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Abstract 

Objectives Hyperbaric oxygen treatment (HBOT) is an adjuvant therapy progressively applied in the 

treatment of clinical diseases, and alginate oligosaccharide (AOS) is a natural polysaccharide with 

excellent antioxidant property. In this study, the effects of HBOT combined with AOS on the 

senescence of liver, kidney and spleen were investigated in a D-galactose (D-gal)-induced senescent 

mice model.  
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Results The findings indicated that HBOT combined with AOS could delay D-gal-induced aging of 

liver, kidney and spleen in mice. Specifically, HBOT combined with AOS improved the daily behavior 

and organ indices of mice. Biochemical and morphological analyses of all tissues indicated that HBOT 

combined with AOS markedly decreased the unusual elevation of ALT, AST and CREA induced by D-

gal, alleviated pathological injury, and significantly enhanced the capacity of antioxidant defense 

system of mice, including increasing T-SOD, CAT and GSH -Px activities and decreasing MDA 

content. In addition, Western Blot results indicated that HBOT combined with AOS also inhibited the 

overexpression of aging-related proteins p53 and p16.  

Conclusions To some extent, these findings suggest that HBOT combined with AOS has significant 

anti-senescence potential in D-gal-induced senescent mice, and the underlying factors may be 

correlated with the enhancement of antioxidant defense capacity. 

Keywords D-galactose, aging, mice, hyperbaric oxygen, alginate oligosaccharide 

 

Introduction 

The World Health Organization predicts that the global population over the age of 60 will reach 22% 

of the total population in 2050. As the population and life expectancy increase, the incidence of age-

related heart(Song, Zhao, and Zou 2020), liver, kidney and other organ(Khosla et al. 2020) diseases 

increases. This may pose new challenges to the healthcare system(Newgard and Sharpless 2013). 

Therefore, there is an urgent need to discover drugs or clinical treatments to delay aging. 

One of the causes of progressive aging in people is oxidative stress. Oxidative stress is the 

consequence of an unbalance between the formation of reactive oxygen species (ROS) and the anti-

oxidative system of the body. (Palmer and Kitchin 2010; Ciacka et al. 2020). Many researchers have 
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used D-galactose (D-gal)-induced senescent models to investigate senescence and organ damage. 

Continuous D-gal injections lead to changes resembling natural senescence (Huang et al. 2019), mainly 

due to the reduction of intracellular galactose to galactitol, which unable to further degraded. The 

accumulation of galactitol causes disturbances in cellular metabolism, especially in metabolism-related 

organs (liver and kidney) where the scavenging capacity exceeds that of antioxidant enzymes, 

generating excess ROS, eventually leading to aging(Chen et al. 2010; Liu et al. 2018). 

Hyperbaric oxygen treatment (HBOT) is a clinical adjunct in which hyperoxia or pure oxygen is 

administered at a pressure higher than atmospheric pressure (usually at 2 to 3 atmospheres 

absolute)(Bennett et al. 2016). According to the recommendations of the Undersea and Hyperbaric 

Medical Society, HBOT is recommended as therapy for 14 diagnoses, including carbon monoxide 

poisoning, air/gas emboli, and other chronic wounds(Godman et al. 2010; Gill and Bell 2004). Studies 

have demonstrated that the beneficial effects of HBOT are primarily connected with the regulation of 

oxidative stress and aging-related gene expression(Chen, Li, et al. 2016; Chen, Chen, et al. 2016; 

Gamdzyk et al. 2016). HBOT has been used in studies of acute liver injury(Lv et al. 2016; Losada et al. 

2014) and liver-related cancers(Peng et al. 2014). In addition, Ramalho et al. found that HBOT 

alleviated renal insufficiency, reduced blood urea nitrogen, serum creatinine, proteinuria, and partial 

excretion of sodium and potassium in a model of renal I / R injury, resulting in reduced histological 

damage(Ramalho et al. 2012). HBOT is also superior to other procedures in terms of function and 

viability in rats with autologous splenic implants(Paulo et al. 2010). More importantly, HBOT 

monotherapy or synergy with many conventional pharmacological therapies has been shown to 

improve treatment effects(Stepien, Ostrowski, and Matyja 2016; Teguh et al. 2016). 

Alginate oligosaccharide (AOS) is a natural medicine derived from the degradation of alginate, 
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has recently attracted much attention due to its role in slowing biological aging and damage in 

models(Xing et al. 2020). In previous studies by our group, AOS has been shown to delay cataracts in 

D-gal-induced senescent mice by modulating the antioxidant system(Feng, Yang, et al. 2021). In 

addition, Terakado et al. demonstrated that AOS treatment attenuated hypertension-induced renal 

damage, including hypertensive glomerulosclerosis and kidney artery damage, in Dahl salt-sensitive 

rats on a high-salt diet(Terakado et al. 2012). More importantly, one of our previous studies confirmed 

that AOS contributes to the attenuation of renal aging, which may be attributed to the activation of the 

Nrf2 pathway and the enhancement of endogenous antioxidant defense systems(Pan et al. 2021).  

Based on previous studies of HBOT and AOS, we found that both could ameliorate free radical 

involvement in various tissues, thus there is reason to believe that HBOT combined with AOS may 

have therapeutic potential for age-related liver, kidney and spleen diseases. In the present research, we 

assessed the anti-aging effects of HBOT combined with AOS on the liver, kidney and spleen by using a 

D-gal-induced senescent mice model to provide a new therapeutic idea for the clinical therapy of 

aging-related liver, kidney and spleen damage. 

 

Materials and Methods 

2.1 Drugs and Chemicals Reagents 

AOS was provided by Xi’an Kaipu Medical Laboratory Co. Ltd. (Xi’an, China). D-gal was 

supplied by Qingdao Yunshan Biotechnology Co. Ltd. (Qingdao, China). The alanine aminotransferase 

(ALT), aspartate transaminase (AST), and creatinine (CREA) levels detected by corresponding kits 

from Changchun Huili Biotechnology Co. Ltd. (Changchun, China). Oxidative stress-related kits for 

the measurements of total superoxide dismutase (T-SOD), catalase (CAT), and malondialdehyde (MDA) 
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were purchased from the Nanjing Jiancheng Bioengineering Institute (Nanjing, China), glutathione 

peroxidase (GSH-Px) kit was supplied by Beyotime Biotechnology Co., Ltd. (Shanghai, China). BCA 

protein assay kit was purchased from Boster Biological Technology Co., Ltd. (Wuhan, China). The p53 

antibody was supplied by Cell Signaling Technology (Beverly, MA, USA), the p16 antibody was 

supplied by Abcam Inc. (Cambridge, MA, USA), and the GAPDH antibody was supplied by Beijing 

Solarbio Technology Co. Ltd. (Beijing, China). 

 

2.2 Animals 

Male 3-month-old Kunming mice were supplied by Beijing SPF Biotechnology Co., LTD (Beijing, 

China). Mice were placed at 18-22°C under 12-hour cyclic light conditions with relative humidity (40-

60%). All animal experimental processes complied with the "Guide for the Care and Use of Laboratory 

Animals" of Qingdao University and were authorized by the Animal Experimentation Ethics 

Committee of Qingdao University. Throughout the experiment, the appearance and daily behavior of 

mice were observed daily, and weighed once a week. The mice were separated into five groups in a 

random manner (n=9): Control group, D-gal group, D-gal + HBOT group, D-gal + AOS group, D-gal + 

HBOT + AOS group. The treatments for each group are shown in Table 1. Blood and tissues were 

collected directly after the experiments. Serum was acquired after centrifugation at 3000 rpm at 4°C. 

The weights of liver, kidney and spleen were recorded and the organ index was computed based on the 

following equation: organ index (mg/g) = organ weight (mg) / body weight (g). 

 

2.3 Hyperbaric oxygen treatment 

HBOT was performed in the hyperbaric oxygen department of the Affiliated Hospital of Qingdao 
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University, and mice were positioned in a hyperbaric chamber. To reduce carbon dioxide accumulation, 

the mice were first ventilated with pure oxygen at a flow rate of 2.0 L/min, and then the pressure was 

raised to 0.20 MPa at a rate of 100 Kpa/min for 60 minutes per treatment with pure oxygen. The 

decompression rate was consistent and lasted for 15 minutes. 

 

Table 1. Treatment plans for experimental groups. 

Group Treatment 

Control physiological saline (5ml/kg·d), for 8 weeks 

D-gal D-gal (200mg/kg·d), for 8 weeks 

D-gal + HBOT D-gal (200mg/kg·d), for 8 weeks, HBOT was performed at week 7-8 

D-gal + AOS D-gal (200mg/kg·d) + AOS (150mg/kg·d), for 8 weeks 

D-gal + HBOT + AOS D-gal (200mg/kg·d) + AOS (150mg/kg·d), for 8 weeks, HBOT was 

performed at week 7-8 

 

2.4 Measurement of liver and kidney function 

Melt the serum on ice, and serum levels of ALT, AST and CREA were measured by an automated 

biochemical analyzer (Shenzhen Rayto Life Science Co., Ltd., China). 

 

2.5 Histological Analysis. 

After execution, fresh mice liver, kidney and spleen tissues were rapidly obtained, fixed in 4% 

paraformaldehyde, then embedded in paraffin, sliced and stained with hematoxylin eosin (H&E). 

Histopathological examination was examined under a light microscopy. 

 

2.6 Western blot analysis. 
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The liver, kidney and spleen tissues were lysed in RIPA buffer and centrifuged at 12 000g for 15 

minutes at 4°C, then the protein supernatant was collected. The protein concentration was measured 

using the BCA Protein Assay Kit. Equal amounts of protein (25μg/lane) were separated by 12.5%SDS-

polyacrylamide gel electrophoresis and transferred onto PVDF membranes. The membranes were then 

incubated in 5% skim milk for 2 hours and incubated overnight at 4°C with the following antibodies: 

p53, p16, GAPDH. GAPDH served as an internal control. Finally, the membranes were incubated with 

secondary antibodies for 2 hours at room temperature, and the bands were visualized by gel imaging 

system using chemiluminescence detection reagents and measured by Image J software. 

 

2.7 Antioxidant index of liver, kidney and spleen 

The liver, kidney and spleen tissues of the mice were quickly removed, homogenized in PBS at a 

ratio of 1:9 and centrifuged. The protein concentrations were determined by using the BCA protein 

assay kit, and the activities of T-SOD, CAT and GSH-Px and the level of MDA in the tissues were 

measured according to the manufacturer's instructions. 

 

2.8 Statistical Analysis. 

All data were obtained from the results of three independent experiments. Statistical analysis was 

performed using SPSS 21.0 software (SPSS, Chicago, USA) and data are expressed as mean ± SEM. 

One-way Analysis of Variance (ANOVA) was used for multiple group comparisons and Least-

Significant Difference (LSD) method was used for comparison between groups. P-values < 0.05 were 

considered to be statistically significant. 
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Results 

3.1 Daily behavior and Body weight. 

The daily behavior and appearance of the mice were observed daily throughout the experimental 

period. The mice in the control group had good appetite, smooth hair and agile movement. The mice in 

the D-gal injection group were gradually depressed, unresponsive, with reduced appetite and dull hair, 

showing the characteristics of aging mice, which were significantly alleviated with the AOS and HBOT 

treatment groups. In addition, the results of body weight are shown in Fig.1, the mice in the control 

group started to gain weight slowly and then gained weight steadily, while the mice administered with 

D-gal gained weight more slowly compared to the control group. Starting from week 4, the mice 

administered with AOS gradually resumed body weight gain, and the mice in the HBOT group also 

gradually resumed body weight gain at 7-8 weeks after receiving the treatment. 

 

Fig.1 Weight of mice in each group during the experiment.  

 

3.2 Effect of HBOT and AOS on organ indices. 

We further analyzed the organ indices of the mice. The results are shown in Table 2. The organ 
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indices of liver, kidney and spleen were markedly lower in the D-gal group than the control group (p＜

0.01), which may be related to organ atrophy caused by D-gal injection, while HBOT and AOS could 

improve the organ indices of liver, kidney and spleen in mice (p＜0.01), and the combination of the 

two was even better (p＜0.01), with organ indices closest to those of the control group. These findings 

suggest that HBOT and AOS could improve the decrease of organ index in D-gal-induced senescent 

mice, and the combination of the two has a more pronounced effect on delaying organ aging. 

 

Table 2. Effects of HBOT and AOS on the organ indices in mice of each group. 

Groups Liver index 

(mg/g) 

Kidney index 

(mg/g) 

Speen index 

(mg/g) 

Control 50.12±0.46 20.33±0.29 7.88±0.06 

D-gal 37.27±0.46a 13.19±0.20a 5.54±0.06a 

D-gal + HBOT 42.31±0.37bc 15.48±0.26bc 6.22±0.07bc 

D-gal + AOS 43.73±0.64bc 15.86±0.24bc 6.45±0.09bc 

D-gal + HBOT + AOS 46.33±0.54b 18.43±0.30b 7.25±0.08b 

Note: ap＜0.01 vs. Control group; bp＜0.01 vs. D-gal group; cp＜0.01 vs. D-gal + HBOT + AOS group. 

 

3.3 Effect of HBOT and AOS on liver and kidney function 

We assessed the extent of liver and kidney damage in mice by measuring the serum levels of ALT, 

AST and CREA. As shown in Table 3, compared with the control group, the levels of ALT, AST and 

CREA in the serum of the D-gal group were remarkably enhanced (p＜0.01), and the levels of ALT, 

AST and CREA in the serum of mice given AOS and HBOT treatment groups were decreased to some 

extent compared with the D-gal group (p＜0.01), while the levels of ALT, AST and CREA in the serum 

of mice treated with the combination of AOS and HOBT were greatly declined (p＜0.01). It showed 
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that the combination of HBOT and AOS could significantly promote the recovery of liver and kidney 

function in D-gal-induced senescent mice. 

 

Table 3. Effects of HBOT and AOS on liver and kidney functions in mice of each group. 

Groups Liver Function Kidney Function 

 ALT (U/L) AST (U/L) CREA (µmol/L) 

Control 28.26±3.32 108.23±5.25 20.72±1.50 

D-gal 70.02±6.42a 175.52±7.83a 36.93±2.84a 

D-gal + HBOT 50.79±5.22bc 149.66±6.61bc 29.70±1.64bc 

D-gal + AOS 47.51±3.06bc 137.03±6.70bc 27.91±0.78bc 

D-gal + HBOT + AOS 37.88±1.90b 122.78±3.79b 25.23±0.90b 

Note: ap＜0.01 vs. Control group; bp＜0.01 vs. D-gal group; cp＜0.01 vs. D-gal + HBOT + AOS group. 

 

3.4 Protective effects of HBOT and AOS on D-gal-induced pathological histological damage in 

liver, kidney and spleen 

H&E staining could directly reflect the extent of injury to the liver, kidney and spleen. As shown 

in Fig.2, the liver histological structure of the mice in control group are clearly with regular 

morphology, uniform size hepatocytes and radially-ranged hepatic cords surrounding the central vein. 

The mice injected with D-gal for 8 weeks exhibited obvious damage to liver structure, including an 

increase in hepatic binucleated cells, looser cell arrangement and larger cell gaps, along with a certain 

degree of ballooning degeneration and inflammatory cell infiltration. In contrast, both HBOT and AOS 

treatment groups showed superior hepatoprotective effects, and more importantly, liver damage was 

significantly improved in the combined treatment group of both. 



 11 / 29 

 

 

Fig.2 Pathological observation of H&E in the liver of each group of mice. (200×) 

 

Similarly, as shown in Fig.3, the kidney structure of the control mice was normal, while the mice 

in the D-gal group exhibited significant kidney damage with marked glomerular atrophy, balloon 

widened cavity, and reduction of epithelial cells in renal tubules. Compared with the D-gal group, 

HBOT and AOS treatment alleviated the above kidney lesions induced by D-gal, thus protecting the 

kidneys, and notably, the combination of the two alleviated them more significantly. 



 12 / 29 

 

 Fig.3 Pathological observation of H&E in the kidney of each group of mice. (200×) 

 

Fig.4 shows the histological photographs of the spleen. The control mice had normal spleen 

trabeculae structure, and the boundary between the red and white pulp was clear, while the spleen 

histomorphology of mice induced by D-gal was irregular, with blurred border between red and white 

pulp and reduced cell density. After treatment with HBOT and AOS, the spleen histomorphology of 

mice was significantly improved, with the combination of the two having the best effect. In conclusion, 

it can be shown that HBOT and AOS could improve the morphological damage of liver, kidney and 

spleen in D-gal-induced senescent mice, and the effect is better after combining the two treatment 

modalities.  
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 Fig.4 Pathological observation of H&E in the spleen of each group of mice. (100×) 

 

3.5 Effects of HBOT and AOS on aging-related markers in the liver, kidney and spleen 

We examined the expression of common senescence-related markers p53 and p16 in liver, kidney 

and spleen tissues by Western blot, and the results are shown in Fig.5 Compared with the control group, 

the expression of p53 and p16 was increased in liver, kidney and spleen of D-gal-treated mice (p＜

0.01), suggesting that D-gal-induced senescence may be induced by stimulating the key factors p53 and 

p16. The Western blot results also indicated that the protein expression levels of p53 and p16 were 

regulated down in the HBOT and AOS treatment groups (p＜0.01-0.05), with the most significant 

down-regulation in the combined treatment group (p＜0.01-0.05), which further confirmed the anti-

aging effect of HBOT combined with AOS in liver, kidney and spleen. 
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Fig.5 HBOT and AOS delay D-gal-induced liver, kidney and spleen senescence by inhibiting the key 

activation factors p53 and p16. Western blot was used to determine p53 and p16 protein expression (a-

c). GAPDH served as loading control. **p＜0.01 vs. Control，#p＜0.05 vs. D-gal, ##p＜0.01 vs. D-

gal, $p＜0.05 vs. D-gal + HBOT + AOS, $$p＜0.01 vs. D-gal + HBOT + AOS. 

 

3.6 Effect of HBOT and AOS on antioxidant indexes in liver, kidney and spleen 

The activities of T-SOD, CAT, GSH-Px and the content of MDA in the liver, kidney and spleen of 

mice were comprehensively analyzed by oxidative stress kit. The results are shown in Fig.6 Prolonged 

D-gal injection resulted in a distinct decline in the activities of T-SOD, CAT and GSH-Px, and a 
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significant increase MDA level in the liver, kidney and spleen of mice, which were obvious changes 

from the control group (p＜0.01). This situation was improved in mice treated with HBOT and AOS (p

＜0.01), and the activities of T-SOD, CAT and GSH-Px were markedly increased and MDA level were 

significantly decreased after the combination of both treatments (p＜0.01). These findings indicated 

that HBOT combined with AOS could significantly increase the expression of antioxidant enzymes in 

liver, kidney and spleen of mice and ameliorate the oxidative stress injury induced by D-gal in these 

tissues.  

 

Fig.6 Effect of HBOT and AOS on the activities of T-SOD, CAT and GSH-Px and MDA levels in the 

liver (a), kidney (b) and spleen (c) of D-gal-induced mice. **p＜0.01 vs. Control，#p＜0.05 vs. D-gal, 

##p＜0.01 vs. D-gal, $p＜0.05 vs. D-gal + HBOT + AOS, $$p＜0.01 vs. D-gal + HBOT + AOS. 

 

Discussion 
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Aging is a multifactorial and complex phenomenon(Galkin et al. 2019). Previous studies by our 

group have indicated that AOS could delay D-gal-induced senescent in the heart(Feng, Liu, et al. 2021) 

and kidney(Pan et al. 2021) of mice, and other previous studies have also indicated that pretreatment 

with HBOT could increase the lifespan of Caenorhabditis elegans(Cypser and Johnson 2002). 

Nevertheless, there are no studies on HBOT combined with AOS to delay D-gal-induced aging in liver, 

kidney and spleen of mice. D-gal-induced senescent model is a common model of senescence, which is 

based on the principle of inducing metabolic disorders in animals(Gong et al. 2016). Almost all organs 

are susceptible to oxidative injury caused by D-gal, and the hepatic and renal are the main organs 

involved in D-gal metabolism, thus the hepatic and renal organs are more susceptible to D-gal-induced 

injury(Yu et al. 2015; Li et al. 2019; Li et al. 2016).  

In the present research, a remarkable change in body weight was noted between the control group 

and the D-gal group, while it could be observed that the D-gal mice were sluggish and had a lusterless 

hair, which is consistent with the findings of Tian et al.(Tian et al. 2021). Several studies have shown 

that aging is associated with changes in organ indices(James et al. 2015), and changes in organ indices 

are one of the most important indicators of organ function(Sun et al. 2013). The results of the present 

research revealed that the organ indices of liver, kidney and spleen were obviously declined in the D-

gal group, suggesting that D-gal could cause decline and atrophy of organ functions in mice. Whereas, 

both HBOT and AOS could effectively improve all organ indexes, and the combined effect was better, 

which indicated that HBOT combined with AOS could play a role in attenuating the aging effect of 

liver, kidney and spleen caused by D-gal. 

Prior researches have demonstrated that long-term D-gal injections lead to liver and kidney 

damage and functional abnormalities(Park et al. 2015). The hepatic and renal organs are crucial organs 
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for detoxification and excretion, and oxidative stress progressively impair the hepatic and renal organs 

with age, leading to the cumulation of various toxins substances(Hadzi-Petrushev et al. 2015; Indo et al. 

2015). In particular, ALT and AST are the most common markers of changes in liver function, while 

CREA is a sensitive indicator of the degree of kidney damage(Zhang et al. 2019; Mo et al. 2017). 

Therefore, serological tests are essential to analyze liver and kidney function. After 8 weeks of D-gal 

injection, we could find that serum ALT, AST and CREA levels were significantly elevated, but HBOT 

and AOS treatment reduced the exceptional rises in serum ALT, AST and CREA, and the combination 

of the two reduced them more significantly. As studied by C et al, a significant reduction in some 

markers of renal damage could be found in the HBOT group(Verma et al. 2015). Therefore, HBOT 

combined with AOS has a protective effect against hepatic and renal injury in the mice model of D-gal 

aging. 

Pathological observation is a method of identifying pathological changes in the organism by 

observing changes in the morphology of tissues or cells(Di Meo et al. 2016). H&E staining of the liver, 

kidney and spleen can indicate a number of pathological features that occur in vivo due to aging(Qian 

et al. 2018). The results suggested that the organ morphology of the control mice was normal, while the 

liver, kidney and spleen structures of mice in the D-gal group were obviously damaged, showing a 

series of changes such as increased hepatic binucleated cells, significantly atrophied glomeruli, 

widened balloon cavity, and blurred border between red and white pulp in the spleen. The application 

of HBOT and AOS ameliorated D-gal-induced liver, kidney and spleen injury to some degree, and the 

morphological organization of mice treated with the combination of HBOT and AOS was closest to the 

control group. This is analogous to the conclusion of the study by Li et al.(Li et al. 2020), suggesting 

that this could be related to the antioxidant effects of HBOT and AOS. 
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It is well known that p53, a key player in the senescence process, controls cell growth and 

apoptosis(He et al. 2017; Kang et al. 2015), while p16, a regulator of cellular aging, is associated with 

multiple age-related organ dysfunctions(Yzydorczyk et al. 2019; Ferenbach and Bonventre 2016). 

Cellular senescence could be induced through multiple cellular signaling pathways, where activation of 

p53 may contribute to aging through a variety of downstream targets, and upregulation of p53 causes 

G1 and G2 cell cycles arrest(Shchors et al. 2013; Rufini et al. 2013). In the present report, we observed 

a remarkable increase in p53 and p16 protein expression in the liver, kidney and spleen of the D-gal 

group, while HBOT and AOS treatment reduced p53 and p16 protein expression, and the combination 

of both reduced it more significantly. It suggests that HBOT combined with AOS could delay D-gal-

induced hepatic, renal and splenic senescence in mice. 

Several evidences have shown that overproduction of ROS causes oxidative damage in tissues and 

impairs cellular metabolism, especially in organs with rapid metabolic processes(Zhuang et al. 2017; 

Shen et al. 2018; Zhen et al. 2016). The degree of oxidative injury could be assessed by the activity of 

antioxidant enzymes and markers of oxidative stress(Wang et al. 2020). Previous studies by our group 

have demonstrated the antioxidant and radical scavenging activities of AOS(Zhao et al. 2020), and the 

results of Ozden et al. have shown that HBOT could reduce MDA content and improve antioxidant 

activity, including the activities of T-SOD and GSH-Px(Ozden et al. 2004). SOD, one of the active 

substances widespread in organisms, is the primary antioxidant enzyme of the organism, which could 

facilitate the rapid conversion of superoxide to H2O2(Kowald et al. 2012), while CAT and GSH-Px 

could further degrade H2O2 molecules to H2O(Wang et al. 2012). Notably, CAT levels are high in the 

liver(Mamalis et al. 2013). They are considered as the first line of defense against ROS(Tsai and Yin 

2012). MDA is a toxic by-product of toxic lipid peroxidation induced by oxidative damage, which is 
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considered not only as a marker of oxidative damage and ROS accumulation, but also as an indicator of 

senescence(Conti et al. 2016), and the accumulation of MDA may cause structural and functional 

degradation of cellular proteins and antioxidant enzymes(Yang et al. 2019). In agreement with these 

findings, we observed that 8 consecutive weeks of D-gal injection resulted in a marked rise in MDA 

levels and a noticeable reduction in T-SOD, CAT and GSH-Px activities. Interestingly, HBOT and AOS 

treated mice differentially enhanced the antioxidant enzyme activities of organs and reduced lipid 

peroxidation, as evidenced by enhanced T-SOD, CAT and GSH-Px activities and reduced MDA levels, 

with more pronounced effects in the HBOT combined with AOS treated group. This further confirmed 

that the antioxidant capacity of HBOT combined with AOS attenuated the oxidative stress in liver, 

kidney and spleen. 

In summary, the present findings suggest that HBOT combined with AOS could delay the aging of 

liver, kidney and spleen in mice by modulating the endogenous antioxidant defense system. This is the 

first report on the beneficial effects of HBOT combined with AOS on D-gal-induced senescence and 

damage in liver, kidney and spleen. The present study provides a new therapy strategy for delaying 

age-related liver, kidney and spleen diseases with a combination of agents and clinical adjuvant therapy. 
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