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Abstract 

 

Background and purpose: Obesity is a public health problem and the existence of beige adipocytes has got 

interested as a potential therapeutic involvement for obesity and obesity-associated diseases. Adipose tissue 

M1 macrophage inhibition, also, has a vital role in obesity via down-regulating adipose tissue inflammation 

and the use of natural compounds such as oleic acid with exercise has been proposed. The present study aimed 

to evaluate the possible effects of oleic acid and exercise on diet-induced thermogenesis and obesity in rats.  

Experimental approach: Wister albino rats were categorized into six groups. Group I: normal control, group 

II: oleic acid group (9.8 mg/kg; orally), group III: high-fat diet (HFD), group IV: HFD plus oleic acid, group 

V: HFD plus exercise training, group VI: HFD plus exercise training and oleic acid.  

Findings/Results: Oleic acid administration and/or exercise significantly decreased body weight, TG, and 

cholesterol, as well as elevated HDL levels. Furthermore, oleic acid administration and/or exercise reduced 

serum MDA, TNF-α, and IL-6 levels, elevated the levels of GSH and irisin, increased the expression of UCP1, 

CD137, and CD206, and reduced CD11c expression.  

Conclusion and implications: Oleic acid supplementation and/or exercise could be used as therapeutic agents 

for treating obesity via its antioxidant and anti-inflammatory activities, stimulation of beige adipocyte 

differentiation, and macrophage M1 inhibition.  
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INTRODUCTION 
 

Obesity, one of the major medical problems 

of the 21st century, is an important risk factor 

for the origin of cardiovascular diseases, insulin 

resistance, and type 2 diabetes. High-fat diet 

(HFD) is a hallmark of obesity and metabolic 

diseases that have been casually associated with 

elevated circulating lipids such as non-

esterified fatty acids and triacylglycerol (1).  
White adipose tissue (WAT) is an endocrine 

organ secreting several types of adipocytokines, 

such as adiponectin, tumor necrosis factor-α 

(TNF-α), leptin, and plasminogen activator 

inhibitor-1 (2). WAT in obese subjects induced 

secretion of undesirable adipocytokines 

provoking obesity and metabolic syndrome (3). 

In addition, obese adipose tissue is famed for 

the infiltration of macrophages, which 

stimulates the formation of inflammatory 

cytokines (4). like TNF-α, interleukin (IL)-1, 

and IL-6 which have been related to mediate 

fatty acid and cholesterol synthesis via 

regulation of fatty acid synthetase and hepatic 

beta-hydroxy-beta-methylglutaryl coenzyme A 

(HMG-CoA reductase) (5). Wu et al. (6) 

reported that thermogenic adipocytes located in 

mouse WAT and named them beige adipocytes 

that were characterized by high mitochondrial 

content, these beige adipocytes elevated the 

expression of uncoupling proteins (UCPs) that 

are involved in weight loss (7).  
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Physical inactivity provokes visceral fat 
accumulation causing systemic inflammation. 
The skeletal muscle is considered an endocrine 
organ activated by exercise (8) releasing 
peroxisome proliferator-activated receptor 
gamma coactivator 1 alpha, modulating lipid, 
and inducing the fibronectin type III domain 
containing 5 gene expression which is cleaved 
and stimulates irisin hormone secretion (9). 
Irisin promotes browning of WAT and 
stimulates thermogenesis (10) resulting in an 
improvement of obesity.  

A high-fat or high-carbohydrate 
consumption leads to the accumulation of 
excess body fat, while a low incidence of 
atherosclerosis and improvement of impaired 
pancreatic β-cell secretory function have been 
associated with the intake of diets rich in 
monounsaturated fatty acids, especially oleic 
acid, 18:1(n-9) (11). Oleic acid is not found 
only in olive oil, but also in many vegetable oils 
(e.g. high-oleic varieties of soybean and 
canola), nuts, fruits, and animal products                  
(e.g. beef, pork, and eggs). Diets supplemented 
with monounsaturated oleic acid can be 
correlated with valuable outcomes on body 
structure, thereby adding to the controlling and 
inhibition of obesity. Also, a product of oleic 
acid, oleoylethanolamide, has been shown to 
decrease hunger and consequent food intake (12). 
Consequently, the purpose of this study was to 
investigate the effects of oleic acid and/or 
exercise on obesity induced by HFD and their 
effects on beige adipocytes and macrophages      

(M1 macrophages) inducing metabolic disorder 
and inflammation in obese rats. 
 

MATERIAL AND METHODS 
 

Animals 
Sixty adult male Wister albino rats (7 to 8 

weeks old, weighing 120-180 g) were 
purchased from National Research Centre, 
Egypt. They were housed in standard cages                 
(10 rats each; 25 × 30 × 30 cm cage), under 
specific pathogen-free conditions in facilities 
maintained at controlled room temperature             
(21-24 °C) with a 40-60% relative humidity, 
and under normal dark/light cycles. All animals 
had access to a rat chow diet and water ad 
libitum and were acclimated for two weeks 
prior to the initiation of the experiment. The 
animal experiments were performed according 

to recommendations in the Guide for the Care 
and Use of Laboratory Animals of the National 
Institutes of Health (NIH No. 85:23 revised 
1985) in accordance with the guidelines 
provided by National Research Centre, Egypt.  

 
Diets  

The commercial rat chow diet (balanced 
diet), containing 67% carbohydrates, 10% fat, 
and 23% protein as the energy sources (overall 
calories: 3.6 kcal/g), was purchased from El 
Gomhorya Company, Cairo, Egypt. HFD was 
composed of the following energy sources: 
36.2% carbohydrates, 44.8% fat, and 19% 
protein (overall calories: 4.6 kcal/g) (13,14).  

 
Chemicals 

Oleic acid was obtained from Merck, 
Germany.  

 
Experimental design 

The rats were divided into 6 equal groups 
(10 each). Group I: rats were given normal 
balanced chow, received saline (10 mg/kg) 
orally, for 12 weeks and served as the normal 
control group. Group II: rats were given normal 
balanced chow and received oleic acid orally 
(9.8 mg/kg) according to Gonçalves-de-
Albuquerque et al. who used 0.28 mg of oleic 
acid for mice weighing 20 g equivalent to 1.96 
mg to rat 200 mg using Paget́s scale (15) for             
12 weeks. Group III: HFD group, rats were 
given HFD and received saline orally, for 12 
weeks to induce obesity (14). Group IV: HFD-
oleic acid group, rats were kept on HFD for 12 
weeks and then received oleic acid for 6 weeks. 
Group V: HFD-exercise group, rats were kept 
on HFD for 12 weeks then underwent exercise 
training for 6 weeks. Group VI: HFD-oleic 
acid-exercise group, rats were received HFD 
for 6 weeks and then rats were received oleic 
acid orally and exercised for 6 weeks with HFD 
to the end of 12th week. 

 
Exercise program 

Rats were habituated to the swimming 

exercise during the first week in a tank filled 

with water maintained at 35 °C. Initially, rats 

swam for 15 min; this swimming time was then 

increased in 15 min increments daily until a 

swimming period of 1 h was achieved. 

Subsequently, a daily swimming period of 1 h 
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five times per week was maintained for 6 

weeks. At the end of each exercise session, 

animals were dried and kept in a warm 

environment (16). 

 
Serum and tissue preparation 

At the end of the experiment, after overnight 

fasting, rats were anesthetized in the morning, 

and blood samples were collected from retro-

orbital venous plexus by capillary tubes under 

light anesthesia using pentobarbital sodium 

(17). The blood was then centrifuged at 3000 

rpm for 15 min for serum collection. Serum was 

separated in aliquots in Eppendorf tubes and 

stored frozen at -80 °C until analysis. The 

separated serum was analyzed for estimation of 

the levels of lipid profile and oxidative stress 

markers. The visceral adipose tissues (VATs) 

were excised and dissected out and rinsed with 

PBS to remove excess blood. Parts from both 

kidneys were homogenized (MPW-120 

homogenizer, Med instruments, Poland) to 

obtain 20% homogenate that was stored 

overnight at -20 °C. The homogenates were 

centrifuged for 5 min at 5000 g using a cooling 

centrifuge (Sigma and Laborzentrifugen, 2k15, 

Germany). The supernatant was collected and 

stored at -80 °C (18) and then used for the 

measurement of inflammatory markers, irisin 

hormone, and gene expression of adipose tissue 

UCP1, and CD137.  

 
Biochemical analysis 

Estimation of lipid profile and oxidative stress 

biomarkers 

Serum triglycerides (TGs), total cholesterol 

(TC), and high-density lipoprotein (HDL) were 

determined according to Burstein et al.(1970), 

Fossati & Prencipe (1982), and Richmond W. 

(1973), respectively(19-21). 

Reduced glutathione (GSH) and 

malondialdehyde (MDA) were measured using 

kits Biodiagnostic Co., Egypt. The GSH 

estimation is based on the reduction of 5,5 

dithiobis (2-nitrobenzoic acid) (DTNB) to 

produce a yellow compound. The reduced 

chromogen is directly proportional to GSH 

concentration and its absorbance can be 

measured at 405 nm (22). The MDA estimation 

method depends on the formation of the MDA 

end product of lipid peroxidation which reacts 

with thiobarbituric acid producing a 

thiobarbituric acid reactive substance, a pink 

chromogen, which can be measured 

spectrophotometrically at 532 nm (23). 

 

Estimation of adipose contents of IL-6, TNF-α, 

and irisin 

IL-6 and TNF-α were measured by ELISA 

kits (Ray Biotech, Inc. Norcross, GA, USA) 

and irisin was measured by ELISA kits 

(MyBiosource, Inc.).  
Adipose contents of IL-6, TNF-α, and irisin 

were determined using an ELISA kit. Standards 
and samples were pipetted into wells with 
immobilized antibodies specific for rat IL-6, 
TNF-α, and irisin and then were incubated for 
30 min at 37 ℃. After incubation and washing, 
horseradish peroxidase-conjugated streptavidin 
was pipetted into the wells and incubated for                   

30 min at 37 ℃, which were washed once again. 
Tetramethylbenzidine (TMB) substrate solution 
was added to the wells and incubated for 15 min 

at 37 ℃; a color was developed proportionally to 
the amount of IL-6, TNF-α, and irisin bound. 
Color development was discontinued (stop 
solution) and after 10 min color intensity was 
measured at 450 nm (24). 

 

Quantitative real-time reverse transcription 

polymerase chain reaction analysis of UCP-1 

and CD137 in VAT 

RNA was extracted, reversely transcribed 

into cDNA and amplified by quantitative real-

time polymerase chain reaction qRT-PCR and 

then detected using agarose gel electrophoresis 

(25). Total RNA was extracted from the tissue 

using TRIzol reagent (Invitrogen, San Diego, 

California, USA). The concentration of total 

RNA was measured by absorbance at 260/280 

nm. The reverse transcription reaction for the 

first-strand cDNA synthesis was carried out 

with reverse transcriptase (Bio-Rad, Hercules, 

California, USA) using 2 μg of total RNA. RT-

PCR was initiated on Step One Plus Real Time. 

PCR system (ABI Applied Biosystems, San 

Francisco, USA) using Power SYBR green 

PCR master mix. The cycling conditions were 

as follows: 12 min at 95 °C, followed by                       

40 cycles of 15 s at 95 °C and 1 min at 60 °C. 

The expression of β-actin served as the internal 

control (26). The primers’ sequences used are 

indicated in Table 1.   
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Table 1. List of primers used in a quantitative real-time polymerase chain reaction. 

Genes Forward (5 to 3) Reverse (5 to 3) 

β-actin GCTTCTTTGCAGCTCCTTCGT ATATCGTCATCCATGGCGAAC 

UCP1 CGACTCAGTCCAAGAGTACTTCTCTTC GCCGGCTGAGATCTTGTTTC 

CD137 AACATCTGCAGAGTGTGTGC AGACCTTCCGTCTAGAGAGC 

 

Histopathological examination 

A midline incision about 4 cm in length was 

made in the abdomen, and the intra-viceral bad 

of fat (VAT) was dissected out from the base of 

the skull to the distal tibia, then fixed in 10% 

neutral formalin and routinely processed. 

Tissue sections of 5 μm thickness were cut and 

stained by hematoxylin and eosin (H&E). Ten 

sections per group were examined by light 

microscopy for evaluation of the 

histopathological alterations. The mean 

adipocyte diameter was estimated, according to 

the method of Wentworth et al. (27) with some 

modifications, in ten random high microscopic 

fields (40×).  

 

Immunohistochemical analysis 

CD68 immunohistochemical staining was 

performed for assessment of the crown density. 

While CD11c and CD206 

immunohistochemical staining were performed 

for quantification of inflammatory M1 subtype 

adipose tissue macrophages (ATMs) and anti-

inflammatory M2 subtype ATMs, respectively. 

The tissue sections were deparaffinized in 

xylene and rehydrated in ethanol. Antigen 

retrieval was performed by heating in sodium 

citrate solutions for 30 min. For blocking the 

endogenous peroxidase activity, the sections 

were immersed in 0.3% H2O2 in methanol for 

15 min. The sections were subsequently 

incubated with the primary antibodies, mouse 

anti-rat CD68 (Cat# ab53444), mouse anti-rat 

CD11c (Cat# ab11029), and Rabbit anti-rat 

CD206 (Cat# ab64693) at 4 ℃ overnight. The 

sections were then incubated with anti-mouse 

IgG3 (Dako) as the secondary antibody. The 

immune reaction was visualized using 

diaminobenzene. Finally, the sections were 

counterstained with hematoxylin. The crown 

density was assessed according to the method 

of Wentworth et al. (27). Three or more CD68-

positive cells surrounding an adipocyte are 

considered a crown. Crown density is the 

number of crowns per high microscopic power 

field (40×). On the other hand, CD11c and 

CD206 immune-stained cells were counted in 

five random high microscopic fields (40×) (28). 

 

Statistical analysis 
All the values are presented as means ± 

SEM. Comparisons between different groups 

were carried out using a one-way analysis of 

variance (ANOVA) followed by Tukey's 

multiple comparisons test. GraphPad Prism 

software, version 5 (Inc., San Diego, USA) was 

used to carry out these statistical tests. The 

difference was considered significant when                

P-values were smaller than 0.05. 

 

RESULTS 

 

Effect of exercise and/or oleic acid on body 

weight and serum lipid profile  

HFD for 12 weeks elevated body weight by 

52% in comparison with normal control rats; 

exercise, oleic acid administration, and their 

combination normalized body weight, 

furthermore, HFD-induced dyslipidemia that 

evidenced by a significant elevation of TG by 

46% and TC by 43%, and decrease in HDL-C 

by 49% as compared to normal control. On the 

other hand, exercise and/or oleic acid 

administration showed a significant reduction 

of TG by 22%, 13%, and 26%, respectively, and 

TC by 18%, 17%, and 25%, respectively, and 

an increase in HDL-C by 21%, 44%, and 57% 

as compared to HFD group. In addition, 

exercise with oleic acid administration showed 

a better significant reduction of TG and TC 

levels by 15% and 9%, respectively and 

elevation of HDL level by 9% than oleic acid 

alone (Table 2).  

 

Effect of exercise and/or oleic acid on 

oxidative stress  

MDA serum level was elevated after HFD 

supplementation by 13.45 folds and serum GSH 

activity was reduced by 62% compared to the 

normal control. Notably, exercise and/or oleic 
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acid administration successfully declined MDA 

serum levels by 57%, 54%, and 59%, 

respectively, and elevated serum GSH activities 

by 62%, 58%, and 75%, respectively, as 

compared with the HFD group. Moreover, 

exercise with oleic acid administration showed 

a better significant elevation of GSH level by 

10% than oleic acid alone (Table 3).   

 

Effect of exercise and/or oleic acid on 

inflammation 

Adipose contents of IL-6 and TNF-α were 

elevated after HFD supplementation by 2.87 

and 1.11 folds, respectively, compared to the 

normal control. Notably, exercise and/or oleic 

acid administration ameliorated adipose 

contents of IL-6 by 35%, 32%, and 50%, 

respectively, and TNF-α by 49%, 48%, and 

52%, respectively, as compared with the HFD 

group. In addition, exercise with oleic acid 

administration showed a better significant 

reduction of IL-6 levels by 26% than oleic acid 

alone (Fig. 1).   

 

Effect of exercise and/or oleic acid on adipose 

content of irisin  

HFD showed a marked reduction in adipose 

contents of irisin level by 77% compared to its 

respective control. Conversely, exercise and/or 

oleic acid administration increased adipose 

contents of irisin level by 2.49, 2.07, and 2.25 

folds, respectively, as compared with the HFD 

group. Moreover, exercise with oleic acid 

administration increased irisin more by 69% 

than oleic acid alone (Fig. 1). 

 

Effect of exercise and/or oleic acid on adipose 

tissue UCP1 and CD137 gene expression  

HFD showed a significant reduction in 

adipose tissue UCP1 gene expression by 74% 

and beige fat-specific marker CD137 gene 

expression by 97% compared to their respective 

controls. Conversely, exercise and/or oleic acid 

administration increased CD137 expression by 

20.51, 17.72, and 21.33 folds, respectively, as 

compared with HFD group. Exercise and its 

combination with oleic acid administration 

increased UCP1 expression by 1.26 and 1.29 

folds, respectively, while oleic acid 

administrated with HFD did not change UCP1 

gene expression as compared with HFD                   

group. In addition, exercise with oleic                            

acid administration showed a better                  

significant elevation of UCP1 and CD 137 by 

18% and 19%, respectively, than oleic acid 

alone (Fig. 2). 

 

Table 2. Effect of exercise and/or oleic acid on body weight and serum lipid profile. Data are expressed as mean ± 

SEM.   

Parameters 
Normal  

control 

Oleic acid  

(9.8 mg/kg) 
HFD 

HFD +  

exercise 

HFD +  

oleic acid 

HFD + 

exercise + 

oleic acid 

Body weight (g) 
123.0  

± 0.45 

127.0  

± 2.30b 

187.2  

± 5.23a 

126.0  

± 1.14b 

128.4  

± 1.86b 

123.6  

±0.68b 

Total cholesterol 

(mg/dL) 

166.29  

± 1.56 

171.70  

± 2.95b 

237.70  

± 0.79a 

193.82  

± 1.58ab 

196.50  

± 1.63ab 

179.12  

± 1.04abc 

Triglyceride 

(mg/dL) 

91.67  

± 0.88 

96.07  

± 1.50b 

133.70  

± 2.37a 

104.28  

± 1.39ab 

116.36  

± 3.28ab 

99.28  

± 0.88abc 

High-density 

lipoprotein (mg/dL) 

73.21  

± 1.25 

72.81  

± 0.91b 

37.70  

± 0.79a 

45.48  

± 1.65ab 

54.24  

± 0.29ab 

59.32  

± 0.50ab 

HFD, High-fat diet; aP < 0.05 Indicates significant differences compared to the normal control (saline); bP < 0.05 versus HFD control; cP < 0.05 
against the oleic acid group. 

 
Table 3. Effect of exercise and/or oleic acid on oxidative stress. Data are expressed as mean ± SEM.  

Parameters 
Normal  

control 

Oleic acid  

(9.8 mg/kg) 
HFD 

HFD +  

exercise 

HFD +  

oleic acid 

HFD + exercise  

+ oleic acid 

Reduced 

glutathione 

(µM/mL) 

84.81 ± 1.72 83.42 ± 1.59b 31.82 ± 0.01a 51.68 ± 1.44ab 50.44 ± 1.65ab 55.56 ± 2.05abc 

Malondialdehyde 

(nmol/mL) 
3.81 ± 0.05 3.82 ± 0.01b 55.02 ± 1.96a 23.52 ± 0.40ab  25.28 ± 1.58ab 22.36 ± 0.97ab 

HFD, High fat diet; aP < 0.05 Indicates significant differences compared to the normal control (saline); bP < 0.05 versus HFD control; cP < 0.05 

against the oleic acid group. 
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Fig. 1. Effect of exercise and/or oleic acid on adipose contents of (A) interleukin 6, (B) tumor necrosis factor-α, and (C) 
Irisin. HFD, High-fat diet; aP < 0.05 Indicates significant differences compared to the normal control (saline); bP < 0.05 
versus HFD control; cP < 0.05 against the oleic acid group. 

 
Fig. 2. Effect of exercise and/or oleic acid on adipose tissue (A) UCP1 and (B) CD137 gene expression. HFD, High-fat 
diet; aP < 0.05 Indicates significant differences compared to the normal control (saline); bP < 0.05 versus HFD control; 
cP < 0.05 against the oleic acid group. 
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Histopathology  

VAT of both control and oleic acid-

supplemented rats showed normal WAT with 

large round adipocytes, with a mean diameter 

of 66.86 ± 3.16 and 67.34 ± 2.95, respectively, 

surrounded by a thin cytoplasmic rim (Fig. 3A 

and B, respectively). Whereas VAT of the HFD 

group revealed marked expansion and 

hypertrophy of adipocytes with a mean 

diameter of 97.78 ± 1.76 which is significantly 

different from the normal control group. One of 

the most characteristic lesions demonstrated in 

this group was the presence of numerous 

necrotic adipocytes which are surrounded by 

macrophages forming a distinctive crown-like 

structure (Fig. 3C) associated with intense 

macrophage and lymphocytic cell infiltration. 

On the contrary, a marked decrease in 

adipocytes size with a mean diameter of 59.52 

± 2.29, associated with mild leukocytic cell 

infiltration was recorded in the HFD-exercise 

group (Fig. 3D). Little improvement was 

recorded in the HFD-oleic acid group in which 

the mean diameter of adipocytes was 91.40 ± 

3.11 (Fig. 3E). Pronounced amelioration with, 

mean adipocyte diameter of 58.63 ± 2.67, 

minimal macrophages and lymphocytic cell 

infiltration and sparse necrotic adipocytes were 

observed in HFD-exercise-oleic acid group 

(Fig. 3F). 

 

Immunohistochemistry 

CD68 immunohistochemical staining of 

VAT of normal control and oleic acid-treated 

groups revealed few immune stained cells with 

the mean crown intensity of 0.6 ± 0.24 and 0.8 

± 0.37, respectively (Fig. 4A and B). The crown 

intensity was significantly increased in the HFD 

group (3.8 ± 0.37) in addition to abundant 

interstitial immune stained cells (Fig. 4C). On 

the other hand, a noticeable reduction of crown 

intensity was recorded in the HFD-exercise 

group (1.4 ± 0.24; Fig. 4D). HFD-oleic acid 

group showed a mild decrease of crown 

intensity (2.0 ± 0.32; Fig. 4E). In contrast, a 

significant decrease of CD68 positive cells with 

reduction of crown intensity was recorded in 

HFD-exercise-oleic acid group (0.8 ± 0.20; Fig. 

4F) which was insignificant from the normal 

control group. 

 

 
Fig. 3. Photomicrograph of the visceral adipose tissues stained with hematoxylin and eosin of (A) control rats shows 

normal white adipose tissue with large round adipocytes, (B) oleic acid group showing normal adipose tissue, (C) HFD 

group showing numerous necrotic adipocytes surrounded by macrophages forming distinctive crown-like structure 

(arrows), (D) HFD-exercise group showing mild leukocytic cell infiltration, (E) HFD-oleic acid group showing large 

adipocytes, and (F) HFD-exercise-oleic acid group showing minimal macrophages and lymphocytic cell infiltration; 

magnification 20×. HFD, High-fat diet. 
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Fig. 4. Photomicrograph of the visceral adipose tissues stained for CD68 shows crown (arrow) and resident adipose tissue 

macrophages (arrowhead) of (A) control group, (B) oleic acid group, (C) HFD group, (D) HFD- exercise group, (E) HFD-

oleic acid group, and (F) HFD-exercise-oleic acid group. CD68 immunohistochemical staining, magnification              40×. 

HFD, High-fat diet. 

 

 
Fig. 5. Photomicrograph of the visceral adipose tissues stained for CD11c shows crown (arrow), syncytial giant cell 

(dashed arrow), and resident adipose tissue macrophages (arrowhead) of (A) control group, (B) oleic acid group, (C) HFD 

group, (D) HFD-exercise group, (E) HFD-oleic acid group, and (F) HFD-exercise-oleic acid group. CD11c 

immunohistochemical staining, magnification 40×. HFD, High-fat diet. 

 
CD11c and CD206 immunohistochemical 

staining of VAT revealed a significant increase 
of CD11c positive cells in the HFD group               
(19.6 ± 0.81), which surround adipocytes 
forming crown or aggregate in the form of 
syncytial giant cells (Fig. 5C), compared to 
normal control (3.0 ± 0.55; Fig. 5A) and oleic 
acid-treated group (4.4 ± 1.03; Fig. 5B) but 
CD206 positive cells were significantly 
decreased in HFD group (2.0 ± 0.32; Fig. 6C) 
compared to the normal control (6.2 ± 0.85; Fig. 
6A) and oleic acid-treated group (4.0 ± 0.45; 
Fig. 5B). Significant reductions of CD11c 
positive cells were recorded in HFD-exercise 

group and HFD-oleic acid group (9.6 ± 0.40 and 
11.6 ± 1.94, respectively; Fig. 5D and 5E) 
compared to HFD group. While a significant 
increase of CD206 positive cells was recorded 
in the HFD-exercise group and HFD-oleic acid 
group (3.6 ± 0.24 and 5.2 ± 0.58, respectively; 
Fig. 6D and E). HFD-exercise-oleic acid group 
revealed a remarkable decrease of CD11c 
positive cells (6.0 ± 1.26; Fig. 5F) which is 
significantly different from the other treated 
groups. Additionally, CD206 positive cells 
were markedly increased (5.6 ± 0.60; Fig. 6F) 
which was insignificantly different from the 
normal control group.  
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Fig. 6. photomicrograph of the visceral adipose tissues stained for CD206 shows positive cells at the junction of two or 

more adipocytes (arrow) of (A) control group, (B) oleic acid group, (C) HFD group, (D) HFD-exercise group, (E) HFD-

oleic acid group, and (F) HFD-exercise-oleic acid group. (CD206immunohistochemical staining, 40×. HFD, High fat diet. 

 

DISCUSSION 

 

Obesity is often associated with oxidative 

stress emergence (29). Oxidative stress is a 

candidate mediator of inflammatory and 

metabolic disease states, including obesity (30). 

Free radicals affect cell survival and damage 

cell membrane via the oxidative damage of 

lipids and protein and irreparable DNA 

alterations (31). This study demonstrated that 

HFD caused a significant increase in total 

weight gain, TG, and cholesterol, and decreased 

HDL-cholesterol, with induction of oxidative 

stress that was evidenced by increased serum 

level of MDA and GSH depletion. 

Administration of antioxidants neutralized 

cumulative damage induced by free radicals in 

the body, as in this study, oleic acid treatment 

and/or exercise reduced weight gain, TG, and 

cholesterol and increased HDL-cholesterol via 

reduction of fatty acid synthesis, triglyceride 

accumulation, and cholesterol biosynthesis 

(32,33). In addition, oleic acid treatment with 

exercise produced a significant decrease in the 

levels of MDA and an elevation in GSH activity 

when compared to obese rats. These results 

were confirmed previously as virgin olive oil is 

a source of antioxidants as monounsaturated              

fat (oleic acid) reducing the oxidative                

damage in cancer diseases provoked by 

diethylnitrosamine (34), moreover, physical 

exercise reduced oxidative stress ameliorating 

depression induced by reserpine through 

decreasing GSH levels (16). These findings 

suggested the beneficial effect of combining 

oleic acid treatment with exercise in this study 

in alleviating obesity induced by HFD. 

Obesity stimulates chronic low-degree 

inflammation and intrinsic immune system 

activation (35). Obese adipose tissue includes 

further immune cells, involving M1-polarized 

pro-inflammatory macrophages which generate 

pro-inflammatory cytokines like IL-6, TNF-α, 

and IL-1β (36). Our results exhibited that HFD 

elevated the production of TNF-α and IL-6 

from macrophages. In adipose tissue, TNF-α 

has a high correlation with the body mass index 

(37), provokes liver lipogenesis through 

degrading triacyl-glycerol in the adipocytes, 

induces hepatic very-low-density lipoprotein 

production regulating body fat metabolism 

(38). TNF-α and IL-6 levels, in the current 

study, were suppressed after oleic acid 

treatment and/or exercise that regulates adipose 

tissue inflammation via the inhibition of M1 

macrophage activity. Oleic acid, in another 

study, was able of reducing the inflammatory 

mediators in breast, ovarian, and stomach 

cancer by inhibiting intercellular adhesion 

molecule-1 expression and nuclear factor kappa 

B (NF-KB) phosphorylation (39). 

Irisin hormone has a vital role in obesity and 

is described as a myokine that induces white fat 

“browning” and thermogenesis stimulating 

UCP1 expression (40). Swimming as an 

example of exercise elevated irisin levels and 

UCP1 expression provoking white adipocytes 

browning alleviating obesity (41). In the 
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present study, HFD reduced thermogenesis as 

evidenced by decreased levels of irisin, UCP1, 

and CD137 expressions (beige adipocyte 

markers). These results are in accordance with 

the results of Tanaka-Yachi et al. (42). In this 

work, for the first time, oleic acid treatment 

with exercise elevated irisin level, UCP1, and 

CD137 expressions inducing browning and 

thermogenesis. These results suggest the use of 

oleic acid with exercise in obesity treatment. 

Concerning histopathological alterations 

and immunohistochemical investigations, our 

results revealed the expansion of visceral 

adipocytes in HFD-fed animals which is in 

accordance with the findings of a study 

conducted by Huang et al. (43). The 

hypertrophied adipocytes enhance the secretion 

of free fatty acids which cause infiltration of 

macrophages and a switch in macrophage 

phenotypes into MI subtype which is confirmed 

in CD11c immunohistochemically stained 

sections. MI subtype ATMs produce pro-

inflammatory cytokines such as IL-6 (44). 

Adipocyte necrosis demonstrated in the HFD 

group is attributed to reactive oxygen species 

produced by M1 subtype ATMs (45). 

Additionally, increased adipocyte size with 

subsequent dysfunctional adipose tissue (46) is 

correlated with increased crown density and 

increased M1 subtype ATMs confirming the 

macrophages phenotypic shift. The crown is a 

dead adipocyte that is surrounded by a cluster 

of macrophages mostly CD11c subtype as 

confirmed in the present study and reported by 

another study (47). Moreover, CD11c subtype 

macrophage plays a vital role in glucose 

intolerance and metabolic disorder as 

confirmed by Shaul et al. (48). On the other 

hand, a significant decrease of CD206 positive 

cells in the HFD group denotes decreased M2 

macrophages that produce anti-inflammatory 

cytokines and inhibit the inflammatory 

response (49). Shiomi and Watanabe showed 

that M1 macrophages treated with oleic acid 

were smaller than M1 macrophages                  

activated by lipopolysaccharide (50). Our 

histopathological study indicated that oleic acid 

treatment and/or exercise significantly 

attenuate the pathological alterations in the 

HFD group and ameliorate obesity via a 

significant reduction of adipocyte size and 

crown-like structure relying on its potent anti-

inflammatory and antioxidant properties.  

 

CONCLUSION 

 

Oleic acid treatment with exercise has 

proven to be efficient in the treatment of obesity 

through its inhibitory effect on macrophages 

M1 producing inflammatory cytokines, 

reducing oxidative stress, and inflammation as 

well as stimulating beige adipocyte 

differentiation that leads to overexpression of 

irisin, UCP2, and CD137 in obese rats.  
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