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Background 
The cardiovascular hazards associated with radiotherapy have become a major 
issue. Statins have been shown to improve the survival rate and hinder the 
cardiovascular harm in cancer patients exposed to radiotherapy.  
Objective 
The current study attempted to evaluate the efficacy of rosuvastatin (ROSU) loaded 
in bilosomes (BLs) drug carrier, as a new formulation to mitigate the cardiovascular 
deteriorations induced by radiation exposure in experimental rats.  
Materials and methods 
Rosuvastatin loaded bilosomes (ROSU-BLs) were prepared using the thin film 
hydration technique. Characterization of the prepared formulations was performed 
by several approaches. The in vitro release profile was carried out using the dialysis 
bag diffusion technique. In the experimental in vivo phase, rats were exposed to γ-
radiation (7 Gy) and treated with ROSU either free or formulated form to evaluate 
their redox, anti-hyperlipidemic, anti-inflammatory and anti-apoptotic activities. 
Results and conclusion  
The results revealed the efficient development of ROSU-BLs, which exhibited 
entrapment efficiency (EE%) varying from 65.47% to 86.87%, particle sizes in 
nanosized range from 247.4 to 414 nm, negatively charged zeta potential and 
transmission electron microscopy (TEM) verified the conventional sphere-shaped 
vesicles. In vitro release study revealed biphasic pattern with extended release of 
ROSU up to 24 h. In vivo results showed the advantage of ROSU-BLs compared to 
free ROSU in enhancing cardiac redox activity by restoring the nuclear factor 
erythroid 2-related factor 2 (Nrf2) and heme oxygenase-1 (HO-1) levels, while 
concurrently diminishing the levels of tumor necrosis factor-alpha (TNF-α) and 
caspase-9 in cardiac tissue. Such impact was also verified by histopathological 
investigations. In conclusion, the current data indicate the efficacy of bilosomes 
carrier in improving the oral delivery of ROSU, reflected by the enhanced potential 
of ROSU-BLs to mitigate the cardiovascular deteriorations induced by γ-radiation via 
activating the cardiac redox Nrf2/HO-1 system with consequent suppression of pro-
inflammatory and pro-apoptotic markers. 
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Introduction 
Although radiation therapy is widely used as a part of 

cancer treatment protocol, it still carries numerous 

adverse cardiovascular complications in patients 

receiving radiation therapy in the thoracic and chest 

areas as shown in breast, lung, and esophageal cancer 

patients [1-3]. Radiation therapy could induce damage to 

any part of the heart tissue, in addition to the high 

incidence of atherosclerosis [4]. The cardiac damage and 

susceptibility to ischemic heart disease are proportional  

 

 

 

to the radiation dosage level, frequency, and exposed 

heart area [5]. For instance, studies showed that breast 

cancer patients receiving radiation therapy for the left 

breast were having more cardiac complications than 

patients with right breast cancer [6]. Research generally 

indicates that for every gray (Gy) of radiation exposure, 

there was a substantial 3% increase in the risk of cardiac 

death [5]. 

Several hypotheses have been brought on to explain how 

exposure to radiation causes cardiovascular diseases, 

with oxidative stress serving as the primary driver of 
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these hypotheses [7]. Oxidative stress is linked to a 

variety of cardiovascular issues, such as cardiac 

hypertrophy, atherosclerosis, atrial fibrillation and heart 

failure [8]. In summary, the generation of free radicals 

by gamma radiation led to oxidation of macromolecules 

molecules such as proteins, DNA, and lipids. As a result, 

protein oxidation products and lipid peroxidation 

increase, which in turn gives rise to oxidative stress 

detrimental consequences, including endothelial 

dysfunction and tissue damage [7]. In the last two 

decades, investigations on the pathophysiology of 

radiation-induced cardiotoxicity have increased 

tremendously, with a particular emphasis on modulation 

of cellular resistance to oxidants. Nuclear factor 

erythroid 2-related factor 2 (Nrf2) is a redox-sensitive 

transcription factor that preserves cellular defense 

system. It is constitutively expressed in the cytoplasm, 

and its translocation and activation in the nucleus is 

favorable in oxidative damage to regulate the 

transcription of anti-oxidants such as heme oxygenase-1 

(HO-1) [9]. An overwhelming body of evidence has 

revealed that down-regulation of Nrf2 was related to 

cardiac and vascular complications [10]. Therefore, 

activating the cellular defense system becomes a key 

therapeutic target. 

Worldwide, statins are typically the medication of choice 

for patients with cardiovascular disease, especially for 

those with cancer, where studies have shown a 

correlation between statins use and survival increase [11, 

12]. Rosuvastatin (ROSU) is a reversible inhibitor of 3-

hydroxy-3-methylglutaryl coenzyme A reductase (HMG-

COA). Although ROSU is therapeutically used to reduce 

the low-density lipoprotein cholesterol (LDL-C), it also 

showed a potential effect in mitigating cardiac harm 

through controlling the oxidative/ nitrosative stress 

status, as well as suppression of apoptotic and 

inflammatory markers [13-15].  

Oral administration is widely preferred by patients due to 

its convenience and the ability to sustain an optimal 

therapeutic concentration in human blood for extended 

periods of treatment [16]. However, certain drugs with 

low solubility face challenges in gastrointestinal tract 

(GI) absorption, necessitating more repeated dosing. For 

instance, ROSU calcium, with an absolute bioavailability 

of 20% [17], experiences low water solubility, delayed 

dissolution, limited permeability, and undergoes hepatic 

metabolism through oxidation, glucuronidation, and 

lactonization[18, 19]. As a result, high and frequent drug 

doses (may be reached three times daily) are required, 

leading to increased side effects, toxicity, and decreased 

patient compliance [20]. There is a necessity to design 

and optimize new formulations to improve ROSU 

permeability, enhance oral bioavailability, minimize 

hepatic uptake, and subsequently increase the therapeutic 

concentration availability. 

Bilosomes (BLs) serve as prospective delivery vehicles, 

which can be employed as drug carriers for oral 

administration of various medications [21]. As 

distinguished from traditional vesicles, like liposomes 

and niosomes, BLs offer preferable characteristics, 

including limited drug outflow, considerable loading 

capacity, and efficient transport through the GIT [22]. 

Various bile salts have been employed in BLs 

production, acting as permeation enhancers, thereby 

facilitating BLs transit across biological barriers [23]. 

They can prevent BLs degradation in GIT, enhancing 

penetration and improving oral delivery. It was reported 

that bile salts promote vesicle uptake by intestinal 

epithelial cells while limiting enzymatic activity at the 

absorption site [24].  

Consequently, this study was designed with a dual focus. 

The initial phase involves the development of 

rosuvastatin-loaded bilosomes (ROSU-BLs), evaluating 

its characteristics as a drug delivery system. Thereafter, 

the study aims to assess the potential impact of ROSU-

BLs versus the free drug form in mitigating radiation-

induced cardiovascular damage in experimental rats. 

 

Materials and methods 
Materials 

Chemicals 

Rosuvastatin (ROSU) was a kind gift sample from 

Hikma Pharmaceuticals Co., 6th October City, Egypt. 

Two non-ionic surface active agents (SAA); 

Sorbitanmonostearate (Span 60) was purchased from 

Merck Schuchardt OHG, Germany. 

Sorbitanmonopalmitate (Span 40) was obtained from 

Sigma-Aldrich, Germany. Cholesterol (CHOL), 

minimum 95% was procured from Panreac, Spain. 

Deoxycholic acid sodium salt 99% extra pure (SDC) was 

purchased from Acros Organics Co., Belgium. 

Chloroform and Methanol (HPLC grade) were obtained 

from Fisher Chemical, UK. 

Methods 

Preparation of rosuvastatin loaded bilosomes 

(ROSU-BLs) 

The composition of different developed Rosuvastatin 

loaded bilosomes (ROSU-BLs) is listed in Table 1. 

ROSU-BLs were prepared employing the thin film 

hydration method [25]. In a 100 mL round-bottom flask, 

precisely measured quantities of ROSU, Span 60 or 40, 

and CHOL were dissolved in 10 ml chloroform for 10 

minutes. The chloroform was gently removed at 56 ± 2 

ºC under reduced pressure using a rotary evaporator (VV 

Micro, Heidolph Instruments GmbH & Co. KG, 

Germany) for 30 minutes until a dry, thin film was 

formed on the wall of the flask. Sodium Deoxycholate 

(SDC) was dissolved in 10 ml phosphate buffered saline 

(PBS) pH = 7.4, pre-warmed to 56 °C, and then the 

solution was added to the flask and rotated for 45 

minutes to hydrate the thin film to form adispersion of 

BLs [26, 27]. Small glass beads were used to enhance 

vesicle yield during hydration [28]. The developed 

ROSU-BLs were sonicated for 10 minutes using a bath 

sonicator (Ultra Sonicator, Model LC 60/H Elma, 

Germany) to reduce the size. 
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Table 1 Composition and characterization parameters of the developed ROSU-BLs formulations 

 

Formulae 
SAA 

Type 

SAA:CHOL:SDC 

Ratio 

EE 

(%) 

PS 

(nm) 

ZP 

(mV) 
PDI 

ROSU-BLs 1 Span 60 1:1: 0.25 77.06 ±17.06 267.5 ±0.961 -29.8 ±5.33 0.263 

ROSU-BLs 2 Span 60 1:1:0.5 86.87 ±12.94 247.4 ±0.947 -31.2 ±7.52  0.296 

ROSU-BLs 3 Span 60 2:1:0.25 72.03 ±12.66 311.9 ±1.028 -14.3 ±5.84 0.515 

ROSU-BLs 4 Span 60 2:1:0.5 73.68 ±7.82 414 ±1.103 -27 ±5.93 0.555 

ROSU-BLs 5 Span 40 1:1:0.25 69.38 ±14.63 250.3 ±0.915 -30.1 ±8.74 0.33 

ROSU-BLs 6 Span 40 1:1:0.5 70.85 ±17.08 252 ±0.935 -27.2 ±5.45 0.321 

ROSU-BLs 7 Span 40 2:1:0.25 65.68 ±15.6 251.8 ±0.938 -30.4 ±8.08 0.342 

ROSU-BLs 8 Span 40 2:1:0.5 65.47 ±14.81 256.9 ±0.945 -24.8 ±8.49 0.34 

* All results are measured as triplicates representing mean ± SD 

In vitro characterization and optimization of ROSU-

BLs 

Drug entrapment efficiency percent (EE %) 

To assess the quantity of ROSU entrapped in the 

developed BLs, the unentrapped ROSU was isolated 

from the ROSU-BLs through centrifugation at 7000× g 
and 4 °C using a refrigerated centrifuge (Union 32R, 

Hanil Co., Korea) for 30 minutes. The resulting pellets 

were subsequently washed once with PBS (pH = 7.4) for 

30 minutes. The washing process was carried out to 

ensure the thorough removal of any unentrapped ROSU 

from the loaded BLs. Supernatants were collected and 

passed through a 0.22 nm Millipore filter (Millipore, 

USA). The quantity of unentrapped ROSU was 

determined in the supernatant using a spectrophotometric 

assay, utilizing UV−Vis recording spectrophotometer 

(UV-2401 PC, Shimadzu Co., Japan) set to measure 

absorbance at 242 nm. The measurements were done in 

triplicate; the percentage of drug entrapment efficiency, 

expressed as EE%, was calculated as follows: 

EE%= [(Total amount of ROSU added - Amount of 

unentrapped ROSU)/ Total amount of ROSU] X 100 

 

Particle size, polydispersity index and zeta potential 

analysis 

Particle size (PS), polydispersity index (PDI), and zeta 

potential (ZP) analysis of the developed ROSU-BLs 

were determined by dynamic light scattering (DLS) 

using Zeta-sizer (Nano Series ZS90, Malvern 

Instruments Ltd., Worcestershire, UK) via a helium-neon 

laser with wavelength of 633 nm at room temperature. 

All developed formulations followed adequate sample 

dilution 1:100 (v/v) [25, 29] with double distilled water. 

All measurements were estimated as an average of three 

independent samples (±SD). 

 

Selection of the optimized ROSU-BLs 

A comparison among all prepared ROSU-BLs 

formulations was conducted to assess and select the 

optimal formulation based on the EE%, PS, and ZP 

values. Subsequently, the chosen formula underwent 

further investigation. 

Characterization of the optimized formulations 

Transmission electron microscopy (TEM) 

The optimized formulation’s morphological features 

were examined using TEM (JEOL Co., JEM-2100, 

Japan). One drop of the diluted sample, at 1:100 (v/v), 

the sample was dropped on a carbon-coated copper grid 

and allowed to air dry for 15 minutes at room 

temperature for staining. Subsequently, the grid was 

sprayed with a drop of 1%w/v phosphotungstic acid 

solution and left to stand for 3 minutes before being 

inserted into the microscope. The samples were then 

examined for surface features and shape at various 

magnifications power.  

Fourier transform infrared (FT-IR) spectroscopy 

analysis 

The potential chemical interaction among the 

components of the selected ROSU-BLs was identified 

through FT-IR analysis using an FTIR 

spectrophotometer (JASCO 6100, Tokyo, Japan). Span 

60, SDC, ROSU, and freeze-dried optimized ROSU-BLs 

2 were individually combined with KBr and compressed 

at a pressure of 200 kg/cm
2
 for 2 minutes using a 

hydraulic press to produce the pellets. Each KBr pellet 

containing the sample was then scanned against a blank 

KBr pellet background within the wave number range of 

4000−400 cm
-1

. 

X-ray powder diffraction (XRPD) 

Samples of ROSU, Span 60, CHOL, SDC, optimized 

ROSU-BLs 2, and physical mixtures (approximately 200 

- 300 mg each) were analyzed using X-ray powder 

diffraction(XRPD). Diffraction patterns wereobtained 

using the X-ray powder diffractometer (PANalytical 

EMPYREAN, UK). The X-ray generator was operated at 

45 kV tube voltages and 30 mA tube current, utilizing 
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the Ka lines of copper as the radiation source. The 

diffraction angle ranged from 4 to 80° of (2ϴ) range in 

the step scan mode with a step size of 0.026° (2ϴ) and a 

step time of 21.42 s. 

In vitro release study of the optimized ROSU-BLs 

The study of the in-vitro release behavior of ROSU from 

BLs was conducted in 0.1N HCl (pH 1.2) and phosphate 

buffer saline (PBS) (pH 6.8) using the dialysis bag 

method to simulate gastric and small intestine pH 

mediums [30, 31]. For this investigation, 2 mg 

equivalents of the BLs formulation and aqueous 

suspension of ROSU were placed in dialysis bags 

(Dialysis tubing cellulose membrane, Sigma Co., USA; 

molecular weight cutoff 12,000−14,000) [27]. To 

prevent drug outflow, the bags were sealed on both ends 

before being suspended in 100 ml screw-capped glass 

containers filled with one of the release media to 

maintain sink condition [32]. The experiment was 

conducted at (37 ± 0.5°C) in a thermo-stated shaking 

water bath (Memmert, SV 1422, Germany) shaken at 

100 rpm. Samples were withdrawn at fixed time 

intervals (0.5, 1, 2, 3, 4, 5, 6, 7, 8, and 24 hours) and 

replaced with an equal volume of fresh release medium. 

The spectrophotometric analysis of ROSU 

concentrations in the withdrawn samples was conducted 

by comparison to a blank sample treated in the same 

conditions. The release percentages were calculated by 

dividing the amount of drug released by the initial 

amount of drug in the dialysis bag. All measurements 

were conducted in triplicate using three separate 

samples. 

Various mathematical models were used for kinetic 

analysis of drug release from the optimized BLs vesicles, 

like zero and first-order kinetic models [33], Higuchi’s 

square root of time model [34] and Peppas exponential 

equation [35]. The coefficient of determination (R2 

values) was calculated from the plots Q vs. t in case of 

zero order, log (Q0 - Q) vs. t for first order, Q vs. t1/2 for 

Higuchi model, and (log Q vs. log t) for Peppas 

equation. Where(Q) is the percentage of the released 

drug at a time (t) and (Q0 - Q) is the remaining 

percentage of the drug after time (t). In Peppas model, 

the release exponent “n” was calculated to suggest drug 

release mechanism. 

In vivo study 

Animals 

Female Wistar rats (weighing 150-200 gm), were taken 

from the animal breeding facility of the National Centre 

for Radiation Research and Technology (NCRRT). 

Animals were adapted for at least one week before 

experiment in the animal facility of NCRRT at a 

temperature of 25±1 °C, humidity of 60±5% and natural 

lighting conditions. They were given free access to a 

standard pellet diet and water ad libitum. 

Ethics approval 

All animal experiments complied with the Animal 

Research Reporting of In Vivo Experiments (ARRIVE) 

guidelines and were carried out in accordance with the 

National Research Council's Guide for the Care and Use 

of Laboratory Animals (NIH publications No. 8023, 

revised 1978). The in vivo study and all the methods 

were performed according to the guidelines set by the 

Research Ethics Committee at the NCRRT (permit 

number: 10A/ 24). 

Irradiation 

Rats were exposed to acute whole-body gamma (γ)-

radiation at a dose level of 7 Gy [36]. Irradiation was 

performed up at the NCRRT employing the Gamma 

Cell-40 biological irradiator with a Caesium
137

 source 

(Atomic Energy of Canada Ltd; Sheridan Science and 

Technology Park, Mississauga, Ontario, Canada). The 

dosage rate during the experiment was 0.33 Gy/min. 

Experimental design 

A set of 30 rats were adapted for one week preceding the 

experiment, then they were distributed at random into 5 

groups (n=6) as follows: Normal: received bi-distilled 

water and served as negative control group, IR: rats were 

irradiated at 7 Gy and received oral bi-distilled water. 

This group served as positive control, Drug-free BLs: 

irradiated rats received daily 1 ml drug-free bilosomes, 

Free ROSU: irradiated rats received daily treatment of 

free rosuvastatin at a dose of 10 mg/kg [37], ROSU-BLs: 

irradiated rats treated with rosuvastatin-loaded bilosomes 

on a daily basis at the same dose of free drug.   

On the first day, irradiation of rats was carried out and 

all treatments were orally administered once daily for 7 

days, starting immediately after radiation exposure. At 

the end of experiment (on the 8th day), all animals were 

anesthetized using ketamine (80 mg/kg, i.p.) then 

scarified by cervical dislocation, and blood samples were 

collected via decapitation for estimation of lipid profile. 

The heart tissues were rapidly excised, rinsed with ice-

cold saline in Petri dishes, and divided into two portions; 

one portion was embedded in 10% formaldehyde for 

histopathological examination, and another portion was 

homogenized in ice-cold phosphate buffersaline to 

prepare 20% homogenates, which were centrifuged at 

4000 rpm at 4 ᵒC for 10 min. The supernatants were then 

distributed into several aliquots and stored at -80 ᵒC to 

be employed for biochemical tissue analysis. 

Assessment of serum lipid profile  

Serum levels of total cholesterol, triglycerides, low 

density lipo-protein (LDL) and high density lipo-protein 

(HDL) were measured using particular colorimetric test 

kits (Biodiagnostic Co., Egypt) and following the 

manufacturer’s instructions. The values were given as 

mg/dl. 

 

Assessment of redox state biomarkers 

Estimation of Nrf2 and HO-1 concentrations in heart 

homogenate was carried out by ELISA technique using 

rat Nrf2 kit (Cat# EK720003, AFG Bioscience®, 

Northbrook, IL, USA) and rat HO-1 kit (Cat# E-EL-

R0528, Elabscience®, Texas, USA). 

 

Assessment of inflammatory and apoptotic 

biomarkers 

Estimation of tumor necrosis factor-alpha (TNF-α) and 

caspase-9 concentrations in heart homogenate was 

carried out by ELISA technique using rat TNF-α kit 

(Cat# ER1393, Wuhan Fine Biotech Co., Ltd, Wuhan, 
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China) and rat caspase-9 kit (Cat# SL0154Ra,SunLong 

Biotech® Co., Ltd, Hangzhou, China). 

Histopathological examination 

Heart tissue specimens were preserved in 10% neutral 

buffered formalin, then cut, washed, and dehydrated 

inincreasing concentrations of alcohol. The dried 

specimens were cleared in xylene, fixed in paraffin 

blocks, and sliced at 4-6 µm thickness. The obtained 

tissue slices were deparaffinized with xylol and stained 

with haematoxylin and eosin (H&E) for histological 

analysis under an electric light microscope. 

Statistical analysis 

Data were expressed as mean ± standard error (SEM). 

Statistical analysis was carried out using one-way 

analysis of variance (ANOVA) tests followed by the 

Tukey multiple comparison post-hoc tests. GraphPad 

Prism® software package, (GraphPad Software Inc., San 

Diego,California, USA) was used to carry out all 

statistical tests. A p-value of less than 0.05 was 

considered significant. 

 

Results and discussion 
Preparation of ROSU-BLs  

In the present study, ROSU-BLs were formulated 

employing the thin film hydration method. Table 1 

contains the composition of a total of eight prepared 

formulations, and the results of EE%, PS, ZP, and PDI, 

where BLs were successfully formed with both molar 

ratios. 

 

Characterization of the prepared ROSU-BLs 

Determination of encapsulation efficiency (EE%) 

Results of EE% for the prepared formulations are 

presented in Table 1.  Each formulation presented 

favorable EE% values, varying from 65.47 ±14.81% to 

86.87 ±12.94%. This high EE% could be attributed to 

the relatively hydrophilic feature of ROSU, as the 

aqueous solubility of ROSU is 5.40 x 10
-6

 [38], where 

the drug has been demonstrated to exhibit a higher 

affinity for vesicle bilayers when using lipophilic 

surfactants [39, 40]. It was noted that the EE% values 

were elevated in the case of BLs prepared with Span 60, 

which possesses higher lipophilicity (HLB: 4.7), 

compared to BLs prepared with Span 40 (HLB: 6.7) 

under the same drug quantities and SAA:CHOL ratios.  

Also, the CHOL concentration increase leads to an 

increase in EE%. This effect may be attributed to the 

enhancement of membrane rigidity and the strengthening 

of lipid bilayer solidity, and these were reflected in 

improved permeability, stabilized structure, and 

prevention of drug leakage from BLs [41]. The 

incorporation of specific bile salts, such as sodium 

deoxycholate (SDC), enhances the BLs colloidal 

stability, allowing them to withstand the disruptive 

effects of biological acids in the GIT [42]. Furthermore, 

the elevation of the bile salts ratio from 0.25 to 0.5 

resulted in a proportional increment in the EE% of 

ROSU. This could be returned to the surface-active 

characteristics of bile salts that are presumed to integrate 

vertically into the surface of bilayer membrane, disrupt 

the lipid matrix acyl chains, enhance membrane 

flexibility, and ultimately improve the solubility of the 

relatively hydrophilic drug within the membrane [43, 

44]. 

 

Particle size (PS) and polydispersity index (PDI) 

The ROSU-BLs formulations PS analysis results 

demonstrated that the size of the formulations fell within 

247.4 ±0.947 to 414 ±1.103 nm (Table 1), proving that 

all prepared formulations were in the nanosized scale. In 

general, the PS is notably smaller when the ratio between 

SAA:CHOL was 1:1 compared to 2:1, irrespective of the 

bile salt (BS) ratio used, and this may be due to the 

impact of CHOL on the physical properties of the 

vesicles [45]. When cholesterol content is reduced, the 

lipid bilayer may become more fluid and less rigid, and 

the increase in fluidity can lead to a looser packing of 

lipids and result in larger vesicle sizes. While, the 

increasing of CHOL content enhances the stability of the 

vesicles by stabilizing the BLs structure and increases 

the membrane rigidity through the reinforcement of the 

lipid bilayer membrane solidity [41]. Also, the observed 

effect of CHOL addition on decreasing particle size can 

be attributed to the enhancement of bilayer 

hydrophobicity. This increase in hydrophobicity may 

reduce the surface free energy, ultimately leading to a 

decrease in particle size [45-47]. Due to its bulky 

structure, the increase in SDC content has led to a 

relatively larger particle size for most of the prepared 

ROSU-BLs. This has supported the steric stabilization 

effect, enhancing the stability of the vesicles, preventing 

aggregation, and maintaining the integrity of the 

vesicular structure [28, 48]. 

The polydispersity Index (PDI) results revealed that six 

formulations exhibited PDI values in the range of 0.2 to 

0.4, which can be considered as moderate polydisperse, 

while two formulations exhibited PDI values more than 

0.4 and thus can be considered as polydisperse 

distribution [49, 50]. 

 

Zeta potential (ZP) 

Table 1 demonstrated that all ROSU-BLs formulations 

exhibited negative charges varying from (-14.3 ± 5.84 to 

-31.2 ± 7.52 mV), signifying stable dispersions. The 

negative charge of the formulations indicated the 

deposition of bile salts within the phospholipid bilayer of 

the developed BLs, increasing the negative surface 

charge [49]. The ZP values intensified in proportion to 

the bile salts amount, suggesting the integration of bile 

salts within the lipid bilayer [49, 51]. The presence of the 

carboxylate group within the SDC side chain was the 

factor accountable for enhancing the charge intensity on 

BLs. This finding aligns with Mazer's concept, 

suggesting that bile salt molecules were integrated into 

the BLs layers rather than solely being adsorbed on the 

vesicular surface [52]. 

 

Selection of the optimized ROSU-BLs  

Based on the data provided in Table 1 for EE%, PS, and 

ZP for all prepared BLs formulations, ROSU-BLs 2 

demonstrated the highest significant EE% (86.87% 

±12.94), with reduced PS (247.4 nm ±0.947) and a ZP of 

(-31.2 mV ±7.52). These results indicate that ROSU-BLs 

2 can be identified as the optimized formula, and further 

characterization was conducted on it.  
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Characterization of the optimized ROSU-BLs 

Transmission electron microscopy (TEM) 

The morphology of the optimized ROSU-BLs 2 was 

depicted in Figure 1. The micrograph revealed that the 

vesicles exhibited a nearly entire sphere-like shape, 

appeared in dispersed clusters, and its structure, 

including their outline and core, is well maintained. 

 

 Fig. 1 TEM micrograph of ROSU-BLs 2 formulation 

stained with 1% phosphotungstic acid.  
 
Fourier transform infrared spectroscopy analysis 

(FT-IR) 

Fourier-transform infrared (FT-IR) spectroscopy is 

widely reported as a powerful analytical tool for 

specifying distinctive functional groups and for 

determining changes within specific fingerprinting 

regions [53]. FT-IR was performed to study the 

interaction between of ROSU with different components 

of BLs. The FT-IR spectra of Span 60, SDC, and the 

optimized formulation ROSU-BLs 2 were shown in 

Figure 2. The pursue spectra were realized at a 

wavenumber varying between 4,000 and 650 cm
−1

 [54]. 

 

 
 

Fig. 2 FTIR thermos grams of ROSU-BLs 

formulation and individual components. 

In brief, Span 60 spectra showed distinctive peaks of 

2920 cm
−1

, and 2921 cm
−1

, which verify the carboxylic 

acid functional group. FT-IR spectrum of SDC showed 

distinctive peaks at 1300 cm
−1

, 1562 cm
−1

, 2863.3 cm
−1

, 

and 2935.9 cm
−1

, where C-H and COO- stretching 

vibration band appear [55]. FTIR analysis of pure ROSU 

showed characteristic peaks at 3337.90 cm
−1

, 2968 cm-1, 

1599.49 cm
−1

, 1543.09 cm
−1

, 1509.24 cm
−1

,1379.23 cm
-1 

and 1150.88 cm
-1

. These are almost the same as reported 

in the monograph for ROSU, maintaining the official 

limits (±100 cm
-1

). These readings correspond to cyclic 

amines C-H stretching, C=O stretching, and O-H 

bending.      

The IR spectrum of the optimized ROSU-BLs 2 

exhibited minor shifts and reduced intensity in the 

characteristic peaks of ROSU. These alterations could be 

related to the occurrence of physical interactions 

between ROSU and other BLs components, such as Van 

der Waals bonds, hydrogen bonds, or dipole 

interactions. Also, it is important to confirm that no 

chemical changes in the structure of ROSU occurred 

after encapsulation, which helped in providing suitable 

and optimal conditions for entrapment of ROSU within 

the BLs [56]. It is reasonable to clarify that the 

molecular structure of ROSU remained unchanged and 

that its functionality was preserved within the 

encapsulated formulations. The slight differences in 

intensities suggest that ROSU was effectively 

encapsulated in the BLs  [57]. 

 

X-ray powder diffraction (XRPD) 

X-ray powder diffraction (XRPD) is one of the most 

important parameters for studying changes that may 

occur in the polymorphic characteristics of certain 

compounds [58], since many active pharmaceutical 

ingredients (APIs) can be found in various solid-state 

forms such as polymorphs or amorphous states, and 

these different solid forms can vary significantly in their 

physicochemical properties and may potentially 

influence the efficacy of the drug product. Therefore, the 

physical state of ROSU-BLs 2 formulation and pure 

individual components were assessed by XRPD analysis 

to investigate their crystallinity, as shown in Figure 3. 

The XRPD of pure ROSU revealed a broad peak at an 

angle of 20° with scattered angles at 6.8, 21.6, and 24.2, 

which indicated the semi-crystalline nature of the drug 

[59].  

 
 Fig. 3 XRD spectra of ROSU-BLs 2 formulation and 

pure component (ROSU, SDC, CHOL, Span 60). 
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The disappearance of ROSU documented peak observed 

in ROSU-BLs XRPD diffractogram (Figure 3) indicates 

a reduction in the degree of crystallinity and may be the 

crystalline state has been entirely transformed into an 

amorphous state, resulting in improved encapsulation 

efficiency [59].  

 

In vitro release study 

In vitro release studies are often performed for several 

reasons, including assessing drug availability during 

preliminary investigations and identifying critical factors 

that may impact bioavailability. The release of the drug 

from the vesicles is a crucial factor that significantly 

determines the pharmacological performance of the 

dosage form [60]. Any drug cannot exert a therapeutic 

effect while it is encapsulated, and any type of vesicle 

needs to maintain the drug in a stable state until it 

reaches the target site and then promptly release its drug 

to reach the optimal therapeutic concentration [60]. 

The release profile of ROSU from the optimized ROSU-

BLs 2 formulation and the plain ROSU suspension is 

depicted in Figure 4. This study was conducted in two 

release media: 0.1 N HCl (pH 1.2) and PBS (pH 6.8), 

replicating the pH gradient of the gastrointestinal tract. 

With both media, ROSU release from the ROSU-BLs 

formulation exhibited a biphasic pattern. Initially, there 

was a rapid to moderate release phase, where over 50% 

of the entrapped ROSU was released from the BLs 

during the first 4 hours. This slightly rapid release phase 

may be attributed to the discrete ROSU located on the 

outer surface of the BLs, and subsequently, the gradual 

release of ROSU from the incorporated drug inside the 

bilayers of the BLs [61, 62]. The sustainable release 

behavior from the BLs dispersions, which followed the 

initial phase and extended up to 24 hours, may refer to 

the characteristics of BLs as vesicles, serving as drug 

reservoirs capable of releasing encapsulated drugs in an 

extendable controlled manner [63]. 

 

 

 

 

 

Fig. 4 Release profiles of ROSU from ROSU-BLs 2 formulation and free ROSU suspension in (A) 0.1N HCl (pH 1.2) 

and (B) PBS (pH 6.8).

Linear regression analysis of the mathematical models 

was employed for ROSU release data from Free ROSU 

suspension and from the optimized ROSU-BLs 2 

formulation for both release mediums is shown in Table 

2. When compared to different kinetic models, the 

results showed that the correlation coefficient (R
2
) values 

of ROSU as well as ROSU-BLs demonstrated a better fit 

with Higuchi's model. The Peppas equation was 

employed to further examine the ROSU release 

mechanism. This analysis revealed good linearity, while 

n value indicated that the diffusion complied with an 

anomalous (non-Fickian) diffusion pattern [64-66]. 

Table 2 The calculated correlation coefficients and kinetics parameters of ROSU releaseprofile from the optimized 

ROSU-BLs 2 formulation and plain drug suspension. 

 

Code Q8h ± SD (%) 
Zero Order First Order Higuchi Peppas 

R2 R2 N 

ROSU in HCL 100±2.54 0.0950 0.0919 0.1839 0.5547 0.2833 

ROSU-BLs 2 in HCL 75.03±3.26 0.4998 0.3423 0.6617 0.7952 0.1715 

ROSU in PBS 98.30±1.23 0.1450 0.1340 0.2601 0.7382 0.2330 

ROSU-BLs 2 in PBS 75.64±0.56 0.4971 0.3374 0.6394 0.7735 0.1642 

Q8h: Percent total ROS released after 6 h. 
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In vivo results 

While the use of radiotherapy in cancerous tumors is 

becoming more prevalent, the dangers must be carefully 

considered;exposure to radiation has garnered significant 

emphasis on the cardiovascular tissue, asirradiation has 

been shown to adversely affect heart tissue, 

increasecardiac complications,and eventually cause 

cardiac malfunction, which would urge restricting the 

dose and usage of radiotherapy in cancer patients[5, 

67].Clinical studies showed profits of ROSU against 

cardiac toxicity in cancer patients receiving either 

chemotherapy or radiotherapy [68, 69]. Previously, it 

was clearly demonstrated that acute exposure of 

experimental animals to gamma radiation at different 

dosage levels (ranging from 6 to 8 Gy) caused 

disturbances in cardiac functions with subsequent 

alterations increatine kinase, and lactate dehydrogenase 

activities, as well as troponin content [70-72]. Therefore, 

the current study was conducted to investigate the 

potential cardiovascular protective effect of ROSU-BLs, 

and compare its effect with the same dose of free drug 

form in experimentally irradiated rats. 

Herein, the detrimental effect of radiation exposure on 

the cardiovascular tissue was first assessedby 

histopathologicalanalyses, as shown in Figure 5 and 

Table 3. Examination of the cardiac tissue section of the 

normal group revealedproperly organized cardiac muscle 

with elongated branching cardiac bundles, which 

exhibited rounded vesicular centrally located nuclei. The 

pericardium region covered by intact mesothelial cells 

was seen. No pathological changes, including necrosis, 

edema, and inflammation,had been recorded (-). The 

coronary arterial branches consisted histologically of 

separate layers of tunica intima, internal elastic lamina, 

tunica media (several layers of smooth muscle)and 

external elastic lamina (multiple layers),that extended 

into tunica adventitia(Figure 5A). 

 

Table 3 Histopathological assessment of heart tissues 

from various experimental groups  

Groups Necrosis edema Inflammation 

Normal − − - 

Irradiated 

(IR) 
++ ++ + 

IR + Drug 

Free BLs 

++ ++ + 

IR + Free 

ROSU 

+ ++ + 

IR + 

ROSU-

BLs 

- + - 

Rats (n = 6) exposed to γ-radiation  (7 Gy) and received all 

treatments for 7 days, started immediately after irradiation. Free 

ROSU and ROSU-BLs were orally administered at a dose of 10 
mg/kg/day.  

The myocardial tissuesectionof IR group showed swelling 

of cardiac muscle fibers with focal areas of coagulative 

necrosis,which appeared as deeply homogenous 

eosinophilicpatches (++). Congestion of intra-muscular 

capillaries as well as areas of blood extravasation was 

seen. Perivascular mononucleolar cell infiltration, mainly 

lymphocytes and macrophages, especially around 

coronary blood vessels (+) and edema between muscle 

fibers (++) were also observed. Pericardium showed 

sloughing of mesothelial lining with submesothelialedema 

and leukocytic infiltration. The coronary branch showed 

swelling of endothelial lining, which was surrounded by 

edema and few leukocytic infiltrations (Figure 5B).Such 

effect was in accordance with an earlier study 

demonstrating the injurious effect of radiation exposure 

on the myocardial tissue[73]. In the same direction, 

myocardial tissuesection of drug free BLs grouprevealed 

similar histological changes as that shown in IR group 

(Figure 5C). 

Histological sections of free ROSU groupshowed 

moderate improvement in comparison with previous 

groups.Cardiac muscle showed moderate edema (++) 

with few leukocytic infiltration in-between muscular 

bundles (+). Pericardium appeared intact with small 

focal necrosis of subepicardial region (+). Thickening of 

coronary branch wall surrounded by edema was noticed 

(Figure 5D).Similar effect was demonstrated in the study 

of Sultan et al., [15], showing that cellular infiltration, 

interstitial edema and tissue architecture were relatively 

well preserved in ROSU treated group,in comparisonto 

disease group. Interestingly, myocardial tissuesection of 

ROSU-BLs treated group displayed well organised 

branching muscle fibers split by fine endomysium and 

contained vesicular centrally located nuclei without 

necrosis (-) or leukocytic infiltration (-). Epicardium 

showed mild swelling of mesothelial lining and inter-

muscular edema (+). The coronary branch showed 

normal architecture with mild swelling of endothelial 

lining (Figure 5E). 

Furthermore, the lipid profile was estimated as shown in 

Table 4. The alterations in lipid profile are considered 

one of the causal elements that has been strongly linked 

to the initiation and progression of cardiac harm after 

radiation exposure. This connection was obviously 

shown in the current data as γ-irradiation of rats at a dose 

level of 7 Gy raised the serum total cholesterol, 

triglycerides, LDL, and VLDL levels, with no alterations 

in HDL level, as compared to normal group. However, 

treatment with either ROSU or ROSU-BLs restored 

these alterations to normal values. The capability of 

radiation to alter adversely the lipid profile was observed 

in previous studies, verifying its attribution to 

cardiovascular damage [36, 74]. This hyperlipidemic 

state could be attributed to up-regulation of cholesterol 

biosynthesis following radiation exposure or attributed to 

the ability of radiation to induce disturbance in LDL 

cholesterol receptors, resulting in lipid accumulation 

with subsequent induction of lipid peroxidation [75]. 
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Fig. 5 Photomicrographs of myocardioum tissues of: (A) Normal group showing (i) well organized cardiac muscle with 

elongated branching bundles (ii) intact pericardial mesothelial lining (iii) normal histological structure of coronary 

branch, (B) Irradiated (IR) group showing (i) congestion of intra-muscular capillaries with blood extravasation (ii) sub 

mesothelial edema and leukocytic infiltration (iii) peri-coronary edema and few leukocytic infiltrations, (C) IR + Drug 

Free BLs group showing (i) muscular necrosis appeared as deeply eosinophilic area (ii) subepicardialoedema with 

blood extravasation (iii) peri-coronary edema and few leukocytic infiltration, (D) IR + Free ROSU group showing (i) 

moderate edema with few leukocytic infiltration in-between muscular bundles (ii) small focal necrosis of subepicardial 

region (iii) mild swelling of coronary endothelial lining, (E) IR + ROSU-BLs group showing (i) well organized 

branched muscle fibers (ii) mild swelling of mesothelial lining of epicardium (iii) normal architecture of coronary 

branch with mild swelling of endothelial lining (H&EX200). 
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Table 4 Lipid profile of irradiated rats treated with rosuvastatin either in free form or loaded in bilosomes.  

 

Groups 

Total cholesterol 

(mg/dl) 

Triglycerides 

(mg/dl) 

LDL 

(mg/dl) 

HDL 

(mg/dl) 

VLDL 

(mg/dl) 

Normal 

55.97± 

2.89 

59.01± 

7.60 

32.92 ± 

2.25 

35.12± 

3.50 

11.80± 

1.52 

Irradiated (IR) 

98.35a± 

3.64 

101.8a± 

6.16 

70.50a± 

5.82 

32.41± 

2.76 

20.36a± 

1.23 

IR + Drug Free BLs 

100.80a± 

2.56 

97.30a± 

5.51 

61.15a± 

3.90 

31.90± 

3.23 

19.46a± 

1.10 

IR + Free ROSU 

73.48b± 

7.887 

49.55b± 

5.48 

43.73b± 

5.79 

35.27± 

3.44 

9.91b± 

1.096 

IR + ROSU-BLs 

67.85b± 

6.471 

44.37b± 

3.55 

37.83b± 

4.12 

36.19± 

3.23 

8.87b± 

0.71 

Rats (n = 6) exposed to γ-radiation (7 Gy) and received all treatments for 7 days,started immediately after irradiation. Free ROSU 

and ROSU-BLs were orally administered at a dose of 10 mg/kg/day.Values are represented as mean ±S.E.M. Significant difference 

(p< 0.05) against Normal group represented as (a), significant difference (p< 0.05) against IR group represented as (b), significant 

difference (p< 0.05) against IR+Free ROSU group represented as (c). One-way ANOVA was carried using Graph pad prism software 

followed by Tukeyʾ s Multiple Comparisons test. 

 

The damaging effect of radiation in biological systems is 

mediated mainly through production of reactive oxygen 

species (ROS). This elicits an imbalance between pro-

oxidant/anti-oxidant, leading to oxidative stress, which 

causes the oxidation of macromolecules including DNA, 

proteins, and lipids. As a consequence, protein oxidation 

and lipid peroxidation products increase and give rise to 

deleterious consequences of tissue damage [7]. It is 

noteworthy that improving the redox state of the 

myocardial cells was an important target for many 

treatments aimed for hindering the oxidative stress-

deteriorating effects. Therefore, the current study 

considered Nrf2/HO-1 axis as one of the pivotal 

pathways that maintains cellular redox homeostasis. 

Nrf2 is a redox-sensitive gene transcription element that 

controls the gene expression of anti-oxidants in cells. In 

regular physiological status, Nrf2 is confined inside the 

cytoplasm by its repressor, Kelch-like ECH associated 

protein (Keap1). Upon stimulation, Nrf2 detached from 

its cytoplasmic inhibitor protein and then translocate into 

the nucleus to activate transcription of anti-oxidant 

enzymes, including HO-1, NADPH, ferritin, and other 

anti-oxidant genes, and hence caused cells protection. 

HO-1 is a major target gene for Nrf2; it is an inducible 

isoform and rate-limiting enzyme that promotes the 

degradation of haem into carbon monoxide, biliverdin, 

and iron, which are crucial endogenous defensive 

molecules of the body [76].  

 

 

 

The current results showed a significant suppression in 

the myocardial Nrf2 concentration of the IR group by 

39% (Figure 6A), and consequently, a marked reduction 

in the HO-1 level by 61% was also observed (Figure 

6B), as compared to normal group (p< 0.001). Such 

results were not expected, but they agreed with previous 

studies, attributing the disturbance of Nrf2 system to the 

sustained exposure to γ-radiation; production of ROS 

may activate Nrf2 to promote anti-oxidant response 

element-dependent gene expression, but with aggravated 

exposure to oxidative stress and sustained elevation of 

ROS, a reduction in Nrf2 levels was found [37, 77].  

Herein, the concentration of Nrf2 is highly restored in 

the ROSU-BLs treated group, as it increased by 36%, 

compared to IR group (p< 0.05), and a slight rise was 

detected in free ROSU treated group, yet it was not 

significant (Figure 6A). Whereas, either administration 

of free ROSU or ROSU-BLs up-regulated the HO-1 

protein concentration in heart by 90% and 96%, 

respectively, as compared to the IR group (p< 0.05) 

(Figure 6B). Interestingly, ROSU has been shown to 

activate the Nrf2 /HO-1 pathway and promote 

myocardial cells survival in previous research [78]. 

Statins had an advantageous impact on Nrf2/HO-1 

pathway, as they significantly boosted Nrf2 DNA-

binding capacity and stimulated the transcription of its 

target genes, shielding cells from the ROS damaging 

effects [79]. 
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Fig. 6 Effect of ROSU (10 mg/kg) oral administration either in free form or loaded bilosomes on the (A) Nrf2 and (B) HO-1 

concentrations in cardiac tissue of irradiated rats. Rats (n=6) exposed to radiation (7 Gy) and received treatments for 7 days, started 

immediately after irradiation. Values are represented as mean ±S.E.M. Significant difference (p < 0.05) against Normal group 

represented as (a), significant difference (p < 0.05) against IR group represented as (b), significant difference (p < 0.05) against 

IR+Free ROSU group represented as (c). 

 

In addition to producing direct cell damage, oxidative 

stress may also function as a second messenger that 

activates expression of pro-inflammatory cytokines and 

apoptotic markers.TheROS extensively stimulates tissue 

resident macrophages to produce inflammatory 

cytokines such as TNF-α. The activation of TNF-α 

receptor further activates the nuclear factor-kappa B 

(NF-κB), a transcription factor, which binds to promoter 

regions of its target genesand induce transcription of 

correspondinggenes related toinflammation (7). In 

particular, Nrf2 as well as HO-1 and its catalytic 

products play a pivotal role inmodulating inflammation 

and apoptosis [80, 81]. As shown in Figure 7A, the level 

of TNF-α was estimated in the current study as an 

inflammatory marker where exposure to radiation 

induces a nearly 7-fold increase in the TNF-α cardiac 

content,as compared to normal group (p<0.001). TNF-α 

is a key mediator in cardiovascular diseases, causing 

contractile failure, apoptosis, and activating other 

inflammatory cytokines [82]. Notably, oral 

administration of free ROSU suppressed the TNF‐α by 

28% (p<0.01), whereas treatment with ROSU-BLs 

repressed the TNF‐α by 55% (p<0.001) and exhibited a 

significant difference from the free ROSU by 37% 

(p<0.01), thus indicating the patent effect of ROSU-

BLs.The ability of ROSU to mitigate the rise of TNF‐α 

was in consistent with previous study reporting its 

cardioprotective impact against myocardial injury 

through  suppression  of TNF‐α and upregulation of Nrf2 

[15]. 

Downstream to inflammatory response, apoptosis and 

necrosis were activated [82], which are the main modes 

of cell death associated with radiation-induced cardiac 

injury. In this context, the level of caspase-9 was 

assessedin the present study as apro-apoptotic marker 

(Figure 7B). Exposure to radiation induced a significant 

rise in caspase-9 level by 32%, as compared to normal 

group (p<0.05). Treatment with free ROSU led to non-

significant suppression in caspase-9 contentby 21%, 

whereas administration of ROSU-BLs induced a 

significant suppression in the caspase-9 content by 26%, 

as compared to IR group (p<0.01). The anti-apoptotic 

potential of ROSU was previously verified in an in-vitro 

studyof Wang et al., [83]that showed the significance of 

ROSU in suppressingthe expression of caspase-3 and 

caspase-9. As a conclusion, the current results 

demonstrate the efficacy of bilosomes carrier in 

improving the oral delivery of  ROSU, evidenced by the 

enhanced potential of ROSU-BLs to alleviate 

cardiovascular impairment caused by radiation. The 

results also showed the substantial impact of ROSU-BLs 

in activating the cardiac redox status via activating 

Nrf2/HO
 

and its superiority in suppressing the 

inflammatory and apoptotic markers. 
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Fig. 7 Effect of ROSU (10 mg/kg) oral administration either in free form or loaded bilosomes on the (A) TNF-α and (B) Caspase-9 

concentrations in cardiac tissue of irradiated rats. Rats (n = 6) exposed to radiation (7 Gy) and received treatments for 7 days, started 

immediately after irradiation. V are represented as mean ±S.E.M. Significant difference (p < 0.05) against Normal group represented 

as (a), significant difference (p < 0.05) against IR group represented as (b), significant difference (p < 0.05) against IR+Free ROSU 

group represented as (c). 
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