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Alzheimer’s disease (AD) is the most common neurodegenerative disorder with the pathological hallmarks of
amyloid beta (AB) plaques and neurofibrillary tangles (NFTs) in the brain. Although there is a hope that anti-
amyloid monoclonal antibodies may emerge as a new therapy for AD, the high cost and side effect is a big
concern. Non-drug therapy is attracting more attention and may provide a better resolution for the treatment of
AD. Given the fact that hypoxia contributes to the pathogenesis of AD, hyperbaric oxygen therapy (HBOT) may
be an effective intervention that can alleviate hypoxia and improve AD. However, it remains unclear whether
long-term HBOT intervention in the early stage of AD can slow AD progression and ultimately prevent cognitive
impairment in this disease. In this study we applied consecutive 3-month HBOT interventions on 3-month-old
APP™¢/PS1%%® AD mice which represent the early stage of AD. When the APP™¢/PS19® mice at 9-month-old
which represent the disease stage we measured cognitive function, 24-h blood oxygen saturation, Ap and tau
pathologies, vascular structure and function, and neuroinflammation in APP™¢/PS1%9 mice. Our results showed
that long-term HBOT can attenuate the impairments in cognitive function observed in 9-month-old APP*"¢/
PS1%° mice. Most importantly, HBOT effectively reduced the progression of Ap plaques deposition, hyper-
phosphorylated tau protein aggregation, and neuronal and synaptic degeneration in the AD mice. Further, long-
term HBOT was able to enhance blood oxygen saturation level. Besides, long-term HBOT can improve vascular
structure and function, and reduce neuroinflammation in AD mice. This study is the first to demonstrate that
long-term HBOT intervention in the early stage of AD can attenuate cognitive impairment and AD-like pathol-
ogies. Overall, these findings highlight the potential of long-term HBOT as a disease-modifying approach for AD
treatment.

1. Introduction

Alzheimer’s disease (AD) is an insidious neurodegenerative condi-
tion that manifests itself as a progressive decline in memory and
cognitive function, disable to perform daily living activities, and is
usually accompanied by various mental symptoms and behavioral dis-
orders [1]. AD is pathologically characterized by progressive neuronal
and synaptic loss in the brain, resulting from the deposition of
amyloid-beta (Af) plaques and phosphorylated tau neurofibrillary tan-
gles [2,3]. The treatment of AD involves in general the combination of
different therapeutic approaches such as pharmacological and
non-pharmacological interventions [4,5]. Monoclonal antibodies
against Af aggregation are a new approach for the AD treatment [4];
other non-drug therapies such as light treatment [6], music therapy [7],
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and exercise [8] are attracting more attention.

Hypoxia usually results from environmental and pathological factors
including aging, cerebrovascular diseases, hypertension, type 2 dia-
betes, traumatic brain injury, and sleep disordered breathing [9]. Hyp-
oxia is closely linked to the pathogenesis of AD [10,11], which can lead
to abnormal Af metabolism and tau phosphorylation, as well as
neuronal and synaptic degeneration. Since hypoxia contributes to the
development of AD, the anti-hypoxia therapy may be a potential ther-
apeutic strategy to improve the clinical manifestations and pathological
biochemical processes of the disease [12].

Hyperbaric oxygen therapy (HBOT) is an intervention that involves
administering 100 % oxygen at a pressure greater than 1 atm absolute
(ATA) [13]. HBOT can effectively increase the amount of oxygen dis-
solved in plasma and the partial pressure of arterial oxygen, thereby
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correcting or alleviating hypoxia [14]. And there is evidence of positive
effects of HBOT on neurological outcomes after cerebral ischemia [15]
and moderate traumatic brain injury [16]. Studies conducted by our
group and others have suggested that HBOT significantly enhances
cognitive function in patients or animal models of AD [12]. However,
existing studies have only provided preliminary insights into the
short-term effectiveness and potential mechanisms of short-term HBOT
in the middle and late stages of AD. But it is unclear whether long-term
HBOT intervention in early AD can slow the disease progression and
ultimately prevent cognitive impairment. Therefore, it is of importance
to investigate the safety, long-term efficacy and possible mechanisms of
long-term HBOT treatment for AD [17].

In AD, the cerebrovascular system undergoes significant morpho-
logical and structural changes that alter the regulation of blood flow,
vascular fluid dynamics, and vascular integrity, leading to reduced ce-
rebral blood flow and vascular dysfunction [18]. However, decreased
cerebral blood flow (CBF) [19] and vascular dysfunction may limit A
clearance, further aggravate hypoxia and oxidative stress [20]. HBOT
has the potential to regulate the structure and morphology of blood
vessels [21] and increase CBF [22]. Therefore, HBOT may have the
potential to attenuate AD by improving cerebral blood flow and vascular
dysfunction. In addition, neuroinflammation, characterized by activa-
tion of the brain’s innate immune system, plays a crucial role in the
pathophysiology of AD [23]. It has been reported that hypoxia can
aggravate neuroinflammation and lead to increased nerve damage [10,
11]. It is proposed that HBOT may reduce the neuroinflammatory pro-
cess by alleviating the activation of astrocytes and microglia [24,25].

In this study, we examined the effects of long-term HBOT on AD-
related cognitive function and neuropathology, and explored the un-
derlying mechanisms against AD. The findings from this study may
provide new insights into the HBOT therapy for clinical use in AD.

2. Materials and methods
2.1. Experimental animals

Male APP™¢/PS1%¥ transgenic mice and their age-matched wild-
type (WT) littermates in this study were purchased from the Jackson
Laboratory (Bar Harbor, MA, USA). All the mice were housed under the
condition of controlled light (12 h/12 h light/dark cycle), constant room
temperature 22 + 1 °C and relative humidity 50 + 10 %. All animal
experiments were conducted in accordance with the guidelines
approved by the Committee on the Ethics of Animal Experiments and the
Institutional Animal Care and Use Committee at Sichuan Provincial
People’s Hospital.

The mice at the age of 3 months were randomized into four groups:
AD with HBOT(AD-H), AD with normoxia (AD-N), WT with HBOT (WT-
H), WT with normoxia (WT-N). The AD-H and WT-H mice were sub-
jected to HBOT for 3 months, and the mice were evaluated for learning
and memory after 3 months of HBOT, and then sacrificed for neuro-
pathological and biochemical examinations.

2.2. Hyperbaric oxygen therapy

For the HBOT, animals were administered 100 % oxygen at a pres-
sure of 2 ATA in a custom-made mono-chamber intended for small an-
imals for 60 min daily for 90 consecutive days. Before compression was
initiated, the mono-chamber was washed with 100 % oxygen for 5 min
to enrich oxygen content. Compression and decompression were per-
formed gradually within 25 min. Oxygen level inside the chamber
following compression reached saturation of >96 %, as measured by an
oxygen analyzer. The animals in the control, non-treated group, were
placed inside the mono-chamber for 60 min without additional treat-
ment (at 1 ATA). Temperature, measured with a temperature controller
during all sessions for HBOT and control groups in the mono-chamber,
was similar among the four groups.
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2.3. Measurement of blood oxygen saturation

Pulse oximeters (STARR Life Sciences® Corp) were used to monitor
the oxygen saturation of experimental mice in real-time while awake
[26]. The day before the experiment, we shaved the necks of all mice
because dark hairs interfere with detecting light signals. At the same
time, we clamped the test clips on the necks of the mice and placed them
in the experimental cage to adapt to the environment. When the
experiment began, we turned on the pulse oximeter, selected the awake
mode, and set the parameters. The sensor was clipped to the neck of the
experimental mouse (where the carotid artery pulsates) and the changes
in blood oxygen saturation in the mice were monitored for 24 h. We
averaged the data every 10 min. Oxygen saturation fluctuations were
expressed by the coefficient of variation (CV) (standard
deviation/mean*100) [27].

2.4. Routine blood test

Peripheral blood was taken from the epicanthal veins of mice. After
taking the blood, the capillary glass tube was removed, and the mouse’s
skin was pressed with a cotton ball to stop bleeding. Then, 50 pL of blood
was placed in the automatic blood cell counter (Beijing Baolingman
Sunlight Technology Co.BM830). The system automatically detected
various parameters following the manufacturer’s instructions.

2.5. Cognitive and motor activity measurements

2.5.1. Morris water maze test

Each mouse was forced to find a submerged escape platform in a
circular pool filled with water (25-26 °C) rendered opaque (white) with
powdered milk. During the familiarization session and acquisition phase
(four trials/day for four consecutive days), the mouse was given as long
as 60 s to find the hidden platform and then required to remain seated on
this platform for 5 s, after which it was returned to its home cage. During
the retention phase, the platform was removed from the pool and for 60s
the path taken by each mouse was video-filmed to determine the time
required to swim to the original position of the platform as well as the
number of passes over and time spent at this position [28].

2.5.2. Shuttle box test

Mice were initially exposed to light and buzzing sound, each lasting 5
s, followed by a 5-s electrical stimulation at a current intensity of 0.7
mA. The mice’ responses were categorized as active avoidance if they
escaped to the safe zone within 5 s after the onset of the light or sound, or
as passive avoidance if they only escaped to the safe zone after the
electrical stimulation. Through repeated training sessions (25 in total),
the mice gradually developed conditioned responses of active avoid-
ance, leading to the acquisition of memory, followed by the test ac-
cording to the same procedure as the training phase.

2.5.3. Open field test

The open field test (JLBehv-LAG-6-6, Shanghai Ge-measurement)
was performed to evaluate the exploratory behavior and general activ-
ity of experimental animals in a novel environment. The open-field test
was performed in a square box. A mouse was placed in a corner of the
box at the beginning of the test. The number of rearing and total distance
traveled in the open field and were measured in a 5-min session.

2.6. Laser speckle contrast imaging

Laser speckle flowmetry obtains high-resolution, two-dimensional
imaging and has a linear relationship with absolute CBF values. An
anesthesia mask for mice was used for isoflurane inhalation. The skull
was placed 10 cm below the scan head and the scalp was removed by a
midline incision to expose the skull throughout CBF evaluation. CBF was
measured in identically-sized regions of interest (circle 1 mm in
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Fig. 1. HBOT improves Cognitive function. (A) The escape latency of mice during the training period after HBOT. (B) The number of times mice passed through the
targeted position in quadrant after HBOT. (C) The percentage of swimming time in the target platform quadrant of AD and WT mice in the total swimming time
during Morris water maze test period. (D) The active escape count in shuttle box test of mice in each group. (E) The passive escape count in shuttle box test of mice in
each group. (F) The number of rearing in open field test of mice in each group. (G) Total distance of mice in open field test. In (A), *represents AD-H vs. AD-N; *

represents AD-N vs.WT-N. Data were the mean + SEM values, with 6 mice per group.*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, by two-way ANOVA with

Tukey’s multiple comparisons test.

diameter), located 1 mm posterior and 2 mm lateral from the bregma,
corresponding to regions around Heubner’s anastomoses, connecting
the dorsal branches of the anterior cerebral artery and the middle ce-
rebral artery. Average CBF values in the bilateral hemispheres were
recorded [29-31].

2.7. Brain sampling, histology and quantification

After completing the behavioral test, animals were euthanized by
overdosing with isopentane. Blood was sampled from the right atrium of
the heart, followed by intracardial perfusion with 100 ml of 0.1 %
NaNO; in phosphate buffer. Brains were sampled and weighed. Left
hemispheres were fixed in 4 % paraformaldehyde for histological
analysis, and right hemispheres were snap frozen in liquid nitrogen and
stored at —80 °C for biochemical analysis.

2.7.1. Ap plaques and tau pathology

For AP plaques in parenchyma, brain tissue sections were stained
with Congo red for compact Af plaques or with 6E10 antibody using a
free-floating immunohistochemistry (IHC) method for total Ap plaques
containing compact and diffuse plaques. The primary antibodies are
listed in Supplementary Table 1. Immunofluorescence was used to
detect phosphorylated tau with anti-p-Tau Thr231 antibody. In histology
and quantification, a series of five equally spaced tissue sections (~1.3
mm apart) spanning the entire brain of each mouse were used for IHC
and immunofluorescence staining. High-magnification images were
acquired using biological microscope (Olympus, BX53) or confocal laser
scanning microscope (Olympus, FV3000). The area fraction and plaque
number of Congo red- or 6E10-positive staining in cortex and

hippocampus were quantified with ImagelJ. The area fraction of p-Tau
Thr231 positive staining in cortex and hippocampus were quantified
with ImageJ.

2.7.2. Detections of neurodegeneration, cerebral amyloid angiopathy and
neuroinflammation

Neuronal loss and neurite degeneration were detected by double
immunofluorescence staining for NeuN and microtubule associated
protein (MAP)-2. Immunofluorescence was also used to detect synapsis
with SYP. Illustration of cerebral amyloid angiopathy (CAA) by immu-
nofluorescence with the antibody to Af (6E10) and smooth muscle in the
vessel wall (1A4). Immunofluorescence also be used to visualize
microgliosis and astrocytosis with ionized calcium binding adapter
molecule 1 (Ibal) antibody to detect activated microglia and anti-glial
fibrillary acidic protein (GFAP) antibody to detect astrocytes. Af pla-
que depositions were detected by 6E10. The primary antibodies are
listed in Supplementary Table 1. High-magnification images were ac-
quired using confocal laser scanning microscope (Olympus, FV3000).
The area fraction of NeuN, MAP-2, CAA, Ibal, GFAP, 6E10-positive
staining in cortex and hippocampus were quantified with ImageJ.

2.8. ELISA assays

The cortex and hippocampus were dissected rapidly on ice and
sonicated in ice-cold lysis buffer. The lysate was centrifuged at 12,000xg
for 10 min at 4 °C. The supernatant was collected to determine mouse
interleukin-1p (IL-1f), interleukin-6 (IL-6), and tumor necrosis factor
alpha (TNF-a) and interferon-y (IFN-y) in cortex and hippocampus were
measured using corresponding ELISA kits (USCN, China).
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Fig. 2. HBOT alleviates Ap pathology in the brain of AD mice. (A) Represen-
tative images 6E10 immunohistochemical staining in cortex and hippocampus
in AD-H and AD-N mice. Scale bar = 500 pm. (B) Comparison of the area
fraction and density of 6E10-positive Ap plaques in the cortex and hippocampus
between AD-H and AD-N mice. (C) Representative images of Congo red in
cortex and hippocampus in AD-H and AD-N mice. (D) Comparison of the area
fraction and density of Congo red in the cortex and hippocampus between AD-H
and AD-N mice. (E) Comparison of AB40 and Ap42 levels measured with ELISA
of cortex and hippocampus between AD-H and AD-N mice. Data were the mean
+ SEM values, with 6 mice per group.*p < 0.05, **p < 0.01, ***p < 0.001,
*#k%p < 0.0001, by unpaired t-test. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
t‘his article.)

<

Homogenization was performed in an ice-cold tris/guanidine buffer (5
M guanidine hydrochloride/50 mM TrisCl, pH 8.0) using dissected
cortex and hippocampus samples. Following the manufacturer’s in-
structions, the levels of AB40 and Ap42 were determined in samples
using human-specific ELISA kits (Invitrogen, KHB3544, and KHB3481).

2.9. Western blotting

The western blotting protocol was described in our previous studies
[26]. Briefly, hippocampal and cortex tissues were dissected and
collected on ice, then sonicated and centrifuged. The supernatant was
detected with protein concentration and used for further analysis. After
SDS-PAGE gel running and transfer to the PVDF membrane, the mem-
brane was blocked and incubated at 4 °C overnight with the primary
antibodies listed in Supplementary Table 1. Then the membrane was
incubated with secondary antibodies. The protein bands on the mem-
brane were quantified with ImageJ.

2.10. Gene expression

Protocols for total RNA extraction, cDNA synthesis and quantitative
real-time polymerase chain reaction (PCR) were described previously
[11]. Cortex was dissected and extracted for total RNA with RNAiso Plus
(Total RNA extraction reagent; Takara, Shiga, Japan). According to
Revertra Ace qPCR RT kit (Takara, Shiga, Japan) instructions, total RNA
was synthesized to cDNA. Real-time PCR was performed with TransStart
Top Green qPCR SuperMix (TransGen Biotech, Beijing, China) and
monitored by the Real-time PCR System (Bio-Rad CFX96 Real-Time PCR
Systems). The primer sequences were provided upon request as sum-
marized in Supplementary Table 2. The relative expression levels of each
primer sequences mRNA were analyzed by the 2 22Ct algorithm
normalizing to GAPDH and relative to the control groups.

2.11. Statistical analysis

All data represent the mean + SEM. Statistical analysis included 2-
tailed Student’s t-test for the comparison of two groups, and two-way
ANOVA and Tukey’s test for the comparison of multiple groups when
required. Normality and equal-variance testing were performed for all
assays. P < 0.05 was considered significant. Graphing and analysis were
performed by GraphPad Prism 8 software.

3. Result

3.1. HBOT improves the performance of APP™¢/PS1% mice in
behavioral tasks

During the 4-day training period Morris water maze, the incubation
period of AD-H mice to find the platform on the 2nd day was shorter
than that of AD-N mice (p < 0.05) (Fig. 1A). In the Morris water maze
test period, the number of AD-H mice passing through the target position
was increased compared with AD-N mice (p < 0.05); and AD-H mice
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Fig. 3. Immunofluorescent staining of p-Tau Thr231 in the cortex and hippocampus of AD and WT mice after HBOT. (A) The level of p-Tau Thr231 positive neurons
in the cortex and hippocampus of AD and WT mice after HBOT. scale bar = 100 pm. (B) Quantitative statistical analysis showed that fluorescence area of p-Tau
Thr231 staining in the cortex and hippocampus of AD mice decreased after HBOT. Data were the mean + SEM values, with 6 mice per group.*p < 0.05, **p < 0.01,

wrxp < 0,001, FHE

spent more time in the target quadrant compared with AD-N mice (p <
0.05) (Fig. 1 B & C). In the shuttle box experiment, AD-H mice showed a
higher frequency of active escape responses compared to AD-N mice (p
< 0.05) (Fig. 1D). Besides, AD-H mice displayed significantly less pas-
sive escape responses compared to AD-N mice (p < 0.05) (Fig. 1E). In the
open field test, AD-H mice exhibited an average of approximately 29
episodes of vertical exploration, which was more than that of around 14
episodes in AD-N mice (p < 0.05) (Fig. 1F). Moreover, AD-H mice

‘p < 0.0001, by two-way ANOVA with Tukey’s multiple comparisons test.

demonstrated greater exploratory distances than the AD-N mice (p <
0.05) (Fig. 1G).

3.2. HBOT reduces brain amyloid deposition

To evaluate the effect of HBOT on Ap deposition, we measured the
SPs deposition profile in the cortex and hippocampus of APP*¢/PS19%
mice. AD-H mice had a decreased level of AP plaques in the brain
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Fig. 4. NeuN + Map2 and SYP staining in the brain of AD and WT mice after HBOT. (A) The level of NeuN+Map2 and SYP in hippocampus of AD mice increased
after HBOT. scale bar = 100 pm. (B) Quantitative statistical analysis showed that the fluorescence area of NeuN+map2 and SYP staining in the hippocampus of AD
increased after HBOT. Data were the mean + SEM values, with 6 mice per group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, by two-way ANOVA with

Tukey’s multiple comparisons test.

compared to AD-N mice, as shown by the 6E10 and Congo red positive
plaque area percentage and the plaque number were lower than those in
AD-N mice (Fig. 2A-D). And Ap40 and AB42 levels measured with ELISA
decreased in the cortex (p < 0.01) and hippocampus (p < 0.05) of AD
mice after HBOT (Fig. 2E).

Further, the protein levels of p-site APP cleaving enzyme 1 (BACE1)
were reduced in AD-H groups (Supplemental Fig.S1 A&B). There was no
significant difference in Ap-degrading enzyme (insulin degrading
enzyme (IDE)), and A transport receptors across BBB (low-density li-
poprotein receptor-related protein-1(LRP-1)) in the brain between both
groups (Supplemental Fig.S1 C-F).

3.3. Effect of HBOT on tau protein pathology

In order to determine the effect of HBOT on tau phosphorylation in
cortex and hippocampus of APP™¢/PS1%° and WT mice, we conducted

immunofluorescence staining on p-tau Thr231 in the cortex and hip-
pocampus of AD and WT mice (Fig. 3A&B). The area fractions of p-tau
Thr231positive neurons in cortex and hippocampus of AD-H mice were
lower than AD-N mice (p < 0.05) (Fig. 3A&B).

3.4. HBOT attenuates neuronal loss and synaptic degeneration

By co-staining of NeuN and Map2, the percentage of NeuN-positive
area in hippocampus of AD-H mice was higher than that in AD-N mice
(p < 0.05); and the percentage of MAP2-positive area was also higher
than that of AD-N (p < 0.05) (Fig. 4 A&B). To verify the effect of HBOT
on synaptic functions of AP we/pS19%9 and WT mice, we performed
immunofluorescence staining on SYP (Fig. 4A&B). Quantitative statis-
tical analysis found that the percentage of SYP positive area in the cortex
of mice in AD-H was increased compared with that in AD-N (p < 0.05)
(Fig. 4A&B).
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Fig. 5. HBOT improves blood oxygen saturation and ameliorates oxygen saturation fluctuations. (A) Changes of 24 h blood oxygen saturation in AD-H, AD-N, WT-H
and WT-N mice. (B) The level of oxygen saturation of AD and WT mice after HBOT. (C) The level of oxygen saturation fluctuations of AD and WT mice after HBOT.
Data were the mean + SEM values, with 6 mice per group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, by two-way ANOVA with Tukey’s multiple

comparisons test.

3.5. HBOT improves blood oxygen saturation

Our study showed that HBOT continuously increased oxygen satu-
ration level and ameliorated oxygen saturation fluctuations in AD mice
for at least 3 months (p < 0.05) (Fig. 5 A — C). Further, our data also
found that the red blood cell (RBC) count of APP™¢/PS1%9 mice
increased after HBOT (p < 0.05) (Supplementary Table 3). Besides,
HBOT also promoted the expression of HIF-1«a in the brain of APP™¢/
PS19% mice (p < 0.05) (Supplementary Fig. S2).

It is known that extreme high exposure level of oxygen may have the
risk for oxidative damage to multiple organs and tissues such as lung,
brain, blood vessels, etc. To investigate the potential oxidative damage
caused by long-term HBOT, we assessed MDA levels in corresponding
sites. The findings indicated that long-term HBOT did not elevate the
MDA levels in lung tissue, brain tissue, and serum. Conversely, long-
term HBOT was observed to reduce the MDA levels (Supplementary
Fig. S3).

3.6. HBOT attenuates cerebrovascular hypoperfusion and microvascular
injury

Impairments in cerebral circulation and vascular reactivity have
substantial roles in onset and progression of AD. We investigated resting
of CBF in both group at 9 months of age using laser speckle flowmetry.
AD-H mice exhibited significantly increased CBF compared with AD-N
mice (p < 0.05) (Fig. 6 A & B). With the antibody to 6E10 and smooth
muscle in the vessel wall 1A4, compared with AD-N mice, AD-H mice
had dramatic reductions Ap deposition in vessel walls (p < 0.05) (Fig. 6C
& D).

3.7. Effects of HBOT on the activation of microglia and astrocytes

In order to evaluate the effects of HBOT on glial cells in the brain of
mice, immunofluorescence staining was performed on microglia and
astrocytes in the cortex and hippocampus of four groups mice (Figs. 7
and 8). Ibal-positive microglia in the cortex and hippocampus of
APP¢/PS1%9 mice were reduced after HBOT treatment (p < 0.05)
(Fig. 7). Meanwhile, AD-H mice displayed significantly fewer A plaques
in the brain compared to AD-N mice (p < 0.05) (Fig. 7). GFAP-positive
astrocytes in the cortex and hippocampus of APP*"¢/PS1 49 mice were
reduced after HBOT treatment (p < 0.05) (Fig. 8). Meanwhile, ELISA
detection method showed that after HBOT intervention, IL-1p, IL-6,
TNF-a and IFN-y inflammatory factors in the brain of AD and WT mice
were reduced to a various degree compared with control mice (p < 0.05)
(Fig. 9).

4. Discussion

In our studies, we firstly demonstrated that long-term HBOT atten-
uated the impairments in cognitive function observed in APP***/PS1%
mice. Most importantly, HBOT effectively reduced the progression of
amyloid plaque deposition, aggregation of hyperphosphorylated tau
protein, and neuronal and synaptic degeneration in the AD mice.

Previous studies by our and other teams have demonstrated the po-
tential of HBOT in ameliorating the pathological alterations seen in AD.
However, these studies primarily focused on the short-term effects of
HBOT on AD in the middle and late stages of the disease. AD is a
continuous pathological process, there is a long period of asymptomatic
stage before the onset of the disease. In this stage, the patients have not
yet shown cognitive impairment, but amyloid deposition and neuronal
fiber tangles have begun to appear [32]. With the development of the
disease, AD tends to progress faster in the later stages. The asymptomatic
phase of AD is the best time window to intervene this disease. Because
the asymptomatic period is relatively longer than the symptomatic
period, through the observation of several key pathophysiological
changes of AD we may be able to identify the pharmacological or
non-pharmacological therepies to delay, prevent, or even reverse the
development of AD [33].

In addition, repeated exposure to HBOT over a long period of time is
required to achieve lasting effects that cause changes in blood vessels,
neurons, and cell activity [14,21]. Our study also proved for the first
time that 90 consecutive days of HBOT still significantly improved
AD-like cognitive function and pathological changes, which can provide
a basis for subsequent clinical studies to develop HBOT treatment pro-
tocols for AD.

Meanwhile, the cognitive function and pathological changes of AD
mice after a longer interval have not been reported. Therefore, this study
examined the cognitive function and AD-like pathological changes of AD
mice at 3 months after HBOT. Our study is the first to show that early
and long-term HBOT of AD disease can effectively improve cognitive
function and pathological impairment.

Oxygen is a rate-limiting factor in brain activity, and that HBOT
directly increases oxygen levels and thus improves cognitive function
[34]. In our previous study, blood oxygen saturation in APP™¢/PS19°
mice was significantly lower than in WT mice [26]. In this experiment,
we adopted male mice and found that APP***/PS1® mice not only had
lower blood oxygen saturation, but also had higher fluctuation of blood
oxygen saturation compared with WT mice. The oxygen saturation
fluctuations analysis be used as a non-invasive measurement to deter-
mine the negative sequelae of hypoxemia [35]. And oxygen saturation
fluctuations during graded hypoxia exposure carry information about
cardio-respiratory control [36]. Increased fluctuation in oxygen
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Fig. 6. HBOT attenuates cerebrovascular hypoperfusion and microvascular injury in the AD mice. (A) Cerebral perfusion images at age of 9 months in the control and
HBOT groups (1 session and 90 sessions). (B) Histograms comparing the cerebral blood perfusion. (C) Representative images of 6E10+1A4 in AD-H and AD-N mice
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saturation suggests an adverse prognosis [37]. Our study firstly showed
that HBOT significantly improves the oxygen saturation and oxygen
reserve of the body.

Oxidative stress is believed to play an important role in the patho-
genesis of several neurodegenerative disorders [38]. Notably, high level
of oxygen exposure can result in oxidative damage to lung tissue, brain
tissue, and the entire body. MDA serves as an indicator for evaluating the
degree of oxidative damage in tissues, cells, and cell membrane lipid
peroxidation. To investigate the potential oxidative damage caused by
long-term HBOT, we assessed the MDA levels in lung tissue, brain tissue,
and serum. The findings indicated that long-term HBOT did not elevate
the MDA levels in lung tissue, brain tissue, and serum. Conversely,
long-term HBOT was observed to reduce the MDA levels to some extent
(Supplementary Fig. S3.). This suggests that long-term HBOT does not
cause peroxidation damage to the lung and blood system.

Further, our data showed that the RBC count of APP*¢/PS1%? mice
increased after long-term HBOT. Our and other groups have found a
reduced number of RBC in APP™¢/pS1%9 [26,39]. And the short-term
effect of hyperbaric oxygen on RBCs is to decrease the number of red
blood cells, but the long-term effect of hyperbaric oxygen is to increase
the number of RBCs [40]. This may be because repeated exposure to
HBOT over a long period of time may activate HIF-1a which is involved
in erythropoiesis, angiogenesis, and vascular remodeling [41]. This is
based on the fact that oxygen level increase from 21 % to 100 % during
HBOT treatment and decrease again to 21 % at the end of each treat-
ment. The reduction of oxygen content from 100 % to 21 % can be
interpreted as a signal of hypoxia and activation of HIF-1a [21]. Ac-
cording to our team’s previous research [42], HIF-1a protein levels were
down-regulated in AD mice. In our study, long-term HBOT also pro-
moted the expression of HIF-1 in the brain of APP**¢/PS1% mice
(Supplementary Fig. S2.). Therefore, in this study, long-term HBOT
promoted the production and number of red blood cells in the body.

Besides, long-term HBOT also improves vascular structure and
dysfunction in APP*"¢/PS19% mice. Reduced CBF in AD can be induced
by numerous factors including cerebral amyloid angiopathy [43]. CAA is
one of the major causes of vascular dysfunction in AD, as plaque
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accumulation impinges on blood vessels restricting cerebral blood flow
[43]. In AD, significant changes occur in the cellular, morphological,
and structural aspects of the cerebral vasculature, leading to alterations
in blood flow regulation, vascular fluid dynamics, and vessel integrity
[44]. HBOT triggers a broad range of vascular molecular mechanisms
that encompass vascular structure, molecular adhesion and transport,
and vascular signal transduction. These mechanisms effectively enhance
the structure and function of blood vessels [22,45]. A grown of evidence
from both AD and other forms of cognitive impairment suggests that
decreases in blood flow may hinder Af clearance from the brain because
of hypoxia, which may further facilitate Ap production and inflamma-
tion. Thus, reductions hypoxia via HBOT would inhibit the pathologic
feedback loop of blood flow reduction mediated hypoxia, Ap accumu-
lation and the progression of AD.

Repeated exposure to HBOT over a long period of time, in addition to
the sustained effects of changes in neurons, red blood cells, and blood
vessels, can also cause lasting changes in glial cells [21]. AD and neu-
roinflammation are closely related and form a vicious cycle in which one
increases the pathological burden of the other [46,47]. Neuro-
inflammatory glial overreaction and protein accumulation are two
prominent features of the aged brain and hallmarks of AD [48]. Another
important effect of HBOT in several brain dysfunctions is the neuro-
inflammation reduction. In a TBI rat model, HBOT was shown to reduce
neuroinflammation and increase levels of the IL-10; these changes were
associated with improvements in cognitive deficit [49]. HBOT reversed
hypoxia and ameliorated brain pathology, and improved the animals’
behavioral performance [50]. This improvement was also associated
with a reduction in proinflammatory cytokines such as IL-1p, IL-6,
TNF-a. HBOT also significantly improved recovery from sepsis
following cecal ligation and puncture [21]. The treatment was associ-
ated with a reduction in the inflammatory response, including decreased
expression of TNF-q, IL-6, and IL-10 [21]. Consistent with those studies,
our results show that long-term HBOT significantly attenuates the acti-
vation of microglia and astrocytes, decreases the levels of TNF-a, IL-6,
and IL-1p.

Based on our findings, it is the first to demonstrate that long-term
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HBOT intervention during the early stages of AD can improve AD-like
pathological changes by enhancing the function and structure of neu-
rons, glia, and blood vessels. Importantly, the therapeutic effects of long-
term HBOT on AD are sustained even after the intervention is dis-
continued, suggesting that the benefits of long-term HBOT are not
invalidated by the interruption of treatment. These results highlight the
potential of long-term HBOT as a promising therapeutic approach for
AD, particularly when administered early in the disease progression.

Indeed, future clinical trial of HBOT therapy is critical to test its
safety and efficacy for the prevention and treatment of AD. Simulta-
neously, basic research efforts will continue to expand our under-
standing of the underlying mechanisms by which HBOT exerts its
therapeutic effects in AD. By delving deeper into these mechanisms,
researchers can identify specific pathways and processes that are
involved in the positive outcomes of HBOT. This information is essential
in optimizing treatment conditions, including determining the ideal
duration, frequency, and overall treatment regimen for HBOT in AD. It is
worth noting that the effects of HBOT on AD are likely not mediated by a
single pathway but rather involve multiple interconnected mechanisms.
Therefore, a comprehensive understanding of these mechanisms is
essential for developing targeted and effective HBOT interventions for
AD. Continued collaboration between clinical trials and basic research
will pave the way for advancements in HBOT as a potential therapeutic
approach for AD.
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