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Abstract  

BESITY is abnormal massive accumulation of fat in the body, which is cosidered one of the 

most common health problem worldwide. It is causing a state of oxidative stress and 

inflammation, which affects almost all body tissues including the brain. Obesity also affects cognitive 

development, executive function abilities, brain volume, and can increase the risk of dementia and 

Alzheimer's disease. Therefore, we assessed the effect of swimming exercise versus the ketogenic diet 

on the brain damage of obese rats. Thirty two rats were divided into 4 groups (8 rats each) include: 

Control group: Rats received standared rat diet, Obesity group: Rats received high fat diet, ketogenic 

diet group (KD): Obese rats received ketogenic diet/daily for 2 months and swimming exercise: 

Obese rats subjected to swimming (1 h/day/2 months). The results indicated that KD and swimming 

exercise improved waist circumference, total cholesterol, triacylglycerol, and HDL in comparison 

with obese group. Regarding oxidative status in the brain, Both KD and swimming exercise 

significantly reduced the level of MDA, while increased the level of total antioxidant capacity (TAC) 

and SOD. Both treatments downregulated the mRNA expression levels of TLR4/NF-κB signaling, 

mir-138-5p and mir-489-3p in the brain tissue of obese rats. However, KD and swimming exercise 

upregulated the mRNA expression levels of  antioxidant-related genes (Nrf-2 and SIRT1), fission-

related genes (Mfn1 and Mfn2), fussion-related gene (DRP-1), mitophagy-related genes (PINK1 and 

Parkin), mitochondrial respiratory chain-related genes (NDUFS1, SDHC, COQ8A, COX6A2 and 

ATP5F1A). Moreover, both tretments showed improvement in the brain tissue histopathology of 

obese rats. In conclusion, KD and swimming exercise restore the normal brain function in obese rats. 

Interestingly, the data of this study proved that swimming exercise showed higher potent effect than 

KD against brain damage in obese rats. 

Keywords: Obesity, brain damage, ketogenic diet, swimming exercise, mitochonderial dysfunction. 

 

Introduction  

Obesity is a chronic condition characterized by 

abnormal fat accumulation. The body mass index 

(BMI), a weight-for-height index, is used to 

categorize adults who are overweight or obese. An 

individual is considered obese if it is 30.0 kg/m2 or 

higher. In 2015, over 600 million were obese [1]. 

Obesity increases noncommunicable diseases like 

metabolic, cardiovascular, cancer, musculoskeletal, 

and brain diseases, leading to premature mortality 

and disability [2].  Recent research shows that a 

high-fat diet can negatively impact learning and 

memory function, leading to mood disorders and 

decreased hippocampal plasticity over time [3].  

An imbalance between the production of reactive 

oxygen species (ROS) and antioxidant defense is 

known as oxidative stress, which is a key factor in 

metabolic disorders [4]. Obese individuals exhibit 

dysregulation of fatty acid oxidation and lipid 

peroxidation [5]. Obesity-related neurodegenerative 

illnesses may be a significant factor due to the lower 

brain resistance to oxidative stress compared to other 

organs [6]. Oxidative stress caused by obesity leads 

to brain atrophy, inflammation, and impaired blood-

brain barrier, potentially resulting in cognitive 
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decline [7]. Cognitive deterioration and oxidative 

stress were linked to downregulated level and 

activity of the Nrf2 [8]. 

Mitochondria dynamics are crucial for metabolic 

health, which are maintained through processes like 

mitophagy, biogenesis, fission, and fusion. Fission is 

a crucial process that regulates the quantity and 

location of mitochondria, adapts to a cell's energy 

demands, and eliminates damaged ones [9]. Fusion is 

a process that involves the exchange of mtDNA to 

preserve the operation of the mitochondria [9]. The 

Dynamin family of conserved GTPases regulate 

fission and fusion, with Fission 1 protein and/or Drp1 

mediating fission and Mitofusin 1 and 2 and Opa1 

mediating fusion. Furthermore, Mitophagy and 

biogenesis regulate mitochondrial function, with 

sirtuin-3 (SIRT3) playing a crucial role in affecting 

the acetylation status of over 165 proteins in the 

mitochondrial proteome [10]. Moreover, SIRT3 is 

crucial for controlling mitochondrial quality control 

in neural mitochondria [11]. 

The primary intervention techniques for reducing 

energy intake, improving energy expenditure, or 

decreasing energy absorption include exercise, diet, 

bariatric surgery and medication [12].  Exercise has 

the potential to promote neurogenesis in the 

hippocampus [13]. Increased physical activity 

through training in swimming can lessen stress-

related conditions including anxiety and depression-

related symptoms in several animal models, 

including type 2 diabetes, Alzheimer's disease, and 

activation of the maternal immune system [14]. 

Studies indicate that swimming can enhance learning 

and memory functions, and boost the level of 

hippocampal brain-derived neurotrophic factor [15]. 

In addition, Physical exercise can prevent age-related 

decline in the hippocampus and enhance the overall 

health of neurons [16]. Voluntary exercise can 

enhance the neuroplastic potential of the brain [17].  

One dietetic approach that restricts carbohydrate 

intake is the ketogenic diet (KD), which is primarily 

based on fat consumption, with 80-90% of calories in 

a classical KD [18]. It causes a change in metabolism 

that allows ketone bodies to be used as an extra 

energy source [19]. Research has shown that the KD 

is more effective than other diet plans in weight 

reduction in obese subjects. The KD reduces obesity 

by simulating the metabolic alterations that occur 

during prolonged fasting and starvation, which 

enables cells to use extra lipids for energy production 

[20]. The KD was developed to treat epilepsy, 

particularly drug-resistant seizures [21]. Recent 

evidence suggests that KD has both 

pathophysiological and clinical benefits in 

neurodegenerative diseases, making it a potential 

treatment option for nervous diseases [22]. KD can 

potentially have ameliorative effects by altering 

certain neuroinflammatory pathways [23]. 

Furthermore, studies suggest that KD may enhance 

cognitive function performance [24]. 

In this experimental study, we attempt to compare 

the efficacy of physical exercise and KD on the 

modulation of mitochondrial dynamics and function 

in the brain tissue of obese rats. We tested this 

hypothesis by evaluating the serum lipid profile, 

mRNA expression levels of mitochondrial dynamics 

markers, antioxidant capacity and histopathological 

examination of brain tissue. To our knowledge, this 

is the first study highlighting the protective effects of 

exercise training versus KD supplementation on the 

brain of obese rats. 

Material and Methods 

Materials 

Ketogenic diet was composed of water, Goat fat 

70%, chicken egg yolk 19.45%, avocado 5.69%, 

roasted peanuts 4.86% [25]. High fat diet (40% fat) 

includes 40 g Fat (Beef thallow), 22 g casein, 13 g 

Cellulose, 18 g Starch, 3.4 g Cysteine, 1.5 g mineral 

mix, 0.3 g Choline chloride and 1.8 g vitamin mix 

[26]. 

Experimental animals 

Thirty two male Sprague-Dawley rats weighing 

250 ± 5 g were acquired from the research animal 

farm located at Zagazig University's Faculty of 

Veterinary Medicine. Each rat was housed in a 

stainless-steel cage that was maintained at a 

temperature between 21 and 24 °C, offering a clean, 

pathogen-free environment. To achieve ideal living 

circumstances, the rats were exposed to a 12-hour 

light-dark cycle and a 60% relative humidity. 

Commercial food pellets and unlimited water were 

provided to the rats. The research protocol was 

reviewed and approved by the ethics committee of 

Zagazig University's Faculty of Veterinary Medicine 

in Egypt. Laws and regulations were followed 

throughout the entire process (approval number: ZU-

IACUC/2/F/15/2025). The study was carried out in 

accordance with the guidelines provided by 

ARRIVE. 

Animals and experimental design 

Four groups of eight rats each were randomly 

assigned. The first one is the control group, which 

received the standard rat diet. The second one was 

obese group, which received a HFD for 3 months. 

The third group was obese rats received ketogenic 

diet for 2 months. The fourth group was exercise 

group includes obese rats subjected to exercise by 

free swimming for 1 houre/day/2 months.  

Sampling 

Upon the conclusion of the experimental period, 

the rats were anesthetized by thiopental (120 mg/kg 

B.w i.p), and blood was drawn from the medial 

canthus. Part of the blood was put in test tubes 
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without anticoagulants, which were centrifuged, and 

a serum sample was used for biochemical analysis. 

The brain tissue sample was dissected into three parts 

for gene expression (RT-qPCR), histopathological 

examination, and part was homogenized for 

biochemical measurements.  

Body mass index (BMI) 

The final weight and length were recorded upon 

completion of the investigation for every animal 

group using an electronic balance and a ruler 

respectively to verify the rat’s BMI.  

Biochemical analysis  

Triacylglycerol (TAG), high-density lipoprotein 

(HDL), and total cholesterol (TC) were measured in 

serum samples using Reactivos GPL kits (Barcelona, 

España). Malondialdehyde (MDA), total antioxidant 

capacity (TAC), and superoxide dismutase were 

determined in brain homogenate using the kits 

supplied by Chema Diagnostica (Monsano, Italy).  

Real-Time Quantitative PCR (RT-qPCR) Analysis 

 Previous documentation of the real-time analysis 

was done by Abd El-Hakim et al. [27]. At the 

beginning, we utilized the Trizol Reagent from 

Thermo Fisher Scientific in Massachusetts to extract 

total RNA from brain tissue. As previously stated, 

500 ng of total RNA was utilized for transcription, 

resulting in the production of mRNA. Ten ng of 

RNA were subjected to miRNA transcription using 

the TaqManTM Small RNA Assays in accordance 

with the manufacturer's instructions. Assay design 

software at 

http://genomics.dote.hu:8080/mirnadesigntool 

(viewed on 10 September 2020) was used to design 

miRNA-specific primers, stem-loop primers, and the 

universal reverse primer  [28]. Table 1 displays the 

primer sequences. mRNA and miRNA were 

normalized to housekeeping GAPDH and U6, 

respectively, and gene expression was determined 

using the 2–ΔΔCt approach in real-time PCR using 

the Maxima SYBR Green/Rox qPCR 2× Master Mix. 

Histopathological examination 

The brain specimen was excised and handled 

with caution to minimize any damage to the delicate 

seminiferous tubules, and five shallow piercings to 

the tunica albuginea were performed using a 21-

gauge needle before immersion in modified 

Davidson’s solution for 24 hours. Next, the brain was 

processed for paraffin infiltration, and embedding, 

and 4-5 µm thick transverse tissue was prepared, 

stained with hematoxylin and eosin [29], and 

examined microscopically.  

Statistical analysis 

We utilized GraphPad INSTAT software 

(Version 2) to conduct the statistical analysis. 

Tukey's multiple range test and a one-way analysis of 

variance (ANOVA) were used in the statistical 

evaluation. The results are presented as mean and 

standard error. A p-value of 0.05 was taken into 

consideration for determining significance. 

Results 

Effects of KD supplementation and swimming 

exercise on body mass index (BMI) and waist 

circumference in obese rats. 

We found that obese rats showed higher BMI and 

waist circumference (approximately 32% and 34%, 

respectively) than control rats. The KD 

supplementated group significantly decreased BMI 

and waist circumference by 7%, and 8%, 

respectively, compared to the obese group. On the 

other hand, rats exposed to swimming exercise 

displayed a 21% decrease in BMI and an 18% 

decrease in waist circumference compared to obese 

rats. The exercise group exhibited better effects than 

the KD group (Figures 1 A and B). 

KD supplementation and swimming exercise 

modulate changes in serum levels of lipid profile in 

HFD-fed rats 

Rats given an HFD had significantly lower HDL 

levels by 24% and higher serum TC and TG levels 

by 55% and 177%, respectively than the control 

group. Compared to the obese group, KD feeding 

significantly reduced TC and TG levels by 15% and 

36%, respectively, and increased HDL by 22%. 

Compared to the obese group, swimming exercise 

resulted in a significant decrease in TC and TG levels 

by 27% and 50%, respectively, and an increase in 

HDL by 36%. Moreover, compared to the KD group, 

the physical training group's serum levels of the lipid 

profile were more drastically altered (Figures 2 A-C).  

The effects of KD and swimming exercise on 

oxidant/antioxidant status in brain tissue  

To evaluate the antioxidative qualities of 

swimming exercise or KD, the levels of MDA, TAC, 

and SOD in rat brain tissues were measured. The 

findings showed that whereas TAC and SOD levels 

decreased by 38% and 31%, respectively, obesity 

increased MDA levels by 47%. KD supplementation 

resulted in amelioration of oxidative capacity 

indicated by the decrease of MDA level by 21% and 

the increase in the levels of TAC, and SOD by 45%, 

and 47%, respectively. Comparing the obese group to 

the obese rats trained with swimming, the former 

dramatically decreased their MDA levels by 23% and 

increased their TAC and SOD levels by 51% and 

41%, respectively. The exercise group exhibited 

effects similar to those of the KD group in all the 

forementioned parameters (Figures 3 A-C). 

Effects of KD and swimming exercise on the mRNA 

expression levels of TLR4/NF-κB signaling pathway 

of the HFD-fed rats  
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Obesity significantly increased the levels of 

mRNA expression of TLR4 and NF-κB by 378% and 

543%, respectively, in brain tissue, contrary to the 

control group. There was a significant 

downregulation in TLR4 and NF-κB by 41%  and 

36%, respectively, in the KD-supplemented group 

compared to the obese group. Furthermore, tats 

exposed to swimming exercise resulted in a 

considerable suppression of TLR4 and NF-κB 

mRNA expression levels by 65% and 58%, 

respectively, compared to the rats exposed to obese 

rats. there was a significant downregulation in TLR4 

and NF-κB by 41%, and 36%, respectively in the 

KD-supplemented group compared to the obese 

group. Exercise-trained rats showed better results 

than the KD-fed rats in ameliorating TLR4/NF-κB in 

the brain tissue of obese rats (Figures 4 A and B). 

Impact of KD and swimming exercise on mRNA 

expression of Nrf-2 and SIRT1 in the brain of obese 

rats 

Compared to control rats, obese rats exhibited a 

significant decrease in Nrf-2 and SIRT1 in the brain 

of about 81% and 87%, respectively. After KD 

supplementation, we observed that the obese group's 

brain showed a 170% rise in SIRT1 and a 144% 

increase in Nrf-2 gene expression. Compared to 

obese rats, exercise-exposed obese rats showed 

increases in Nrf-2 and SIRT1 in the brain of about 

329% and 427%, respectively. Compared to the KD 

group, the exercise group had better results (Figs. 5 

A and B). 

KD and swimming exercise modulate the expression 

of genes involved in mitochondrial dynamics in the 

brain of obese rats 

We examined the effect of KD and swimming 

exercise on the mRNA expressions of the genes 

regulating mitochondrial fission and fusion. The 

obese group displayed marked lower mRNA levels 

for each gene evaluated, including the mitochondrial 

fusion genes Mfn1 and Mfn2 by approximately 88% 

and 83%, and the mitochondrial fission gene DRP-1 

by approximately 83%. We also found roughly a 

355% increase in Mfn1 gene expression, a 244% 

increase in Mfn2, and a 141% increase in DRP-1 in 

the brain following KD supplementation in the obese 

group. Obese rats exposed to swimming training 

showed a significant rise in Mfn1, Mfn2, and DRP-1  

by approximately 515%, 374%, and 372%, 

respectively, in the brain. The exercise group 

exhibited superior results comparable to those of the 

KD group (Figs. 6 A-C). 

Impact of KD and swimming exercise on the relative 

expression of mitophagy-related genes in the brain of 

obese rats 

The expression of genes related to mitophagy is 

shown in Fig. 7. The mRNA levels of Parkin and 

PINK1 were notably downregulated by about 86% 

and 80% in the obese group compared with the 

control group. Following the addition of KD to the 

obese group, the expression of Parkin and PINK1 

was significantly increased by about 378% and 217% 

compared with the obese group alone. Following the 

exercise in the obese rats, the expression of Parkin 

and PINK1 was significantly increased by about 

648% and 399% compared with the obese group. The 

exercise group consistently exhibited superior 

improvement in mitophagy comparable to the KD 

group (Figures 7 A and B). 

Effect of KD and swimming exercise on 

mitochondrial respiratory chain mRNA gene 

expression in brain tissues of obese rats 

We analyzed the mRNA expression of 

mitochondrial respiratory chain complexes to 

examine the effects of KD and swimming exercise 

on obesity-induced mitochondrial dysfunction. We 

found inhibition of gene expression of NADH-

ubiquinone oxidoreductase (NDUFS1), Succinate 

dehydrogenase complex subunit C (SDHC), 

Coenzyme Q8A (COQ8A), Cytochrome c oxidase 

6A2 (COX6A2) and ATP synthase F1 subunit alpha 

(ATP5F1A) by about 84%, 81%, 86%, 96%  and 

86%, respectively in the obese group compared with 

the control group. KD feeding and Swimming 

exercise substantially raised the mRNA expression of 

NDUFS1, SDHC, COQ8A, COX6A2, and ATP5F1A 

by about (264%, 511%), (200%, 463%), (240%, 

634%), (500%, 1000%)  and (205%, 562%) when 

compared to the obese group. In addition, 

significantly higher upregulation in all the 

aforementioned respiratory chain genes was detected 

in the exercise group compared to KD one (Figs. 8 

A-E). 

KD and swimming exercise modulate miRNA 

expression levels of mir-138-5p and mir-489-3p in 

the brains of obese rats 

The location of the 3′ UTR region for miRNA 

binding to the targeted mRNA is shown in (Fig. 9). 

The influence of KD and swimming exercise on 

miRNA expression levels of mir-138-5p and mir-

489-3p in the brain was evaluated. Obesity resulted 

in a notable rise in the expression levels of mir-138-

5p and mir-489-3p by 729% and 554% in the brain 

tissue compared to the control group. KD and 

swimming exercise resulted in a noteworthy 

downregulation in the mir-138-5p and mir-489-3p 

expression levels by (34%, 67% and (38%, 70%), 

respectively compared to the obese group. 

Furthermore, the obtained results obtained by the 

exercise group were superior to those obtained by the 

KD group (Figs. 9 A and B) 
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Histopathological findings 

The control group showed a normal cerebral 

cortex with normal histological structures of 

neuronal cells, glial cells, neuropil, and cerebral 

blood vessels (Figure 10A). While the obese group 

showed vacuolated neuropil, numerous pyknotic 

neurons with dark basophilic nuclei, and satellitosis 

(Figure 10 B and C). Swimming exercise and KD 

gropus showed amelioration in histological structures 

of brain tissue. a few areas of vacuolated neuropil 

were in swimming exercise (Figure 10D) and a few 

pyknotic neurons and neuronophagia were seen in 

KD (Figure 10E). Lesions score of the severity extent 

in brain tissues among different experimental groups 

were shown in Table 2.    

Discussion 

Obesity is a health issue resulting from an 

unhealthy diet and insufficient exercise, and current 

best practices for treating it include a healthy 

lifestyle, increased physical activity, and behavioral 

changes [30]. The use of KD in weight loss therapy 

is proven to be highly effective [31]. Furthermore, 

even in the absence of weight loss, physical activity 

can lessen the detrimental effects of obesity [32]. The 

study looked into how swimming exercise or KD 

might lessen the brain damage that rats' high-fat diets 

caused.  

In the present study, obese rats showed a 

significant increase in their BMI and waist 

circumference related to control values. The study of 

Arika et al. [33] revealed that the obesity index and 

waist circumference of the obese untreated rats fed 

high-fat meals for an extended period increased 

steadily between the first and sixth weeks of the 

study. The study suggests that rats' consumption of 

calorie-dense meals, which have high energy content, 

can lead to the development of belly fat [34]. KD 

feeding or swimming exercise training significantly 

decreased BMI and waist circumference, and 

superior results were obtained with the swimming 

exercise. KD may increase daily energy expenditure 

and hence decrease body mass [31]. Nevertheless, it 

decreases lean mass more than fat mass. Exercise 

interventions have been shown to enhance body 

composition, including lowering fat mass and 

maintaining or increasing lean mass [35, 36]. 

In the current study, the substantial rise in raised 

serum levels of TG, TC, and LDL-C, as well as the 

low concentration of HDL-C, validated the induction 

of obesity as previously described by El-Shial et al. 

[37], who showed that the HFD group had high 

serum levels of total cholesterol, TG, and LDL-C, 

while there was a noticeable decrease in the HDL–C 

of rats in the normal group. Furthermore, the study 

found that rats in the obese group showed 

significantly higher levels of TG and total 

cholesterol, indicating fat deposition in the liver 

tissue. Our results showed that swimming exercise 

significantly reduced TC and TG levels, increased 

HDL, and significantly impacted lipid profile in the 

training group compared to the exercise group. These 

findings may be attributed to two reasons. First, 

exercise increases the activity of enzymes that aid in 

the transfer of LDL from the circulation and blood 

vessel walls to the liver. The cholesterol is then 

either expelled or transformed into bile for digestion. 

Second, exercise makes lipoproteins bigger, and 

ultimately, LDL becomes HDL [38]. 

Exposure of polyunsaturated fatty acids to 

reactive oxygen species in the brain leads to the 

formation of harmful lipid peroxidation intermediates 

[39]. Oxidative stress leads to neurodegeneration in 

the brain due to the insufficient production of 

antioxidants to counteract the increase in reactive 

oxygen species. According to the results of the most 

current study, obese rats' brains had significantly 

higher MDA levels and lower SOD and catalase 

activity. A high-fat diet has been shown to raise the 

amount of lipid peroxidation in rat brains [40]. 

Additionally, obesity raises the brain's levels of 

superoxide and reactive oxygen species [41], which 

might explain the decreased activities of SOD, and 

catalase observed in obese rats. Exercise training 

significantly reduced the lipid peroxidation level and 

increased the activities of antioxidants in obese rats. 

Albrahim et al. [42] reported that exercise was 

successful in rebalancing oxidant/antioxidant levels 

in the brains of rats that had undergone ovariectomy, 

showing a non-significant increase in oxidative stress 

markers compared to control rats. Greco et al [43] 

found that oxidative stress is significantly reduced in 

both the cytosol and mitochondria of the brain by KD 

after traumatic brain injury in rats.  

In order to initiate the inflammatory response and 

promote brain damage from cerebral ischemia-

hypoxia, carbon monoxide poisoning, and brain 

trauma, the TLR4/NF-κB signaling pathway is 

essential [44, 45]. Through signaling pathways that 

are dependent on MyD88 and TRIF, LR4 causes the 

production of inflammatory cytokines TNF-α, IL-1β, 

IL-6, and IL-8, which in turn causes a variety of 

immuno-inflammatory reactions [46]. Animal studies 

have revealed that HFD increases TLR4 gene levels 

compared to normal chow [47]. The present study 

demonstrated that the expression levels of TLR4, and 

NF-κB were significantly reduced in the brain tissue 

of obese rats after swimming training. The results of 

Qi et al. [48] suggested that aerobic exercise may 

lower blood pressure in hypertensive rats by slowing 

the course of renovascular hypertension by lowering 

the activation of the pro-inflammatory cytokine via 

TLR4/MyD88/NF-κB signaling inside the 
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paraventricular nucleus. By blocking the TLR4 

signaling pathway and lowering the activation and 

release of inflammatory cytokines in the brain, our 

research has shown that swimming exercise has an 

anti-inflammatory effect. Histopathological 

examination, which showed certain regions of 

vacuolated neuropil and a few pyknotic neurons, 

provided additional evidence of the anti-

inflammatory and neuroprotective benefits of 

swimming exercise. 

The multifunctional protein Nrf2 is an important 

antioxidant sensor whose activation is necessary for 

cellular defense systems. Once active, Nrf2 travels 

from the cytoplasm to the nucleus, where it 

manipulates the transcription of particular genes, 

such as hemeoxygenase 1 (HO-1), in conjunction 

with the antioxidant defense system. These genes' 

transcription increases resistance to oxidative stress 

and provide protection against inflammation [49]. 

Calorie restriction, metabolism, senescence, 

apoptosis, inflammation, and the deacetylation of 

histones and nonhistone proteins are all regulated by 

SIRT1, a nuclear histone deacetylase that is 

dependent on NAD [50]. SIRT1's capacity to 

deacetylate prevents NF-kB from transactivating 

[51]. SIRT1 has been found to decrease oxidative 

stress levels and inflammation levels in various 

studies [52]. Based on our research, obese rats 

showed a greater increase in Nrf-2 and SIRT1 

expression in their brains following exercise. Nonato 

et al. [53] found that swimming training attenuated 

oxidative damage and increased enzymatic 

antioxidants in the rat brain. Our findings back up the 

previously mentioned results showing that swimming 

exercise significantly influenced the balance of 

oxidants and antioxidants, as well as the 

inflammatory response in the brains of high-fat diet 

rats. 

Mitochondria are dynamic organelles that play a 

crucial role in cellular processes like quality control 

and apoptosis due to their equilibrium between 

fusion and fission events [54]. Mitochondrial 

dysfunction results in the production of free radicals 

after brain injury apoptosis [55]. In this study, we 

found that the levels of Mfn1, Mfn2, and DRP-1 

genes related to mitochondrial fusion and fission 

were decreased following HFD intake, suggesting 

that obesity could lead to decreased levels of healthy 

mitochondria and hinder fusion and fission processes 

in the brain (Schmitt and Gaspar 2023). Furthermore, 

swimming exercise significantly upregulated low 

expression of Mfn1, Mfn2, and DRP-1 over KD 

feeding, which may be attributed to the activity of 

SIRT1. SIRT1 has been suggested as a crucial 

regulatory mechanism for mitochondrial function, 

apoptosis, and oxidative stress response in various 

cellular processes [49]. In addition, the stimulatory 

effect of swimming exercise on SIRT1 expression in 

our study was confirmed by a noteworthy 

downregulation in the mir-138-5p which targets the 

SIRT1 gene.  

The PINK1/Parkin pathway is the most 

extensively studied underlying mechanistic pathway 

in mitophagy due to its crucial role in the process 

[58]. PINK1 stabilizes depolarized mitochondria, 

phosphorylates Parkin, an E3 ubiquitin ligase, and 

then moves to damaged mitochondria from the 

cytosol [59]. Parkin ubiquitylates mitochondrial 

substrates, triggering a p62/NDP52/OPTN 

aggregation of ubiquitylated proteins. This cargo is 

then recruited into the autophagosome by binding to 

LC3 [58]; these events in turn then promote the 

degradation of mitochondria by mitophagy [60]. The 

results of the current study indicated that the 

expression levels of mitophagy-related genes Parkin 

and PINK1 were downregulated in the brains of 

obese rats. However, these genes were further 

enhanced by swimming exercise, indicating that 

exercise stimulated mitophagy and the formation of 

autophagosomes by mediating the PINK/Parkin 

pathway. Also, this effect was confirmed by a 

noteworthy downregulation in the mir-489-3p, which 

targets the pink1 gene.  

Mitochondrial respiratory complex dysfunction 

can lead to decreased ATP production and increased 

oxidative stress, causing metabolic and neurological 

disorders. In the present study, we demonstrated that 

HFD downregulated gene expression of NDUFS1, 

SDHC, COQ8A, COX6A2, and ATP5F1A in rat 

brains. In line with this, a previous investigation 

examining the impact of a high-fat diet on 

mitochondrial respiratory complexes showed that this 

diet was linked to changes in the protein expression 

of several complexes I, III, and V of the 

hypothalamus' mitochondrial respiratory complexes 

[61]. Interestingly, these effects are reversed by 

exercise and KD feeding with a more pronounced 

effect in the exercise group. De Sousa Fernandes, 

[62] demonstrated that exercise can trigger 

mitochondrial subunit biogenesis by demonstrating 

that the trained group's ATP5A levels were higher 

than the control group. Moreover, elevated activity of 

mitochondrial respiratory chain enzymes (SDH, 

complexes I, II, II-III, IV) and decreased 

hydroperoxide production in skeletal muscles were 

better achieved with five weekly training sessions 

[63]. Aerobic physical training is widely utilized for 

obesity prevention and treatment, as well as 

enhancing brain function through neuromuscular 

rehabilitation protocols [64]. Exercise enhances 

metabolic functions such as lipolysis, immunity, 

oxidative metabolism, neuroplasticity, mitochondria 

function, and oxidative stress resilience [65].  
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Conclusion 

KD and swimming exercise restore the normal 

brain function in obese rats via regulation of brain 

oxidant/antioxidant status, improving mitochondrial 

functions and restoring the normal brain tissue 

structure.  Interestingly, the data of this study proved 

that swimming exercise showed higher potent effect 

than KD against brain damage in obese rats. 
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TABLE 1. Primers and stem-loop sequences of targeted genes.  

Gene Forward primer Reverse primer Accession no. 

PrKn GAACTGTGGCTGTGAGTGGA GGTGTTTCCCATGAGGTCGT NM_020093.1 

mfn-1 CTGGGACGGAATGAGTGACC CATGTGAGGGGCCCAATCTT NM_138976.2 

Pink-1 AGGAAAAGGCCCAGATGTCG CTGTTTGCTGAACCCAAGGC NM_001106694.1 

mfn-2 ACCAGCTAGAAACGAGATGTCC GTGCTTGAGAGGGGAAGCAT NM_130894.4  

ATP5F1A TGCCATTGATGGGAAGGGTC TGGTTCCCGCACAGAGATTC NM_023093.1 

COX6A2 GGAACCACACGCTTTTCCAC GAGTCTTCAAGGCTGCTCGT NM_012812.3 

coenzyme Q8A CTCAGCGTGTGGACTGAATA CCAGGTTCTGCAGGTGAGTT NM_001013185.1 

SDHC GCTCTTGCTGAGACACATCG TTGCCATGGGAAGAGACCAC NM_001005534.1 

NADH AGAGCCTCACAGACAATGGC ATGGCTCCTCTACTGCCTGA NM_001005550.1 

Drp-1 GGCAACTGGAGAGGAATGCT CTGTTCTCGGGCAGACAGTT NM_053655.3  

NF-κβ1 CCACTGTCAACAGATGGCCC CTTTGCAGGCCCCACATAGT NM_001276711.1 

TLR4 ACTGGGTGAGAAACGAGCTG CAGCAATGGCTACACCAGGA NM_019178.2 

Nrf-2 GGTTGCCCACATTCCCAAAC CAGGGCAAGCGACTGAAATG NM_001399173.1 

sirt-1 GACAACCTCCTGTTGGCTGA TGCGTGTGATGCTCTGTCAT NM_001414959.1 

mir-138-5p AACAAGAGCTGGTGTTGTGAA GTCGTATCCAGTGCAGGGT  

mir-489-3p AGCCAGCGATGACATCACATAT GTCGTATCCAGTGCAGGGT  

mir-138-5p stem-loop GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCGGCCT 

mir-489-3p stem-loop GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGCTGCC 

 

 
TABLE 2. Lesions score of the severity extent in brain tissues among different experimental groups. 

Organ Lesions Control Obese KD  Exercise 

Brain 

vacuolated neuropil 0 2 1 0 

 Pyknotic neurons 0 3 1 1 

Satellitosis 0 2 0 1 

 

Examined rats = 10 rats/group. Number of examined fields (five non-overlapped fields/rat, 400X). The lesions 

were graded by estimating severity of lesions among different groups: Lesions score system was as follows: 0 = 

absence of lesion, 1 = mild alterations, 2 = moderate alterations, and 3 = severe alterations. 

https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=11464986
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=2313620071
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=157817866
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=402743924
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=40538741
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=315583342
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=61557217
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=53850595
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=53850627
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=148747425
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=2414722109


HASSNAA BENYAMEN et al. 

Egypt. J. Vet. Sci. Vol. 56, (Special issue) (2025) 

778 

 

Fig. 1. Effect of KD supplementation and swimming exercise on body mass index (BMI) and waist circumference in 

obese rats. ***P < 0.001, *P < 0.05 vs. control group. ##P < 0.01, #P < 0.05 vs. obese group, ns indicates 

nonsignificant. Data are presented as the mean ± SEM (n = 7). 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. Effect of KD supplementation and swimming exercise on the serum lipid profile in obese rats. ***P < 0.001, 

*P < 0.05 vs. control group. ##P < 0.01, #P < 0.05 vs. obese group, ns indicates nonsignificant. Data are 

presented as the mean ± SEM (n = 7). 

 

 

 

Fig. 3. Effect of KD supplementation and swimming exercise on oxidant/antioxidant status in brain tissue of obese 

rats: A) MDA: B) SOD: C) Catalase. ***P < 0.001, *P < 0.05 vs. control group. ##P < 0.01, #P < 0.05 vs. obese 

group, ns indicates nonsignificant. Data are presented as the mean ± SEM (n = 7). 
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Fig. 4. Effect of KD supplementation and swimming exercise on the mRNA Expression Levels of TLR4/NF-κB 

Signaling pathway status in brain tissue of obese rats. ***P < 0.001, *P < 0.05 vs. control group. ##P < 0.01, 

#P < 0.05 vs. obese group, ns indicates nonsignificant. Data are presented as the mean ± SEM (n = 7). 

 

 
 

Fig. 5. Impact of KD supplementation and swimming exercise on mRNA expression of Nrf-2 and SIRT1 in the brain 

of obese rats. ***P < 0.001, *P < 0.05 vs. control group. ##P < 0.01, #P < 0.05 vs. obese group, ns indicates 

nonsignificant. Data are presented as the mean ± SEM (n = 7). 

 

 

 

Fig. 6. Impact of KD supplementation and swimming exercise on the expression of genes involved in mitochondrial 

dynamics. A) Mfn1: B) Mfn2: C) DRP-1. ***P < 0.001, *P < 0.05 vs. control group. ##P < 0.01, #P < 0.05 vs. 

obese group, ns indicates nonsignificant. Data are presented as the mean ± SEM (n = 7). 
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Fig.7. Impact of KD supplementation and swimming exercise on the relative expression of mitophagy-related Genes in 

the brain of obese rats. A) Parkin B) PINK1. ***P < 0.001, *P < 0.05 vs. control group. ##P < 0.01, #P < 0.05 vs. 

obese group, ns indicates nonsignificant. Data are presented as the mean ± SEM (n = 7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Effect of KD supplementation and swimming exercise on mitochondrial respiratory chain complexes in brain 

tissues of obese rats. A) NDUFS1, B) SDHC, C) COQ8A, D) COX6A2, AND E) ATP5F1A. ***P < 0.001, 

*P < 0.05 vs. control group. ##P < 0.01, #P < 0.05 vs. obese group, ns indicates non-significant. Data are 

presented as the mean ± SEM (n = 7). 
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Fig. 9. KD supplementation and swimming exercise modulate miRNA expression levels of mir-138-5p and mir-489-3p 

in the brain in HFD-induced obese rats. ***P < 0.001, *P < 0.05 vs. control group. ##P < 0.01, #P < 0.05 vs. 

obese group, ns indicates nonsignificant. Data are presented as the mean ± SEM (n = 7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10.  Representative photomicrograph of H&E stained sections from cerebral cortex "Scale bar 20 μm" showing: 

A: normal histological structures of neuronal cells (arrow), glial cells, neuropil (star), and cerebral blood 

vessels in the control group.  B, C:  vacuolated neuropil (curved arrow), numerous pyknotic neurons with 

dark basophilic nuclei, and satellitosis  (arrowheads) in the obese group. D: A few areas of vacuolated 

neuropil  (curved arrow) in the exercise group. E: The KD group has a few pyknotic neurons and 

neuronophagia (thick arrow). 
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التأثيشات الإيجابية الأكثش فعالية لتواسيي السباحة هقاسًة بالٌظام الغزائي الكيتىًي 

 في هكافحة تلف الذهاغ الٌاجن عي السوٌة لذي الجشراى

 *1محمد فؤاد هٌصىس و 2، طاسق خويس1ه، يىسف م. شحات1، ههشاى محمد عبذ الاهام 1حسٌاء بٌياهيي

1
 ، يصش11511قسى انكًُُبء انحُىَخ وانجُىنىخُب اندضَئُخ، خبيعخ انضقبصَق، انضقبصَق  

2
 ، يصش11514قسى عهى الأدوَخ، كهُخ انطت انجُطشٌ، خبيعخ انضقبصَق، انضقبصَق  

 

 الولخص

نسًُخ هٍ رشاكى غُش طجُعٍ نهذهىٌ فٍ اندسى، وهى يب َعزجش أحذ أكثش انًشبكم انصحُخ شُىعًب فٍ خًُع أَحبء انعبنى. ا

رسجت انسًُخ حبنخ يٍ الإخهبد انزأكسذٌ والانزهبة، يًب َؤثش عهً خًُع أَسدخ اندسى رقشَجبً ثًب فٍ رنك انذيبغ. رؤثش 

ئف انزُفُزَخ وحدى انذيبغ وًَكٍ أٌ رضَذ يٍ خطش الإصبثخ ثبنخشف ويشض انسًُخ عهً انزطىس انًعشفٍ وقذساد انىظب

انجذَُبد. رى رقسُى  اندشراٌانسجبحخ يقبثم انُظبو انغزائٍ انكُزىٍَ عهً رهف ديبغ  رًبسٍَانضهبًَش. نزنك، قًُب ثزقُُى رأثُش 

ى: رهقذ انفئشاٌ َظبيًب غزائُبً قُبسُبً نهفئشاٌ، فئشاٌ نكم يُهب( رشًم: يدًىعخ انزحك 8يدًىعبد ) 1اثٍُُ وثلاثٍُ فأسًا إنً 

: رهقذ انفئشاٌ انجذَُبد َظبيًب يدًىعخ انُظبو انغزائٍ انكُزىٍَيدًىعخ انسًُخ: رهقذ انفئشاٌ َظبيًب غزائُبً عبنٍ انذهىٌ، 

ًُب / َىيُبً نًذح شهشٍَ ورًبسٍَ انسجبحخ: خضعذ انفئشاٌ انجذَُبد نهسجبحخ )سبعخ واحذح /  ُىو / شهشٍَ(. انغزائُبً كُزىَ

و انذهىٌ ويًبسسخ انسجبحخ حسُذ يحُظ انخصش وانكىنُسزشول انكهٍ انُظبو انغزائٍ انكُزىٍَ أشبسد انُزبئح إنً أٌ 

انُظبو ًدًىعخ انجذَُبد. أظهشد رًبسٍَ انسجبحخ رأثُشًا أقىي فٍ انًعبَُش انًزكىسح أعلاِ يٍ يقبسَخ ث HDLو ُخ انثلاث

ورًبسٍَ انسجبحخ ثشكم كجُش انُظبو انغزائٍ انكُزىٍَ . فًُب َزعهق ثبنحبنخ انزأكسذَخ فٍ انذيبغ، قهم كم يٍ انغزائٍ انكُزىٍَ

. قهم كلا انعلاخٍُ يٍ يسزىَبد SODو TACانسعخ انكهُخ انًضبدح نلأكسذح ، ثًُُب صاد يٍ يسزىي MDAيٍ يسزىي 

فٍ أَسدخ ديبغ انفئشاٌ انجذَُبد. ويع  mir-489-3pو mir-138-5pوTLR4 / NF-κBنًسزقجم  mRNAانزعجُش عٍ 

بداد الأكسذح نهدُُبد انًشرجطخ ثًض mRNAورًبسٍَ انسجبحخ يسزىَبد انزعجُش عٍ انُظبو انغزائٍ انكُزىٍَ رنك، سفع 

(Nrf-2  وSIRT1( واندُُبد انًشرجطخ ثبلاَشطبس )Mfn1  وMfn2( واندٍُ انًشرجظ ثبلاَذيبج )DRP-1 واندُُبد )

( واندُُبد انًشرجطخ ثسهسهخ انزُفس نهًُزىكىَذسَب Parkinو  PINK1انًشرجطخ ثبلانزهبو انزارٍ نهًُزىكىَذسَب )

(NDUFS1  وSDHC  وCOQ8A  وCOX6A2  وATP5F1A ًٍُب ف (. علاوح عهً رنك، أظهش كلا انعلاخٍُ رحس

ورًبسٍَ انسجبحخ عهً انُظبو انغزائٍ انكُزىٍَ الأَسدخ انًشضُخ لأَسدخ انًخ نذي انفئشاٌ انجذَُبد. وفٍ انخزبو، َعًم 

أثجزذ أٌ رًبسٍَ انسجبحخ اسزعبدح وظبئف انًخ انطجُعُخ نذي انفئشاٌ انجذَُبد. ويٍ انًثُش نلاهزًبو أٌ ثُبَبد هزِ انذساسخ 

 ضذ رهف انًخ نذي انفئشاٌ انجذَُبد.انُظبو انغزائٍ انكُزىٍَ أظهشد رأثُشًا أقىي يٍ 

 انسًُخ، رهف انذيبغ، انُظبو انغزائٍ انكُزىٍَ، رًبسٍَ انسجبحخ، خهم انًُزىكىَذسَب. الكلوات الذالة:


