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Memory is a fundamental human ability that enables the nervous system to encode, 

store, and retrieve various types of information. The aim of this study was to examine 

the effect of swimming exercise on memory impairment and the inflammatory 

cytokines TNFα and IL1 caused by lipopolysaccharide injection in male rats. In this 

study, 40 NMRI mice, approximately 70 days old and weighing 23 ± 1 grams, were 

used. The mice were randomly divided into four groups: a control group (no exercise 

with saline, no exercise with lipopolysaccharide) and an experimental group 

(exercise with saline, exercise with lipopolysaccharide). The training program 

included two phases of swimming: an adaptation phase and a swimming phase. The 

adaptation phase consisted of three 10-minute sessions with a 10-minute rest interval 

between each session. The duration of swimming was progressively increased from 

20 minutes in the second week to 30 minutes in the third week. The data collected 

were analyzed using SPSS software with a two-way analysis of variance. The 

findings of this study demonstrated that swimming significantly reduced the levels 

of TNFα and IL1 in male rats (p<0.05). Lipopolysaccharide reduces spontaneous 

activity and impairs memory, whereas swimming exercise enhances memory 

function and spontaneous activity. Therefore, swimming exercise has anti-

inflammatory effects and improves memory. 
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1. Introduction 

n the recent century, modern lifestyles have become 

increasingly sedentary, characterized by minimal physical 

activity and the extensive use of various technologies and 

conveniences. This shift has contributed to numerous 

physical and mental health issues, leading to the rise of 

chronic conditions such as diabetes, obesity, hypertension, 

and broadly speaking, metabolic syndrome, all of which 

result in widespread inflammation in the body (1). This 
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increased inflammation, particularly within the central 

nervous system (CNS), is linked to various neurological and 

behavioral disorders (2). Consequently, regular physical 

activity is essential for a healthy lifestyle, as it helps 

modulate CNS adaptation, especially in the hippocampus, 

which plays a vital role in learning and memory (3). 

However, the precise mechanisms by which exercise reduces 

inflammatory factors remain somewhat unclear, as pro-

inflammatory cytokines can be secreted from various 

sources, including damaged neurons, astrocytes, and 

microglia (4). Some studies suggest that physical activity 

and exercise can influence both peripheral and central 

inflammation, including the activation of microglia within 

the CNS (5). Researchers have reported that moderate 

swimming exercise can alleviate learning and memory 

impairments caused by LPS by reducing hippocampal 

cytokine levels and oxidative brain damage (6). The 

neuroprotective effects of exercise on cognitive function 

include promoting neurogenesis, enhancing synaptic 

function, and increasing neural plasticity, which ultimately 

improves and enhances neurotransmission (7). 

It is important to note that memory is not confined to a 

single area of the brain but is instead interwoven throughout 

the brain via neuronal connections, distributed in a diffuse 

manner (3). The role of neuroinflammation as a risk factor 

for neurological diseases is becoming increasingly clear, 

with evidence suggesting that inflammation plays a 

significant role in the development of pathological 

conditions in both the central and peripheral nervous systems 

(8). Cytokines are key regulators of the immune system, 

capable of exerting localized effects on target organs (9). 

Inflammation is one of the most severe manifestations of 

immune-related diseases, marked by the production of 

potent cytokines, and it plays a role in many diseases by 

causing excessive inflammatory infiltration and neural tissue 

damage in the brain (10). Inflammation is an innate immune 

response designed to protect the body, and in the context of 

neural inflammation, microglia, cytokines, chemokines, and 

associated molecular processes are critical players, leading 

to the recruitment of immune cells, edema, cellular damage, 

and ultimately, cell death (11). Inflammatory cytokines, 

particularly TNFα, IL1, and IL6—referred to as the 

"inflammation triad"—are found in elevated levels in the 

affected tissues of certain chronic inflammatory diseases, 

where their endocrine effects are mediated by high 

concentrations of cytokines like TNFα, IL6, IL1, and TGBG 

(12). Lipopolysaccharide (LPS) is a stable and potent 

endotoxin that can exacerbate damage to dopaminergic 

neurons in the presence of microglia and is known to induce 

inflammation (13). Consequently, exercise has been shown 

to enhance hippocampal function, potentially reversing 

neurological disorders (14). Physical exercise increases 

cerebral blood flow, leading to the proliferation of brain cells 

in the hippocampal region and the secretion of beneficial 

molecules (15). Alazobi and colleagues (2019) reported that 

swimming exercise could improve hippocampal function 

and significantly reverse the progression of neurobehavioral 

disorders (16). Therefore, this study aims to explore whether 

swimming exercise affects memory impairment and the 

inflammatory cytokines TNFα and IL1 following 

lipopolysaccharide injection in male rats. The research 

investigates the impact of swimming exercise on memory 

impairment and inflammatory cytokines TNFα and IL1 

induced by lipopolysaccharide injection in male rats. 

2. Methods and Materials 

2.1. Study Design and Participants 

The research design was experimental. Forty NMRI 

strain rats, approximately 70 days old and weighing 18 to 20 

grams, were purchased from the Iran Pasteur Institute and 

transferred to the animal facility at the Salari Institute for 

Cognitive and Behavioral Disorders. The animals were 

housed under a 12-hour light/12-hour dark cycle with 

adequate food and water provided. The animals were then 

divided into four groups of 10: 

1. Control Group 1: Animals received no exercise and 

were administered saline (the solvent for 

lipopolysaccharide). 

2. Control Group 2: Animals received no exercise but 

were administered lipopolysaccharide. 

3. Experimental Group 3: Animals received exercise 

and were administered saline. 

4. Experimental Group 4: Animals received exercise 

and were administered lipopolysaccharide. 
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2.2. Swimming Exercise Protocol 

The animals were placed in a circular tank (80 cm in 

diameter and 30 cm in height) filled with water maintained 

at a temperature of 32 ± 1°C. To prevent the animals from 

floating, four wave-making motors were positioned at 

different angles in the tank. The protocol consisted of two 

phases: the adaptation phase and the swimming exercise 

phase. During the adaptation phase, to reduce stress from the 

water, the animals were placed in shallow water (5 cm deep) 

for 10 minutes daily during the first week to acclimate to the 

procedure. In the second week, the swimming protocol 

involved three 10-minute sessions with 10-minute rest 

intervals in 10 cm of water. In the third week, the animals 

swam in three 10-minute sessions with 10-minute rest 

intervals in 15 cm of water, totaling 30 minutes of 

swimming. From the third week onward, the number of daily 

swimming sessions was increased. This exercise was 

conducted daily between 1 PM and 4 PM. After swimming, 

the animals were dried with a towel and warmed for 10 to 15 

minutes using an electric heater. The non-exercise animals 

(control group) were placed in a similar circular tank without 

water for the same duration as the exercised animals. After 

the exercise sessions, the animals received an intraperitoneal 

injection of lipopolysaccharide (LPS) at a dose of 250 

micrograms per kilogram in a volume of 100 microliters for 

nine days. The LPS was dissolved in saline. Subsequently, 

memory-related behavioral tests were conducted. On the 

first, second, and third days after the LPS injection, memory 

behaviors were assessed using three behavioral tests. 

2.3. Memory Behavioral Tests in the Research 

Spatial memory tests were measured using the T-maze 

apparatus, working memory was assessed with the Y-maze 

apparatus, and cognitive memory was evaluated using the 

novel object recognition test, all following standard 

procedures. 

2.4. Brain Dissection 

After completing the memory behavioral tests, the rats 

were placed under deep anesthesia. Blood was then drained 

from the brain, the brain was extracted, and the hippocampus 

was isolated. The samples were subsequently used to 

measure the inflammatory cytokines TNFα and IL1 using 

the ELISA technique, according to the protocol provided in 

the kit by the RD company. 

2.5. Data Analysis 

Descriptive and inferential statistical tests were used for 

data analysis. Descriptive statistics were employed to 

calculate measures of central tendency, mean, and standard 

deviation of the variables, while inferential statistics were 

used to compare the means between groups. The data were 

analyzed using SPSS-26 software, applying two-way 

ANOVA with a significance level set at 0.05 or below. 

3. Findings and Results 

Table 1 provides general descriptive information, 

including the mean and standard deviation, for both the non-

exercise group and the swimming exercise group in 

memory-related behavioral tests and inflammatory 

cytokines (TNFα – IL1). As shown in Table 1, there is a 

significant difference in the levels of TNFα and IL1 among 

at least one group, as determined by the two-way ANOVA 

test (p ≤ 0.05). However, no significant differences were 

observed between the groups in the memory-related tests (p 

> 0.05). 

Table 1 

Mean and Standard Deviation of Research Variables (Memory Variables and Inflammatory Cytokines TNFα – IL1) 

Variable Group Research Groups  F value P value 

Without Exercise With Exercise 

New Object Detection System Saline Injection Group 0.09±0.74 0.10±0.76 2.938 0.951 

Lipopolysaccharide Injection Group  0.09±0.60 0.11±0.72 

Memory Behavioral Test, Mazes-

shaped Device  

Saline Injection Group 0.94±0.007 0.46±0.008 0.612 0.439 

Lipopolysaccharide Injection Group 0.56±0.406 0.04±0.407 

Memory Behavioral Test, Y-Maze 

Device  

Saline Injection Group   0.21±0.507 0.29±0.508 0.001 0.970 

Lipopolysaccharide Injection Group   0.37±0.106 0.66±0.307 
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TNFα Saline Injection Group   0.21±0.501 0.47±0.001 5.542 0.024 

Lipopolysaccharide Injection Group   0.29±0.602 0.75±0.901 

IL1 Saline Injection Group   0.85±0.909 0.34±0.201 5.231 0.028 

Lipopolysaccharide Injection Group   0.75±0.601 0.79±0.109 

Figure 1 

Glutathione 

 

 

As illustrated in Figure 1, glutathione is an antioxidant 

that has beneficial effects, particularly when its levels are 

elevated, potentially reducing anxiety. The activity of 

glutathione is inversely related to malondialdehyde; in other 

words, when malondialdehyde levels are high, glutathione 

levels tend to be low. In this study, swimming exercise has 

been shown to increase glutathione levels, indicating that 

swimming may help reduce oxidative stress. 

Figure 2 

Malondialdehyde 

 

 

As depicted in Figure 2, malondialdehyde is a marker that 

rises when oxidative stress in the brain or body is 

significantly elevated. Any substance or activity that can 

lower malondialdehyde levels is beneficial for the body. In 
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this case, we observe that swimming has resulted in a 

reduction of malondialdehyde, which is a positive sign. 

Therefore, swimming may help reduce oxidative stress. 

4. Discussion and Conclusion 

The intermittent parameters, by themselves, showed 

significant improvement in cognitive function and levels of 

IL-18 and TNF-α compared to the group that exercised. 

Additionally, it was shown in the four groups under study 

that the two groups not engaged in exercise had lower 

cognitive performance compared to the saline group, and 

even more so in the group exposed to LPS. Among the 

groups following the swimming exercise protocol, the group 

that both exercised and received LPS demonstrated that 

swimming had a significant positive impact on cognitive 

function. This study highlighted that swimming can have 

substantial effects on memory and cognitive performance 

arising from spontaneous alternation. Moreover, it was 

found that swimming could influence the levels of IL-1 and 

TNF-α, helping to keep inflammation induced by 

lipopolysaccharide at a lower level. The results also showed 

that swimming exercise did not have a significant impact on 

cognitive, spatial, and functional memory impairment 

caused by lipopolysaccharide injection in male mice. This 

finding is consistent with the results of studies by Jian-Hu et 

al. (2019), Al-Zoubi et al. (2019), Zhang et al. (2024), and 

Jin et al. (2014). Studies have demonstrated that physical 

activity and exercise can be beneficial for overall health and 

cognitive function, and can also enhance learning ability and 

memory performance (17). 

Given that cytokines trigger a highly inflammatory 

response characterized not only by an increase in pro-

inflammatory markers but also by mitochondrial 

dysfunction, and oxidative and nitric oxide species 

disturbances, it’s evident that LPS can directly access the 

brain (18). Oxidative stress plays a crucial role in many 

physiological and pathological conditions, where 

intracellular oxidative homeostasis is tightly regulated by the 

production of reactive oxygen species. Increased oxidative 

stress can alter lipids, DNA, and proteins, leading to cellular 

inflammation and programmed cell death (Wang et al., 

2020). Swimming exercise has beneficial effects and can 

reduce systemic inflammation; regular exercise in 

individuals with MS has been shown to lower inflammatory 

cytokine levels (19, 20). Research has also demonstrated that 

swimming reduces memory impairment during pregnancy 

(17, 21). Key inflammatory factors include the cytokines IL-

1 and TNF-α. Recent human and animal studies have shown 

that an increase in these cytokines in the body and brain can 

lead to memory decline. Increased inflammation, 

particularly in the central nervous system, can result in 

neurological and behavioral disorders. Physical activity has 

the potential to modulate microglial activation in the central 

nervous system. Low-intensity exercise is sufficient to 

induce anti-microglial effects by regulating the expression 

of various factors and is recognized as a risk-modifying 

agent for reducing memory and learning deficits in 

neurological diseases.  

Based on the results of this study, we conclude that 

swimming during pregnancy prevents long-term pregnancy-

related memory impairment and enhances memory function 

through increased cellular proliferation in the hippocampus. 

Given that this study focused on memory and inflammation 

induced by lipopolysaccharide, it is suggested that future 

research should also explore other diseases related to 

inflammation and oxidative stress. Additionally, future 

studies should investigate the mechanisms through which 

physical activity influences psychological behaviors and 

memory. The results of this research suggest that exercise 

and physical activity positively impact cognitive 

performance and memory factors, and engaging in regular 

swimming and physical exercise can help prevent cognitive 

and memory impairments. 

Authors’ Contributions 

F.T. and K.K. designed the study and developed the 

experimental protocols. F.T. was responsible for the animal 

handling and execution of the swimming exercise regimen. 

K.K. conducted the biochemical analyses and measured the 

levels of inflammatory cytokines. M.M. contributed to the 

data analysis and interpretation of the results. All authors 

were involved in drafting the manuscript, and M.M. 

provided critical revisions. The final manuscript was 

reviewed and approved by all authors. 

Declaration 

In order to correct and improve the academic writing of 

our paper, we have used the language model ChatGPT. 

https://portal.issn.org/resource/ISSN/2981-2569


Torabi et al.                                                                                                                                                                                              Health Nexus 2:4 (2024) 107-113 

 

 
E-ISSN: 2981-2569 

112 

Transparency Statement 

Data are available for research purposes upon reasonable 

request to the corresponding author. 

Acknowledgments 

We would like to express our gratitude to all individuals 

helped us to do the project. 

Declaration of Interest 

The authors report no conflict of interest. 

Funding 

According to the authors, this article has no financial 

support. 

Ethical Considerations 

The study adhered to the ethical guidelines for research 

with human subjects as outlined in the Declaration of 

Helsinki (Ethics Code: IR.PNU.REC.1401.207). 

References 

1. Zhang Z, Hou Z, Han M, Guo P, Chen K, Qin J, et al. 

Amygdala-Targeted Relief of Neuropathic Pain: Efficacy of 

Repetitive Transcranial Magnetic Stimulation in NLRP3 Pathway 

Suppression. Molecular Neurobiology. 2024:1-17.  
2. Witvrouwen I, Mannaerts D, Van Berendoncks AM, 

Jacquemyn Y, Van Craenenbroeck EM. The effect of exercise 

training during pregnancy to improve maternal vascular health: 

Focus on Gestational Hypertensive Disorders. Frontiers in 

physiology. 2020;11:450. [PMID: 32457655] [PMCID: 

PMC7225346] [DOI] 
3. Gundogdu K, Kılıc Erkek O, Gundogdu G, Sayin D, 

Abban Mete G. Anti-inflammatory effects of sericin and swimming 

exercise in treating experimental Achilles tendinopathy in rat. 

Applied Physiology, Nutrition, and Metabolism. 2024;49(4):501-

13. [PMID: 38284362] [DOI] 
4. Bali ZK, Nagy LV, Bruszt N, Bodó K, Engelmann P, 

Hernádi Z, et al. Increased brain cytokine level associated 

impairment of vigilance and memory in aged rats can be alleviated 

by alpha7 nicotinic acetylcholine receptor agonist treatment. 

GeroScience. 2024;46(1):645-64. [PMID: 37994990] [PMCID: 

PMC10828177] [DOI] 
5. Borooni S, Nourbakhsh F  ,Tajbakhsh E, Behshood P. 

The effects of aqueous extract of boswellia serrata on memory 

impairment induced by lipopolysaccharide. International Journal of 

Medical Laboratory. 2020. [DOI] 
6. Liu X, Xu Y, Liu F, Pan Y, Miao L, Zhu Q, Tan S. The 

feasibility of antioxidants avoiding oxidative damages from 

reactive oxygen species in cryopreservation. Frontiers in 

Chemistry. 2021;9:648684. [PMID: 33718331] [PMCID: 

PMC7952315] [DOI] 

7. Jin J-J, Ko I-G, Kim S-E, Shin M-S, Kim S-H, Jee Y-S. 

Swimming exercise ameliorates multiple sclerosis-induced 

impairment of short-term memory by suppressing apoptosis in the 

hippocampus of rats. Journal of exercise rehabilitation. 

2014;10(2):69. [PMID: 24877040] [PMCID: PMC4025552] [DOI] 
8. Zhao H, Liang K, Yu Z, Wen Y, Yu X, Xin J, et al. CCR3 

knockdown attenuates prolonged underwater operations-induced 

cognitive impairment via alleviating microglia-mediated 

neuroinflammation. iScience. 2024;27(8). [PMID: 39156650] 

[PMCID: PMC11326909] [DOI] 
9. Ayari S, Abellard A, Carayol M, Guedj E, Gavarry O. A 

systematic review of exercise modalities that reduce pro-

inflammatory cytokines in humans and animals' models with mild 

cognitive impairment or dementia. Experimental Gerontology. 

2023;175:112141. [PMID: 36898593] [DOI] 
10. Md Pisar M, Chee BJ, Long I, Osman A. Protective 

effects of Centella asiatica extract on spatial memory and learning 

deficits in animal model of systemic inflammation induced by 

lipopolysaccharide. Annals of Medicine. 2023;55(1):2224970. 

[PMID: 37318144] [PMCID: PMC10274518] [DOI] 
11. Jia X, Li Z, Shen X, Zhang Y, Zhang L, Zhang L. High-

intensity swimming alleviates nociception and neuroinflammation 

in a mouse model of chronic post-ischemia pain by activating the 

resolvin E1-chemerin receptor 23 axis in the spinal cord. Neural 

Regeneration Research. 2023;18(11):2535-42. [PMID: 37282487] 

[PMCID: PMC10360102] [DOI] 
12. Zhang Z, Guo L, Yang F, Peng S, Wang D, Lai X, et al. 

Adiponectin Attenuates Splenectomy-Induced Cognitive Deficits 

by Neuroinflammation and Oxidative Stress via 

TLR4/MyD88/NF-κb Signaling Pathway in Aged Rats. ACS 

Chemical Neuroscience. 2023;14(10):1799-809. [PMID: 

37141577] [DOI] 
13. Naomi R, Teoh SH, Embong H, Balan SS, Othman F, 

Bahari H, Yazid MD. The role of oxidative stress and inflammation 

in obesity and its impact on cognitive impairments—a narrative 

review. Antioxidants. 2023;12(5):1071. [PMID: 37237937] 

[PMCID: PMC10215476] [DOI] 
14. Widjaya MA, Lee S-D, Cheng W-C, Wu B-T. Effects of 

Exercise Training on Immune-Related Genes and Pathways in the 

Cortex of Animal Models of Alzheimer’s Disease: A Systematic 

Review. Journal of Alzheimer's Disease. 2024(Preprint):1-16. 
15. Bertollo AG, Mingoti MED, de Medeiros J, da Silva GB, 

Capoani GT, Lindemann H, et al. Hydroalcoholic Extract of 

Centella asiatica and Madecassic Acid Reverse Depressive-Like 

behaviors,  inflammation and oxidative stress in adult rats submitted 

to stress in early life. Molecular Neurobiology. 2024:1-16. [DOI] 
16. Alzoubi KH, Halboup AM, Khabour OF, Alomari MA. 

The Protective Effects of the Combination of Vitamin E and 

Swimming Exercise on Memory Impairment Induced by Exposure 

to Waterpipe Smoke. CNS & Neurological Disorders-Drug Targets 

(Formerly Current Drug Targets-CNS & Neurological Disorders). 

2023;22(2):304-12. [PMID: 35306997] [DOI]  
17. Wu C, Yang L, Li Y, Dong Y, Yang B, Tucker LD, et 

al. Effects of exercise training on anxious–depressive-like 

behavior in Alzheimer rat. Medicine and science in sports and 

exercise. 2020;52(7):1456. [PMID: 32028456] [PMCID: 

PMC8015320] [DOI] 
18. Wuestefeld A, Baumeister H, Adams JN, de Flores R, 

Hodgetts CJ, Mazloum‐Farzaghi N, et al. Comparison of 

histological delineations of medial temporal lobe cortices by four 

independent neuroanatomy laboratories. Hippocampus. 

2024;34(5):241-60. [PMID: 38415962] [DOI] 
19. Wang W, Kang PM. Oxidative stress and antioxidant 

treatments in cardiovascular diseases. Antioxidants. 

2020;9(12):1292. [PMID: 33348578] [PMCID: PMC7766219] 

[DOI] 

https://portal.issn.org/resource/ISSN/2981-2569
https://pubmed.ncbi.nlm.nih.gov/32457655
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7225346
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7225346
https://doi.org/10.3389/fphys.2020.00450
https://pubmed.ncbi.nlm.nih.gov/38284362
https://doi.org/10.1139/apnm-2023-0377
https://pubmed.ncbi.nlm.nih.gov/37994990
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC10828177
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC10828177
https://doi.org/10.1007/s11357-023-01019-6
https://doi.org/10.18502/ijml.v7i4.4802
https://pubmed.ncbi.nlm.nih.gov/33718331
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7952315
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7952315
https://doi.org/10.3389/fchem.2021.648684
https://pubmed.ncbi.nlm.nih.gov/24877040
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4025552
https://doi.org/10.12965/jer.140103
https://pubmed.ncbi.nlm.nih.gov/39156650
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC11326909
https://doi.org/10.1016/j.isci.2024.110379
https://pubmed.ncbi.nlm.nih.gov/36898593
https://doi.org/10.1016/j.exger.2023.112141
https://pubmed.ncbi.nlm.nih.gov/37318144
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC10274518
https://doi.org/10.1080/07853890.2023.2224970
https://pubmed.ncbi.nlm.nih.gov/37282487
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC10360102
https://doi.org/10.4103/1673-5374.371373
https://pubmed.ncbi.nlm.nih.gov/37141577
https://pubmed.ncbi.nlm.nih.gov/37141577
https://doi.org/10.1021/acschemneuro.2c00744
https://pubmed.ncbi.nlm.nih.gov/37237937
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC10215476
https://doi.org/10.3390/antiox12051071
https://doi.org/10.1007/s12035-024-04198-1
https://pubmed.ncbi.nlm.nih.gov/35306997
https://doi.org/10.2174/1871527321666220318113635
https://pubmed.ncbi.nlm.nih.gov/32028456
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC8015320
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC8015320
https://doi.org/10.1249/MSS.0000000000002294
https://pubmed.ncbi.nlm.nih.gov/38415962
https://doi.org/10.1002/hipo.23602
https://pubmed.ncbi.nlm.nih.gov/33348578
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7766219
https://doi.org/10.3390/antiox9121292


Torabi et al.                                                                                                                                                                                              Health Nexus 2:4 (2024) 107-113 

 

 
E-ISSN: 2981-2569 

113 

20. Chen M, Chang Yy, Huang S, Xiao Lh, Zhou W, Zhang 

Ly, et al. Aromatic‐Turmerone Attenuates LPS‐Induced 

Neuroinflammation and Consequent Memory Impairment by 

Targeting TLR4‐Dependent Signaling Pathway. Molecular 

Nutrition & Food Research. 2018;62(2):1700281. [DOI] 
21. Erickson KI, Voss MW, Prakash RS, Basak C, Szabo A, 

Chaddock L, et al. Exercise training increases size of hippocampus 

and improves memory. Proceedings of the national academy of 

sciences. 2011;108(7):3017-22. [PMID: 21282661] [PMCID: 

PMC3041121] [DOI] 

 

https://portal.issn.org/resource/ISSN/2981-2569
https://doi.org/10.1002/mnfr.201700281
https://pubmed.ncbi.nlm.nih.gov/21282661
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3041121
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3041121
https://doi.org/10.1073/pnas.1015950108

