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The current study aimed to evaluate the role of cerium oxide nanoparticles (C-1), a potent antioxidant, 
in the medication of cardiovascular disease in obese animal model. C-1 was prepared using a modified 
sonication sol-gel method. Thirty-two adult male rats were equally divided into 4 groups (n=8/each). 
The first (control) and second (obese) groups are not treated while the obese rats in the third and fourth 
groups were given 15 and 30 mg/kg C-1(IP), respectively, for 8 weeks. Parameters of insulin resistance, 
adipocyte hormones, inflammatory markers, lipid profile, cardiac enzymes and cardiac iron content 
(C-Fe) were estimated. Moreover, histological study and immunohistochemical stain for inducible nitric 
oxide synthase (INOS) for cardiac and aortic tissues were performed. The XRD patterns of C-1 showed 
narrow symmetric diffraction peaks. The particle diameters were calculated from the TEM histogram 
(21.09 nm) and the Debye-Scherrer Method (20.74 nm) which were very similar. Using the most intense 
peak (28.47◦), structural parameters were calculated including nano-crystallite size, Micro-strain, 
Lorentz factor, Thomson polarization parameter, and Lorentz polarization parameter. BET was used 
to calculate The total surface area (ST ), and specific surface area (SBET ). The XPS survey spectrum of 
C-1 showed peaks for C-1s, O-1s and Ce-3d. The treatment of obese rats with C-1 led to a significant 
decrease in body weight, C-Fe , plasma leptin, tumor necrosis factor-alpha (TNFα), interleukin-6 (IL6), 
C-reactive protein (CRP), resistin, cholesterol, triglycerides, low-density lipoprotein (LDL), Troponin, 
Creatinine Kinase-MB (CK-MB), lactate dehydrogenase (LDH), and malondialdehyde (MDA) in cardiac 
tissue or in plasma. Also, C-1 lowered plasma monocyte chemoattractant protein-1 (MCP-1), Epithelial 
Neutrophil-Activating Peptide (ENA-78), and insulin and glucose levels in obese rats. Furthermore, 
C-1 alleviated the increase of cardiac iNOS. Moreover, C-1 mitigated pathological changes of cardiac 
muscle and aorta observed in obese rats. On the other hand, C-1 enhanced adiponectin, cardiac 
glutathione (GSH) and superoxide dismutase (SOD) in obese rats. The effect of C-1 is dose-dependent ( 
30 mg/kg of C-1 is more evident than 15 mg/kg). The modified synthesis method may lead to a smaller 
particle size than that reported in our previously reported work. The XRD patterns of C-1 indicate its 
cubic structure with space group F m -3 m (225) which was matched by code id 4343161 from COD. 
The Raman spectrum of C-1 indicates the absence of rearrangement oxygen atoms, the presence of 
oxygen in its fluorite lattice positions, and the oxygen vacancies in C-1 and the Ce vibration model (F2g). 
The presence of ten peaks in the high-resolution Ce-3d XP spectrum indicates the existence of both 
Ce3+ and Ce4+. C-1 showed therapeutic efficacy in atherosclerosis and cardiac muscle abnormalities 
associated with obese rats, probably because of their antioxidant and anti-inflammatory properties, 
which lead to lowering oxidative stress.
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Obesity is a multifactorial disease related to many complications as dyslipidemia, type 2 diabetes, insulin 
resistance,hypertension, and cardiovascular disease(CVDs). Notably, abdominal obesity, gauged through metrics 
like waist circumference and visceral adiposity, stands out as a key indicator of heightened susceptibility to CVDs. 
The onset of obesity globally has resulted in widespread impacts on cardiovascular health, necessitating the need 
for better prevention and assistance. Increased levels of cholesterol, high blood pressure and coronary artery 
disease are more prone among people who are overweight and obese1,2. There are two kinds of pathways that have 
roles in insulin resistance development. One is the inflammatory one, while the other is not. Resistance to insulin 
hampers the metabolism of lipids and carbohydrates in the body. This will cause an increase in fats and make 
some processes unbalanced. The triggering of insulin resistance eventually leads to an inflamed environment by 
increasing specific cytokines such as leptins, TNFα and IL6 . The many harmful impacts of insulin resistance 
are highlighted through this complex series on the cellular and molecular machinery important for controlling 
metabolism and inflammation3–5. The resistance of the cells to insulin supply leads to the clustering of platelet 
cells and raises chemical levels that promote cell coagulation6. Adiponectin and leptin are two important factors 
that greatly impact cardiovascular health. It’s interesting to note how the data points establish a strong correlation 
between these two levels and the occurrence of coronary artery disease. Syndromes of this sort are bonded with 
decreased levels of adiponectin and an increased level of leptin. Adipokines can also be used as markers to 
identify and treat coronary artery diseases among patients due to the effects of adipose tissue on cardiovascular 
health. This highlights the importance of these pathways within this system7,8. Diseases that are surely associated 
with obesity, such as CVDs, might occur within the body due to unbalanced levels of radicals and reactive oxygen 
species by the antioxidizing tool9. A high-fat diet leads to reactive oxygen species production by oxidative stress. 
Atherosclerosis is caused due to lipid peroxidation and accumulates over time10. Research has demonstrated that 
consuming a diet rich in fat leads to an upregulation of nitric oxide synthase (iNOS) or the synthesis of nitric 
oxide (NO) in many circumstances, particularly in the bloodstream11, hepatic cells12, and cardiac tissue11,13. It is 
well known that NO generated by iNOS plays a crucial role in the pathophysiology of metabolic dysfunction that 
is caused by obesity14. Experimentally, it has been proven that NO produced by iNOS plays a role in the process 
of endothelial dysfunction, which has been demonstrated via many different experiments15.

There is increasing attention for research on cerium, which is a rare-earth element that is a member of the 
lanthanide family, because cerium may decrease inflammation in both in vitro and in vivo settings and because 
it has antioxidant properties16,17. Keeping a healthy balance between oxidation and anti-oxidation is thought 
to be important for the functioning of biological systems. Endocytosis was found to be the process by which 
cerium oxide nanoparticles (CeO2NPs) were taken in and spread out in endothelial cells. This kept the cells 
safe from oxidative damage. This was found through earlier research. CeO2NPs are thought to counter the 
hydrogen peroxide-induced oxidative stress and apoptosis, making them much less severe18. CeO2NPs protect 
against the development of cardiovascular diseases linked inflammation and oxidative stress. It’s possible that 
CeO2NPs’ positive effects are linked to their natural ability to make antioxidants. These results show that CeO2 
nanoparticles might be useful as a treatment for heart problems and keep the heart functioning well19. It is 
commonly accepted that the dual oxidation state of CeO2NPs is the most well-known mechanism underpinning 
their function20. The scientific community is very interested in cerium and its oxides. This includes physics, 
chemistry, biology, and material sciences, among others. The unique properties that set cerium and its oxides 
apart from other elements come from the fact that they have empty spaces in their valence shells, especially in 
the 4f and 5d orbitals. The presence of these vacancies is affected by the chemical environment. This is one of the 
reasons why cerium compounds are complex and have multiple properties21. In contrast, there is a striking lack 
of information about CeO2NPs being helpful for heart disease. This lack of knowledge is even more severe in 
overweight animals. The research now wants to check how well C-1 medicine works in treating the heart disease 
of overweight rats.

Therefore, the target of the present study is the appreciation of the therapeutic role of current synthesis CeO2
NPs (C-1) for combating cardiovascular disease in obese rats via the evaluation of oxidative stress parameters, 
insulin resistance, inflammatory markers, adipocyte hormones, and chemoattractant protein. We also assess 
iNOS in cardiac and aortic tissues. We believe that this comprehensive understanding of the complete picture of 
C-1 could be helpful for this type of setup that may lead to cardiovascular abnormalities.

Materials and methods
Material
Ce(SO4)2 · 4H2O, KOH and PEG (polyethylene glycol (8000 LR)) were purchased from Sigma Aldrich (USA). 
All used chemicals were either HPLC analytical grade or high analytical grade.

Synthesis of C-1
C-1 was synthesized using the sonication-sol-gel method22,23. 150 mL DD (double distilled water) containing 
15 g cerium(IV) sulfate tetrahydrate (Ce(SO4)2 · 4H2O, 37.10 mmol) was added to 100 mL DD containing 2.5 
g potassium hydroxide pellets (KOH, 44.56 mmol) and then added to PEG solution (240 mL DD, 1 g of PEG) 
under sonication for 30 min. The mixture was put under stirring (1000 rpm) at 80◦C. The resulting solution 
was completely dried before being crushed into granules. The resulting powders were then crushed after being 
calcined at 650◦C for four hours in an air environment in a furnace. The resulting powder was washed several 
times with DD and dried (@ 100◦C) in an air environment in a furnace.
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Experimental techniques
The structural, crystallite size of the sample was investigated using X-ray diffraction. The XRD patterns were 
obtained from X’pert PRO diffractometer with a Cu-radiation (λ = 1.542Å) at 45 K.V. and 35mA over the 
range of 2θ = 2◦ − 60◦ and the average size of the crystallites was calculated by Debye-Scherrer equation. 
HR-TEM was carried out using the TEM model JEOL 2100 LB6 transmission electron microscope at the 
National Research Center, Cairo, Egypt. XPS was collected on K-ALPHA (Thermo Fisher Scientific, USA) with 
monochromatic X-ray Al K-alpha radiation -10 to 1350 e.v spot size 400 micro m at pressure 10-9 mbar with full 
spectrum pass energy 200 e.v and at narrow spectrum 50 e.v. ImageJ was used on TEM to obtain histogram data. 
Sonication condition: direct immersion, ultrasonic vibracell, 20 kHz, 50 % of 550 wt., temperature below 80◦

C. The methods for measuring surface area are based on gas absorption according to Brunauer-Emmet-Teller 
(BET) method and non-local density functional theory (NL-DFT) for cylindrical pores was applied to evaluate 
the pore size distribution (PSD). N2 sorption analysis was carried out to obtain the BET surface area (SBET ). 
N2 physisorption experiments were carried out using the BELSORP MAX, Japan, surface area, and pore size 
analyzer.

Experimental protocol
Thirty-two adult male Wistar rats (aged 10 weeks and weighing between 140 and 165 g) were chosen from the 
Animal House of the National Research Center in Egypt. The rats were accommodated in a stable environment 
(room temperature of 25◦, 12-h light/dark cycle), and given free access of food and water. The animals were 
left for one week for adaptation. The animal experiments were executed in conformity with instructions for the 
Care and Use of Laboratory Animals in the National Research Centre and Medical Research Ethics Committee 
(MREC, Ethics number: 20195).

The experimental design included eight rats designated as the control group. The remaining rats were 
subjected to a high-fat diet along with water containing 25 % sucrose for a duration of 16 weeks to induce obesity. 
The composition of the high-fat diet comprised carbohydrates (42.3 %), protein (17 %), fat (22.50 %), fiber (3.2 
%), minerals (5 %), and moisture (10 %). Rats in the control group were fed a standard chow pellet without any 
dietary manipulation. The rats were fed ad libitum and each of the 4 rats were housed in a cage. The body weight 
of each rat was measured once a week. At the beginning of the treatment of rats, we provided each cage with 
same quantity of diet (100 g). This experimental setup aimed to establish an obese rat model for subsequent 
investigations into the effects of obesity and potential therapeutic interventions. The rats were separated into 4 
groups, each contains 8 rats: -

•	 Group 1: The normal rats as a control.
•	 Group 2: The obese group administered IP in the same volume of vehicle (water).
•	 Group 3: Obese rats injected with 15 mg/kg C-1 IP injection for 56 days.
•	 Group 4: Obese rats injected with 30 mg/kg C-1 IP injection for 56 days.C-1 had a size of around 21 nm. C-1 

dosages used were in accordance with Morbidi et al. (2018)’s experimental study24. C-1 was suspended in 
deionized water and dispersed with the aid of a sonicator. The Animal Care and Use rules from the National 
Research Center in Egypt were followed, along with any other steps that were suggested, when working with 
the animals in the study. Approved By the National Research Center’s Medical Research Ethics Committee 
No.19218, animal handling was carried out according to recommendations and under Animal Care and Use 
of National Research Centre regulations in Egypt and in accordance with the guidelines of the American Vet-
erinary Medical Association (AVMA). Anesthesia was given to all animals that were going to have surgery, 
and great care was taken to make sure they were in as little pain or suffering as possible. Ethical concerns, 
following the rules, and using anesthesia showed that the researchers cared about the welfare and humane 
care of the animals used in the studies. All experiments on living animals were performed under the roles and 
regulations of the Animal Research: Reporting of In Vivo Experiments (ARRIVE) and the American Veteri-
nary Medical Association (AVMA) Guidelines for the Euthanasia of Animals (2020)

Anthropometric measures
Rats’ Body Mass Index (BMI) may be computed using the following formula, which takes into account their 
height and weight:

	
BMI = body weight (g)

Squared height (cm2) .� (1)

The BMI values and waist circumference were measured as part of the rats’ physical evaluation. This method 
gives us a way to measure the relationship between height and body weight in the rats we are studying. This helps 
figure out what the rats’ body composition is like and if there are any links to the way the experiment was set up, 
like a high-fat diet or other changes.

Samples
All groups of rats had a 12-h fast at the end of the treatment period. Xylazine (20 mg/kg IP) and Ketamine (50 
mg/kg IP) were used in animal anesthesia. Heparinized tubes were used to collect blood samples from a tail 
vein, and Eppendorf tubes were used to retain the separated plasma at -80° for further biochemical analysis. 
The animals were immediately killed by cervical dislocation, and the aorta and heart were removed after blood 
collection. To produce a homogenate, a particular weighted section of the heart was homogenized with ice-
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cooled saline (0.9 percent NaCl). Using a cooling centrifuge from “Laborzentrifugen, Sigma, Germany”, the 
homogenate was centrifuged for 10 minutes at 5◦C at 3000 rpm. After that, the supernatant was used for a 
number of analyses. A portion of the heart and aorta were simultaneously and quickly fixed in 10 % neutral 
buffered formalin. After the tissues were fixed, they were made ready for light microscopy by cutting paraffin 
slices into 5 µm thick pieces. Hematoxylin and eosin (H&E) were used to check the histological features . Some 
heart and aorta slices were also subjected to an immunohistochemistry study.

Determination of iron in tissues
The method described by Imeryuz et al.25 was used to measure the iron levels in heart and fat tissues . 60 % 
perchloric acid and then 60 % nitric acid were used to treat one gram of tissue for thirty minutes together. After 
that, the samples were spun at 3000 g for 12 min25. Using a graphite furnace atomic absorption spectrophotometer, 
the non-heme iron content of the supernatant was measured after it had been diluted with deionized water. It was 
measured in mg of non-heme iron per gram of tissue mass, which gave the results. Comparing and measuring 
the amounts of iron in heart and fat tissues using this method is a reliable way to find out what effects iron levels 
have in these specific biological settings.

Plasma and cardiac oxidative stress parameters
The amounts of MDA , SOD, and GSH were assessed in plasma and heart samples using Biodiagnostic kits 
from Cairo, Egypt, and colorimetric tests. A colorimetric method was used to find MDA, which is a sign of lipid 
breakdown. In the test, MDA mixed with a certain substance to make a chromophoric product. The strength of 
this product could be measured using spectrophotometry. A colorimetric method was used to measure SOD, an 
enzyme that helps protect cells from free radicals. Stopping an event linked to superoxide radicals could be part 
of the process. The drop in color intensity would show how active SOD is. Colorimetric research was also used to 
check the GSH, which is a very important antioxidant for cells. The test involves GSH combining with a certain 
chemical to make a colored molecule, with the amount of GSH affecting how bright the color is.

Plasma inflammatory markers
ELISA was used to find out how many of several biomarkers were present. These included TNFα , IL6 , CRP , 
Resistin, ENA78 (epithelial neutrophil-activating protein 78), and MCP-1 (monocyte chemoattractant protein-1). 
Sunlong Biotech Co., Kit, in Hangzhou, China, sold the ELISA kits that were used for these measurements.

Proteins can be found and measured in ELISA using special antibodies. Antibodies and detecting chemicals 
are added after the target protein is stuck to a stable surface, like a microplate. After the color changes, which 
shows how much of the target protein is in the sample, the measurement can be very accurate and sensitive.

Plasma biomarkers for myocardial function
A kit from Hangzhou, China-based Sunlong Biotech Co. was used to test the troponin using the immunoassay 
method. When it comes to immunoassays, antibodies are often used to find and measure certain proteins in a 
sample. Troponin shows how healthy the heart is. We used chemicals from the German company Centronic-
gmbh Wartenberg, Germany, to measure the kinetic activity of LDH and CK-MB enzymes, which are used to 
indicate the health of heart tissues.

The adipocyte hormones and lipid profile
The immunoassay approach was used to measure the plasma levels of adiponectin and leptin (ELISA, Sunlong 
Biotech Co. Kit, Hangzhou, China). The Salucea Company, located in Haansberg, Netherlands, produced the 
colorimetric kits used to measure cholesterol, triglycerides, HDL, and LDL levels. The equation: TG/HDL-C, 
was used to compute the atherogenic index.

Higher values of this index, a computed measure that may give insight into the risk of atherosclerosis 
development, indicate an increased risk. For these crucial metabolic and cardiovascular indicators, complete 
use of immunoassay and colorimetric techniques using commercial kits from respectable vendors guarantees 
standardized and trustworthy readings.

Insulin resistance parameters
Colorimetric measurement of blood glucose was conducted using the Salucea Company Haansberg, Netherlands, 
kit instructions. As directed by Sunlong Biotech Co. Kit, an immunoassay (ELISA) was used to measure plasma 
insulin (Hangzhou, China). The following formula was used to determine the insulin resistance index: -

	
(HM − IR) = fasting glucose (mg/dl) x fasting insulin (mIU/ml)

405 .� (2)

Higher values in this index indicate a greater resistance to the effects of insulin, and it serves as an estimate of 
insulin resistance.

Histopathological studies
After being excised, the tissue specimens from the abdominal and cardiac aortas were carefully cleaned by normal 
saline to remove any blood and immediately placed in buffered neutral formalin. The specimens were fixated 
for twenty-four hours, and then they were processed normally to produce paraffin blocks. These paraffin blocks 
were then carefully sectioned into slices that were about 4–5 µm thick. After that, several staining methods 
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were applied to the sections to improve characterization and visibility. Also, Orcein and Gomori’s Trichrome 
were used for staining, following the method that Bancroft and Gamble came up with. These staining methods 
shed light on the shape and make-up of cells, connective tissue, and other parts of the tissue26. This detailed 
histological method lets us look closely at the heart and abdominal aorta tissues. This lets us look into changes in 
structure, cellular shape, and any abnormal changes that might be important to the study goals.

Immunohistochemical studies
This study used the avidin-biotin-peroxidase method (DAB, Sigma-Aldrich, St. Louis, USA) to find iNOS 
expression in heart samples from all the groups. A diluted iNOS monoclonal antibody from Dako Corp in 
California, USA, was mixed with paraffin slices. This was done along with the avidin-biotin-peroxidase 
procedure’s suggested tools (Vactastain ABC peroxidase kit, Vector Laboratories, New Jersey, USA). Colored 
chromagen 3,3-diaminobenzidine tetrahydrochloride (DAB, Sigma-Aldrich, St. Louis, USA) was used to 
see the marker expression. We used image analysis software (Image J, 1.46a, NIH, USA, Maryland, USA) to 
measure the optical density of the positive brown color in 5 tiny fields. A score was given for the level of leptin 
expression in periaortic fat in white adipocytes with only one eye, brown adipocytes with many eye cells, and 
differentiated adipocytes: leptin negative (0), mildly positive (I), positive (II), and highly positive (III) (III). The 
current study used the avidin-biotin-peroxidase method to find iNOS expression in heart samples without using 
immunohistochemistry. The chromagen 3,3-diaminobenzidine tetrahydrochloride (DAB) and other chemicals 
needed for this method were bought from Sigma Chemical Co. The antibody used was a monoclonal one against 
iNOS from Dako Corp. in California, USA. It was diluted 1:200. The staining process involved putting wax slices 
in a container with the iNOS monoclonal antibody and the recommended avidin-biotin peroxidase kit from 
Vector Laboratories in New Jersey, USA. The chromagen DAB was then used to see how much of the iNOS 
marker was present. A computer program called Image J, 1.46a, from the NIH in Maryland, USA, was used to 
measure the optical density of the positive brown color in five tiny areas. The immunohistochemical approach, 
along with quantitative analysis, allows for the assessment of iNOS expression in cardiac tissues.

Aortic morphometric study
The thickness of the tunica intima, media, and adventitia in the tissue samples was quantified using image 
analysis software, specifically Image J (version 1.46a, NIH, Maryland, USA). Image J is a widely used software 
for digital image processing and analysis. The use of image analysis software enhances objectivity and precision 
in measuring tissue dimensions, contributing to the reliability and reproducibility of the results obtained from 
the histological analysis of the vascular structures.

Statistical analysis
The variability of the results is represented as the mean ± standard error of the mean (SEM). The standard 
deviation of the data was evaluated using the Brown-Forsythe Test, and the normality was assessed with the 
Shapiro-Wilk test. The data meeting these criteria were assessed using one-way ANOVA and subsequently ranked 
with Tukey-Kramer post hoc multiple comparison. If the data did not meet the aforementioned criteria, their 
median value was displayed and was analyzed using the Kruskal-Wallis test and Dunn’s multiple comparison.

Results
C-1
The XRD patterns of C-1 (Fig.  1b) showed slightly broad symmetric diffraction peaks at 
28.52◦, 32.97◦, 47.40◦, 56.19◦, 58.94◦, 69.17◦, 76.52◦, and 78.86◦. The cell parameters are a = b = c = 5.42 Å 
and α = β = γ = 90◦, respectively. The particle diameters distributions were calculated from the TEM histogram 
data, Fig. 1f. The average particle diameters are about 21.09 nm while that calculated using the Debye-Scherrer 
Method was 20.74 nm. Using the most intense peak (28.52o), structural parameters were calculated including 
Micro-strain (V = 6.85 x 10-3ϵ), Lorentz factor (Lf= 4.25), Thomson polarization parameter (TPp= 0.89), and 
Lorentz polarization parameter (LPp= 30.13). The XPS survey spectrum of C-1 showed multiple peaks at 902.45, 
533.99, and 290.62 eV. The high-resolution (HR) O-1s XP spectrum shows three peaks at 530.85, 534.52, and 
537.11 eV while HR Ce-3d XP spectrum shows ten peaks at 883.37, 886.58, 890.06, 893.24, 899.12, 902.28, 
905.73, 910.7, 916.58, and 920.26 eV. The HRTEM image, Fig. 1d shows clear (1 1 1), (2 0 0), and (2 2 0) planes. 
BET isotherm (Fig. 1g) of C-1 was used to calculate SBET  (145.78 m2), while the pore size distribution analysis 
(pdn) (Fig.  1g) indicated a mean pore diameter (Mpd) of 10.38 nm. The Raman spectrum (Fig.  1c) of C-1 
showed doublet (at 454.93 and 461.07 cm−1) , three peaks in 553.68–606.12 cm−1 region and a peak at 1167.85 
cm−1.

Effect of C-1 on anthropometric measures and visceral adipose tissue weight
As shown in Fig.  2 group 2 displayed a significant increase in body weight, body mass index (BMI), waist 
circumference (WI), and visceral adipose tissue (VAA) by 53, 43, 25 and 334 % compared to group 1. On the 
other hand, rats treated with C-1 (15 or 30 mg/kg) showed a diminution in body weight, BMI, WI, and VAA 
by 13, 16, 8, and 46 % for group 3 and 23, 21, 18, and 61 % for group 4 compared to group 2. Regarding the 
correlation analysis Fig. 3 there was a positive correlation between BMI and MDA, MCP-1, LDH, and CK-MB. 
On the otherhand, there was a negative correlation between BMI and GSH. A significant difference was noted 
between group 1 and treated rats (group 3 and 4) in the values of BMI, body weight, and circumference but the 
values of visceral fat weight showed no significant difference.
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Effect of C-1 on plasma lipid profile and adipocyte hormones
Group 2 experienced a rise in total cholesterol, triglycerides, LDL, and leptin by 145, 111, 325, and 101 % 
compared to group 1 (Fig. 4). On the contrary, the administration of C-1 hindered the rise of total cholesterol, 
triglycerides, LDL, and leptin by 48, 35, 62 and 37 % for group 3, and by 57, 58, 78 and 56 % for group 4 

Figure 1.  a: XPS spectra of C-1, b: (a) XRD diffractogram of C-1, (b) COD:1562989, (c) Expantion (20–40) of 
XRD diffractogram of C-1, (d) Expantion (20–40) of XRD diffractogram of (A-1)23, c: Raman spectrum of C-1, 
d: HRTEM image of C-1, e: TEM image of C-1, f: Particle diameters distributions, g: N2 sorption isotherms 
and corresponding pore size distributions of C-1.
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compared to group 2. In a similar manner, group 2 suffered from low levels of HDL and adiponectin by 83 and 
75 % compared to group 1. However, the C-1 increased the HDL and adiponectin levels by 8.1 and 3.7-fold for 
group 3 and 8.2 and 4-fold for group 4 compared to group 2. Also, C-1 treatment in group 3 and 4 mitigates the 
increase in atherogenic index (TG/HDL). The levels of total cholesterol, adiponectin, leptin, and atherogenic 
index (total cholesterol/HDL) in group 3 and 4 did not change significantly relative to group 1 values.

Effect of C-1 on the iron content of Cardiac and adipose tissue of obese rats
Group 2 showed high iron contents of adipose and cardiac tissue by 4.5 and 1.9-fold compared to group 1 
(Fig. 5). On the other hand, C-1 reduced the iron contents of adipose and cardiac tissue by 39 and 17 % for group 
3 and by 51 and 29 % for group 4 compared to the obese rats. The values of Iron content in groups 3 and 4 are 
higher than that of group 1 but lawer than that the value found for group 2.

Effect of C-1 on the oxidative stress of plasma and cardiac tissue of obese rats
Group 2-evoked oxidative stress which manifested by a rise in the MDA content of the plasma and cardiac tissue 
by 9.3 and 3-fold, as well as a reduction in the cardiac or blood GSH by 65 and 84 % compared to the group 1 
(Fig. 6). Moreover, cardiac SOD level decreased significantly in group 2 by 58 % ,while it elevated significantly in 
plasma by 53 %. Counter wise, treatment with the C-1 (groups 3 and 4) retracted the oxidative stress established 
by a rise in the GSH by about 3-fold in the plasma and by about 2-fold in the cardiac tissue, along with an 
increased cardiac SOD activity by 2.4-fold and about 8-fold compared to the group 2. Also, the C-1 (15 or 30 mg/
kg) decreased the MDA level by 85 and 91 % in the plasma and by 39 and 61 % in the cardiac tissue compared 
to group 2. Cardiac or plasma GSH,SOD, and MDA content of group 4 did not change significantly relative to 
group 1 values

Figure 2.  Effect of C-1 on anthropometric measures and visceral adipose tissue weight of obese rats. Each bar 
represents the mean of 8 animals ± se. Statistical analysis was performed using one-way ANOVA followed by 
Tukey-Kramer multiple comparisons test. (⋆ vs control group(group 1), @ vs obese group(group 2) ) at p < 
0.05.
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Effect of C-1 on the Cardiac biomarker of obese rats in plasma
Group 2 induced changes in cardiac biomarkers manifested by high activity of LDH CK-MB and troponin-1 by 
3.8, 2.6 and 9.3-fold compared to the group 1 (Fig. 7). However, the treatment with C-1 (groups 3 and 4) showed 
lower LDH activity by 37, 64 and 72 % as well as lower CK-MB by 34, 36 % and 80 % than group 2. Plasma 
troponin, and CK-MB levels of group 4 did not change significantly relative to group 1 values

Effect of C-1 insulin resistance parameters of obese rats
As shown in Fig. 8, group 2 derangement in glycemic rats manifested by elevated glucose, insulin, and insulin 
resistance index by 3,1.9 and 8.6-fold compared to the group 1. Meanwhile, the C-1 (15 or 30 mg/kg) decreased 
the glucose, insulin, and insulin resistance index by 53, 47, and 75 % for group 3 and 78, 51, and 83 % for the 
group 4 compared to group 2. No significant difference was noted between groups 3,4 and group1 in all insulin 
resistance parameters.

Effect of C-1 on the plasma inflammatory markers of obese rats
group 2 suffered from increased levels of ENA-78, MCP-1, and resistin, by 5.3, 1.6, and 4, compared to group 1 
(Fig. 9). On the other hand, the administration of C-1 (15 or 30 mg/kg) countered this elevation by 48, 25, and 
49 % for group 3 and by 75, 35, and 73 % for group 4 compared to group 2. Similarly, group 2 underwent an 
elevation in the content of CRP, TNFα and IL6 by 3.2, 2.8 and 2.1-fold compared to group 1. Counter wise, the 
administration of C-1 (15 or 30 mg/kg) reduced the cardiac CRP, TNFα and IL6 by 65, 48 and 51 % for group 3 

Figure 3.  Correlation between BMI and some oxidative parameters and cardiac biomarkers.
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Figure 5.  Effect of C-1 on the iron content of cardiac and adipose tissue of obese rats.Each bar represents the 
mean of 8 animals ± se. Statistical analysis was performed using one-way ANOVA followed by Tukey-Kramer 
multiple comparisons test. (⋆ vs control group(group 1), @ vs obese group(group 2) and # vs Nano cerium 
oxide (15 mg/kg, group 3)) at p < 0.05.

 

Figure 4.  Effect of C-1 on plasma lipid profile and adipocyte hormones of obese rats. Each bar represents the 
mean of 8 animals ± se. Statistical analysis was performed using one-way ANOVA followed by Tukey-Kramer 
multiple comparisons test. (⋆ vs control group(group 1), @ vs obese group(group 2) and # vs Nano cerium 
oxide (15 mg/kg, group 3)) at p < 0.05.
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and by 74, 73 and 57 % for the group 4 compared to group 2. The inflammatory adipokines level of group 4 did 
not change significantly relative to group 1.

Histological study
The abdominal aorta of control rats showed the normal histological structure of all its tunicae layers: intima 
(TI), media (TM) and tunica adventitia (TA) without any histological alterations (Fig. 10. Ia). In obese rats, their 
aortae displayed marked histological changes and marked thickening of their walls with prominent reduction 
in the elastic fibers in all tunicae. The intimal layer revealed irregularity; its endothelial linings showed swelling, 
cytoplasmic vacuolation, and focal desquamation. The TM was severely expanded and showed swelling and 
degeneration of its muscle fibers with their splitting by an obvious atherosclerotic plaque of mononuclear 
inflammatory cells, foamy macrophages, free RBCs, (Fig. 10. Ib) and Small foci of granulation tissue (Fig. 10. 
Ic). Many lipophages (foam cells) were evident (Fig. 10. Id) along the medial layer. The later alterations were 
conspicuously reduced with the administration of C-1 at low (Fig. 10. Ie) and high (Fig. 10 If) doses, particularly 
in the later dose group, which showed significant improvement in the histological changes. Only a few 
inflammatory cells were observed scattered and infiltrating the TM with variable degrees of adventitial edema 
with a profound reduction in the aortic tunicae thickening observed

There is a notable increase in the thickness of both the tunica media and adventitia in the aorta of obese rats 
(Fig. 11a, b). However, a noteworthy and dose-dependent reduction in this thickening is observed in groups 
of rats treated with C-1 (Fig. 11a, b). The data indicates a clear relationship between the dosage of C-1 and the 
mitigation of aortic thickening in treated rats. Each bar in the representation signifies the mean value, providing 

Figure 6.  Effect of C-1 on oxidative stress parameters in plasma and cardiac tissue of group 2. Each bar 
represents the mean of 8 animals ± se. Statistical analysis was performed using one-way ANOVA followed by 
Tukey-Kramer multiple comparisons test. (⋆ vs control group(group 1), @ vs obese group(group 2) and # vs 
Nano cerium oxide (15 mg/kg, group 3)) at p < 0.05.
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a comprehensive view of the dosage-dependent impact of C-1 on reducing the observed thickening in both 
the tunica media and adventitia of the aorta in obese rats. This underscores the potential efficacy of C-1 in 
addressing vascular alterations associated with obesity.

Additionally, there was a significant restoration of the elastic lamellae to an almost control-like structure, 
particularly in the high-dose group. The examination of the cardiac muscles of control rats revealed normal 
histological structure, orientation, and striation (Figure 10. IIa). Examination of cardiac muscles of obese 
rats showed marked myofibers’ degenerative changes, which appeared as marked swelling, vacuolation, and 
scattered hypereosinophilia, (Fig. 10. IIb). Loss of striation was evident together with muscle fragmentation, 
granularity of the sarcoplasm, apoptotic cells, and increased inter-muscular fat was also noticed (Fig. 10. IIc). 
Infiltration of macrophages was seen sometimes in a focal manner phagocytosing the debris. The coronary 
vessels in the vicinity showed perivascular edema, medial thickening with vacuolization and edema (Fig. 10. 
IId) with sometimes focal fibrinoid necrosis. The administration of C-1 significantly restored the integrity of 
the cardiomyocytes in both the low (Fig. 10. IIe) and high (Fig. 10. IIf) dose groups, particularly with the later 
dose administration. Only, mild degenerative changes and scattered muscular eosinophilia and necrosis with an 
obvious restoration of the vascular pathology.

Immunohistochemical stain for iNOS expression
The administration of C-1 resulted in significantly increased expression of iNOS in the aortic walls as well as in 
the cardiac muscles (Fig. 12. I & II) of obese model rats as presented in particularly in the group 4 administrated 
rats.

Discussion
The C-1 XRD diffraction peaks at 28.52◦, 32.97◦, 47.40◦, 56.19◦, 58.94◦, 69.17◦, 76.52◦, and 78.86◦ may be 
indexed to (1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2), (4 0 0), (3 3 1), and (4 2 0) respectively for cubic structure of 
CeO2 with space group F m -3 m (225) which was matched by XRD reference codes COD: 1562989. The cell 
parameters were calculated using the peak at 28.52◦ which is indexed to add (1 1 1) plane. The calculated value 
(5.42 Å) is very close to that (5.41 Å) of COD: 1562989. The slightly broadning in peaks indicates small particles 
sizes. Using the modified sol-gel approach, cerium oxide was produced and designated as A-1 in one of our 
earlier studies23. Figure 1b: c and d illustrate how the peak broadening of the planes (1 1 1) and (2 0 0) of C-1 
(FWHM: 0.40 for both) differs from that of A-1 (FWHM: 0.35 (1 1 1), and 0.30 (2 0 0))23. The crystallite size of 
C-1 was calculated using all peaks. The results indicate a decrease in average crystal size (20.74 nm) compared to 
that of A-1 (42.81 nm)23. This may be caused by using a modified sonication-sol-gel method . ST  (12.73 m2g−

) , and SBET  (145.78 m2) were calculated using adsorption isotherm of C-1 (Fig. 1g). This isotherm consists of 
three stages: P /Po < 0.15, 0.15 < P/Po < 0.77, and P/Po > 0.77, which is similar to nonporous materials 

Figure 7.  Effect of C-1 on cardiac biomarker parameters in plasma of obese rats. Each bar represents the 
mean of 8 animals ± se. Statistical analysis was performed using one-way ANOVA followed by Tukey-Kramer 
multiple comparisons test. (⋆ vs control group(group 1), @ vs obese group(group 2) and # vs Nano cerium 
oxide (15 mg/kg, group 3)) at p < 0.05.
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of type II with a mixed hysteresis of H1 and H3 type. pdn calculated using the BJH model (Fig.  1g), showing a 
peak at 10.38 nm . The morphology of the C-1 was investigated using TEM (Fig. 1e), which revealed its highly 
crystalline nature with regular particles. The HRTEM image shows clear (1 1 1), (2 0 0), and (2 2 0) lattice 
fringes, indicating that current nanoparticles are dominated by a truncated octahedral shape enclosed by the 
[1 1 1] and [1 0 0] facets.27. The Raman spectrum of C-1 did not show peaks around 300 cm−1 which indicate 
the absence of rearrangement oxygen atoms and the presence of oxygen in its fluorite lattice positions.27. The 
doublet (at 454.93 and 461.07 cm−1) and the peak at 1167.85 cm−1 were assigned to the vibration model (F2g) 
and the oxygen vacancies (Ov) in CeO2.28,29. The peaks at 553.68 and 582.22 cm−1 were attributed to oxygen 
vacancies30,31 , while that around 606.12 cm−1 was attributed to the presence of Ce3+32 or an oxygen vacancy 
created due to the movement of an oxygen atom into an octahedral interstitial position (a Frenkel anion pair)33. 
The average particle diameters obtained from TEM histogram data (21.09) are very similar to those calculated 
using the Debye-Scherrer Method (20.74 nm). The survey spectra XPS spectrum of C-1 is showmen in Fig. 1a. 
The spectrum shows three peaks at 902.45 eV, 533.99 eV, and 290.62 eV corresponding to Ce-3d (26.05 Atomic 
%), O-1s (73.95 Atomic %), and C-1s (0.00 Atomic %), respectively. The presence of C (C-1 s) which is found 
as a trace (0.00 Atomic %) may be due to the adsorption on the surface of the sample, as a residue or during 
sample preparation. The high-resolution (HR) O-1s XP spectrum is shown in Fig. 1a. The spectrum indicates the 
presence of three peaks at 530.85, 534.52, and 537.11 eV are associated with metal oxide, Oγ in water species, 
and water vapor phase.23,34–36. HR Ce-3d XPS spectrum is shown in Fig. 1a. The presence of ten peaks indicates 
the existence of both Ce3+ and Ce4+. These two states have distinct line shapes of their final states: Ce4+ = v + v,, + 
v,,, + u + u,, + u,,,, and Ce3+= vo + v, + uo + u,37. In these spectra, the peaks vo, v, v,, v,,, v,,,, uo, u, u,, u,,, u,,, were found 
at 883.37, 886.58, 890.06, 893.24, 899.12, 902.28, 905.73, 910.70, 916.58, and 920.26, respectively. The binding 
energies u /v, uo /vo and u,/v,/u,,/v,, are the result of O 2p and Ce 4 f screening level hydration corresponds to Ce: 
3d94f4O2p4, Ce: 3d9 4f2 O 2p4, Ce: 3d9 4f1 O 2p5 while u,,,/v,,, results from 3d9 4f0 O 2p6 final state38. The last peak 
(u,,,) is indicated as a fingerprint for +4 state23. The % Ce4+ can be calculated using the equation 323. The % Ce4+ 
was found to be 57.01 %.

	
%Ce4+ =

∑
of v + v,, + v,,, + u + u,, + u,,, peak area ∗ 100

T otal peak area
= 57.01% � (3)

Obesity is characterized by adiposity posing potential risks to health. It is a significant risk factor for numerous 
diseases, notably CVDs. The measurement of high waist circumference (W.C.) in individuals with obesity can 
serve as an important predictor of CVD risk. This is attributed to the fact that W.C. serves as an indicator 

Figure 8.  Effect of C-1 on insulin resistance parameters in plasma of obese rats.Each bar represents the mean 
of 8 animals ± se. Statistical analysis was performed using one-way ANOVA followed by Tukey-Kramer 
multiple comparisons test. (⋆ vs control group(group 1), @ vs obese group(group 2) and # vs Nano cerium 
oxide (15 mg/kg, group 3)) at p < 0.05.
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of abdominal body fat, which is closely linked to the development of cardiometabolic diseases. Monitoring 
waist circumference is therefore valuable in assessing the potential health implications of obesity, particularly its 
association with cardiovascular risk factors39. Our results elucidated that the treatment of overweight rats with 
C-1 reduced the BMI, weight and W.C. Indeed, studies have reported that weight loss in obese individuals can 
lead to improvements or prevention of many risk factors associated with CVD. Losing excess weight has been 
shown to positively impact various cardiovascular risk factors, including blood pressure, cholesterol levels, blood 
sugar control, inflammation, reduced strain on the heart and improved endothelial function40. Both BMI and 
W.C. were effective in predicting the risk of CVD. The improvement of anthropometric measures of obese rats by 
C-1 can be attributed to their excellent observed effect on a reduction of adipose tissue weight or to combating 
the decrease in adiponectin level that lowers body weight and boosts fatty acid oxidation by the muscle41

It is well known that weight loss in obese people is linked with a decline in oxidation markers, enhancement 
of antioxidant defenses, and reducion of pathological risk factors. Certainly, there is ample documentation 
supporting the notion that weight reduction yields several positive effects on health. Weight loss has been 
well-documented to result in the following beneficial changes such as decreased oxidation markers, increased 
antioxidant defenses and reduction in obesity-associated pathological risk factors42.

Figure 9.  Effect of C-1 on inflammatory adipokines level of obese rats.Each bar represents the mean of 8 
animals ± se. Statistical analysis was performed using one-way ANOVA followed by Tukey-Kramer multiple 
comparisons test. (⋆ vs control group(group 1), @ vs obese group(group 2) and # vs Nano cerium oxide (15 
mg/kg, group 3)) at p < 0.05.
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Our study found that oxidative stress (OS) went down a lot when C-1 was injected into overweight rats. 
The study found that C-1 can help overweight people lower OS. MDA level is a sign of lipid peroxidation. In 
other word, C-1 can reduce the fat oxidation. Additionally, the antioxidant GSH levels went up in both plasma 
and heart tissue when C-1 was present. This suggests that the body’s antioxidant defenses got stronger. Also, 
C-1 stopped SOD activity from going down in heart tissue and raised SOD activity in plasma, which suggests 
that they are good for antioxidant enzymes. It’s important to remember that OS markers are strongly linked 
to body mass index (BMI). These results back up earlier research that suggested C-1 might be able to help 
treat OS-related problems in obese people43. Based on our research, we found that BMI and GSH levels were 
linked negatively . What this means is that having a higher BMI may make antioxidant defenses less strong. But 
there was a clear link between BMI and both SOD activity and MDA levels, which shows that lipids are being 
peroxidized. It is obvious that having a higher BMI is linked to having more OS. In the study’s conclusion, it 

Figure 11.  Marked thickening of the both tunicae media and adventitial of aorta of obese rats and significant 
dose-related reduction in that thickening in C-1 treated rats’ groups. Each bar represents the mean ± SE of 8 
rats. *vs normal control group(group 1), @vs obese group(group 2), #vs group 3 (15 mg/kg C-1) at p < 0.05.

 

Figure 10.  I and II Photomicrographs of H&E-stained sections of aorta and cardiac muscles. I (a) Abdominal 
aorta of control rat showing normal tunica intima (arrow), media (TM) and adventitia (TA). (b–d) aorta 
of obese rat showing severe thickening of TM with swelling and degeneration of its muscle fibers (arrow), 
splitting of atherosclerotic plaque by inflammatory cells, foamy macrophages, and free RBCs, (square) with 
many lipophages (foam cells) (arrow) in the medial layer. (e and f) C-1 treated rats showing significant 
improvement in aortic histological alterations particularly at the group 4 group (f) with only few inflammatory 
cells infiltrating the TM with variable degree of adventitial edema. II (a) cardiac muscles of control rat 
showing normal cardiomyocytes (arrow). (b–d) cardiac muscles of obese rat showing (b) marked myofibers’ 
vacuolar degeneration (dotted arrow) and scattered hypereosinophilia (arrow), (c) apoptotic cells (arrow), and 
increased inter-muscular fat (dotted arrow) (d) coronary vessel showing medial thickening (dotted arrow) and 
vacuolization (arrow). (e and f) C-1 treated rats at low and group 4 respectively, showing significant restoration 
of cardiomyocytes integrity with only mild degeneration and scattered muscular eosinophilia.

 

Scientific Reports |         (2025) 15:5709 14| https://doi.org/10.1038/s41598-025-85794-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


was said that C-1 protects against OS and is safe to use in medicine. This adds to what other people have done44. 
CeNPs can switch between Ce3+ and Ce4+ oxidation states, which is what makes this happen. They are a good 
choice for ROS mediation because of this. CeNPs are said to protect against OS, which may be because they 
can switch between the Ce3+ and Ce4+ states. This is one of the special things about CeNPs that makes them 
perfect for neutralizing ROS. The Ce3+ and Ce4+ nanoparticles can effectively neutralize ROS because they 
move back and forth quickly. This lowers OS in general. As El-Seidy et al. explain, this natural property suggests 
that cerium nanoparticles might be useful for treating diseases linked to OS. This means that they could be used 
in medicine45.

Celardo et al. say that cerium oxide nanoparticles also have properties like catalase and SOD46. C-1 also kept 
cardiomyocytes whole, which slowed down the changes that happened in the heart muscles of overweight rats. 
The main reason for this is likely that they lowered MDA levels in the heart and raised GSH and SOD levels. The 
defense role in the cells, with the aid of GSH, helps them get rid of free radicals. It is important to protect the 
myocardium and get rid of any extra ROS. A lot of injurious things can happen to the heart, but the GSH system 
is an important part of protection against them. To find ways to lower the health problems linked to OS in the 
heart, it is important to know how the GSH system works and keep it in good shape.47

Also, C-1 can lower the amount of iron that builds up in both fat tissue and heart tissue. According to 
Sachinidis et al., this drop in iron buildup is important because it is linked to metabolic syndrome and heart 
disease48. Another possible source of OS in obesity was the elevation of cardiac and adipose iron content 
observed in the present work. The link between iron overload and OS associated with metabolic dysfunction, 
type 2 diabetes, and CVD was reported48,49. It looks like C-1 protects the heart muscle cells in overweight rats 
by either stopping the production of leptin or raising the levels of adiponectin. Hyperleptinemia was shown 
to make rat cardiomyocytes make more inflammatory mediators, which led to individual cardiac cells getting 
bigger that may cause cardiomegaly , as shown by Ghantous and his coworker50. Adiponectin, on the other 
hand, is a hormone that helps the heart stay healthy by lowering inflammation, OS, and left ventricular and 
vascular hypertrophy19,50. It was found that C-1 could stop the damage that cigarette smoke extract causes to 
cardiomyocytes by stopping the production of ROS, starting the NF-κB cascade, increasing the expression of 
inflammatory genes, and using up all the antioxidants in the body. It was discovered that C-1 lowers OS and 
inflammation in the myocardium, which slows the development of heart failure. This is most likely because they 
are self-regenerating antioxidants51.

Figure 12.  Photomicrographs of iNos immune-stained aortic and cardiac muscles of all groups. Obese rats 
(group 2) exhibited a significant increase in iNos expression. C-1 treated groups showing significant reduction 
in iNos expression. . Each bar represents the mean ± SE of 8 rats. *vs normal control group(group 1), @vs 
obese group(group 2), #vs C-1 ( 15 mg/kg) at p < 0.05.
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OS is a central player in the development of complications associated with obesity, and its origins in this context 
are multifaceted. Hyperglycemia, a consequence of insulin resistance often present in obesity, contributes to OS 
by fostering the production of ROS. Concurrently, dyslipidemia, characterized by elevated lipid levels, promotes 
lipid peroxidation and further amplifies oxidative damage. Chronic low-grade inflammation, a hallmark of 
obesity, stimulates the release of inflammatory molecules, contributing to ROS production and sustained OS. 
This intricate interplay among hyperglycemia, elevated lipid levels, and chronic inflammation creates a cycle 
that not only exacerbates metabolic dysfunction but also fosters OS, underlining the significance of addressing 
these factors to mitigate obesity-related complications52 and hyperleptinemia53.The BMI and OS indicators have 
been shown to have a strong direct correlation43. It appears that C-1 reduced OS in obese rats directly through 
their antioxidant property or indirectly via lowering BMI, lipids, inflammatory markers, and leptin levels besides 
enhancement of adiponectin level. It appears that obesity increases the risk of cardiovascular disease and early 
atherosclerotic changes via many factors, such as OS, hyperlipidemia, hyperglycemia, hyperleptinemia, I.R. 
(inflammatory response), cytokines, and inflammation54,55. Our results showed some pathological changes in 
the aorta of obese rats represented by irregularity of the intimal layer, swelling of its endothelial linings, and 
cytoplasmic vacuolation. The tunica media was severely expanded and showed swelling and degeneration of 
its muscle fibers with their splitting by atherosclerotic plaque of mononuclear inflammatory cells and foamy 
macrophages. The increase of OS is a risk factor for the development of atherosclerosis. The interaction of ROS 
and nitric oxide is crucial in the development of endothelial dysfunction through generation of peroxynitrite. The 
increase in ROS production initiates cascade of events that aggravate vascular endothelial damage via elevation of 
oxidation of low-density lipoprotein in atherosclerotic lesions, and increased expression of adhesion molecules, 
which results in macrophage migration and the formation of lipid-laden macrophages52The proatherogenic role 
of oxidized LDL may be performed through chemotactic and proliferating actions on monocytes/macrophages, 
exciting their transformation into foam cells, through stimulation of smooth muscle cells (SMCs) recruitment 
and proliferation in the tunica intima, or via evoking endothelial cells, SMCs, and macrophages apoptosis56. On 
the other hand, HDL promotes reverse cholesterol transport and modulates inflammation. HDL-cholesterol 
levels are inversely correlated with the risk of cardiovascular events57.

It appears that C-1 mitigates the increase in aorta thickening of obese rats by affecting insulin resistance, 
adipokines hormones (leptin, adiponectin, resistin) and MCP-1,a chemokine Our results indicate that the 
treatment of obese rats with C-1 reduced insulin resistance which can contribute to endothelial dysfunction 
and atherosclerosis via induction of hyperglycemia along with dyslipidemia that causes OS and inflammatory 
response58. It was suggested that C-1 could have a potential insulin-sensitizing effect specifically on adipose 
tissue and skeletal muscle as related to mitochondrial function59.

C-1 exhibits a protective effect against the elevation of leptin, resistin, MCP-1, and ENA-78 levels observed in 
obese rats. Elevated levels of leptin, resistin, MCP-1, and ENA-78 are associated with various aspects of obesity-
related complications. Specifically, hyperleptinemia is known to stimulate monocyte entry into blood vessels, 
transform macrophages into foam cells, induce the proliferation of vascular smooth muscle cells, and trigger 
the secretion of atherosclerotic cytokines. Likewise, C-1 treatment led to a decrease in the TG/HDL ratio, which 
may indicate the lowering of add risk of cardiovascular disease . These collective processes contribute to the 
development of atherosclerosis. C-1 mitigated the increase in these adipokines, and chemokines may play a 
role in preventing or ameliorating the cascade of events associated with hyperleptinemia and its contribution 
to atherosclerosis in the context of obesity60. It was concluded that higher serum resistin (Inflammatory marker 
of atherosclerosis) concentration is associated with CVDs61. It was reported that resistin is involved in the 
pathogens of inflammation, insulin resistance, atherosclerosis, and atherogenic dyslipidemia. Moreover, resistin 
induces the expression of adhesion molecules and inflammatory markers like monocyte chemoattractant 
protein-1 (MCP-1), TNFα, and IL662

Without a doubt, MCP-1 is closely connected to problems with blood vessels. Over time, this makes 
atherosclerosis more developed.. Monocytes can move into the area around blood vessels with the help of MCP-
1. There, they associate with oxidized low-density lipoprotein (ox-LDL) and change into foam cells. Fat deposits 
form because of this process. These deposits are the first sign that plaque is building up in blood vessels. The 
powerful chemotactic drug MCP-1 makes it easier for monocytes, T cells, and basophils to move from the 
bloodstream to damaged tissues. This makes swelling worse and raises the risk of getting heart disease. The fact 
that MCP-1 is important at different stages shows how important it is to understand the heart and blood vessel 
problems that come from being overweight. MCP-1’s main job is to make it easier for more monocytes to enter 
the body, which leads to more inflammation and the formation of foamy cells. A very important part of this 
process is speeding up the stiffening of the arteries. Consequently, it becomes a captivating topic to study in 
order to address issues pertaining to excessive weight and blood vessels63. There have been findings that indicate 
an increase in MCP-1 levels may result in I.R.64. Similarly, a number of other associations have been made 
between ENA-78 and obesity, inflammation, and insulin resistance65.

C-1, on the other hand, increased adiponectin levels in obese rats, which is important for enhancing insulin 
sensitivity and decreasing metabolic abnormalities or inflammation66. Here, the treatment of obese rats with C-1 
alleviated the significant increase in Pro-inflammatory Cytokines, which may be considered another mechanism 
of C-1 to preserve the aorta. It was reported that C-1 exhibited anti-inflammatory properties67. Obesity is linked 
with low-grade inflammation that is considered a vital risk factor for developing CVDs and metabolic syndrome 
via increased inflammatory mediators such as IL6 , CRP and TNFα , followed by vascular and endothelial 
dysfunction68. Furthermore, it is thought that the link between inflammation caused by obesity and endothelial 
dysfunction is the generation of cytokines linked with inflammation.

The treatment of obese rats with C-1 led to a significant decrease in iNOS expression in the heart and blood 
vessel walls. On the other hand, iNOS expression was much higher in obese positive control rats . It has been 
linked to the production of a harmful chemical called peroxynitrite when iNOS levels rise. Because of this, bad 
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things happen inside our bodies, like lipids breaking down, which hurts blood vessels and leads to the formation 
of plaques that can narrow arteries. (C-1) have the potential to mitigate cardiovascular complications associated 
with obesity by inhibiting iNOS and reducing peroxynitrite concentrations. (C-1) have the ability to decrease the 
expression of iNOS and alleviate associated stress69.

Furthermore, there is a direct link between producing more peroxynitrite and the onset of heart failure. This 
takes place when there is a moderate infiltration of inflammatory cells leading to cardiomyopathy (the heart 
muscle becomes thicker, bigger, and more stretched)70.Research has shown that iNOS is involved in several 
health issues associated with inflammation and I.R.71. For example, it was previously shown that iNOS can 
make superoxide not related to NO72.The same thing happens with superoxide and hydrogen peroxide, both of 
which are harmful73.The observed alteration in iNOS expression by (C-1) indicates a possible mechanism by 
which these nanoparticles may provide protection against cardiovascular problems associated with obesity. This 
finding suggests a promising direction for future research on the therapeutic uses of these nanoparticles.

Conclusion
The modified synthesis method led to the formation of smaller particle size (20.74) than that reported in our 
previously work (42.81 nm). The XRD patterns of C-1 indicates its cubic structure with space group F m -3 m 
(225) which was matched by code id 1562989 from COD. The Raman spectrum of CeO2 indicate the absence of 
rearrangement oxygen atoms, the presence of oxygen in its fluorite lattice positions, and the oxygen vacancies 
in CeO2 and the Ce vibration model (F2g). The presence of ten peaks in the high-resolution Ce-3d XP spectrum 
indicates the existence of both Ce3+ and Ce4+. Obesity with hyperglycemia, dyslipidemia, iron overload, 
over-expression of iNOS, and insulin resistance have increased OS, which may be associated with adipokine 
abnormalities and CVDs. The reduction of OS and adipokine abnormalities by (C-1) may serve as a target for the 
treatment of CVDs in obesity, particularly atherosclerosis. Moreover, the weight loss and a decrease in BMI of 
obese rats given (C-1), along with reduction of adipose tissue weight, may contribute to mitigating cardiovascular 
disease-associated- obesity. C-1 might be promoted as a novel approach to control CVDs. The antioxidative 
properties of (C-1) may have the potential to serve as a treatment for a broad spectrum of inflammatory diseases. 
(C-1) showed therapeutic efficacy on atherosclerosis and cardiac muscle abnormalities associated with obese 
rats, probably due to their antioxidant and anti-inflammatory properties that lead to lowering OS.

Data availability
Data is provided within the manuscript.
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