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Abstract: Chitosan oligosaccharide (COS), a natural polysaccharide with good antioxidant and
anti-inflammatory properties, is the depolymerized product of chitosan possessing various biological
activities. The present study was designed to investigate the possible anti-aging effect of COS on
the aging model mouse induced by D-galactose (D-gal) and explore the underlying mechanism.
In the experiment, 48 male Kunming mice (KM mice) were randomly divided into the normal
group, model group, positive group, and low-medium-high dose polysaccharide groups (300, 600,
1200 mg/kg/day). The results showed that COS, by intragastric gavage after subcutaneous injection
of D-gal (250 mg/kg/day) into the neck of mice consecutively for eight weeks, gradually recovered the
body weight, the activity of daily living, and organ indices of mice, as well as effectively ameliorated
the histological deterioration of the liver and kidney in mice triggered by D-gal. To be specific,
COS obviously improved the activities of antioxidant enzymes in liver and kidney of KM mice,
including catalase (CAT), glutathione peroxidase (GSH-Px), and superoxide dismutase (SOD), as
well as decreased malondialdehyde (MDA) levels when compared with those in model group mice.
Furthermore, COS not only elevated the diminished levels of serum immunoglobulin G (IgG) and
IgM induced by D-gal, but also significantly inhibited the D-gal-caused upregulation of serum alanine
aminotransferase (ALT), aspartate transaminase (AST), alkaline phosphatase (ALP), uric acid (UA)
and creatinine (CREA) levels as compared with those of mice in the model group. These results
demonstrate that COS has an obvious anti-aging activity in D-gal-induced subacute aging mice, the
mechanism of which, to some extent, is associated with enhancing the antioxidant defenses, reducing
oxidative stress, and improving the immune function of aging model mice.
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1. Introduction

Aging, also known as senescence, is a complicated and irreversible degeneration that appears
not only in body tissues, but also in the physiological functions of body organs, such as poor immune
responses, memory loss, and so on. Numerous studies have discovered that aging is closely associated
with diverse chronic diseases, such as hypertension, diabetes, atherosclerosis, Alzheimer’s disease,
Parkinson’s disease, and multiple cancers [1-3]. After entering the 21st century, with the trend of global
aging and the improvement of living standards all over the world, health problems caused by aging
and aging-associated diseases have become increasingly prominent. Therefore, how to maintain the
health of the elderly and delay the occurrence of aging and aging-related diseases has already become
a common topic among people today, especially among the young, as well as a research hotspot for
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scientists [2,3]. In the theoretical hypotheses of aging, the free radical theory of aging, proposed initially
by Denham Harman since the 1950s, has been widely concerned [4]. It is well-accepted that the most
significant determinant of aging is oxidative damage caused by overproduction of reactive oxygen
species (ROS). The formation of excess ROS directly results in oxidative stress and pro-inflammatory
responses, which then causes redox disequilibrium, ultimately leading to protein oxidation, lipid
peroxidation, and mitochondria and DNA damage, which can precisely inhibit normal cell functions,
and even cause apoptosis [5,6]. Meanwhile, ROS is expected to play an additional role in aging by
directly or indirectly damaging the endogenous antioxidant system, including superoxide dismutases
(SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) [7]. In addition, more and more evidence
has demonstrated that aging is an inevitable biological phenomena caused by the decline of body
immune function, and studies have also shown that there is a positive relationship between aging and
immune dysfunction, which leads to a decrease in the ability of the body to resist external pathogens,
thereby increasing the possibility of aging-related diseases [6-10]. Based on the analysis of these
aging mechanisms, the agents with anti-oxidant and/or immunomodulatory functions might be of
preventive or potential therapeutic value in aging-associated diseases.

Recently, numerous natural compounds have been discovered to possess potent anti-aging activity
and have attracted considerable interest as potential candidates for the development of novel anti-aging
therapies [6,7,9]. Consequently, close attention has been paid to natural products due to their amicable
safety profile and potentially beneficial biological activities, thus, searching natural ingredients with
anti-oxidant, immunomodulatory and anti-inflammatory properties for preventing and/or treating
this subacute aging has become a new hot spot. Chitosan oligosaccharide (COS), consisting of
2-10 3-1,4-linked D-glucosamine units, is the depolymerized product of chitosan (as displayed in
Figure 1) [11]. Studies have displayed that COS is biocompatible, non-toxic, and absorbable, as well as
has a variety of biological effects, including anti-bacterial, neuroprotective, anti-diabetic, anti-tumoral
and anti-hypoglycemic properties, which grant it potential in pharmaceutical applications [11-13].
Furthermore, there is also evidence showing that COS can enhance antioxidant activity, maintain a
favorable redox balance, and possess anti-inflammatory capacity by adjusting relevant signaling
pathways [14,15]. Our recent study has demonstrated that the ultraviolet irradiation-induced
photoaging on hairless mouse skin is significantly ameliorated by topical treatment with COS [16].
Additionally, it has been reported that COS can attenuate oxidative stress-induced retinal damage in
rats, protect mice from LPS challenge, prevent retinal I/R injury in rats and accelerate weaned pig
growth mainly by maintaining the activities of antioxidative enzymes and inhibiting the activation
of NF-«kB [17-20]. In addition, it is widely acknowledged that, with low molecular weight and low
viscosity, COS has a great influence on the absorption of the human intestinal tract, and can quickly
enter the bloostream; meanwhile, it also contributes to producing a systemic biological effect in the
organism and enhance the pharmacological effects in the body [17,18].
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Figure 1. Chemical structure of COS.

Based on the previous studies on the biological activities of COS, it is reasonable to believe
that this oligosaccharide may possess a considerable potential to be utilized in the anti-aging field.
However, there is limited knowledge about the protective effects of this natural polysaccharide with low
molecular weight against D-galactose (D-gal)-induced subacute aging in vivo. Therefore, the present
study aimed to investigate the anti-aging activity of COS by intragastric gavage in D-gal-induced
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subacute aging mice mainly via measuring the oxidative stress parameters, as well as evaluating the
macroscopic and histopathological statuses of mice and/or their main organs to provide a pioneering
pharmacological basis for the anti-aging effect of COS.

2. Results

2.1. Daily Behavior Observation

During the eight-week period of our experiment, the daily appearance and behavioral activities of
the mice were observed and recorded weekly, which showed that there were no pathological changes,
such as vomiting and anti-feeding, occurring in each group. Mice in the normal group were not only
in a good state of mind, but also lively, active, and agile, as well as had a healthy diet. As exhibited in
Figure 2, except for the normal group, mice in other groups showed weight loss at the initial stage after
D-gal injection, and then gradually recovered weight. After the fifth week of D-gal injection, mice in
the model group showed evident symptoms of aging, including slow movement, gradually decreased
food intake, a lag in response, listlessness, as well as withered and lackluster fur, indicating that
the aging model triggered by subcutaneous D-gal injection was successfully established. Compared
with the model group, these above senescence characteristics of mice in vitamin E (VE) and drug
administered groups were receded to differential extents. Especially in the COS-H treatment group, the
aging features of mice hereinabove were significantly moderated as compared to those of model group
mice. Although there was slightly lackluster fur and a slow reaction for mice in low- and middle-dose
COS groups, the phenomenon of senescence was obviously moderated in comparison with that in the
model group.
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Figure 2. The body weight of mice during the treatment period.

2.2. Effect of COS on Immune Function

Since the spleen and thymus are prominent immune organs, the indices of them can reflect the
strength of the immune status or the improvement of immune function [10]. As shown in Table 1,
after an eight-week treatment of D-gal, the spleen and thymus indices of the model group mice were
noticeably lower than those in the normal group, indicating that the mouse immune system was
inhibited by the administration of D-gal for 56 consecutive days. Moreover, the decreased spleen and
thymus indices of mice induced by D-gal treatment were gradually up-regulated to a certain degree
after COS administration. Furthermore, our results (as revealed in Table 1) also revealed that the serum
levels of immunoglobulin G (IgG) and IgM visibly decreased in model group mice when compared to
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those in the normal group. Nevertheless, after being gavaged with COS, the levels of IgG and IgM
were clearly elevated in a dose-dependent manner.

Table 1. Effects of COS on the organ indices and immune function in D-gal-treated mice.

Organ Index (mg/g) Immune Function
Groups
Thymus Spleen IgG (g/L) IgM (g/L)

Normal 0.22 +0.05 0.58 +0.28 0.80 + 0.03 0.16 + 0.03
Model 0.14 +0.05* 0.34 +0.09* 0.57 +0.04* 0.07 +0.02#

VE 0.19 £ 0.04 0.43 +£0.16 0.61 £ 0.05 0.10 +0.03
COS-L 0.14 £ 0.04 0.42 £ 0.07 0.70 £0.04 * 0.08 £ 0.02
COS-M 0.16 + 0.06 0.49 £0.23* 0.72 £ 0.07 * 0.11 +£0.02*
COS-H 0.19 + 0.05 0.53 +0.14* 0.77 £ 0.08 * 0.12 +£0.02*

Data represent means + standard deviation (SD) (n = 8). # p < 0.05 compared with the normal group; * p < 0.05
compared with the model group.

2.3. Effect of COS on Liver and Kidney Function

The effect of COS on liver function in D-gal-treated mice was assessed by measuring the serum
levels of alanine aminotransferase (ALT), aspartate transaminase (AST), and alkaline phosphatase
(ALP). As seen in Table 2, after treated with D-gal for eight weeks, mice in the model group exhibited
marked increases in the serum levels of ALT, AST, and ALP when compared with normal mice
(all p < 0.05). However, these D-gal-triggered unusually high levels of ALT, AST, and ALP in mice
serum were gradually decreased to a certain extent in VE and COS-treated groups when compared to
model group mice, especially for the COS-H group, and these levels were markedly lower than those
in the model group (all p < 0.05).

Meanwhile, the effect of COS on kidney function in D-gal-injected mice was evaluated by
measuring the levels of creatinine (CREA) and uric acid (UA) in their serum, and the results are
also exhibited in Table 2, which reveals that the serum levels of CREA and UA for the model group
mice are significantly higher than the normal group mice (all p < 0.05). Nevertheless, for the VE and
COS-administrated groups, these unfavorable increases of serum CREA and UA levels are gradually
restored to an extent lower than those of the model group (especially in the COS-H group).

Table 2. Effects of COS on liver and kidney functions in D-gal-treated mice.

G Liver Function Kidney Function
roups
P ALP (U/L) ALP (U/L) AST (U/L) CREA (umol/L) UA (umol/L)
Normal 50.08 + 5.46 20.88 + 3.17 53.79 + 4.40 51.46 + 3.08 125.24 + 9.52
Model 8226 +3.09% 2820+439% 7851 +3.77% 61.49 + 553 # 162.55 + 8.93 #
VE 69.26 + 6.05* 22.05+4.02* 68.61+524* 58.36 + 6.28 142.83 + 7.76 *
COS-L 6828 £457* 2559 +£3.63 6515+421* 55.51 + 3.36 160.33 £ 5.55

COS-M 64.07 £3.29* 2045+205* 60.08 +2.26* 53.14 £3.70* 139.13 £11.03 *
COS-H 58.85+4.83* 1910+152* 57.01+3.67* 51.99 £1.09 * 130.39 £ 8.65 *

Data represent means & SD (n = 8). # p < 0.05 compared with the normal group; * p < 0.05 compared with the
model group.

2.4. Effect of COS on D-Gal-Induced Histochemical Damages of the Liver and Kidney

As shown in Figure 3, the normal histological structure of liver tissue is clearly visible in the normal
group mice, including ubiquitous polygonal hepatocytes, radially-ranged hepatic cord around a central
vein and slight binucleation of hepatocytes. After eight-week continuous D-gal-injection, the liver
tissue revealed an increased number of binucleation of hepatocytes, mussily-arranged hepatic cord,
widespread hepatocellular ballooning, and a number of inflammatory cell infiltrations. Nevertheless,
for the COS-H-treated group, neatly arranged hepatic cord, fewer inflammatory infiltrations and
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binucleation of hepatocytes were observed in mice liver tissues, while the ballooning hepatocytes were
decreased in a dose-dependent manner, indicating that COS could improve D-gal-induced liver injury
to some extent.

Figure 3. Histopathological appearance of liver (haematoxylin-eosin (HE) staining 400 x ). Binucleation
of hepatocyte (black arrow), hepatic cord arranged mussily (yellow arrow), and the ballooning
hepatocyte (red arrow).

In addition, histopathological analyses of kidney tissue of D-gal-treated mice revealed that
the glomerulus showed obvious atrophy, or even disappeared, while the balloon-widened cavity
and drop of epithelial cells in renal proximal convoluted tubules, as well as extensive renal edema,
could occur when compared to the normal group (as revealed in Figure 4). Notably, COS and VE
treatment significantly attenuated these unhealthy pathological changes of kidney tissue caused by
D-gal, manifesting kidney-protecting activity, while renal edema and the balloon-widened cavity were
largely controlled for the COS-H group. These results showed that COS successfully alleviated these
D-gal-induced pathological damages in liver and kidney tissues of Kunming mice (KM mice).

Figure 4. Histopathological appearance of kidney (HE staining 400 x). Atrophy (yellow arrow), drop
of epithelial cells in renal proximal convoluted tubules (black arrow), and balloon widened cavity
(red arrow).
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2.5. Effect of COS on Anti-Oxidation Indices of Liver and Kidney

Previous studies have shown that antioxidative enzymes can protect the liver and kidney from
D-gal-induced subacute aging by scavenging ROS. Hence, the activities of SOD, CAT, and GSH-Px,
as well as the content of malondialdehyde (MDA), were investigated in our present study [5-7].
As illustrated in Figure 5, after subcutaneous injection of D-gal for eight weeks, the activities of these
three key antioxidative enzymes were sharply decreased in comparison with those in liver and kidney
tissues of normal group mice, while the opposite was true for the MDA level (all p < 0.05). However,
when the mice were administrated with COS, the decreased activities of these enzymes caused by
D-gal were gradually elevated to an extent higher than those of the model group mice, and the MDA
level was attenuated by COS in a dose-dependent manner (especially in COS-H group, p < 0.05 vs.
model group). These results suggested that COS treatment could significantly improve SOD, CAT, and
GSH-Px activities and decrease the MDA level in the liver and kidney of D-gal-treated mice.
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Figure 5. Effect of COS on the activities of SOD, GSH-Px, and CAT, as well as MDA levels of mice liver
(A) and kidney (B) caused by D-gal. Data represent means & SD (n = 8). # p < 0.05 compared with
the normal group; * p < 0.05 compared with the model group. Normal: normal control group; Model:
D-gal-treated group; VE: D-gal plus VE treatment group; COS-L: D-gal plus COS (300 mg/kg/day)
treatment group; COS-M: D-gal plus COS (600 mg/kg) treatment group; COS-H: D-gal plus COS
(1200 mg/kg) treatment group.

3. Discussion

It has been widely accepted that the D-gal-induced subacute aging mouse model used in our
present study is a usual adopted aging model based on the metabolic theory of aging, the symptoms
of which are similar to the natural aging process. D-gal is a normal nutrient that naturally exists in the
body [21]. As a certain dose of D-gal is injected into the mice within a period of time, the concentration
of it in cells will be too high to be catalyzed by galactose oxidase to aldose and hydrogen peroxide,
finally generating superoxide anions [22]. The oxidation in the body produces a large number of free
radicals, which are beyond the body’s scavenging capacity and lead to lipid peroxidation; meanwhile,
the final decomposition products (such as MDA) can directly or indirectly combine with proteins,
nucleic acids, phospholipids, and other substances, not only destroying the chemical structure of
intracellular life substances and disrupting cell function, but also damaging normal tissue cells, as well
as affecting the normal osmotic pressure, which further lead to metabolic disorders of vital organs
and eventually organism aging [23,24]. Thus, D-gal-induced subacute aging in mice has been chosen
in our current study to investigate the possible anti-aging effects of COS and explore the underlying
mechanism. In the present study, the results revealed that the model group mice had a significant
difference in their daily behaviors compared with those of normal group mice. In addition, the spleen
and thymus of model mice significantly atrophied, while the indices of their spleen and thymus were
significantly lower than those of normal mice. Moreover, vitalities of antioxidant enzymes, such as
GSH-Px, CAT, and SOD in the liver and kidney of model mice were reduced, while the opposite was
true for the MDA level. These results are in line with previous studies [6,7,22-24], indicating that the
D-gal-induced aging model in mice was successfully established in our present study.

With the increase of age, immune system of the body suffers degenerative changes that not
only decreases the immune response to a foreign specific antigen, but also presents with a general
imbalance of immune function, which finally led to the occurrence of various diseases [25]. Therefore,
the regulation of body immunity is one of the main methods in the anti-aging study. Additionally,
the thymus and spleen are two important immune organs of the body, the organ indices of which
can initially reflect the strength of a non-specific immune system, and which are also the preliminary
indices to estimate the non-specific immune function of the body [26,27]. The present results showed
that compared with the normal group, the immune organs, such as the thymus and spleen of mice
in the model group injected with D-gal for eight weeks, were obviously shrunk, and the thymus
and spleen indices were distinctly decreased. When compared with the model group, although, for
VE-treatment, there was no obvious promotion impact to these D-gal-induced diminution of thymus
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and spleen indices, these two organs’ indices in the COS low-middle-high dose groups gradually
increased (especially for the spleen index), indicating that COS could improve the spleen and thymus
quality indices of senile mice, inhibit the degeneration of the immune organs, and ultimately enhance
the non-specific immunity to some degree. On the other hand, as one of the nonspecific immune
factors of the body, the antibody system plays an important role in the body’s immune response and
immune adaptation, while immunoglobulin (Ig) is a commonly used indicator of humoral immune
status [28-30]. Serum Ig includes IgG, IgM, IgA, IgD, and IgE, of which IgG and IgM are the main
components of serum antibody, as their content can reflect immune response capacity and humoral
immunity of the body [31]. The results in the present study showed that the serum levels of IgG and
IgM in the model group mice were significantly lower than those in normal group mice. Compared
with those of the model group, for VE-treatment, there was also no marked promoting effect on these
D-gal-produced reduction of IgG and IgM levels in mice serum, while these serum levels of IgG and
IgM of senescent mice treated with COS increased significantly, indicating that COS could improve the
immune response ability and enhance humoral immune function of the body. In summary, COS has a
good regulatory role on immune function of D-gal-induced aging mice, which supposedly serves to
delay aging.

In addition, the endogenous antioxidant enzyme system, mainly including SOD (an enzyme
devoted to scavenge superoxide anion radicals and reduce the production of lipid peroxidation), CAT
(an enzyme dedicated to scavenge H,O; to protect peroxidation of cell wall lipid and lipoproteins),
and GSH-Px (an enzyme concentrated on catalyzing GSH into GSSG and stimulating the toxic peroxide
reduction into non-toxic hydroxyl compounds), is an important defense system against free radical
damage in the body, the main function of which is to maintain the homeostasis of ROS in the internal
environment and to remove excessively high levels of ROS [4,5,32,33]. Numerous evidences exhibit
that the excessive production of ROS in biological systems can cause oxidative damage to tissues,
impair membrane functions, affect cellular metabolism, and passivate proteins and enzymes, especially
in the organs with fast metabolic processes like the liver and kidney [34-36]. Consistent with these
studies, we found that repeated D-gal-injection induced an observable decrease in the activities of
these key antioxidant enzymes (SOD, CAT, and GSH-Px), and markedly aggravated lipid peroxidation,
manifested as the accumulation of MDA, indicating that oxidative damages occurred in mice liver
and kidney. Furthermore, the serum levels of ALT, AST, and ALP are widely used to evaluate liver
functions, in which ALP plays a very important role in the dephosphorylation of protein enzymes,
while ALT and AST are the earliest and most sensitive indicators of liver injury. Meanwhile, UA and
CREA are the main indicators of renal function, which will be filtered out through the glomerular fluid
into the blood stream in large amounts when renal damage occurs during the aging process [37,38].
Accompanied with oxidative tissue damage of mice liver and kidney, the serum levels of ALT, AST, and
ALP, as well as CREA and UA in the model group mice, were significantly higher than those of normal
group mice. However, COS, from shrimp shell chitosan by enzymatic hydrolysis, not only exhibited
favorable antioxidant properties by enhancing the activities of these antioxidases and decreasing the
level of MDA, showing the oppositional effect on D-gal-induced oxidative damages to mice liver and
kidney, but also mitigated these exceptional rises of serum ALT, AST, ALP, CREA, and UA levels
to an extent lower than the model group, indicating an important role in preserving the normal
function of the liver and kidney. Meanwhile, VE also displayed, to a certain extent, an antioxidant
effect mainly by intensifying the activities of SOD in mice liver and kidney, as well as reducing
the levels of MDA, to implement a degree of protective effects on mice hepatic and renal functions.
Additionally, histological examination showed that the levels of inflammatory cell infiltrations and
necrosis of hepatocytes, as well as the atrophy of the renal glomerulus were enhanced in the model
group, whereas the application of COS and VE ameliorated these hepatic and renal structure damages
induced by chronic administration with D-gal to a certain extent, and the histological status in the
COS-H group closely resembled that of the normal group. These results of histological assessments
corresponded well with the biochemical analysis.
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To sum up, VE, the monomer of which is often used as the positive control for the studies
of subacute aging in mice induced by D-gal, is a well-known fat-soluble vitamin with excellent
antioxidant activity [37,39,40]. Given that VE showed no prominent promoting effect on these
D-gal-produced reduction of immune function indicators of mice, it was reasonable to infer that
the certain protective effect of VE on the liver and kidney of D-gal-induced aging mice might be mainly
due to its anti-oxidation quality. Relatively, COS, derived from the shells of shrimp and crab shells in
the ocean, possesses a variety of biological effects, such as the increasing effect on these D-gal-induced
reduction of immune function indicators of mice, and D-gal-caused decreases in the activities of key
antioxidant enzymes in mice liver and kidney [12,15-17]. To comprehensively conclude our results,
it could be regarded that COS possessed hepatoprotective and renoprotective effects on D-gal-induced
subacute aging mice to realize its anti-aging activity, which might be associated with the anti-oxidant
capability of COS, as well as its good regulatory role on mice immune function to a larger extent.

4. Materials and Methods

4.1. Materials and Chemicals

COS (from shrimp shell chitosan by enzymatic hydrolysis, average molecular weight <1000 Da,
degree of deacetylation >90%, degree of polymerization of 3-7, water soluble), almost white powder,
was purchased from Beijing Zhong Tai He Technology (ZTH Tech, Beijing, China). A certain amount of
COS was weighed accurately and dissolved in ultrapure water at room temperature to prepare three
different concentrations: 15, 30, and 60 mg/mL. D-gal (purity >99%) and vitamin E (VE, purity 95%)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). D-gal was dissolved in 0.9% physiological
saline for injecting subcutaneously back the neck of mice at the dose of 250 mg/kg body weight, while
VE was dissolved in distilled water containing 1% Tween 80 solution. Commercially available kits for
IgM, IgG, GSH-Px, SOD, CAT, and protein concentration, as well as MDA, were provided by Nanjin
Jiancheng Bioengineering Institute (Nanjing, China). All other chemicals and reagents used in the
study were of analytical grade.

4.2. Animals

Healthy seven-week-old male KM mice, weighing approximately 30 g, were purchased
from the Center of Laboratory Animal Science of Guangdong Province (certificated number:
SCXK(Yue)-2013-0002). Mice were housed in the animal laboratory of Guangdong Ocean University
according to the guides for the care and use of laboratory animals. Mice were maintained in cages at
an ambient temperature of 23 & 2 °C with 55 & 10% relative humidity in a 12 h light/dark automatic
lighting cycle during the experimental period of eight weeks. They could access to the standard pellet
diet and drink water ad libitum throughout the study period.

4.3. Preparation of Subacute Aging Mouse Model and COS Treatment

After adaptation for one week, mice were randomly divided into six groups of eight mice each
according to Table 3. In order to establish natural aging model mouse, D-gal (250 mg/kg/day) was
injected subcutaneously into the back of the neck of mice once a day for 56 consecutive days. While
mice in the normal group received equal amounts of physiological saline once daily instead of D-gal.
After subcutaneous injection of D-gal in mice for one hour, mice in normal and model groups were
treated with distilled water by gavage (20 mL/kg/day); meanwhile, mice in VE group were treated
with VE by gavage (50 mg/kg/day) as a positive control according to recent reports [37,39,40]. Mice
in COS-L, COS-M, and COS-H groups were treated with the sample solutions (three different doses
of COS) per day by gavage, respectively, which were administered daily as the treatment schedule
displayed in Table 3.
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Table 3. Treatment schedule of the study.

COS (mg/kg/day)

Groups D-Gal (250 m /day)
P g/kg/day 300 600 1200

Normal
Model
VE
COS-L
COS-M —
COS-H + — — +

+: With treatment, —: Without treatment.

+ o+ o+

4.4. Daily Observation of Mice

During the experimental period, the body weight of mice was measured by an electronic balance
once a week. In addition, the appetite, appearance, mental condition, and behavioral activity of mice
in each group were observed and recorded per week, respectively.

4.5. Preparation of Mice and Sample Collection

At the end of the eighth week, 24 h after the last drug administration, the mice were fasted
overnight, and their blood samples were taken from the retrobulbar venous plexus. Then, these mice
were weighed and then sacrificed by the humane method of cervical dislocation. Subsequently, the
spleens, thymus, kidneys, and livers of each mouse were carefully dissected out, washed with cold
sterile physiological saline and weighed. The ratio of organ weight to the final body weight was
calculated as the organ index. After that, the liver and kidney were stored immediately at —80 °C for
the sequent biochemical analysis. There were no casual or obvious signs of toxicity throughout the
course of the experiments and all of the mice involved survived.

4.6. Determination of Serum Indices

The serum was separated from the whole blood by centrifugation at 4000 rpm for 15min at 4 °C
and then stored at —80 °C for biological analysis. An automatic biochemistry analyzer (Mindary
BS-480, Shenzhen Mindray Bio-Medical Electronics Co., Ltd., Shenzhen, China) was used to measure
the levels of ALT, AST, ALP, CREA, UA, IgG, and IgM in the serum of mice according to the assay
kit instructions.

4.7. Measurement of the Anti-Oxidation Activity in Mice Liver and Kidney

For biochemical analysis, organ tissues of each mouse including liver and kidney were quickly
removed to prepare 10% (w/v) homogenates in ice-cold 0.9% NaCl solution, followed by centrifugation
at 3000 rpm for 15 min at 4 °C, and then the supernatant was kept frozen at —70 °C until biochemical
analysis. The protein concentrations were measured by bicinchoninic acid (BCA) method using bovine
serum albumin as the standard. The activities of SOD, CAT, and GSH-Px, as well as the levels of MDA
in liver and kidney, were determined by the assay kits.

4.8. Histological Examination of Liver and Kidney

After sacrifice, organ tissue samples, including liver and kidney, were quickly stripped, fixed in
4% paraformaldehyde for 24 h, dehydrated in ascending grades of alcohol, then embedded in paraffin,
and finally sectioned at a thickness of 5 um. These samples were stained by HE for routine examination
of these tissues.
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4.9. Statistical Analysis

All quantitative data were presented as means £ SD. Experimental values were analyzed by
one-way ANOVA. A value of p < 0.05 was considered to be statistically significant. All analyses were
performed using Statistical Analysis Software (SPSS 17.0).

5. Conclusions

COS, a class of naturally occurring polysaccharides, has a protective effect against D-gal-induced
damages of subacute aging in mice mainly by promoting the serum IgG and IgM levels, preventing
the atrophy of mice thymus and spleen, as well as increasing the activities of pivotal antioxidant
enzymes in mice liver and kidney, revealing that the mechanism might be closely associated with
its beneficial modulation of oxidative and immune system. These results may provide supporting
pre-clinical evidence for the potential clinical application of COS as a therapeutic product against
age-related diseases.

Author Contributions: Conceptualization: S.-Z.K,, J.-C.L., ZH., S.-D.L., and M.-N.L. Data curation: J.-C.L.,
M.-H.G., W-X.T,, and Z.-H.Z. Funding acquisition: S.-ZK., S.-D.L., and Z.H. Investigation: S.-ZK., ].-C.L., C.-PL,,
P-].Z., M.-H.G., W-X.T., and Z.-H.Z. Writing—original draft: J.-C.L., S.-ZK., and Z.H. Writing—review and
editing: S.-Z.K,, S.-D.L., and Z.H.

Acknowledgments: This work was supported by the special foundation for excellent young teachers of
Guangdong Ocean University (No. 2014008), the program for scientific research start-up funds of Guangdong
Ocean University (No. E15177), the special funds for the cultivation of Guangdong college students’ scientific and
technological innovation (“climbing program” special funds) (No. pdjhb0240 and No. pdjhb0242), as well as the
sailing schemes of “Hai Zhi Fan” for college students” scientific and technological innovation (No. ghjh2017zr11).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sergiev, P.V.; Dontsova, O.A.; Berezkin, G.V. Theories of aging: An Ever-Evolving Field. Acta Nat. 2015, 7,
9-18.

2. Ristow, M.; Schmeisser, S. Extending life span by increasing oxidative stress. Free Radic. Biol. Med. 2011, 51,
327-336. [CrossRef] [PubMed]

3.  Kuilman, T.; Michaloglou, C.; Mooi, W.J.; Peeper, D.S. The essence of senescence. Genes Dev. 2010, 24,
2463-2479. [CrossRef] [PubMed]

4. Harman, D. Aging: A theory based on free radical and radiation chemistry. J. Gerontol. 1956, 11, 298-300.
[CrossRef] [PubMed]

5. Schieber, M.; Chandel, N.S. ROS function in redox signaling and oxidative stress. Curr. Biol. 2014, 24,
R453-R462. [CrossRef] [PubMed]

6. Li, S.S,; Liu, M.; Zhang, C.; Tian, C.Y.; Wang, X.X,; Song, X.L.; Jing, H].; Gao, Z; Ren, Z.Z,;
Liu, W.R,; et al. Purification, in vitro antioxidant and in vivo anti-aging activities of soluble polysaccharides
by enzyme-assisted extraction from Agaricus bisporus. Int. |. Biol. Macromol. 2018, 109, 457—-466. [CrossRef]
[PubMed]

7. Zhao, HJ,; Li, J.; Zhang, ].J.; Wang, X.X.; Hao, L.; Jia, L. Purification, in vitro antioxidant and in vivo
anti-aging activities of exopolysaccharides by Agrocybe cylindracea. Int. ]. Biol. Macromol. 2017, 102, 351-357.
[CrossRef] [PubMed]

8. Deursen, ].M. The role of senescent cells in ageing. Nature 2014, 509, 439-446. [CrossRef] [PubMed]

9. Ginter, E.; Simko, V.; Panakova, V. Antioxidants in health and disease. Bratisl. Lek. Listy 2014, 115, 603-606.
[CrossRef] [PubMed]

10. Jasiulionis, M.G. Abnormal epigenetic regulation of immune system during aging. Front. Immunol. 2018,
9,197. [CrossRef] [PubMed]

11.  Kim, S.K,; Rajapakse, N. Enzymatic production and biological activities of chitosan oligosaccharides (COS):
A review. Carbohydr. Polym. 2005, 62, 357-368. [CrossRef]

12.  Zou, P; Yang, X.; Wang, ].; Li, Y.F,; Yu, H.L.; Zhang, Y.X,; Liu, G.Y. Advances in characterisation and biological
activities of chitosan and chitosan oligosaccharides. Food Chem. 2016, 190, 1174-1181. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.freeradbiomed.2011.05.010
http://www.ncbi.nlm.nih.gov/pubmed/21619928
http://dx.doi.org/10.1101/gad.1971610
http://www.ncbi.nlm.nih.gov/pubmed/21078816
http://dx.doi.org/10.1093/geronj/11.3.298
http://www.ncbi.nlm.nih.gov/pubmed/13332224
http://dx.doi.org/10.1016/j.cub.2014.03.034
http://www.ncbi.nlm.nih.gov/pubmed/24845678
http://dx.doi.org/10.1016/j.ijbiomac.2017.12.108
http://www.ncbi.nlm.nih.gov/pubmed/29274427
http://dx.doi.org/10.1016/j.ijbiomac.2017.04.039
http://www.ncbi.nlm.nih.gov/pubmed/28412338
http://dx.doi.org/10.1038/nature13193
http://www.ncbi.nlm.nih.gov/pubmed/24848057
http://dx.doi.org/10.4149/BLL_2014_116
http://www.ncbi.nlm.nih.gov/pubmed/25573724
http://dx.doi.org/10.3389/fimmu.2018.00197
http://www.ncbi.nlm.nih.gov/pubmed/29483913
http://dx.doi.org/10.1016/j.carbpol.2005.08.012
http://dx.doi.org/10.1016/j.foodchem.2015.06.076
http://www.ncbi.nlm.nih.gov/pubmed/26213092

Mar. Drugs 2018, 16, 181 12 of 13

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Muanprasat, C.; Chatsudthipong, V. Chitosan oligosaccharide: Biological activities and potential therapeutic
applications. Pharm. Ther. 2017, 170, 80-97. [CrossRef] [PubMed]

Kunanusornchai, W.; Witoonpanith, B.; Tawonsawatruk, T.; Pichyangkura, R.; Chatsudthipong, V.;
Muanprasat, C. Chitosan oligosaccharide suppresses synovial inflammation via AMPK activation:
An in vitro and in vivo study. Pharmacol. Res. 2016, 113, 458-467. [CrossRef] [PubMed]

Azuma, K.; Osaki, T.; Minami, S.; Okamoto, Y. Anticancer and anti-inflammatory properties of chitin and
chitosan oligosaccharides. J. Funct. Biomater. 2015, 6, 33—49. [CrossRef] [PubMed]

Kong, S.Z.; Li, D.D.,; Luo, H,; Li, W], Huang, YM.; Li, ].C; Hu, Z; Huang, N.; Guo, M.H,;
Chen, Y.; et al. Anti-photoaging effects of chitosan oligosaccharide in ultraviolet-irradiated hairless mouse
skin. Exp. Gerontol. 2018, 103, 27-34. [CrossRef] [PubMed]

Fang, LM.; Yang, C.M.; Yang, C.H. Chitosan oligosaccharides prevented retinal ischemia and reperfusion
injury via reduced oxidative stress and inflammation in rats. Exp. Eye Res. 2015, 130, 38-50. [CrossRef]
[PubMed]

Huang, B.; Xiao, D.F,; Tan, B.; Xiao, H.; Wang, J.; Yin, J.; Duan, J.L.; Huang, R.L.; Yang, C.B.; Yin, Y.L. Chitosan
oligosaccharide reduces intestinal inflammation that involves Calcium-sensing receptor (CaSR) activation in
Lipopolysaccharide (LPS)-challenged piglets. J. Agric. Food Chem. 2016, 64, 245-252. [CrossRef] [PubMed]
Wan, J.; Jiang, E; Xu, Q.S.; Chen, D.W,; Yu, B.; Huang, Z.Q.; Mao, X.B.; Yu, J.; He, ]. New insights into the role
of chitosan oligosaccharide in enhancing growth performance, antioxidant capacity, immunity and intestinal
development of weaned pigs. RSC Adv. 2017, 7, 9669-9679. [CrossRef]

Fang, LM.; Yang, C.H.; Yang, C.M.; Chen, M.S. Chitosan oligosaccharides attenuates oxidative-stress related
retinal degeneration in rats. PLoS ONE 2013, 8, e77323. [CrossRef] [PubMed]

Conti, V.; Izzo, V.; Corbi, G.; Russomanno, G.; Manzo, V.; De Lise, E; Di Donato, A.; Filippelli, A. Antioxidant
supplementation in the treatment of aging-associated diseases. Front. Pharmacol. 2016, 7, 24. [CrossRef]
[PubMed]

Mu, X.Y.; Zhang, Y.Y,; Li, J.; Xia, ].Y.; Chen, X.B.; Jing, PW,; Song, X.Y.; Wang, L.; Wang, Y.P. Angelica sinensis
polysaccharide prevents hematopoietic stem cells senescence in D-galactose-induced aging mouse model.
Stem Cells Int. 2017, 2017, 3508907. [CrossRef] [PubMed]

Zhang, Y.; Chen, X.Q.; Yang, L.; Zu, Y.G.; Lu, Q. Effects of rosmarinic acid on liver and kidney antioxidant
enzymes, lipid peroxidation and tissue ultrastructure in aging mice. Food Funct. 2015, 6, 927-931. [CrossRef]
[PubMed]

Kubo, E.; Chhunchha, B.; Singh, P.; Sasaki, H.; Singh, D.P. Sulforaphane reactivates cellular antioxidant
defense by inducing Nrf2/ARE/Prdx6 activity during aging and oxidative stress. Sci. Rep. 2017, 7, 14130.
[CrossRef] [PubMed]

Clements, S.J.; Carding, S.R. Diet, the intestinal microbiota, and immune health in aging. Crit. Rev. Food
Sci. Nutr. 2018, 58, 651-661. [CrossRef] [PubMed]

Wang, X. Research on effect of ginkgo aglucone flavone to Human body organs and immune function. Pak. J.
Pharm. Sci. 2014, 27, 1099-1102. [PubMed]

Chen, N.Y,; Liu, CW,; Lin, W,; Ding, Y,; Bian, Z.Y,; Huang, L.; Huang, H.; Yu, K. H.; Chen, S.B.; Sun, Y.; et al.
Extract of fructus cannabis ameliorates learning and memory impairment induced by D-galactose in an
aging rats model. Evid-Based Compl Altern. Med. 2017, 2017, 4757520. [CrossRef] [PubMed]

Liu, P,; Zhao, H.P; Luo, YM. Anti-aging implications of astragalus membranaceus (Huangqi): A well-known
Chinese tonic. Aging Dis. 2017, 8, 868-886. [CrossRef] [PubMed]

Tang, J.; Chen, Z. The protective effect of aminobutyric acid on the development of immune function in
chickens under heat stress. J. Anim. Physiol. Anim. Nutr. 2016, 100, 768-777. [CrossRef] [PubMed]

Ding, Y.Y,; He, X.L.; Huang, H.; Yin, Z.]. Effects of feeding Chinese herbal medicine additives to newly
weaned piglets on mucosal immune function of the small intestine. J. Anim. Vet. Adv. 2012, 11, 2817-2823.
Ladomenou, E; Gaspar, B. How to use immunoglobulin levels in investigating immune deficiencies. Arch.
Dis. Child. Educ. Pract. Ed. 2016, 101, 129-135. [CrossRef] [PubMed]

Delwing-Dal Magro, D.; Roecker, R.; Junges, G.M.; Rodrigues, A.F.,; Delwing-de Lima, D.; da Cruz, J.G;
Wyse, A.T.S; Pitz, H.S.; Zeni, A.L.B. Protective effect of green tea extract against proline-induced oxidative
damage in the rat kidney. Biomed. Pharmacother. 2016, 83, 1422-1427. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.pharmthera.2016.10.013
http://www.ncbi.nlm.nih.gov/pubmed/27773783
http://dx.doi.org/10.1016/j.phrs.2016.09.016
http://www.ncbi.nlm.nih.gov/pubmed/27650754
http://dx.doi.org/10.3390/jfb6010033
http://www.ncbi.nlm.nih.gov/pubmed/25594943
http://dx.doi.org/10.1016/j.exger.2017.12.018
http://www.ncbi.nlm.nih.gov/pubmed/29275159
http://dx.doi.org/10.1016/j.exer.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25479043
http://dx.doi.org/10.1021/acs.jafc.5b05195
http://www.ncbi.nlm.nih.gov/pubmed/26654156
http://dx.doi.org/10.1039/C7RA00142H
http://dx.doi.org/10.1371/journal.pone.0077323
http://www.ncbi.nlm.nih.gov/pubmed/24155943
http://dx.doi.org/10.3389/fphar.2016.00024
http://www.ncbi.nlm.nih.gov/pubmed/26903869
http://dx.doi.org/10.1155/2017/3508907
http://www.ncbi.nlm.nih.gov/pubmed/28491095
http://dx.doi.org/10.1039/C4FO01051E
http://www.ncbi.nlm.nih.gov/pubmed/25635678
http://dx.doi.org/10.1038/s41598-017-14520-8
http://www.ncbi.nlm.nih.gov/pubmed/29074861
http://dx.doi.org/10.1080/10408398.2016.1211086
http://www.ncbi.nlm.nih.gov/pubmed/27712080
http://www.ncbi.nlm.nih.gov/pubmed/25016273
http://dx.doi.org/10.1155/2017/4757520
http://www.ncbi.nlm.nih.gov/pubmed/29234402
http://dx.doi.org/10.14336/AD.2017.0816
http://www.ncbi.nlm.nih.gov/pubmed/29344421
http://dx.doi.org/10.1111/jpn.12385
http://www.ncbi.nlm.nih.gov/pubmed/26334199
http://dx.doi.org/10.1136/archdischild-2015-309060
http://www.ncbi.nlm.nih.gov/pubmed/26987724
http://dx.doi.org/10.1016/j.biopha.2016.08.057
http://www.ncbi.nlm.nih.gov/pubmed/27589827

Mar. Drugs 2018, 16, 181 13 of 13

33.

34.

35.

36.

37.

38.

39.

40.

Kim, D.B.; Shin, G.H.; Kim, ] M.; Kim, Y.H.; Lee, ] H.; Lee, ].S.; Song, H.].; Choe, S.Y.; Park, L].; Cho, ] H.; et al.
Antioxidant and anti-ageing activities of citrus-based juice mixture. Food Chem. 2016, 194, 920-927. [CrossRef]
[PubMed]

Zhuang, Y.L.; Ma, Q.Y.; Guo, Y.; Sun, L.P. Protective effects of rambutan (Nephelium lappaceum) peel phenolics
on HyO,-induced oxidative damages in HepG2 cells and D-galactose induced aging mice. Food Chem. Toxicol.
2017, 108, 554-562. [CrossRef] [PubMed]

Shen, D.; Li, H.; Zhou, R.; Liu, M.].; Yu, H.; Wu, D.F. Pioglitazone attenuates aging-related disorders in aged
apolipoprotein E deficient mice. Exp. Gerontol. 2018, 102, 101-108. [CrossRef] [PubMed]

Zhen, Y.Z.; Lin, Y.J.; Li, KJ.; Zhang, G.L.; Zhao, Y.F; Wang, M.M.; Wei, ].B.; Wei, ].; Hu, G. Effects of rhein
lysinate on D-galactose-induced aging mice. Exp. Ther. Med. 2016, 11, 303-308. [CrossRef] [PubMed]

Li, C.L; Mo, Z.Z; Xie, ] H,; Xu, L.Q.; Tan, L.H.; Luo, D.D.; Chen, H.B.; Yang, HM.; Li, Y.C.; Su, Z.R.; Su, Z.Q.
Chongcao-Shencha attenuates liver and kidney injury through attenuating oxidative stress and inflammatory
response in D-galactose-treated mice. Evid.-Based Complement. Altern. Med. 2016, 2016, 3878740. [CrossRef]
[PubMed]

Mo, Z.Z.; Liu, Y.H.; Li, C.L.; Xu, L.Q.; Wen, L.L.; Xian, Y.E; Lin, Z.X.; Zhan, ].Y.X.; Chen, ].N.; Xu, EF,; Su, Z.R.
Protective effect of SFE-CO; of ligusticum chuanxiong hort against D-galactose-induced injury in the mouse
liver and kidney. Rejuvenation Res. 2017, 20, 231-243. [CrossRef] [PubMed]

Chen, H.; Long, Y.Y,; Guo, L. Antiaging effect of inula britannica on aging mouse model induced by
D-Galactose. Evid.-Based Complement. Altern. Med. 2016, 2016, 6049083. [CrossRef] [PubMed]

Ye, Y.; Jia, RR,; Tang, L.; Chen, F. In vivo antioxidant and anti-skin-aging activities of ethyl acetate extraction
from Idesia polycarpa defatted fruit residue in aging mice induced by D-galactose. Evid.-Based Complement.
Altern. Med. 2014, 2014, 185716.

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.foodchem.2015.08.094
http://www.ncbi.nlm.nih.gov/pubmed/26471635
http://dx.doi.org/10.1016/j.fct.2017.01.022
http://www.ncbi.nlm.nih.gov/pubmed/28137606
http://dx.doi.org/10.1016/j.exger.2017.12.002
http://www.ncbi.nlm.nih.gov/pubmed/29221940
http://dx.doi.org/10.3892/etm.2015.2858
http://www.ncbi.nlm.nih.gov/pubmed/26889258
http://dx.doi.org/10.1155/2016/3878740
http://www.ncbi.nlm.nih.gov/pubmed/27340415
http://dx.doi.org/10.1089/rej.2016.1870
http://www.ncbi.nlm.nih.gov/pubmed/28056664
http://dx.doi.org/10.1155/2016/6049083
http://www.ncbi.nlm.nih.gov/pubmed/27066100
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Daily Behavior Observation 
	Effect of COS on Immune Function 
	Effect of COS on Liver and Kidney Function 
	Effect of COS on d-Gal-Induced Histochemical Damages of the Liver and Kidney 
	Effect of COS on Anti-Oxidation Indices of Liver and Kidney 

	Discussion 
	Materials and Methods 
	Materials and Chemicals 
	Animals 
	Preparation of Subacute Aging Mouse Model and COS Treatment 
	Daily Observation of Mice 
	Preparation of Mice and Sample Collection 
	Determination of Serum Indices 
	Measurement of the Anti-Oxidation Activity in Mice Liver and Kidney 
	Histological Examination of Liver and Kidney 
	Statistical Analysis 

	Conclusions 
	References

