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ARTICLE INFO ABSTRACT

Keywords: Diabetes mellitus is a metabolic disease that raises the odds of developing stroke. Candesartan has been used to
Diabetes mellitus prevent stroke due to its inhibitory effects on blood pressure, angiogenesis, oxidative damage, and apoptosis.
Stroke

However, oral candesartan has very limited bioavailability and efficacy due to its weak solubility and slow

Eflizsri::n release. The study aimed to develop a nasal formulation of candesartan-loaded liposomes containing ethanol and
EtIl')laIlol propylene glycol (CLEP) to improve candesartan's delivery, release, permeation, and efficacy as a potential

diabetes-associated stroke treatment. Using design expert software, different CLEP formulations were prepared
and evaluated in vitro to identify the optimum formulation, which.

The selected optimum formulation composed of 3.3% phospholipid, 10% ethanol, and 15% propylene glycol
significantly increased the release and permeation of candesartan relative to free candesartan by a factor of 1.52
and 1.47, respectively. The optimum formulation significantly reduced the infarction after stroke in rats;
decreased flexion, spontaneous motor activity, and time spent in the target quadrant by 70%, 64.71%, and
92.31%, respectively, and enhanced grip strength by a ratio of 2.3. Therefore, nasal administration of the CLEP
formulation could be a potential diabetes-associated stroke treatment.

Propylene glycol

1. Introduction resistance, reduced glucose tolerance, and poor lipid and protein
metabolism (Mosenzon et al., 2023; Tuttolomondo et al., 2015). Its
Diabetes mellitus is a metabolic disease that occurs due to insulin complications raise the odds of developing cerebrovascular diseases

Abbreviations: CDT, Candesartan; EE%, Encapsulation efficiency; ANOVA, Analysis of variance; DSC, Differential Scanning Calorimetry; TEM, Transmission
Electron Microscopy; R?, Correlation coefficient; TG, Triglycerides; SD, Standard deviation; Qz4, Cumulative percent CDT permeated after 24 h; Jss, Steady-state
flux.

* Corresponding author.

E-mail addresses: doniadodododo@yahoo.com (D.M. Mahmoud), ragab 2000006@pharm.bsu.edu.eg (M.R.A. Ali), Baldosari@ksu.edu.sa (B.N. Aldosari),
randazaki439@yahoo.com (R.M. Zaki), o.akram@psau.edu.sa (O. Afzal), astulbah@uqu.edu.sa (A.S. Tulbah), demiana.monier@nub.edu.eg (D.M. Naguib),
Zanaty0l2@psas.bsu.edu.eg (M.I. Zanaty), Mary.eskandr@med.bsu.edu.eg (M.E. Attia), fatma.aboel3la@vet.bsu.edu.eg (F.I. Abo El-Ela), Amr_g@pharm.bsu.edu.
eg (A.G. Fouad).

https://doi.org/10.1016/j.ijpx.2023.100227

Received 25 September 2023; Received in revised form 22 December 2023; Accepted 27 December 2023

Available online 2 January 2024

2590-1567/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).


mailto:doniadodododo@yahoo.com
mailto:ragab_2000006@pharm.bsu.edu.eg
mailto:Baldosari@ksu.edu.sa
mailto:randazaki439@yahoo.com
mailto:o.akram@psau.edu.sa
mailto:astulbah@uqu.edu.sa
mailto:demiana.monier@nub.edu.eg
mailto:Zanaty012@psas.bsu.edu.eg
mailto:Mary.eskandr@med.bsu.edu.eg
mailto:fatma.aboel3la@vet.bsu.edu.eg
mailto:Amr_g@pharm.bsu.edu.eg
mailto:Amr_g@pharm.bsu.edu.eg
www.sciencedirect.com/science/journal/25901567
https://www.sciencedirect.com/journal/international-journal-of-pharmaceutics-x
https://doi.org/10.1016/j.ijpx.2023.100227
https://doi.org/10.1016/j.ijpx.2023.100227
https://doi.org/10.1016/j.ijpx.2023.100227
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

D.M. Mahmoud et al.

such as ischemic stroke (Mosenzon et al., 2023; Policardo et al., 2015;
Tuttolomondo et al., 2015). Stroke is a lack of blood flow to the brain as
a result of thrombosis or embolism (Mosenzon et al., 2023; Policardo
et al., 2015). Hyperglycemia contributes to the development of several
risk factors for stroke, including atherosclerosis, cerebral small vessel
disease, and cardiac embolism (Mosenzon et al., 2023; Policardo et al.,
2015; Tuttolomondo et al., 2015). A stroke is a leading cause of adult
disability and mortality globally (Mosenzon et al., 2023; Policardo et al.,
2015; Tuttolomondo et al., 2015).

Multiple studies have demonstrated the efficacy of anti-hypertensive
medication in preventing diabetes-related stroke (Hagg-Holmberg et al.,
2019; Lawes et al., 2004). Candesartan (CDT) is a type of oral angio-
tensin II receptor antagonist that has been licensed for the treatment of
cerebrovascular insufficiency and peripheral vascular disease. Due to its
inhibitory effects on blood pressure, inflammation, angiogenesis,
oxidative damage, and apoptosis, CDT has been used to prevent stroke
(Ding et al., 2022; Kozak et al., 2009; Nishimura et al., 2000; Zhou et al.,
2006). Also, it enhances insulin sensitivity by better delivering insulin
and glucose to peripheral skeletal muscle (Nakao et al., 2010). However,
oral CDT has very limited bioavailability due to its weak water solubility
and slow dissolution rate (Aly et al., 2020; Dudhipala and Veerabrahma,
2016; Zhang et al., 2012a, 2012b). Hepatic first-pass degradation also
contributes to CDT's poor absorption (Aly et al., 2020; Khawaja and
Wilcox, 2011).

Nasal administration as an alternative to oral administration has
been investigated due to the high vascularity of the nasal mucosa, rapid
onset of action and absence of first-pass metabolism (Cunha et al., 2017;
Fasiolo et al., 2018). In addition, the olfactory receptor cells are in direct
contact with the central nervous system, making nasal medication de-
livery a noninvasive option for the direct delivery of drugs to the brain
(Wang et al., 2013). However, nasal delivery has various challenges due
to the formulation's short residence time within the nasal cavity and the
drug's limited permeability (Cunha et al., 2017; Fasiolo et al., 2018;
Wang et al., 2013). To counteract these limitations, lipid-based nano-
particles could be used to improve drug permeability and lessen
mucociliary clearance (Cunha et al., 2017; Salem et al., 2021).

Liposomes, which are a combination of phospholipids and choles-
terol, are ideal drug delivery carriers because of their high diffusion
coefficients and specificity (Gamal et al., 2021; Salem et al., 2021). Due
to their increased solubility and release through cellular membranes,
liposomes can increase the drug's bioavailability and effectiveness
(Gamal et al., 2021; Salem et al., 2021). The presence of phospholipids
and cholesterol increases the viscosity of formulations, which in turn
reduces the mucociliary clearance. Drug leakage and poor vesicle sta-
bility and permeability are problems associated with liposomes; hence,
penetration enhancers such as propylene glycol and ethanol have been
added (Abdulbaqi et al., 2016; Zhang et al., 2012a, 2012b).

Ethanol is a powerful penetration enhancer because it softens the
vesicles, which lets them able to traverse the nasal epithelium, and
makes the vesicles smaller and increases their surface area and ability to
absorb (Touitou et al., 2000; Abdulbagqi et al., 2016). Propylene glycol is
a widely used penetration enhancer that makes the drug permeates into
the skin more easily (Zhang et al., 2012a, 2012b; Salem et al., 2021). As
it is more viscous and hygroscopic than ethanol, propylene glycol may
increase vesicle affinity for molecules in the water-based dermis layer,
slowing the vesicles' transit through the skin and increasing their con-
centration in the deep skin (Shen et al., 2014). When ethanol and pro-
pylene glycol combine, they increase the skin's fluidity (Zhang et al.,
2012a, 2012b; Abdulbagqi et al., 2016). Additionally, ethanol increases
the stability of the liposomes and inhibits the vesicles from clustering
due to electrostatic repulsion (Abdulbaqi et al., 2016; Gamal et al.,
2021). Propylene glycol increases the stability of the liposomes by
increasing the viscosity of vesicular formulations (Zhang et al., 2012a,
2012b).

To our knowledge, there have been no studies that have developed
CDT-loaded liposomes containing ethanol and propylene glycol (CLEP)

International Journal of Pharmaceutics: X 7 (2024) 100227

nanovesicles to improve the delivery, release, permeability, and efficacy
of CDT. Various studies have utilized liposomes containing ethanol and
propylene glycol nanovesicles for transdermal drug delivery. However,
our research focused on the possibility of using CLEP nanovesicles as
nasal drops to treat cerebrovascular diseases like stroke. Thus, the pur-
pose of this study was to improve CDT's delivery, release, permeation,
and efficacy as a potential diabetes-associated stroke treatment by
developing a nasal formulation of CLEP. The release, permeation and
anti-stroke effectiveness of CDT can be improved through the produc-
tion of a nasal CLEP formulation by increasing nasal retention time,
permeation, and release. Using design expert software, different CLEP
formulations were prepared and characterized in vitro to identify the
optimum formulation, which was then evaluated in vivo on an experi-
mental diabetes and stroke rat model.

2. Materials and methods
2.1. Materials

Candesartan was provided by AstraZeneca, a pharmaceutical Com-
pany of Egypt. Phospholipid (L-a-phosphatidylcholine), tween 80
(polysorbate 80), potassium dihydrogen phosphate, disodium hydrogen
phosphate, cholesterol, and propylene glycol were purchased from
Agitech Company (Cairo, Egypt). Methanol, ethanol, and chloroform
were purchased from Cornell Lab Company (Cairo, Egypt).

2.2. Experimental design

For the purpose of statistical optimization of CDT-loaded liposomes
containing ethanol and propylene glycol (CLEP), a 3% Box-Behnken
design was implemented (Table 1) using design expert software
(Version 12, Stat-Ease Inc. Minneapolis, MN, USA). We evaluated the
impacts of three variables: (A) L-a-phosphatidylcholine concentration
(1-5%), (B) ethanol concentration (0-10%) and (C) propylene glycol
concentration (5-15%). Particle size and encapsulation efficiency as a
percentage (EE%) were selected as dependent variables.

2.3. Preparation of CLEP formulations

Fifteen different CLEP formulations were made using the thin-film
hydration technique (Salem et al., 2022). Cholesterol (0.16%), L-
a-phosphatidylcholine, CDT (10 mg), and propylene glycol were dis-
solved in 10 mL of chloroform-methanol solution at a ratio of 3:1 after
being weighed. Using a rotary evaporator (Rotavapor, Heidolph VV

Table 1
Compositions and responses of CLEP formulations.

Run  Factors levels in actual values  Responses (n = 3)

A B C Encapsulation efficiency  Particle size

%) (%) (%) (% =+ SD) (nm + SD)
F1 3 5 10 74.05 £ 0.42 236.03 £ 6.05
F2 5 10 10 90.65 + 0.39 386.20 + 4.17
F3 3 5 10 74.14 £ 0.37 231.70 £7.35
F4 3 0 5 69.17 £ 0.41 279.47 + 6.83
FS 5 5 5 85.81 £ 0.45 422.03 £7.95
F6 3 5 10 74.10 £ 0.40 230.70 + 4.00
F7 1 0 10 57.59 £+ 0.49 213.40 + 3.30
F8 5 5 15 88.47 £ 0.35 389.83 £ 5.65
F9 3 10 5 76.34 £ 0.39 219.67 £ 4.16
F10 1 10 10 65.08 + 0.36 159.60 + 4.65
F11 3 0 15 71.79 £ 0.32 247.23 + 3.96
F12 1 5 15 62.54 £ 0.37 169.43 £ 9.71
F13 5 0 10 83.50 £ 0.32 442.70 + 4.33
F14 3 10 15 79.31 £0.45 187.83 + 3.25
F15 1 5 5 60.16 + 0.42 196.63 + 6.89

A’ L-aphosphatidylcholine concentration, B: ethanol concentration, C: propylene
glycol concentration; SD: standard deviation.
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2000, Burladingen, Germany) under vacuum at 100 rpm and 40 °C, the
organic phase was evaporated until a thin, dry film formed and the
organic odor disappeared. A phosphate buffer (pH 6.8) containing
ethanol was used to hydrate the dried thin film. During the hydration
process, the film was rotated and heated at 60 rpm and 60 °C for 2 h. The
CLEP suspension was kept at 4 °C.

2.4. Characterization of CLEP formulations

2.4.1. Measurement of encapsulation efficiency

In order to determine the CLEP's encapsulation efficiency, we
centrifuged the CLEP suspension at 15000 rpm and 4 °C for 2 h in a
cooling centrifuge (SIGMA 3-30 K, Steinheim, Germany). To achieve
complete separation of the CLEP pellets, we re-centrifuged the super-
natant at 15,000 rpm for 1 h. An aliquot of the clear supernatant was
diluted appropriately, and the CDT concentration was then determined
by spectrophotometry (UV-1850, Shimadzu Corporation, Kyoto, Japan)
at 258 nm in accordance with a standard calibration curve. The EE% of
CDT was calculated as follows (Gamal et al., 2020):

Initial amount of CDT — amount of CDT in supernatant

EE% =
% Initial amount of CDT

x100 (1)

2.4.2. Measurement of particle size

In order to determine the CLEP's particle size, we diluted a sample of
CLEP suspension (1 mL) with distilled water (9 mL) and the size was
measured in triplicate at 25 °C using dynamic light scattering with Zeta
Sizer equipment (DLS, Malvern Instruments/Herrenberg, Germany) (El-
Ela et al., 2022).

2.5. Optimization of CLEP formulations

To determine which model is most appropriate for the given EE%
and particle size data, design expert® software applies the statistical
methods such as analysis of variance (ANOVA), coefficient of determi-
nation (R?), Adjusted R, Predicted R? and Adequate precision (Sayed
et al., 2020). Further, the desirability index is calculated so that the
optimum formulation with the highest EE% and smallest particle size
can be selected. A triple batch of the software's recommended formu-
lation was prepared and assessed to confirm the correctness of its opti-
mum formulation factor estimates and expected responses.

2.6. Characterization of optimum CLEP formulation

2.6.1. Differential scanning calorimetry (DSC)

Using DSC, we looked into how CDT and other components of opti-
mum CLEP formulation interact with one another (Salem et al., 2021).
The crystalline properties and thermal analysis (AH) of the CDT, L-
a-phosphatidylcholine, cholesterol, and the optimum CLEP formulation
were investigated using DSC. Samples of CDT, L-a-phosphatidylcholine,
cholesterol, and optimum CLEP formulation were accurately weighed
into sealed aluminum pans, and the experiment was conducted using
DSC (Shimadzu DSC60 plus, Shimadzu Corporation, Kyoto, Japan)
under nitrogen gas (50 ml/min) at a rate of 5 °C/min from 25 °C and
250 °C.

2.6.2. Fourier transform infrared (FT-IR) spectroscopy

FTIR analysis was utilized to gather evidence on the potential CDT
interaction with other components of optimum CLEP formulation
(Gamal et al., 2023). The potassium bromide disc method was used to
prepare CDT, cholesterol, L-a-phosphatidylcholine and the optimum
CLEP formulation samples (2 mg of sample in 200 mg of KBR) and the
scanning range was set to be 400-4000 em! using an FT-IR emission
spectrometer (Shimadzu FTIR-8700 spectrophotometer, Shimadzu,
Japan).
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2.6.3. Transmission electron microscopy (TEM)

Using TEM, we looked into the morphology and size of the optimum
CLEP formulation (Sayed et al., 2020). We used phosphotungstic acid
dye to stain an aliquot of CLEP suspension that had been put onto a
carbon covered grid and the experiment was conducted using trans-
mission electron microscopy (JEM-1230 Scanning microscope, Jeol,
Tokyo, Japan).

2.6.4. Zeta potential and size distribution

Using zeta potential and polydispersity index (PDI), we assessed the
stability and homogeneity of the optimum CLEP formulation, respec-
tively (El-Ela et al., 2022). Prior to the measurement, we diluted a
sample (1 mL) of the optimum CLEP suspension with distilled water (9
mL) and the zeta potential and PDI were measured in triplicate at 25 °C
using dynamic light scattering with Zeta Sizer equipment (DLS, Malvern
Instruments/Herrenberg, Germany).

2.6.5. Stability study

Stability of CLEP formulation was studied by looking at how the
formulation changed in terms of particle size and EE% (Gamal et al.,
2021). CLEP Formulations were kept for three months at a temperature
of 4 °C in the refrigerator, 25 °C at room temperature and 40 °C in the
oven (Dental — UND LABORBAU GmbH 99,830 Treffurt/Germany).
Once a month, three replicate measurements were analyzed for particle
size and EE%.

2.6.6. In vitro release study

Using the dialysis membrane technique, we investigated the release
of optimum CLEP formulation in comparison to free CDT (Salem et al.,
2022). A volume of free CDT and CLEP equivalent to 2 mg of CDT was
enclosed in a dialysis bag (molecular weight cut off 12,000; Sigma-
Aldrich, Cairo, Egypt) and immersed into 50 mL of phosphate-
buffered (pH 6.8) containing 0.1% (w/w) Tween 80 as a release me-
dium at 100 rpm and 37 °C using Hanson dissolution apparatus (Hilab,
Diisseldorf, Germany). 3 mL samples were taken and replaced with fresh
medium at 0, 5, 1, 2, 3, 4, 6, 8 and 24 h. The CDT concentration was then
determined by spectrophotometry (UV-1850, Shimadzu Corporation,
Kyoto, Japan) at 258 nm in accordance with a standard calibration curve
and the cumulative release percentage was calculated in triplicates.

2.6.7. Ex vivo permeation study

The nasal cavity of a freshly sacrificed Egyptian sheep was acquired,
excluding the septum, and soaked in phosphate buffer for 24 h. The
superior nasal membrane was excised and used to investigate the
permeation of optimum CLEP formulation in comparison to free CDT
(Salem et al., 2022). A volume of free CDT and CLEP equivalent to 2 mg
of CDT was immersed into 50 mL of phosphate-buffered (pH 6.8) con-
taining 0.1% (w/w) Tween 80 at 100 rpm and 37 °C using Hanson
dissolution apparatus (Hilab, Diisseldorf, Germany). 3 mL samples were
taken and replaced with fresh medium at 0, 5, 1, 2, 3, 4, 6, 8 and 24 h.
The CDT concentration was then determined by spectrophotometry (UV-
1850, Shimadzu Corporation, Kyoto, Japan) at 258 nm in accordance
with a standard calibration curve and the cumulative permeation per-
centage and flux were calculated in triplicates.

2.7. In vivo evaluation of optimum CLEP formulation

2.7.1. Study design

In vivo studies of CLEP formulation were conducted in accordance
with the ARRIVE guidelines and approved by the Institutional Animal
Ethics Committee at Beni-Suef University (BSU-IACUC: 022-414).

2.7.2. Animals

Twenty four adult male Wistar rats (150-200 g body weight, 2-3
months old) were housed in the animal house (Faculty of Pharmacy,
Beni-Suef University, Egypt) in air-conditioned clean polypropylene
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cages (temperature of 25 °C and humidity of 40-70%). Prior the
experiment, rats were acclimated for a week and fed with standard diet
and water. Body weight, blood glucose, triglyceride (TG), cholesterol,
red blood cell (RBC) count, white blood cell (WBC) count, alanine
aminotransferase (ALT), aspartate aminotransferase (AST), urea, and
creatinine levels were established for each rat.

2.7.3. Stroke induction and treatment administration

After acclimating for a week, the rats were randomly divided into
two groups: a control negative group (n = 6 rats) and an ischemic stroke
group (n = 18 rats). A control group (n = 6 rats) received intraperitoneal
injection of 0.9% saline solution and continued to eat normally
throughout the research. An ischemic stroke group (n = 18 rats)
received high-fat diets containing cholesterol (6%), sodium cholate
(1%), propyl thiouracil (0.2%), and refined sugar (5%) to induce dia-
betes and atherosclerosis and speed up the progression of an experi-
mental model of ischemic stroke (Lian et al., 2018; Pérez-Corredor et al.,
2022). After 12 weeks, an ischemic stroke group (n = 18 rats) were
subdivided into three groups (6 rats each, positive control, free CDT and
CLEP groups). A positive control group (n = 6 rats) received a daily oral
gavage of 0.9% saline solution. A free CDT group (n = 6 rats) received a
daily oral gavage of free CDT (1 mg/kg) (Kozak et al., 2009). A CLEP
group (n = 6 rats) received a daily nasal administration of CLEP (1 mg/
kg). After 10 days of treatments, the positive control, free CDT and CLEP
groups were injected intraperitoneally with a mixture (1:1) of ketamine
(90 mg/kg) and xylazine (5 mg/kg) at a concentration of 0.1 ml/100 g to
induce anesthesia. Ischemic stroke was induced by blocking the main
blood supply to the brain by occluding the common carotid and middle
cerebral arteries with an intraluminal suture (Ashafaq et al., 2021). The
rats' weight and behavior were monitored and documented during the
trial (Kumar et al., 2017).

2.7.4. Neurological function assessment

At the end of experiment, neurological tests on the negative control,
positive control, free CDT and CLEP groups, including grip strength,
flexion, spontaneous motor activity, and Morris water maze, were con-
ducted. The neurological deficits were scored on a point scale system
(Zhao et al., 2020; Ashafaq et al., 2021).

As described by Ashafaq et al., the grip strength test was used to
assess motor deficits of rats by placing the rat's paws on a wire grid while
its tail was pulled backwards and the Morris water maze test was used to
assess its memory impairments by calculating the time spent in the
target quadrant (Ashafaq et al., 2021).

As described by Tabassum et al., the flexion test was used to measure
the rat's ability to flex towards the ground while the rat was held upside
down by its tail and the spontaneous motor activity was used to assess
the neurological indices (Tabassum et al., 2013).

2.7.5. Histopathology study

After assessment of neurological tests, the experimental groups were
euthanized by cervical dislocation after being injected intraperitoneally
with a mixture (1:1) of ketamine (90 mg/kg) and xylazine (5 mg/kg) at a
concentration of 0.1 ml/100 g. The blood was drawn, centrifuged, and
the serum cholesterol, triglycerides, and glucose levels were assessed as
directed by the manufacturer to confirm the successful production of
diabetes and atherosclerosis (Ekeanyanwu and Njoku, 2014; Kumar
et al., 2017).

Brain tissues were collected and fixed in 10% phosphate-buffered
formalin. Tissues were cleaned in xylene, dehydrated in a graded
ethanol solution, and then embedded in paraffin. Thin slices of tissue
(4-6 pm) were prepared and stained using hematoxylin and eosin re-
agents in accordance with standard protocol (Ekeanyanwu and Njoku,
2014).

2.7.6. Toxicity studies
The rats' weight and behavior were monitored and documented
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during the trial (Kumar et al., 2017). The serum RBCs (x10003/ 1) count,
WBCs (x10%/mm®) count, hemoglobin (Hb, g/dl), hematocrit (HCT, %),
Mean corpuscular volume (MCV, fl/cell), Mean Corpuscular Hemoglo-
bin (MCH, pg/cell), neutrophils, lymphocytes, monocytes, esinophils,
basophils ALT, AST, urea and creatinine were assessed as directed by the
manufacturer to evaluate the toxicity issues of nasal CLEP formulation
(Ekeanyanwu and Njoku, 2014; Kumar et al., 2017).

2.8. Statistical analysis

SPSS (version 22, Chicago, USA) was used to conduct statistical
analysis of the data using the Student's t-test and analysis of variance
(ANOVA) followed by Tukey's post hoc for pairwise comparisons. A
difference between study groups is considered significant at a p-value
<0.05.

3. Results
3.1. Experimental design

Successful CLEP formulations were prepared and optimized using the
Box-Behnken design. The quadratic model was the best fit for the EE%
and particle size data because it had the highest determination coeffi-
cient (R%) of 0.9989 and 0.9970, respectively, an insignificant lack-of-fit
with p-values of 0.8584 and 0.5188, respectively, and a significant
model with p-value of <0.0001. Close agreement (<0.2) between the
predicted (0.9981 and 0.9950) and adjusted R? (0.9986 and 0.9962)
values further verified the quadratic model's validity for both EE% and
particle size, respectively. The high values of adequate precision
(188.949 and 105.612) confirmed the suitability of the quadratic model
for both EE% and particle size, respectively for design space tracking.
The diagnostic charts used to assess the quadratic model fit are depicted
in Fig. 1. The Box-Cox plot (Fig. 1a and c) showed that the recommended
value of lambda (1) for both EE% and particle size is 1.15, suggesting
that their data did not require any transformation. The Residuals vs
predicted response plot (Fig. 1b and d) showed a random scatter, sug-
gesting no continuous error (transformation) of both EE% and particle
size data.

3.2. Characterization of CLEP formulations

The response surface plot for the effects of L-a-phosphatidylcholine,
ethanol, and propylene glycol concentrations as independent variables
on the EE% and particle size is depicted in Fig. 2 and represented by Egs.
(2) and (3) in terms of coded values. L-phosphatidylcholine concen-
tration (A) had a statistically significant (p-value of <0.0001) positive
effect on EE%, where EE% of F10 (formulation with 1%
L-phosphatidylcholine) and F2 (formulation  with 5%
L—phosphatidylcholine) was 65.08 + 0.36% and 90.65 + 0.39%,
respectively. Ethanol concentration (B) had a statistically significant (p-
value of <0.0001) positive effect on EE%, where EE% of F4 (formulation
with 0% ethanol) and F9 (formulation with 10% ethanol) was 69.17 +
0.41% and 76.34 + 0.39%, respectively. Propylene glycol concentration
(C) had a statistically significant (p-value of <0.0001) positive effect on
EE%, where EE% of F5 (formulation with 5% propylene glycol) and F8
(formulation with 15% propylene glycol) was 85.81 + 0.45% and 88.47
+ 0.35%, respectively.

EE% = +74.10+ 12.884 +3.67B + 1.33C — 0.0839AB + 0.0702AC

2
+0.0873BC + 0.1A% + 0.0109B% + 0.0449C> 2

L-phosphatidylcholine concentration (A) had a statistically signifi-
cant (p-value of <0.0001) positive effect on particle size, where particle
size of F7 (formulation with 1% L-phosphatidylcholine) and F13
(formulation with 5% L—phosphatidylcholine) was 213.40 + 3.30 nm
and 442.70 + 4.33 nm, respectively. Ethanol concentration (B) had a
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statistically significant (p-value of <0.0001) negative effect on particle
size, where particle size of F11 (formulation with 0% ethanol) and F14
(formulation with 10% ethanol) was 247.23 + 3.96 nm and 187.83 +
3.25 nm, respectively. Propylene glycol concentration (C) had a statis-
tically significant (p-value of <0.0001) negative effect on particle size,
where particle size of F9 (formulation with 5% propylene glycol) and
F14 (formulation with 15% propylene glycol) was 219.67 + 4.16 nm
and 187.83 + 3.25 nm, respectively.

Particle size = +232.81 +112.71A — 28.69B — 15.43C — 0.675AB — 1.25AC
+0.1BC +64.3A% +3.37 B —2.63 C*
3)

3.3. Optimization of CLEP formulation

Based on its high desirability index (0.761), the formulation with
3.3%w/v phospholipid, 10%v/v ethanol, 0.16%w/v cholesterol, and
15%v/v propylene glycol was chosen as the optimum formulation.
Predicted values of responses were verified by in vitro studies of the

optimum CLEP formulation, with an EE% of 81.13 + 0.52% and a mean
particle size of 207.26 + 5.89 nm.

3.4. Characterization of optimum CLEP formulation

3.4.1. Differential scanning calorimetry (DSC)

DSC thermograms of CDT, cholesterol, L-a-phosphatidylcholine, and
optimum CLEP formulation are shown in Fig. 3(a). CDT is a crystalline
drug, showing a sharp endothermic peak at its melting point of
171.91 °C with AH of —49.15 J/g. Cholesterol showed a sharp endo-
thermic peak at its melting point of 149.47 °C with AH of —109.69 J/g.
L-a-phosphatidylcholine showed a sharp endothermic peak at its
melting point of 134.96 °C with AH of —45.19 J/g. These endothermic
peaks disappeared in the DSC thermogram of the optimum CLEP
formulation.

3.4.2. Fourier transform infrared (FTIR)
The FTIR spectra of CDT, L-a-phosphatidylcholine, cholesterol, and
an optimum CLEP formulation are shown in Fig. 3(b). The L-



D.M. Mahmoud et al.

d

Entrapment Efficiency (%)

B: Ethanol concentration ¢ 1 cHcaTtion)

(%)

100

Entrapment Efficiency (%)

oentration (%)

9
C: Propylene glyco
concentration (%)

Entrapment Efficiency (%)

concentration (%) 50 (%)

6
C: Propylene gglyco B: Ethanol concentration

International Journal of Pharmaceutics: X 7 (2024) 100227

LTTTTTTTTTIT
'I,I,gl,l,llllll'ililh..
211777777777
7777777

Vesicle size (nm)

3
-a-phosphatidylcholine
concentration (%)

B: Ethanol con¢entration A: L
(%) 4 01

450

Vesicle size (nm)

C: Propylene glycol*%> concentration (%)

concentration (%)

Vesicle size (nm)

4

B: Ethanol concentration [C: Propsylene glycol
(%) 10 Sconcentration (%)

Fig. 2. 3D Response surface plot for the effect of L-aphosphatidylcholine concentration, ethanol concentration and propylene glycol concentration on EE% (a) and
particle size (b); 3D Response surface plot help users better understand the interaction between variables and their impact on each response.

a-phosphatidylcholine FTIR spectrum revealed peaks for the CHy
stretching vibration at 2935 and 2862 cm™!, the symmetrical C=0O
stretching vibration at 1736 cm™?, and the PO, antisymmetric stretching
bands at 1243 em ™. The cholesterol FTIR spectrum revealed peaks for
the OH stretching group at 3400 cm ™, the CH stretching vibration at
2940 cm™ !, the double bond C=C at 1670 cm ™! and the asymmetric
CH, stretching vibrations at 1459 cm™. The CDT FTIR spectrum
revealed peaks for the CH stretching group at 2940 cm ™2, the carbonyl
C—O stretching at 1752 cm™}, the aromatic C—N stretching at 1350
em ! and the C—O ether stretch at 1050 cm™!. The FTIR spectra of the
optimum CLEP formulation showed similar peaks of CDT, L-a-phos-
phatidylcholine and cholesterol.

3.4.3. Transmission electron microscopy (TEM)

The electron micrograph of the optimum CLEP formulation is shown
in Fig. 4(a). The figure exhibited spherical vesicles that appeared as
black dots and were evenly distributed and well separated from one
another.

3.4.4. Zeta potential and size distribution

The PDI of the optimum CLEP formulation was determined to be
0.215 + 0.07, suggesting a homogeneous dispersion of vesicles, and the
zeta potential was determined to be —42.03 + 1.37 mV, demonstrating
its physical stability.

3.4.5. Stability study
The stability of the optimum CLEP formulation at 4 °C, 25 °C and
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40 °C is shown in Fig. 4(b). Using the ANOVA test, an insignificant
decrease in EE% was observed for the CLEP formulation after being
stored for three months at 4 °C, 25 °C, and 40 °C with a p-value (0 days
vs 90 days) of 0.343, 0.553 and 0.398, respectively. Using the ANOVA
test, an insignificant increase in particle size was observed for the CLEP
formulation after being stored for three months at 4 °C, 25 °C, and 40 °C
with a p-value (0 days vs 90 days) of 0.566, 0.473 and 0.296,
respectively.

3.4.6. In vitro release study
The average cumulative CDT's released from the optimum CLEP

formulation in comparison to the free CDT is shown in Fig. 5(a). Using
the Student t-test, we found that the optimum CLEP formulation
significantly (p-value of <0.0001) increased the release of CDT relative
to free CDT by a factor of 1.52 after 24 h.

3.4.7. Ex vivo skin permeation study

The mean cumulative CDT's permeated from the optimum CLEP
formulation compared to the free CDT is shown in Fig. 5(b). Using the
Student t-test, permeation of CDT from the free CDT dispersion (594.25
+ 11.92 pg/cm?) was found to be significantly (p-value of <0.0001)
lower than permeation of CDT from the optimum CLEP formulation
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(879.65 + 22.56 pg/cm?). Additionally, flux (Jss) of optimum CLEP
formulation (33.75 + 0.94 pg/cm?/h) was significantly (p-value of
<0.0001) higher than that of free CDT (22.87 + 0.39 pg/cmz/h) with an
enhancement ratio of 1.47 after 24 h.

3.5. In vivo evaluation of optimum CLEP formulation

3.5.1. Anti-ischemic stroke activity measurement

Diabetes and atherosclerosis were successfully induced, as shown by
the control positive group's blood glucose, cholesterol, and TG levels
being significantly (p-value of <0.0001) higher than those of the control
negative group (Fig. 6a) by a ratio of 1.93, 6.11 and 1.65, respectively.
Blood glucose levels were significantly (p-value of <0.0001) lower in the
free CDT and optimum CLEP formulation groups compared to the con-
trol positive group (Fig. 6a) by 57.61% and 67.97%, respectively,
showing their anti-diabetic activity. When compared to the free CDT
group, blood glucose levels dropped significantly (p-value of 0.030) in
the optimum CLEP formulation group, with a ratio of 1.18. Anti-
atherosclerotic activities of free CDT and optimum CLEP formulation
groups were demonstrated by a statistically significant (p-value of
<0.0001) reduction in blood cholesterol and TG compared to the control
positive group. In the free CDT group, the serum cholesterol and TG
were decreased by 35.45% and 25.21%, respectively and in the opti-
mum CLEP formulation group; they were decreased by 70.90% and
41.17%, respectively. When compared to the free CDT group, serum
cholesterol and TG dropped significantly (p-value of <0.0001) in the
optimum CLEP formulation group, with a ratio of 2 and 1.63, respec-
tively. These findings suggest that both free CDT and the optimum CLEP
formulation have anti-diabetic and anti-atherosclerotic effects; howev-
er, the optimum CLEP formulation group's effects were more potent than
those of the free CDT group.

Compared to the control negative group, the control positive group's
rats were shown to have significantly (p-value of <0.0001) higher
flexion and spontaneous motor activities (Fig. 6b) by a ratio of 4 and
2.43, respectively, lower grip strength by a ratio of 2.5; and a longer
time to locate the target quadrant by a ratio of 10.83. Based on these

behavioral deficits and neurological severity of the control positive
group, it was determined that the ischemic stroke induction was suc-
cessful. The anti-ischemic stroke activity of free CDT and the optimum
CLEP formulation are shown in (Fig. 6b). Compared to the control
positive group, the free CDT and the optimum CLEP formulation were
shown to have significantly (p-value of <0.0001) lower flexion by 40%
and 70%, respectively, lower spontaneous motor activity by 11.76% and
64.71%, respectively, lower time spent in the target quadrant by 78.46%
and 92.31%, respectively, and higher grip strength by a ratio of 1.25 and
2.3, respectively. When compared to the free CDT group, flexion,
spontaneous motor activity and the time spent in the target quadrant
decreased significantly (p-value of <0.0001, < 0.0001, 0.027, respec-
tively) and grip strength increased significantly (p-value of <0.0001) in
the optimum CLEP formulation group, with a ratio of 1.75, 5.5, 1.17 and
1.84, respectively. These findings suggest that both free CDT and the
optimum CLEP formulation have anti-ischemic stroke activity; however,
the optimum CLEP formulation group's effects were more potent than
those of the free CDT group.

To confirm the induction of ischemic stroke in rats, we compared the
histopathology of the control positive group, as shown in Fig. 7, to that
of the control negative group. Photomicrographs from the control pos-
itive group revealed abnormalities in the histopathological structure of
the brain tissue compared to the control negative group. These abnor-
malities included congestion of minute blood capillaries (black arrow)
with perivascular edoema (red arrow), the presence of dead shrunken
neurons (blue arrow), and the pyknotic nuclei of some neurons (arrow
head). Fig. 7 also demonstrates the anti-ischemic stroke activity of both
free CDT and the optimum CLEP formulation, as seen by the reduction in
edoema (arrow head), dead shrunken neurons, and vascular congestion.
However, the optimum CLEP formulation group was found to have
higher anti-ischemic stroke activity with normal structured neurons
(yellow arrows) than the free CDT group

3.5.2. Toxicity studies
There was statistically insignificant (p-value of 0.542) difference in
body weight or behavior between the optimum CLEP formulation group
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Fig. 5. a) The percentage of CDT release from the optimum CLEP formulation in comparison to free CDT, in phosphate buffer (pH 6.8, mean + S.D., n = 3); b) the
percentage of CDT permeation from the optimum CLEP formulation in comparison to free CDT in phosphate buffer (pH 6.8, mean + S.D., n = 3).

and the control negative group at the end of the trial. No skin, sleep,
salivation, or diarrhoea side effects were recorded after daily nasal
administration of the optimum CLEP formulation throughout the
studies. Fig. 8 demonstrates no toxicity issues were found after the nasal
administration of the optimum CLEP formulation because the rats in the
optimum CLEP formulation group exhibited non-significant (p-values
are shown in Fig. 8) changes in haematological and biochemical pa-
rameters compared with the control negative group.

4. Discussion

Although various preventive therapies for diabetes associated stroke
have been developed, their clinical implementation has been hindered
by challenges such as insolubility, short half-life, limited permeability
across the blood-brain barrier, and poor accumulation on the ischemic
tissue (Saxena et al., 2015; Campos-Martorell et al., 2016; Bruch et al.,
2019; Bernardo-Castro et al., 2021). Considering this, nanotechnology
has potential benefits for developing new stroke therapeutics. Liposomes
are a type of nanovesicular drug delivery system that facilitate the
transportation of medications across the blood-brain barrier (BBB),
hence enhancing their accumulation within the brain (Campos-Martor-
ell et al., 2016; Fukuta et al., 2017; Bruch et al., 2019; Bernardo-Castro
et al., 2021). Campos-Martorell et al. develop a new liposomal delivery
system to increase BBB permeability and simvastatin's accumulation in
the ischemic brain (Campos-Martorell et al., 2016). A formulation of
neuroprotectant-loaded liposome conjugated with T7 peptide and stroke
homing peptide was developed by Yue et al. for improving the blood-

brain barrier permeability and brain targeting (Zhao et al., 2016). The
study conducted by Fukuta et al. provided evidence supporting the
effectiveness of a combined treatment approach involving liposomal
neuroprotectants and tissue plasminogen activator in the management
of ischemic stroke (Fukuta et al., 2017). Despite their effectiveness, li-
posomes have a number of drawbacks, including drug leakage, poor
stability and poor permeability (Alavi et al., 2017). This study aimed to
develop liposomes containing ethanol and propylene glycol formulation
as a potential drug delivery carrier for diabetes-associated stroke
treatment.

Candesartan has been used to prevent stroke, but it has poor ab-
sorption, solubility and efficacy. Liposomes containing ethanol and
propylene glycol formulations are liposomal nano-vesicles made of
penetration enhancers such as ethanol and propylene glycol (Zhang
et al., 2012a, 2012b; Abdulbaqi et al., 2016; Salem et al., 2021). L-o
phosphatidylcholine are the building blocks of vesicles (Abdulbaqi et al.,
2016; Salem et al., 2021). Cholesterol was added because it improves
membrane integrity and drug entrapment by filling in the gaps between
the poorly packed lipid species in vesicular membranes (Abdulbaqi
et al., 2016; Salem et al., 2021). Touitou et al. presented a novel ve-
sicular system that has a high concentration of ethanol (Touitou et al.,
2000). Ethanol is a powerful penetration enhancer because it softens the
vesicles, allowing them to penetrate deeper layers of skin, and makes
them smaller and, therefore, increasing their surface area and absorp-
tion (Touitou et al., 2000; Abdulbagqi et al., 2016). However, the vesicle
membranes become more permeable and the drug entrapment drops
when ethanol concentrations are high (Zhang et al., 2012a, 2012b;



D.M. Mahmoud et al.

International Journal of Pharmaceutics: X 7 (2024) 100227

a Control negative group Control positive group
250 Free CDT group CLEP group
— *
T 200 !
ab
£
= 150 -
w *
o i r X
— 100 - # #
'g I#@ # - @
S 50 -
o e
0 T T 1
b Glucose Cholestrol Triglycerides
- Control negative group ' Control positive group = Free CDT group 1 CLEP group
70 -
5 #@
ad ! 1 g 60 I
34 © 50 -
3 3 4 € 40 -
Qv # )
2 =% .
(o] i * * o 30
o 2 T » T
() # =e 1# U 5o -
14 = € -
_ #@ = F@ = 10- #@
0 T 0
Flexion Test Spontaneous Motor Grip Strength Test Morris Water Test

Activity Test

Fig. 6. a) Serum glucose, cholesterol and triglycerides levels; b) Neurological behavioral activities in rats of all treated and untreated groups; Significance: * p-value
<0.05 versus control negative group, * p-value <0.05 versus control positive group, © p-value <0.05 versus free CDT group. CDT: candesartan, CLEP: candasertan

loaded liposomes containing ethanol and propylene glycol.

Abdulbaqi et al., 2016). Salem et al. studied propylene glycol as a
component of lipid vesicles and evaluated propylene glycol-liposomes as
carriers for the topical administration of Raloxifene (Salem et al., 2021).
Propylene glycol is a widely used penetration enhancer which makes the
drug permeate into the skin more easily (Zhang et al., 2012a, 2012b;
Salem et al., 2021). It has been found that propylene glycol can prevent
vesicle aggregates in formulations (Manconi et al., 2009). As it is more
viscous and hygroscopic than ethanol, propylene glycol may increase
vesicle affinity to molecules in the water-based dermis layer, so slowing
the vesicles' transit through the skin and increasing their concentration
in the deep skin (Shen et al., 2014). When ethanol and propylene glycol
combine, they increase the skin’ fluidity (Zhang et al., 2012a, 2012b;
Abdulbaqi et al., 2016). Previous research assessed the safety and
cytotoxicity of ethanol and propylene glycol (Holmberg and Malmfors,
1974; Lachenmeier, 2008; HAMZELOO et al., 2014; Ilieva et al., 2021).
It has been established that ethanol and propylene glycol are safe
(Holmberg and Malmfors, 1974). Based on the MTT and AST assays, the
cytotoxic and microbicidal effects of ethanol and propylene glycol were
studied by Ilieva et al., and the results indicated that they are likely safe
to use (Ilieva et al., 2021). Therefore, our study used design expert
software to analyze the impacts of different ethanol, L-
aphosphatidylcholine, and propylene glycol concentrations as inde-
pendent variables. Independent variable concentration ranges were
determined through literature reviews and preliminary experiments.
The CLEP formulation was optimized by employing a Box-Behnken
design using the ANOVA test, adjusted R?, predicted R? and adequate
precision. The optimum model should have a high values of adjusted R?
and predicted R? with a discrepancy of <0.2 (Abdelbary and AbouGhaly,
2015; Awan et al., 2022). Adequate precision is a signal-to-noise ratio
that should be >4, and then the model's ability to discriminate is good
enough (Abdelbary and AbouGhaly, 2015; Awan et al., 2022). Results
from both EE% and particle size suggested that the quadratic model was
the most appropriate fit. Box-Cox and Residual vs. expected response
graphs are produced by Design Expert® software to further assess the
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quality of the quadratic model fit (Abdelbary and AbouGhaly, 2015;
Awan et al., 2022). A Box-Cox plot can be used to help choose the best
power transformation for each response data according to the value of
lambda (A). No transformation is needed if A > 1. Residual versus pre-
dicted plot can be used to examine the distribution of residuals. Presence
of a random scatter of residuals across the graph indicated no trans-
formation is required for EE% and particle size data.

To understand the interaction between independent variables and
the effect of each variable and interpret the model, the software
generated 3D charts and polynomial equations in terms of coded values.
When the concentration of L-aphosphatidylcholine was raised, the EE%
was significantly (p-value of <0.0001) increased because strong
coherent layers form around individual vesicles, and shell-like structures
are built around the medication, potentially reducing its rate of leakage.
Additionally, the CDT's lipophilic properties and limited water solubility
blame for its high EE%. When the concentration of L-
aphosphatidylcholine was raised, the particle size was significantly (p-
value of <0.0001) increased because the accompanying increase in
viscous phase and mass transfer resistance causes bigger nanoparticles
to be formed. Similar results were noted for raloxifene propylene glycol-
liposomes upon increasing phospholipid from 1% to 3% (Salem et al.,
2021). When the concentrations of ethanol and propylene glycol were
raised, the EE% was significantly (p-value of <0.0001) increased
because higher concentrations of ethanol and propylene glycol enhance
drug solubility, leading to more entrapment and more even drug dis-
tribution within the vesicle. When the concentrations of ethanol and
propylene glycol were raised, the particle size was significantly (p-value
of <0.0001) decreased because vesicles' thickness was decreased and
their net charge was changed when ethanol and propylene glycol con-
centrations were increased. Furthermore, ethanol and propylene glycol
have a fluidizing impact on L-aphosphatidylcholine bilayers, leading to
compact, soft, deformable vesicles. In consistence with Li et al., they
found that the addition of propylene glycol (0-30%) and ethanol
(0-30%) enhanced transdermal entrapment and permeation of
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this article.)

tacrolimus (Li et al., 2012).

A desirability index was utilized in conjunction with numerical
optimization to determine the optimum formulation, which was then
produced and validated. Since there was no significant discrepancy
between the observed and predicted values, the results validate the
optimization procedure. DSC is a thermotropic technique utilized to
evaluate the crystallinity and thermal behavior of the drug in the
developed systems and to annotate its potential interactions with other
components (Gamal et al., 2021). The enthalpy fusion is the amount of
energy absorbed by a solid during its melting process. Distinct endo-
thermic peaks of separate components disappeared in the DSC thermo-
grams of optimum formulation, which may be due to the existence of the
CDT in an amorphous state and its imprisonment in the lipid bilayer of
the CLEP formulation. This discussion was corroborated by FT-IR
spectra, which is used to determine any incompatibility between the
components of the optimum CLEP formulation and confirm the results of
DSC (Xu et al., 2022). FTIR spectra showed that the optimum CLEP
formulation had the same spectra as CDT, cholesterol, and L-a-phos-
phatidylcholine. This suggested that the components of the formulation
were compatible, and that CDT had been successfully incorporated into
the vesicles without any chemical interaction.

To assess the homogeneity of the optimum CLEP formulation, par-
ticle size distribution in term of PDI was determined (Fl-Ela et al., 2022).
Low PDI of the optimum CLEP formulation showed that there was a
monodisperse and uniform distribution of vesicles. Zeta potential is a
vital indicator of the physical stability of the produced dispersions (El-
Ela et al., 2022). The stability of the optimum CLEP formulation was
demonstrated by its negative zeta potential due to the presence of L-
a-phosphatidylcholine. Additionally, ethanol increases the stability of
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the CLEP and inhibits the vesicles from clustering due to electrostatic
repulsion. Propylene glycol increases the stability of the CLEP by
increasing the viscosity of vesicular formulations. The stability investi-
gation of the optimum CLEP formulation corroborated these findings by
showing that the EE% and particle size of the optimum CLEP formula-
tion changed insignificantly after being stored for three months at 4 °C,
25 °C, and 40 °C. Previous studies have shown that combining ethanol
and propylene glycol can greatly improve the stability of terbinafine-
loaded binary ethosomes (Zhang et al., 2012a, 2012b). Transmission
electron microscopy provided representative micrographs of the opti-
mum CLEP formulation and verified the presence of nano-sized vesicles
that were not aggregated.

A study of CDT's equilibrium solubility was conducted to ascertain
how much dissolution media would be required to reach the sink con-
dition. Dissolution was achieved in 50 mL of phosphate-buffered (pH
6.8) with 0.1% (w/w) Tween 80, which is greater than the saturation
solubility of CDT. Based on the in vitro drug release profile, the optimum
CLEP formulation enhanced the CDT's release due to its solubilizing
effect, resulting in improved the aqueous solubility of CDT, which in
turn improved its oral bioavailability. These results confirmed that ve-
sicular encapsulation of CDT altered its crystalline structure into a sol-
uble amorphous form, resulting in CDT's release. These results are
consistent with those found in a different paper by Sezgin-Bayindir et al.,
who looked at how adding nanoparticles such as mixed niosomes to
candesartan increased its solubility in water (Sezgin-Bayindir et al.,
2015). When ethanol and propylene glycol combine, they make the lipid
bilayer more malleable and fluid and boost vesicle deformability;
therefore, the optimum CLEP formulation exhibited better permeability.
These findings are in accord with another report by Shen et al., who
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Fig. 8. Haematological (a) and biochemical (b) parameters of optimum CLEP group compared to control negative group. Significance: * p-value <0.05 versus control

negative group.

improved the skin deposition of apigenin by adding ethanol and pro-
pylene glycol to liposomes (Shen et al., 2014).

Diabetes mellitus increases the risk and severity of stroke because
hyperglycemia is associated with malfunction of endothelial cells,
thickening of the capillary basal membrane and increased arterial
stiffness (Policardo et al., 2015; Tuttolomondo et al., 2015; Mosenzon
et al., 2023). Coexisting atherosclerosis has been proven to have better
predictive value for stroke due to its capacity to drive inflammatory cell
infiltration and phagocytosis, as well as plaques calcification following
endothelial damage (Wouters et al., 2005; Hadaegh et al., 2012; Bane-
rjee and Chimowitz, 2017; Li et al., 2018; Lian et al., 2018). Accordingly,
we hastened the progression of an experimental model of ischemic
stroke in rats by developing diabetes and atherosclerosis in them by
feeding them sugar in addition to a high-fat diet for a period of 12 weeks
(Lian et al., 2018; Pérez-Corredor et al., 2022). Pérez-Corredor et al.
investigated the effect of a high sugar diet on the brain following cere-
bral ischemia in rats and found that neuronal loss, inflammation, and
plasticity impairment after cerebral ischemia were all exacerbated
(Pérez-Corredor et al., 2022). Lian et al.'s study showed that a high-fat
diet, administered to rats for 12 weeks, successfully promoted the
onset of atherosclerosis (Lian et al., 2018).

Monitoring serum glucose, TG, and cholesterol levels confirmed the
successful production of diabetes and atherosclerosis (Akbarzadeh et al.,
2007; Ekeanyanwu and Njoku, 2014; Kumar et al., 2017). Blood glucose
levels were significantly higher in the control positive group in contrast
to normal rats, demonstrating the successful establishment of experi-
mental diabetes in rats. Consuming an excessive quantity of sugar
resulted in a caloric excess, which in turn caused obesity accompanied
by dyslipidemia, weight gain, glucose intolerance, and fatty liver. The
findings of our study were consistent with those reported by (Pérez-
Corredor et al., 2022). Blood cholesterol and triglycerides levels were
significantly higher in the control positive group in contrast to normal
rats, demonstrating the successful establishment of experimental
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atherosclerosis in rats. Excessive fat consumption resulted in lipid
buildup in the arteries, which encouraged inflammatory cell infiltration
and phagocytosis, as well as plaque calcification. Our results agreed with
those found by (Lian et al., 2018).

Ischemic stroke was induced by occluding the middle cerebral ar-
teries with an intraluminal suture. Because of this occlusion, brain ox-
ygen levels drop, which in turn triggers a cascade of negative
physiological responses including oxidative stress, inflammation, and
apoptosis (Ashafaq et al., 2021). Stroke was successfully induced in rats
as evidenced by histopathological evaluation, which revealed the exis-
tence of congestive blood capillaries, edoema, and dead, shrunken
neurons in control positive mice. Furthermore, the discovery of severe
behavior and memory abnormalities in control positive rats verified the
successful creation of the rat experimental stroke model. Compared to
the normal rats, the control positive group showed significantly higher
flexion and spontaneous motor activities, lower grip strength, and a
longer time to locate the target quadrant. Our findings were in agree-
ment with the outcomes reported by Ashafaq et al., who examined the
impact of resveratrol nanoparticles on oxidative stress, memory
impairment, and behavioral activities in rats following ischemic stroke
(Ashafaq et al., 2021).

Among treatment groups, both free CDT and optimum CLEP
formulation significantly (p-value of <0.0001) attenuated the hyper-
glycemia and neurological consequences of control positive group,
showing the therapeutic potential. CDT is a potential angiotensin II re-
ceptor antagonist that reduces cerebrovascular vasoconstriction,
oxidative damage, apoptosis and inflammation. Our results were
consistent with those of Ding et al. and Zhou et al., who discovered that
candesartan could prevent brain ischemia (Zhou et al., 2006; Ding et al.,
2022). Additionally, Hyperglycemia can also be reduced because of
CDT's ability to reduce insulin resistance and glucose intolerance. Nakao
et al. demonstrated that candesartan medication decreased the occur-
rence of new-onset diabetes in obese patients, and our results
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corroborated those findings (Nakao et al., 2010). The optimum CLEP
formulation group's effects were more potent than those of the free CDT
group because the optimum CLEP formulation had a solubilizing effect,
resulting in improved drug release and the aqueous solubility of CDT.
The synergistic effect of ethanol/propylene glycol and smaller the size of
the CLEP nanoparticles increased permeation and transport across blood
brain barrier of CDT. Additionally, the nasal cavity's large surface area
and intricate system of blood arteries expedite the drug's entry into the
systemic circulation, skipping first-pass metabolism along the way. In
the previous study conducted by Ashafaq et al., they found that
resveratrol nanoparticles improved memory impairment and motor ac-
tivities in rats following ischemic stroke (Ashafaq et al., 2021).
Resveratrol nanoparticles at a dose of 500 mg/Kg significantly reduced
flexion by 64%, reduced spontaneous motor activities by 60%, improved
grip strength with a ratio of 2, and reduced time to locate the target
quadrant by 57% when compared with the positive control (MCAO) rats.
Application of the nasal CLEP formulation at a dose of 1 mg/Kg signif-
icantly reduced flexion by 70%, reduced spontaneous motor activities by
64.71%, improved grip strength with a ratio of 2.3, and reduced time to
locate the target quadrant by 92.31% when compared with the positive
control rats. Therefore, the nasal administration of CLEP drops could be
a potential diabetes-associated stroke treatment.

To determine the safety of an optimum CLEP formulation, toxico-
logical evaluations such as body weight, haematological, renal, and liver
functions were performed on experimental rats (Ekeanyanwu and
Njoku, 2014; Porwal et al., 2017). There was no significant (p-value of
0.542) difference in weight gain between the optimum CLEP formula-
tion group and the control negative group of rats, suggesting that the
nasal administration of the formulation had no negative influence on the
animals' growth and development. The animals' erythropoiesis and im-
mune systems did not change after receiving the optimum CLEP
formulation via the nasal route, since none of the haematological data
were significantly different from the control negative group. Urea,
creatinine, alanine aminotransferase, and aspartate aminotransferase
levels did not significantly change, suggesting that the optimum CLEP
formulation is not harmful to kidney and liver function.

There are some limitations to our research, such as the method of
diabetes that was induced, the fact that only male rats were included,
and the length of the treatment. Streptozotocin is the most widely uti-
lized diabetogenic drug for induction of hyperglycemia (Ghasemi and
Jeddi, 2023). We decided to add refined sugar instead of streptozotocin
injection because induction of hyperglycemia in rats without prior
diabetes has the worst outcomes of both acute and chronic hypergly-
cemia (Zsuga et al., 2012). Consequently, the duration of the induction
phase was prolonged. Stroke risk and prognosis in diabetics have been
shown to vary by gender in clinical studies (Policardo et al., 2015). We
excluded the use of female rats because the outcomes of hyperglycemia
induction were less severe when the female gender was included
(Vannucci et al., 2001).The experimental groups, namely the free CDT
group and CLEP group, received a treatment period of 10 days before the
induction of ischemic stroke. This short treatment period influenced the
observed outcomes in these groups, as compared to the positive control
group. Histopathological analysis of the experimental groups revealed a
decrease, not a complete eradication, of dead shrunken neurons and
vascular congestion. All these limitations will be applied in the future,
and our next publication will take them into account.

Animal models have consistently proven to be the most effective
alternative method for testing theories prior to doing human studies
(Ghasemi and Jeddi, 2023). They serve as a fundamental component of
preclinical drug development. The data derived from our in vivo studies
exhibit a high level of significance. Our study sought to report that the
design of CLEP formulation has the potential to radically alter the
landscape for stroke management, from the enhancement of existing
therapies to new ones aiming to prevent and even restore the ischemic
brain, ultimately leading to better care and clinical advancement for
patients. In our study, it was discovered that the development of CLEP
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formulation resulted in enhanced delivery, release, permeation, and
efficacy of candesartan in an experimental rat model of stroke and
diabetes, compared with that of free candesartan. This potential devel-
opment holds significant promise for patients receiving candesartan as a
treatment for stroke associated diabetes. It has the potential to provide a
reduction in dosage, hence minimizing the likelihood of experiencing
adverse effects. Additionally, the data given in this article suggests that
the advantages of utilizing CLEP formulation extend beyond individuals
with diabetes-associated stroke to include those with hypertension as
well. Our study provided complete interpretations about the anti-
diabetes associated-stroke effectiveness and toxicity of candesartan in
vivo. However, well-planned clinical trials are still needed to be con-
ducted to get approval for human use.

A highlighted area of our future research is the potential expansion of
CLEP formulation through the incorporation of specialized ligands onto
its surface. This modification aims to selectively target the transferrin
receptor in the brain, with the objective of enhancing the specificity of
candesartan and augmenting its concentration within the brain. An in
vitro and in vivo comparative study will be conducted to evaluate the
effectiveness and targeting capabilities of conventional CLEP formula-
tion and transferrin-modified CLEP formulation for the treatment of
diabetes associated stroke. Additionally, the evaluation of bioavail-
ability and other pharmacokinetic parameters for both the conventional
CLEP formulation and the transferrin-modified CLEP formulation will be
conducted by analyzing the profile of plasma levels over time.

5. Conclusion

The purpose of this study was to develop a nasal CLEP formulation
drops as a potential diabetes-associated stroke treatment. When
compared to free CDT, the CLEP formulation showed smaller vesicles,
increased drug release, and enhanced nasal permeation. The CLEP
formulation showed a greater in vivo reduction of edoema, dead
shrunken neurons, and vascular congestion induced by occlusion of the
common carotid and middle cerebral arteries in comparison to control
positive rats. In conclusion, the present study demonstrates that nasal
CLEP treatment improved neurobehavioral outcome and reduced the
infarction. Therefore, the nasal administration of CLEP drops could be a
potential diabetes-associated stroke treatment.
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