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Abstract: Oleuropein is the main constituent of olive leaf extract, and it has shown antioxidant
and gastroprotective properties against gastric ulcers. Chitosan nanoparticles are known for their
mucoadhesive abilities, and consequently, they can increase the retention time of drugs in the
gastrointestinal tract. Therefore, loading oleuropein onto chitosan nanoparticles is expected to
enhance its biological efficiency. Oleuropein-loaded chitosan nanoparticles were prepared and
characterized for particle size, surface charge, in vitro release, and anti-inflammatory activity. Their
in vivo efficacy was assessed by measuring specific inflammatory and protective biomarkers, along
with histopathological examination. The optimum oleuropein chitosan nanoparticles were cationic,
had a size of 174.3 ± 2.4 nm and an entrapment efficiency of 92.81%, and released 70% of oleuropein
within 8 h. They recorded a lower IC50 in comparison to oleuropein solutions for membrane
stabilization of RBCs (22.6 vs. 25.6 µg/mL) and lipoxygenase inhibition (7.17 vs. 15.6 µg/mL). In
an ethanol-induced gastric ulcer in vivo model, they decreased IL-1β, TNF-α, and TBARS levels
by 2.1, 1.7, and 1.3 fold, respectively, in comparison to increments caused by exposure to ethanol.
Moreover, they increased prostaglandin E2 and catalase enzyme levels by 2.4 and 3.8 fold, respectively.
Immunohistochemical examination showed that oleuropein chitosan nanoparticles markedly lowered
the expression of IL-6 and caspase-3 in gastric tissues in comparison to oleuropein solution. Overall,
oleuropein chitosan nanoparticles showed superior gastroprotective effects to oleuropein solution
since comparable effects were demonstrated at a 12-fold lower drug dose, delineating that chitosan
nanoparticles indeed enhanced the potency of oleuropein as a gastroprotective agent.

Keywords: oleuropein; chitosan nanoparticles; gastric ulcer; anti-inflammatory; antioxidant

1. Introduction

Gastric ulcer is a common disease of the human gastrointestinal tract and has a
prevalence of 8.4% [1]. It occurs due to the imbalance between mucosal-defensive fac-
tors (gastric mucus, prostaglandins, bicarbonate, and antioxidants) and mucosal offensive
factors (gastric HCl, ethanol, free radicals, and Helicobacter pylori). Current medical treat-
ment relies on proton pump inhibitors, histamine receptor antagonists, prostaglandin
analogs and antibiotics in the case of Helicobacter pylori infection. However, they are usu-
ally associated with adverse effects and recurrence [2,3]. This has driven the search for
natural-based alternatives.

Olive leaf extract is known for its antioxidant activity and was found to have a gastro-
protective role against gastric ulcer [4–7]. This role was attributed to its main constituent
oleuropein [2,5]. Oleuropein is a polyphenolic compound that was reported to exert
beneficial protective effects against ethanol-induced gastric ulcer in rats, giving the best
results at a dose of 12 mg/kg [8]. Additionally, it was found to have similar effects against
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indomethacin-induced gastric ulcer in rats, though higher doses (250 and 500 mg/kg) were
recommended [9].

Chitosan is a cationic linear polysaccharide obtained from chitin, with a degree of
deacetylation above 50%. It is formed of linked D-glucosamine and N-acetyl-D-glucosamine
units with favorable properties and is safe and biocompatible. Chitosan nanoparticles (CS
NPs) have been used extensively in drug delivery, showing promising results for several
drugs and various routes of administration [10–12]. They have been previously used as a
carrier for drugs against ethanol-induced ulcers [3,13–15], enhancing the pharmacological
response. This was attributed to their cationic charge adhering to the negatively charged
mucin lining the gastric mucosa [3]. This mucoadhesion resulted in an increased retention
time of nanoparticles in the stomach, achieving higher local drug concentration [13,14].
Moreover, chitosan nanoparticles were chosen as a carrier for oleuropein since the latter
was shown to exhibit an affinity to chitosan [16]. In addition, chitosan nanoparticles were
reported to efficiently load both hydrophilic and hydrophobic drugs of sufficient water sol-
ubility, and hence, oleuropein with a reported aqueous solubility of about 1.7 mg/mL and
a log P of −0.865 [17] was a suitable candidate for encapsulation in chitosan nanoparticles.

In this study, our goal was to utilize CS NPs as a drug delivery carrier for oleuropein
to enhance its gastroprotective effect. We compared the performance of pretreating rats
with oleuropein-loaded CS NPs with that of oleuropein solution against ethanol-induced
ulcers. The formulated oleuropein CS NPs were characterized by measuring the particle
size, surface charge, and oleuropein release from nanoparticles and by morphological
examination under an electron microscope, in addition to assessing the anti-inflammatory
activity in vitro. In vivo, we measured specific serum inflammatory markers and local
gastroprotective and oxidative stress markers in addition to macroscopic and microscopic
examination of the gastric tissue.

2. Materials and Methods
2.1. Materials

Oleuropein was purchased from the Skinactives Company, Gilbert, AZ, USA. Chitosan
(Chitoclear®fg 95ULV, molecular weight 77 kDa, degree of deacetylation >95%) was ob-
tained as a gift from the Primex Company, Siglufjordur, Iceland. Sodium tripolyphosphate
(TPP), phosphotungstic acid, and glacial acetic acid were purchased from Sigma Aldrich,
Gillingham, UK. All the other reagents used were of analytical grade.

2.2. Preparation of Oleuropein-Loaded Chitosan Nanoparticles

Oleuropein-loaded chitosan/TPP nanoparticles were prepared using the ionotropic
gelation technique [18] applying optimized parameters to produce nanoparticles with a
suitable particle size for oral delivery [10]. A volume of 2 mL TPP (0.125% w/v) was added
to 5 mL chitosan solution (0.1% w/v in 0.1% v/v acetic acid pH = 5), containing different
amounts of oleuropein (3, 5, and 10 mg), in a dropwise manner (drop size 0.05 mL) under
magnetic stirring at 25 ◦C for 30 min (IKA C-MAG HS7, Königswinter, Germany) at a speed
of 1000 rpm. The nanoparticles were stored at 2–8 ◦C for further characterization.

2.3. Characterization of Oleuropein Chitosan Nanoparticles
2.3.1. Determination of the Particle Size, Polydispersity Index (PDI), and Zeta
Potential (ZP)

The particle size (PS), polydispersity index (PDI), and zeta potential (ZP) of the
prepared nanoparticles were determined using a Zetasizer Nano ZS (Malvern, UK) after
dilution 100 folds using deionized water and equilibration for one min at 25 ◦C [10].

2.3.2. Determination of Entrapment Efficiency and Loading of Oleuropein in Chitosan
Nanoparticles

Selected chitosan nanoparticles encapsulating oleuropein were centrifuged at 15,000×
g rpm, 4 ◦C for 30 min (Hermle Labortechnik GmbH, Model Z216 MK, Wehingen, Germany).
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The free drug in the supernatant of the selected formulation was determined using a UV
spectrophotometer (Shimadzu, Kyoto, Japan) at 280 nm [19]. The entrapment efficiency
(EE%) was calculated using the following equations:

EE% =
Wt − W f

Wt
× 100

where Wt is the total weight of oleuropein used and Wf is the weight of free oleuropein.

2.3.3. In Vitro Release of Oleuropein from Chitosan Nanoparticles

The in vitro release of oleuropein from CS NPs was determined using the membrane
diffusion technique. Briefly, 1 mL of the nanoparticle formulation was placed in the dialysis
bag (Dialysis membrane 12,000–14,000 Mwt cut off, Sigma Aldrich, UK) and was placed
in vials containing 25 mL 0.1 M HCL with 1% polysorbate 80 to achieve sink conditions.
The vials were placed in a shaking water bath (Kottermann, Hanigsen, Germany) shaken at
50 rpm at a temperature of 37 ◦C ± 0.5. One milliliter of the solution was taken at different
time intervals and replenished with the same volume of the dissolution medium. The
withdrawn samples were analyzed for the concentration of the drug using UV spectropho-
tometry at 280 nm [19]. The release data were kinetically analyzed using different kinetic
models to determine the mechanism of drug release from the selected formulation by
using linear regression analysis in order to find the best fit of the release data to equations
representing zero, first, and Higuchi diffusion release models.

2.3.4. Transmission Electron Microscopy (TEM) Imaging of the Selected
Chitosan Nanoparticles

The morphology of the selected chitosan nanoparticles was determined after place-
ment on carbon-coated 400-mesh copper grids, followed by removal of the excess liquid
and negative staining using 2% phosphotungstic acid (JEOL JEM 1400, Tokyo, Japan).

2.3.5. In Vitro Membrane Stabilization and Anti-Inflammatory Activity

The anti-inflammatory activity of oleuropein solution and oleuropein CS NPs was
verified and compared using the membrane stabilization assay [20] and the lipoxygenase
inhibition assay [21].

The membrane stabilization potential was tested on human red blood cells (RBCs).
They were obtained through the centrifugation of blood at 3000× g rpm in heparin-
containing tubes, followed by saline washing. Afterward, they were suspended in an
isotonic saline solution and placed in well plates, and then, a volume of 100 µL of either
oleuropein solution or oleuropein CS NPs at different concentrations was placed in wells
as a hypotonic solution [22]. The mixture was left for 10 min, then centrifuged for 3 min
at 1300× g. Afterward, the optical density was determined at 560 nm using a microplate
reader (BioTek, Szada, Hungary). The inhibition percent of RBC hemolysis was calculated
as previously reported [20].

Regarding the lipoxygenase inhibition assay, 200 µL of different concentrations of
either oleuropein solution or the selected oleuropein CS NPs were analyzed and the
lipoxygenase inhibition activity was determined as described elsewhere [21]. Briefly, the
tested samples were separately mixed with soybean lipoxygenase solution in a borate buffer
with pH 9, followed by incubation with linoleic acid solution. The increase in absorbance
at 234 nm was recorded using a microplate reader (BioTek, Szada, Hungary) to calculate
the inhibitory activity percentage.

For both assays, the IC50 values corresponding to the inhibitory concentration of the
samples required to protect 50% of RBCs against hemolysis or reduce the enzyme’s activity
by 50% were calculated from the obtained data.
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2.4. In Vivo Study
2.4.1. Animals

Male albino rats (130–150 g) were obtained from the National Research Centre (Giza,
Egypt). The experiment was conducted in compliance with the ARRIVE guidelines [23]
after obtaining approval from the research ethics committee of the National Research Centre
(Ethical approval number 20174).

2.4.2. Experimental Setup

Twenty rats were divided into four groups, each containing five rats. Group I received
oral physiological saline only (control group). Groups II–IV were the ethanol-treated groups.
Group II was pretreated with physiological saline, while group III was pretreated with
1 mg/kg oleuropein CS NPs. Finally, group IV was pretreated with 12 mg/kg oleuropein
solution, which was the dose that gave best results against ethanol-induced gastric ulcer [8].
All treatments were orally administered daily for 7 days, and then, the rats were deprived of
food but allowed free access to water for 24 h. Gastric ulcers were induced by administering
absolute ethanol (5 mL/kg) using an oral catheter [24] to all groups except for group I.
After 4 h, anesthesia was induced in rats using pentobarbital sodium (35 mg/kg, i.p.),
and the blood was collected from the abdominal aorta. The blood was centrifuged at
4000× g rpm for 15 min to obtain the serum. The serum was stored at −80 ◦C for further
biochemical assays represented by measuring the inflammatory markers IL-1β and TNF-α
(Elabscience Biotechnology Co., Beijing, China). After collection of the blood samples, the
rats were sacrificed through cervical decapitation. Their stomachs were excised and rinsed
immediately in ice-cold normal saline followed by visual inspection and measurement of
the length and number of gastric lesions [25]. Then, the stomach tissue was homogenized,
and the following markers were assessed: prostaglandin E2 (PGE2) and nitric oxide (NO)
using commercial kits (Elabscience Biotechnology Co., Beijing, China). Additionally, the
level of glutathione (GSH) and the activity of the catalase (CAT) enzyme were analyzed as
described elsewhere [26–28]. Moreover, the level of lipid peroxidation in the stomach tissue
was evaluated by measuring the thiobarbituric acid reactive substances (TBARS) following
a previously reported method [29] (Elabscience Biotechnology Co., Beijing, China).

The collected stomach tissues were prepared for histological examination and staining
using hematoxylin and eosin, and they were assessed for gastric mucosal damage as
described previously [30], in which the occurrence of epithelial loss was given a score of
0–3, bleeding was given a score of 0–4, inflammatory cell infiltration was given a score of
0–2, and the total pathologic score was the sum of these three partial scores. In addition, the
expression of IL-6 and caspase-3 in the gastric glandular tissues was carried out according
to the immunohistochemical procedures previously reported [31].

2.5. Statistical Analysis

GraphPad Prism version 7.04 for Windows (GraphPad Software, La Jolla California,
San Diego, CA, USA) was used to carry out all the statistical tests. Comparisons between
means of different groups were analyzed using one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test. The level of significance was taken as p ≤ 0.05.

3. Results
3.1. Preparation and Characterization of Oleuropein-Loaded Chitosan Nanoparticles

Oleuropein-loaded CS NPs were successfully prepared using the ionic gelation tech-
nique producing cationic nanoparticles with a PS below 250 nm (Table 1). Adding oleu-
ropein at a concentration of 10 mg/7.5 mg solids resulted in drug precipitation. The
one-way ANOVA showed a significant difference among CS NPs formulations in PS, PDI,
and ZP. The Tukey post hoc test demonstrated that increasing the amount of oleuropein
was accompanied by a significant increase in PS and PDI and a significant decrease in ZP in
comparison to plain CS NPs. CS NPs formulated with 3 mg oleuropein showed a smaller PS
than those formulated with 5 mg oleuropein, and this was the optimized formula selected
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for further studies, displaying an EE% of 92.81% ± 8.05. The in vitro release study showed
that CS NPs displayed a biphasic pattern in which 20% of oleuropein was released rapidly
during the first hour, followed by a more sustained oleuropein release reaching 70% after 8
h (Figure 1), overall following zero-order release kinetics upon fitting to different models.
TEM imaging displayed the spherical nature of the chitosan nanoparticles (Figure 2).

Table 1. Characterization of oleuropein-loaded chitosan nanoparticles.

Drug Loading
(mg Drug/mg Solids) * Particle Size (nm) PDI Zeta Potential (mV)

- 156.2 ± 3.00 0.16 ± 0.01 +15.2 ± 0.1

3 mg/7.5 mg 174.3 a ± 2.4 0.33 a ± 0.016 +11.2 a ± 0.2

5 mg/7.5 mg 208.6 a,b ± 3.4 0.38 a,b ± 0.01 +13.0 a,b ± 0.5

10 mg/7.5 mg Drug precipitated
* All formulations were prepared by adding 2 mL of 0.125% sodium tripolyphosphate to 5 mL of 0.1% chitosan
at pH = 5. a and b denote a statistically significant difference from the plain and 3 mg/7.5 mg, respectively, at
p ≤ 0.05 using one-way analysis of variance (ANOVA) followed by Tukey as a post hoc test. Solids refer to the
nanoparticulate-forming materials chitosan and TPP.
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3.2. In Vitro Anti-Inflammatory Activity

Oleuropein as a solution or entrapped in CS NPs showed anti-inflammatory activity
as demonstrated by stabilization of RBC membranes and the inhibition of lipoxygenase
enzyme activity (Table 2). Oleuropein CS NPs showed lower IC50 for both assays as
compared to oleuropein solution.

Table 2. Anti-inflammatory activity of oleuropein solution and oleuropein entrapped in chitosan
nanoparticles measured through the stabilization of red blood cell membranes and the inhibition of
lipoxygenase enzyme.

Membrane Stabilization Lipoxygenase Inhibitory %

Sample
Concentration

(µg/ mL)

Oleuropein
Solution

Oleuropein
CS NPs

Sample
Concentration

(µg/ mL)

Oleuropein
Solution

Oleuropein
CS NPs

1000 89.32 ± 2.3 92.34 ± 0.11 125 81.64 ± 0.34 97.83 ± 1.6
500 80.19 ± 1.5 86.35 ± 3.20 62.5 74.09 ± 0.64 91.15 ± 2.1
250 72.98 ± 1.3 79.38 ± 0.34 31.25 61.91 ± 0.72 86.37 ± 0.92
125 68.91 ± 0.58 71.82 ± 0.92 15.63 50.08 ± 0.89 76.35 ± 1.41
62.5 61.80 ± 1.5 68.24 ± 1.73 7.81 31.25 ± 1.37 55.08 ± 0.58
31.25 56.32 ± 3.1 59.73 ± 2.41 3.9 24.69 ± 2.64 23.13 ± 2.64
15.63 38.94 ± 2.5 42.19 ± 2.03 1.95 15.62 ± 1.7 18.95 ± 1.7
7.81 21.06 ± 1.5 35.76 ± 1.04 0.98 7.2 ± 0.63 8.21 ± 2.1

0 0 0 0 0 0
IC50 25.6 22.6 IC50 15.6 7.17

3.3. In Vivo Study
3.3.1. Effect on Serum Inflammatory Markers

Ethanol significantly elevated the serum levels of pro-inflammatory cytokines IL-1β
by 3.3 fold and TNF-α by 2.2 fold as compared to the control group (Table 3). Interestingly,
pretreating group III rats with oleuropein CS NPs and group IV rats with oleuropein solu-
tion significantly reduced the levels of IL-1β and TNF-α as compared to those in group II.
Oleuropein CS NPs reduced IL-1β and TNF-α levels by 2.1 and 1.7 fold, respectively in
comparison to group II, while the oleuropein solution decreased them by 2.4 and 1.8 fold, re-
spectively. No significant difference was found between oleuropein CS NPs and oleuropein
solution, although the former was administered at a 12-fold lower dose than the latter.

Table 3. Levels of serum inflammatory markers, prostaglandin E2, nitric oxide, and antioxidant
enzymes for the different groups.

Marker Group I
(Normal)

Group II
(Ethanol)

Group III
(Oleuropein CS NPs)

Group IV
(Oleuropein

Solution)

IL-1 beta (pg/mg ptn) 5.37 ± 0.32 17.88 a ± 1.84 8.64 b ± 0.51 7.54 b ± 0.48
TNF alpha (ng/mL) 302.00 ± 20.60 667.86 a ± 25.50 400.13 b ± 30.70 377.71 b ± 18.80

PGE2 (Pg/mL) 3.19 ± 0.18 0.81 a ± 0.12 1.98 a,b ± 0.05 2.18 a,b ± 0.15
NO (uM/mgprot) 48.17 ± 4.30 23.82 a ± 1.50 27.58 a ± 0.91 32.71 a ± 3.1
GSH (umol/g ptn) 1.12 ± 0.05 0.61 a ± 0.02 0.73 a ± 0.02 0.85 a,b ± 0.04

Catalase (U/g.tissue) 363.78 ± 21.50 41.49 a ± 3.70 157.87 a,b ± 15.50 264.67 a,b,c ± 10.40
TBARS (nmol/mg ptn) 92.90 ± 0.97 150.32 a ± 3.50 119.36 a,b ± 1.60 115.74 a,b ± 2.90

Data are represented as mean ± SEM (n = 5), where a, b and c denote a statistically significant difference from
normal, ethanol and oleuropein chitosan nanoparticles (CS NPs) groups, respectively at p ≤ 0.05 using one way
analysis of variance (ANOVA) followed by Tukey as a post-hoc test.

3.3.2. Effect on Ethanol-Induced Gastric Lesions

The oral administration of ethanol resulted in long and hemorrhagic gastric ulcers
in group II rats as demonstrated by the length and number of gastric lesions (Figure 3).
However, pretreatment with oleuropein CS NPs and oleuropein solution mitigated the
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damage caused by ethanol and significantly decreased the number as well as the length of
gastric lesions. Similar to serum inflammatory marker levels, no significant difference was
found between the oleuropein CS NPs and oleuropein solution groups although the former
was administered at a 12-fold lower dose than the latter.
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3.3.3. Levels of Gastric Prostaglandin E2 and Nitric Oxide Levels

Results showed that orally administered ethanol significantly reduced gastric PGE2
(4-fold change) and NO (2-fold change) levels in rats. Group III and IV rats pretreated with
CS NPs loaded with oleuropein and oleuropein solution showed significantly higher levels
of PGE2 in comparison to group II by 2.4 and 2.7 fold, respectively. However, no significant
difference was found between both pretreatments and group II in NO levels (Table 3).

3.3.4. Extent of Lipid Peroxidation and Antioxidant Enzymes

As summarized in Table 3, group II rats displayed a significant decrease in GSH
(1.9-fold change) and CAT (8.8-fold change) with a significant elevation in TBARS (1.6-fold
change) as compared to the normal group. Pretreatment with oleuropein CS NPs and
solution significantly depressed the level of TBARS by 1.3 fold, for both, as compared to
ethanol. Interestingly, only oleuropein solution could significantly increase GSH levels
against ethanol (1.4 fold). As for the CAT enzyme, both pretreatments were successful in
significantly increasing its activity as compared to group II (3.8 fold for oleuropein CS NPs
and 5.1 fold for oleuropein solution). Group IV rats pretreated with oleuropein solution
showed significantly higher CAT activity than group III rats pretreated with oleuropein
CS NPs.

3.3.5. Histology and Immunohistochemistry

Examination of the stomach of control rats in group I showed normal histological
features with a normal glandular structure and surface epithelium. Additionally, the
lamina propria was filled with many tubular gastric glands (Figure 4a,b) and overall
scored the lowest pathologic score (Table 4). On the contrary, group II rats suffering
from ethanol-induced ulcer displayed complete necrosis and sloughing of the mucosal
epithelium extending to the muscularis mucosa (Figure 4c,d), with a significant increase
in the pathologic score (Table 4). Hemorrhage and infiltration of leukocytes was detected
in the ulcerative lesions. Group IV pretreated with oleuropein solution demonstrated
marked improvements, in which the mucosal necrosis was focal, small, and confined to the
superficial epithelium. The edema, hemorrhage, and inflammation subsided significantly
(Figure 4e,f). In comparison to group II, they recorded a significantly lower pathologic score
(Table 4). The most remarkable improvement was demonstrated in group III pretreated with
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oleuropein CS NPs, in which restoration of the glandular mucosa was evident. Minimal
inflammatory reaction and hemorrhage were demonstrated in this group (Figure 4g,h).
This group’s pathologic score showed a non-significant difference from the normal group
(Table 4).
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Figure 4. Histological examination of gastric tissue of different animal groups. Group I: control
represented by (a,b), group II: ethanol-induced ulcer pretreated with physiological saline represented
by (c,d), group III: ethanol-induced ulcer pretreated with oleuropein chitosan nanoparticles (CS
NPs) represented by (g,h) and group IV: ethanol-induced ulcer pretreated with oleuropein solution
represented by (e,f).

Table 4. Pathologic scores recorded for the gastric tissues of normal and treated rats.

Group Pathologic Score

Group I (Control) 0.30 ± 0.21

Group II (Ethanol-induced ulcer pretreated with physiological saline) 5.70 a ± 0.21

Group III (Ethanol-induced ulcer pretreated with oleuropein CS NPs) 0.40 b,d ± 0.12

Group IV (Ethanol-induced ulcer pretreated with oleuropein solution) 1.50 a,b ± 0.34
a,b,d denotes statistically significant difference from group I, group II, and group IV, respectively, at p ≤ 0.05 using
one-way analysis of variance (ANOVA) followed by Tukey as a post hoc test.

The gastric tissues of the normal rats of group I displayed no caspase-3 positively
stained cells (Figure 5a), and sparse IL-6 weakly stained cells (Figure 5b). On the other hand,
enhanced caspase-3 and IL-6 expressions, with a significant elevation in the percentage
of positively stained cells, were recorded in the gastric tissues of group II rats. Caspase-3
and IL-6 immune reactive cells revealed strong brown cytoplasmic and/or nuclear staining
(Figure 5c,d). A significant decrease in caspase-3 and IL-6 expressions and a decreased
percentage of positively stained cells were recorded in group IV pretreated with oleuropein
solution (Figure 5e,f). Minimal expression with a significant decrease in caspase-3 and
IL-6 positively stained cells was shown in group III pretreated with oleuropein CS NPs
(Figure 5g,h). The oleuropein CS NPs group showed a significantly lower expression of
IL-6 and caspase-3 compared to the oleuropein solution group.
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Figure 5. Photomicrograph of gastric mucosa, immunohistochemically stained with IL-6 and caspase-
3.Group I: control represented by (a,b), group II: ethanol-induced ulcer pretreated with physiological
saline represented by (c,d), group III: ethanol-induced ulcer pretreated with oleuropein chitosan
nanoparticles (CS NPs) represented by (g,h), and group IV: ethanol-induced ulcer pretreated with
oleuropein solution represented by (e,f).

4. Discussion

In this study, we evaluated CS NPs as drug delivery carriers to augment the protective
role of oleuropein against ethanol-induced gastric ulcer in rats. CS NPs were prepared
using the ionic gelation method as an easy and reliable method. The optimized formula
was cationic owing to chitosan’s amino groups. The produced nanoparticles were spherical
and showed a suitable PS of 174.3 nm and a high EE% of 92.81%. A biphasic release pattern
for oleuropein was observed, which is typical for CS NPs when releasing drugs in vitro.
The in vitro release experiment was carried out in acidic conditions simulating the gastric
environment leading to more significant interactions between the protonated amine groups
of CS and the water molecules, causing polymer matrix swelling and initial rapid release
of the surface-adsorbed drug in the first hour [32]. This is followed by a slower more
controlled release of the drug from the core of the nanoparticles through the pores created
in the polymer matrix [33]. Furthermore, chitosan nanoparticles loading nicotinamide
prepared previously by our research group using the ionic gelation method demonstrated
a bioadhesive nature [10], concurring with the mucoadhesiveness of the chitosan polymer,
and hence, it was hypothesized that oleuropein chitosan nanoparticles would exhibit
desirable mucoadhesive properties, which would positively affect the in vivo study.

The CS NPs maintained the anti-inflammatory activity in vitro as demonstrated in
the RBC membrane stabilization and lipoxygenase inhibition assays. The in vivo efficacy
was assessed by measuring pro-inflammatory and gastroprotective markers in the blood
and gastric homogenate in addition to macroscopic and microscopic examination of the
gastric tissue. The serum inflammatory markers included IL-1β and TNF-α, while markers
measured in the gastric homogenate included PGE2 and NO representing gastroprotective
mediators and GSH, CAT, and TBARS representing oxidative stress indicators. Immuno-
histochemistry was used to assess the levels of caspase-3 and IL-6 expression in gastric
tissues. Although oleuropein CS NPs were administered at a dose 12-fold lower than the
oleuropein solution, it showed similar gastroprotective results, and both could mitigate
ethanol’s damage.

Ethanol-induced gastric ulcer develops in a relatively short time and therefore resem-
bles acute gastric ulcer in humans; hence, it is the most commonly used in vivo model [34].
Ethanol decreases gastric mucus and induces the formation of reactive oxygen species
(ROS). It can dissolve the mucus layer lining the gastric mucosa, increasing its vulnerability
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to the acidic environment of the stomach. Moreover, it is catalyzed by the alcohol dehy-
drogenase enzyme to acetaldehyde, which is then metabolized by the xanthine oxidase
enzyme producing free radicals and ROS [34]. These ROS increase lipid peroxidation
in gastric mucosal cells, affecting their integrity and further damaging the gastric tissue.
This damage results in hemorrhage and the formation of lesions. Simultaneously, this
initiates an inflammatory reaction, increasing blood levels of IL-1β and TNF-α, which are
potent pro-inflammatory cytokine proteins secreted by innate immune cells. Pretreatment
of rats with oleuropein CS NPs and oleuropein solution counteracted this inflammatory
reaction initiated by ethanol and successfully lowered the serum levels of IL-1β and TNF-α
maintaining them close to their normal levels.

Focusing on the local environment of gastric tissue, the oral administration of oleu-
ropein CS NPs and solution showed a macroscopically prominent protective effect as they
successfully reduced the length and number of gastric lesions. Regarding the expression of
certain biomarkers in the gastric tissues, we measured levels of PGE2 and NO as indicators
of mucosal-defensive markers. PGE2 and NO are known to have gastric protective roles
against development of gastric ulcers. PGE2 acts by reducing gastric acid production,
stimulating mucus secretion, and facilitating healing of gastric ulcers [35]. NO can increase
mucosal blood flow and mucus production and limit the infiltration of neutrophils [36,37].
Both markers were decreased on exposure to ethanol but only PGE2 could be raised through
pretreatment with oleuropein CS NPs and solution. This could be related to the complex
functions associated with the role of NO in gastric ulcers [38].

The oxidative stress was assessed by determining the levels of GSH, CAT, and TBARS.
GSH and CAT are critical in protecting cells from ROS. GSH is a major antioxidant that is
responsible for the removal of free radicals, while catalase enzyme facilitates the elimination
of hydrogen peroxide by decomposing it into water and oxygen. Since ethanol-induced
ulcer is usually associated with production of ROS [34], this resulted in the consumption
of GSH and CAT, lowering their levels in the gastric tissue. This was accompanied by
increased lipid peroxidation as evident by the higher levels of TBARS. Oleuropein is known
for its antioxidant activity and ability to scavenge free radicals and ROS. This is attributed
to its nature as a polyphenolic compound rich in hydroxyl groups with hydrogen-donating
capabilities [39]. Owing to these properties, it was able to reduce the burden of free radicals
and ROS following an ethanol insult. This allowed it to restore the levels of GSH in rats
pretreated with its solution and CAT activity in rats pretreated with CS NPs entrapping
oleuropein and solution as well.

IL-6 is a pro-inflammatory marker, while caspase-3 is a marker for apoptosis. Both
increased in ulcerated gastric tissues upon exposure to ethanol. Pretreatment with oleu-
ropein CS NPs and solution lowered the expression of both markers, with oleuropein CS
NPs displaying better results. This indicates that both were able to reduce inflammation
and avoid excessive death of gastric cells.

Overall, the antioxidant properties of oleuropein were evident in this study. Oral
administration of oleuropein as either CS NPs or solution demonstrated gastroprotective
results against ethanol-induced ulcer in rats. CS NPs successfully lowered the effective dose
of oleuropein. This higher potency of oleuropein CS NPs can be attributed to chitosan’s
mucoadhesive properties owing to its cationic nature facilitating interaction with the
negatively charged mucin. This was previously reported to increase the retention time
of CS NPs in the stomach improving the local drug concentration [3,13,14], and hence, it
can be concluded that the combined mucoadhesive and sustained-release properties of
oleuropein CS NPs led to prolonged therapeutic action and enhanced drug absorption.

5. Conclusions

Oleuropein chitosan nanoparticles displayed favorable physicochemical properties, in
terms of the particle size, zeta potential, polydispersity index, and entrapment efficiency
of oleuropein. Moreover, they exhibited significant in vitro membrane stabilization and
anti-inflammatory activity compared to the unencapsulated oleuropein. Furthermore,
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oleuropein chitosan nanoparticles showed higher potency than oleuropein solution in
ethanol-induced gastric ulcer by manifesting similar gastroprotective effects despite being
administered at a dose 12-fold lower than that of the oleuropein solution. This was
evident by the significant reduction in IL-1β, TNF-α, and TBARS levels; the elevation of
prostaglandin E2 and catalase enzyme levels; and the lowering of the expression of IL-6 and
caspase-3 in gastric tissues. Further studies should test oleuropein chitosan nanoparticles
against other models of gastric ulcer and other diseases manifested by oxidative stress.
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