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Abstract
Pollution is a worldwide environmental risk. Arsenic (As) is an environmental pollutant with a major health concern due 
to its toxic effects on multiple body organs, including the brain. Humans are exposed to As through eating contaminated 
food and water or via skin contact. Salix species (willow) are plants with medicinal efficacy. Salix subserrata Willd bark 
extract-loaded chitosan nanoparticles (SBE.CNPs) was formulated, characterized, and evaluated against As-induced neuro-
toxicity. The stem bark was selected for nanoparticle formulation based on HPLC–PDA-ESI–MS/MS profiling and in vitro 
antioxidant assessment using free radical scavenging activity. SBE.CNPs demonstrated an average un-hydrated diameter 
of 193.4 ± 24.5 nm and zeta potential of + 39.6 ± 0.4 mV with an encapsulation efficiency of 83.7 ± 4.3%. Compared to 
As-intoxicated rats, SBE.CNP-treated rats exhibited anxiolytic activity and memory-boosting as evidenced in open field 
test, light–dark activity box, and Y-maze. Also, it increased the antioxidant biomarkers, including superoxide dismutase 
and glutathione peroxidase associated with reducing the malondialdehyde levels and apoptotic activity. Besides this, SBE.
CNPs maintained the brain architecture and downregulated both nuclear factor-kappa B and heme oxygenase-1 expression. 
These results suggest that SBE.CNP administration showed promising potent neuroprotective and antioxidative efficiencies 
against arsenic-induced oxidative threats.
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Introduction

Occupational and environmental exposure to inor-
ganic arsenic (As) have a detrimental effect on health 
globally [1]. Contamination of the food and the under-
ground water, inhalation, and dermal contact is the major 
sources of As exposure [1, 2]. According to World Health 
Organization (WHO), the highest level for arsenic con-
tamination in drinking water is 10 ppb (parts per billion; 
10 ppb = 10 μg/L) [3]. As has a toxic effects on multiple 
body organs, including the brain, and these effects could 
be attributed to its ability to cross the blood–brain barrier 
and accumulate in the brain even at a low dose leading to 
neurotoxcity. Also, the vulnerability of the brain to oxida-
tive damage due to its high metabolic rate [4, 5].

One of the mechanisms by which arsenic leads to neu-
rotoxcity is due to oxidative stress with exccessive genera-
tion of reactive oxygen species (ROS) such as superoxides 
and hydrogen peroxide [6, 7]. These ROS consequently 
lead to activation of many transcription factors, including, 
nuclear factor kappa B (NF-kB) that results in produc-
tion of pro-inflammatory cytokines and cytotoxic genes 
[7]. NF-κB plays a critical role in regulating the survival, 
activation, and differentiation of innate immune cells and 
inflammatory T cells [8]. Moreover, NF-kB upregulates 
heme oxygenase-1 (HO-1) gene expression that stimulates 
the expression of pro-inflammatory genes [9].

The curative potential of many plant extracts has 
received considerable critical attention. One of these 
medicinal plants is belonging to the Salicaceae family 
which includes Salix (willow) that is common in Northern 
temperate regions. Different phytoconstituents were iso-
lated/and or identified from genus Salix such as flavonoids, 
phenolic and non-phenolic glycosides, organic acids, and 
their derivatives, sterols, and terpenes, volatiles, and fatty 
acids [10]. Furthermore, Salix species, including Salix 
subserrata Willd, have been reported to possess analge-
sic, anti-inflammatory, antioxidant, anticancer, cytotoxic, 
antimicrobial, anti-obesity, neuroprotective, and hepato-
protective activities [10–12].

Nanotechnology was utilized to increase the solubility 
and efficacy of natural plants. Chitosan is a widely used 
polymer in drug delivery compounds with an acceptable 
safety profile [13–15]. Although some research has been 
carried out on gold nanoparticle synthesis using the bark 
and leave extract of Salix alba [16, 17], no one reports the 
synthesis of nanoparticles using S. subserrata stem bark 
extract.

Therefore, in the present study, the chemical profiling 
of S. subserrata stem bark (SB), shoots (SS), and leaves 
(SL) was performed by LC/MS, followed by in vitro anti-
oxidant activity using DPPH assay. Then, the chitosan 

nanoparticles (CNPs) were loaded with the extract of S. 
subserrata bark (SBE), characterized, and evaluated for 
As-induced neurotoxicity in Wistar rats.

Materials and Methods

Plant Material and Extraction

Stem bark, shoots, and leaves of Salix subserrata Willd 
(Salicaceae) were collected in March 2016 from the vicin-
ity of Zagazig city (Sharkia governorate, Egypt). Plant 
identification was confirmed by Dr. H. Abdelbaset, Prof. 
of plant taxonomy, Faculty of Science, Zagazig University, 
Egypt. Voucher specimens (accession no. SSU-2) were 
deposited in the Department of Pharmacognosy, Fac-
ulty of Pharmacy, Zagazig University, Egypt. The dried 
plant materials (200 g each) were extracted twice with 
80% aqueous methanol (2 × 1 L) at room temperature for 
3 days. The obtained extracts were filtered, concentrated 
using a rotary evaporator at 40°C, and lyophilized to yield 
31, 24, and 30 g of bark (SBE), shoots (SSE), and leaves 
(SLE), respectively.

HPLC–PDA‑ESI–MS/MS Analysis

S. subserrata total extract of stem bark, shoots, and leaves 
(100 mg/mL) were prepared using HPLC analytical-grade 
methanol solvent, filtered using a membrane disc filter 
(0.2 m), then subjected to chemical profiling using high-
performance liquid chromatography-photodiode array-
electrospray ionization mass spectrometry (HPLC–PDA-
MS/MS), where Thermofinigan (Thermo Electron 
Corporation, USA) coupled with an LCQ-Duo ion trap 
mass spectrometer with an ESI source (ThermoQuest) was 
used. A C18 reversed-phase column (Zorbax Eclipse 
XDBC18, rapid resolution, 4.6 × 150 mm, 3.5 µm, Agilent, 
USA) was used for separation. A mobile phase of water 
and acetonitrile (ACN) was applied from 5 to 30% ACN 
in 60 min and then was increased to 90% ACN in the next 
60 min with a flow rate of 1 ml/min with a 1:1 split before 
the ESI source. The following conditions were operated in 
MS: capillary voltage (− 10 V), the source temperature 
was set at 200°C, and nitrogen was used as a sheath and 
auxiliary gas at a flow rate of 80 and 40 (arbitrary units), 
respectively. MS/MS fragmentation was recorded with a 
collision energy of 35% in a negative ion mode. The ions 
were detected in a full scan mode and a mass range of 
50–2000 m/z. The machine was controlled using Xcalibur 
software (Xcaliburۛ 2.0.7, Thermo Scientific).
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In Vitro Antioxidant Assessment

Free radical scavenger activity (RSA) of crude extracts of 
SBE, shoots (SSE), and leaves (SLE) were measured by 
1,1-diphenyl-2-picryl-hydrazil (DPPH) assay as previously 
described [18]. Briefly, the violet color solution of 0.1 mM 
DPPH faded to yellow in the presence of antioxidant mol-
ecules. The intensity of these colors was detected spec-
trophotometrically at 517 nm using a plate reader (Tecan, 
USA) to quantify RSA % at different concentrations of 
extracts (50, 100, 150, 200, 300, 400 μg/mL) according to 
the following equation:

where A0 is the absorbance of the control, and A1 is the 
absorbance of the extract. Methanol was used as a blank.

Bark Extract‑Loaded Chitosan Nanoparticle 
Preparation

Chitosan nanoparticles loaded with bark extract (SBE.
CNPs) were synthesized using the ionic gelation technique 
[19]. Briefly, chitosan (Mw ~ 100:300 KDa, deacetylated 
degree 90%; ACROS ORGANICS®; UK) was dissolved in 
dilute acetic acid (2% v/v) overnight at room temperature 
to form a 2 mg/mL concentration solution, and pH was 
adjusted to 5 using 1 M NaOH. Sodium tripolyphosphate 
(TPP) was dissolved in water to reach a final concentration 
of 1 mg/mL. The next day, the SBE solution was prepared 
by dissolving in 95% ethanol at a concentration of 2 mg/
mL. A specific volume of ethanolic solution of SBE (10 
wt% of chitosan) was mixed with TPP. Next, a TPP and 
SBE solution mixture was added to chitosan to reach a 
final mass ratio of 3:1 (chitosan:TPP) and then left to stir 
for 45 min. Afterward, the NP solution was centrifuged at 
12 000 × g for 20 min and washed with distilled water three 
times. After washing, the NP solution was frozen down 
at − 20°C for 4 h and then put in a lyophilizer for 48 h.

Bark Extract‑Nanoparticles (SBE.NPs) 
Characterization

NP 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. The 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, polydispersity index (PDI), 
and zeta potential analyses were performed to determine the 

% DPPH radical scavenging activity (RSA) = {(A0 − A1)∕A0} × 100.

hydrodynamic diameter, particle size distribution, and surface 
charge of hydrated NPs. Briefly, 1 mg/mL of SBE-CNPs in 
deionized water  (diH2O) was prepared. After vertexing and 
sonication, samples were diluted at a 1:50 ratio in  diH2O. One 
milliter was aliquoted to the cuvette for analysis (Zetasizer 
Nano ZS90, Malvern, UK).

To determine encapsulation efficiency (EE) as previously 
described [13], 1 mg/mL SBE-CNP solution was centrifuged 
at 16,000 × g for 30 min. The supernatants were transferred 
and the pellet was washed twice with ethanol to remove 
unbound SBE from the formulated NPs. The amount of SBE 
in all resulting supernatant was determined through the UV 
spectrum at an absorbance of 278 nm. SBE quantity was deter-
mined from a standard curve of known SBE concentrations. 
Encapsulation efficiency was calculated according to the fol-
lowing equation.

In vitro release was evaluated by gentle agitation of NPs in 
phosphate-buffered saline (pH 7.4) at 37°C. Samples were col-
lected at different time points (1, 2, 4, 8, 24 h), and the amount 
of SBE released from the NPs was quantified as described 
above.

In Vivo Evaluation of SBE.CNPs Against As‑Induced 
Neurotoxicity

Animals

Twenty-four male albino rats weighing 150 and 180 g were pur-
chased from the breeding facility of the Faculty of Veterinary Med-
icine, Cairo University, Egypt. They were acclimatized for 1 week 
before starting the experimental study. The environmental condi-
tions were optimum (temperature of 25 ± 2°C, relative humidity of 
50 ± 5%, and 12-h dark:12-h light cycle). The rats were fed with a 
standard ration during the study and had free access to water. The 
experimental design was in accordance with ARRIVE guidelines, 
agreed by the Veterinary Institutional Animal Care and Use Com-
mittee (VET- IACUC; approval number: VetCU 8/03/2022/394), 
and in compliance with the AVMA Guidelines for the Euthanasia 
of Animals: 2013 Edition [20].

Experimental Design

Rats were randomly distributed into three treatment 
groups consisting of eight rats/group as follows:

Group I (control group): rats received distilled water 
through oral gavage for 2 weeks.
Group II (arsenic, As group): rats were treated with 
sodium arsenate (dissolved in distilled water, 20 mg/kg 
body weight) through oral gavage for 2 weeks.

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

Total amount of SBE
× 100
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Group III (As + SBE.CNPs): rats were concomitantly 
given sodium arsenate (20 mg/kg body weight) and SBE.
CNPs (50 mg/kg) through oral gavage for 2 weeks.

The dosage of sodium arsenate and extract were 
selected according to previous literature [21]. The experi-
mental design is illustrated in Fig. 1

Behavioral Testing

On the 15th to 17th day, the rats were transferred to the 
behavioral room to evaluate their anxiety-like behavior using 
an open field test and dark light activity box. Their cogni-
tive abilities were also assessed using Y-maze according to 
previous studies [22, 23].

Blood and Tissue Sampling

After the last day of the behavioral test (day 18th), blood 
samples were collected from the eye’s inner canthus and 
centrifuged at 3000 rpm for 15 min to collect sera. Then, 
rats were euthanized by cervical dislocation, and brains 
were excised quickly, washed with cold saline, and pre-
served in either neutral buffered formalin (10%) for his-
topathological and immunohistochemical investigations 
or deep freezer (− 80°C) for subsequent biochemical 
analyses.

Biochemical Analysis

Determination of Superoxide Dismutase Activity

Superoxide dismutase (SOD) activity in the brain tissues 
was measured using colorimetric kits (Biodiagnostic Co, 
Cairo, Egypt) according to the manufacturer’s instructions. 
In this assay, SOD inhibits the reduction of nitro blue tetra-
zolium dye that can be measured at λmax 560 nm, and the 
change in the absorbance was recorded to determine its 
activity.

Assessment of Brain Glutathione Peroxidase Activity

The glutathione peroxidase (GSH-Px) activity was analyzed 
using colorimetric kits (Biodiagnostic Co, Cairo, Egypt) 
according to the manufacturer’s instructions. GSH-Px activ-
ity is accompanied by oxidation of nicotinamide adenine 
dinucleotide phosphate hydrogen (NADPH) to  NADP+ that 
can be quantified at λmax 340 nm. Brain homogenate was 
used to assess glutathione, glutathione reductase, NADPH, 
and hydrogen peroxide for measuring GSH-Px activity.

Measurement of Lipid Peroxidation

Malondialdehyde (MDA) as a lipid peroxidation marker was 
quantified in the brain tissue using a lipid peroxide colorimetric 

Fig. 1  Experimental design
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kit (Biodiagnostic Co, Cairo, Egypt) described by the manu-
facturer. Briefly, malondialdehyde content in brain tissue reacts 
with thiobarbituric acid to form thiobarbituric acid reactive 
products that can be quantified spectrophotometrically by 
measuring the absorbance of the solution at λmax 534 nm.

Estimation of DNA Fragmentation as an Apoptosis Hallmark 
Using TUNEL Assay

To study the extent of DNA fragmentation and apop-
tosis in the brain tissue, the brain cells were diced into 
5 mm × 5 mm sections and fixed by immersion in phos-
phate-buffered saline (PBS) containing 4% paraformalde-
hyde for 24 h at 4°C. The fixed tissue was then embedded 
in Tissue Path (Curtin Matheson Scientific Inc.). Tissue 

Sects. (4 µm) were prepared using a microtome, and the 
TUNEL assay was performed on brain tissue following the 
manufacturer’s instructions provided by Bio vision (Mil-
pitas, USA). Apoptosis was determined by counting the 
number of TUNEL-positive cells in 30 random microscopic 
fields. Images were acquired by fluorescence microscopy 
(IX61, Olympus, Japan). Cells were considered positive if 
they stained bright green.

Histopathological Analysis

After fixation of brain tissues for 24 h in 10% neutral buff-
ered formalin, tissues were settled in paraffin. Five-microme-
ter tissues were cut into sagittal sections for hematoxylin and 
eosin (H&E) staining [24]. Histomorphometry evaluation 

Fig. 2  LC–MS profile of S. sub-
serrata crude extracts: a bark, 
b shoots, c leaf (in the negative 
ionization mode)
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compared to controls expressed by a decrease in the num-
ber of crossing squares as well as the rearing episodes 
(35.67 ± 10.7, 7.17 ± 1.47, respectively) compared to controls 
(59.83 ± 6.55, 12.50 ± 3.2, respectively). Conversely, SBE.
CNP-treated rats showed a substantial increase in the general 
locomotor and exploratory activities compared to As-intox-
icated rats (75.67 ± 13.3, 18 ± 2.8, respectively) (Fig. 5a, b).

Concerning the cognitive abilities of As-intoxicated rats, 
it was markedly affected as expressed by a decrease in total 
arm entries and spontaneous alternation percentage (SAP) 
% (7.17 ± 1.47, 49.67 ± 4.7, respectively) compared to con-
trols (10.17 ± 1.6, 64.17 ± 5.8, respectively). On the other 
hand, SBE.CNP-treated rats showed a substantial increase in 
total arm entries and SAP% compared to As-intoxicated rats 
(15.67 ± 3.3, 64.33 ± 6.37, respectively) (Fig. 5c, d).

Biochemical Parameters

Determination of SOD Activity

As-intoxicated rats exhibited significant decreases in 
the SOD activity (30.07 ± 4.66) compared to the con-
trol (66.83 ± 3.47, P ≤ 0.001) and SBE.CNP-treated rats 
(53.37 ± 4.90, P ≤ 0.01) (Fig. 6a).

Assessment of Brain GSH‑Px Activity

The brain tissue homogenate of As-intoxicated rats 
demonstrated a significant reduction of GSH-Px activ-
ity (13.70 ± 3.29, P ≤ 0.001) compared to control ani-
mals (39.55 ± 1.41). Additionally, SBE.CNP-treated 
rats showed a significant increase in GSH-Px activity 

(32.00 ± 2.92, P ≤ 0.001) compared to the arsenic group 
(Fig. 6b).

Measurement of MDA

As-intoxicated rats displayed potential oxidative stress 
through a significant increase in MDA level (22.15 ± 0.35, 
P ≤ 0.001) compared to control animals (4.76 ± 0.96). 
Treatment of animals with SBE.CNPs demonstrated 
a significant decrease in MDA contents (10.10 ± 0.56, 
P ≤ 0.001) relative to As-intoxicated rats (Fig. 6c).

Effect on Apoptosis

As-intoxicated rats demonstrated a substantial increase 
in apoptotic activity (19.00 ± 2.82) compared to controls 
(3.50 ± 0.70). On the other hand, SBE-CNP administration 
can return the apoptotic activity in brain tissue to normal 
levels (6.00 ± 1.41) compared to As-intoxicated rats (Fig. 7).

Histopathological Analysis

Histopathological examination of brain tissues is presented 
in Fig. 8. The control group revealed a normal histological 
structure of different brain regions, including the cerebral 
cortex, hippocampus, and cerebellum. Briefly, the cerebral 
cortex showed intact basophilic neurons and neuroglia. 
Additionally, the hippocampus is divided into three areas 
as follows: hippocampus proper, dentate gyrus, and sub-
iculum. The hippocampus proper is classified accord-
ing to the size and shape of neurons into four fields 
(CA1–CA4). Finally, the cerebellum exhibited a well-defined 
molecular layer, granule cell layer, and Purkinje cell layer.

Fig. 2  (continued)
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was performed by Olympus BX43 light microscope linked 
with a digital camera. Finally, the histological analysis of 
different lesions, including neuronal degeneration, neu-
rophagia, and gliosis, was graded separately for each lesion.

Concisely, the degeneration and neurophagia were 
assessed as follows: 0 = absent, 1 = focal distributed neu-
rons (< 25%), 2 = focal distributed neurons (25–50%), 
3 = focal distributed neurons (> 75), 4 = multifocal neu-
rons (> 75), whereas the gliosis was scored along this way: 
0 = absent, 1 = mild (< 25%), 2 = moderate (25–50%), and 
3 = severe (> 75). The final score for each rat was cal-
culated by summation of the total lesions score (4–5 
fields/200 ×).

Immunohistochemistry Analysis

For detecting the expression of nuclear factor-kappa B (NF-
ƘB) and heme oxygenase-1 (HO-1), the deparaffinized 
slides were rehydrated with alcohol, dipped in peroxidase 
solution, washed with PBS, and incubated with the poly-
clonal antibody of NF-ƘP or HO-1. Subsequently, the slides 
were immersed in PBS three times and kept with secondary 
antibody for 30 min. To promote the color reaction, 2 mL of 
DAB-chromgen-substrate was added for 15 min. Finally, a 
hematoxylin stain was applied for counterstaining. Positive 
results were calculated as area% using ImageJ software.

Statistical Analysis

Data were presented as mean ± SEM. Statistical analysis was 
performed using one-way analysis variance (ANOVA) fol-
lowed by Tukey–Kramer post hoc test. However, histologi-
cal damage scoring of different brain regions was performed 
using Kruskal–Wallis test, followed by Dunn’s Multiple Com-
parison Test. All statistical analyses were performed using 
GraphPad Prism software version 5 (ISI® software, USA).

Results

Chemical Profiling of S. subserrata Plant Organs

The total alcoholic extracts of SBE, SSE, and SLE were 
analyzed by HPLC–PDA-MS/MS in a negative ion mode 
because it is more sensitive than a positive one for the 
detection of different phenolic compounds [25]. Totally, 
102 secondary metabolites were tentatively identified (10 
compounds were previously isolated, while the others are 
first identified in S. subserrata). The identified metabo-
lites are regarding different categories: proanthocyanidins 
(monomers, dimers, and trimers), phenolic acids, and their 
derivatives, salicinoids, flavonoids, cyclohexanediol glyco-
sides, and fatty acids that are listed in Table I and illustrated 

by Fig. 2, 1SA-C, Fig. 2-6S, and ST1. The identification 
was based on the UV spectrum,  MS2 fragmentation of the 
precursor ion, alongside neutral mass loss and characteristic 
fragmentation patterns for the given classes of compounds 
together with a comparison with the available literature. The 
compounds were ordered according to their relative reten-
tion time  (RRt) to acetyl salicotrin. This is due to the reten-
tion of the same compound that exists in all extracts slightly 
different from one extract to another even under identical 
conditions; thus, it is important to select a compound that 
exists in all fractions and calculate the retention time of all 
eluted compounds relative to this selected compound.

In Vitro Antioxidant Assessment

The crude methanolic extracts (SBE, SSE, and SLE) exhib-
ited potent antioxidant activity through their ability to scav-
enge free radicals in the DPPH assay while the SBE exerts 
the highest activity with  IC50 = 16.8 µg/mL (the concentra-
tion which exhibited 50% scavenging for DPPH radicals) 
relative to SSE and SLE (Fig. 3a).

SBE.NP Characterization

SBE.NPs demonstrated average unhydrated and hydrated 
diameters of 193.4 ± 24.5 nm and 216 ± 22.6 nm, respec-
tively. SBE.CNPs showed PDI and zeta potential of 
0.22 ± 0.03 and + 39.6 ± 0.4 mV, respectively. Loading 
experiments showed that chitosan highly encapsulated 
SBE with an encapsulation efficiency of 83.7 ± 4.3%. 
SBE release pattern demonstrated a burst release at the 
first hours of incubation, then gradually released until the 
end of the experiment at 44.4 ± 4.4% at 24 h (Fig. 3b, c).

Behavioral Parameters

As-intoxicated rats displayed a significantly increased 
anxiety-like behavior visualized by an increase in the 
time spent in the dark chamber of the light–dark activity 
(238 ± 21.65) box associated with a marked decrease in 
the time spent in the light chamber (62 ± 21.65) compared 
to controls (147.8 ± 64.59, 152.17 ± 64.59, respectively). 
Moreover, they exhibited less frequent entry to either the 
dark or light chambers (3.8 ± 0.7, and 3.67 ± 0.51, respec-
tively). However, SBE.CNP-treated rats displayed a signifi-
cant decrease in the time spent in the dark chamber associ-
ated with an increase in the time spent in the light chamber 
(140.17 ± 13.7, 159.83 ± 13.73, respectively). Also, they 
exhibited a more frequent entry to either the dark or light 
chambers (7.67 ± 1.63, 8.09 ± 0.6, respectively) compared 
to As-intoxicated rats (Fig. 4a–d).

Furthermore, As-intoxicated rats displayed a signifi-
cant decrease in their locomotor and exploratory activities 
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Table I  Metabolites Identified in Stem Bark (B), Shoots (S), and Leaf (L) of S. subserrata Using HPLC–PDA-ESI–MS/MS in Negative Ioniza-
tion Mode

No R.Rt [M-H] m/z MS/MS λ max Tentatively Identified  
Compounds

Ref B S L

1 0.036 179[M–H]–, 215[M + Cl–H]− 179, 161, 119, 89 – Glucose [26]  + – –
2 0.037 533 191 – Quinic acid derivative [27] – –  + 
3 0.043 593 557, 467, 441, 425, 407, 289 275 (epi)Gallocatechin-(epi)

catechin
[28]  +  + –

4 0.047 387[M + FA–H]– 341, 179 – Formate adduct of disac-
charide

[29]  +  +  + 

5 0.057 609 483, 441, 423, 305, 303 274 (epi)Gallocatechin-(epi)gal-
locatechin

[28]  +  + –

6 0.066 897 771, 729, 711, 593, 543, 407, 
303

276 (epi)Gallocatechin-(epi)
gallocatechin-(epi)catechin

[30]  +  + –

7 0.067 913 727, 441, 305 277 (epi)Gallocatechin-(epi)
gallocatechin (epi)gal-
locatechin

[30]  +  + –

8 0.071 593 557, 467, 441, 425, 407, 303, 
289

277 (epi)Gallocatechin-(epi)
catechin

[28]  +  + –

9 0.098 897 771, 729, 711, 593, 543, 407, 
303

273 (epi)Gallocatechin-(epi)
gallocatechin-(epi)catechin

[30]  +  + –

10 0.099 609 483, 441, 423, 305, 303 274 (epi)Gallocatechin-(epi)gal-
locatechin

[28]  +  + –

11 0.104 164 147, 119 258 Phenyl alanine* [31] – –  + 
12 0.111 331 169 277 Galloyl hexoside [32]  + – –
13 0.112 881 695, 591, 577, 465, 451, 425, 

287
275 (epi)Gallocatechin-(epi)

catechin-(epi)catechin
[30]  +  + –

14 0.113 593 557, 467, 441, 425, 407, 289 274 (epi)Gallocatechin-(epi)
catechin

[28]  +  + –

15 0.121 319 179, 119 254,303 Coumaroyl-1,5-quinolactone [33] – –  + 
16 0.126 913 787, 727, 559, 441, 305 272 (epi)Gallocatechin-(epi)

gallocatechin-(epi)gal-
locatechin

[30]  +  + –

17 0.147 609 484, 483, 442, 441, 423, 305, 
303

274 (epi)Gallocatechin-(epi)gal-
locatechin

[28]  +  + –

18 0.150 609 484, 483, 442, 441, 423, 305, 
303

276 (epi)Gallocatechin-(epi)gal-
locatechin

[28]  +  + –

19 0.156 881 755, 729, 713, 711, 695, 591, 
593, 467, 423, 289, 303

276 (epi)Gallocatechin-(epi)
catechin-(epi)Catechin

[30]  +  + –

20 0.163 315 153, 109 271 Protocatechuic acid hexoside [29] –  +  + 
21 0.170 593 557, 467, 441, 425, 407, 303, 

289
277 (epi)Gallocatechin-(epi)

catechin
[28]  +  + –

22 0.171 305 221, 179, 165, 125 276 (epi)Gallocatechin* [28]  +  + –
23 0.197 593 557, 467, 441, 425, 407, 303, 

289
277 (epi)Gallocatechin-(epi)

catechin]
[28]  +  + –

24 0.198 353 191, 179, 161, 135 323 3-Caffeoyl quinic acid [34] – –  + 
25 0.199 865 739, 713, 695, 577, 575, 451, 

425, 407,
275 (epi)Catechin-(epi)catechin-

(epi)catechin
[35]  +  + –

26 0.205 305 221, 179, 165, 125 272 (epi)Gallocatechin [28]  +  + –
27 0.233 897 771, 729, 711, 693, 543, 407, 

303
271 (epi)Gallocatechin-(epi)

gallocatechin-(epi)catechin
[30]  +  + –

28 0.235 285[M–H]–, 331[M + FA–H]–

,
123 274 Salicin* [36]  +  + –

29 0.243 577 451, 425, 407, 299, 289, 287 275 (epi)Catechin-(epi)catechin* [35]  +  + –
30 0.248 593 557, 467, 441, 425, 407, 303, 

289
275 (epi)Gallocatechin-(epi)

catechin
[28]  +  + –
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Table I  (continued)

No R.Rt [M-H] m/z MS/MS λ max Tentatively Identified  
Compounds

Ref B S L

31 0.260 913 727, 609, 441 274 (epi)Gallocatechin-(epi)
gallocatechin-(epi)gal-
locatechin

[28]  +  + –

32 0.263 285[M–H]–, 331[M + FA–H]–

,
285, 123 274 Salicin [36]  +  + –

33 0.269 277[M–H]–, 323[M + FA–H]–

,
277, 161 273 Cyclohexanediol hexoside [37]  +  + –

34 0.285 593 557, 467, 441, 423, 305 272 (epi)Gallocatechin-(epi)
catechin

[28]  +  + –

35 0.292 277 161, 101 276 Cyclohexanediol hexoside [37]  +  + –
36 0.298 337 191, 163, 173 310 3-O-p-Coumaroyl quinic acid [28] – –  + 
37 0.300 577 559, 451, 425, 407, 299,  

289, 287
277 (epi)Catechin-(epi)catechin [35]  +  +  + 

38 0.326 577 559, 451, 425, 407, 299, 
289, 287

276 (epi)Catechin-(epi)catechin [35]  +  + –

39 0.347 337 191, 163, 173 310 3-O-p-Coumaroyl quinic acid [28] – –  + 
40 0.354 897 771, 729, 711, 543, 407,  

303, 289
277 (epi)Gallocatechin-(epi)

gallocatechin-(epi)catechin
[30]  +  + –

41 0.383 353 191, 179, 161, 135 325 5 Caffeoyl quinic acid [34] – –  + 
42 0.389 881 755, 729, 713, 711, 695, 591, 

577, 565, 407, 305, 289
278 (epi)Gallocatechin-(epi)

catechin-(epi)catechin
[30]  +  + –

43 0.431 289 245, 205, 179 277 (epi)Catechin* [28]  +  + –
44 0.439 865 739,713, 695, 577, 575, 425, 

407, 289, 287
275 (epi)Catechin-(epi)catechin-

(epi)catechin
[35]  +  + –

45 0.447 881 755, 713, 711, 695, 593, 425, 
407, 287

275 (epi)Gallocatechin-(epi)
catechin-(epi)catechin

[30]  +  + –

46 0.475 337 191, 173, 163 305 4-O-p-Coumaroyl quinic acid [28] – –  + 
47 0.497 881 755, 713, 711, 695, 593 277 (epi)Gallocatechin-(epi)

catechin-(epi)catechin
[30]  +  + –

48 0.512 337 191, 173, 163 310 5-O-p-Coumaroyl quinic acid [28] – –  + 
49 0.567 385[M–H]–, 431[M + FA–H]– 385, 223, 205, 179, 161, 125 240 9,10-Dihydroxy-4,7-

megastigmadien-3-one-9-O-
β-d-glucopyrnoside

[38]  +  +  + 

50 0.580 577 559, 451,425, 407, 289 277 (epi)Catechin-(epi)catechin [35]  +  + –
51 0.591 415[M–H]–, 461[M + FA–H]– 371, 269, 161 276 Apigenin-O-rhamnoside [29]  +  + –
52 0.619 327[M–H]–, 373[M + FA–H]– 327, 221, 123, 121 275 Acetyl salicin [36]  +  + –
53 0.670 625 317, 316, 179 263, 355 Myricetin-O-rutinoside [32] – –  + 
54 0.682 577 559, 451, 425, 407, 299, 289, 

287
276 (epi)Catechin-(epi)catechin [35]  +  + –

55 0.687 479 317, 316, 271, 179 255, 354 Myricetin-O-hexoside * [28] – –  + 
56 0.795 609 463, 301, 179, 151 255, 353 Quercetin-O-rutinoside 

(rutin) *
[39] – –  + 

57 0.796 463 301, 300, 151 255, 353 Quercetin-O-hexoside * [28] –  +  + 
58 0.804 461 285, 243, 175 255, 349 kaempferol-O-glucouronide [40] – –  + 
59 0.805 423 317, 285, 155, 137, 123 274 Salicortin [36]  +  +  + 
60 0.829 493 331, 169 254,347 Caffeoyl galloyl hexoside Tentative – –  + 
61 0.834 447 285, 229 Kaempferol-O-hexoside [41] – –  + 
62 0.855 439 323, 179, 161 311 Caffeoyl-1,2-cyclohexanediol glu-

copyranoside (grandidentoside)
[36] – –  + 

63 0.863 433 301, 300, 179, 151 253, 353 Quercetin-O-pentoside [28] – –  + 
64 0.883 447 327, 301, 300, 285, 284 265, 347 Luteolin-O-hexoside* [41] –  +  + 
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Table I  (continued)

No R.Rt [M-H] m/z MS/MS λ max Tentatively Identified  
Compounds

Ref B S L

65 0.884 447 327, 301, 300, 285, 284 265, 347 Luteolin-O-hexoside isomer [41] –  +  + 
66 0.897 593 285, 255, 179 267, 308 Kaempferol-3-O-coumaroyl-

glucoside
[40] – –  + 

67 0.901 447 323, 285, 179, 161 254, 278, 308 2-O-(6′-O-glucosyl caffeoyl)-
2-hydroxybenzyl alcohol 
(6′-O-caffeoyl salicin)

[42] – –  + 

68 0.913 477 315, 314, 285 254, 349 Isorhamentin-O-hexoside [43] –  +  + 
69 0.918 423 307, 163, 145, 119 311 Coumaroyl cyclohexanediol 

hexoside
[44] –  +  + 

70 0.944 445 269, 175 266, 324 Apigenin-O-glucouronide [45] – –  + 
71 0.948 423 423, 307, 289, 231, 163, 145, 

119
312 Coumaroyl cyclohexanediol 

hexoside isomer
[44] –  +  + 

72 0.950 187 169, 125 277 Gallic acid monohydrate [43]  + – –
73 0.957 447 301, 300, 179 253, 353 Quercetin-O-rhamnoside [28]  + – –
74 0.973 475 299, 285, 175 253, 267, 343 Chryseriol-O-glucouronide* [45] – –  + 
75 0.978 431 307, 187, 163, 145 277, 311 Trichocarposide [46] –  + –
76 0.986 423 355, 307, 277, 163, 145, 119 267,342 Coumaroyl cyclohexanediol 

hexoside isomer
[44] – –  + 

77 1.000 465 423, 405, 359, 155, 137 275 Acetyl salicortin [36]  +  +  + 
78 1.104 447 285, 179, 161, 135 322 Populoside [46] – –  + 
79 1.123 431 323, 307, 179, 163, 161, 145, 

135
307 Caffeoyl rhamanosyl hydroxy 

benzyl alcohol
[47] – –  + 

80 1.239 431 269, 163 311 Populoside B [46] – –  + 
81 1.270 415 307, 163, 145, 119 313 Coumaroyl benzyl hexoside [47] – –  + 
82 1.297 473 413, 163, 145 307 Coumaric acid derivative [40] – –  + 
83 1.382 269 269, 241, 227, 151 299 Galangin [25] – –  + 
84 1.433 299 285, 284 271, 308,380 Kaempferol-methyl ether [25] – –  + 
85 1.483 327 229, 309, 239 – Oxo-dihydroxy-octadecenoic 

acid isomer
[48]  +  + –

86 1.492 527[M-H]–, 573[M + FA-H]– 421, 405, 155 222, 274 Tremulacin [49]  +  +  + 
87 1.578 329 311, 293, 229, 211 – Trihidroxy-octadecenoic acid 

(triOH-18:1)
[48]  +  +  + 

88 1.646 611 473, 569, 487, 465, 447 273 Acetyl-O-p-coumaroyl 
salicortin

[50] –  +  + 

89 1.647 501 483, 407, 395, 363 275 HCH hydroxy benzyl cin-
namic acid derivative

[36]  + –  + 

90 1.685 329 311, 293, 201, 171 – Trihidroxy-octadecenoic acid 
isomer (triOH-18:1)

[48]  +  +  + 

91 1.826 311 293, 275, 253 – Dihydroxy-octadecadienoic 
acid (diOH-18:2)

[50] –  + –

92 1.871 309 291, 213, 171, 165 – Dihydroxy-octadecatrienoic 
acid (diOH-18:3)

[51]  +  + –

93 1.928 311 293, 275, 253, 243 – Dihydroxy-octadecadienoic 
acid isomer

[50] –  +  + 

94 1.937 313 295, 277, 245 – Dihydroxy-octadecenoic acid [50]  +  + –
95 1.941 271 271, 253, 227, 209 222, 323(sh) Pinobanksin [25]  +  + –
96 1.952 379 311, 243, 193, 175 222, 329(sh) Feruloic acid derivative [52] –  + –
97 2.052 293 293, 275, 235, 221 – Monohydroxy-octadecatrien-

oic acid [OH-18:3]
[51]  +  +  + 

98 2.059 361 315, 293, 255, 211 – Monohydroxy-octadecatrien-
oic acid isoprenyl ester

Tentative  +  +  + 
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In As-intoxicated rats, the cerebral cortex showed 
focal gliosis, darkly stained neurons, and neurophagia 
of degenerated neurons. Likewise, several histological 
alterations were observed in the hippocampal area, spe-
cifically in CA1 and dentate gyrus. The thickness of CA1 
reduced into one or two raw besides karyolysis and kary-
orrhexis were detected in the neurons. Additionally, the 

diameter of the dentate gyrus shrunken combined with 
apoptotic changes in neurons. Unpredictably, no histo-
logical damage was detected in CA2, CA3, and CA4. 
The cerebellum of As-intoxicated rats showed marked 
Purkinje cell necrosis.

Administration of SBE maintained the neuronal struc-
ture besides restoring the thickness of both CA1 and 

Table I  (continued)

No R.Rt [M-H] m/z MS/MS λ max Tentatively Identified  
Compounds

Ref B S L

99 2.073 361 315, 293 – Monohydroxy-octadecatrie-
noic acid isoprenyl ester 
isomer

Tentative – –  + 

100 2.157 295 295, 277, 195, 179 – Monohydroxy-octadecadien-
oic acid (OH-18:2)

[51]  +  +  + 

101 2.162 363 317, 295 – Monohydroxy-octadecadien-
oic acid isoprenyl ester

Tentative  +  +  + 

102 2.171 365 365, 297 – Monohydroxy-octadecenoic 
acid isoprenyl ester

Tentative  +  +  + 

Base peaks are bold; FA formic acid; *compounds previously isolated from S. subserrata [38, 53]

Fig. 3  a Scavenging activity of Salix subserrata extracts against 
DPPH radical. Bark (SBE), leaf (SLE), and shoot (SSE); b SEM 
images of SBE.CNPs. Scale bar represents 200 nm. Images are repre-

sentative of a minimum of 3 independent samples, with n > 500 NPs, 
and c cumulative release of SBE for 24 h. Data were represented as 
(mean ± SD)
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dentate gyrus. Only a few sporadic neurophagia of degen-
erated neurons were detected in the cerebral cortex.

Immunohistochemistry Analysis

The expression of both NF-ƘB and HO-1 was significantly 
increased in As-intoxicated rats compared to the control 
group (P < 0.001, P < 0.01, respectively). SBE was found 
to downregulate the expression of both NF-ƘP and HO-1. 
Unexpectedly, no significant difference was recorded in 
these groups compared to the control group (Fig. 9).

Discussion

Several reports have shown that polyphenolic compounds 
isolated and/or identified in different organs of Salix spe-
cies exert various biological activities [10]. These activi-
ties are restricted due to the slow absorption of most of the 

isolated active compounds owing to their high molecular 
weights [54]. Nanotechnology is an emerging science that 
solves plant extracts’ solubility, stability, and absorbability 
problems and, consequently, increases their therapeutic 
activities. Therefore, this study set out with the aim of 
developing and characterizing SBE.CNPs followed by in 
vivo evaluation of its neuroprotective activity against As-
induced neurotoxicity in rats. This study was supported by 
HPLC–PDA-ESI–MS/MS characterization of the chemical 
composition of S. subserrata stem bark (B), shoots (S), 
and leaves (L) extracts and in vitro antioxidant activity 
evaluation.

The chemical composition of S. subserrata stem bark, 
shoot, and leaf extracts revealed different patterns. Inter-
estingly, about 102 secondary metabolites were identified 
in S. subserrata; six of them (catechin, (epi)catechin-(epi)
catechin, gallocatechin, myricetin-3-O-β-d-glucoside, 
chrysoeriol-7-O-glucuronide, and phenyl alanine) were 
previously isolated [38], while the others were reported 

Fig. 4  a–d Effect of arsenic 
(As) and Salix subserrata bark 
extract-chitosan nanoparticle 
(SBE.CNPs) administration on 
the anxiety-like behaviour of 
rats in the light dark activity 
box. Data are expressed as 
mean ± SEM, one-way ANOVA 
followed by post hoc test Tukey 
test for eight rats in each group. 
*Significant from the control 
group and.$significant from As 
group. P < 0.05
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for the first time in the current study. Intriguingly, a series 
of procyanidins dominated the stem bark extract (51% 
of total identified compounds), where about 14 dimeric 
proanthocyanidins and 13 trimeric proanthocyanidins were 
identified based on characteristic λ max at 280 nm and 
molecular ion peak. This is in agreement with the previous 
finding, where the chemical profiling of Salix tetrasperma 
bark extract revealed the presence of catechin monomers, 
dimers, and trimers [55]. Furthermore, both bark and leaf 
extract of Salix caprea L. extracts showed the accumula-
tion of phenolic acids and flavonoids mainly rutin [56]. 
However, the phenolic compounds that were previously 
detected in Salix alba (L.) leaf extract are regarded mainly 
as flavonoids [57], while the chemical profile of the leaf 
extract of S. subserrata in the current study exhibited 
the presence of three major classes of compounds such 
as flavonoids that do not contain rutin, phenolic acids 
derivatives, and salicinoids that constitute 39%, 35%, and 
20% of total identified compounds, respectively. Finally, 
salicinoids prevailed in the S. subserrata shoots (17% of 
total identified compounds); this is inconsistent with the 

published data that confirmed the detection of phenolic 
acids with some flavonoids and salicylates in young shoots 
of different Salix species [58].

The in vitro antioxidant activity of different parts of 
S. subserrata was evident. The bark extract exhibited the 
highest activity (IC 50 = 16.8 µg/m) relative to shoots and 
leaves. These results agreed with Ishikado et al. (2013), 
who demonstrated the antioxidant activities of S. purpu-
rea, S. daphnoides, and S. fragilis bark extracts against 
oxidative stress-induced damage in human umbilical vein 
endothelial cells. In our study, we fabricated chitosan poly-
mer to fabricate a nanoparticle delivery vehicle. Chitosan 
is a semisynthetic material obtained by the deacetylation 
of chitin and is comprised of glucosamine (deacetylated 
monomer) and N-acetyl-glucosamine (acetylated mono-
mer) monomers linked through β-,4 glycosidic bonds [59].

Chitosan nanoparticles are biodegradable, more stable, 
simple, less toxic, biocompatible, and easy to prepare. 
Also, chitosan polymer is approved by Generally Recog-
nized as Safe by the United States Food and Drug Admin-
istration [US FDA] [60]. Oral administration of chitosan 

Fig. 5  a–d Effect of arsenic 
(As) and Salix subserrata bark 
extract-chitosan nanoparticle 
(SBE.CNPs) administration on 
locomotion, exploration, and 
memory of rats in the open 
field test and Y-maze. a. Open 
field test: number of cross-
ings, b. Open field test: rearing 
frequency, c. Y-maze test: 
number of arm entries, and d. 
Y-maze test: SAP% (spon-
taneous alternation percent-
age). Data are expressed as 
mean ± SEM, one-way ANOVA 
followed by post hoc test Tukey 
test for eight rats in each group. 
*Significant from the control 
group and.$significant from As 
group. P < 0.05
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nanoparticles increases the bioavailability of encapsulation 
due to its mucoadhesion properties and transient opening of 
the tight junctions of the mucosal cell membrane. Also, the 
interaction between chitosan (positively charged) and mucin 
(negatively charged) leads to an increase in contact time 
between the formulation and the absorptive surface [61]. 
Moreover, chitosan has amino group with the pKa of ~ 6.5 
and has better permeation-enhancing properties, promoting 
drug absorption at the proximal part of the GI tract, includ-
ing the stomach and duodenum (M. Ways et al., 2018). The 
usage of chitosan nanoparticles to deliver plant extract was 
in accordance with a previous study by Ali et al. [62].

The prepared SBE.CNPs showed spherical nanoparticles 
with an average size of 193.4 ± 24.5 nm and a zeta poten-
tial of + 39.6 ± 0.4 mV. These values are in agreement with 
typically observed chitosan nanoparticles synthesized by the 
ionic gelation technique [63]. The small size of SBE.CNPs 
depended on the chitosan concentration (2 mg/ml) during the 
synthesis process and the mass ratio of chitosan to TPP (3:1) 
where a higher concentration of TPP may lead to stronger 
intramolecular interaction of chitosan and consequently the 
formation of the smaller size of particles [4, 5]. Addition-
ally, the pH of the chitosan solution at 5 was expected to 
control the homogeneity and the size of nanoparticles [10, 

11]. The high positive zeta potential value may be attributed 
to amino groups on the surface of chitosan particles, which 
reduced the possibility of particle aggregation, consequently 
proving the stability of NPs. Despite adding anionic TPP 
to chitosan during the fabrication procedures, the produced 
nanoparticles kept a positive charge. This may be due to the 
high molecular weight of chitosan [64, 65].

CNPs also demonstrated high SBE loading with 
83.7 ± 4.3%. The high loading of SBE is influenced by 
the increase of chitosan amount and relatively large par-
ticle size, which make nanoparticles encapsulate a higher 
amount of SBE because particle surface and volume had 
been increased. Additionally, the ratio between chitosan 
and TPP during nanoparticle fabrication controls the 
encapsulation ability; higher TPP content increases the 
amount of chitosan incorporated with TPP [19]. SBE ini-
tially burst released at first few hours which may be attrib-
uted to the leaking of weakly cross-linked molecules that 
resulted from the adsorption of some of SBE on the sur-
face of NPs [66, 67]. After the burst release period, the 
release pattern was in a gradual decrease rate that may be 
attributed to changes in the release mechanism from SBE 
diffusion through the polymer matrix to SBE exposure due 
to polymer erosion [12].

Fig. 6  Effect of arsenic (As) 
and Salix subserrata bark 
extract-chitosan nanoparticle 
(SBE.CNPs) administration on 
the oxidative stress of rats. a 
Superoxide dismutase (SOD). 
b Glutathione peroxidase (GSH-
Px), and c malondialdehyde 
(MDA). Data are expressed as 
mean ± SEM, one-way ANOVA 
followed by post hoc test Tukey 
test for eight rats in each group. 
*Significant from the control 
group and.$significant from As 
group. P < 0.05
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Our in vivo study demonstrated that As exposure results in 
neurobehavioral, biochemical, and pathological alteration. The 
neurobehavioral changes include a highly anxious state evi-
denced by the increase in the time spent in the dark chamber 
associated with a decrease in the time spent in the light cham-
ber of the light–dark activity box. Light dark activity box is a 
widely used test to detect the anxious state of rodents [68], and 
this result was in accordance with a previous study by [69]. 
Alongside, As-exposure results in locomotor, exploratory, and 
memory impairments as visualized by different behavioral tests 
(open field test and Y-maze test). These results were in agree-
ment with earlier studies [69, 70]. These studies discussed the 
neurobehavioral impairments caused by arsenic and the anxio-
lytic and anti-inflammatory role of different compounds, includ-
ing gallic acid [69] and thymoquinone [70]. On the other hand, 
the administration of SBE.CNPs reversed all the aforementioned 
behavioral changes conveyed by a highly anxiolytic state, and 
increased locomotion, exploration, and cognitive abilities.

As-induced behavioral deficits were supported by del-
eterious changes in brain tissue, including degeneration, 
apoptosis, and necrosis of the neurons. Several studies have 
reported that As could pass through the blood–brain barrier 
[71, 72] and induce neurotoxicity through either genera-
tion of the ROS [73] or stimulation of the mitochondrial 
damage [74, 75] that consequently stimulate the necrosis 
or apoptosis of the cell [74, 75]. Oxidative stress has been 
reported as one of the key responsible parameters for brain 
damage and neurodegeneration by oxidative injury through 
the over-production of the lipid peroxidation marker MDA 
and the reduced activity of several antioxidants, including 
GSH-Px and SOD.

SOD is the first member of the antioxidant defense system 
via catalyzing the dismutation of the superoxide anion to oxy-
gen and hydrogen peroxide  (H2O2), which is then metabolized 
by GSH-Px [76]. Furthermore, MDA is widely recognized as 
the most important product in the peroxidation of membrane 
lipids, and thus, it serves as an indirect indicator of the extent 
of cell damage [77]. In the present work, As-intoxication 
caused a significant decrease in antioxidant enzyme activi-
ties of GSH-Px, and SOD, as well as an increase in the MDA 
level. Interestingly, the activities of antioxidant enzymes were 
effectively increased by the administration of SBE.CNPs, 
which also significantly reduced the production of MDA in 
the brain tissue and consequently downregulated the percent-
age of apoptosis, suggesting that SBE.CNP administration 
has the potential for the prevention of neurodegenerative dis-
eases. These results were in accordance with the DPPH assay 
outcomes and showed the possible mechanistic antioxidant 
pathway of SBE.CNPs. Also, they were in the same line with 
a previous study by Dwivedi et al. [78].

Moreover, ROS production is exaggerated by NF-ƘB 
which produces pro-inflammatory cytokines and cytotoxic 
genes [7]. In the current study, As-intoxicated rats exhibited 
an intensive immunohistochemical expression of NF-ƘB. 
This result is in agreement with a previously reported study 
[79]. At the same time, the extreme production of ROS 
impaired the degradation of Nrf2, which is mediated by 
kelch-like epichlorohydrin-associated protein 1 (Keap1) 
[80], resulting in the accumulation of Nrf2 that upregu-
lated HO-1 production [81, 82], as confirmed in our study. 
Heme oxygenase-1 (HO-1) is considered a stress-responsive 
enzyme with a primary antioxidant and anti-inflammatory 

Fig. 7  Effect of arsenic (As) and 
Salix subserrata bark extract-
chitosan nanoparticle (SBE.
CNPs) administration on the 
apoptotic activity of rats. Data 
are expressed as mean ± SEM, 
one-way ANOVA followed by 
post hoc test Tuckey test for 
eight rats in each group. *Sig-
nificant from the control group 
and.$significant from As group. 
P < 0.05
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role which is capable of catabolizing heme into iron, carbon 
monoxide, and biliverdin. Thus, it has an important role in 
brain protection. Several studies highlighted that induction 
of HO-1 is triggered by its substrate heme as well as by 
biological, chemical, and physiological stress conditions 
brought on by toxic concentrations of drugs or metals, and 
consequently, the relief of the stress condition can down-
regulate the HO-1 levels again [83]. This was in the same 
line with the current findings which revealed the upregula-
tion of HO-1 in As-intoxicated rats.

On the other hand, the administration of SBE.CNPs 
can maintain the cellular structure of the neurons against 
As-induced neurotoxicity, in addition to suppressing the 
expression of both NF-ƘB and HO-1. These results could 

be attributed to the antioxidant effect of SBE.CNPs, besides 
the ability to regulate multiple pathways such as NF-ƘB, 
Nrf2, and HO-1. The antioxidant and anti-inflammatory 
activities of the genus Salix were previously reported, 
where S. subserrata, S. tetrasperma, and purified salicin 
exerted promising anti-inflammatory activity [10, 11, 38]. 
In addition, phenolic compounds (matsudone A, 4′,7-dihy-
droxyflavone, isoquercitrin, 7-methoxyflavone, and luteo-
lin-7-O-glucoside) isolated from S. matsudana have anti-
inflammatory activity [84, 85].

Moreover, it was previously reported that medicinal plants 
containing proanthocyanidins possessed powerful antioxidants, 
and anti-inflammatory, increase clinical health benefits and 
prevent age-related diseases. In addition, proanthocyanidins 

Fig. 8  Examination the protective effect of Salix subserrata bark 
extract-chitosan nanoparticle (SBE.CNPs) against arsenic (As)-
induced neurotoxicity. a Brain tissue stained with H&E. Notable 
marks on the figure indicate as follow: dark-stained neuron (black 
arrow), curved arrow (neurophagia of degenerated neuron), red arrow 
(karyolysis), blue arrow (karyorrhexis), arrowhead (necrotic neuron), 

star (gliosis), $ (area avoid from neurons). b–d Histological damage 
score of the cerebral cortex, hippocampus, and cerebellum, respec-
tively. Data are expressed as median ± SD by using Kruskal–Wallis 
test, followed by the Dunn’s Multiple Comparison Test (*P < 0.05; 
***P < 0.001)
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as polyphenolics showed neuroprotective effects against sev-
eral neurotoxins (β-amyloid25-35, pentylenetetrazole, and 
rotenone) that caused negatively modulating apoptotic sign-
aling pathways, alleviating oxidative and inflammatory dam-
age [86–93]. Intriguingly, our study tested for the first time 
the effects of proanthocyanidin-bearing plants (S. subserrata) 
in As-induced neurotoxicity, and astonishing results were 
obtained. However, further studies will be recommended for 
determining the effect of co-administrating of SBE during 
other chelating therapies as a thiol chelator and the molecular 
mechanism underlying the potential neuroprotective effects.

Conclusion

In conclusion, chitosan, a simple, less-toxic, and biodegrad-
able biopolymer, was used as a vehicle for the crude extract 
of S. subserrata bark (SBE.CNPs). The prepared SBE.CNPs 
were thoroughly characterized by SEM, DLS, PDI, and zeta 
potential techniques. The stem bark was selected for NP 
formulation based on HPLC–PDA-ESI–MS/MS profiling 
and its potent antioxidant ability using in vitro free radical 
scavenging activity. The study was extended to examine the 
neuroprotective activity of the prepared SBE.CNPs against 

Fig. 9  Examination the effect of Salix subserrata bark extract-
chitosan nanoparticle (SBE.CNPs) on the expression of nuclear 
factor kappa B (NF-ƘB) and heme oxygenase-1 (HO-1). a Immu-
nohistochemical staining of brain tissue with NF-ƘB and OH-1. b, 

c Assessment the percent of expression area of NF-ƘB and HO-1, 
respectively. Results are presented as mean ± SD using one-way anal-
ysis of variance (ANOVA), next Tukey’s comparison test is applied. 
(**P < 0.01; ***P < 0.001)
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As-induced neurotoxicity. Our obtained data revealed that 
the administration of SBE.CNPs counteract the As-induced 
neurotoxicity by reversing the behavioral deficits, includ-
ing locomotion, exploration, and memory impairments. 
Also, it boosted the levels of SOD and GSH-Px and reduced 
the MDA levels associated with normalizing apoptosis in 
brain cells. Moreover, it maintained the brain’s architecture, 
accompanied by suppressing the expression of both NF-ƘB 
and HO-1. Therefore, chitosan could be used as a safer envi-
ronmentally benign carrier for the SBE that could be used as 
a natural drug against As-induced neurotoxicity.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1208/ s12249- 022- 02478-4.
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