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Optimized Self-Nanoemulsifying Delivery
System Based on Plant-Derived Oil
Augments Alpha-Lipoic Acid Protective
Effects Against Experimentally Induced
Gastric Lesions
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Abstract
Peptic ulcer disease is an injury of the alimentary tract that leads to a mucosal defect reaching the submucosa. Alpha-lipoic acid
(ALA), a natural potent antioxidant, has been known as a gastroprotective drug yet its low bioavailability may restrict its ther-
apeutic efficacy. This study aimed to formulate and optimize ALA using a self-nanoemulsifying drug delivery system (SNEDDS)
with a size of nano-range, enhancing its absorption and augmenting its gastric ulcer protection efficacy. Three SNEDDS com-
ponents were selected as the design factors: the concentrations of the pumpkin oil (X1, 10–30%), the surfactant tween 80 (X2,
20–50%), and the co-surfactant polyethylene glycol 200 (X3, 30–60%). The experimental design for the proposed mixture
produced 16 formulations with varying ALA-SNEDDS formulation component percentages. The optimized ALA-SNEDDS for-
mula was investigated for gastric ulcer protective effects by evaluating the ulcer index and by the determination of gastric mucosa
oxidative stress parameters. Results revealed that optimized ALA-SNEDDS achieved significant improvement in gastric ulcer
index in comparison with raw ALA. Histopathological findings confirmed the protective effect of the formulated optimized
ALASNEDDS in comparison with raw ALA. These findings suggest that formulation of ALA in SNEDDS form would be more
effective in gastric ulcer protection compared to pure ALA.
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Introduction

Gastric ulcer is considered one of the most common gastroin-

testinal tract (GIT) system disorders.1 The etiology of gastric

ulcer disease is multifactorial including; smoking, stress, heli-

cobacter pylori and chronic ingestion of non-steroidal

anti-inflammatory drugs (NSAIDs).2,3 Ulceration induced by

indomethacin (IND), a member of NSAIDs, in rats is regarded

as a standard model to better understand the pathophysiological

mechanisms and pharmacological studies of acute experimen-

tal gastric ulcer.4 Based on several studies, the pathogenesis of

IND-induced gastric ulcers include inhibition of protective

prostaglandin E2 (PGE2) generation, excess production of

inflammatory cytokines such as tumor necrosis tumor factor

alpha (TNF-a), increased inducible nitric oxide synthase

mediated nitric oxide production as well as augmented forma-

tion of reactive oxygen species (ROS).5-7 ROS production

interferes with the antioxidant enzyme activities and causes

lipid peroxidation that is associated with mucosal damage.8

To date, numerous antiulcer treatment options are available;

however, further search is needed for less toxic, efficacious,

and inexpensive antiulcerogenic drugs.

Alpha-lipoic acid (ALA) is a natural antioxidant that is

present in the cytosol of both prokaryotic and eukaryotic cells

and biosynthesized de novo in human cells. It acts as a co-factor

for many enzymatic processes in the mitochondria.9 ALA is

also present in a number of dietary sources, including; broccoli,

yeast extract, spinach, liver and kidney.10 ALA has been known

for its remarkable antioxidant and anti-inflammatory effects

and has been used for treatment of many disorders.11-13 The

antioxidant effects of ALA are attributed to several mechan-

isms including scavenging of reactive oxygen and nitrogen

species, chelation of transitional metals and enhancement of

cellular antioxidants including vitamins C and E, and glu-

tathione.14,15 The role of ALA in the protection against gastric

ulcer has been elucidated in different models including

IND-induced gastric ulcer model.16,17 Despite the beneficial

therapeutic effects of ALA, its low bioavailability that is

caused by its reduced solubility as well as stomach instability

limits its efficacy.18,19

Self-nanoemulsifying systems are chiefly composed of iso-

topic mixtures of oil, surfactant, and co-surfactant components,

which spontaneously form in-situ nanoemulsions under gentle

agitation upon contact with GIT fluids. Such formulations have

the advantage of presenting the drug in a highly solubilized

form when used for drug delivery.20,21 Additionally, the small

average droplet size of the produced nanoemulsion offers a

large interfacial area for an enhanced absorption of the loaded

therapeutics. As compared with traditional emulsions, which

are sensitive dispersed forms of low stability characteristics,

SNEDDSs are found to be a promising approach as they are

thermodynamically stable and easy-to-produce formulations.22

Accordingly, for moieties of lipophilic nature with dissolving-

limited absorption, these systems may greatly enhance the rate

and extent of absorption, leading to more reproducible plasma

concentration-time profiles.

Thus, in the current study, we aimed to develop self-

nanoemulsifying drug delivery systems (SNEDDSs) to combat

the challenges of low ALA solubility and bioavailability with

the provision of high clinical efficacy and possible reduced

dosing.23 Here, the ALA-SNEDDs formula was optimized to

minimized particle size so as to enhance the solubility and

consequently the absorption of ALA. Further, we compared the

gastroprotective effects of ALA-SNEDDs with the raw ALA

against IND-induced gastric ulcer. Ulcer index, oxidative stress

parameters and stomach histopathological changes were used

to assess the gastroprotective effects of pure ALA and the

proposed ALA formulation.

Materials and Methods

Materials

Alpha-lipoic acid (>99% pure), pumpkin oil, polyethylene

glycol 200 and tween 80 were purchased from Sigma Aldrich

(St. Louis, MO, USA). All materials were used as supplied.

Formulation of ALA-SNEDDS

ALA (100 mg) was added to the SNEDDS formula which was

prepared as previously described.24 Briefly, the SNEDDS for-

mula was prepared by mixing pumpkin oil, Tween 20 (surfac-

tant), and PEG 200 (co-surfactant).

Experimental Design and Optimization of ALA SNEDDS

The ALA SNEDDS mixture used in this study was based on a

3-component system (oil, surfactant, and co-surfactant). D-

optimal design was applied for the optimization of ALA

SNEDDS using Design-Expert® Software Version 11 (Stat-

Ease Inc, Minneapolis, Minnesota, USA). The ranges of the

components’ proportions relative to the total amount was

selected based on preliminary phase diagram studies (data not

shown) as follows: oil phase; pumpkin oil (X1, 0.1-0.3), sur-

factant; Tween 20 (X2, 0.2-0.5), and co-surfactant; PEG 200

(X3, 0.3-0.6). The total of the 3 components’ proportions was 1,

and the ALA amount was kept constant at 100 mg/g of the

developed SNEDDS. The mean droplet size (Y) was selected

as a response. The candidate points selected by the software

included vertices (high and low level from the constraints on

each factor), centers of edges, axial and interior check blends,

and an overall centroid). Accordingly, the base design con-

sisted of 16 runs that included 5 replicate points, Table 1. The

measured response (droplet size) was fitted to the linear, quad-

ratic, and special cubic models. The best fitting model was

chosen by comparing several statistical parameters including

adjusted multiple correlation coefficient (adjusted R2), pre-

dicted multiple correlation coefficient (predicted R2) and pre-

dicted residual sum of square (PRESS). The model maximizing

the adjusted and predicted R2 and minimizing PRESS was

selected for each response. ANOVA test was utilized to eval-

uate the influence of the components’ proportions on the dro-

plet size at P < 0.05. Numerical optimization was then applied
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to select the optimal formulation, and desirability function was

computed. The desired goal of the study was to minimize the

droplet size of the SNEDDS.

Stability of the Optimized ALA SNEDDS

The optimized ALA-SNEDDS was diluted with deionized

water at a ratio of 1:50 and then subjected to 3 freeze-thaw

cycles and centrifugation at 15,000 rpm for 20 min.

In Vivo Assessment of Optimized Alpha-Lipoic Acid
Formulation

Preparation of animals. Male Wistar rats (180-200 g) were used

in the present study. Rats were obtained from El-Nahda Uni-

versity animal care center, NUB, Beni Suef, Egypt and could

acclimatize for one week prior to the experiment. The study

protocol was approved by the Research Ethics Committee,

Faculty of Pharmacy, Minia University in accordance with the

guide for the care and use of laboratory animals (approval

number 55/2019).

Protocol and experimental groups. Before induction of ulcer, rats

were kept in mesh-bottomed cages and deprived from food

with only free access to water for 24 hrs. On the experiment

day, rats were randomly divided into 5 groups (n ¼ 8, each);

(i) normal control group received only distilled water, (ii) IND

group received IND (50 mg/kg, i.p) for induction of ulcer,

(iii) ALA-R group received pure ALA (100 mg/kg, p.o),

(iv) ALA-F group received ALA formula (which contains an

equivalent amount of ALA) and (v) group received plain

SNEDDS (the vehicle of ALA formula). Group iii, iv and v

were given ALA-R, ALA-F and the vehicle, respectively

30 minutes before IND injection.

Isolation of stomach and collection of gastric mucosae. As

described in our previous study,21 4 hours after IND injection,

rats were sacrificed by decapitation then their stomachs were

removed, opened along the greater curvature, washed with ice-

cold saline and photographed for scoring of gross mucosal lesions.

Gastric mucosae were collected, homogenized in phosphate buf-

fered saline solution and centrifuged at 4 oC to obtain gastric

mucosal tissue homogenates that were stored at�80�C until used.

Assessment of gastric mucosal lesions. Quantitative assessment of

gastric mucosal lesions was done in accordance with the

method described in our previous studies.20,21 Stomachs were

cleaned, pinned on board and pictures were taken for the sto-

mach samples then were scored for the degree of mucosal

damage using Image J software. Areas of mucosal damage

were expressed as a percentage of the total surface area of the

examined stomach. The ulcer index (UI) is the mean ulcer

score of each animal. The ulcer score was determined by mea-

suring the length of each lesion along its greatest diameter. The

ulcer index was used to calculate the preventive index of the

drug which is the percentage inhibition of gastric mucosal

damage produced by such drug.

Preventive index ¼ (U.I in indomethacin - U.I in treated

rats) x 100/U.I in indomethacin.

Determination of Oxidative Stress

Oxidative stress was determined by measurement of gastric

mucosal malondialdehyde (MDA) levels and serum total anti-

oxidant activity (TAC).

Measurement of gastric mucosal malondialdehyde (MDA).
Malondialdehyde, a product of lipid peroxidation, was used

as an index of oxidative stress. MDA reacts with thiobarbituric

acid (TBA) at high temperature and forms MDA-TBA adducts

that can be measured calorimetrically based on the method

used by Mihara and Uchiyama25 and as described by our pre-

vious studies.20

Measurement of serum total antioxidant activity (TAC). Serum total

antioxidant activity was determined colorimetrically using the

Total Antioxidant Assay Kit (Biodiagnostic, Giza, Egypt) in

accordance with the manufacturer instruction and as previously

described.21 The antioxidants in the sample react with the exo-

genously added hydrogen peroxide then the residual hydrogen

peroxide was determined via a colorimetric reaction.

Histological Analysis of the Stomach

Stomach samples obtained from rats in different groups were

fixed in 10% formalin for 24 h, and then processed for standard

hematoxylin and eosin (H&E) staining. The sections were

examined with a light electric microscope for histological

Table 1. The Composition of ALA SNEDDS Prepared According to
D-Optimal Mixture Design and Their Observed Droplet Size.

Run
#

Mixture components proportionsa

Vesicle size
(nm)

Pumpkin oil;
X1

Tween 20;
X2

PEG 200;
X3

1 0.100 0.300 0.600 98.8 + 2.3
2 0.100 0.300 0.600 97.5 + 3.2
3 0.200 0.500 0.300 195.6 + 5.8
4 0.200 0.200 0.600 160.7 + 4.7
5 0.300 0.400 0.300 242.5 + 8.6
6 0.200 0.425 0.375 190.7 + 6.7
7 0.200 0.275 0.525 175.1 + 6.5
8 0.300 0.200 0.500 230.9 + 8.9
9 0.100 0.500 0.400 138.8 + 4.6
10 0.200 0.350 0.450 183.7 + 5.1
11 0.200 0.500 0.300 194.9 + 6.8
12 0.300 0.200 0.500 231.8 + 9.2
13 0.300 0.400 0.300 243.8 + 7.4
14 0.100 0.500 0.400 136.9 + 3.9
15 0.100 0.400 0.500 113.7 + 4.1
16 0.300 0.300 0.400 246.9 + 7.1

Abbreviations: ALA SNEDDS, alpha-lipoic acid self-nanoemulsifying drug
delivery systems.
a The proportions of each run are summed up to 1.
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changes and photomicrographs were taken using (AmscopeTR

Digital Microscope Camera).

Statistical Analysis

The statistical analysis of the in vivo evaluation results was

carried out utilizing Prism 5.0 software (Graph Pad Software

Inc., San Diego, CA, USA). The comparison of means was

performed using analysis of variance (ANOVA), followed by

Tukey as a post-hoc test. The data are presented as the mean +
standard error of the mean (S.E.M). The differences were con-

sidered significant at P < 0.05.

Results

Optimization of ALA SNEDDS

In order to determine the composition of the optimized ALA

SNEDDS with minimized droplet size, D-optimal mixture

experimental design was utilized. D-optimality yields a design

that best estimates the effect of the variables on the response

(droplet size). The prepared SNEDDS exhibited nano-sized

droplets ranging from 98.8 + 2.3 to 246.9 + 7.1 nm. The data

of the droplet size best fitted to the special cubic model based

on its highest correlation (R2) and lowest PRESS as shown in

Table 2. In addition, the predicted and the adjusted R2 reason-

ably agreed with each other, and the adequate precision value

of 175.17 (greater than 4) confirmed that the model could be

applied to navigate the experimental design space.

Figure 1 is showing diagnostic plots that evaluate the good-

ness of fit of the selected model. The color points representing

the determined droplet size in the externally studentized resi-

duals vs. predicted response plot were randomly distributed

within the limits with most of them close to zero-axis indicating

no constant error (Figure 1A). In addition, the predicted versus

actual size plot showed good linearity and good analogy

between the observed and predicted values (Figure 1B).

Analysis of variance (ANOVA) for the droplet size affirmed

that the special cubic model was significant as depicted by its

F-value of 408.71 (P < 0.0001). The non-significant lack of fit

Table 2. Analysis of Variance Output for the Effect of Mixture Components on the Droplet Size of ALA SNEDDS.

Source Sum of squares Degree of freedom Mean square F-value P-value

Model 40051.78 6 6675.30 4081.71 <0.0001
Linear mixture 39509.09 2 19754.54 12079.20 <0.0001
X1X2 50.89 1 50.89 31.12 0.0003
X1X3 3.67 1 3.67 2.25 0.1683
X2X3 22.33 1 22.33 13.65 0.0050
X1X2X3 77.84 1 77.84 47.60 <0.0001
Residual 14.72 9 1.64
Lack of fit 10.57 4 2.64 3.19 0.1177
Pure error 4.15 5 0.8290
Cor total 40066.50 15

Abbreviation: ALA SNEDDS, alpha-lipoic acid self-nanoemulsifying drug delivery systems.

Figure 1. Diagnostic plots for droplet size of ALA SNEDS; (A) studentized residuals vs. predicted values plot and (B) predicted vs. actual values
plot.
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relative to pure error with F-value of 3.19 ensured that the data

fitted the proposed model. The statistical analysis revealed the

significance of oil, surfactant, and co-surfactant proportions on

the droplet size. The interactions between surfactant and either

oil (X1X2) or co-surfactant (X2X3) and the interaction between

the 3 components (X1X2X3) were also significant at the same

significance level (Table 3). Further, Figure 2 shows the con-

tour and 3D surface diagrams illustrating the effect of varying

proportions of (X1), (X2) and (X3) on the SNEDDS droplet size.

In the contour diagram, Figure 2A, the 3 components of the

mixture were located at the triangle vertices. The gray regions

displayed in the figure represent areas not applied in the regres-

sion owing to the constraints of the components. The equation

representing the special cubic model was generated in terms of

coded factor as follows:

Y1¼ 392:43 X1þ 168:63 X2þ 92:16 X3� 152:58 X1X2

� 40:98 X1X3� 66:29 X2X3þ 446:40 X1X2X3

The goal of the optimization of pharmaceutical formulations

is to detect the levels of the variables from which a product

with desired characteristics may be generated. In our study the

goal was to minimize the droplet size to enhance the

biopharmaceutical performance of the SNEDDS. According

to the numerical optimization technique, the SNEDDS with oil,

surfactant, and cosurfactant proportions of 0.1, 0.3, and 0.6,

respectively, could achieve minimized droplet size with a

desirability 0f 0.9991. The percentage relative error between

predicted size (98.85 nm) and the observed one (97.12) was

1.75%. This small error percentage confirms the credibility of

the optimization process.

Stability of the Optimized ALA SNEDDS

The optimized ALA-SNEDDS stability study was assessed for

phase separation. Optimized ALA-SNEDDS stability data indi-

cated non-significant variation (P < 0.05) in the measured

SNEDDS globule size before and after the study. These results

indicated that optimized ALA-SNEDDS formula showed nano-

dispersion stabilization upon storage under various conditions.

In Vivo Assessment of Optimized ALA-SNEDDS
Formulation

Effect of pure ALA and ALA-SNEDDS formulation on IND-induced
gastric lesions. The degree of gastric mucosal damage was

Table 3. Model Fit Statistics of ALA SNEDDS.

Model Sequential P-value Lack of fit P-value SD R2 Adjusted R2 Predicted R2 PRESS

Linear <0.0001 <0.0001 6.55 0.9861 0.9839 0.9780 882.46
Quadratic 0.0001 <0.0001 3.04 0.9977 0.9965 0.9848 206.70
Special cubic <0.0001 0.1177 1.28 0.9996 0.9994 0.9990 41.97

Abbreviations: ALA SNEDDS, Alpha-lipoic acid self-nanoemulsifying drug delivery systems; R2, multiple correlation coefficient; PRESS, predicted residual error
sum of squares.

Figure 2. 2D contour plot (A) and 3D surface plot (B) for the effect of mixture components on the droplet size of ALA SNEDDS.
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quantified and expressed as ulcer index. As shown in

Figure 3A, IND caused a marked gastric mucosal damage with

the highest ulcer index among the experimental groups. Pre-

treatment with both pure ALA and ALA formula resulted in a

significant (P < 0.001) reduction in gastric mucosal lesions

compared to IND (Figure 3A). In addition, the reduction of

mucosal lesions in the ALA formula pretreated rats was more

pronounced when compared to raw ALA; however the differ-

ence was not statistically significant (Figure 3B). Notably, in

the vehicle group, the gastric mucosal damage was signifi-

cantly lowered when compared to IND (Figure 3A and 3B).

Representative photos of the stomachs from the 4 different

groups are shown in Figure 3C.

Effect of pure alpha-lipoic acid and alpha-lipoic acid formulations on
gastric mucosa lipid peroxidation. Figure 4 shows the effect of

pretreatment with ALA and ALA-F on gastric mucosal MDA

levels in IND treated rats. IND significantly (P < 0.01) elevated

the level of gastric mucosal MDA when compared to control

group (Figure 4). The effect of IND on mucosal MDA was

significantly (P < 0.01) attenuated with different treatments

ALA-R, ALA-F and the vehicle (plain SNEDDS) (Figure 4).

There is a non-significant difference between pure ALA and

ALA-F effects in this regard.

Figure 5 shows the effect of IND on serum total antioxidant

capacity. IND resulted in a significant (P < 0.01) increase in

serum TAC compared to the control group. Pretreatment with

ALA-formula significantly (P < 0.01) attenuated the observed

high serum TAC induced by IND when compared to IND or

pure ALA. Pure ALA failed to prevent the increased levels of

TAC induced by IND treatment (Figure 5).

Effect of Pure Alpha-Lipoic Acid and Alpha-Lipoic Acid
Formulations on the Histopathological Features of the
Stomach

Figure 6 showed the histopathological examination of H&E-

stained stomach sections. Stomach sections of control rats

showed normal surface epithelium lining without ulceration

nor hemorrhage with acini formed of parietal and chief cells

(Figure 6A). Sections examined from IND-treated group

Figure 3. Bar graphs showing the effect of indomethacin (IND), pure alpha-lipoic acid (ALA), and alpha-lipoic acid formula (ALA-F) on ulcer
index (A), preventive index (B), and stomach photos from different groups (C). Data are presented as mean + S.E.M. # Significantly different
from indomethacin at P < 0.05, ### significantly different from indomethacin at P < 0.001.

Figure 4. Bar graphs showing the effect of indomethacin (IND), pure
alpha-lipoic acid (ALA), alpha-lipoic acid formula (ALA-F) and vehicle
on mucosal level of MDA. Data are presented as mean + S.E.M. ***
Significantly different from control at P < 0.001, ### significantly dif-
ferent from indomethacin at P < 0.001. Effect of pure alpha-lipoic acid
and lipoic acid formulations on serum total antioxidant capacity.
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revealed scattered areas of superficial mucosal ulceration cov-

ered with necrotic and hemorrhagic tissue with underlying con-

gestion and groups of inflammatory cellular infiltrates in the

form of neutrophils and lymphocytes (Figure 6B). ALA-R sec-

tions examined compact antral glands composed of parietal and

chief with area of superficial ulceration, congested mucosa and

focal lymphocytic inflammatory infiltrates (Figure 6C). Sec-

tions from ALA-F treated rats revealed branching mucous

glands of fundic region composed of compact parietal, chief

cells with deep glandular structures, few intraepithelial lym-

phocytic infiltrates with area of superficial mucosal ulceration

(Figure 6D). Stomach sections of rats treated with vehicle

showed compact branching mucous gland of fundic region with

areas of superficial ulceration and intraepithelial lymphocytic

infiltrates, eosinophilic and lymphocytic infiltrates in the

lamina propria (Figure 6E).

Discussion

There is a growing interest in the gastroprotective effects of

ALA in different experimental ulcer models including IND-

induced gastric ulcer.15,26,27 However, unfortunately, the phy-

sicochemical properties of ALA including its low solubility

with consequent reduced absorption obstacle its pharmacolo-

gical potentials and may lead to the requirement of high doses

of ALA to achieve the desired pharmacological actions.17

Thus, in the current study, we reported that formulating

ALA in the form of self-nanoemulsifying systems has shown

promising improvement in its gastroprotective effects against

IND-induced gastric ulcer. ALA was formulated in SNEDDS

composed of pumpkin oil, surfactant, and co-surfactant to yield

a spontaneous nanoemmulsion of droplet size less than 100 nm

(Table 1). The improvement in the pharmacological activity of

ALA could be interpreted based on solubility and consequent

absorption enhancement.22,27,28 To test the efficacy of formu-

lating ALA in SNEDDS against IND-induced gastric ulcer,

firstly, ALA-SNEDDS formula was optimized to minimize the

droplet size to reasonably enhance the biopharmaceutical per-

formance of the SNEDDS. According to the numerical optimi-

zation technique, the SNEDDS with pumpkin oil, surfactant,

and co-surfactant proportions of 0.1, 0.3, and 0.6, respectively,

has successfully achieved the targeted minimal droplet size

Figure 6. Representative photomicrographs of H&E-stained stomach sections of: (A) control group, (B) indomethacin treated group, (C) pure
ALA þ indomethacin, (D) ALA formula þ indomethacin, (E) vehicle treated group. Magnification ¼ 200�. H&E stain.

Figure 5. Bar graphs showing the effect of indomethacin (IND), pure
alpha-lipoic acid (ALA), and alpha-lipoic acid formula (ALA-F) on
serum total antioxidant capacity (TAC). Data are presented as
mean + S.E.M. ** significantly different from control at P < 0.01, ##
significantly different from indomethacin at P < 0.01, $$ significantly
different from ALA-R at P < 0.01.
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with a desirability of 0.9991. The percentage relative error

between predicted size (98.85 nm) and the observed one

(97.12) was 1.75%. This small error percentage confirms the

reliability of the optimization process. It was evident that

the oil proportion plays the most significant effect on the dro-

plet size as evidenced by its highest coefficient. The observed

increase in droplet size with increasing oil proportion could be

attributed to increased viscosity of the formulation. This result

is in accordance with previous studies.29,30 Secondly, we com-

pared the gastroprotective efficacy of ALA formula to raw

ALA in IND-induced gastric ulcer model. IND has been con-

sidered a common and reliable model for induction of acute

gastric ulcer as reported by many studies.31,32 We demon-

strated an increase in ulcer index, a decrease in preventive

index as well as macroscopic stomach changes in IND treated

group indicating damage of gastric mucosa that was confirmed

by loss of normal histopathological architecture manifested as

excessive necrosis, hemorrhage and infiltration with neutro-

phils and lymphocytes. Based on previous studies, the patho-

logical mechanisms underlying IND-induced mucosal damage

include; decreased PGE2 levels, increased gastric acid secre-

tion and increased inflammatory and apoptotic mediators.27

Pretreatment with either raw ALA or ALA formula has pro-

tected against IND-induced gastric mucosal damage however,

the gastroprotective effects of ALA formula was more pro-

nounced than raw ALA. This effect was obvious through the

improvement in the stomach macroscopic changes, the signif-

icant decrease in the ulcer index and the improvement in his-

topathological changes compared to IND-treated group. While

decreased PGE2 is considered a detrimental influence on IND-

induced gastric mucosal damage, other mechanisms have been

found to be greatly involved as increased oxidative stress.26,33

In order to fully explore the influence of antioxidant defense

system on the ulceration process throughout all gastric tissues,

the levels of TAC and MDA were evaluated. In agreement with

other studies,31,32,34 we reported a significant increase in gas-

tric mucosal MDA levels in IND-treated groups. ALA loading

on SNEDDS exhibited strong antioxidant properties as evi-

denced by decreased MDA content. This is strengthened by

the known role of oxidative stress in the pathogenesis of peptic

ulcer.35 MDA, the product of lipid peroxidation, is used as an

indicator for oxidative stress since ROS reacts with phospho-

lipid membranes of gastric mucosa leading to damage of

gastric mucosa and elevation of MDA levels. Further,

IND performs pro-oxidant activity hence forming ROS and

interfering with major cellular antioxidants36; hence there was

a significant increase in total antioxidant enzyme activity in

IND-treated group. It is noteworthy to mention that there is a

controversy regarding the effect of IND on the gastric mucosal

antioxidant enzyme levels. Importantly, while some studies

reported IND-mediated decrease in TAC,37-39 other studies

including the current study reported a significant increase in

TAC. The effects are likely explained by a compensatory

mechanism for IND-induced increase in oxidative stress. For

example, following the administration of IND, the antioxidant

enzyme, catalase (CAT), activity was increased which was

explained by an increased amount of H2O2.
33,37 Here, pretreat-

ment with ALA and ALA formula has shown a significant

decrease in MDA levels which parallel a significant prevention

of IND-mediated increase in TAC levels. Basically, ALA has

been known for its remarkable antioxidant activities, in differ-

ent models not only in gastric ulcer, via removing heavy metals

responsible for increased oxidative stress and restoring the

antioxidant defense system.12,16,35,36 Our findings revealed that

ALA formula has more beneficial antioxidant effects than raw

ALA suggesting that formulated ALA has higher free radical

scavenging capacity than raw ALA. It is likely that ALA for-

mula has small particle size that allows high drug solubility,

absorption and hence increased pharmacological efficacy. It is

important to mention that the vehicle of ALA-formula has

shown beneficial effects against IND-induced gastric ulcer, to

the extent that it could significantly decrease ulcer index and

decrease elevated MDA levels. This finding is consistent with

our previous study which reported a gastroprotective effect of

pumpkin oil that has been used as a component of SNEDDs in

this study.20 This finding may be a potential for using smaller

doses of ALA since the vehicle itself of ALA formula could

add to the therapeutic activity of ALA against IND-induced

ulcer. However, further studies will be needed to confirm

this by using different doses of ALA. In conclusion, ALA

could protect against IND-induced ulcer via its antioxidant

activity, however, using ALA in nanocarrier formulations

(ALA-SNEDDS) that allows more drug solubility, bioavail-

ability and stability enhances the gastroprotective effects of

ALA against IND-induced ulcer.

Conclusions

In this study, ALA-SNEDDs formula was optimized to mini-

mized particle size in order to enhance the solubility of ALA

and consequently its absorption. D-optimal mixture experimen-

tal design was utilized to estimate the composition of the opti-

mized ALA SNEDDS with minimized droplet size. Optimized

ALA-SNEDDS achieved significant improvement in the gas-

tric ulcer index in comparison with raw ALA. Histopathologi-

cal findings confirmed the protective effect of the formulated

optimized ALA-SNEDDS in comparison with raw ALA. Thus,

optimized ALA-SNEDDS formulation significantly enhances

the gastroprotective effects of ALA against IND-induced ulcer.
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