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Abstract Memory decline is characteristic of aging and
age-related neurodegenerative disorders. This study was
designed to investigate the protective effect of hyperbaric
oxygen (HBO) against cognitive impairment induced
by p-galactose (p-gal) in mice. D-gal was intraperitone-
ally injected into mice daily for 8 weeks to establish the
aging model. HBO was simultaneously administered once
daily. The results indicate that HBO significantly reversed
D-gal-induced learning and memory impairments. Stud-
ies on the potential mechanisms of this action showed that
HBO significantly reduced oxidative stress by increasing
superoxide dismutase, glutathione peroxidase, and catalase
levels, as well as the total anti-oxidation capability, while
decreasing the content of malondialdehyde, nitric oxide, and
nitric oxide synthase in the hippocampal CA1 region. HBO
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also inhibited advanced glycation end-product formation
and decreased levels of tumor necrosis factor-a and inter-
leukin-6. Moreover, HBO significantly attenuated p-gal-
induced pathological injury in the hippocampus, as well
as P-amyloid protein, 4, expression and retained BDNF
expression. Furthermore, HBO decreased p16, p21 and p53
gene and protein expression in the hippocampus of p-gal-
treated mice. In conclusion, the protective effect of HBO
against D-gal-induced cognitive impairment was mainly due
to its ability to reduce oxidative damage, suppress inflamma-
tory responses, and regulate aging-related gene expression.

Keywords Hyperbaric oxygen - p-Galactose -
Cognitive impairment - Gene

Introduction

Brain senescence is characterized by gradual loss of cog-
nitive function exhibited by decline in learning and spa-
tial ability [1, 2]. However, the underlying mechanisms of
senescence remain unclear. A widely acknowledged theory
is the oxidative stress theory [3]. It suggests that the genera-
tion of reactive oxygen species (ROS) can trigger mitochon-
drial dysfunction and cellular impairment, thus resulting
in cellular senescence and aging [4, 5]. The concentration
of ROS is determined by the balance between the rate of
production and clearance by various antioxidant enzymes.
Moreover, growth factor deficiency, such as brain-derived
neurotrophic factor (BDNF), inhibits neuron proliferation
and subsequently leads to senescence [6]. BDNF is a pow-
erful neurotrophic factor of neuronal excitability and syn-
aptic transmission [7] and has been found to promote the
survival of all types of neurons related to neurodegenerative
disorders [8].
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Furthermore, advanced glycation end-products (AGEs)
formation is a trigger for the onset of age-related disease.
Numerous studies have shown that the interaction of AGEs
with its cell surface receptors activates nuclear factor-xB
(NF-xB) signaling pathways [9], which increases the pro-
duction of ROS and certain inflammatory cytokines, such as
tumor necrosis factor-a (TNF-a), interleukin-1 (IL-1) and
interleukin-6 (IL-6) and enhances microglial cells and astro-
cyte activation, ultimately resulting in degenerative disor-
ders [10]. In addition, p53-p21-p19 and p16-retinoblastoma
signal pathway activation triggered by internal and external
factors may result in senescence [11, 12]. The two pathways
could promote one another mutually or only one was acti-
vated to induce cellular senescence. Therefore, the related
drug or therapy for the abovementioned targets may attenu-
ate cognitive impairment and delay aging.

Numerous studies have shown that chronic exposure
to p-galactose (p-gal) induces behavioral changes, includ-
ing deterioration of cognitive and motor symptoms [13,
14]. Moreover, over-dose p-gal induces oxidative stress,
glycative stress and apoptotic in vivo [15]. Previous study
indicated that p-gal might accelerate the aging process,
accounted for 8 weeks p-gal injection induced 24 months
aging [16]. Thus, the p-gal-induced senescent mouse mim-
ics many characteristics of the natural process of aging and
is regarded as an ideal model to study the aging brain. To
prevent oxidative stress-related neurological alterations,
vitamin E (Vit E) was chosen as a control, which was con-
sisted with our previous study [17].

Hyperbaric oxygen (HBO) therapy is an adjunctive ther-
apy that has been proposed to improve outcomes follow-
ing hypoxia and ischemia-related injuries caused by many
factors, including carbon monoxide poisoning, myocardial
infarction, and cerebral ischemia [18, 19]. Clinically, HBO
therapy also has been used to improve neurodegenerative
disorders [20, 21]. Our previous work has demonstrated that
a combination therapy including HBO and Madopar® could
protect against 6-hydroxydopamine (6-OHDA)-induced
Parkinson’s disease in rats [22]. Experimental and clinical
data suggest that this effect is mediated by reducing oxi-
dative stress, decreasing tissue edema, altering nitric oxide
syntheses, and inhibiting neuroinflammation factor expres-
sion and apoptotic pathways [23]. Recently, it was found
that HBO treatment may alleviate delayed memory impair-
ment after carbon monoxide poisoning by increasing the
level of hippocampal BDNF [24]. However, it remains lack-
ing of evidence if HBO could provide protection on cogni-
tive impairment until now.

In our current study, for the purpose of supplying the
preclinical data for the clinical application, p-gal-induced
senescent mice were used as a model to examine whether
HBO provided neuroprotective effects. The Morris water
maze was utilized to test behavior. In order to elucidate its

possible mechanism, the levels of antioxidants, AGEs, and
inflammatory cytokines TNF-a and IL-6 were measured
using commercial kits. In addition, immunoreactive cells
for BDNF were counted in an immunohistochemical analy-
sis of brain tissue. The expression of the senescence-related
proteins (B-amyloid protein (AP),_4p, p21 and p53) and
mRNA (p16 and p21) was determined using real-time PCR.

Materials and Methods
Drugs and Reagents

Vit E was provided by Guilin Pharma Co., Ltd (Guilin,
China). p-gal was provided by Sigma—Aldrich Co. Ltd
(Germany). TNF-o, IL-6 and AGEs ELISA kits were
purchased from Wuhan Boster Bio-engineering Co., Ltd.
(Wuhan, China). Superoxide dismutase (SOD), glutathi-
one peroxidase (GSH-Px), malondialdehyde (MDA), cata-
lase (CAT), total anti-oxidation capability (T-AOC), nitric
oxide (NO), and nitric oxide synthase (NOS) kits were
supplied by Nanjing Jiancheng Bioengineering Institute
(Nanjing, China).

Animals Protocols

Male Kunming mice, 3 month old, were obtained from
the Experimental Animal Center of Guangxi Medical Uni-
versity (Certificate No. SYXK 2009-0002). The research
was conducted in accordance with the Animal Ethics
Committee of the Guangxi Medical University (Approval
No.: 20110501202) and the National Institutes of Health
guide for the care and use of Laboratory animals (National
Institutes of Health Publications No. 8023, revised 1978).
The animals were housed under controlled conditions at
25+2°C with a relative humidity of 60+10%, and a 12-h
light/dark cycle (lights on from 8:00 AM to 8:00 PM). The
mice were given standard rodent chow and free access to
water.

A total of 120 mice were randomly assigned to four
groups of 30 mice per group: the p-gal model group, con-
sisting of mice that were intraperitoneally injected with
200 mg/kg p-gal (in physiological saline, 150 mg/mL) once
daily for 8 weeks; the p-gal+ Vit E group, consisting of ani-
mals that were intraperitoneally injected with 200 mg/kg p-
gal and intragastrically administered Vit E (in 0.1 % Tween
80, 0.2 g/kg), which was initiated in the first day of 6th
week of pD-gal injection; the p-gal+HBO group, consisting
of animals that were intraperitoneally injected with 200 mg/
kg p-gal and received HBO treatment, when was initiated
the same as Vit E administration; and the normal control
group, consisting of mice that were administered equivalent
vehicle using the same method.
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Hyperbaric Therapies

The animals were placed in hyperbaric chambers (Yantai
Hongyuan Co., Ltd.) as previously described [22]. Then,
the pressure was increased to 0.25 MPa at a rate of 100 kPa/
min, and each treatment lasted for 60 min with pure oxy-
gen. Decompression was performed at a uniform rate over
10 min. HBO treatment was performed once daily for 14
consecutive days.

Morris Water Maze Test

At the end of the treatment period, the behavioral test was
performed on next day the same time of day (9:00 am to
3:00 pm).

The apparatus of the Morris water maze was a black
stainless steel circular tank with a diameter of 100 cm and
a height of 50 cm (Chinese Academy of Medical Sciences).
The tank was divided into four equal quadrants. A mov-
able escape platform (10 cm in diameter, 28 cm in height)
was located at the center of the 3rd quadrant and hidden
1.5 cm below the surface of the water (25+2°C). A digi-
tal video camera was positioned directly above the pool
and connected with a system (SuperMaze software, China)
that enabled full collection of the swimming pattern and
distance.

The Morris water maze task included two phases (navi-
gation training and spatial probe test) and was administered
according to the procedures described for a previous study
[14, 25] but with slight modification. The mice performed
two trial sessions each day for 5 consecutive days, with each
trial having a ceiling time of 60 s and a trial interval of 60 s.
Once the mouse located the platform, it was permitted to
remain on it for 10 s. The time to reach the platform was
measured as the escape latency. If the mouse failed to reach
the escape platform within 60 s, it was placed on the plat-
form for 10 s and the escape latency was recorded as 60 s.
On day 6, the platform was removed and each mouse was
allowed to swim freely for 60 s as the probe test. The latency
to reach the target quadrant (where the platform was once
hidden), the numbers of crossing the target quadrant and the
time spent in target quadrant were recorded for each trial.

Serum and Brain Regions Tissue Sampling

After Morris water maze test, all mice were immediately
anesthetized using sodium pentobarbital (30 mg/kg, i.p.),
and blood samples were collected from the abdominal
aorta. The serum samples were obtained by centrifugation
(3500 rpm, 4 °C) for 10 min and were kept frozen at —80°C
until assayed as described below.

After the mice were euthanized, the brain was promptly
removed. According to rat brain stereotaxic coordinates [26],
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the right hippocampal CA1 region was isolated. 8 samples
were homogenized with ice-cold physiological saline (10%
w/v) using a homogenizer (Ningbo, China) to measure the
antioxidation parameters. Some samples were frozen in lig-
uid nitrogen and preserved at —80°C for PCR (n=8) and
western blot (n=_8) analysis. The remaining 6 samples were
fixed in 4 % paraformaldehyde and prepared for histopatho-
logical and immunohistochemical examination.

Biochemical Assays in Hippocampal CA1 Region

Levels of SOD, GSH-Px, MDA, CAT, T-AOC, NO and NOS
were measured using commercially available kits (Nanjing
Jiancheng Bioengineering Institute, China) according to the
manufacturer’s instructions.

Detection of TNF-qa, IL-6 and AGEs in the Serum

The levels of TNF-a, IL-6 and AGESs in the serum from each
group were measured by ELISA following the manufactur-
er’s instructions.

Histological and Immunohistochemical Examination

Samples from the hippocampal CA1 region (embedded in
paraffin) were cut into five consecutive sections at each ste-
reotaxic level (approximately 4-pm thick), followed by rou-
tine hematoxylin and eosin (HE) staining.

Immunohistochemistry was performed as previously
described [27]. Using the microwave antigen retrieval
method (in sodium citrate antigen retrieval fluid, pH 6.0) to
expose the antigenic sites, the sections were then incubated
in 0.3% H,0, for 30 min at room temperature to elimi-
nate endogenous peroxidase. After blocking in normal goat
serum for 30 min at room temperature, the waxed speci-
mens were incubated with rabbit BDNF (Origene, USA;
1:400) monoclonal antibody overnight at 4 °C. The sections
were washed in 0.1 mol/L phosphate buffered saline (PBS)
three times (5 min each) and incubated with biotinylated
goat anti-rabbit immunoglobulin G (Zhongshan Golden-
bridge Biological Technology, Beijing, China; 1:400) at
37°C for 30 min. After washing with 0.1 mol/L PBS three
times (5 min each), the specimens were incubated with an
avidin—biotin complex at 37 °C for 30 min. Then, they were
rinsed with 0.1 mol/L PBS three times (5 min each), incu-
bated with diaminobenzidine for 3 min at room tempera-
ture, counterstained with hematoxylin, cleared, mounted
and examined.

Pathological changes and immunohistochemical obser-
vation of the hippocampus CA1 region were analyzed using
a light microscope with a magnification of x400 (Olympus,
Germany). Cytoplasm stained brown was the standard of
BDNF positive cell. Cell counts were quantified in five



Neurochem Res (2016) 41:3032-3041

3035

independent sections per mouse from all of the experimen-
tal groups [28]. The region of interest was captured using a
camera and analyzed using ImagePro-Plus software.

Western Blot Analysis

hippocampus CA1 tissue was homogenized in a cold radio
immunoprecipitation assay lysis buffer (Solarbio, China)
containing 50 mM Tris (pH 7.4), 150 mM sodium chloride,
1% nonidet P-40, 1 mM ethylene diamine tetraacetic acid,
0.1% sodium dodecylsulphate, 0.5% sodium deoxycholate
and 1 pg/mL each of aprotinin, leupeptin and pepstatin. The
homogenate was centrifuged at 12,000xg for 10 min at 4°C
and the supernatant was transferred to a new tube. After mea-
suring the protein content, the fraction was electrophoresed
by sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred to polyvinylidene fluoride
(PVDF) membranes. The membranes were incubated over-
night at 4°C with the primary antibodies: rabbit polyclonal
anti-f amyloid 1-42 (Abcam, USA), rabbit polyclonal anti-
p21 (Abcam, USA) and rabbit polyclonal anti-p53 (Abcam,
USA) then incubated with the secondary antibody diluted
1:10,000 in tris buffered saline with tween (TBST) for 1 h.
The immune-reactive bands were detected with HRP stain-
ing. B-Actin was the protein loading control. The relative
expressions of p21 and p53 proteins were quantified by den-
sitometric scanning using the Odyssey V 3.0 software.

Analysis of p16 and p21 mRNA by Real Time PCR

Total RNA was extracted from hippocampus CAl tissue
using TRIzol reagent (Invitrogen). cDNA was synthesized
from total RNA using reverse transcriptase (Roche). As
a template, the cDNA was amplified using the 7300 Real
Time PCR System (Applied Biosystems) with primers.
Then, the levels of pl16 and p21 mRNA expression were
determined. The parallel amplification of glyceraldehyde-
phosphate dehydrogenase (GAPDH) was performed for ref-
erence. The sequences of the primers used in this study are
as follows: P16 (178 bp, forward primer: 5'-CGGGGACAT
CAAGACATCGT-3', reverse primer: 5'-GCCGGATTTAG
CTCTGCTCT-3"); P21 (212 bp, forward primer:
5'-CTGTCTTGCACTCTGGTGTCT-3', reverse primer:
5'-CTAAGGCCGAAGATGGGGAA-3"); and GAPDH
(189 bp, forward primer: 5'-ACTTGAAGGGTGGAGCC
AAA-3', reverse primer: 5-GCCCTTCCACAATGCC
AAAG-3"). The final results are described with the relative
values (2724,

Data Analysis

The data are expressed as the mean+ SE. Statistical analyses
were performed using Statistics Package for Social Science

13.0 software (SPSS Inc., USA). The data were analyzed
using one-way analysis of variance (ANOVA). Post hoc
analysis was carried out with the least significant difference
(LSD) ¢ test. The level of significance was set at P<0.05.

Results
HBO Restored Cognitive Impairment Induced by p-gal

Normal control mice rapidly learned the location of the plat-
form, but p-gal-treated mice showed significantly longer
escape latencies to the platform on every test day during nav-
igation training [Day 1: 58.58+1.97 vs. 35.04+7.44, F (3,
36)=53.46, P<0.05; Day 2: 52.96+5.73 vs. 30.52+6.69, F
(3,36)=34.199, P<0.05; Day 3: 50.30+4.04 vs. 23.87+3.13,
F (3, 36)=92.301, P<0.05; Day 4: 45.86+3.50 wvs.
18.32+2.80, F (3,36)=135.379, P<0.05; Day 5: 39.02+3.32
vs. 14.18+1.88, F'(3,36)=137.912, P<0.05] (Fig. 1A). Both
Vit E and HBO treatment in p-gal-administered mice sig-
nificantly shortened the escape latency from 3rd to 5th test
day [DI1: p-gal+Vit E: 57.60+4.65, P>0.05; p-gal+ HBO:
54.38+3.39, P>0.05; D2: p-gal+Vit E: 47.21+3.28,
P>0.05; p-gal +HBO: 45.63+4.35, P>0.05; D3: p-gal+ Vit
E:39.11+4.09, P<0.05; p-gal+ HBO: 37.00+2.87, P<0.05;
D4: p-gal+Vit E: 31.73+3.09, P<0.05; p-gal+HBO:
26.56+3.15, P<0.05; DS5: bp-gal+Vit E: 24.92+3.86,
P<0.05; p-gal+HBO: 21.31+1.48, P<0.05].

To assess spatial memory more directly, the mice were
subjected to a probe test in which the target platform was
removed the day after the navigation training. As shown in
Fig. 1B-D, p-gal-administered mice showed a longer time to
reach the location of the removed platform (escape latency),
lower frequency to cross the location of the platform (the
number of target crossings), and less time in the target quad-
rant (percentage of time in the target quadrant) compared to
the normal group [escape latency: 33.73+2.97 vs. 13.15+2.45,
F (3, 36)=118.721, P<0.05; the number of target crossings:
2.00+0.67 vs. 4.40+0.84, F (3, 36)=16.923, P<0.05; percent-
age of time in the target quadrant: 18.70+£3.92 vs. 43.29+2.80,
F (3, 36)=71.789, P<0.05]. However, these parameters
were reversed following Vit E and HBO treatment [escape
latency: p-gal+Vit E: 20.91+2.84, P<0.05; p-gal+HBO:
17.81+1.81, P<0.05; the number of target crossings: D-
gal+Vit E: 2.90+£0.74, P<0.05; p-gal+HBO: 3.20+0.79,
P<0.05; percentage of time in the target quadrant: p-gal+ Vit
E:34.40+4.12, P<0.05; p-gal+HBO: 39.01+4.90, P<0.05].

HBO Enhanced Antioxidant Activity and Reduced
Oxidative Damage

As shown in Fig. 2-gal-treated mice possessed signifi-
cantly low activities of SOD, GSH-Px, CAT, and T-AOC
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Fig. 1 Behavioral tests.

A Latencies to find a hidden
platform in the water maze
during the 5 days of place
navigation training. On the
sixth day, another set of tests
was performed when the target
platform was removed. B The
escape latency of the mice when
the platform was removed.

C The frequency of the mice
crossing the target quadrant.

D The percentage of time that
the mice stayed in the quadrant
where the platform was once
placed. *P<0.05 compared

to the normal control group.
5P <0.05 compared to the p-gal
model group

compared with the control group [SOD: 101.67+12.17
vs. 184.36+6.16, F (3, 28)=66.362, P<0.05; GSH-Px:
253.94+29.30 vs. 547.97+31.87, F (3, 28)=143.534,
P<0.05; CAT: 3.28+0.88 vs. 6.91+0.62, F'(3, 28)=38.551,
P<0.05; T-AOC: 2.76+0.96 vs.
28)=128.612, P<0.05], whereas Vit E and HBO treat-
ment inhibited the reduction induced by p-gal [p-gal+ Vit
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P<0.05; CAT: 5.354+0.45, P<0.05; T-AOC: 6.17+0.74,
P<0.05; p-gal+ HBO: SOD: 169.07+15.21, P<0.05; GSH-
Px: 446.37+28.30, P<0.05; CAT: 5.79+0.65, P<0.05;
T-AOC: 8.03+0.99, P<0.05].

The hippocampal CA1l content of MDA, NO, and
NOS was significantly enhanced in the p-gal model group
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Fig. 2 Biochemical assays in the hippocampus CA1 region. The results are presented as the mean+SE, (n=8). *P<0.05 compared to the normal
control group. ®P<0.05 compared to the p-gal model group
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compared with the normal group [MDA: 6.41+0.37 vs.
2.61+0.44, F (3, 28)="78.518, P<0.05; NO: 9.08+£0.92 vs.
5.08+0.42, F(3,28)=39.882, P<0.05; NOS: 3.72+0.20 vs.
1.85+0.15, F (3, 28)=56.367, P<0.05]. In contrast, these
increases were attenuated by Vit E and HBO administration
[D-gal+ Vit E: MDA: 3.78+£0.51, P<0.05; NO: 7.36+0.91,
P<0.05; NOS: 3.08+£0.38, P<0.05; p-gal+ HBO: MDA:
3.44+0.61, P<0.05; NO: 6.43+1.01, P<0.05; NOS:
2.63+0.41, P<0.05].

Effect of HBO on TNF-q, IL-6 and AGEs Content in
the Serum of Aging Mice Induced by p-gal

Elisa analysis showed that the TNF-a and IL-6 levels in
the serum of p-gal-treated mice were significantly higher
than those in normal controls [TNF-a: 8.74+0.29 vs.
3.56+0.62, F(3,36)=194.338, P<0.05; IL-6: 76.21+6.30
vs. 37.88+4.89, F (3,36)=101.802, P<0.05]. In contrast,
both Vit E and HBO administration suppressed the increase
in TNF-o and IL-6 [p-gal+Vit E: TNF-a: 7.45+0.44,
P<0.05;1L-6: 53.08 +£3.38, P<0.05; p-gal + HBO: TNF-a:
5.77+0.23, P<0.05; IL-6: 41.74+2.57, P<0.05] (Fig. 3).

The AGEs level in the p-gal model group was signifi-
cantly elevated to more than twice the level of that in the
normal control group [366.58+30.39 vs. 179.28+27.78, F
(3, 36)=59.387, P<0.05]. In contrast, both Vit E and HBO
administration suppressed the increase in AGEs [p-gal + Vit
E: 300.23+24.41, P<0.05; p-gal+HBO: 257.93+24.75,
P<0.05] (Fig. 3). Notably, p-gal plus HBO administration
decreased AGEs expression by approximately 30% com-
pared to the p-gal treatment alone.

Effects of HBO on Histopathological Changes in the
Hippocampus

The neuropathological features of hippocampal CA1l sec-
tions are presented in Fig. 4. The pyramidal cells in the CA1
region were tightly arranged and exhibited round nuclei
in normal animals. Pyramidal neuron shrinkage and chro-
matin condensation of nuclei were also observed in p-gal

Fig. 3 Effect of HBO on

IL-2, IL-6 and AGEs serum
concentrations. The results are
presented as the mean+SE,
(n=10). *P<0.05 compared

to the normal control group.
5P <0.05 compared to the p-gal
model group

TNF-a and IL-6 contents
(pg/mL)

neurons (cell/mm?2)

The number of surviving

Fig. 4 Histopathology in the hippocampus CA1 region of mice (HE,
magnification x400). The pyramidal cells in the CAl region were
tightly arranged and exhibited rounded nuclei in the normal con-
trol group (A). Extensive damage and loss of pyramidal cells were
observed in the p-gal model animals (B). Vit E and HBO were found
to restore the structure of neurons (C, D). E The number of surviving
neurons in the hippocampus CA1 region. Bar graph of neuronal counts
relative to the number of surviving neurons/mm? CA1 pyramidal layer
(scale bar 50 um). The data are expressed as the mean+SE (n=6).
2 P<0.05 compared to the normal control group. ® P<0.05 compared
to the p-gal model group. ¢ P<0.05 compared to the p-gal + Vit E group

model animals. Treatment with Vit E and HBO resulted in
an improvement in the structure of these neurons.

AGEs content (pg/mL)
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A decline in the number of surviving neurons in the CAl
region was observed in the p-gal model group in relation
to the normal control [48.51+12.52 vs. 203.81+£17.35, F
(3, 20)=252.003, P<0.05] (Fig. 4). Treatment with Vit E
produced a trend of increase in the number of hippocampal
CA1 neurons [65.20+6.42, P>0.05] although it had no sta-
tistic difference. Interestingly, HBO treatment produced a
significant improvement in the number of surviving neurons
in the CA1 region compared with the p-gal model animals
[146.20+9.70, P<0.05]. Moreover, number of surviving
neurons was 2.24 times higher in HBO treatment group than
that in the Vit E group (P<0.05).

BDNF Positive Cells in the Hippocampus

Immunohistochemical analysis showed that the number
of BDNF-positive cells in the mouse hippocampal CAl
was significantly decreased in the p-gal-treated mice when
compared with the normal control animals [77.00+19.88
vs. 229.00+19.49, F (3, 20)=131.592, P<0.05] (Fig. 5).
Vit E and HBO treatment significantly increased the num-
ber of BDNF-positive cells compared to the p-gal model
group [p-gal+Vit E: 120.00+7.91, P<0.05; p-gal+ HBO:
157.20+£10.43, P<0.05]. Additionally, the number of
BDNF-positive cells was 1.3 times higher in the HBO treat-
ment group than that in the Vit E group (P<0.05).

Effect of HBO on the Senescence-Related Protein
Expression in the Hippocampus

The western blot analysis is shown in Fig. 6. Compared
with the normal control group, the expression of AR, 4,
p21 and p53 proteins was induced in the hippocampus in
the p-gal model group [AB;_4,: 0.89+0.05 vs. 0.37+0.08, F
(3, 36)=58.440, P<0.05; p21: 1.38+0.08 vs. 0.65+0.07,
F (3, 36)=71.906, P<0.05; p53: 0.66+0.08 vs. 0.22+0.01,
F (3, 36)=102.103, P<0.05]. Compared with the p-gal
model group, the expression of AP, 4, p21 and p53 pro-
teins was inhibited in the p-gal plus Vit E and p-gal plus
HBO group [p-gal + Vit E: AB,_4,: 0.61+0.08, P<0.05; p21:
0.94+0.07, P<0.05; p53: 0.40+0.04, P<0.05; p-gal +HBO:
AB;_4p: 0.52+0.06, P<0.05; p21: 0.80+0.13, P<0.05; p53:
0.31+0.03, P<0.05]. Moreover, the expression of pS3 was
decreased by 23.08 % in the HBO treatment group than that
in the Vit E group (P<0.05).

Effect of HBO on the Senescence-Related Gene
Expression in the Hippocampus

As shown in Fig. 7, compared with the normal control group,
the expression of p16 and p21 mRNA in the hippocampus was
up-regulated in the p-gal model group [pl16: 1.49+0.15 vs.
0.46+0.10, F (3, 36)=60.152, P<0.05; p21: 1.05+1.12 vs.
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Fig. 5 Effect of HBO on BDNF expression in the hippocampus CA1
region (scale bar 50 um). A Normal control group; B p-gal model
group; C p-gal-Vit group; D p-gal-HBO group. E Bar represents the
mean+SE (n=6). * P<0.05 compared to the normal control group.
b P<0.05 compared to the p-gal model group. ¢ P<0.05 compared to
the p-gal + Vit E group

0.54+0.03, F (3, 36)=34.954, P<0.05]. Compared with the
D-gal model group, the expression of p16 and p21 mRNA was
down-regulated in the p-gal plus Vit E treated and p-gal plus
HBO treated groups [p-gal+ Vit E: p16: 0.57+0.09, P<0.05;
p21: 0.69+0.02, P<0.05; p-gal+HBO: pl6: 1.05+0.07,
P<0.05; p21: 0.83+0.04, P<0.05]. Compared with the p-gal
plus Vit E group, the expression of pl6 and p21 was more
down-regulated in the p-gal plus HBO group (P<0.05).

Discussion

Memory decline, an aging characteristic, is thought to cause
gradual loss of spatial memory. Chronic systemic D-gal
injection induces memory deficits and decreases antioxidant
enzyme activity, which results in neurodegeneration and poor
immune responses [29]. In this study, the Morris water maze
test was used to evaluate spatial memory and learning in p-gal
mice, which is mainly dependent on hippocampal functions.
Our results showed that administration of p-gal impaired the
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Fig. 6 Effect of HBO on senescence-related protein expression in the
hippocampus CA1 region. The bands are from a representative blot.
Lane 1 normal control group; lane 2 p-gal model group; lane 3 p-gal-
Vit group; lane 4 p-gal-HBO group. The data values are expressed as
the mean+ SE (n=8). * P<0.05 compared to the normal control group.
® P<0.05 compared to the p-gal model group. ¢ P<0.05 compared to
the p-gal + Vit E group

Relative mRNA expression

Fig. 7 Effect of HBO on senescence-related gene expression in
the hippocampus CA1 region. pl6 and p21 mRNA expression were
assayed using real-time PCR. The data values are expressed as the
mean+SE (n=8). ?P<0.05 compared to the normal control group.
5P<0.05 compared to the p-gal model group. °P<0.05 compared to
the p-gal + Vit E group

performance of mice in the Morris water maze test, which was
in agreement with previous findings [14]. The administration
of HBO or Vit E significantly reduced the escape latency and
improved the deficits in platform crossings for the target quad-
rant. This result indicates that HBO and Vit E have the poten-
tial to ameliorate cognitive deficits induced by p-gal.

Oxidative stress and ROS have been proposed as being
critical causes of aging [30]. The antioxidant activity has been
reported to be beneficial with respect to slowing this aging
process [31]. In the present study, p-gal treatment caused nota-
ble oxidative damage, including a decrease in SOD, GSH-Px,
CAT, and T-AOC, as well as an increase in MDA level in the
hippocampus of mice, which was similar to previous reports
[17]. SOD converts superoxide anions into peroxides, which
are then converted into water by CAT and GSH-Px. GSH-Px
reduces toxic peroxide into a nontoxic hydroxyl compound
and preserves the structure and function of the cell membrane
[32]. CAT decomposes hydrogen peroxide (H,0,) into molec-
ular oxygen and water [33]. T-AOC reflects the capacity of
the non-enzymatic intracellular antioxidant defense system
[34]. MDA is a major biomarker that appears during the final
stages of lipid peroxidation initiated by excessive ROS and
indicates indirect impairment at the cellular level [35]. Both
of the HBO and Vit E treatment significantly reversed the
changes of SOD, GSH-Px, CAT, T-AOC, and MDA levels,
suggesting that the neuroprotective effect of HBO scavenged
ROS mainly by enhancing antioxidant activity and conse-
quently decreasing lipid peroxidative damage. Moreover, NO
plays a role in maintaining “antioxidant homeostasis” and
impaired NO bioactivity is a pathogenic factor in aging [36].
We observed that accompanying with the increase of SOD,
GSH-Px, CAT, and T-AOC levels in the mice hippocampal
CA1 region, the activities of NO and NOS were significantly
decreased by HBO and Vit E treatment. These findings indi-
cated that HBO mobilized its protective mechanism to inhibit
the overproduction of NO in the mice hippocampus.

Following p-gal intraperitoneally injected for 8 weeks, a
variety of proinflammatory cytokines such as IL-1f, IL-6,
and TNF-a are released in the aged brain [37]. Besides, it has
been reported that microglia activation stimulates the release
of inflammatory mediators including IL-6 and TNF-a [38].
In the present study, we confirmed that p-gal administra-
tion significantly increased AGEs, TNF-a and IL-6 levels in
the hippocampus, which may be involved in impairment of
spatial learning and memory ability. However, HBO and Vit
E administration suppressed AGEs formation, which in turn
diminished production of TNF-a and IL-6. Our study also
showed that HBO treatment retained hippocampal BDNF
expression, which might be beneficial to neural survival
and synaptic integrity for p-gal-treated mice. Even the p-
gal+HBO group exhibited the higher expression of BDNF
positive neurons than the p-gal+ Vit E group.
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Aging is associated with degeneration of hippocampal
CALl neurons. Deposition of AP in the brain is known to
increase oxidative stress, leading to neurodegeneration
and disrupted cognitive function [39, 40]. We found that
the expression of AP, 4, proteins in the hippocampal CAl
region of D-gal model mice was significantly increased
compared to normal controls. It is interesting to note that
HBO treatment significantly decreased the expression of
AB,_4, proteins. Moreover, it was reported that pyramidal
cells of the hippocampus are sensitive to p-gal-induced neu-
ronal injury [41]. Our histopathological results also showed
that extensively damaged neurons and the loss of pyrami-
dal cells in the hippocampal CA1 region were observed in
the p-gal model group, and HBO significantly attenuated
pathological injury. However, Vit E treatment group did not
showed significantly more surviving neurons when com-
pared with the model group. These results support the con-
cept that HBO has a neuroprotective effect on p-gal-induced
mimetic aging.

Ectopic overexpression of p21 or p53 was previously
observed in tumor cell lines [42]. Recently, it has been
demonstrated that the activation of p53 can activate down-
stream p21 to maintain cell cycle arrest for DNA repair
[43, 44]. Moreover, pl6 deficiency partially prevented an
age-induced decline in cell proliferation and tissue function
[45]. In this study, we found that p16, p21 and p53 expres-
sion was significantly higher in the aging model than normal
controls. Moreover, HBO and Vit E significantly decreased
pl6, p21 and p53 expression. Importantly, we found the
expression of p53 protein as well as p16 and p21 gene were
lower in rats treated with HBO than Vit E.

These results indicate that HBO may regulate the expres-
sion of genes that delay senescence.

Conclusion

In conclusion, our present study provides evidence that
HBO treatment can prevent cognitive impairment and hip-
pocampal senescence in a mouse model of p-gal-induced
aging, suggesting that HBO is involved in anti-oxidation,
anti-inflammation, and modulation of aging-related gene
expression. To some extent, HBO administration exhibited
better effect in cognitive improvement and senescence-
related protein and gene expression.
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