% of B; 30.0-30.1 min, 80% of A and 20%
of B; 30.1-45 min, 60% of A and 40% of B; and 45.1-60 min, 95% of
A and 5% of B. The column was maintained at 30°C. Fifteen types
of monosaccharide standards, including Fuc, Rha, Ara, Gal, Glc, Xyl,
Man, Fru, Rib, Gal-UA, Glc-UA, Man-UA, Gul-UA, GalN, and GIuN,

were applied to build up the calibration curves.

2.4.3 | Molecular weight determination

Molecular weight (M,) of COCP was determined through HPLC
referring to the procedures described by Wang et al (Wang
et al., 2021). The polysaccharide sample was dissolved with an aque-
ous solution containing 0.02% NaNj, (the mobile phase) to 1.0 mg/
ml, and then it was filtered via 0.22-pm microporous filtering film
for M,, measurement on a Waters e2695 HPLC system (Waters
Technologies Corp), equipped with a refractive index detector (RID,
2414). The flow rate of the mobile phase was kept at 0.6 ml/min. A
Waters UItrahydrogeITM linear column (7.8 x 300 mm) and a Waters

Ultrahydrogel™

guard column (6 x 40 mm) were employed and
maintained at 40°C. Glucose (180 Da) and a series of dextran stand-
ards (T10, 1.0 x 10% T40, 4.0 x 10% T50, 5.0 x 10% T70, 7.0 x 10%
T500, 5.0 x 10%; and T2000, 2.0 x 10 Da) were utilized to establish

the standard curve.

2.4.4 | UV-Visible and Fourier transform infrared
spectroscopies' observation

UV-Visible absorption of COCP was characterized with a UV spec-
trophotometer (SPECORD® 50 PLUS, Analytik Jena). As much as
1.0 mg/ml of polysaccharide solution was prepared with ultrapure
water and then employed to conduct the UV-visible spectroscopy
observation in the wavelength range of 200-800 nm, by using ul-
trapure water as the background.

Fourier transform infrared (FT-IR) spectroscopy of COCP was
monitored with a FT-IR spectrophotometer (Nicolet iS50, Thermo
Scientific). The dried polysaccharide sample was ground with po-
tassium bromide (KBr) and then pressed into slices, and then it was
subjected to FT-IR spectrum analysis in the wavenumber range of

4000-400 cm™ using 32 scans with a resolution of 4 cm™.

2.4.5 | Scanning electron microscope observation
Scanning electron microscope (SEM) scanning was performed to ob-
serve the surface morphology of COCP. Polysaccharide was placed
on a sample stage and then sputter-coated with a platinum layer.
Next, the sample was observed under a scanning electron micro-
scope (VEGA 3 LMU, TESCAN China, Ltd.) at an acceleration voltage
of 10.0 kV.

2.5 | Invitro antioxidant activity assay of COCP
2.5.1 | Assay of scavenging activity on 2,2"-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS) radical

Scavenging activity of COCP on ABTS radical was assayed on the
basis of a previous method (Hu et al., 2018) with slight modifications.
Briefly, the mixture of 7 mmol/L ABTS (20 ml) with 140 mmol/L po-
tassium peroxodisulfate (352 pl) was maintained in the dark at the
ambient for 14 h to prepare ABTS radical stock solution. The pre-
pared ABTS radical stock solution was diluted with 70% ethanol to
achieve an absorbance value of 0.70 + 0.02 at 734 nm. Subsequently,
different concentrations (0.25, 0.5, 1.0, 2.0, 4.0, and 8.0 mg/ml) of
polysaccharide solutions (0.1 ml) and the diluted ABTS radical stock
solution (3.9 ml) were adequately mixed and reacted at 25°C for
6 min. After that, the absorbance was tested at 734 nm. Vc was ap-
plied as the positive control. The ABTS radical scavenging activity

was calculated using Equation (2):

Scavenging percentage (%) = [(Ay — A1) /Ag] x 100 (2)

where Ajand A, are the absorbances of the mixture of water and ABTS
solution, and the mixture of COCP and ABTS solution, respectively.

2.5.2 | Assay of scavenging activity on 1,1-diphenyl-
2-picryl-hydrazyl (DPPH) radical

Scavenging effect of the COCP on DPPH radical was measured,
based on the method of Liang et al. (Liang et al., 2018) with a lit-
tle modification. In brief, 0.1 mmol/L DPPH solution was prepared
with ultrapure water. Different concentrations (0.25, 0.5, 1.0, 2.0,
4.0, and 8.0 mg/ml) of polysaccharide solutions (0.5 ml), DPPH so-
lution (2.0 ml), and ultrapure water (1.5 ml) were intensively mixed
and then reacted in the dark at 25°C for 30 min. The absorbance
was recorded at 517 nm. Meanwhile, BHT acted as the positive con-
trol. The DPPH radical scavenging effect was calculated according

to Equation (3):

Scavenging percentage (%) = [1— (A, —A;) /Ag] X100  (3)

where A, A;, and A, are the absorbances of the water mixed with
DPPH solution, COCP mixed with absolute ethyl alcohol, and COCP

mixed with the DPPH solution, respectively.

2.5.3 | Assay of scavenging activity on hydroxyl
(OH) radical

Scavenging action of the COCP on OH radical was determined, ac-
cording to the method previously reported by Tang & Huang (Tang
& Huang, 2018) with minor modifications. Different concentrations
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(0.25, 0.5, 1.0, 2.0, 4.0, and 8.0 mg/ml) of polysaccharide solutions
(1.0 ml), 2 mmol/L ferrous sulfate solution (1.0 ml), and 6 mmol/L
salicylic acid-ethanol solution (1.0 ml) were fully mixed. After the
addition of 1 mmol/L hydrogen peroxide (H,0,) solution (1.0 ml), the
reaction was initiated and then held in the dark at 37°C for 60 min.
Finally, the absorbance was detected at 510 nm. Vc was utilized to
be the positive control. The radical scavenging action was computed

referring to Equation (4):

1-(A1-A)

4
A x 100 (4)

Scavenging percentage (%) =

where A, A;, and A, are the absorbances of the blank control (without
COCP), tested COCP, and COCP in water (no H,0,), respectively.

2.6 | Invivo antioxidant activity evaluation of
COCP in D-gal-induced aging mice

2.6.1 | Animal experiment design

D-gal has been broadly used to replicate the animal aging model. In
the present study, D-gal-induced aging model in mice was built in
accordance with the protocols reported in the existing investigation
(Wang, Zhang, et al., 2020; Wang, Huo, et al., 2020) with modifi-
cations. After 7-day acclimatization, mice were randomly and aver-
agely divided into six groups (12 mice each group): normal control
group, NC group; model control group, MC group; positive control
(100 mg/kg-bw of Vc) group, PC group; low-dose (100 mg/kg-bw) of
COCP group, COCP-L group; medium-dose (200 mg/kg-bw) of COCP
group, COCP-M group; high-dose (400 mg/kg-bw) of COCP group,
COCP-H group. Except that the mice in NC group were administered
normal saline, mice in other groups were intraperitoneally injected
with D-gal (500 mg/kg-bw) once a day for 6 weeks. From the seventh
week, mice in the latter four groups received intragastric administra-
tion of the corresponding solutions, while the NC and MC groups
were treated with normal saline, for 4 weeks. Then, the Morris water
maze test was performed. After that, mice were fasted over 12 h
with free access to water. On the next day, blood of each mouse was
collected. Moreover, the brain, liver, kidney, and heart tissues were
rapidly excised after mice were sacrificed.

2.6.2 | Morris water maze experiment

Morris water maze test is one of the most popular and established
behavioral tests to investigate rodents' spatial learning and memory
ability (D’Hooge & De Deyn, 2001). After the last administration,
the Morris water maze experiment for mice was conducted based on
the method of Cheng et al. (Cheng et al., 2019) with modifications.
The Morris water maze system was offered by Noldus Information

Technology Co., Ltd. The maze was a black circular water tank

(120 cm in diameter and 80 cm in depth) and divided into four quad-
rants. A hidden platform was placed at the midpoint of a quadrant
and submerged 0.8-1.2 cm below the surface of the water, and the
water temperature was maintained at 23 + 1°C. First, a hidden plat-
form training was performed for 5 days, and the procedures were as
follows: mice were randomly placed along the wall of the 4 points in
the pool, and the escape latency time of each mouse was recorded
within 90 s. If the mouse could not find the invisible platform, the
mouse would be guided back to the invisible platform for 20 s, and
the escape latency time was recorded as 90 s. Then, the spatial probe
test was performed on the sixth day using the following protocols:
the invisible platform was removed, and the mice were placed in two
quadrants farther from the platform. The number of target platform
crossings and percentage of time in target quadrant (quadrant Ill)
were recorded.

2.6.3 | Weight change and organ index

The weight of mouse in each group was weighed before (W,) and
after (W,) the animal experiment period, and the weight change
(AW) was calculated according to Equation (5):

AW =W, - W, (5)

The sampled brain, liver, kidney, and heart tissues of mouse in
the respective group were rinsed thoroughly with normal saline and
then blotted up with filter paper. Next, the weights were weighed,
and the organ indexes were calculated based on the body weight of
mouse, using the following Equation (6):

Weight of organ

Organindex (g/kg) = Weight of mouse

2.6.4 | Serum biochemical parameters

Blood of mice was centrifuged at 4°C (3000 rpm/min, 15 min) to
collect the serum. Levels of ALT, AST, CRE, BUN, CK, and LDH in
serum were assayed referring to the instructions provided by the

manufacturers.

2.6.5 | SOD, GSH-Px, and MDA levels of brain, liver,
kidney, and heart tissues along with serum

The brain, liver, kidney, and heart tissues were severally ground with
ice-cold saline to gain 10% homogenate, and the supernatants were
harvested through centrifugation at 4°C (3000 rpm/min, 15 min).
Then, the MDA content and activities of SOD and GSH-Px in ho-
mogenates of brain, liver, kidney, and heart tissues along with the
above-collected serum were determined using corresponding assay
kits under the manufacturers' guidance.
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2.7 | Statistical analysis

Data are presented as the mean +standard deviation (SD). Statistical
analysis was performed using SPSS 23.0 software (SPSS Inc.).
One-way analysis of variance (ANOVA) was used to compare the
significant differences among all groups by using Tukey's analysis.

Differences were considered as significant at p < .05.

3 | RESULTS

3.1 | Chemical composition, UV-visible absorption,
and M distribution of COCP

The yield of COCP obtained by hot water extraction from the
seed cakes of Camellia oleifera Abel was 3.25 + 0.03%. Contents
of total sugar, uronic acid, protein, total phenols, and moisture
for COCP were determined to be 70.91 + 2.61%, 21.70 + 1.72%,
20.76 + 1.06%, 3.00 + 0.06%, and 8.33 + 0.27%, respectively.
Moreover, UV-visible absorption (Figure 1a) reveals that COCP
had an absorption signal around 280 nm, indicating the presence
of proteins (Rozi et al., 2019). Thus, COCP could be inferred as a
glycoprotein. On the other hand, the monosaccharide composition
analysis (Figure 1b) reflects that COCP was composed of Fuc, GalN,
Rha, Ara, GIuN, Gal, Glc, Xyl, Man, Rib, Gal-UA, and Glc-UA, at a
mass percentage ratio of 0.25:0.12:7.75:16.95:0.79:27.94:15.74:5.98
:5.49:0.75:15.58:2.66. Obviously, COCP was a heteropolysaccharide
that consisted of neutral and acidic polysaccharide units, which was
consistent with previously reported polysaccharides from the seed
cakes of Camellia oleifera Abel (Xu et al., 2016; Zhang & Li, 2018).
Furthermore, Rha, Ara, Gal, Glc, Xyl, Man, and Gal-UA showed as
the major monosaccharides, which were different from the results
in other studies (Jin et al., 2019; Shen et al., 2014; Zhang & Li, 2018).
M,, distribution of COCP is illustrated in Figure 1c. COCP
showed a broad distribution that mainly ranged from 8.12 min to
14.20 min, implying its complexity. Two main elution peaks were
seen at 10.82 min and 11.38 min, and the M, values were estimated
to be 7.24 x 10° Da and 3.51 x 10° Da, respectively, based on the
calibration curve built by dextran standards. In contrast, the M, of
COCP was obviously higher than those of the previously reported
polysaccharides from the seed cakes of Camellia oleifera Abel (Jin
& Ning, 2012; Shen et al., 2014; Xu et al., 2016; Zhang & Li, 2018).

3.2 | FT-IR spectrum and SEM
observation of COCP

FT-IR spectrum is widely used to identify the functional groups of
polysaccharides. As displayed in Figure 2a, COCP exhibited the
characteristic absorptions at 3371, 2927, 1655, 1414, 1250, 1076,
and 1026 cm™. The broad absorption at 3371 cm™ was attributed
to the stretching vibration of O-H existing in intermolecular or in-
tramolecular hydrogen bonds (Du et al., 2015). The weak bands at

2927 and 1414 cm™ were due to C-H stretching in the sugar ring
(Dou et al., 2021). The signals around 1655 cm™ and 1250 cm™ were
produced by the O-H of COOH and the C = O, respectively, which
demonstrated the existence of the uronic acid or proteins (Feng
et al., 2021; Tang et al., 2017), thereby confirming the results of
chemical composition analysis and UV-visible absorption. The ab-
sorptions (1026 and 1076 cm™) between 1000 and 1200 cm™? be-
longed to the stretching vibrations of C-O-H and C-O-C, implying
the presence of pyranose (Rehebati et al., 2019).

SEM observation was performed to investigate the surface ap-
pearance of COCP, as shown in Figure 2b. COCP mainly exhibited as
smooth surface with sheet-like structures at the magnifications of
200x and 500x, which was similar to many natural polysaccharides
(Dou et al., 2021; Li, et al., 2020; Li, Wu, et al., 2020; Wang, Liu,
et al., 2018; Wang, et al., 2018).

3.3 | Invitro antioxidant activity of COCP

Scavenging activity on free radicals is generally considered as
one of the main mechanisms for antioxidants to delay oxidative
processes (Hajji et al., 2019). According to Figure 3, COCP ex-
erted scavenging activities on ABTS, DPPH, and OH radicals in a
concentration-dependent manner in the tested concentration range
of 0.25-8.0 mg/ml. The half-inhibitory concentration (IC;,) values
were estimated to be 2.94, 2.24, and 5.09 mg/ml, respectively.
Among them, the IC,, value of COCP for scavenging DPPH radical
significantly exceeded those (0.1779 mg/ml and 0.37 mg/ml, respec-
tively) of the water-extracted polysaccharides from the seed cakes
of Camellia oleifera Abel reported in several studies (Gao et al., 2020;
Shen et al., 2014), whereas it was lower than that (3.35 mg/ml) of
the polysaccharide reported by Xu et al. (Xu et al., 2016). Regarding
the IC,, value of COCP for scavenging OH radical, it was obviously
larger than those (0.50 mg/ml and 1.25 mg/ml, respectively) of the
polysaccharides investigated in some researches (Shen et al., 2014;
Xu et al., 2016), while it was much smaller than that of the water-
extracted polysaccharide (22.07 mg/ml) declared by Gao et al. (Gao
et al., 2020). Otherwise, at the concentration of 8.0 mg/ml, the scav-
enging percentage of COCP on ABTS radical reached 91.44%.

3.4 | Effects of COCP on the learning and memory
abilities of mice

In the Morris water maze analysis, escape latency, number of target
platform crossings, and percentage of time in target quadrant are fre-
quently applied to evaluate the effects of natural products on rodents'
spatial learning and memory ability (Tao et al., 2018; Wang, Zhang,
et al., 2020; Wang, Huo, et al., 2020; Zhang et al., 2021). As indicated
from Figure 4a, the escape latency reduced gradually from day 1 to
day 5, suggesting the learning capacities of mice were effectively im-
proved under the training. Meanwhile, the escape latency of mice in
MC, PC, and COCP groups exceeded that in the NC group, implying
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FIGURE 1 Ultraviolet (UV)-visible absorption (a), monosaccharide composition (b), and molecular weight distribution (c) of COCP
(polysaccharide from Camellia oleifera Abel seed cakes). In (b), numbers 1-15 represent Fuc, GalN, Rha, Ara, GluN, Gal, Glc, Xyl, Man, Fru, Rib,

Gal-UA, Gul-UA, Glc-UA, and Man-UA, respectively

that D-gal impaired the learning ability of mice. With the statistical
analysis on the escape latency of mice on day 5, the values in the PC,
COCP-M, and COCP-H groups were markedly declined, as compared
with those in the MC group. This indicated that Vc and COCP treat-
ment could improve the learning ability of aging mice induced by D-gal.

Figure 4b,c illustrate that mice in the MC group showed an ob-
viously lower number of target platform crossings and percentage
of time in target quadrant (quadrant Ill), as compared with the NC
group. This result indicated that the spatial memory capacity of
mice was impaired by D-gal. Compared with the MC group, the
phenomena were significantly reversed in the Vc group. COCP
could dramatically increase the number of target platform cross-
ings at the dose of 400 mg/kg-bw, as in comparison with the
MC group. Nevertheless, no notable difference was observed in
the percentage of time in target quadrant among MC, COCP-L,
COCP-M, and COCP-H groups. Overall, COCP treatment could
improve the spatial memory capacity of aging mice induced by D-
gal to some extent.

3.5 | Effects of COCP on weight gain and organ
indexes of mice

Body weight and organ index are apparent parameters for assessing
the health status of animals (Cui et al., 2017). As shown in Figure 5,
the weight gain (Figure 5a) and brain index (Figure 5b) of mice in
the MC group were obviously lower than those in the NC group,
suggesting D-gal might affect the growth and brain development of
mice. Compared with the MC group, weight gains of mice in the PC
and COCP-H groups were notably higher. Meanwhile, brain indexes
of mice in Vc and COCP groups were significantly increased, as com-
pared with those in the MC group. The phenomena indicated that
supplements of Vc and COCP could alleviate the adverse effects
generated by D-gal. On the other hand, Figure 5c,d,e reflect that no
obvious difference of liver, kidney, and heart indexes was found in
mice between the MC group and the NC group, which implied that
D-gal had not led to evident pathologic changes to liver, kidney, and
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heart of mice. Furthermore, no significant change of liver, kidney,
and heart indexes was observed in COCP groups as compared to
the NC group. It could be concluded that administrations of COCP
at 100, 200, and 400 mg/kg-bw did not exert adverse effect, even
toxicity, on mice.

3.6 | Effects of COCP on the serum biochemical
indexes of mice

Serum biochemical indexes, including ALT, AST, CRE, BUN, CK,
and LDH, were measured to further investigate the effect of COCP
treatment on D-gal-induced oxidative damage to liver, kidney, and
heart, as illustrated in Figure 6. ALT and AST in serum are two im-
portant indicators in the clinical diagnosis of liver dysfunction (Zhao
et al., 2021). CRE and BUN in serum could be used as biochemical
markers for clinically monitoring the early kidney damages (Song
et al., 2019). CK and LDH are cytosolic enzymes in heart, which
could serve as the diagnostic markers of myocardial tissue damage
(Fan et al., 2020). In Figure 6, levels of ALT, AST, CRE, BUN, CK, and
LDH of mice were notably increased in the MC group, as compared
with those in the NC group. This revealed that D-gal had caused

T
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oxidative damage to liver, kidney, and heart. After being treated with
Vc and COCP (100, 200, and/or 400 mg/kg-bw), the improvements
(except AST) were significantly suppressed. Moreover, COCP admin-
istration could inhibit the increases of ALT, CRE, BUN, CK, and LDH
in a dose-dependent manner. Thus, COCP had potential protective

effects against aging-induced oxidative damage.

3.7 | Effects of COCP on the MDA content along
with SOD and GSH-Px activities of serum and tissues
for mice

Malondialdehyde, the end-product of lipid peroxidation, is capa-
ble of interfering with lipid metabolism and accelerating lipid per-
oxidation, thereby probably creating cellular oxidative stress (Zhang
etal.,, 2021). As displayed in Figure 7, MDA contents in serum, brain,
liver, kidney, and heart of mice in the MC group were significantly
higher than those in the NC group. Obviously, D-gal had created oxi-
dative stress in mice. In contrast to the MC group, the MDA contents
were markedly declined in the PC group. COCP downregulated the
MDA contents in a dose-dependent manner, and it especially exhib-
ited distinct actions at medium and high doses (200 and 400 mg/
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kg-bw). However, only the MDA contents in the brain and heart of
mice could be observably decreased by the administration of COCP
under the dose of 100 mg/kg-bw. The results indicated that COCP
could lower the levels of lipid peroxidation induced by aging.
Superoxide dismutase and GSH-Px are important endogenous
antioxidant enzymes that protect the organism from oxidative dam-
age (Li, Niu, et al., 2020; Li, Wu, et al., 2020). The effects of COCP on
SOD and GSH-Px activities of serum and tissues for D-gal-induced
mice are illustrated in Figure 7. Compared with the NC group, the
SOD activities of serum, brain, liver, kidney, and heart for mice were
dramatically reduced in the MC group. Administrations of Vc and
COCP obviously mitigated the reductions of SOD activities in the
serum, brain, liver, and kidney of mice in a dose-dependent man-
ner, as compared with the MC group. However, no significant dif-
ference was seen in the SOD activities of heart for mice among the
MC, PC, and COCP groups. In terms of GSH-Px activities, obvious
decreases were found in brain, liver, kidney, and heart for mice in the
MC group, as compared with the NC group. No apparent difference
was found in the GSH-Px activity of the serum in mice among all

experimental groups. Compared with the MC group, Vc treatment
signally increased the GSH-Px activities in brain, liver, kidney, and
heart of mice. While, COCP at medium and high doses (200 and
400 mg/kg-bw) markedly elevated the GSH-Px activities in brain,
liver, and kidney of mice. However, COCP had no significant influ-
ence on the GSH-Px activity in the heart of mice. As revealed from
the mentioned results, COCP could improve the antioxidant status
of aging mice.

4 | DISCUSSIONS AND CONCLUSIONS

Oxidative stress is caused by the imbalance of the antioxidant de-
fense system and the uncontrolled production of oxygen-derived
free radicals, such as hydroxyl, hydrogen peroxide, DPPH, and su-
peroxide radicals. Among them, the hydroxyl radical is a highly po-
tent free radical in biological tissues that can easily react with most
cellular molecules such as amino acids, proteins, and DNA, thereby
resulting in severe damage to the adjacent biomolecules (Yang
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et al., 2011). DPPH is a stable free radical that can accept an elec-
tron or hydrogen radical donated by antioxidants to become a stable
diamagnetic molecule DPPH-H (Zhong et al., 2013). On the other
hand, ABTS radical is a relatively stable free radical during chemi-
cal oxidation process (Hamed et al., 2020). Considering that ABTS,
DPPH, and hydroxyl radicals scavenging models have been widely
used to assess the in vitro antioxidant activities of natural products
that included polysaccharides (Hu et al., 2018; Liang et al., 2018;
Tang & Huang, 2018), these free models have been applied to evalu-
ate the in vitro antioxidant activities of the obtained polysaccharide
from the seed cakes of Camellia oleifera Abel. The results showed
that the obtained polysaccharide exhibited good scavenging effects
on ABTS, DPPH, and hydroxyl radicals. On account of this, the poly-
saccharide has the potential to be used as a free radical scavenger,
which confirmed the findings in previous studies (Gao et al., 2020;
Jin et al,, 2019; Jin & Ning, 2012; Shen et al., 2014; Xu et al., 2016).

However, there were some differences in in vitro antioxidant activi-
ties of COCP between our results and previously reported findings.
For example, the scavenging activity of COCP on DPPH radical was
lower than those reported by Gao et al. (2020) and Shen et al. (2014),
and was stronger than those studied by Xu et al. (2016). While, the
scavenging effect of COCP on OH radical was worse than those de-
scribed by Shen et al. (2014) and Xu et al. (2016), and was better
than those reported by Gao et al. (2020). These differences might
be explained by the distinctions in the source of raw materials and
protocols of preparation.

Nowadays, aging turns out to be the major issue of public
health worldwide. It is generally accepted that antioxidant intake
is beneficial to controlling brain aging rates and prolonging the life
span. Currently, seeking natural antioxidants for delaying aging
has become a hotspot. D-gal can not only lead to memory and
cognitive impairment but also change the similar significant aging
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characteristics, such as MDA content and the activities of SOD and
GSH-Px (Zheng, 2020). Accordingly, D-gal-induced aging animal
model had been extensively adopted to investigate the in vivo anti-
aging and antioxidant effects of polysaccharides (Li et al., 2018; Yang
et al.,, 2019; Zhang et al., 2021). Thus, a D-gal-induced aging mice
model was used to evaluate the in vivo antioxidant activity of the ob-
tained polysaccharide from seed cakes of Camellia oleifera Abel. This
study found that the polysaccharide from Camellia oleifera Abel seed
cakes could improve the learning and memory capacities, reduce
MDA content, and elevate SOD and GSH-Px activities for mice in-
duced by D-gal. To the best of our knowledge, cells and tissues could
protect themselves against oxidative damage by scavenging ROS
and terminating chain reaction of free radicals in vivo by using en-
zymatic and nonenzymatic antioxidant defense systems (Wang, Liu,
et al., 2018; Wang, Yin, et al., 2018). SOD and GSH-Px are two im-
portant antioxidant enzymes. SOD first reduces the superoxide rad-
ical to H,0, and O,, and GSH-Px and CAT catalyze H,0, to H,0 and
O,, thereby preventing ROS formation (Li et al., 2018). Therefore,
the action mechanism of the polysaccharide from the seed cakes of
Camellia oleifera Abel in ameliorating aging-induced oxidative dam-
age was related to the improvement of antioxidant activity. On the
other hand, in vitro antioxidant activity assessments have revealed
that the polysaccharide could scavenge ABTS, DPPH, and hydroxyl
free radicals. In vivo antioxidant activity evaluations have disclosed
that the polysaccharide could significantly decrease the lipid per-
oxidation level of D-gal-induced aging mice. It could be inferred
that another mechanism for the polysaccharide in relieving aging-
induced oxidative stress might be scavenging free radicals. These
findings were in accordance with the investigation performed by
Yang et al. (2019). Although the in vitro antioxidant activity of poly-
saccharide from the seed cakes of Camellia oleifera Abel has been
demonstrated in previous studies (Gao et al., 2020; Jin et al., 2019;
Jin & Ning, 2012; Shen et al., 2014; Xu et al., 2016), its in vivo an-
tioxidant activity has not yet been reported. Our observation has
shown that this polysaccharide exerted in vivo antioxidant activity
in D-gal-induced aging mice model as mentioned above, which was a
good complement to its antioxidant activity. As the misuse of the ag-
ricultural by-product represents severe environmental damage and a
waste of an important economic resource (Shehata et al., 2020), the
finding is of great significance to provide reference for the exploita-
tion and utilization of the polysaccharide as natural antioxidant.

It is well known that bioactivities of polysaccharides are
closely related to the physicochemical properties and structures.
Antioxidant activity of polysaccharide is greatly affected by its
chemical components, monosaccharide composition, and molecular
weight (Zhong et al., 2019). Nonpolysaccharide components, such
as polyphenols and proteins, are thought to be possible antioxidant
active substances (Yang et al., 2019). In our study, COCP contained
amounts of total polyphenols and proteins. Its IC,, value on DPPH
radical was lower than that of a purified polysaccharide fraction
from Camellia oleifera Abel seed cakes, which had no polyphenols
and proteins (Xu et al., 2016). On the other hand, the differences in
monosaccharide composition and molecular weight lead to different

sequences of monosaccharides, glucosidic bonds, and configurations
for polysaccharides. These differences can affect their hydrogen-
donating abilities, thereby producing different antioxidant activities
(Shen et al., 2014). In the study taken up by Shen et al. (2014), the
hot water extracted polysaccharide from Camellia oleifera Abel seed
cakes was estimated to be 394 kDa and to be mainly composed of
Glc, Gal, and Man. The findings of Jin and Ning (2012) have indicated
that a purified fraction from the hot water extract from Camellia
oleifera Abel seed cakes had a molecular weight of 458 kDa and was
mainly composed of Fuc, Glc, and Gal. To our observation, COCP
exhibited 7.24 x 10° Da and 3.51 x 10° Da molecular weight val-
ues and mainly consisted of Ara, Gal, Glc, and Gal-UA. This might be
the main reason why the free radicals scavenging activities of COCP
were obviously different from those of polysaccharides reported by
Shen et al. (2014) and Jin and Ning (2012). However, the effect of
molecular weight on the antioxidant activities of polysaccharides
from Camellia oleifera Abel seed cakes is controversial. The report
of Xu et al. (2016) has demonstrated that the polysaccharide frac-
tion with the highest molecular weight had the largest IC,, values
for scavenging DPPH and OH radicals. On the contrary, the results
of Shen et al. (2014) have revealed that the polysaccharide fraction
with the highest molecular weight possessed the lowest I1C;, val-
ues for scavenging DPPH, OH, and superoxide anion radicals. In the
present study, the molecular weight of COCP was obviously higher
than those of polysaccharides from the seed cakes of Camellia oleif-
era Abel in previous studies (Jin & Ning, 2012; Shen et al., 2014; Xu
et al., 2016). While, IC;, values of COCP for them for scavenging
DPPH and OH radials did not follow this fact. It might indicate mo-
lecular weight was not the single factor that affects the antioxidant
activities of polysaccharides from Camellia oleifera Abel seed cakes.
In a word, more work should be conducted to investigate the influ-
ences of structural features like molecular weight on the antioxidant
activities of polysaccharides from Camellia oleifera Abel seed cakes.

Moreover, the physicochemical properties and structures of
polysaccharides are deeply dependent on the preparation processes
(Huang & Huang, 2020; Yi et al., 2020). A previous study taken up by
Li, Wu, et al. (2020); Li, Wu, et al. (2020)has indicated that a glyco-
protein from Camellia oleifera Abel seed could significantly decrease
the MDA content and increase the activities of SOD and GSH-Px in
serum and liver tissues of D-gal-induced aging mice, at the doses of
100, 200, and 400 mg/kg-bw. However, in the present study, COCP
had little influences on the activities of SOD and GSH-Px in the
serum of D-gal-induced aging mice. Therefore, the in vivo antioxi-
dant activities of COCP were different from those of a previously
reported polysaccharide (Li, Niu, et al., 2020; Li, Wu, et al., 2020).
This might be explained by the differences in raw materials, which
lead to the differences in physicochemical properties and structures.

In conclusion, a novel polysaccharide was acquired from the
seed cakes of Camellia oleifera Abel. This polysaccharide exhibited
good scavenging activities on ABTS, DPPH, and OH radicals. The
polysaccharide was demonstrated to improve the learning and
memory of D-gal-induced aging mice. Moreover, the polysaccha-
ride could alleviate the oxidative damage of aging mice. This study
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supports the potentials of polysaccharide from the seed cakes of
Camellia oleifera Abel in being utilized as antiaging and antioxidant
products. The action mechanism of this polysaccharide allevi-
ating aging-induced oxidative stress might be the scavenging of
free radicals and the improvement of antioxidant activity. Future
work will focus on the structural characterization and structure-

activity relationship.
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