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A B S T R A C T   

Stress is a condition affecting different body systems. Curcumin (CUR) is a natural compound that has various 
pharmacological benefits. However, its poor oral bioavailability limits its therapeutic value. This study aimed to 
formulating curcumin loaded chitosan nanoparticles (CS.CUR.NPs) and investigate its gastroprotective and 
neuroprotective effects in rats subjected to cold restraint stress (CRS), in reference to conventional oral CUR 
preparation, and explore its underlying mechanism. Treated groups received either CUR or CS.CUR.NPs (100 
mg∕kg) orally for 14 days before exposure to CRS. CRS elicited marked behavioral changes and gastric ulcer 
accompanied by histopathological abnormalities of the brain and stomach along with elevation of pain score. 
CUR and CS.CUR.NPs improved stress-induced gastric ulcer, cognitive performance, and pain sensation. Mech-
anistically, CRS disrupts oxidative and inflammatory status of the brain as manifested by high malondialdehyde 
and IL-6 and low total antioxidant capacity and IL-10, along with high C-reactive protein level. CRS decreased 
nuclear factor erythroid 2-related factor2 (Nrf2) and increased nuclear factor-kappa B (NF-κB) expressions. 
Furthermore, brain levels of unphosphorylated signal transducer and activator of transcription3 (U-STAT3) and 
glial fibrillary acidic protein (GFAP) were upregulated with stress. CUR and CS.CUR.NPs provided beneficial 
effects against harmful consequences resulting from stress with superior beneficial effects reported with CS.CUR. 
NPs. In conclusion, these findings shed light on the neuroprotective effect of CUR and CS.CUR.NPs against stress- 
induced neurobehavioral and neurochemical deficits and protection against stress-associated gastric ulcer. 
Moreover, we explored a potential crosslink between neuroinflammation, U-STAT3, NF-κB, and GFAP in brain 
dysfunction resulted from CRS.   

1. Introduction 

Stress is a state of disruption of the internal balanced environment of 
the body because of exposure to unpleasant stimuli [1]. Although stress 
is not a disease by itself, it has been shown to have negative impacts on 
various responses including autonomic, visceral, immunological as well 
as neurobehavioral responses, in addition to being linked to the 

beginning and progression of several serious mental and physical ill-
nesses [2,3]. Over the past century there has been a dramatic increase in 
stress-related disorders that have become important, dangerous in our 
societies as a public health issue, and have an alarming morbidity and 
mortality rate. 

Brain is one of the most affected organs by stress. Several mediators 
and biochemical pathways are known to be involved in the response to 
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stress and play a major role in psychological and neurobiological 
disturbance linked to it [3]. Oxidative stress is a substantial mechanism 
that is involved in the neurotoxicity induced by stress. The imbalance 
between reactive oxygen species (ROS) generation and antioxidant 
system of the brain tissue has been reported in different studies as a 
major mechanism underlying neurotoxicity and behavioral changes 
induced by stress [4]. In addition, a considerable amount of evidence has 
shown that exposure to stress triggers the nuclear factor-kappa B 
(NF-κB)-mediated expression of different inflammatory mediators and 
prompts the overexpression of pro-inflammatory cytokines in the central 
nervous system (CNS) [5]. 

Astrocytes are the key homeostatic cells in CNS. They play a crucial 
role in maintaining physiological CNS functions. In response to different 
pathological conditions, astrocytes become activated with marked mo-
lecular, morphological, and functional changes [6]. The role of reactive 
astrocytes in disease progression is highly controversial although, they 
are generally considered as harmful for neuronal functions, various 
studies suggested beneficial effects of reactive astrocytes in promoting 
neuronal survival [6]. 

In addition to CNS, the digestive system is among the most affected 
body organs by either short- or long-term exposure to stress [7]. Gastric 
ulcer is known to be significantly influenced by stress and there is a clear 
correlation between the onset of ulcer and psycho-physical stress 
exposure [8]. 

Despite the detrimental actions of stress on body functions, there is 
no specific anti-stress drug in modern medicine, though anxiolytics are 
used to help cope with the stress [9]. Modern psychotropic drugs used to 
counteract the stress however, do not address the psychopathology of 
stress and also produce numerous adverse effects [10]. Therefore, it 
would be beneficial to search newer and more effective anti-stress drugs. 

Curcumin (CUR) is the most important natural polyphenol of 
turmeric extracted from the rhizomes of Curcuma longa L. (Zingiber-
aceae). It has been used for centuries in a number of traditional remedies 
for the treatment of many diseases such as, rheumatoid diseases, 
atherosclerosis, cancer, diabetes, liver diseases, and digestive disorders. 
Interestingly, CUR could also be effective in treating different psychi-
atric disorders [11,12]. 

Despite its various pharmacological activities; the instability of CUR 
at physiological pH, its poor oral bioavailability and its rapid breakdown 
limit its therapeutic uses. To surmount these problems, many novel drug 
delivery strategies such as liposomes, nano- or micro- emulsions and 
nanoparticles (NPs) formulations have been developed [13,14]. A va-
riety of nanoparticle platforms exist, fabricated from metals, semi-
conducting materials, ceramics, lipids, and polymers [15]. A wide range 
of natural polymers, lipids and surfactants have been developed and 
used as effective NPs. Chitosan is a well-known biodegradable and 
biocompatible polymer that is used for the delivery of different hydro-
phobic and hydrophilic drugs with different loading efficiencies, based 
on the method of preparation and the physicochemical properties of the 
drugs [16,17]. It has been demonstrated that chitosan might be an 
efficient drug delivery system for the oral delivery of CUR [18]. 

Cold restraint stress (CRS) is one of the well accepted stressors used 
in experimental studies, which elicits the purest form of psychological 
frustration and physiological stress accompanied with vigorous struggle 
to escape [19,20]. The stress model induced by cold restraint combines 
both emotional and physical components of stress. It has been reported 
that, CRS influences the turnovers of several neurotransmitters, along 
with hormonal and behavioral changes in several animal species 
including rats [19,20]. In the present work, curcumin loaded chitosan 
nanoparticles (CS.CUR.NPs) were prepared and their physicochemical 
properties were investigated. The gastroprotective and neuroprotective 
effects of CS.CUR.NPs were evaluated in rats subjected to CRS in refer-
ence to the conventional CUR oral preparation. In addition, we explored 
the underlying pathway through which CUR preparations could improve 
neurobehavioral and neurochemical deficits associated with CRS. 

2. Material and methods 

2.1. Curcumin loaded chitosan nanoparticles synthesis 

CUR was purchased from (Sigma-Aldrich, MO, USA). CS.CUR.NPs 
were synthesized using ionic gelation technique [21–23]. Briefly, Chi-
tosan solution of final concentration 2 mg/ml was prepared by dis-
solving in diluted acetic acid (2% v/v) and pH was adjusted to 5 using 4 
M NaOH. Chitosan solution was stirred overnight at room temperature. 
Sodium tripolyphosphate (TPP) was dissolved in water to reach a final 
concentration of 1 mg/ml. Next day, CUR solution was prepared by 
dissolving CUR in 95% ethanol at a concentration of 1 mg/ml. Specific 
volume of ethanolic solution of CUR (10 wt% CUR to Chitosan) was 
mixed with TPP shortly before adding this mixture dropwise to chitosan 
solution. TPP volume was calculated to achieve final mass ratio of chi-
tosan and TPP of 3:1. Nanoparticles’ suspension was protected from 
light and left to stir for further 45 min. Afterwards, the NPs solution was 
centrifuged at 12, 000g for 20 min and washed with distilled water 
(diH2O) twice then lyophilized. 

2.2. NPs characterization: NPs morphology, size, CUR loading, controlled 
release 

NPs diameter was determined using scanning electron microscopy 
(SEM) (XL-30 ESEMFEG SEM, FEI Company, USA). NPs were mounted 
on carbon tape and sputter coated with a thin layer of gold/palladium. 
Average diameters of 500 particles were determined from SEM images 
(n = 3) using image analysis software (ImageJ, National Institutes of 
Health, version 1.5a, ImageJ.nih.gov). Dynamic light scattering and zeta 
potential analyses were performed to determine the hydrodynamic 
diameter and surface charge of hydrated NPs. Briefly, a 1 mg/ml of CS. 
CUR.NPs in diH2O was prepared. After vortexing and sonication, sam-
ples were diluted at a 1:50 ratio in diH2O and pH was ~ 3. One ml was 
aliquoted to the cuvette for analysis [Malvern, Malvern, UK (Zetasizer 
Nano ZS90)]. According to Mukerjee and Vishwanatha [24], to deter-
mine loading and encapsulation efficiency (EE), 1 mg/ml CS.CUR.NPs 
solution was centrifuged at 16,000g for 30 min and supernatant was 
carefully removed. The pellet was washed twice with ethanol to remove 
unbound curcumin from the formulated NPs. Total CUR was determined 
in all of the resulting supernatants after the addition of 10% (V/V) 
methanol to obtain a clear solution, using microplate spectrophotometer 
(420 nm absorbance), and CUR quantity was determined from a stan-
dard curve of known CUR concentrations. In vitro release was evaluated 
by gentle agitation of NPs in phosphate buffered saline (pH 7.4) at 37 ◦C. 
Samples were collected at different time points (1, 2, 4, 8, 24 hrs), and 
the amount of CUR released from the NPs was quantified as described 
above. Since water is the main solvent in human cells, measurements at 
aqueous conditions were performed, however with the low solubility of 
curcumin in the aqueous PBS, a turbid unmeasurable supernatant was 
obtained which required the addition of 10% (V/V) methanol to 
enhance the solubility of curcumin in the aqueous media and obtain a 
clear feasibly spectrophotometrically measured solution. 

EE% =
Total amount of curcumin − amount of free curcumin

Total amount of curcumin
× 100  

2.3. Animals and ethical statement 

Twenty-four adult male albino Sprague Dawley rats weighing 
160–220 g were used. The animals were purchased from VACSERA, 
EGYPT and housed 7 days for acclimatization before the experiment, 
with maintenance of a temperature of (25◦ ± 2o C), a light/dark interval 
of 12:12 hrs and a relative humidity of 50–60% in polypropylene cages. 
They had unrestricted access to food and water. Animal handling, 
sampling, and scarification were carried out in compliance with the 
Guide for the Care and Use of Laboratory Animals, eighth edition [25]. 
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All experimental methodology were conducted as per committee for the 
purpose of control and supervision of experiments on animals and 
approved by Institutional Animal Care and Use Committee, Faculty of 
Veterinary Medicine, Cairo University (Vet. CU. IACUC) (Vet 
CU24112020249). 

2.4. Stress induction 

Stress was induced by CRS method according to Das et al. [26]. Rats 
were fasted one day before stress induction with free access to drinking 
water. Rats’ hands and feet were fixed to a wooden board separately 
with adhesive tape and kept in the refrigerator at a temperature of 
4–7 oC for 4 hrs, the refrigerator’s door was opened every half hour to 
check the animals and follow up. 

2.5. Experimental design 

The animals were weighed and randomly allocated into 4 groups 
(each containing 6 rats) as follows: Control group, received diH2O for 14 
days, and maintained in their cages without any stress except handling 
during the cage cleaning. CRS group: received diH2O for 14 days then 
rats subjected to CRS. CUR + CRS group: received an oral dose of CUR in 
olive oil (100 mg/kg) daily for 14 days before exposure to CRS [27]. CS. 
CUR.NPs + CRS group: received an oral dose of CUR capsulated nano-
particles in water (100 mg/kg) daily for 14 days before exposure to CRS 
[27]. 

Immediately after induction of the stress, rats were subjected to 
behavioral assessment. Then, rats were scarified, stomachs were 
removed for macroscopic and microscopic analysis. Brains were excised 
and each brain was longitudinally cut, where one half was used to assess 
the biochemical parameters and the other half was used for the histo-
pathological and immunohistochemical evaluation. 

2.6. Behavioral assessments 

2.6.1. Open Field Test (OFT) 
The open field test was carried out as previously described by Sei-

benhenr et al. [28]. The open field arena was in the form of an open 
square wooden box (85x85x15 cm). The floor was divided into 42 
squares. Individually, rats were gently positioned in one corner of the 
field and given 5 min to explore the area. An overhanging camera 
connected to a computer captured the rats’ activities. Total distance 
traveled, total mobility time, and the number of crossings were assessed 
using a video tracking system (Any-Maze® software). Between trials, the 
arena was cleaned, touched with alcohol 70% and allowed to dry be-
tween tests to ensure that a rat’s behavior was not influenced by the 
imprint of previous rats. 

2.6.2. Light/Dark transition box test 
The apparatus consisted of a wooden cage (30x40x33 cm) with two 

connected chambers of equal size, one is brightly illuminated (avoidant 
area) and the other is dark (safe area), with a hole between the two 
chambers (10 cm). Rats were gently positioned in the light chamber and 
allowed to freely move between the light and dark chambers for 5 min 
[29]. During the 5-minute test, the rat’s behavior was recorded using a 
video camera installed above the box and evaluated using Any-Maze® 
software. Distance traveled, total time mobile in light zone, and number 
of entries to the light zone were assessed. Between each animal, the 

arena was cleaned and allowed to dry with ethyl alcohol 70% to elim-
inate any olfactory cues. 

2.6.3. Elevated Plus Maze (EPM) test 
EPM consists of four crossed plus-shaped (+) arms, two open arms, 

and two closed arms (50x10x30 cm), raised 60 cm above the floor. The 
rat was positioned in the middle of the maze (central area), facing one of 
the open arms, for 5 min. During the 5-minute test, the rat’s behavior 
was recorded using a video camera installed above the maze and eval-
uated using Any-Maze® software. The succeeding parameters were 
assessed as follows: the distance traveled by each rat in the open arm, 
number of entries, and time spent in the open arm. Between each ani-
mal, the arena was cleaned and allowed to dry with ethyl alcohol 70% to 
eliminate any olfactory cues [30]. 

2.6.4. Pain assessment by real-time Rat Grimace Scale (RGS) 
The Rat Grimace Scale (RGS) scoring system was used to evaluate the 

severity of pain in rats [31]. Rats were placed in a transparent plastic box 
and observed for 6 min. The first minute was set aside for box adapta-
tion. Every 30 s, every facial expression (ear position, orbital contrac-
tion, whisker change, nose and cheek flattening) was recorded and 
assigned a number ranging from 0 to 2 which means (absent to severe), 
with a maximum RGS number of 7.7. 

2.7. Macroscopic analysis of gastric ulcers 

Stomachs were collected, opened from greater curvature, and 
plunged in saline. Then, cleaned stomachs were fixed on a corkboard 
and were photographed for macroscopic examination which assessed as 
stated by Simões et al., [32], with some alteration as clarified in 
(Table 1). Finally, the results were expressed as ulcer index. Ulcer area 
(mm2) was calculated in all rats using Image J software. Later, the ulcer 
inhibition% was calculated by means of the following equation:  

2.8. Microscopic analysis of gastric and brain tissues 

Formalin-fixed, paraffin-embedded blocks of stomachs and brains 
were sectioned at 4–5 µm and stained with hematoxylin and eosin 

Table 1 
Ulcer index assessment.  

Ulcer Index (Macroscopic score) 

Lesion Description Score 

Ulcer distribution Focal, Punctiform (< 2 mm)  1 
Multifocal, Punctiform (< 2 mm)  2 
Multifocal, Punctiform (2–5 mm)  3 
Multifocal, linear (> 5 mm)  4 
Unilateral  1 
Bilateral  2 

Number of ulcers Absent  0 
0–2  1 
3–5  2 
5–7  3 
> 7  4 

Loss of mucosal folding Present  1 
Absent  0 

Discoloration of gastric mucosa Present  1 
Absent  0  

Ulcer Inhibition (%) =
Mean of ulcer area in control (+ve) group − Mean of ulcer area in tested group

Mean of ulcer area in control ( + ve)group
x 100%   
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(H&E). Slides were inspected under a light microscope (BX43, 
Olympus). Histological damage of stomach was assessed by scoring the 
following lesions: loss of epithelium, necrosis, edema, hemorrhage, and 
inflammation according to Su et al., [33]. Additionally, neurodegener-
ative changes of brain were evaluated. Lesions of both stomach and 
brain were scored as following: 0 = absent, 1 = (Mild, <25%), 2 =

(Moderate, 25–50%), 3 = (sever, 50–75%), 4 = (Sever, >75%). 

2.9. Biochemical parameters 

2.9.1. Measurement of malondialdehyde (MDA)and total antioxidant 
capacity (TAC) in brain tissue 

MDA in the brain homogenate was quantified by using lipid peroxide 
colorimetric kit (Biodiagnostic, Egypt cataloge No: MD 25 29) as 
described by manufacturer. Briefly, thiobarbituric acid reacts with 
malondialdehyde content in tissue samples to form thiobarbituric acid 
reactive products. The absorbance of the resultant pink product was 
measured at 534 nm. TAC was measured using colorimetric kits (Bio-
diagnostic, Egypt, cataloge No: TA 25 13). In this assay, exogenous 
hydrogen peroxide was eliminated by total antioxidant of the samples 
and the residual part of hydrogen peroxide formed colored product that 
can be quantified at 505 nm. 

2.9.2. Assessment of IL-6 and IL-10 in brain tissue 
ELISA was used for assessing the concentration of IL-6 and IL-10 in 

brain tissue homogenates and employed sandwich enzyme-linked im-
mune-sorbent assay technology according to the manufacturer’s in-
structions (Wuhan Fine Biological Technology, China; catalog NO: 
ER0042 and ER0033; respectively). 

2.9.3. Assessment of nuclear content of nuclear factor erythroid 2-related 
factor2 (Nrf2), glial fibrillary acidic protein (GFAP) and c-reactive protein 
(CRP) in brain tissue 

The nuclear content of Nrf2, GFAP, and CRP were assessed in the 
brain tissue homogenates using ELISA kits developed by Wuhan Fine 
Bioassay Technology and Elabscience Biotechnology, China; Catalo No: 
ER987, E-EL-R1635, E-EL-R0506, respectively. The assay based on 
sandwich enzyme-linked immune-sorbent assay technology as instruc-
ted by the manufacturer. 

2.10. Immunohistochemistry of NF-κB and unphosphorylated signal 
transducer and activator of transcription3 (U-STAT3) in brain tissue 

Immunohistochemical was performed by avidin–biotin–peroxidase 
method. Briefly, deparaffinized brain sections were rehydrated with 
descending dilutions of alcohol then incubated with peroxidase solution 
for 15 min at room temperature to prevent non accurate staining. 
Consequently, slides were immersed 3 times in phosphate buffered sa-
line (PBS) and incubated for 30 mins with a primary anti-NF-κB (Sigma- 
Aldrich-A95304) or anti-U-STAT3 (Sigma-Aldrich-S5933) mouse 
monoclonal antibody. Subsequently, slides were washed in PBS for 3 
times and incubated with secondary antibody for 30 mins. For pro-
moting the reaction color, DAB-chromogen-substrate (2 ml) was 
smeared for 15 mins, after that hematoxylin stain was applied for 
counterstaining. The results were expressed as area% by Image J 
software. 

2.11. Statistical analysis 

Data were presented as mean ± SD and Median ± SD. Statistical 
analysis was performed using one-way analysis variance (ANOVA) fol-
lowed by Tukey-Kramer Post Hoc test. All statistical analyses were 
performed using instat software package (version 8.4.2). Graphs were 
sketched using GraphPad prism software version 8 (ISI® software, USA). 

3. Results 

3.1. Characterization of CS.CUR.NPs 

Morphological characterization of CS.CUR.NPs demonstrated that 
average diameter of the particles was 178.2 ± 21.3 nm, hydrated 
diameter was 202 ± 19.5 and zeta potential was + 37.3 ± 0.5 mV 
(Fig. 1). Loading experiments showed chitosan highly encapsulated CUR 
with encapsulation efficiency of 82.4 ± 3.7%. CUR release pattern 
demonstrated a burst at the first hours of incubation; this was followed 
by a subsequent gradual release of CUR leveling 49 ± 2.6% at 48 hrs 
(Fig. 2). 

3.2. Behavioral assessment 

3.2.1. Open Field Test (OFT) 
As shown in Fig. 3, rats exposed to CRS showed a significant decrease 

in total distance traveled, total mobile time and number of crossings by 
92%, 93.7%, and 95%; respectively, compared to control rats. Treat-
ment with either CUR or CS.CUR.NPs significantly increased total dis-
tance traveled, total mobile time, as well as the number of crossings 
compared to rats exposed to CRS. Furthermore, rats that received CS. 
CUR.NPs showed a significant increase in total distance traveled and the 
number of crossings by 30%, and 38.4%, respectively compared to rats 
that received CUR. 

3.2.2. Light/dark transition box test 
CRS treated rats exhibited a significant decrease in the distance 

traveled, mobile time and the number of entries assessed in the light 

Fig. 1. SEM images of CS.CUR.NPs. Scale bar represents 200 nm. n > 500 NPs. 
Average diameter is 178.2 ± 21.3 nm, hydrated diameter is 202 ± 19.5 and 
zeta potential is + 37.3 ± 0.5 mV. 

Fig. 2. Cumulative release of CUR from chitosan NPs over 48 hrs period. Data 
are presented as (mean ± SD, n = 3). 
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Fig. 3. OFT of CRS-exposed rats treated with CUR and CS.CUR.NPs. A) Total distance traveled, B) Total time mobile, C) Number of crossing, and D) Tracking plots of 
the rats’ movement in OFT. Data are presented as percentage changes from control group (n = 6). Statistical differences between groups are denoted by * P ≤ 0.05, 
* ** P ≤ 0.001, and * ** * P ≤ 0.0001. CRS: cold restraint stress; CUR: curcumin; and CS.CUR.NPs: Curcumin loaded chitosan nanoparticles. 

Fig. 4. Light/Dark transition box test of CRS-exposed rats treated with CUR and CS.CUR.NPs. A) Distance traveled in light zone, B) Total time mobile in light zone, C) 
Number of entries to light zone, and D) Tracking plots of the rats’ movement in Light/Dark transition box test. Data are presented as percentage changes from control 
group (n = 6). Statistical differences between groups are denoted by * P ≤ 0.05, * * P ≤ 0.01, * ** P ≤ 0.001, and * ** * P ≤ 0.0001. CRS: cold restraint stress; CUR: 
curcumin; and CS.CUR.NPs: Curcumin loaded chitosan nanoparticles. 
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zone by 91.6%, 95.1%, and 89.5%, respectively, compared to control 
rats. Treatment with either CUR or CS.CUR.NPs showed a significant 
increase in distance traveled; mobility time and number of entries in the 
light zone compared to CRS exposed rats. Moreover, CS.CUR.NPs 
significantly improved the distance traveled and the mobility time of the 
rats in the light zone by 68.3% and 92.3%, respectively compared to rats 
that received CUR (Fig. 4). 

3.2.3. Elevated Plus Maze (EPM) 
Rats exposed to CRS showed a significant decrease in the distance 

traveled and the number of entries in the open arm by 88.6% and 75%, 
respectively, compared to control rats. Treatment with CUR significantly 
increased the number of entries in the open arm by 150% without a 
significant change in the distance traveled in the open arm, while 
treatment with CS.CUR.NPs resulted in a significant improvement of 
both parameters by 574.8% and 233.5%, respectively compared to CRS 
group (Fig. 5). While, time spent in the open arm showed non-significant 
differences among all tested groups (data not shown). 

3.2.4. Effect of CUR and CS.CUR.NPs on real time RGS 
Rats exposed to CRS had significantly higher RGS (793.9%) 

compared with control rats. Rats treated with CUR showed a non- 
significant decrease in the RGS compared to stress exposed rats. Mean-
while rats received CS.CUR.NPs exhibited a significant improvement in 
RGS by 32% and 28.4% compared to CRS and CUR group, respectively 
(Fig. 6). 

3.3. Evaluation of gastric ulcers 

3.3.1. Macroscopic evaluation of gastric ulcers 
As shown in (Fig. 7A), a significant macroscopical damage 

(P ≤ 0.01) was detected in gastric mucosa of CRS rats which was verified 
by existence of a multiple sever hemorrhagic ulcerative lesions in the 

Fig. 5. EPM test of CRS-exposed rats treated with CUR and CS.CUR.NPs. A) Distance traveled in open arm, B) Number of entries to open arm, C) Tracking plots of the 
rats’ movement in EPM. Data are presented as percentage changes from control group (n = 6). Statistical differences between groups are denoted by * P ≤ 0.05, 
* * P ≤ 0.01, and * ** P ≤ 0.001. CRS: cold restraint stress; CUR: curcumin; and CS.CUR.NPs: Curcumin loaded chitosan nanoparticles. 

Fig. 6. Effect of CUR and CS.CUR.NPs on the real-time RGS of rats exposed to 
CRS. Data are presented as (mean ± SD, n = 6). Statistical differences between 
groups are denoted by * P ≤ 0.05, * ** P ≤ 0.001, and * ** * P ≤ 0.0001. CRS: 
cold restraint stress; CUR: curcumin; and CS.CUR.NPs: Curcumin loaded chi-
tosan nanoparticles. 
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glandular area (Ulcer area: 6.36 mm2). Treatment with CUR inhibited 
the ulcer index by 11% (P ≤ 0.05). The ulcerative areas varied from 
deep hyperemic punctuate lesion to hemorrhagic elongated lines (Ulcer 
area: 5.66 mm2). CS.CUR.NPs protected the rats against stress-induced 
gastric lesions (Ulcer inhibition: 88%; Ulcer area: 0.76 mm2). Sporadic 
focal hyperemic pinpoint lesions were detected in some rats of CS.CUR. 
NPs group. The gastro-protective effects of CS.CUR.NPs were signifi-
cantly better in terms of ulcer index and ulcer area compared to CUR 
(P ≤ 0.05; Fig. 7C & D). Additionally, no statistically significant differ-
ence was recorded in CS.CUR.NPs group compared to control group 
(Fig. 7C & D). 

3.3.2. Microscopic evaluation of gastric tissue 
Gastric sections stained with H&E were depicted in Fig. 7B and E. 

Control group showed normal histological structure of gastric tissue. 
Mucosal layers had gastric glands which connected to the lumen through 
constricted gastric pits. The outer part of gland showed a pale frothy cell 
with flat basal nuclei. The middle part of gastric gland is formed of large 
rounded oxyntic cells characterized by centrally located nucleus and 
deeply stained cytoplasm as well as parietal cells. In contrast, CRS group 
showed a significant tissue alteration (P ≤ 0.001) including marked 
ulcerative and erosive lesions of the lining epithelium, hemorrhage, 
inflammatory cell infiltration, and coagulative necrosis of mucosal 
epithelium. Treatment with CUR induced a slight improvement of the 
histological structure of gastric tissue (P ≤ 0.05) in which it showed 

Fig. 7. Effect of CUR and CS.CUR.NPs on CRS-exposed rats. A) Macroscopic examination of the stomach lining mucosa. B) Histopathological examination of stomach 
tissue by H&E staining. Notice the ulcerative area (U), erosion (Er), coagulative necrosis (CN), congestion (Co), inflammatory cell infiltration (IF), edema (Ed), 
pyknotic nucleus (P), parietal cells (PC), gastric gland (GG). C) Semi-quantitative evaluation of ulcer index, (Median ± SD, n = 6), D) Semi-quantitative evaluation of 
ulcer area (mm2, Mean ± SD, n = 6), and E) Histological score of tissue damage (Median ± SD, n = 6). Statistical significance: * P ≤ 0.05, * * P ≤ 0.01, and 
* ** P ≤ 0.001 CRS: cold restraint stress; CUR: curcumin; and CS.CUR.NPs: Curcumin loaded chitosan nanoparticles. 
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Fig. 8. Effect of CUR and CS.CUR.NPs against brain damage induced by CRS. A) Histological examination of brain tissue stained with (H&E). Notice the neurophagia 
(curved arrows), necrotic neuron (black arrows), shadow of necrotic neuron (S), and area clear from cells (*). B) Histological analysis of damage score, results 
expressed as (Median ± SD, n = 6). Statistical significance: * P ≤ 0.05, * * P ≤ 0.01, and * ** P ≤ 0.001. CRS: cold restraint stress; CUR: curcumin; and CS.CUR.NPs: 
Curcumin loaded chitosan nanoparticles. 
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pyknosis of parietal cells, erosive and ulcerative changes in the luminal 
epithelium. Protection with CS.CUR.NPs caused a significant improve-
ment of histological architecture of gastric tissue. Only few mild lesions 
were detected in sporadic rats including edema, inflammatory cell 
infiltration, congestion of blood vessels, and pyknosis of parietal cells. 
Besides, erosions and ulcers were not observed in the luminal 
epithelium. 

3.4. Microscopic analysis of brain tissue 

Histopathological evaluation of the brain tissues revealed that con-
trol group showed normal structure of cerebral cortex, hippocampus, 
and cerebellum (Fig. 8A & B). Briefly, cerebral cortex is formed of active 

basophilic pyramidal neurons and neuroglia cells. Hippocampus is 
composed of three main parts: hippocampus proper, dentate gyrus and 
subiculum. Hippocampus proper is made up of Cornu Ammonis which 
classified into four regions according to the density and the shape of 
pyramidal cells (CA1- CA4). Furthermore, cerebellum is consisted of 
molecular layer, purkinje layer, and granule cell layer. In CRS group, 
neurons of cerebral cortex revealed necrosis and degeneration associ-
ated with neurophagia. Reduction in the thickness of neurons was 
observed in dentate gyrus. Moreover, CA3 showed necrosis of pyramidal 
neurons as well as fields avoided of nerves was detected. Cerebellum 
exposed pyknosis and apoptosis of purkinje cells. Similar changes were 
observed in the brain tissue of CUR group (P ≤ 0.01). In contrast, a 
significant protection was induced by CS.CUR.NPs against damage 

Fig. 9. Biochemical analysis of the brain tissue of CRS-exposed rats treated with CUR and CS.CUR.NPs. A) MDA levels, B) TAC levels, C) IL-6 levels, D) IL-10 levels, E) 
Nrf2 levels, F) CRP levels, and G) GFAP levels. Data are represented as (mean ± SD, n = 5). Statistical differences between groups are denoted by * P ≤ 0.05, 
* * P ≤ 0.01, and * ** P ≤ 0.001. MDA: Malondialdehyde; TAC: Total antioxidant capacity; Nrf2: Nuclear factor erythroid 2-related factor 2; CRP: C-reactive protein; 
GFAP: Glial fibrillary acidic protein; CRS: Cold restraint stress; CUR: Curcumin; and CS.CUR.NPs: Curcumin loaded chitosan nanoparticles. 
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induced by stress. Only sporadic dark staining neurons were observed in 
cerebral cortex and CA3. 

3.5. Biochemical assessment 

3.5.1. Effect of CUR and CS.CUR.NPs on MDA level and TAC 
Rats subjected to CRS demonstrated a significant increase in the 

brain level of MDA and significant decrease in the TAC of the brain by 
151.5% and 56.9%, respectively, compared to control animals. Both 
CUR and CS.CUR.NPs significantly improved the brain content of MDA 
and the TAC of the brain compared to rats subjected to CRS. MDA 
content and TAC were significantly improved in stressed rats treated 
with CS.CUR.NPs by 38% and 36.4%, respectively, compared to rats that 
received CUR (Fig. 9A & B). 

3.5.2. Effect of CUR and CS.CUR.NPs on the brain content of IL-6 and IL- 
10 

CRS provoked a significant increase in the brain content of IL-6 by 
196.7% and a significant decrease in IL-10 by 63.4% compared to con-
trol group. Treatment with either CUR or CS.CUR.NPs significantly 
decreased IL-6 level by 24.2% and 56.7%, respectively, and significantly 

increased in IL-10 content by 77.8% and 115.9%, respectively, 
compared to CRS group. Furthermore, CS.CUR.NPs administration 
showed a significant improvement of IL-6 by 42.8% compared to CUR 
(Fig. 9C & D). 

3.5.3. Effect of CUR and CS.CUR.NPs on the brain nuclear content of Nrf2, 
CRP, and GFAP 

Rats subjected to CRS showed a significant reduction in the nuclear 
content of Nrf2 of the brain tissue by 36.4% compared to control group. 
CUR and CS.CUR.NPs treatments significantly increased the nuclear 
brain content of Nrf2 by 14.8% and 29.6%, respectively, compared to 
CRS group. CS.CUR.NPs treatment significantly increased the nuclear 
brain content of Nrf2 by 12.9% compared to CUR treatment (Fig. 9E). In 
CRS group, the brain content of CRP was significantly increased by 
727% compared to control group. When compared with CRS group, CUR 
and CS.CUR.NPs treated groups presented a significant decrease in CRP 
by 49.3% and 81.3%, respectively. Rats treated with CS.CUR.NPs 
exhibited a significant decrease in the brain content of CRP by 63.3% as 
compared to rats treated with CUR (Fig. 9F). Brain content of GFAP was 
significantly increased by 164.3% compared to control group. CUR and 
CS.CUR.NPs treatments significantly decreased the brain content of 

Fig. 10. A) IHC staining of brain tissue with NF-κB and U-STAT3. Notice strong expression (black arrows), weak expression (curved black arrow). B&C) Semi- 
quantitative analysis of area percent of NF-κB and U-STAT3 expression, respectively. Results are expressed as (Mean ± SD, n = 6). Statistical significance: 
* * P ≤ 0.01, and * ** P ≤ 0.001. CRS: cold restraint stress; CUR: curcumin; and CS.CUR.NPs: Curcumin loaded chitosan nanoparticles. 
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GFAP by 23.6% and 51.7%, respectively, compared to CRS group. CS. 
CUR.NPs treatment significantly decreased the brain content of GFAP by 
36.9% compared to CUR treatment (Fig. 9G). 

3.6. Immunohistochemistry of NF-κB and U-STAT3 in brain tissue 

Both NF-κB and U-STAT3 expressions were evaluated by IHC analysis 
(Fig. 10). Expression of NF-κB was noted as brown coloration and was an 
extensively enhanced in CRS group and CUR group compared to control 
group (P < 0.001, P < 0.01, respectively). In addition, NF-κB expression 
was significantly diminished in CS.CUR.NPs-treated group; moreover, 
no significant difference was recorded between CS.CUR.NPs-treated 
group and control group (Fig. 10 A&B). Similarly, intensive expression 
of U-STAT3 was detected in CRS group compared to control group 
(P ≤ 0.01). U-STAT3 down-regulation occurred in both CUR and CS. 
CUR.NPs, but it was more significant in CS.CUR.NPs compared to CRS 
group (P ≤ 0.01), (Fig. 10 A&C). 

3.7. Correlation between Nrf2 and NF-κB, IL-6 and U-STAT3, and U- 
STAT3 and GFAP expression 

Fig. 11 A showed the scatter plot of the negative correlation between 
Nrf2 and NF-κB. There was a positive correlation between IL-6 and U- 
STAT3 as well as between U-STAT3 and GFAP (Fig. 11B & C). 

4. Discussion 

Stress is still being investigated as a probable cause of various psy-
chological and physiological disorders[1,3]. As stress deteriorates the 
function of various body systems, a variety of natural and synthetic 
compounds are being investigated to relief stress and prevent its dele-
terious effects [9,10]. Among nutritional supplements, CUR is encour-
agingly used to reduce the behavioral and health problems that are 
possible and even likely to occur as a result of exposure to emotional and 
physical stress. 

CUR is a highly pleiotropic molecule that can interact with several 
molecular targets and affect different intracellular signaling pathways. 
CUR can cross the blood brain barrier and can provide neuroprotection 
against various harmful attacks, however, the susceptibility of CUR to 
intestinal and hepatic metabolism lowers its availability to the brain and 
therefore, its neuropharmacological actions [13,34]. 

In the present study, CUR was loaded on chitosan nanoparticles, 
where the preparation showed a small average size due to ionic gelation 
technique that has been used for their synthesis [35]. The small size of 
the chitosan particles could be attributed to the chitosan concentration 
(2 mg/ml) used during the fabrication process; it could also be a func-
tion of the mass ratio of chitosan to TPP of 3:1. Previous studies reported 
that mass ratio of chitosan to TPP of 3:1 resulted in smaller particle size 
of chitosan nanoparticles compared to higher mass ratios where higher 

concentration of TPP may lead to stronger intramolecular interaction of 
chitosan and consequently the formation of smaller size of particles [21, 
36]. In addition, adjusting the pH of chitosan solution to 5 was expected 
to control the homogeneity and the size of nanoparticles. pH of chitosan 
below 4.5 was reported to result in formation of heterogeneous size 
distribution, whereas, pH over 5.5 increased the probability of micro-
particle formation [37,38]. Additionally, positive zeta potential charge 
of CS.CUR.NPs ensures the stability of nanoparticles, decreases the 
possibility of aggregation and promotes electrostatic interaction with 
the overall negative charge of the cell membrane [39]. Positive zeta 
potential values could be attributed to the residual amino groups of 
chitosan molecules entangled on to the surface of the nanoparticles [40, 
41]. Although, the addition of anionic TPP to chitosan, CS.CUR.NPs still 
keep the positive charge due to high molecular weight of chitosan [42]. 

In addition, chitosan nanoparticles showed high CUR loading with 
82.4 ± 3.7%. It was reported that encapsulation ability of chitosan de-
pends on the ratio between chitosan and TPP during nanoparticles 
fabrication, higher TPP content increased the amount of chitosan that 
can incorporate with CUR [43]. CUR initially released in the first few 
hours with a burst manner. This initial fast release might be the result of 
the dispersion of CUR close to the nanoparticles surface, thus allowing 
easy diffusion in the initial incubation time through the porous surface 
of the nanoparticles. In addition, the huge surface area of the chitosan 
nanoparticles could adsorb CUR on its surface so, the first burst release 
might be partially due to the desorption of CUR form the nanoparticles 
surface [44]. After the burst release period, the release process showed 
gradual decreased rates as the dominating release mechanism might 
have changed from CUR diffusion through the CS matrix to drug expo-
sure due to polymer erosion [45]. 

Cold restraint model of stress can be viewed as one of the most 
’psychogenic’ in nature and commonly used for induction of gastric 
ulcer [19,20,46]. Exposure to stress could disturb neurological function, 
stimulate the hypothalamic-pituitary-adrenal axis, promote the pro-
duction of free radicals, cortisol, pepsin and gastric acid and enhance the 
occurrence of gastric inflammation [10,47]. In accordance with previ-
ous studies, our results showed that exposure of rats to CRS results in 
multiple sever hemorrhagic ulcerative and erosive lesions in the stom-
ach with inflammatory cell infiltration and coagulative necrosis of 
mucosal epithelium [19,20,46]. Treatment with CUR produced 
improvement in the ulcerative lesions of the stomach, the effect that was 
more pronounced in rats treated with CS.CUR.NPs. In accordance with 
our findings, previous documents reported the antiulcerogenic activity 
of CUR in rats subjected to CRS [48]. 

Several in vivo and clinical trials confirmed the association between 
the incidence of gastric ulcer, cognitive disorders and stress [47]. Our 
results showed that rats exposed to CRS had significantly decreased lo-
comotor activity and exploratory behavior and increased anxiogenic 
behavior markedly, as evidenced by OFT, light-dark transition box, and 
EPM tests. In accordance with several researches, our findings had 

Fig. 11. Scatter plots of the correlation between Nrf2 and NF-κB, IL-6 and U-STAT3, and U-STAT3 and GFAP expression. The solid lines represent the linear 
regression and correlation coefficient (r), P is the correlation significance level. 

K.A. Ali et al.                                                                                                                                                                                                                                    



Biomedicine & Pharmacotherapy 148 (2022) 112778

12

confirmed the negative impact of CRS on animal’s behavior [2,49]. 
Treatment with either CUR or CS.CUR.NPs improved locomotor activity 
and exploratory behavior and showed profound anxiolytic effect, these 
findings are in agreement with previous studies that reported the 
beneficial effect of CUR in behavior disturbance associated with stress 
exposure [49]. 

Grimace score has been employed to assess pain associated with 
physical and psychological diseases. Grimace score was employed in a 
mucositis rat model to measure visceral pain [50], and assess the 
emotional states of mice suffering from colitis-related colon cancer [51]. 
Interestingly, our study revealed that RGS was significantly increased 
after exposure to CRS. In a similar context, various experimental studies 
have shown that exposure to stress may lead to an exacerbation of pain 
sensitivity [52,53]. Administration of CUR slightly decreased pain score, 
while CS.CUR.NPs significantly improved pain intensity in rats. The 
profound decrease in pain score observed in CS.CUR.NPs-treated rats is 
possibly attributed to the significant healing of the stress ulcer as well as 
the improvement of the developed behavior disturbance associated with 
exposure to stress. 

The response of the brain to stressors is a complex process involving 
multiple interacting mediators. The brain has high susceptibility to 
oxidative stress as it contains high polyunsaturated fatty acids concen-
tration and modest antioxidant capacity that increase its vulnerability to 
lipid peroxidation. In addition, the large oxygen consumption of the 
brain and the metabolism of catecholamines are important sources of 
free radicals that potentiate its susceptibility to oxidative damage. 
Consequently, generation of ROS and exhaustion of endogenous anti-
oxidants have been implicated in the response of the brain to different 
stressors and in the pathogenesis of various psychiatric and neurologic 
disorders [54,55]. In the present study, CRS increased brain content of 
MDA; the end product of lipid peroxidation and decreased the TAC of the 
brain tissue. This increase in the oxidative damage upon exposure to 
stress could be attributed to stimulation of the sympathetic system and 
enhancement of metabolic rate, which can produce excess free radicals 
and lead to oxidative damage of lipids, proteins, and nucleic acids [54, 
55]. 

Our study showed that administration of CUR and CS.CUR.NPs 
provided a significant protection against oxidative damage accompa-
nied with CRS, through decreasing MDA level and increasing TAC. These 
results are most likely attributed to the proved information that CUR as a 
phenolic non-flavanone compound has a strong antioxidant activity. 
CUR has the ability to increase the level of various antioxidant enzymes, 
restore depletion of the GSH levels and suppress lipid peroxidation [56]. 
Additionally, CS.CUR.NPs-treated animals showed a significant 
improvement in MDA level and TAC relative to CUR-treated animals. 

Along with oxidative stress, CRS induced neuroinflammation as 
manifested by increased level of the proinflammatory cytokine; IL-6 and 
decreased level of the anti-inflammatory cytokine; IL-10. In line with 
these findings, it was established that exposures of animals to stress 
leads to activation of hypothalamic–pituitary–adrenal axis with 
increased adrenalin, noradrenalin, and glucocorticoids levels that 
consequently modulate cytokine production and ends by evoking sever 
neuroinflammation [57]. In addition, CRS-exposed rats exhibited a 
significant increase in the brain content of CRP. CRP is a general marker 
of neuroinflammation that has been linked to tissue destruction. High 
CRP concentration was reported to be associated with neurodegenera-
tive disorders and cognitive impairment [58,59]. Administration of CUR 
in either free or loaded form was found to suppress the neuro-
inflammation associated with stress as manifested by decreasing IL-6 
and CRP and increasing IL-10 levels in the brain. The upregulation of 
anti-inflammatory cytokines as well as downregulation of 
pro-inflammatory cytokines and CRP were previously reported with 
CUR treatment [60,61]. Additionally, CRS-exposed rats exhibited a 
significant histological damage of brain tissue. The capacity of CRS to 
augment the incidence of neuroinflammation and oxidative damage, 
could clarify the existence of multiple histological alterations in 

different fields of brain including necrotic and degenerative changes 
[62]. CUR in either free or loaded nano form upgraded the histological 
structure of brain tissues; however, the results were more significant in 
CS.CUR.NPs group compared to CUR group. 

Because of the crosstalk between antioxidant and anti-inflammatory 
pathways, in our study, we further evaluated the underlying mecha-
nisms of antioxidant and anti-inflammatory effects of CUR and its loaded 
form on CRS-induced stress by investigating the nuclear factors; Nrf2 
and NF-κB that regulate cellular responses to oxidative stress and 
inflammation, respectively. Nrf2 is a key transcription factor controlling 
many aspects in resistance to oxidant stress. It is ubiquitously expressed 
in the brain and plays an important defense role against toxic insults in 
both glial cells and neurons [63,64]. During stress conditions, Nrf2 is 
dissociated from coupling with Keap1 and translocated into the nucleus, 
where it binds to the antioxidant response element with subsequent 
activation of several detoxification and antioxidant genes expression 
[63]. Our study showed that CRS decreased the nuclear content of Nrf2, 
the effect that significantly improved in CUR and CS.CUR.NPs- treated 
groups. Furthermore, there was a clear correlation between the 
increased level of Nrf2 and the improved oxidative status in stressed rats 
treated with CUR or CS.CUR.NPs. NF-κB is a classical master regulator of 
cytokines production. Previous studies have established CUR as a po-
tential inhibitor of NF-κB with subsequent modulation of cytokines 
production [64]. In accordance with the aforementioned studies, our 
results showed that CUR and CS.CUR.NPs significantly decreased the 
upregulated nuclear content of NF-κB induced by CRS that is correlated 
with declined level of IL-6 and increased expression IL-10. 

STAT3 is an important transcription factor that transmits signals to 
the nucleus in response to cytokine stimulation. STAT3 plays crucial 
roles in various intracellular signaling cascades and enhances the 
expression of variety of genes in response to cell stimuli [65]. In 
response to binding of IL-6 to its cell receptor, STAT3 is accumulated and 
phosphorylated in the cytoplasm then translocated into the nucleus with 
subsequent transactivation of its target genes [66]. Moreover, it was 
demonstrated that accumulated U-STAT3 in the cytoplasm in response 
to IL-6 can induce inflammation through a mechanism completely 
different from that of phosphorylated STAT3 [67]. U-STAT3 can bind 
NF-κB, and this complex migrates to the nucleus and stimulates tran-
scription of NF-κB-responsive genes [67]. Our results revealed that CRS 
induced overexpression and accumulation of U-STAT3 in the cytoplasm. 
Interestingly, CUR and CS.CUR.NPs significantly decreased the cyto-
plasm expression U-STAT3, which is positively correlated with the 
decrease in the level of IL-6 and NF-κB. Consequently, we can assume 
that CUR and CS.CUR.NPs improve neurobehavioral and neurochemical 
deficits associated with CRS, in part, through modulation of 
IL-6/U-STAT3/NF-κB signaling pathway. 

Astrocytes are the most abundant cell type of CNS and play a main 
role in brain homeostasis. Activation of astrocytes (astrocytosis) is 
characterized by high-level of GFAP expression [6]. The harmful effects 
of astrocytes in pathological conditions are still controversy [6,68]. In 
the present study, along with CRS-induced imbalance in oxidative status 
as well as the developed neuroinflammation, the brain content of GFAP 
was significantly increased. Along with our findings, there is an accu-
mulating evidence implicating astrocytes in acute and chronic stress 
effects in animal, as well as stress disorders in humans [69]. CUR and CS. 
CUR.NPs treatment decreased the reported increased content of GFAP, 
which indicated a beneficial effect of CUR in inhibition of astrocytosis 
following CNS challenges, the effect that was also reported in previous 
reports [70]. The relation between STAT3 and GFAP is controversial. It 
was found that neuroinflammation-mediated activation of the STAT3 
pathway would result in up regulation of GFAP in the MPTP mouse 
model of dopaminergic neurotoxicity [71]. Contrariwise, acute neuro-
inflammatory response to lipopolysaccharide, can activate STAT3 in 
CNS tissue without increasing the expression of GFAP [72]. In our study, 
we showed that U-STAT3 expression is positively correlated with GFAP 
content in the brain of stressed rats treated with either CUR or CS.CUR. 
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NPs. 
In conclusion, these findings shed light on the neuroprotective effect 

of CUR and CS.CUR.NPs against stress-induced neurobehavioral and 
neurochemical deficits as well as protection against stress-associated 
gastric ulcer. Moreover, we explored a potential crosslink between 
neuroinflammation, U-STAT3, NF-κB and GFAP in brain dysfunction 
resulted from CRS. Furthermore, we showed that CS.CUR.NPs exhibited 
effective neuroprotective and gastroprotective capabilities over CUR. 

CRediT authorship contribution statement 

Kholoud A. Ali: Conceptualization, Methodology, Validation, 
Investigation, Resources, Data Curation, Writing – original draft, Edit-
ing, Visualization, Project administration. Mona M. El-Naa: Conceptu-
alization, Methodology, Validation, Formal analysis, Resources, Data 
curation, Writing – original draft, Editing, Visualization, Project 
administration. Alaa F. Bakr: Conceptualization, Methodology, Vali-
dation, Formal analysis, Resources, Data curation, Writing – original 
draft, Writing & Editing, Visualization, Project administration. 
Mohamed Y. Mahmoud: Conceptualization, Methodology, Validation, 
Formal analysis, Resources, Data curation, Writing – original draft, 
Editing, Visualization, Project administration. Essam M. Abdelgawad: 
Conceptualization, Methodology, Supervision, Writing – review & 
editing, Project administration. Mohammed Y. Matoock: Conceptual-
ization, Methodology, Software, Formal analysis, Supervision, Data 
Curation, Writing – review & editing, and Project administration. 

Conflict of interest statement 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

References 

[1] L. Notari, Stress in veterinary behavioural medicine, BSAVA manual of canine and 
feline behavioural medicine, BSAVA Libr. (2009) 136–145. 

[2] E. Brondolo, W. Ng, K.-L.J. Pierre, R. Lane, Racism and mental health: Examining 
the link between racism and depression from a social cognitive perspective, (2016). 

[3] C. Sandi, J. Haller, Stress and the social brain: behavioural effects and 
neurobiological mechanisms, Nat. Rev. Neurosci. 16 (5) (2015) 290–304. 

[4] S. Schiavone, V. Jaquet, L. Trabace, K.-H. Krause, Severe life stress and oxidative 
stress in the brain: from animal models to human pathology, Antioxid. Redox 
Signal. 18 (12) (2013) 1475–1490. 

[5] J.W. Koo, S.J. Russo, D. Ferguson, E.J. Nestler, R.S. Duman, Nuclear factor-κB is a 
critical mediator of stress-impaired neurogenesis and depressive behavior, Proc. 
Natl. Acad. Sci. 107 (6) (2010) 2669–2674. 

[6] M.E. Hamby, M.V. Sofroniew, Reactive astrocytes as therapeutic targets for CNS 
disorders, Neurotherapeutics 7 (4) (2010) 494–506. 

[7] N. Ranasinghe, N.M. Devanarayana, S. Rajindrajith, M.S. Perera, S. Nishanthinie, 
T. Warnakulasuriya, P.T. de Zoysa, Functional gastrointestinal diseases and 
psychological maladjustment, personality traits and quality of life, BMC 
Gastroenterol. 18 (1) (2018) 1–10. 

[8] C. Melinder, R. Udumyan, A. Hiyoshi, R.J. Brummer, S. Montgomery, Decreased 
stress resilience in young men significantly increases the risk of subsequent peptic 
ulcer disease–a prospective study of 233 093 men in Sweden, Aliment. Pharmacol. 
Ther. 41 (10) (2015) 1005–1015. 

[9] N. Lyle, S. Chakrabarti, T. Sur, A. Gomes, D. Bhattacharyya, Nardostachys 
jatamansi protects against cold restraint stress induced central monoaminergic and 
oxidative changes in rats, Neurochem. Res. 37 (12) (2012) 2748–2757. 

[10] S. Bhattacharya, A. Muruganandam, Adaptogenic activity of Withania somnifera: 
an experimental study using a rat model of chronic stress, Pharmacol. Biochem. 
Behav. 75 (3) (2003) 547–555. 

[11] I. Chattopadhyay, K. Biswas, U. Bandyopadhyay, R.K. Banerjee, Turmeric and 
curcumin: biological actions and medicinal applications, Curr. Sci. (2004) 44–53. 

[12] S. Zorofchian Moghadamtousi, H. Abdul Kadir, P. Hassandarvish, H. Tajik, 
S. Abubakar, K. Zandi, A review on antibacterial, antiviral, and antifungal activity 
of curcumin, BioMed. Res. Int. 2014 (2014) 1–12. 

[13] M. Moballegh Nasery, B. Abadi, D. Poormoghadam, A. Zarrabi, P. Keyhanvar, 
H. Khanbabaei, M. Ashrafizadeh, R. Mohammadinejad, S. Tavakol, G. Sethi, 
Curcumin delivery mediated by bio-based nanoparticles: a review, Molecules 25 
(3) (2020) 689. 

[14] L. Slika, D. Patra, A short review on chemical properties, stability and nano- 
technological advances for curcumin delivery, Expert Opin. Drug Deliv. 17 (1) 
(2020) 61–75. 

[15] R. Singh, J.W. Lillard Jr., Nanoparticle-based targeted drug delivery, Exp. Mol. 
Pathol. 86 (3) (2009) 215–223. 

[16] S. Parveen, R. Misra, S.K. Sahoo, Nanoparticles: a boon to drug delivery, 
therapeutics, diagnostics and imaging, Nanomed. Nanotechnol., Biol. Med. 8 (2) 
(2012) 147–166. 

[17] A. Anitha, S. Sowmya, P.S. Kumar, S. Deepthi, K. Chennazhi, H. Ehrlich, 
M. Tsurkan, R. Jayakumar, Chitin and chitosan in selected biomedical applications, 
Prog. Polym. Sci. 39 (9) (2014) 1644–1667. 

[18] M. Saheb, N. Fereydouni, S. Nemati, G.E. Barreto, T.P. Johnston, A. Sahebkar, 
Chitosan-based delivery systems for curcumin: a review of pharmacodynamic and 
pharmacokinetic aspects, J. Cell. Physiol. 234 (8) (2019) 12325–12340. 

[19] M.A. Morsy, G.H. Heeba, S.A. Abdelwahab, R.R. Rofaeil, Protective effects of 
nebivolol against cold restraint stress-induced gastric ulcer in rats: Role of NO, HO- 
1, and COX-1, 2, Nitric Oxide 27 (2) (2012) 117–122. 

[20] D. Dekanski, S. Janicijevic-Hudomal, S. Ristic, N.V. Radonjic, N.D. Petronijevic, 
V. Piperski, D.M. Mitrovic, Attenuation of cold restraint stress-induced gastric 
lesions by an olive leaf extract, Gen. Physiol. Biophys. 28 (1) (2009) 135–142. 

[21] R.S. Nair, A. Morris, N. Billa, C.O. Leong, An evaluation of curcumin-encapsulated 
chitosan nanoparticles for transdermal delivery, AAPS PharmSciTech 20 (2) (2019) 
69. 

[22] E. Popova, I. Zorin, N. Domnina, I. Novikova, I.J.R.J.o.G.C. Krasnobaeva, 
Chitosan–tripolyphosphate nanoparticles: synthesis by the Ionic gelation method, 
properties, and biological activity, 90(7) (2020) 1304–1311. 

[23] S.K. Khalil, G.S. El-Feky, S.T. El-Banna, W.A. Khalil, Preparation and evaluation of 
warfarin-beta-cyclodextrin loaded chitosan nanoparticles for transdermal delivery, 
Carbohydr. Polym. 90 (3) (2012) 1244–1253. 

[24] A. Mukerjee, J.K. Vishwanatha, Formulation, characterization and evaluation of 
curcumin-loaded PLGA nanospheres for cancer therapy, Anticancer Res 29 (10) 
(2009) 3867–3875. 

[25] N.R. Council, Guide for the care and use of laboratory animals, (2010). 
[26] D. Das, R.K. Banerjee, Effect of stress on the antioxidant enzymes and gastric 

ulceration, Mol. Cell. Biochem. 125 (2) (1993) 115–125. 
[27] P.-M. Boarescu, I. Boarescu, I.C. Bocșan, R.M. Pop, D. Gheban, A.E. Bulboacă, 
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