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Background: The development of novel treatment strategies to reverse or impede cognitive dysfunction 
associated with mild cognitive impairment (MCI) has gained attention in recent times. Meanwhile, 
hyperbaric oxygen (HBO) has been widely used as a neuroprotective therapy that can promote recovery of 
damaged neurons. The aim of this study was to investigate the effects of HBO on cognitive function in rats 
with MCI and to clarify the associated mechanisms. 
Methods: We established a D-galactose-induced MCI rat model and evaluated the role of extracellular-
regulated kinase (ERK) signaling in HBO therapy for cognitive function using a specific inhibitor, U0126. 
All Rats were randomly assigned to four groups with 12 rats per group: normal control group; D-gal model 
group (group MCI); D-gal + HBO group (group HBO); D-gal + HBO + U0126 group (group U0126). We 
evaluated cognitive function by Morris water maze and pathological changes by hematoxylin and eosin (HE) 
staining of hippocampal slices. Enzyme-linked immunosorbent assay (ELISA) was used to detect the levels of 
caspase 3, while total ERK1/2 and phospho-ERK1/2 were assessed by Western blotting. 
Results: Shorter escape latency was observed in the HBO group as compared to the MCI group, which 
was to some extent reversed by U0126. Similarly, the HBO group showed the highest number of platform 
crossings as compared to the MCI and U0126 groups. Pathological analysis also showed less apoptosis and 
better hippocampal cell morphology in the HBO group. Caspase 3 levels also differed significantly, with 
lowest expression in the HBO group as compared to the MCI and U0126 groups. The levels of total ERK1/2 
and p-ERK1/2 were more elevated in the HBO group as compared to the MCI group. 
Conclusions: This study found that HBO treatment has a protective effect on early cognitive dysfunction 
in rats with MCI. HBO therapy may act through ERK signaling, which inhibits apoptosis and protects 
cognitive function.
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Introduction

Cognitive dysfunction can manifest as deficits  in 
orientation, memory, attention, numeracy, or language 
ability, and may result in daily or social impairment, such 
as aphasia, loss of recognition, or change in mental or 
neurological activity. Mild cognitive impairment (MCI), 
a type of cognitive dysfunction, is a clinical condition 
between cognitive decline and normal aging. Around 16% 
of MCI cases progress to dementia each year, with this 
trend increasing year by year (1). Epidemiological studies 
have shown that an MCI case may result in one of four 
outcomes: stable condition, progress to dementia, recovery 
to normal cognition through intervention, or death. Thus, 
as MCI seems to respond to intervention, diagnosis and 
treatment of MCI have attracted the attention of many 
researchers. 

There are various treatments which are no uniform 
standard for MCI. Currently, the Food and Drug 
Administration (FDA) has no approved drugs for the 
treatment of MCI. Drug treatments usually are based on 
Alzheimer's disease, such as cholinesterase inhibitors (2). 
Studies have also shown that repeated transcranial magnetic 
stimulation can significantly change cortical excitability, 
improve cognitive function, and treat MCI (3).

Hyperbaric oxygen (HBO) has been widely used as a 
classic neuroprotective therapy that can promote recovery 
of damaged neurons (4,5). This treatment is non-invasive, 
safe, and its clinical application is highly controllable. The 
main mechanisms involved in HBO therapy are increased 
blood oxygen content, inhibition of hippocampal neuronal 
apoptosis, and reduction in inflammation (6-8).

Mitogen-activated protein kinase (MAPK) is a type 
of protein kinase that regulates various physiological 
processes  by phosphorylat ing the corresponding 
transcription factors, cytoskeletal proteins, and various 
protein substrates. It is involved in cell proliferation, 
differentiation, survival, and death. The extracellular-
regulated kinase (ERK) signaling pathway is a classical 
MAPK signal transduction pathway. Activated ERK1/2 
can enter the nucleus and phosphorylate downstream 
substra tes ,  which  fur ther  ac t iva te  other  re la ted 
transcription factors to produce specific biological effects. 
Some research results have indicated that ERK signaling 
pathway plays a protective role in brain injury, can inhibit 
neuronal apoptosis, and improve its cognitive function 
(9,10). U0126 is a highly effective and selective inhibitor 
of MAPK kinases MEK1 and MEK2. It can block the 

phosphorylation of ERK by inhibiting the activity of 
MEK1/2, thereby blocking the ERK1/2 signaling pathway 
and inhibiting the MAPK cascade.

Based on the above studies, we aimed to investigate the 
effects and possible mechanisms of HBO administration 
on cognitive function in a rat model MCI. We present the 
following article in accordance with the ARRIVE reporting 
checklist (available at http://dx.doi.org/10.21037/apm-20-
1716).

Methods

Drugs and reagents

D-gal was procured from AMRESCO Inc. (OH, USA). 
U0126-EtOH was obtained from MedChemExpress LLC 
(NJ, USA). Caspase 3 ELISA kit was purchased from 
Nanjing Jiancheng Bioengineering Institute (Nanjing, 
China).  Rabbit polyclonal anti-ERK1/2 and anti-
phospho-ERK1/2 antibodies were supplied by Hangzhou 
HuaAn Biotechnology Co. Ltd. (Hangzhou, China). 
Horseradish peroxidase (HRP)-labeled goat anti-rabbit 
immunoglobulin G (IgG) was provided by Abcam PLC 
(Cambridge, UK).

Animals

The study was approved by the animal care committee 
of the First Affil iated Hospital of Fujian Medical 
University(Fuzhou, China). All experiments were conducted 
in accordance with EU Directive 2010/63/EU for animal 
experiments. Sprague Dawley (SD) rats (male, 3-month-old, 
200 to 300 g, Minhou Wu Experimental Animal Co. Ltd., 
China) were housed in a temperature-controlled room (22–
26 ℃) with a 12 h light–dark cycle and food and drinking 
water provided ad libitum. Rats that were visually impaired 
or could not swim were excluded from the study. Rats were 
acclimatized to the environment for 1 week before the 
experiments.

Rats were randomly assigned to four groups with 12 rats 
per group: normal control group, without any intervention; 
D-gal model group (group MCI), subcutaneous injection 
of 1,000 mg·kg−1·d−1 D-gal (in physiological saline,  
100 mg/mL) for 1 week; D-gal + HBO group (group HBO), 
D-gal injections followed by HBO treatment; D-gal + HBO 
+ U0126 group (group U0126), D-gal injection followed by 
HBO treatment along with daily intraperitoneal injection of 
U0126 (5 mg·kg−1·d−1) before HBO treatment.

http://dx.doi.org/10.21037/apm-20-1716
http://dx.doi.org/10.21037/apm-20-1716
http://ec.europa.eu/environment/chemicals/lab_animals/legislation_en.htm
http://ec.europa.eu/environment/chemicals/lab_animals/legislation_en.htm
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HBO administration

Rats in the HBO group and U0126 group were placed in 
a HBO chamber, flushed with pure oxygen to achieve an 
oxygen concentration of 95% or more. Next, the cabin was 
gradually pressurized to 2.5 atm at a rate of 0.2 atm·min−1 
for 60 min. Thereafter, the pressure was dropped to normal 
at the same speed. This treatment was administered once a 
day for 5 days (11).

U0126 injection

U0126 is a highly selective inhibitor of MEK1/2. As per the 
manufacturer’s instructions, 5 mg of U0126 was dissolved 
in a mixture of 0.655 mL of dimethyl sulfoxide (DMSO) 
and 0.655 mL of 1 M of phosphate-buffered saline (PBS) 
and diluted in 12 mL of physiological saline. Rats of group 
U0126 were intraperitoneally injected with 5 mg·kg−1·d−1 
before HBO treatment (12).

Behavioral analysis

The Morris water maze test is an important research tool 
for the assessment of learning and memory function in 
rodents. The water maze consisted of a circular pool with 
a diameter of 180 cm and a depth of 80 cm. An escape 
platform, a 12 cm diameter transparent disc, was located 
2 cm below the water surface and was placed in the IV 
quadrant in this experiment. The pool water was made 
opaque black by edible bamboo charcoal powder so that 
the swimming path could be accurately tracked by the 
Supermaze software. 

The Morris water maze test includes two phases: 
navigation training and a spatial probe test. During 
navigation training, a quadrant was randomly selected as 
the starting point, and the rats were individually placed 
in the pool, facing the pool wall. Time taken to reach the 
platform or escape latency was recorded for each rat. If a rat 
was unable to locate the platform within 90 s, it was guided 
to the platform and was made to stay on the platform for 
15 s; escape latency of these rats was recorded as 90 s. 
Each rat was trained from all four quadrants in sequence 
for 5 consecutive days. Throughout the experiment, light 
intensity and the surrounding environment were kept 
unchanged. The training was followed by spatial probe test, 
where the escape platform was removed from the pool and 
each rat was placed in the quadrant opposite to the original 
platform quadrant. The number of crossings of the platform 

within 60 s was recorded for each rat.

Analysis of caspase 3, t-ERK1/2, and p-ERK1/2

The hippocampal tissues of all groups (8 rats in each group) 
were taken out, and were then ground after rapid cooling 
with liquid nitrogen. The ground tissues were fully split 
and centrifuged so the supernatant could be collected. The 
protein concentration was determined by bicinchoninic acid 
(BCA) method. Then, the expression of t-Erk1/2 and p-ErK 
1/2 was detected by Western blotting (t-Erk1/2 Antibody, 
Rabbit#et1601-29. HA, Nanjing, China; p-ErK 1/2 
Antibody, Rabbit# rt1206, HA, Nanjing, China). Grayscale 
analysis was performed by Image J. The other half of the 
supernatants were used to measure the concentrations of 
caspase 3 by ELISA, through use of a corresponding ELISA 
kit (Caspase-3 ELISA kit, Rabbit#er30804, HA, Nanjing, 
China). According to the manufacturer’s instructions, the 
absorbance was detected at 450 nm, and a standard curve 
was delineated based on the absorbance of standards. The 
loading quantity of each hole was 100 μL.

Pathological evaluation

All rats (4 rats in each group) were anesthetized by an 
intraperitoneal injection of 0.3% pentobarbital sodium 
(50 mg·kg−1) after 12 h fasting. The heart and liver were 
exposed, and an incision was made in the pericardium. 
A needle was vertically inserted into the apex and fixed. 
Next, the right atrial appendage was cut with small scissors, 
and saline perfusion was started at a flow rate of about 
50 mL·min−1. Upon a change in the color of the liver to 
white, 4% paraformaldehyde fixative was infused. The 
brain was carefully taken out and put into the fixative for 
another 24 h. The fixed brain was paraffin-embedded, 
and the hippocampus was serially sectioned and stained 
with hematoxylin and eosin (HE). Pathological changes in 
the hippocampus were observed under 10× and 40× light 
microscopes.

Statistical analysis

Data are expressed as mean ± standard deviation ( x s± ) 
under the normal distribution. One-way analysis of variance 
(ANOVA) was used to compare body weights, swimming 
speed of rats before and after modeling, number of platform 
crossings, caspase 3, t-ERK1/2, and p-ERK1/2 levels. When 
the variances were equal, comparison between groups 
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was performed by one-way ANOVA, and lease significant 
difference (LSD) t-test was used for multiple comparisons; 
when the variances were not uniform, one-way ANOVA 
(Welch correction) and Dunnett T3 were used. Escape 
latency was compared using repeated-measures ANOVA. A 
P value <0.05 was considered as statistically significant. All 
data were analyzed by SPSS25.0 statistical software.

Results

General condition

All rats included in the study showed good mental state and 
normal behavior in daily life. No difference was observed 
in body weights and swimming speed before and after 

modeling (P>0.05) (Tables 1,2).

Behavioral analysis

In the Morris water maze test, no significant difference was 
observed in escape latency before modeling (Figure 1A).  
Moreover, the escape latency gradually decreased with 
training. However, the escape latency differed significantly 
in all groups after the intervention (P<0.001) (Figure 1B). 
Shorter escape latencies were noted in the HBO group 
(P<0.001) and the U0126 group (P<0.001) than in the MCI 
group. Furthermore, the HBO group showed a shorter 
escape latency than the U0126 group (P<0.001). 

The number of platform crossings also showed a 
significant difference between the four groups (P<0.001) 

Table 2 Rats swimming speed before and after modeling (n=12)

Group Speed before modeling (mm/s) F P Speed after modeling (mm/s) F P

Sham 231.63±18.39 0.473 0.702 240.18±23.97 1.429 0.247

MCI 236.26±8.86 238.53±17.01

HBO 232.44±20.10 233.44±18.07

U0126 228.74±12.38 225.19±18.32

Table 1 Rats weights before and after modeling (n=12)

Group Weight before modeling (g) F P Weight after modeling (g) F P

Sham 313.58±10.33 0.701 0.556 331.83±6.97 2.144 0.108

MCI 312.75±8.52 328.33±5.91

HBO 318.08±10.20 334.75±3.98

U0126 314.58±9.64 332.58±7.72

Figure 1 Results of the Morris water maze test. (A) The escape latency before modeling. There was no significant difference among all 
groups; (B) the escape latency after the intervention. Shorter escape latencies were noted in the HBO group and U0126 group than in the 
MCI group. The HBO group showed a shorter escape latency than the U0126 group; (C) the number of platform crossings. *, P<0.05 vs. 
normal control group; #, P<0.05 vs. MCI group; &, P<0.05 vs. HBO group.
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(Figure 1C). Compared with the MCI group, the number 
of platform crossings increased significantly in the HBO 
(P<0.001) and U0126 groups (P=0.009), with maximum 
crossings by the HBO group (P=0.001).

HE staining

Pathological examination of brain sections by HE staining 

showed that pyramidal cells in the CA1 region of the 
hippocampus were arranged closely in the control group. 
The cells exhibited normal density and structure, with 
lightly stained, large, and round nuclei. MCI group showed 
obvious apoptosis of the pyramidal cells, disordered cell 
morphology, and significantly decreased cell number. More 
cells were condensed and dark-stained. In the HBO group, 
the number and density of pyramidal cells were almost 
normal, and only minimal cell apoptosis was noted, while in 
the U0126 group, the degree of cell damage was in between 
the MCI and the HBO groups (Figure 2).

Caspase 3, t-ERK1/2, and p-ERK1/2 levels

A significant difference was observed in caspase 3 levels 
in the four groups (P<0.001) (Figure 3). Compared with 
the control group, the MCI group (P<0.001), HBO group 
(P=0.006), and U0126 group (P<0.001) showed significantly 
elevated caspase 3 levels. However, the HBO group 
demonstrated the lowest caspase 3 levels among these three 
groups.

The levels of t-ERK1/2 (P<0.001) and p-ERK1/2 
(P<0.001) (Figure 4) were also found to be significantly 
altered in all the groups. Compared with the control group, 
t-ERK1/2 and p-ERK1/2 were elevated in the MCI group 

Figure 2 Pyramidal cells in the CA1 region of the hippocampus by hematoxylin and eosin staining at 10× (A) and 40× (B). Bar = 100 μm (A) 
and 25 μm (B). In the control group, the cells exhibited normal density and structure, with lightly stained, large, and round nuclei. The MCI 
group showed obvious apoptosis of the pyramidal cells, disordered cell morphology, and significantly decreased cell number. Less apoptosis 
and better hippocampal cell morphology were apparent in the HBO group. In the U0126 group, the degree of change was between that of 
the MCI and the HBO groups.
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Figure 3 The level of caspase 3 in hippocampal tissues of rats. 
The graph shows that there was a significant difference among the 
four groups in relation to the content estimated by caspase 3. Data 
are presented as mean ± SD (n=8 per group). *, P<0.05 vs. normal 
control group; #, P<0.05 vs. MCI group; &, P<0.05 vs. HBO group.
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Figure 4 The levels of t-Erk1/2 (A) and p-Erk1/2 (B) in the hippocampal tissues of rats. The expression of t-Erk1/2 and p-ErK1/2 was 
detected by Western blotting. Data are presented as mean ± SD (n=8 per group). *, P<0.05 vs. normal control group; #, P<0.05 vs. MCI 
group; &, P<0.05 vs. HBO group.
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(P=0.025, P<0.001) and HBO group (P<0.001, P<0.001), 
and were the highest in the HBO group. No significant 
change in t-ERK1/2 (P=0.98) and p-ERK1/2 (P=0.40) level 
was observed between the U0126 group and the control 
group.

Discussion

Mild cognitive impairment has attracted attention in recent 
times. This condition can either gradually progress to 
dementia or remain stable without further deterioration. In 
some cases, it can be reversed to a near-normal cognitive 
state. Therefore, there is a need for identification and 
testing of potential therapeutic strategies that can help 
impede or reverse MCI progression. HBO therapy, a non-
invasive treatment commonly used in clinics, has been 
shown to improve neurological function by inhibiting 
neuroinflammation and reducing cerebral edema and 
apoptosis, thereby ameliorating cognitive function. 
An ERK1/2 signaling pathway is a common pathway 
associated with multiple cellular processes; it regulates cell 
proliferation, apoptosis, and survival. Hsieh et al. reported 
that the proliferative effects of hyperbaric O2 on osteoblasts 
may contribute to the recruitment of osteoblasts at the 
fracture site by ERK signaling (13). HBO also might 
promote neural stem cell proliferation by activating ERK 
signaling and was shown to play an important role in 
neuroprotection after traumatic brain injury (14). These 

studies indicate that HBO is closely related to ERK 
signaling and cognitive function. Therefore, the present 
study was designed to investigate the effects of HBO on the 
ERK signaling pathway and cognitive function in rats with 
MCI.

In this study, an MCI rat model was established by 
subcutaneous injections of D-gal (1,000 mg·kg−1·d−1) for 
1 week, which is known to induce aging. The success rate 
and stability of this model were confirmed in our previous 
study (15). This method results in impaired cognitive 
function, especially in memory, without causing any 
behavioral abnormalities. 

The mechanism behind this model is that a high 
content of D-gal influences glucose metabolism, produces 
excessive oxygen-free radicals, and disrupts antioxidant 
defense systems, which eventually results in aging (16). 
Studies have also shown that D-gal can accelerate caspase-
mediated neuronal apoptosis and inhibit neurogenesis (17). 
Furthermore, to the best of our knowledge, this is the first 
study that has used this model to test HBO therapy and 
the role of ERK signaling pathway in MCI. The results 
of our study are consistent with previous studies that have 
demonstrated HBO therapy as an effective strategy in MCI 
rats (18). 

Previous investigations on different animal models 
suggest that HBO can improve cognitive function (19). 
However, its correlation with ERK signaling pathway 
and cognitive function remains unexplored. We used the 

https://www.tandfonline.com/author/Hsieh%2C+Cheng-Pu
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Morris water maze to test the cognitive function in different 
groups. Our study demonstrated that the cognitive function 
of the HBO group was better compared to that of the 
MCI group, and improvement in the cognitive function of 
the U0126 group was lower than that of the HBO group. 
Studies on the ERK signaling pathway have shown its 
contrasting roles in apoptosis stress, and other stimuli-
induced activation of ERK signaling pathway has both been 
shown to cause (20) and inhibit (8,21,22) apoptosis. Caspase 
3 is a well-established and sensitive marker of apoptosis. In 
our study, we assessed caspase 3 levels in brain homogenates 
and showed that the degree of apoptosis decreases after 
HBO treatment. However, upon U0126 treatment, which is 
known to inhibit ERK1/2 phosphorylation, caspase 3 levels 
were found to be increased. These results suggest that anti-
apoptotic effects are diminished after U0126 administration. 
Furthermore, we conducted a pathological analysis of 
the hippocampal sections and showed that the degree of 
apoptosis in the CA1 region of the MCI group was graver 
than that of the HBO group. The hippocampal apoptosis 
in the U0126 group was in between those of the other two 
groups. We further measured the levels of t-ERK1/2 and 
p-ERK1/2 in the brain samples and found that the levels 
were significantly higher in the HBO group, while a lower 
expression was observed in the U0126 group. Therefore, 
we believe that HBO may play a neuroprotective role and 
improve cognitive function by activating the ERK signaling 
pathway.

 Something specific about the outcomes in relation to 
the model used. ERK signaling pathway plays a pivotal role 
in multiple physiological processes and may exert different 
effects on different animal models. Secondly, ERK may 
activate different downstream pathways at different times. 
Therefore, the time-point of stimulation and treatment 
might also have affected our results. Studies have shown 
that the ERK signaling pathway plays a dual role in hypoxic 
brain injury. Early high ERK expression has a protective 
effect on hypoxic neurons; however, long-term activation of 
ERK accelerates neuronal apoptosis (23).

A few limitations in our study should also be addressed. 
Firstly, the D-gal used in this study to establish a rat 
model of mild cognitive dysfunction alters cell signaling 
pathways and physiology. This study only explored the 
mechanism of HBO from the perspective of apoptosis and 
the ERK signaling pathway. Moreover, the time-point of 
HBO therapy in this study was selected after successful 
establishment of the rat model, and comparison of HBO 
therapy at different time-points was not investigated. Lastly, 

in this study, the ERK signaling pathway was evaluated 
only once, and a shift in ERK expression was not described, 
which may not accurately reflect the mechanism of the ERK 
signaling pathway.

Based on the above results, we believe that HBO 
administration may confer a therapeutic effect on early 
cognitive dysfunction in rats MCI. This treatment strategy 
may act through the ERK signaling pathway, which is 
known to inhibit apoptosis and ameliorate cognitive 
function.
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