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Abstract:  

Purpose: The objective of this study was to develop a nanoencapsulated platform for 

Coenzyme Q10 (coQNPs) or selenium (SeNPs) and explore their potential therapeutic benefits 

in treating hyperlipidemia and combating simvastatin-induced myopathy and adverse reactions 

in hyperlipidemic rats. Methods: The physical and chemical properties of the solid 

nanoparticles (SLNPs), coQNPs, and SeNPs were characterized, including zeta potential 

studies. Male Wistar albino rats were treated with various interventions for 112 days, including 

a nano-vehicle only, high-fat diet (HFD), HFD with simvastatin alone, or with coQNPs or/ and 

SeNPs for the last 30 days. Results: The coQNPs and SeNPs exhibited uniform spherical 

shapes with high encapsulation efficiency (EE% 91.20 ±2.14 and 94.89 ±1.54, respectively). 

The results demonstrated that coQNPs and SeNPs effectively reduced hyperlipidemia, insulin 

resistance, simvastatin-induced myopathy, and hepatotoxicity. However, combining 

simvastatin with coQNPs and SeNPs resulted in severe liver and muscle damage. Treatment 

with simvastatin and SeNPs or simvastatin and coQNPs alone showed significant 

improvements compared to simvastatin treatment alone. Conclusion: These findings suggest 

that the CoQNPs or SeNPs platforms offer advanced relief for hyperlipidemia and insulin 

resistance while limiting adverse effects such as myopathy and hepatotoxicity. 

Keywords: Coenzyme Q10, hyperlipidemia, selenium, solid lipid nanoparticles, simvastatin. 

 

Introduction 

There is a rapid transition in dietary habits from healthy, homemade food to fast and 

junk food1. This shift has increased metabolic diseases like hypocholesteremia, insulin 

resistance, and coronary heart diseases2. Hypercholesterolemic patients are more likely to 

suffer from other cardiovascular diseases (CVDs), which account for one-third of total deaths 

globally, with 17.8 million deaths in 20173,4. Simvastatin (SV) is the first-line treatment option 

for this condition. However, SV therapy may oppose several challenges due to its lower 

bioavailability, which is less than 5 %. It is poorly absorbed from the gastrointestinal tract in 

some patients5. Approximately 95 % of an oral dose is not absorbed6. In addition, statin 

treatment is associated with musculoskeletal damage and severe changes in liver function in 

up to 1-3% of patients7. The long-term use of statins is associated with disruption of insulin 

signaling that may result in insulin resistance8,9. No complete explanation can be used to answer 

the question related to the mechanism of statin-induced myopathy10.  

Earlier studies reported that statins-induced myopathy through inhibition of 

mitochondrial synthesis of CoQ10, which ultimately interferes with respiratory chains and the 

capacity for energy production by mitochondria11. Coenzyme Q10 is the most commonly fat-

soluble vitamin, especially in the heart, liver, kidney, and brain12. Coenzyme Q10 (CoQ10) is 

a fat-soluble vitamin found mainly in the heart, liver, kidney, and brain13. Selenium is a vital 

micronutrient with antioxidant activity, and its supplementation is prescribed for immune and 

neural-related diseases14. 

No conclusive data confirm that mitochondrial myopathy is because of the reduction 

of intramuscular levels of CoQ1015. Supplementation of nutraceuticals and herbs may alleviate 

the side effects of different drugs in the conventional formulation16,17. Nutraceuticals attract 

special attention from researchers, stakeholders, and consumers because of their potential 

effects on preventing or treating different pathological conditions15,18. Nanotechnology may 
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provide feasible solutions to improve the therapeutic efficacy of different drugs and nutrients, 

including nutraceuticals.  

This study aims to investigate the therapeutic potential of a nanoencapsulated platform 

containing CoQ10 or selenium for treating hyperlipidemia and evaluate their efficacy in 

mitigating simvastatin-induced myopathy and adverse reactions in hyperlipidemic rats. 

Material and Methods 

Material  

Global Napi Pharmaceuticals, located in Giza, Egypt, provided simvastatin, which was 

prepared by suspending it in distilled water at a concentration of 20 mg/kg 19. Arab Company 

for Pharmaceutical and Medicinal Plants in Cairo, Egypt, gifted CoQ10, while Selenium 

powder was obtained from Egyptian European Pharmaceutical Industries in Alexandria, Egypt. 

Compritol 888 ATO (glyceryl behenate, a mixture of approximately 15% mono-, 50% di-, and 

35% triglycerides of behenic acid) and Gelucire 40/14 (PEG glyceride) were generously 

provided by Gatteffose in France, and Poloxamer 407 was obtained from BASF in Florham 

Park, NJ. All other chemicals were purchased in high analytical grade from Sigma-Aldrich for 

Chemicals in St. Louis, MO, USA. 

Experimental animals 
Wistar albino male rats weighing between 150-200 g were obtained from the laboratory 

animal farm of the National Research Center (Dokki, Giza, Egypt). After random assignment 

to experimental groups, the animals were housed in polycarbonate cages with a maximum 

capacity of 5 rats per cage and placed in a filter-top enclosure under well-controlled laboratory 

conditions, including a temperature of 25±2 ºC, a 12/12h light-dark cycle, a diet consisting of 

rodent pellets, and free access to water ad libitum. The rats were allowed to acclimate to their 

new environment for a week before the start of the experimental work. All experimental 

procedures complied with the guidelines and code of ethics established by the Faculty of 

Pharmacy, Cairo University, Cairo, Egypt research ethics committee and adhered to the 

Laboratory Animals Welfare rules. The experimental design and procedure followed the 

requirements of the three Rs' rules (Replace, Reduce, Refine). The animals were treated with 

care and gentleness to avoid squeezing, pressure, pain, malnutrition, abnormal cold or heat, 

injury, illness, and rough manipulations. The Faculty of Pharmacy, Cairo University ethics 

committee approved this study under permit number PT 1353. 

Development of drug-loaded solid lipid nanoparticles (SLNs) 

To develop drug-loaded solid lipid nanoparticles (SLNs), Coenzyme Q10 or selenium 

solid lipid nanoparticles were prepared using the hot melt ultrasonication method, as previously 

reported 9. Coenzyme Q10 or selenium (0.5% w/v) was mixed with molten lipids (1% 

Compritol and 3.04% Gelucire) at 75°C until the formation of a homogeneous mixture. A 3% 

w/v Poloxamer 407 solution was prepared in PBS (pH 7.4) at 75°C. The poloxamer solution 

was gradually added to the molten lipid phase with homogenization (GLH 850, Omni Inc., 

USA) at 5,000 to 15,000 rpm and 75°C. The resulting suspension was sonicated (Model LC 

60/H, Elma, Germany) for 3 min at 50% amplitude. The obtained nanosuspension was cooled 

until it reached room temperature and stored at 2-8°C until further investigation. 

Determination of particle size and zeta potential  

The particle size and zeta potential were determined using a Malvern Zetasizer Nano ZS 

(Malvern Instruments, Malvern, UK), and all measurements were repeated at least three times 

to determine means and standard deviations.  

Drug entrapment efficiency 

The Entrapment Efficiency (EE%) was measured using an indirect technique, where the 

unentrapped drug was measured in the supernatant after centrifugation (Model 3K 30, Sigma, 
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Germany) at 18,000 rpm for 45 min at 4°C. The free selenium ions in the supernatant were 

measured using a previously reported spectrophotometric method after complexation of 

selenium ions with 4,5-diamino-6-hydroxy-2-mercapto pyrimidine (DAHMP) at 458 nm using 

a spectrophotometer (Shimadzu UV 1650, Japan)20. Free Coenzyme Q10 was measured using 

HPLC (Agilent, USA) with a mobile phase of 1-propanol: methanol (60:40 v/v), a flow rate of 

1.4 ml/min, and a wavelength of 275 nm. 

Morphological study 

An electron microscope (Nova Nano SEM, FEI, USA) was used to study the 

morphological pattern of different particles, and the sample was prepared with gold sputtering 

for 20 s. 

In vitro experiment  

The dialysis bag diffusion technique was used for 24 hrs using a dialysis membrane (Mw 

cutoff 12 kDa; Severa) to evaluate the in-vitro drug release profiles of coenzyme q10 or 

selenium9.  

In-vivo study 

High-fat diet preparation 

According to Onyeali et al. 201021, a high-fat diet (20% w/w) was formulated by adding 

200 grams of unsaturated fats (margarine) to 800 g of the pellet. Unsaturated fats (margarine) 

contain vitamin A, vitamin D3, and antioxidants, according to the attached information on the 

pack. The high-fat diet was dried in a dry place (22-25 °C) for 12 hours and stored in 

polyethylene or glass containers. 

Experimental induction of hyperlipidemia by high-fat diet (HFD) 

Animals were assigned for daily ingestion of 20 g of HFD for 112 days to induce 

hyperlipidemia22. 

Experimental study design 

Sixty male adult rats (8-10 rats/ group) were randomly assigned into:  

Group I: Nano-vehicle control group was treated daily with oral preparation of the vehicle 

(20mg/Kg) for the last 30 days of the in-vivo experiment. 

Group II (HFD): Rats were subjected to the high-fat diet (HFD) (20% of the daily required 

food) for 112 days21. 

Group III (HFD + SV): rats with hyperlipidemia and treated daily with oral formulation of 

simvastatin (20 mg/kg) throughout the last 30 days23. 

Group IV (HFD + SV and coQNPs): rats with hyperlipidemia and treated daily with a 

combination of oral preparation of simvastatin (20 mg/Kg) and nano-coQ10 (10mg/Kg) for the 

last 30 days of the in-vivo experiment24. 

Group V (HFD + SV and SeNPs): hyperlipidemic rats treated with a combination of 

simvastatin (20 mg/Kg) and nano-selenium (0.1 mg/Kg/day, PO) for the last 30 days. 

Group VI: (HFD + SV + coQNPs and SeNPs): hyperlipidemic rats treated daily with a 

combination of simvastatin (20 mg/Kg), nano-coQ10 (10 mg/Kg) and nano-selenium (0.1 

mg/Kg) for last 30 days of the in-vivo experiment. 

Every week, the changes in animal body weight were calculated. The in-vivo study 

was terminated by fasting animals overnight after delivering the last dose of the treatment 

regimen. Animals were treated with ketamine (12.5 mg/kg) and xylazine (1.5 mg/kg) for 

anesthesia. The blood samples were collected using non-heparinized microhematocrit 

capillary tubes from the retro-orbital vein26. Blood samples were collected for serum 

separation by cooling centrifugation at 3,000 rpm for 15 min and stored at -20 °C until 

analysis. The sera were used for the estimation of serum level of total cholesterol (TC), 
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triglycerides (TG), high-density lipoproteins cholesterol (HDL-c), glucose, creatine kinase, 

creatinine, urea, alanine aminotransferase (ALT), aspartate aminotransferase (AST), 

albumin, and alkaline phosphatase (ALP) (Biomed Diagnostics, Egypt), insulin (DRG 

International, Inc., USA ), troponin and myoglobin (Cusabio biotech co., Wuhan, China ) 

according to the instructions of the analytical kits. Immediately after collecting the blood 

samples, an overdose of anesthesia euthanized animals, and the liver and quadriceps 

muscles were detached and distributed into two portions. The first portion of liver tissue 

was prepared for homogenization by tissue homogenizer (Heidolph, DIAX 900, Germany) 

to obtain (20% w/v). The supernatant was separated from the homogenate by centrifugation 

for 15 minutes (4,000 rpm at 4 °C). These supernatants were used for the estimation of 

malondialdehyde (MDA) level, glutathione (GSH), and superoxide dismutase (SOD) 

activities (Biodiagnostics, Cairo, Egypt) according to the instruction of the kits. The other 

part of the liver and quadriceps muscle was mounted in 10% formalin in saline for 

histological and immunohistochemical analysis. 

Statistical analysis 

The results of the current study were articulated as means ± standard error of the mean 

(SE). GraphPad software was used for statistical analysis (software 2003, version 3.06 Inc., 

San Diego, USA). One-way Analysis of Variance (ANOVA) followed by Dunnett’s multiple 

comparisons test has been used to determine whether a statistical difference has existed among 

different groups or not27. One-way ANOVA was used to analyze rats' monthly total body 

weight (TBW), and then Tukey's multiple comparisons test was performed. All statements of 

significance were based on the probability of P˂ 0.05. 

Results and discussion  

Particle size and polydispersity indexes and Zeta potential 

Nanomedicine is a vital approach to improve drug use and enhance the safety of most 

existing drugs28. However, there are several hurdles in translating nanomedicine from bench to 

bedside29. SLNs were prepared by the hot homogenization/sonication method by emulsifying 

solid lipids with a poloxamer solution. Table 1 shows the successful preparation of blank solid 

lipid nanoparticles (SLNs) with particle size 250.2 nm and zeta potential -17.3 mV. 

Encapsulation of Coenzyme Q10 slightly decreased particle size to reach 213.9 nm and zeta-

potential of -13.49 mV, while encapsulation of selenium increased particle size to reach 296.72 

nm and zeta potential of -6.12 mV.   

 Drug entrapment efficiency  

The entrapment efficiency of coenzyme Q 10 was 91.2%, which was measured indirectly. 

On the other hand, selenium encapsulation increased particle size to 296.72 nm, while zeta 

potential was decreased to -6.12 mV due to the adsorption of selenium ions on the SLN surface. 

The spectrophotometric method measured the entrapment efficiency percentage, where 

94.89% was entrapped inside SLNs (Table 1).  

Morphological study 
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SLNs were visualized using SEM to investigate particle morphology (Figure 1a). SEM 

micrograph demonstrated spherical shape particles. The particle size from SEM images showed 

a relevant range aligned with the reported particle size using Zetasizer. The combination of 

homogenization and sonication reduced the particles to reach nano size. Blank nanoparticles 

were prepared based our previous report, where1% w/v Compritol, 3% w/v Gelucire® 44/14, 

and 3% w/v poloxamer 407 were used as optimum parameters9.  

In vitro drug release test 

The in vitro release study of both drugs was conducted in PBS. Coenzyme Q10 showed a 

rapid release profile, where ~85% was released in 12 hours. On the other hand, selenium 

released showed a slower profile, where ~50% was released in 12h and ~75% was released in 

24h. It could be attributed to interaction with the electrostatic charge obtained from selenium 

ions and negatively charged lipid nanoparticles (Figure 1b). 

In-vivo study 

Effect of simvastatin, nano-coQ10, and/or nano-selenium on total body weight in 

hyperlipidemic rats  

Animals treated with HFD exhibited a prominent increment of ΔTBW by 29.9% compared 

to animals treated with a nano-vehicle group. Meanwhile, treatment with SV, co-administration 

of SV and coQNPs, concurrent administration of SV and SeNPs, and combined therapy of SV 

and coQNPs and SeNPs resulted in a significant decrease in ΔTBW by 48.6%, 51.0%, 61.8% 

and 60.9%, respectively, in comparison to HFD treated rats (Figure. 2). Fortunately, all 

combination groups reduced ΔTBW by 4.6%, 25.7% and 24.0%, respectively in comparison 

to SV treated animals (Table 2).  

Effect of simvastatin, nano-coQ10, and/or nano-selenium on lipid profiles and atherogenic 

index (AIX) in hyperlipidemic rats 

Alteration in lipid profile markers was depicted after daily consumption of HFD for 112 

days. Thus, a remarkable elevation in serum level of total cholesterol was noticed in 

hyperlipidemic rats by 37.4% compared to a nano-vehicle control group. While co-

administration of either SV alone or in combination with coQNPs or/and SeNPs resulted in 

enhancement in the anti-hypercholesteremic efficacy. Moreover, co-administration of SV and 

coQNPs, co-administration of SV and SeNPs, and combination therapy of SV and coQNPs and 

SeNPs provoked a more pronounced reduction in serum TC levels 8.9%, 9.1%, and 9.9%, 

respectively, as compared to SV treated group. Animals treated with HFD showed a marked 

rise in serum TG level by 62.0% compared to the nano-vehicle group. The combined therapy 

of SV and SeNPs reached the average value of TG level and showed a significant reduction of 

TG by 16.9% compared to the SV-treated group (Table 2). Treatment with SV plus coQNPs 

and SeNPs showed a marked increase in serum HDL-c level by 171.5%, respectively, relative 

to the HFD control group. HFD distinctly augmented serum LDL-c level by 85.8%. At the 

same time, the combined therapy of SV, coQNPs, and SeNPs showed a significant decrease in 

serum LDL-c levels by 42.2%, 49.7%, 51.4%, and 53.1%, respectively, compared to HFD-

treated rats. Hyperlipidemic rats showed a prominent increase in AIX ratio by 392.0%. In 
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comparison, such increment in AIX was markedly decreased by treatment with SV alone or in 

combination with coQNPs or/and SeNPs by 75.6%, 79.9%, 81.2%, and 81.9%, respectively. 

Furthermore, all combination treatments successfully restrained the typical ratio of AIX (Table  

2). 

In the present work, HFD was associated with severe alterations in lipid profile 

biomarkers manifested by marked elevation in the atherogenic index (AIX), total cholesterol 

(TC), triglycerides (TG), and low-density lipoprotein cholesterol (LDL-c) in addition to a 

deficiency of density lipoprotein cholesterol (HDL-c). The outcomes of the current study were 

in the same context as earlier experiments30,31. The results align with liver histopathological 

findings, which noticed a diffusion of fatty droplets that accompanied all hepatocytes 32. The 

present investigation showed that HFD induced a marked elevation of liver function tests; ALT, 

AST, and ALP were associated with a marked reduction in albumin levels. Thus indicating 

hepatic steatosis and liver injury, and this finding was in line with many previous studies33,34. 

The current study showed that atrophied muscles were filled with fatty droplets and Zenker's 

necrosis in other bundles. The histological changes were in the same line as earlier studies32. 

Animals treated with HFD showed muscular dysfunction indicated by a significant elevation 

of serum CK, troponin, and myoglobin levels. It has been well reported that consumption of a 

high-fat diet (HFD) was associated with impairment of the alternative splicing process of pre-

mRNA of troponin-T with stimulation of protein expression of myoglobin and activation of 

CK enzymes of skeletal muscles35. The present work showed that SV (20 mg/kg) treated rats 

exhibited a distinct drop in lipid profile, including TC, TG, and LDL-c. These results were 

consistent with the previous work 36. The current results showed that the combination of SV 

and coQNPs exhibited a significant decrease in serum LDL-c, T.C, and TG with a significant 

increment in HDL-c and a normalized AIX. These findings were in line with previous 

studies37,38. 

Moreover, clinical research reported that endothelial function was improved in 

dyslipidemic patients who used coQ10 regularly due to anti-atherogenic activities, especially 

in conduit arteries39. Earlier studies reported that coQ10 can enhance mitochondrial fatty acid 

oxidation and vascular protection by excessive degradation of T.G-rich lipoprotein. In the 

present work, the combination therapy of SV and SeNPs exhibited a pronounced anti-

hyperlipidemic activity relative to SV alone associated with a marked reduction in liver 

function biomarkers, which is in line with previous work that speculated on the improvement 

of SeNPs on hepatic disturbances, histopathology, and oxidative stress, which evidenced by 

our histopathological and immunohistochemical findings40. 

Effect of simvastatin, nano-coQ10, and/or nano-selenium on hepatic function tests, albumin, 

and ALP in hyperlipidemic rats 

Hyperlipidemic rats significantly elevated serum ALT activity by 155.5% compared to 

the nano-vehicle-treated group. Moreover, SV alone or combined with coQNPs/ or SeNPs and 

combined therapy of SV and coQNPs and SeNPs leads to a significant decline in serum ALT 

activity. HFD markedly blunted serum AST activity by 84.6% compared to a nano-vehicle 

control group. The combined treatment of SV and SeNPs showed a significant decrease in AST 

of 44.9%, respectively, compared to the HFD-treated group. Hyperlipidemic rats showed a 

marked reduction in serum albumin, and co-administration of SV and coQNPs/ or SeNPs 
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normalized the serum albumin level compared to the nano-vehicle-treated group. HFD 

exhibited a significant elevation in serum ALP. 

Meanwhile, treatment with SV alone or combined with coQNPs or/ and SeNPs revealed 

a significant decrease in serum ALP activity by 17.0%, 23.6%, 24.9%, and 15.8%, respectively, 

compared to a hyperlipidemic control group. Furthermore, it was observed that co-

administration of SV and coQNPs and concurrent administration of SV and SeNPs had a better 

effect on serum ALP activity by 8.0% and 9.6%, respectively, as compared to the SV-treated 

group. The results were graphically illustrated in Figure 2 (a,b,c,d). Hepatic injury was 

manifested by a significant increment in serum levels of ALT, AST, ALP, and reduction of 

albumin due to simvastatin treatment. Previous studies exhibited that SV treatment was 

associated with hepatitis, cholestatic jaundice, cirrhosis, hepatic failure, and hepatic necrosis, 

indicating the destruction of hepatic tissues 41. It agreed with our finding in histopathological 

examination that showed progressive parenchymal liquefied degeneration in addition to limited 

infiltration of inflammatory cells around the portal vein. Furthermore, SV and coQNPs reduced 

alkaline phosphatase activity with normalized alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), and albumin with a distinct decrease of CK activity, MYO, and 

troponin relative to S.V. CoQ10 reduces statin side effects and has an anti-obesity effect42.  

Effect of simvastatin, nano-coQ10, and/or nano-selenium on insulin, blood glucose, and kidney 

function test in hyperlipidemic rats 

Serum glucose level was augmented in hyperlipidemic rats by 104.3% compared to 

nano-vehicle-treated rats. Treatment with SV alone or combined with coQNPs or/ and SeNPs 

showed a significant decrease in glucose by 44.8%, 49.4%, 42.3%, and 44.4%, respectively, 

compared to the HFD-treated group. However, Hyperlipidemic rats showed a significant 

elevation in serum insulin level by 56.3% relative to a nano-vehicle control group. Such an 

increase was markedly hampered by treatment with SV alone or in combination with coQNPs 

or/ and SeNPs, leading to a pronounced reduction in insulin levels. Elevation in serum 

creatinine level was revealed after induction of hyperlipidemia. While treatment with either SV 

alone or with coQNPs or/ and SeNPs showed a significant reduction in serum creatinine. SV 

and coQNPs or SeNPs succeeded in normalizing serum creatinine levels. Hyperlipidemic rats 

revealed a marked spike in serum urea level; meanwhile, treatment with SV, co-administration 

of SV, and coQNPs or/ and SeNPs showed a significant decrease in urea level in hyperlipidemic 

rats. Combined treatment of SV with coQNPs or SeNPs was observed to have restored the 

standard serum urea level compared to the nano-vehicle group. The HFD group significantly 

blunted the BUN ratio, but this increase in BUN was markedly hampered by treatment with 

SV individually or in the presence of coQNPs or/and SeNPs. It was observed that co-

administration of SV and coQNPs or SNPs showed a significant reduction in BUN ratio by 

50.6% and 52.6%, respectively (Table 3). Biochemical examination of insulin and blood 

glucose levels revealed that animals treated with HFD exhibited marked elevation of both 

biomarkers. These findings may be attributed to the masking effect of HFD on insulin receptors 

and the promotion of insulin resistance. HFD potentiates the key cytokines such as  IκB kinase 

(IKK), cJun-N-terminal-kinase (JNK), and protein kinase C (PKC)that promote insulin 

resistance and interference with insulin signaling 43. The data of the present work showed that 

HFD induced severe alterations of kidney function biomarkers via severe elevation in all 

indicators, including creatinine, urea, and BUN ratio. These results were affirmed by outcomes 

that showed HFD activates PI3K/Akt and mitogen-activated protein kinase (MAPK), leading 
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to renal impairment and glomerular hypertrophy 44. In the present work, blood glucose levels 

and insulin were significantly decreased by simvastatin treatment in animals pretreated with 

HFD. These results agreed with previous work 45, which reported the inhibitory role of statins 

on dipeptidyl peptidase IV (DPP-IV). DPP-IV is a serine protease enzyme that catalyzes the 

decomposition of glucagon-like peptide 1 (GLP-1) and glucose-dependent insulin-tropic 

polypeptide (GIP). GLP-1 and GIP are vital in maintaining normal blood glucose levels by 

preserving 70% of insulin secretion after meals. All kidney function biomarkers such as 

creatinine, urea, and BUN were increased in SV- the treated group, compared to corresponding 

control groups. It has been well-reported that renal failure is most likely associated with 

rhabdomyolysis 46. Consistent results highlight the relationship between statin therapy and the 

reduction of serum levels of coQ1047. There are mounting shreds of evidence that link between 

deficiency of coQ10 on one side and skeletal muscle dysfunction and insulin resistance on 

another side due to the essential role of skeletal muscles in glucose uptake and insulin 

regulation48.  

This data would explain our results that serum glucose and insulin levels were 

normalized by administration of the combined therapy of SV and coQNPs.  

Effect of simvastatin, nano-coQ10, and/or nano-selenium on oxidative stress biomarkers in 

hyperlipidemic rats 

Increased inflammatory response was depicted after daily consumption of HFD, 

evidenced by a remarkable elevation in liver MDA content. Treatment with SV in combination 

with coQNPs or/and SeNPs exhibited a marked reduction in the MDA level of hepatic tissues. 

Treatment with SV and coQNPs or/ and SeNPs revealed a distinct decrease in liver MDA 

content by 60.4% and 14.5%, respectively, compared to the SV-treated group. Furthermore, 

concurrent administration of SV and SeNPs showed restoration of the normal liver MDA 

content and a significant reduction of 63.5% compared to the treated group. Hyperlipidemic 

rats showed a marked depletion in liver GSH content. However, it was replenished by treatment 

with SV alone or in combination with coQNPs or/ and SeNPs, resulting in a significant 

elevation in liver GSH. Treatment with SV and coQNPs or SeNPs restored liver GSH content 

to normal. A marked reduction in liver SOD activity was noticed in hyperlipidemic rats. 

Meanwhile, treatment with SV in combination with coQNPs or/and SeNPs showed 

significant elevation in liver SOD activity (Table 4). HFD consumption precipitates oxidative 

stress that indicates to series of inflammatory reactions associated with the promotion of 

cytokines such as nuclear Factor κB (NFκB), activation of genetic expression of inducible nitric 

oxide synthase (iNOS) and cyclooxygenase-2 (COX-2)49. Simvastatin treatment showed a 

pronounced improvement in antioxidative stress biomarkers. These outcomes agreed with 

previous studies that revealed statin treatment associated with attenuation of lipid 

peroxidation50. Meanwhile, clinical research showed a positive impact of simvastatin treatment 

in hypercholesterolemic and diabetic patients, but without benefits on healthy volunteers51. 

This antioxidant activity of coQNPs was compatible with our results. Thus, it was found that a 

combination regimen of SV and coQNPs reduced MDA significantly with a normalized level 

of GSH and SOD52. Another vascular protecting mechanism was shown by limiting the 

inactivation of endothelial NO in response to superoxide radicals 53. Therefore, the inactivation 

of endothelium-derived relaxing factor and/or fibrosis of arteriolar smooth muscle will be 

reduced 54. The most apparent effect of the combination group of SV and SeNPs is the restoration of 

the oxidative stress biomarkers. The previous study stated that selenium could scavenge free radicals 

and terminate oxidative stress through selenoenzymes such as GPx55. 
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Effect of simvastatin, nano-coQ10, and/ or nano-selenium on skeletal muscle function 

biomarkers in hyperlipidemic rats 

The effect of simvastatin, nano-coQ10, and/or nano-selenium on skeletal muscle 

function biomarkers in hyperlipidemic rats was markedly augmented. The serum creatine 

kinase (CK) activity was reversed by co-administration of SV and coQNPs or SeNPs, causing 

a considerable reduction in serum CK activity by 11.3% and 16.1%, respectively. 

Paradoxically, treatment with SV besides coQNPs and SeNPs showed a significant elevation 

in serum CK activity of 6.1% compared to the SV-treated group. Hyperlipidemic rats provoked 

a pronounced spike in serum myoglobin (MYO) level by 523.5% compared to the nano-vehicle 

group. While treatment with SV with coQNPs or/ and SeNPs showed a significant decrease in 

serum MYO level. Unfortunately, combined treatment of SV with coQNPs and SeNPs showed 

a marked rise in serum MYO level by 29.6%. Serum troponin (Tn-T) level was significantly 

elevated in hyperlipidemic rats. 

On the other hand, Tn-T was notably lowered by the treatment with SV alone or in 

combination with coQNPs or/ and SeNPs. Furthermore, concurrent administration of SV and 

SeNPs ultimately restrained the average serum Tn-T level with a significant reduction of 45.2% 

compared to the SV-treated group (Table 5). Laboratory findings of the present study revealed 

that animals fed HFD and treated with SV hyperlipidemic rats suffered from myopathy that 

was manifested by a significant increment of serum CK, myoglobin, and troponin compared to 

standard groups. There needs to be a complete explanation of the mechanism of statin-induced 

rhabdomyolysis. However, previous studies speculated on the role of monocarboxylate 

transported in uptaking and accumulation of stains in skeletal muscles56, besides deterioration 

of cell membrane fluidity and stability because of shortage of membrane cholesterol 57 that is 

associated with dysfunction of chloride channel conductivity versus cytoplasmic overload due 

to malfunction of mitochondria58. The research outcome of an earlier study revealed that 

patients treated with statins for a long time suffer from muscle aches due to a deficiency of 

mevalonate and isoprenoids59,60. Indeed, mevalonate deficiency will open the door in front of 

unwanted reactions such as lack of potent antioxidant, cell membrane destabilization due to 

coenzyme Q10/ubiquinone insufficiency61, lack of enzymatic activity of isoprenylation of 

selenocysteine-tRNA because of shortage of selenoproteins resources62, inactivation of the 

prenylation/geranylgeranylation of proteins through reducing in farnesyl and geranylgeraniol 

pyrophosphates61,63,64 and agitation of N-linked glycosylation within proteins65. Consequently, 

fat cell deposition within quadriceps muscles and atrophied cells of histopathological studies 

further explains this phenomenon. A study by Abdelbaset et al., 201466 repurposed coQ10 in 

lowering cholesterol levels without elevation of CK compared to statin-induced myopathy. 

These results were confirmed by the histological and immunohistochemical studies in the 

present work. In the current study, the combined therapy of SV and SeNPs restored the standard 

glucose and insulin values. Earlier studies advocate selenium use in diabetes due to activation 

of Akt and other kinases that control insulin signaling and carbohydrate metabolism. Several 

explanations exist for the hypoglycemic action of selenium, including prevention of glucose 

transport from the GIT tract and enhancement of urinary excretion67. Furthermore, selenium 

improves insulin sensitivity and glucose transport in experimental animal models of diabetes68. 

All the previously mentioned studies showed that SeNPs have lower side effects, 

manifested by normalized muscle function biomarkers and kidney function. The muscular 

histopathological findings showed a regular structure with lesser caspase-3 immunoreactivity 
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than SV. It was noted that SeNPs possess equal efficacy of selenium with much lower 

toxicity69. 

Histopathological and immunohistochemical examinations 

Histological studies revealed that nano-vehicle control rats exhibited typical architecture 

of the central portal veins and blood sinusoids with a slight congestion (Figure. 3A). HFD 

showed deterioration of hepatic tissues characterized by deposition of fatty droplets in the 

parenchyma associated with few inflammatory cells’ infiltration in the portal area as well as 

congestion in the portal veins and sinusoids (Figure. 3-B). A cross-section of hepatic tissue of 

SV-treated rats revealed vacuolar degeneration that was detected diffusely all over the 

hepatocytes in the parenchyma with few inflammatory cells’ infiltration in the portal area 

(Figure. 3-C). The liver tissue section of the combination group of SV and coQNPs showed 

vacuolar degeneration was noticed diffusely all over the hepatocytes in the parenchyma 

(Figure. 3-D). SV and SeNPs treatment exhibited a fatty change in the hepatocytes in a focal 

manner associated with portal vein congestion (Figure. 3-E). SV treatment in combination 

with coQNPs and SeNPs resulted in vacuolar degeneration in the hepatocytes associated with 

a few inflammatory cell infiltration in the portal area (Figure. 3-F). 

Nano-vehicle control rats showed no histopathological alterations in their quadriceps 

muscle (Figure. 5-A). HFD showed deposition in fat droplets between the atrophied muscles 

(Figure. 4-B) that was characterized by focal Zenker's necrosis in a few other bundles. 

Treatment of SV showed marked deposited fat cells in the area between the muscle and 

atrophied cells (Figure. 4-C). Similarly, the quadriceps muscle section of rats treated with a 

combination group of SV and coQNPs showed typical muscle structure (Figure. 4-D). The SV 

and SeNPs combination group showed no histopathological alterations (Figure. 4-E). 

Furthermore, Combination therapy of SV, coQNPs, and SeNPs showed muscular atrophy, 

which was detected in a focal manner associated with focal deposition of the fat droplets 

between the bundles (Figure 4-F). Histological changes in sections of hepatic tissues and 

quadriceps muscles were quantitatively illustrated in Table 6. 

Photomicrograph of a section of hepatic tissue of rats stained with caspase-3, animals 

treated with nano-vehicle showed no interaction between hepatic tissues after staining with 

caspase 3 (Figure.5-A). Photomicrograph of a hepatic section of rat treated with HFD stained 

immunohistochemically for caspase-3 showed an intense positive result (discoloration with 

dark brown) in many hepatocytes due to immunoreaction after staining with caspase 3 

(Figure.5-B). SV-treated rats showed an intense positive result indicated by dark brown 

discoloration (Figure. 5-C). The combined treatment with SV and coQNPs showed a 

significant reduction in positive cells stained with caspase-3 (Figure. 5-D). Photomicrograph 

of a section of hepatic tissue of combined therapy of SV and SeNPs shows a reduction in the 

intensity of positive cells compared to SV-treated rats (Figure. 5-E). Photomicrograph of a 

section of hepatic tissue of concurrent administration of SV and coQNPs and SeNPs then 

stained immunohistochemically for caspase-3 showing an increase in number and intensity of 

positive results of hepatocytes as compared to SV treated rat (Figure.5-F). 

Animals treated with nano-vehicle only showed no reaction with caspase 3, indicated 

by negative results of quadriceps muscles (Figure.6-A). The cross-section of the quadriceps 

muscle of animals treated with HFD exhibited a marked positive reaction with 

immunohistochemical stain caspase 3, indicated by dark brown discoloration in tremendous 
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numbers of muscle filaments (Figure 6-B). Immunohistochemical staining with caspase 3 

showed distinct dark brown discoloration of the quadriceps muscle of animals treated with SV 

(Figure 6-C). The cross-section of immunohistochemical strained quadriceps muscles with 

caspase 3 removed from animals treated with a combination of SV and coQNPs showed a 

marked decrease of positive cells (Figure 6-D). SV and SeNPs reduced the number of positive 

cells that reacted with the caspase 3 stain (Figure 6-E). After direct immunohistochemical 

staining, the cross-section of the quadriceps muscle of animals treated with SV, coQNPs, and 

SeNPs showed a marked change in the number of positive cells that react with caspase 3, 

indicated by dark brown discoloration (Figure 6-F). Immunohistochemical examination for 

apoptosis by determining caspase-3 reactivity revealed a marked positive interaction due to the 

existence of caspase-3 all over hepatocytes and myocytes in the case of hyperlipidemic rat 

tissues. A mountain of evidence speculated on the elevation of MDA is associated with a higher 

cleaved of caspase-3 and apoptotic cells70. Immunohistochemical studies of liver and 

quadriceps muscles affirmed the apoptotic effects of simvastatin that were indicated by a 

positive reaction with caspase 3. These results agreed with earlier studies that speculated on 

the role of simvastatin by downregulating the PI3K/Akt pathway, Akt/protein kinase B (PKB), 

which controls cell survival and proliferation71. 

The research outcomes of the current study showed that combined treatment of SV with 

coQNPs and SeNPs exhibited a robust anti-hyperlipidemic and antihyperglycemic activity 

through a significant reduction in TC, T.G, LDL-c, and AIX in addition to an increment in 

HDL-c. At the same time, serum glucose and insulin were normalized. A significant increase 

in ALT, and AST was detected relative to the SV group, with no significant alterations in ALP 

and albumin found between SV and this combined therapy. This hepatic effect was confirmed 

by histopathological examination. Compared to the SV-treated group, an intense caspase-3 

expression was found in the rat's quadriceps muscle. 

Very few studies determined this triple combination's possible therapeutic efficacy and 

side effects. Bogsrud et al. (2013)72 reported no significant changes in combined treatment 

with atorvastatin, coQ10, and selenium on SIM compared with the placebo. In contrast, our 

results revealed a marked increase in CK, MYO, and Tn-T compared to treatment with SV 

alone. Histological and immunohistochemical findings evidenced this unpreferable effect. 

Histopathological findings in rat's quadriceps showed muscular atrophy in a focal manner with 

focal deposition of the fat droplets in between the bundles. The number and intensity of 

apoptotic cells increased in quadriceps skeletal muscles compared to the SV-treated group. In 

contrast, no significant difference was determined between combination therapy of SV and 

coQNPs and SeNPs and treatment with SV in kidney function biomarkers such as creatinine, 

urea, and BUN. On the other hand, concurrent administration of SV, coQNPs, and SeNPs 

reduced MDA content with increased GSH content and normalized SOD activity. Results 

suggest that this triple combination suffers from specific interactions that led to pro-oxidation, 

which worsens the side effects of simvastatin and interaction circumstances. 

Immunohistological changes were scored in Table 7. 

Conclusion 

In summary, this study presents a novel approach utilizing solid lipid nanoparticles 

(SLNs) for the oral delivery of coenzyme Q10 (coQ10) and/or selenium in combination with 

simvastatin. The findings of this research shed light on the potential applications of coQ10 
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nanoparticles (coQNPs) and selenium nanoparticles (SeNPs) as therapeutic agents for 

hyperlipidemia and as a means to mitigate simvastatin-induced side effects. 

The results indicate that the combination therapy of simvastatin with coQNPs and the 

combined treatment of simvastatin and SeNPs demonstrated improved therapeutic effects 

compared to simvastatin alone, with reduced side effects. This suggests that the utilization of 

SLNs can enhance the efficacy of simvastatin treatment in managing hyperlipidemia. 

However, it is essential to note that the simultaneous administration of simvastatin with 

coQNPs and SeNPs resulted in a higher incidence of hepatotoxicity, nephrotoxicity, and 

rhabdomyolysis compared to simvastatin alone, despite the observed anti-hyperlipidemic and 

antihyperglycemic effects. Further research is warranted to optimize these nanoparticles' 

dosage and administration protocols to minimize adverse effects while maximizing their 

therapeutic benefits. 

In the future, it would be beneficial for other researchers to explore alternative 

formulations and delivery strategies to enhance the bioavailability and effectiveness of coQ10 

and selenium. Additionally, investigations into the underlying mechanisms responsible for the 

observed hepatotoxicity, nephrotoxicity, and rhabdomyolysis in combination therapy could 

provide valuable insights for the development of safer treatment regimens. 

Overall, this study lays the groundwork for further exploration of coQ10 and selenium 

nanoparticles in the context of hyperlipidemia treatment and offers valuable directions for 

future research in this field. 
 
 

Acknowledgment 
The authors thank Dr. Adel Bekier for his generous support in the histopathological 

examination in this manuscript. 

Authors’s contributions 

 Conducting experiment and writing the manuscript: Hagar B. Abo-zalam. 

 Writing study protocol: Ezz El Deen El Denshary. 

 Writing proposal, guiding, supervision, and contribution in developing study 

protocol and experiment and manuscript revision: Rania A. Abdalsalam. 

 Solid lipid nanoparticles preparation, analyzed the data of the in-vitro study, wrote 

and reviewed the manuscript for solid lipid nanoparticles workload: Islam A. Khalil. 

 Supervised and guided during the conduction of experiment and manuscript 

revision: Mahmoud M. Khattab. 

 Writing proposal, guiding, supervision, and contribution in developing study 

protocol and experiment, manuscript writing and revision: Mohamed A. Hamzawy. 

Competing of interests 

All authors declare that they have no competing interests. 

Ethical Approval 

This study was conducted with the approval of the Faculty of Pharmacy, Cairo 

University ethics committee under permit number PT 1353. 

Acc
ep

ted
 M

an
us

cri
pt



Accepted Manuscript (unedited) 

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

 
14 | P a g e  
 

 

References  

1. Singh A, Dhanasekaran D, Ganamurali N, Preethi L, Sabarathinam S. Junk food-induced 

obesity-a growing threat to youngsters during the pandemic. Obes Med 2021;26:100364. doi: 

10.1016/j.obmed.2021.100364 

2. Zaribaf F, Mohammadifard N, Sarrafzadegan N, Karimi G, Gholampour A, Azadbakht L. 

Dietary patterns in relation to lipid profiles among Iranian adults. J Card Thorac Res 

2019;11(1):19. doi: 10.15171/jcvtr.2019.04 

3. Roth GA, Mensah GA, Johnson CO, Addolorato G, Ammirati E, Baddour LM, et al. 

Global burden of cardiovascular diseases and risk factors, 1990–2019: update from the GBD 

2019 study. J Am Coll Cardiol 2020;76(25):2982-3021. doi: 10.1016/j.jacc.2020.11.010 

4. Townsend N, Kazakiewicz D, Lucy Wright F, Timmis A, Huculeci R, Torbica A, et al. 

Epidemiology of cardiovascular disease in Europe. Nat Rev Card 2021:1-11. doi: 

10.1038/s41569-021-00607-3 

5. Al-Rasheed NM, Al-Rasheed NM, Hasan IH, Al-Amin MA, Al-Ajmi HN, Mohamad RA, 

et al. Simvastatin ameliorates diabetic cardiomyopathy by attenuating oxidative stress and 

inflammation in rats. Oxid Med Cell Longev 2017;2017. doi: 10.1155/2017/1092015 

6. Padhye S, Nagarsenker MS. Simvastatin solid lipid nanoparticles for oral delivery: 

formulation development and in vivo evaluation. Indian J Pharm Sci 2013;75(5):591. doi: 

10.4103/0250-474X.122883 

7. Pinal-Fernandez I, Casal-Dominguez M, Mammen AL. Statins: pros and cons. Medicina 

Clínica (English Edition) 2018;150(10):398-402. doi: 10.1016/j.medcli.2017.11.030 

8. Bang CN, Devereux RB, Okin PM. Regression of electrocardiographic left ventricular 

hypertrophy or strain is associated with lower incidence of cardiovascular morbidity and 

mortality in hypertensive patients independent of blood pressure reduction–a LIFE review. J 

Electrocardiol 2014;47(5):630-5. doi: 10.1016/j.jelectrocard.2014.07.003 

9. Abo-zalam HB, El-Denshary ES, Abdelsalam RM, Khalil IA, Khattab MM, Hamzawy 

MA. Therapeutic advancement of simvastatin-loaded solid lipid nanoparticles (SV-SLNs) in 

treatment of hyperlipidemia and attenuating hepatotoxicity, myopathy and apoptosis: 

Comprehensive study. Biomed Pharmacother 2021;139:111494. doi: 

10.1016/j.biopha.2021.111494 

10. Qu H, Guo M, Chai H, Wang Wt, Gao Zy, Shi Dz. Effects of coenzyme Q10 on statin‐
induced myopathy: an updated meta‐ analysis of randomized controlled trials. J Am Heart 

Assoc 2018;7(19):e009835. doi: 10.1161/JAHA.118.009835 

11. Kennedy C, Köller Y, Surkova E. Effect of Coenzyme Q10 on statin-associated myalgia 

and adherence to statin therapy: A systematic review and meta-analysis. Atherosclerosis 

2020;299:1-8. doi: 10.1016/j.atherosclerosis.2020.03.006 

12. Suárez-Rivero JM, Pastor-Maldonado CJ, de la Mata M, Villanueva-Paz M, Povea-

Cabello S, Álvarez-Córdoba M, et al. Atherosclerosis and coenzyme Q10. Int J Mol Sci 

2019;20(20):5195. doi: 10.3390/ijms20205195 

13. Arenas‐ Jal M, Suñé‐ Negre J, García‐ Montoya E. Coenzyme Q10 supplementation: 

Efficacy, safety, and formulation challenges. Comp Rev Food Sci & Food Saf 

2020;19(2):574-94. doi: 10.1111/1541-4337.12539 

14. Kieliszek M. Selenium–fascinating microelement, properties and sources in food. 

Molecules 2019;24(7):1298. doi: 10.3390/molecules24071298 

15. Rajendran K, Dharmaraj D, Krishnamoorthy M, Karuppiah K, Ethiraj K. Nutraceutical 

sector and nanomedicine. Nanomedicine Manufacturing and Applications: Elsevier; 2021. p. 

321-35.doi: 10.1016/B978-0-12-820773-4.00014-7 

Acc
ep

ted
 M

an
us

cri
pt



Accepted Manuscript (unedited) 

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

 
15 | P a g e  
 

 

16. Calvani M, Pasha A, Favre C. Nutraceutical boom in cancer: inside the labyrinth of 

reactive oxygen species. Int J Mol Sci 2020;21(6):1936. doi: 10.3390/ijms21061936 

17. Moss JW, Williams JO, Ramji DP. Nutraceuticals as therapeutic agents for 

atherosclerosis. Biochim Biophys Acta Mol Basis Dis 2018;1864(5):1562-72. doi: 

10.1016/j.bbadis.2018.02.006 

18. Marsup P, Yeerong K, Neimkhum W, Sirithunyalug J, Anuchapreeda S, To-Anun C, et 

al. Enhancement of chemical stability and dermal delivery of cordyceps militaris extracts by 

nanoemulsion. Nanomaterials 2020;10(8):1565. doi: 10.3390/nano10081565 

19. Jorge PAR, Osaki MR, de Almeida E. Rapid reversal of endothelial dysfunction in 

hypercholesterolaemic rabbits treated with simvastatin and pravastatin. Clin Exp Pharmacol 

Physiol 1997;24(12):948-53. doi: 10.1111/j.1440-1681.1997.tb02724.x 

20. Ulusoy HI. Simple and useful method for determination of inorganic selenium species in 

real samples based on UV-VIS spectroscopy in a micellar medium. Analytical Methods 

2015;7(3):953-60. doi: 10.1039/C4AY02691H 

21. Onyeali E, Onwuchekwa A, Monago C, Monanu M. Plasma lipid profile of Wistar albino 

rats fed palm oil-supplemented diets. Int J Food Sci Nutr 2010;4(4). doi: 

10.4314/ijbcs.v4i4.63053 

22. Karaçor K, Çam M, Orhan N, Coşgun E, Demirin H. High Fatty Diet Effects on Rat 

Liver. Euro J Gen Med 2014;11(2). doi: 10.15197/sabad.1.11.47 

23. Ozek Simsek N, Sara Y, Onur R, Severcan F. Low dose simvastatin induces 

compositional, structural and dynamic changes in rat skeletal extensor digitorum longus 

muscle tissue. Biosci Rep 2010;30(1):41-50. doi: 10.1042/BSR20080150 

24. Rauscher FM, Sanders RA, Watkins III JB. Effects of coenzyme Q10 treatment on 

antioxidant pathways in normal and streptozotocin‐ induced diabetic rats. J Biochem Mol 

Toxicol 2001;15(1):41-6. doi: 10.1002/1099-0461(2001)15:1<41::aid-jbt5>3.0.co;2-z 

25. El-Demerdash FM, Nasr HM. Antioxidant effect of selenium on lipid peroxidation, 

hyperlipidemia and biochemical parameters in rats exposed to diazinon. J Trace Elem Med 

Biol 2014;28(1):89-93. doi: 10.1016/j.jtemb.2013.10.001. 

26. Cocchetto DM, Bjornsson TD. Methods for vascular access and collection of body fluids 

from the laboratory rat. J Pharm Sci 1983;72(5):465-92. doi: 10.1002/jps.2600720503 

27. Begum MM, Rahman AT, Islam S, Asaduzzaman M, Ali H, Ali Y, et al. Simvastatin 

potentiates the antihyperglycemic, antidyslipidimic and antioxidative effect of glibenclamide 

on alloxan-induced diabetic rats. Pharmacology & Pharmacy 2014;5(11):1059. doi: 

10.4236/pp.2014.511115 

28. Kumar Teli M, Mutalik S, Rajanikant G. Nanotechnology and nanomedicine: going small 

means aiming big. Curr Pharm Des 2010;16(16):1882-92. doi: 

10.2174/138161210791208992 

29. Đorđević S, Gonzalez MM, Conejos-Sánchez I, Carreira B, Pozzi S, Acúrcio RC, et al. 

Current hurdles to the translation of nanomedicines from bench to the clinic. Drug Deliv 

Transl Res 2021:1-26. doi: 10.1007/s13346-021-01024-2 

30. Abdel-Maksoud MF, Eckel RH, Hamman RF, Hokanson JE. Risk of coronary heart 

disease is associated with triglycerides and high-density lipoprotein cholesterol in women and 

non–high-density lipoprotein cholesterol in men. J Clin Lipidol 2012;6(4):374-81. doi: 

10.1016/j.jacl.2012.02.011 

31. Amanolahi F, Rakhshande H. Effects of ethanolic extract of green tea on decreasing the 

level of lipid profile in rat. Avicenna journal of phytomedicine 2013;3(1):98. doi: 

10.22038/AJP.2012.15 

Acc
ep

ted
 M

an
us

cri
pt



Accepted Manuscript (unedited) 

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

 
16 | P a g e  
 

 

32. Gao M, Ma Y, Liu D. High-fat diet-induced adiposity, adipose inflammation, hepatic 

steatosis and hyperinsulinemia in outbred CD-1 mice. PLoS One 2015;10(3):e0119784. doi: 

10.1371/journal.pone.0119784 

33. Li Z, Luo W, Zhang M, Feng J, Zou Z. Photoelectrochemical cells for solar hydrogen 

production: current state of promising photoelectrodes, methods to improve their properties, 

and outlook. Energy Environ Sci 2013;6(2):347-70. doi: 10.1039/C2EE22618A 

34. Molchanova OV, Pokrovskaya TG, Povetkin SV, Reznikov KM. Endothelioprotective 

property of the combination of the thioctic acid and rosuvastatin shown in the endothelial 

dysfunction models. Res Res Pharm 2016;2(1). doi: 10.18413/2313-8971-2016-2-1-9-15 

35. Kimball SR, Ravi S, Gordon BS, Dennis MD, Jefferson LS. Amino Acid–Induced 

Activation of mTORC1 in Rat Liver Is Attenuated by Short-Term Consumption of a High-

Fat Diet. J Nutr 2015;145(11):2496-502. doi: 10.3945/jn.115.215491 

36. Song G, Liu J, Zhao Z, Yu Y, Tian H, Yao S, et al. Simvastatin reduces atherogenesis and 

promotes the expression of hepatic genes associated with reverse cholesterol transport in 

apoE-knockout mice fed high-fat diet. Lipids Health Dis 2011;10(1):1-7. doi: 10.1186/1476-

511X-10-8 

37. Devadasu VR, Wadsworth RM, Kumar MR. Protective effects of nanoparticulate 

coenzyme Q 10 and curcumin on inflammatory markers and lipid metabolism in 

streptozotocin-induced diabetic rats: A possible remedy to diabetic complications. Drug 

Deliv Transl Res 2011;1(6):448-55. doi: 10.1007/s13346-011-0041-3 

38. Sharifi N, Tabrizi R, Moosazadeh M, Mirhosseini N, Lankarani KB, Akbari M, et al. The 

effects of coenzyme Q10 supplementation on lipid profiles among patients with metabolic 

diseases: A systematic review and meta-analysis of randomized controlled trials. Curr Pharm 

Des 2018;24(23):2729-42. doi: 10.2174/1381612824666180406104516 

39. Gao L, Mao Q, Cao J, Wang Y, Zhou X, Fan L. Effects of coenzyme Q10 on vascular 

endothelial function in humans: a meta-analysis of randomized controlled trials. 

Atherosclerosis 2012;221(2):311-6. doi: 10.1016/j.atherosclerosis.2011.10.027 

40. Dkhil MA, Zrieq R, Al-Quraishy S, Abdel Moneim AE. Selenium nanoparticles attenuate 

oxidative stress and testicular damage in streptozotocin-induced diabetic rats. Molecules 

2016;21(11):1517. doi: 10.3390/molecules21111517 

41. Björnsson E, Jacobsen EI, Kalaitzakis E. Hepatotoxicity associated with statins: reports of 

idiosyncratic liver injury post-marketing. J Hepatol 2012;56(2):374-80. doi: 

10.1016/j.jhep.2011.07.023 

42. Choi H-K, Won E-K, Choung S-Y. Effect of coenzyme Q10 supplementation in statin-

treated obese rats. Biomol Ther (Seoul) 2016;24(2):171. doi: 10.4062/biomolther.2015.089 

43. Advances in nutritionSolinas G, Becattini B. JNK at the crossroad of obesity, insulin 

resistance, and cell stress response. Mol Metab 2017;6(2):174-84. doi: 

10.1016/j.molmet.2016.12.001 

44. Tikoo K, Sharma E, Amara VR, Pamulapati H, Dhawale VS. Metformin Improves 

Metabolic Memory in High Fat Diet (HFD)-induced Renal Dysfunction. J Biol Chem 

2016;291(42):21848-56. doi: 10.1074/jbc.C116.732990 

45. Taldone T, Zito SW, Talele TT. Inhibition of dipeptidyl peptidase-IV (DPP-IV) by 

atorvastatin. Bioorg Med Chem Lett 2008;18(2):479-84. doi: 10.1016/j.bmcl.2007.11.107 

46. Zutt R, Van Der Kooi A, Linthorst G, Wanders R, De Visser M. Rhabdomyolysis: review 

of the literature. Neuromuscul Disord 2014;24(8):651-9. doi: 10.1016/j.nmd.2014.05.005 

47. Raizner AE. Coenzyme Q10. Methodist Debakey Cardiovasc J 2019;15(3):185. doi: 

10.14797/mdcj-15-3-185 

Acc
ep

ted
 M

an
us

cri
pt



Accepted Manuscript (unedited) 

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

 
17 | P a g e  
 

 

48. Petersen MC, Shulman GI. Mechanisms of insulin action and insulin resistance. Physiol 

Rev 2018;98(4):2133-223. doi: 10.1152/physrev.00063.2017 

49. Yiu WF, Kwan PL, Wong CY, Kam TS, Chiu SM, Chan SW, et al. Attenuation of fatty 

liver and prevention of hypercholesterolemia by extract of Curcuma longa through regulating 

the expression of CYP7A1, LDL‐ receptor, HO‐ 1, and HMG‐ CoA reductase. J Food Sci 

2011;76(3):H80-H9. doi: 10.1111/j.1750-3841.2011.02042.x 

50. Li J, Sun YM, Wang LF, Li ZQ, Pan W, Cao HY. Comparison of effects of simvastatin 

versus atorvastatin on oxidative stress in patients with coronary heart disease. Clin Cardiol 

2010;33(4):222-7. doi: 10.1002/clc.20724 

51. Rasmussen ST, Andersen JT, Nielsen TK, Cejvanovic V, Petersen KM, Henriksen T, et 

al. Simvastatin and oxidative stress in humans: a randomized, double-blinded, placebo-

controlled clinical trial. Redox Biol 2016;9:32-8. doi: 10.1016/j.redox.2016.05.007 

52. Martelli A, Testai L, Colletti A, Cicero AF. Coenzyme Q10: Clinical applications in 

cardiovascular diseases. Antioxidants 2020;9(4):341. doi: 10.3390/nu13051697 

53. Kozaeva LP, Gorodetskaya EA, Ruuge EK, Kalenikova EI, Medvedev OS. Beneficial 

effect of coenzyme Q10 injection on nitric oxide-related dilation of the rat aorta. Eur J 

Pharmacol 2017;794:15-9. doi: 10.1016/j.ejphar.2016.11.019 

54. Fotino AD, Thompson-Paul AM, Bazzano LA. Effect of coenzyme Q10 supplementation 

on heart failure: a meta-analysis. Am J Clin Nutr 2013;97(2):268-75. doi: 

10.3945/ajcn.112.040741 

55. Hassan I, Ebaid, H., Al-Tamimi, J., Habila, M. A., Alhazza, I. M., & Rady, A. M. . 

Selenium nanoparticles mitigate diabetic nephropathy and pancreatopathy in rat offspring via 

inhibition of oxidative stress. Journal of King Saud University-Science 2021;33(1):101265.. 

doi: 10.1016/j.jksus.2020.101265 

56. Galtier F, Mura T, de Mauverger ER, Chevassus H, Farret A, Gagnol J-P, et al. Effect of 

a high dose of simvastatin on muscle mitochondrial metabolism and calcium signaling in 

healthy volunteers. Toxicol Appl Pharmacol 2012;263(3):281-6. doi: 

10.1016/j.taap.2012.06.020 

57. Hanai J-i, Cao P, Tanksale P, Imamura S, Koshimizu E, Zhao J, et al. The muscle-specific 

ubiquitin ligase atrogin-1/MAFbx mediates statin-induced muscle toxicity. The Journal of 

clinical investigation 2007;117(12):3940-51. doi: 10.1172/JCI32741 

58. Mikus CR, Boyle LJ, Borengasser SJ, Oberlin DJ, Naples SP, Fletcher J, et al. 

Simvastatin impairs exercise training adaptations. J Am Coll Cardiol 2013;62(8):709-14. doi: 

10.1016/j.jacc.2013.02.074 

59. Ranji P, Rauthan M, Pitot C, Pilon M. Loss of HMG-CoA reductase in C. elegans causes 

defects in protein prenylation and muscle mitochondria. PLoS One 2014;9(6):e100033. doi: 

10.1371/journal.pone.0100033 

60. Westwood FR, Scott RC, Marsden AM, Bigley A, Randall K. Rosuvastatin: 

characterization of induced myopathy in the rat. Toxicol Pathol 2008;36(2):345-52. doi: 

10.1177/0192623307311412 

61. Abd TT, Jacobson TA. Statin-induced myopathy: a review and update. Expert Opin Drug 

Saf 2011;10(3):373-87. doi: 10.1517/14740338.2011.540568 

62. Alehagen U, Johansson P, Björnstedt M, Rosén A, Dahlström U. Cardiovascular 

mortality and N-terminal-proBNP reduced after combined selenium and coenzyme Q10 

supplementation: a 5-year prospective randomized double-blind placebo-controlled trial 

among elderly Swedish citizens. Int J Cardiol 2013;167(5):1860-6. doi: 

10.1016/j.ijcard.2012.04.156 

Acc
ep

ted
 M

an
us

cri
pt



Accepted Manuscript (unedited) 

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

 
18 | P a g e  
 

 

63. Flint OP, Masters BA, Gregg RE, Durham SK. HMG CoA reductase inhibitor-induced 

myotoxicity: pravastatin and lovastatin inhibit the geranylgeranylation of low-molecular-

weight proteins in neonatal rat muscle cell culture. Toxicol Appl Pharmacol 1997;145(1):99-

110. doi: 10.1006/taap.1997.8174 

64. Campia I, Lussiana C, Pescarmona G, Ghigo D, Bosia A, Riganti C. Geranylgeraniol 

prevents the cytotoxic effects of mevastatin in THP‐ 1 cells, without decreasing the 

beneficial effects on cholesterol synthesis. Br J Pharmacol 2009;158(7):1777-86. doi: 

10.1111/j.1476-5381.2009.00465.x 

65. Baker SK. Molecular clues into the pathogenesis of statin‐ mediated muscle toxicity. 

Muscle Nerve 2005;31(5):572-80. doi: 10.1002/mus.20291 

66. Abdelbaset M, Safar MM, Mahmoud SS, Negm SA, Agha AM. Red yeast rice and 

coenzyme Q10 as safe alternatives to surmount atorvastatin-induced myopathy in 

hyperlipidemic rats. Can J Physiol Pharmacol 2014;92(6):481-9. doi: 10.1139/cjpp-2013-

0430 

67. Steinbrenner H, Al-Quraishy S, Dkhil MA, Wunderlich F, Sies H. Dietary selenium in 

adjuvant therapy of viral and bacterial infections. Adv Nutr 2015;6(1):73-82. doi: 

10.3945/an.114.007575 

68. Febiyanto N, Yamazaki C, Kameo S, Sari DK, Puspitasari IM, Sunjaya DK, et al. Effects 

of selenium supplementation on the diabetic condition depend on the baseline selenium status 

in KKAy mice. Biol Trace Elem Res 2018;181(1):71-81. doi: 10.1007/s12011-017-1013-3 

69. Abdelaleem RMA, Askar M, Hassan SHM, El-Batal AI. Modulatory role of selenium 

nanoparticles and grape seed extract mixture on oxidative stress biomarkers in diabetic 

irradiated rats. Indian J Pharm Edu Res 2016. doi: 10.5530/ijper.50.1.21 

70. Jiang L, Wang P, Sun Y-J, Wu Y-J. Ivermectin reverses the drug resistance in cancer 

cells through EGFR/ERK/Akt/NF-κB pathway. J Exp Clin Cancer Res 2019;38(1):1-18. doi: 

10.1186/s13046-019-1251-7 

71. Laplante M, Sabatini DM. mTOR signaling in growth control and disease. Cell 

2012;149(2):274-93. doi: 10.1016/j.cell.2012.03.017 

72. Bogsrud MP, Langslet, G., Ose, L., Arnesen, K. E., Sm stuen, M. C., Malt, U. F., 

Woldseth, B., & Retterstøl, K. . No effect of combined coenzyme Q10 and selenium 

supplementation on atorvastatin-induced myopathy. Scand Cardiovasc J 2013;47(2). doi: 

10.3109/14017431.2012.756119 

Table (1): Characterization of unloaded and loaded solid lipid nanoparticles. 

Table (2): Effect of simvastatin (20mg/kg) and its combination with nano-coQ10 

(10mg/kg) and/or nano-selenium (0.1mg/kg) on body weight, lipid profiles and AIX in 

hyperlipidemic rats. 

Table (3): Effect of simvastatin (20mg/kg) and its combination with nano-coQ10 

(10mg/kg) and/or nano-selenium (0.1mg/kg) on insulin, blood glucose levels and kidney 

function test in hyperlipidemic rats. 

Table (4): Effect of simvastatin (20mg/kg) and its combination with nano-coQ10 

(10mg/kg) and/or nano-selenium (0.1mg/kg) on oxidative stress biomarkers in 

hyperlipidemic rats. 

Acc
ep

ted
 M

an
us

cri
pt



Accepted Manuscript (unedited) 

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

 
19 | P a g e  
 

 

 Table (5): Effect of simvastatin (20mg/kg) and its combination with nano-coQ10 

(10mg/kg) and/or nano-selenium (0.1mg/kg) on skeletal muscle function biomarkers in 

hyperlipidemic rats. 

Table (6): The effect of different treatments on histological patterns of hepatic tissues and 

quadriceps muscles. 

Table (7): Effect of different treatment on immunopathological reaction of caspase-3 in 

hepatic tissues and quadriceps muscles. 

 
Figure (1): Scanning electron microscope image of the blank solid lipid nanoparticles  

 

 

Figure (2): Effect of simvastatin (20mg/kg) and its combination with nano-coQ10 

(10mg/kg) and/or nano-selenium (0.1mg/kg) on (a) ALT level, (b) AST level, (c) Albumin 

level, (d) ALP.  
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Data is described as means±S.E.M. (n = 8 rats);  
a: Significantly different from nano-vehicle value at p<0.05;  
b
: Significantly different from HFD value at p<0.05;  

c
: Significantly different from simvastatin value at p<0.05 

 

 

Figure (3): Histopathological patterns of liver tissues from different experimental 

groups. A)nano-vehicle control group showing slight congestion round central vein and 

blood sinusoids,  B) HFD treated rat  showing congestion in portal vein with migration of 

small number of inflammatory cells, infiltration in portal area and fatty change in the 

hepatocyte all in the hepatic parenchyma, C) SV treated group showing diffuse and 

proliferation of kupffer in between the degenerated hepatocytes with decongested hepatic 

sinusoids, D) treatment with SV and coQNPs showing parenchymal vacuolar degeneration 

diffusion E) combination group of SV and SeNPs showing congestion in portal vein with 

focal fatty change in hepatocytes, F)combination group of SV and coQNPs and SeNPs 

showing vacuolar degeneration in the hepatocyte and slight infiltration of limited number of 

inflammatory cell around portal vein (H&Ex40). 
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Figure (4): Effect of different treatments on quadriceps muscle sections. A)nano-vehicle 

control group showing typical architecture of quadriceps mucle, B)HFD treated group 

showing deposition of fatty droplets within atrophied muscle bundles with marked zenkers 

necrosis, C) SV treated group showing focal deposition  of the fat cells in between the muscle 

bundles with atrophied cells, D) SV & coQNPs treatment showing no histopathological 

alterations, E)combined therapy of SV & SeNPs showing no histopathological alterations, 

F)concurrent administration of SV & coQNPs & SeNPs showing muscular atrophy with 

deposition of fatty droplets (H&E x40). 

 
Figure (5): Immunoreaction of histochemical stain of caspase-3 in hepatic tissues. 

A)Cross section of hepatic tissue of a nano-vehicle treated rat receiving showing negative 

reaction all over the tissue, B)HFD treated rat showing an intense positive result (positive 

results represented dark brown discoloration) in many hepatocytes donating an increase in 

caspase immunoreactivity, C)Photomicrograph of a hepatic section of SV treated rat showing 
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an intense positive result, D)Photomicrograph of a section of hepatic tissue of combination 

group of SV & coQNPs then stained immunohistochemically for caspase-3 showing reduction 

in number and intensity of positive cells, E) Photomicrograph of a section of hepatic tissue of 

combination group of SV & SeNPs then stained immunohistochemically for caspase-3 showing 

reduction in the intensity of positive cells,  F)Cross section of hepatic tissue of concurrent 

administration of SV & coQNPs & SeNPs then stained immunohistochemically for caspase-3 

showing an increase in number and intensity of positive results of hepatocytes. (H&E x 160) 

 

Figure (6): Histopathological examination of caspase-3 localization in rats’ quadriceps. 

A)Cross section of quadriceps muscle of a nano-vehicle treated rat showing no negative 

result all over the tissue, B)Quadriceps muscle of a rat fed with HFD that stained with 

caspase-3 showing an intense positive result due to increase in caspase immunoreactivity 

(positive results represented by dark brown color), C)Simvastatin treated rat showing an 

intense positive result after staining with caspase-3 D) Immunohistochemical for caspase-3 of 

quadriceps muscle removed from animals treated with simvastatin and nano-coQ10 showing 

a decline in number and intensity of positive cells, E) Combined treatment of simvastatin and 

nano-selenium showing a reduction in number and intensity of positive cells, F)Simvastatin 

nano-selenium and nano-coQ10 treated rat showing an increase in number and intensity of 

positive. 

Table 1: Characterization of unloaded and loaded solid lipid nanoparticles 

F# 
Particle Size 

(nm) 
PDI 

Zeta-potential 

(mV) 
EE (%) 

Blank SLNs 250.2 ±5.2 0.52 ±0.10 -17.30 ±1.95 - 

Coenzyme Q10-SLNs 213.9 ±6.3 0.35 ±0.15 -13.49 ±3.85 91.20 ±2.14 

Selenium SLNs 296.72 ±6.3 0.49 ±0.12 -6.12 ±2.85 94.89 ±1.54 

Table 2: Effect of simvastatin (20mg/kg) and its combination with nano-coQ10 (10mg/kg) and/or nano-

selenium (0.1mg/kg) on body weight, lipid profiles and AIX in hyperlipidemic rats. 
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Data is described as means±S.E.M. (n = 8 rats); a: Significantly different from nano-vehicle value at p<0.05; 
b

: 

Significantly different from HFD value at p<0.05; 
c

: Significantly different from simvastatin value at p<0. 

 

  

Parameters  

 

Groups 

Total BW 

difference 

(ΔTBW) 

TC. 

(mg/dl) 

Triglycerides 

(mg/dl) 

HDL-c 

(mg/dl) 

LDL-c 

(mg/dl) 

AIX 

Nano-vehicle 162.4 ± 4.7 163.3 ± 0.9 86.5 ± 0.86 50.48 ± 0.95 95.5 ± 1.16 2.24 ± 0.06 

HFD 
210.9 ± 0.28 

a 

224.3 ± 0.96a 140.1 ± 0.79a 

18.89  ±  

0.75a 

177.4  ±  

1.57a 

11.02  ±  

0.54a 

HFD + SV 
108.4 ± 0.29 

ab 

170.4 ± 0.96ab 108.1 ± 0.99ab 

46.21 ± 

0.98ab 

102.5 ± 

1.09ab 

2.69 ± 0.07b 

HFD + SV + coQNPs 
103.4 ± 1.2 

abc 

155.3 ± 0.9abc 

90.36 ± 

0.98abc 

48.01 ± 0.64b 

89.17 ± 

1.08abc 

2.24 ± 0.04b 

HFD + SV + SeNPs 
80.5 ± 0.78 

abc 

154.9 ± 

0.74abc 

89.86 ± 0.97bc 

50.64 ± 

0.96bc 

86.27 ± 

1.06abc 

2.07 ± 0.05b 

HFD + SV + coQNPs + 

SeNPs 

82.4 ± 0.98 

abc 

153.5 ± 

0.95abc 

92.16 ± 

0.86abc 

51.29 ± 

0.98bc 

83.24 ± 

1.66abc 

2.0 ± 0.07bc 
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Table 3: Effect of simvastatin (20mg/kg) and its combination with nano-coQ10 (10mg/kg) and/or nano-

selenium (0.1mg/kg) on insulin, blood glucose levels and kidney function test in hyperlipidemic rats. 

 

Data is described as means±S.E.M. (n = 8 rats); a: Significantly different from nano-vehicle value at p<0.05; 
b

: 

Significantly different from HFD value at p<0.05; 
c

: Significantly different from simvastatin value at p<0.05 

  

                Group      

Parameters 

Insulin 

(µIU/ml) 

Glucose 

(mmol/L) 

Creatinine 

(mg/dl) 

Urea 

(mg/dl) 

BUN 

(mg/dl) 

Nano-vehicle 14.4 ± 0.55 8.41 ± 0.6 0.99 ± 0.021 34.59 ± 0.98 

16.2  ±  

0.46 

HFD 22.5  ±  0.95a 17.18  ±  0.5a 2.01  ±  0.038a 116.0  ±  0.91a 

54.2  ±  

0.43a 

HFD + SV 15.71 ± 0.51b 9.48 ± 0.5b 1.42 ± 0.084ab 77.11 ± 1.04ab 

36.03 ± 

0.49ab 

HFD + SV & coQNPs 15.46 ± 0.68b 8.69 ± 0.36b 1.07 ±0.034bc 38.1 ±0.095bc 

17.8  ± 

0.44abc 

HFD + SV & SeNPs 14.55 ± 0.53b 9.91 ± 0.47b 1.02 ± 0.035bc 36.56 ± 0.84bc 

17.09 ± 

0.4abc 

HFD + SV & coQNPs 

& SeNPs 
14.31 ± 0.92b 9.55 ± 0.41b 1.5 ± 0.067ab 79.59 ± 1.01ab 

37.19 ± 

0.47ab 
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Table 4: Effect of simvastatin (20mg/kg) and its combination with nano-coQ10 (10mg/kg) and/or nano-

selenium (0.1mg/kg) on oxidative stress biomarkers in hyperlipidemic rats. 

 

Data is described as means±S.E.M. (n = 8 rats); a: Significantly different from nano-vehicle value at p<0.05; 
b

: 

Significantly different from HFD value at p<0.05; 
c

: Significantly different from simvastatin value at p<0.05 

 

  

Group                Parameter 

MDA 

(nmol/mg) 

GSH 

(mmol/mg) 

SOD 

(u/g) 

Nano-vehicle 19.13 ± 0.42 49.79 ± 0.9 2.095 ± 0.14 

HFD 113.1  ±  0.89a 19.49  ±  0.2a 0.32  ±  0.06a 

HFD + SV 58.1 ± 0.96ab 38.56 ± 1.35ab 1.82 ± 0.14b 

HFD + SV & coQNPs 23.0 ± 1.07abc 49.11 ± 1.29bc 2.07 ± 0.18b 

HFD + SV & SeNPs 21.2 ± 0.87bc 49.17 ± 0.81bc 2.03 ± 0.18b 

HFD + SV & coQNPs & SeNPs 49.7 ± 1.0abc 39.0 ± 0.98ab 2.11 ± 0.12b 
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Table 5: Effect of simvastatin (20mg/kg) and its combination with nano-coQ10 (10mg/kg) and/or nano-

selenium (0.1mg/kg) on skeletal muscle function biomarkers in hyperlipidemic rats. 

 

Data is described as means±S.E.M. (n = 8 rats); a: Significantly different from nano-vehicle value at p<0.05; 
b

: 

Significantly different from HFD value at p<0.05; 
c

: Significantly different from simvastatin value at p<0.05 

 
 
Table 6: The effect of different treatments on histological patterns of hepatic tissues and quadriceps 

muscles  

organs 

Histological changes  

Nano-

vehicle HFD 

HFD 

+ SV 

HFD + SV + 

coQNPs 

HFD + SV 

+ SeNPs 

HFD + SV + 

coQNPs + 

SeNPs 

H
ep

a
ti

c 
ti

ss
u

es
 

Fatty droplets in 

hepatic tissues  

- +++ - ++ - - 

liquefaction 

degeneration 

- - +++ - +++ ++ 

Migration of 

inflammatory cells  

- + + - - - 

Congestion - + - ++ - + 

Group               Parameters 

CK ( Creatine 

kinase) 

(U/L) 

Myoglobin 

(ng/ml) 

Troponin-T 

(pg/ml) 

Nano-vehicle 139.0 ± 0.8 7.025  ±  0.47 7.7  ±  0.61 

HFD 226.1  ±  0.95a 43.8  ±  1.5a 49.86  ±  2.1a 

HFD + SV  189.9 ± 0.97ab 15.9 ± 0.57ab 18.66 ± 0.91ab 

HFD + SV & coQNPs 168.38 ±0.98abc 13.8  ± 0.49ab 15.19  ± 0.47abc 

HFD + SV & SeNPs 159.3 ± 1.03abc 8.8 ± 0.36bc 10.23 ± 0.3bc 

HFD + SV & coQNPs & SeNPs 201.4 ± 1.08abc 20.6 ± 0.55abc 21.86 ± 0.62abc 

Group  
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Kupffer cells 

proliferation 

- - + - - + 

Q
u

a
d

ri
ce

p
s 

m
u

sc
le

 Muscular atrophy - ++ + - - ++ 

Zenkers necrosis - ++ - - - - 

Fat deposition 

(muscle bundles) 

- ++ ++ - - ++ 

+++ Severe,       ++ moderate,     + mild,     - nil.  
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Table 7: Effect of different treatments on immunopathological reaction of caspase-3 in hepatic tissues and 

quadriceps muscles  

Tissue/Group 

number 

Nano-

vehicle 

HFD 

HFD + 

SV 

HFD + SV + 

coQNPs 

HFD + SV + 

SeNPs 

HFD + SV + 

coQNPs + SeNPs 

Hepatic tissues -ve +ve +ve -ve -ve +ve 

Quadriceps 

muscle 

-ve +ve -ve -ve -ve +ve 

 

Where: 

+ve: immunoreaction with caspase 3. 

-ve: No immunoreaction 
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