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A B S T R A C T   

The present study was designed to evaluate whether AuNPs (gold nanoparticles) synthesized with the Cynara 
scolymus (CS) leaf exert protective and/or alleviative effects on arsenic (As)-induced hippocampal neurotoxicity 
in mice. Neurotoxicity in mice was developed by orally treating 10 mg/kg/day sodium arsenite (NaAsO2) for 21 
days. 10 µg/g AuNPs, 1.6 g/kg CS, and 10 µg/g CS-AuNPs were administered orally simultaneously with 10 mg/ 
kg As. CS and CS-AuNPs treatments showed down-regulation of TNF-α and IL-1β levels. CS and CS-AuNPs also 
ameliorated apoptosis and reduced the alterations in the expression levels of D1 and D2 dopamine receptors 
induced by As. Simultaneous treatment with CS and CS-AuNPs improved As-induced learning, memory deficits, 
and motor coordination in mice assessed by water maze and locomotor tests, respectively. The results of this 
study provide evidence that CS-AuNPs demonstrated neuroprotective roles with antioxidant, anti-inflammatory, 
and anti-apoptotic effects, as well as improving D1 and D2 signaling, and eventually reversed neurobehavioral 
impairments.   

1. Introduction 

According to its known or suspected toxicity, arsenic is the top toxin 

that poses a significant threat to human health. (Hughes et al., 2011; 
Wallace et al., 2020). Approximately 230–300 million individuals 
worldwide consume water contaminated with levels of arsenic above the 
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allowable limit (10 ppb) set by the World Health Organization (Shaji 
et al., 2021). Arsenic, which accumulates in several parts of the brain 
bypassing the blood-brain barrier, can deregulate several neuro-cellular 
signaling pathways and functions (Medda et al., 2020; Pandey et al., 
2022; Rodríguez-Barranco et al., 2016; Vucinic et al., 2017). 

The hypothalamic-pituitary-adrenocortical (HPA) axis and lymphoid 
organs (thymus, spleen, and bone marrow) are known to be particularly 
sensitive to chemicals and metals (Karaulov et al., 2022). The hippo
campus, located in the temporal lobe, is crucial in working memory, and 
hippocampal neuronal atrophy is a principal reason for cognitive 
impairment (Lin et al., 2016; O’Callaghan et al., 2019). Dopamine (DA) 
is a well-known neurotransmitter of hippocampal synaptic plasticity and 
executes the modulation of learning and memory (Speranza et al., 
2021). The D1 receptor (D1R) is believed to play a more significant role 
in synaptic plasticity, learning, and memory, although different dopa
mine receptor subtypes are involved in various aspects of learning and 
memory (Takeuchi et al., 2016). It has been postulated that D1R inac
tivation or pharmacological blockade in the hippocampus disturbs 
associative, spatial, and episodic-like memory (Takeuchi et al., 2016). 
Also, impaired D1R activation changes early long-term (LTP) potentia
tion and late LTP and reduces their progression by impairing the tran
sition from one to the other (Granado et al., 2008). Although the exact 
role of the dopamine D2 receptor (D2R) on memory-related brain 
plasticity development is less clear, it is apparent that D2R performs 
memory consolidation and associative acquisition (Espadas et al., 2021). 
Evidence suggests that arsenic can drastically alter DA levels and 
dopamine receptors such as D1R and D2 in different brain regions, 
thereby influencing cognitive and behavioral abnormalities (Kim et al., 
2014; Mehta et al., 2021). 

Gold nanoparticles (AuNPs) may be applied in several domains, one 
of the most significant being the biomedical field. Additionally, due to 
their expansive surface and versatility in the types of therapeutic agents 
that can be applied to them, AuNPs have been reported to act success
fully as drug delivery systems (Cabuzu et al., 2015; de Bem Silveira 
et al., 2021; Ribarič 2021). 

Studies have reported that medicinal plant-mediated AuNPs have a 
protective effect in neurodegenerative diseases (Kumar and Yadav, 
2009; Subakanman et al., 2015): this potential may be related to the 
natural source, plant-derived flavonoids and the unique particularities 
offered by the AuNPs. The utilization of AuNPs synthesized with herbal 
extracts offers flavonoid treatment the benefit of a protracted effect on 
the target organ in comparison with classical herbal extract prepara
tions, thus potentiating their impact (Kumar and Yadav, 2009; Sub
akanman et al., 2015; Xue et al., 2019). The artichoke species Cynara 
scolymus (CS) is recognized as a medicinal plant applied in herbal 
medicine from ancient times (Ibrahim et al., 2022). Its leaf contains 
numerous phytoconstituents including phenolic, flavonoid, and tannins, 
and has potent different pharmacological properties like 
anti-inflammatory and antioxidant activities (Cicek et al., 2022; Ibrahim 
et al., 2022). Although classical CS preparations are thought to be potent 
and safe compounds for multiple medical applications (Cicek et al., 
2022; Ibrahim et al., 2022) some undesirable pharmacokinetic charac
teristics such as reduced bioavailability of orally administered CS, rapid 
systemic elimination, and fast metabolism by the liver limit its thera
peutic effectiveness (Xue et al., 2019). To overcome these problems, we 
think that CS formulation with AuNPs may improve its bioavailability 
and efficiency. Therefore, in this report, the effects of AuNPs utilizing 
the aqueous extract of Cynara scolymus leaf against arsenic-induced 
hippocampal toxicity are presented with the use of behavioral tests 
and biochemical analysis. Furthermore, mechanistic insight regarding 
the molecular mechanisms related to alterations in D1 and D2 signaling 
in the hippocampus is shown. 

2. Materials and methods 

2.1. Chemicals and reagents 

Since every reagent was of analytical grade, no additional purifica
tion was necessary. Potassium tetrachloroaurate (III) (KAuCl4) was 
provided by Sigma Aldrich (St. Louis, MO, USA). Ascorbic acid (C₆H₈O₆) 
was purchased from Merck Company (Germany). Ultra-pure water with 
18.2 MΩ cm resistivity was utilized in all experiments. Sodium arsenite 
(NaAsO2) obtained from Sigma Aldrich (St. Louis, MO, USA). All the 
ELISA kits were provided by Elabscience (Texas, USA). The tissue PCR 
Kit was obtained from Sigma Aldrich (St. Louis, MO, USA). Primers were 
purchased by Sigma Aldrich (St. Louis, MO, USA). 

2.2. Preparation of CS leaf extract-modified AuNPs 

The aqueous stock solutions of CS leaf extract were prepared by 
mixing 100 mg of extract in 100 ml ultrapure water. The filtered leaf 
extract, which had a one-week shelf life, was kept at − 15 ◦C for later use. 
By adding 25 ml of a 1 mM HAuCl4 solution to an oil bath that had been 
heated to 600 ᵒC while gently mixing it with a hot plate, gold nano
particles were created. The 25 ml of extract mixture was added to the 
HAuCl4 solution and kept stirring till 15 min. Finally, 100 µL of 0.1 M 
ascorbic acid was added to the mixture and the color was turned into red 
(CS-AuNPs). The CS-AuNPs were centrifuged and characterized with the 
aid of FTIR, and SEM-EDAX analysis (Katircioğlu et al., 2014). The 
aqueous extract was preferred to other extracts as they are rich in 
phenolic and antioxidant ingredients and served for AuNP synthesis that 
was done in the aqueous environment. 

2.2.1. Characterization 
Morphologic characterization of modified electrodes was conducted 

with Field Emission Scanning Electron Microscopy (FEI Quanta 450) 
operated at secondary electron mode. The crystalline structure of com
posite electrodes was recorded with the aid of a PANalytical Empyrean 
diffractometer using Ni-filtered CuKα radiation (λ=1.54050 Å; 45 kV 
and 40 mA) at room temperature. The Attenuated total reflectance 
(ATR)-FTIR spectrum of the Au nanoparticle samples was recorded in 
the wavenumber range of 4000–400 cm− 1 with Thermo Nicolet 6700 
spectrophotometer at 4 cm− 1 resolution. 

2.3. Animals and ethical consideration 

In the beginning, 48 male BALB/c mice 6 months old (weighing 
18–20 g) were kept in standard conditions (24 ±1◦C with a 12–12 h 
reverse lighting cycle) with unrestricted access to food and water. All 
experimental protocols were applied following the standards assigned 
by the Institutional Animal Care and Use Committee at Ataturk Uni
versity (Decision number E-42190979–000–2200182669, dated 
20.06.2022). 

2.3.1. Experimental protocol 
Six experimental groups each consisting of eight mice were formed: 

Control group (C), sodium arsenite (As) group, As+10 µg/g AuNPs 
treated group (As + AuNPs), As+1.6 g/kg CS (As+CS), As+10 µg/g CS- 
AuNPs treated group (As + CS-AuNPs). Animals were treated with p.o 
with 10 mg/kg/day As for 21 days (Foyzun et al., 2022a). Treatment of 
AuNPs and CS-AuNPs continued up to 21 days simultaneously with As 
administration and all administrations were performed by gavage. The 
dose of As (10 mg/kg/day) (Foyzun et al., 2022a) and dose of AuNPs 
(10 µg/g) were selected based on previously reported studies. The dose 
of CS was selected based on a our previously reported study (Cicek et al., 
2022). 
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2.4. Assessment of behavioral activity 

2.4.1. Testing locomotor activity (LAT) in the open-field test 
The LAT cage (May 9908, Comment Ltd, Ankara, Turkey) was 

employed to assess motor deficits caused by arsenic. The test was carried 
out conforming to previous studies (Cicek et al., 2022). LAT chambers 
(42 cm L× 42 cm W × 30 cm H) were surrounded by infrared beams, 
activity was determined as the count of beam deductions (crossings) 
recorded by a computer and recorded as total distance (cm) and resting 
time (%) throughout 10 min. During each interval between the phases of 
experiments, the open field chambers were cleaned with %75 alcohol to 
remove odors left by the former occupants. 

2.4.2. Morrish water maze 
The Morrish Water Maze (MWM) test was performed in a circular 

water tank with a diameter of 150 cm and a depth of 60 cm with an 
escape platform (10 cm in diameter) 2 cm beneath the water surface. 
Various visual cues were placed in the water tank, which was artificially 
separated into four quadrants (i.e., N, E, S, and W), as a sign of space 
perception. The aim of the training period, which lasted over five days, 
was for the mice to explore the escape platform by swimming using 
visual cues within 90 seconds. To determine spatial memory, we used 
escape latency, swimming speed (cm/s), and distance (cm) which were 
enrolled by the camera. On Day 6, we conducted a spatial probe trial in 
which the hidden platform was removed and let the mice swam for 
30 seconds. Findings were quantified with Ethovision (Noldus) (Medda 
et al., 2020). 

2.5. Tissue processing 

After the behavioral tests, mice were anesthetized with sevoflurane. 
The hippocampus was surgically removed. The hippocampus samples 
were taken at − 80 ◦C for biochemical analysis and RNA stabilization 
reagent for genetic analysis. 

2.6. Estimation of oxidative stress 

Superoxide dismutase (SOD), glutathione (GSH), and malondialde
hyde (MDA) were determined in hippocampal tissue by ELISA kits 
(Elabscience, Texas, USA) as previously described (Cicek et al., 2023). 
Hippocampal tissue was homogenized (1000 rpm for 2 minute, QIAGEN 
TissueLyser II, USA), 50 μL of sample and 50 μL of biotinylated Detection 
Ab working solution were added to the well and incubated for 45 min at 
37 ◦C. Horseradish peroxidase (HRP) conjugate working solution was 
put into wells and incubated for 30 min at 37 ◦C. Then the plate was 
washed and was added 90 μL substrate reagent. Finally, stop solution 
was added and the plate was measured at 450 nm using the Multiskan™ 
GO Microplate Spectrophotometer reader (Thermo Scientific, Canada, 
USA). Total Oxidant Status (TOS) were determined in hippocampal 
tissue by ELISA kits (Rel Assay Diagnostics, Gaziantep, Turkey) as 
specified by manufacturer’s directions (Erel, 2005). The absorbance of 
TOS was determined at 630 nm and 590 nm respectively with a 
microplate reader. 

2.7. Estimation of pro-inflammatory cytokine 

Homogenates of the hippocampus were used for measuring TNF-α 
and IL-1β level by using ELISA kits (Elabscience, Texas, USA) following 
the manufacturer’s guidelines. In a nutshell, the samples (100 L) were 
added to the wells and allowed to incubate for 90 minutes at 37 ◦C. 
Working solutions for biotinylated detection ab were added and incu
bated for 60 minutes. The plate was then washed, 100 µL of the working 
horseradish peroxidase (HRP) conjugate solution was added, and it was 
incubated at 37 ◦C for 30 minutes. The Multiskan™ GO Microplate 
Spectrophotometer reader (Thermo Scientific, Canada, USA) was then 
used to measure the optical density (OD) at 570 nm after the addition of 

90 µL of substrate reagent and 50 µL of stop solution, respectively. 

2.8. Estimation of apoptotic markers 

Homogenates of the hippocampus measuring of Bax, Bcl-2 and 
caspase-3 were done by using ELISA kit (Elabscience, Texas, USA). The 
concentrations of Bax, Bcl-2 and caspase-3 were determined in line with 
previously published protocols (Cicek et al., 2022). Wells with the 
appropriate volume of samples were filled, and the samples were then 
incubated at 37 ◦C for 90 min. After removing the liquid, each well 
received a dose of biotinylated detection Ab working solution before 
being properly incubated. The operating solution is HRP conjugate. 
After the substrate solution had been incubating for 15 minutes, the stop 
solution was added. The Multiskan™ GO Microplate Spectrophotometer 
reader (Thermo Scientific, Canada, USA) was used to measure OD at 
570 nm. 

2.9. Estimation of dopamine receptors 

2.9.1. Hippocampal tissue mRNA extraction and cDNA synthesis 
RNA Stabilization Reagent (RNAlater™, QIAGEN Hilden, Germany) 

was used to stabilize the hippocampal tissue samples before they were 
disrupted with the Tissue Lyser II (2×2 min, Qiagen). Using the RNA 
easy Mini Kit Qiagen and adhering to the manufacturer’s instructions, 
total RNA was purified. Using a cDNA Reverse Transcription Kit 
(Applied Biosystems, CA, USA), the RNA samples were reverse- 
transcribed into complementary DNA. 10 µL of total RNA, 2 µL of 10 
RT random primers, 2 µL of 10 RT buffer, 1 µL of MultiScribe reverse 
transcriptase, 4.2 µL of DEPCH2O, and 0.8 µL of 25 dNTPs mix were 
combined. Using a Veriti 96-well thermal cycler from Applied Bio
systems, reverse transcription was carried out at 25 ◦C for 10 min, 37 ◦C 
for 120 min, and then 85 ◦C for 5 min. Nanodrop spectrophotometry was 
used to assess the quality of the obtained cDNA (EPOCH Take 3 Plate, 
BioTek). 

2.9.2. Real-time quantitative PCR analyses 
Rotor-Gene Q (QIAGEN) was used to conduct relative D1 and D2 

expression analyses in hippocampal tissue. For PCR amplification, 
TaqMan Gene Expression Assays for mice D1 and for mice D2 (Applied 
Bio-systems) were utilized. Each 20 µL reaction for each sample con
tained three triplicate reiterations with 9 µL of cDNA (100 ng), 10 µL of 
QuantiTect Probe PCR Master mix, and 1 µL of Primer Perfect Probe mix 
from Qiagen, Hilden, Germany. After being heated for 2 minutes at 50 ◦C 
and 10 minutes at 95 ◦C, the samples underwent 40 cycles of 15 seconds 
at 94 ◦C and 60 seconds at 60 ◦C. The house-keeping gene β -actin was 
used, and the 2− ΔΔCt method was used to normalize the relative ex
pressions of each protein to β-actin. Table 1 displayed each primer 
sequence. 

2.10. Statistical analysis 

The SPSS 20.00 program (SPSS Inc., Chicago, IL, USA) was used for 
all statistical analyses. Both normality and homogeneity were assessed 
using the Shapiro-Wilk and Levene tests. One-way ANOVA was used to 
compare the groups, and then Tukey’s post hoc test was run. P-values 
lower than 0.05 were regarded as statistically significant. Results were 
shown as means with standard deviations (SD). 

Table 1 
Sequence list of the primers used for RT-PCR.  

Genes Forward Sequence (5′-3′) Reverse Sequence (3′-5′) 

D1 5′-ACCGGAAGTGCTTTCCTTCTG GA- 
3′ 

5′-TAGCGGCTGAAGCACTGCA-3 

D2 5′-GAGGAAGCATGCCTTGAA AA-3′ 5′TGGTGCAGATGAACTTCAGG- 
3′  
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3. Results 

3.1. Morphological characterization 

Field Emission Scanning Electron Microscopy (FESEM) images dis
closed that aqueous solution of CS leaf extract influence the morphology 
of growth of AuNPs. The interconnected quasi spherical shape of AuNPs 
with the particle size of 55–70 nm, which were obtained without addi
tion of artichoke, can be seen in FESEM images (Fig. 1A and C). On the 
other hand, approximately evenly distributed quasi-spherical gold 
nanoparticles with sizes of 20–35 nm were obtained in the presence of 
CS leaf extract (Fig. 1B and D). The EDX results (Fig. 1E) indicate the 
presence of carbon, nitrogen, and oxygen on the surface of gold nano
particles synthesized in the presence of the CS extract. 

3.2. XRD studies 

The crystallographic structure of synthesized AuNPs were examined 
with X-ray diffractometer, and the obtained results were given in Fig. 2. 
The peaks at 37.56, 44.30, 64.27, and 77.31 are attributed to Bragg 
reflections (111), (200), (220), and (311) of face center cubic (fcc) lat
tice of AuNPs (Biao et al., 2018). 

3.3. FTIR studies 

ATR-FTIR measurements were recorded for the possible binding of 
phytomolecules to AuNPs. According to the Fig. 3 shows the (ATR)-FTIR 
spectra of CS leaf extract modified AuNPs. The IR bands observed at 
3272 cm− 1 can be attributed to OH stretching vibrations (of water, 

Fig. 1. FESEM images (A), (C) of AuNPs (B),(D) Cs- AuNPs (E) EDX spectrum of Cs-AuNPs. CS-AuNPs: C. scolymus leaf mediated gold nanoparticles (AuNPs).  
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alcohols, phenols, carbohydrates, peroxides), while the band at 2848 
can be assigned to C–H stretching vibrations. The broad band at 
1620–1700 cm− 1 depicts the carbonyl moieties in the phytochemicals. 
The peaks at 1400, 1250 and 1020 cm− 1 can be resulted from C–O 
(amide) and C–C stretching’s from phenyl groups, carbonyl C–O 
stretching vibrations, C–O–C linkages or C–O stretching from phenolic 
compounds, respectively (Das et al., 2012). Due to the obtained results, 
it is clearly seen that the CS leaf extract was bonded to AuNPs surface. 
These results also were good agreement with EDX results 

3.4. CS-AuNPs improved motor behavior in As-treated mice 

Open-field activity tests were performed to evaluate the CS-AuNPs 
effects on locomotor performance. We observed that total traveled dis
tance (2193.25 ± 140.22 cm, p<0.001) was significantly reduced while 
resting time was significantly (62.87% ± 1.09 cm, p<0.001) increased 
in As-treated mice when compared to the control group (6949 ±
310.7 cm, %32.98 ± 1.98; respectively) (Fig. 4A-B). The reduction in 
total travel distance and increase in resting time induced by As was 
restored partially by CS treatment (4121.78 ± 147.3 cm, %41 ± 2.14, 

Fig. 2. X-ray diffraction pattern of Cs- AuNPs. CS-AuNPs: C. scolymus leaf mediated gold nanoparticles (AuNPs).  

Fig. 3. ATR-FTIR transmittance (%) and wavenumber spectrum of Cs- AuNPs. CS-AuNPs: C. scolymus leaf mediated gold nanoparticles (AuNPs).  
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p<0.05; respectively); whereas, this was reversed completely in mice 
that received CS-AuNPs treatment (6579.41 ± 112.78 cm, %34.26 ±
1.46, p<0.001; respectively). In contrast, 10 µg/g AuNP treatment did 
not alter the reduction in As-induced total distance and the increase in 
resting time (p>0.05). 

3.5. CS-AuNPs improved cognitive function in As-treated mice 

To assess the effect of CS-AuNPs treatment on the learning and 
memory functions in the mice, the MWM was employed. We found that 
the animals in the As group spent more time finding the hidden platform 
from the 3th day compared with the animals in the control group in the 
training period; however, the treatment with CS (p<0.05) and CS-AuNPs 
reduced learning latency (p<0.001). On the other hand, the animals in 
the CS-AuNPs group showed learning latency similar to that of control 
mice (Fig. 5A). During the probe test, the animals in the As group (23 ±
1.41 sn; p<0.001) showed poor memory retention, spent less time in the 
target quadrant compared to the animals in the control (77 ± 1.73 sn). 
The learning and memory impairment induced by As was significantly 
reversed by CS treatment (53 ± 3.16; p<0.05). The mice that received 
CS-AuNPs treatment remembered the previous platform location better 
and exhibited more time in the target quadrant (81 ± 2.56; p<0.001) 
(Fig. 5B). In contrast, 10 µg/g AuNP treatment did not alter the escape 
latencies and time spent in the target quadrant (p>0.05). 

3.6. CS-AuNPs reduced oxidative stress and improved antioxidant level in 
As-treated mice 

To assess the effect of CS-AuNPs on oxidative stress in the hippo
campus, we measured the levels of SOD, GSH, MDA and TOS (Fig. 6). 
Compared to the control animals hippocampus’ SOD and GSH levels 
(7.49 ± 0.19 U/mg protein, 7.8 ± 0.33 nmol/mg protein, respectively) 
were reduced significantly (2.12 ± 0.11 U/mg protein, 3.8 ± 0.21 
nmol/mg protein, respectively) in mice treated with As. The decreased 
SOD and GSH levels in As-treated mice were improved partially by CS 
treatment (3.98 ± 0.29 U/mg protein, 5.23 ± 0.34 nmol/mg protein, 
p<0.05, respectively); whereas, they were restored completely by the 
administration of CS-AuNPs (6.87 ± 0.23 U/mg protein, 7.00 ± 0.03 
nmol/mg protein, p<0.001, respectively). 

We measured MDA levels, indicator of lipid peroxidation and 
oxidative stress, in hippocampus tissue. As treatment significantly 
increased the MDA levels (9.76 ± 0.3 nmol/mg protein; p<0.001) in the 
hippocampus compared to control mice levels (4.04 ± 0.24 nmol/mg 
protein). In addition, we also measured TOS levels, another biochemical 
parameter supporting oxidative stress, in the hippocampus. TOS is used 
to determine the cumulative oxidative effects of various oxidants in 
biological systems (Erel, 2005). Compared to the control mice (4.31 ±
0.77 μmolH2O2 Equiv/L), TOS level was increased marked (16.09 ±
0.81 μmolH2O2 Equiv/L, p<0.001) in mice treated with As. The elevated 
hippocampus levels of MDA and TOS in As-treated mice were alleviated 
relatively by CS treatment (6.47 ± 0.13 nmol/mg protein, 9.00 ± 0.4 
μmolH2O2 Equiv/L, p<0.05, respectively); however, they were further 
restored by the administration of CS-AuNPs (4.28 ± 0.81 nmol/mg 
protein, 5.31 ± 0.21 μmolH2O2 Equiv/L, p<0.001, respectively). On the 
other hand, the application of 10 µg/g AuNP did not affect the oxidative 
stress parameters including SOD, GSH, MDA, and TOS in the hippo
campus compared to As-induced mice (p>0.05). 

3.7. CS-AuNPs administration limited hippocampal inflammation in As- 
treated mice 

We explored the mechanism of CS-AuNPs neuronal protection during 
As neurodegeneration in the hippocampus by measuring TNF-α and IL- 
1β protein levels. In As-treated mice, TNF-α (5.46 ± 0.24 pg/mg protein, 
p<0.001) and IL-1β (1.72 ± 0.21 pg/mg protein, p<0.001) were 
significantly increased in the hippocampus as compared to control mice 
(1.58 ± 0.47 pg/mg protein, 0.54 ± 0.16 pg/mg protein, respectively) 
(Fig. 7A-B). The elevated TNF-α and IL-1β levels in As-treated mice were 
alleviated partially by CS treatment (3.25 ± 0.20 pg/mg protein, 0.9 ±
0.10 pg/mg protein, p<0.05, respectively); however, they were restored 
completely by CS-AuNPs treatment (2.10 ± 0.26 pg/mg protein, 0.69 ±
0.31 pg/mg protein, p<0.001, respectively). In contrast, 10 µg/g AuNP 

Fig. 4. Behavioral alterations of CS-AuNPs -treated mice in the LAT test. (A) 
Total distance covered in LAT. (B) Resting time in LAT. Data are presented as 
the means ± SD * p<0.05, ** p<0.001, vs. control group, # p<0.05, ## 
p<0.001 vs. As group. As group. As: Sodium arsenite, AuNPs: Gold nano
particles, CS: C. scolymus leaf extract, CS-AuNPs: C. scolymus leaf mediated 
gold nanoparticles. 

Fig. 5. Effects of CS-AuNPs on As-induced spatial memory impairment. (A) Escape latency to find the platform during the training stages. (B) The time spent in target 
quadrant of probe trial. Data are presented as the means ± SD * p<0.05, ** p<0.001, vs. control group, # p<0.05, ## p<0.001 vs. As group. As: Sodium arsenite, 
AuNPs: Gold nanoparticles, CS: C. scolymus leaf extract, CS-AuNPs: C. scolymus leaf mediated gold nanoparticles. 
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treatment did not change the As-induced inflammation in the hippo
campus (p>0.05) (Fig. 7). These findings suggest CS-AuNPs inhibited 
the production of inflammatory mediators, indicating their anti- 
inflammatory role. 

3.8. CS-AuNPs inhibited hippocampal neuronal apoptosis by increasing 
the Bax/Bcl-2 ratio and inhibited caspase-3 activation 

In order to explore the mechanisms of the antiapoptotic effects of CS- 
AuNPs against neurodegeneration in the hippocampus, we measured the 
Bax and Bcl-2 protein levels. In As-treated mice, Bax level (23.39 ±
1.5 ng/ml, p<0.001) was significantly increased, while Bcl-2 level (6.24 

Fig. 6. Oxidative stress markers in hippocampus. (A) SOD (B) GSH (C) MDA and (D) TOS levels. Data are presented as the means ± SD *p<0.05, **p<0.001 vs. 
control group, # p<0.05, ##p<0.001 vs. As group. As: Sodium arsenite, AuNPs: Gold nanoparticles, CS: C. scolymus leaf extract, CS-AuNPs: C. scolymus leaf 
mediated gold nanoparticles. 

Fig. 7. Inflammatory markers in hippocampus. (A) TNF-α (B) IL-1β. Data are presented as the means ± SD *p<0.05, **p<0.001 vs. control group, # p<0.05, 
##p<0.001 vs. As group. As: Sodium arsenite, AuNPs: Gold nanoparticles, CS: C. scolymus leaf extract, CS-AuNPs: C. scolymus leaf mediated gold nanoparticles. 

Fig. 8. Apoptotic markers in hippocampus. (A) Bax (B) Bcl-2 (C) Bax/Bcl-2. Data are presented as the means ± SD *p<0.05, **p<0.001 vs. control group, # p<0.05, 
##p<0.001 vs. As group. As: Sodium arsenite, AuNPs: Gold nanoparticles, CS: C. scolymus leaf extract, CS-AuNPs: C. scolymus leaf mediated gold nanoparticles. 
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± 1.92 ng/ml, p<0.001) was significantly decreased in the hippocam
pus compared to control mice (6.5 ± 1.32 ng/ml, 22.8 ± 1.35 ng/ml) 
(Fig. 8A-B). CS treatment in As-treated mice partially reduced Bax 
protein levels (19.32 ± 1.85 ng/ml, p<0.05), while relatively enhanced 
Bcl-2 levels (12.91 ± 2.34 ng/ml, p<0.05) in the hippocampus 
compared with As-treated mice. However, the most prominent thera
peutic effect was detected in CS-AuNPs treated animals. Bax (10.34 ±
1.4 ng/ml, p<0.001) and Bcl-2 (19.88 ± 1.3 ng/ml, p<0.001) levels 
were restored completely by the CS-AuNPs administration (Fig. 8A-B). 
Compared to the control mice (0.28% ± 0.04), Bax/Bcl-2 ratio (3.75% 
± 0.12, p<0.001) was increased significantly in the hippocampus in 
mice treated with As (Fig. 8C). The As-induced elevation in Bax/Bcl-2 
ratio was reduced relatively by CS treatment (1.5% ± 0.36, p<0.05); 
whereas, it was decreased significantly in mice that received CS-AuNPs 
(0.52% ± 0.33, p<0.001). These findings indicated that treatment with 
CS-AuNPs diminished the increase in Bax level and enhanced the level of 
Bcl-2, leading to an increase in the Bcl-2 to Bax ratio. These results 
demonstrated that CS-AuNPs inhibit neuron apoptosis in As-treated 
animals by decreasing the Bax/Bcl-2 ratio in the hippocampus. 

To further elaborate our study and to examine whether the neuro
protective effect of CS-AuNPs is also related to the inhibition of As- 
treated apoptotic response, we measured protein levels of caspase-3 in 
the hippocampus. Compared to the control mice (2.70 ± 0.02 ng/ml), 
the caspase-3 protein level was increased significantly (11.54 ±

0.42 ng/ml, p < 0.001) in the hippocampus of As-treated mice (Fig. 9). 
The As-induced elevation in caspase-3 protein level was reduced 
partially by CS treatment (6.20 ± 0.8 ng/ml, p<0.05); whereas, it was 
diminished completely in mice received CS-AuNPs treatment (3.88 ±
0.43 ng/ml, p<0.001). In contrast, 10 µg/g AuNP treatment had no ef
fect on the As-induced alteration of apoptotic markers in the hippo
campus (p>0.05). 

3.9. D1 and D2 receptors both mediated the protection of CS-AuNPs on 
spatial memory of As-induced neurotoxicity 

We investigated whether CS-AuNPs treatment could restore spatial 
learning and memory. Therefore, to indicate that improved cognitive 
functions upon CS-AuNPs treatment were actually dependent on the DA 
receptors, we examined the D1 and D2 receptor mRNA expressions in 
the hippocampus. There was a significant reduction in mRNA expression 
of D1 (0.31± 0.03 fold, p<0.001) and D2 (0.6 ±0.02 fold, p<0.001) 
receptors in the hippocampus of As-treated mice compared to control 
mice (Fig. 10A-B). The As-induced reduction in D1 and D2 receptor 
mRNA expressions were restored partially by CS treatment (0.53±
0.07fold, 0.76± 0.01fold, p<0.05, respectively); whereas, their mRNA 
expression was recovered completely in mice treated with CS-AuNPs 

(0.89 ± 0.09 fold, 0.92± 0.02 fold, p<0.001, respectively). However, 
10 µg/g AuNP administration had no significant effect on D1 and D2 
receptors mRNA expression when compared to the As-treated group 
(p>0.05). 

4. Discussion 

The formation of interconnected quasi-spherical gold nanoparticles 
in the absence of CS leaf extracts indicates the development of floccu
lation in the system, which promotes the formation of coagulation 
structures (Fig. 1A and C). On the other hand, in the presence of CS leaf 
extract, the formation of uniformly distributed individual gold nano
particles was observed (Fig. 1B and D). The latter effect may be due to 
the adsorption of phytocomponents with the formation of a shell that 
sterically and electrostatically stabilizes gold nanoparticles. Thus, as a 
result of the adsorption of phytocomponents of the CS leaf extract, the 
flocculation of gold nanoparticles is suppressed. The presence of 
adsorption of biogenic molecules on the surface of gold nanoparticles is 
evidenced by the EDX (Fig. 1E) and FTIR (Fig. 3) data. On the other 
hand, quasi-spherical gold nanoparticles obtained in the presence of 
phytocomponents have a size of 20–35 nm and are much smaller than 
gold nanoparticles formed in the absence of CS leaf extracts (55–70 nm). 
Consequently, phenolic compounds, flavonoids, and tannins contained 
in the CS leaf extract (Cicek et al., 2022; Ibrahim et al., 2022) affect not 
only the colloidal stability of nanoparticles, preventing their floccula
tion, but also affect the growth processes of new phase nuclei. It is likely 
that the adsorption of phytocomponents limits the growth of new phase 
nuclei by interrupting the diffusion flow from the supersaturated 
solution. 

By themselves, nanomaterials such as multi-walled carbon nano
tubes have the ability to reduce the cognitive abilities in Wistar rats 
(Sayapina et al., 2016) but at the same time they are capable carriers and 
provide an efficient delivery system for different drugs (Kuskov et al., 
2022). Nanoparticles’ physicochemical properties are the main deter
minant of their effectiveness in drug delivery and function regarding 
human physiology. Their surface charge, particle size, and chemical 
composition can strongly affect NPs concentration in different organs 
and determine the likelihood to cause increased production of reactive 
oxygen species (ROS) and thus by themselves inflict tissue oxidative 
damages (Bostan et al., 2016). However, specific nanocarriers such 
Amphiphilic poly-N-vinylpyrrolidone nanoparticles, despite their 
effectiveness in penetrating human microvascular endothelial cells, do 
not activate vascular endothelium and affect its viability at pharmaco
logical relevant concentrations (Berdiaki et al., 2022). Gold nano
particles especially are thought to be highly biocompatible compared to 

Fig. 9. Caspase-3 level in hippocampus. Data are presented as the means ± SD 
*p<0.05, **p<0.001 vs. control group, # p<0.05, ##p<0.001 vs. As group. As: 
Sodium arsenite, AuNPs: Gold nanoparticles, CS: C. scolymus leaf extract, CS- 
AuNPs: C. scolymus leaf mediated gold nanoparticles. 

Fig. 10. (A) D1 and (B) D2 expression levels in hippocampus. Data are pre
sented as the means ± SD *p<0.05, **p<0.001 vs. control group, # p<0.05, 
##p<0.001 vs. As group. As: Sodium arsenite, AuNPs: Gold nanoparticles, CS: 
C. scolymus leaf extract, CS-AuNPs: C. scolymus leaf mediated gold 
nanoparticles. 
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other metallic nanoparticles and offer a number of advantages such as 
controlled synthesis, increased targeting properties, and the ability to 
transport large amounts of loaded drugs (Mioc et al., 2018). Gold 
nanoparticles are favored by their inert nature and their potential to 
bind to multiple surface ligands allowing them to penetrate cells and 
function without provoking significant immune response. However, 
AuNPs interactions depend on their NPs size. It is known that AuNPs of 
20 nm (AuNP20) could be internalized in cytosolic vacuoles, whilst 
AuNP70 are restricted to the cell membrane (Engin et al., 2017). 

Arsenic is a major environmental pollutant with multiple toxic ef
fects on human populations and arsenic contamination is becoming an 
environmental health problem worldwide. Of all organs, the brain is the 
most sensitive to the toxic effects of arsenic. Many reports have shown 
that arsenic traverses the blood-brain barrier, affecting brain functions, 
causing learning impairment and behavioral abnormalities (Xiong et al., 
2021). In this study we used a mice model of arsenic-induced neuro
behavioral deficits to evaluate the protective effects of AuNPs with 
Cynara scolymus leaf extracts. The animals were 6 months old which is 
equivalent to 30 years old humans (Flurkey et al., 2007). The design of 
the animal study used adult mice in order to prevent signs of ageing in 
the central nervous system. Moreover, male mice were chosen because 
they are used extensively in animal testing and have less variability 
compared to females, which have estrous cycles - a faster version of the 
human menstrual cycle that determines the change in hormone con
centration on a four or five-day schedule, so if female mice are at 
different points in their estrous cycle, their response can vary too widely 
(Zucker and Beery, 2010). Regarding the doses of Arsenic used in this 
model, even if low doses of around 4 mg/kg showed mitochondrial 
toxicity in hippocampal cells, for the evaluation of behavioral changes 
induced by arsenic, chronic exposure is needed, and previous studies 
showed that chronic exposure to 10 mg/kg bw induces behavioral 
changes, oxidative stress and apoptosis, without lethality (Foyzun et al., 
2022b; Goudarzi et al., 2018). This study reported that As-treated mice 
exhibited in the hippocampus significant oxidative-inflammatory stress, 
apoptosis, decreased expression of D1 and D2, and ultimately decrease 
in locomotor activity with cognitive alterations, which were evaluated 
by biochemical, molecular, LAT and WMW analyses. Our findings 
showed that the CS leaf extract-associated AuNPs produced by the green 
synthesis method have a superior protective effect compared to free CS 
against As-induced hippocampal toxicity by mitigating oxidative dam
age, inflammation, apoptosis, D1 and D2 receptor alterations, whilst 
suppressing the behavioral changes induced by As. Drug delivery to 
brain lesions should consider and overcome some brain-specific issues 
such as the precise physiological brain homeostasis and the great 
vulnerability of the neurons. Nanoparticles are ideal for brain drug de
livery because they are not limited to the systemic circulation and can 
cross the blood–brain barrier (BBB) contrary to many other therapeutic 
preparations. Nanocarriers offer also the option of CNS-targeted drug 
availability (Henrich-Noack et al., 2019). 

Numerous studies have demonstrated that exposure to arsenic pro
motes hippocampal degeneration, inducing cognitive and learning def
icits (Mehta et al., 2021; Pandey et al., 2022; Wang et al., 2021). The 
variability in the plastic nature of the hippocampus is one of several 
factors that determine its vulnerability to numerous insults (Dixit et al., 
2020). Hippocampus is a region of great interest due to its involvement 
in cognitive ability and motor activity (Burman, 2019). In our study, we 
reported that As-treated mice displayed longer swimming latency and 
shorter duration in the target quadrant in the MWM task, suggesting 
impairment in the learning and memory induced by As. Also, in mice 
intoxicated with As, the impairment of locomotor and investigative 
functions was manifested by LAT findings. Data from other animal 
studies are congruent and support our findings of As-induced cognitive 
and motor impairment (Kumar et al., 2013; Rodrıguez et al., 2002). 
CS-AuNPs ameliorated the degenerative effects of As on the CNS and led 
to a noticeable improvement in performance and recovery in cognitive 
abilities. At the same time, the current study found that CS treatment can 

ameliorate As-induced behavioral changes but cannot completely 
reverse them. Surprisingly, discrete AuNPs treatment did not ameliorate 
behavioral deficits. In the literature, there are no reports regarding 
AuNPs or CS effects in As-induced behavioral alterations. On the other 
hand Hou et al. (2020) previously reported that the chiral AuNPs can 
reverse memory deficits in a mouse model of Alzheimer’s disease (Hou 
et al., 2020). Also Xue et al. demonstrated that administration of AuNPs 
synthesized using Paeonia mountan improved the motor coordination in 
Parkinson’s disease induced mice (Xue et al., 2019). 

The cognitive and motor dysfunction of As-intoxicated mice is 
closely linked to the hippocampal neuronal damage that results from the 
excessive production of free radicals that eventually cause oxidative 
stress (Medda et al., 2020; Xiong et al., 2021). In the present report, 
oxidative damage with impaired redox balance was observed in the 
hippocampi of As-exposed mice evident by a remarkable elevation in 
MDA and TOS levels associated with a reduction in SOD and GSH levels. 
Following the elevated lipid peroxidation and the inhibition of the 
enzymatic and non-enzymatic antioxidant activity of mice exposed to 
As, the antioxidant/pro-oxidant ratio is disturbed and eventually 
oxidative stress is induced. Our results were compatible with those of 
previous studies which demonstrated that oxidative stress plays the 
main role in As-induced brain damage and cognitive impairment 
(Sharma et al., 2018; Taheri Zadeh et al., 2021). CS and especially 
CS-AuNPs treatment led to an improvement of oxidative stress markers. 
Recent studies on the effects of herbal plant AuNPs in vivo disease 
models such as Parkinson’s disease (PD), and radiation-induced brain 
damage in rats have supported the idea that these nanoparticles are 
capable of ameliorating harmful free radicals and thus protecting the 
brain against oxidative stress-induced neurodegeneration (Abdelkader 
et al., 2022; Subakanman et al., 2015). 

Recent studies have proposed that As-induced oxidative damage is 
mediating inflammation in the hippocampus which in turn is associated 
with cognitive and neuronal dysfunction in rodent models (Firdaus 
et al., 2018; Jing et al., 2022). Reduced activity of the antioxidant en
zymes and elevated MDA levels in mice exposed to As result in the 
activation of different pro-inflammatory cytokines including IL-1β, 
TNF-α, and IL-6 (Firdaus et al., 2018; Jing et al., 2022). There is a link 
between hippocampal inflammation and cognitive impairment, which 
reflects the suppression of neuronal functions by cytokines (Prieto et al., 
2019). Inflammatory or proinflammatory cytokines are interconnected 
with oxidative stress parameters. ROS activation leads to secrete cyto
kine and elevated cytokine induces ROS levels respectively. Zha et al. 
showed that astrocyte and microglial cells in response to elevated TNF-α 
and IL-1β levels secrete oxidative stress (ROS) parameters like MDA, 
SOD, and CAT (Zha et al., 2022). Moreover, it has been shown that the 
reduction of oxidative stress by natural products can protect neuronal 
cells. In this study, the As markedly elevated the protein levels of in
flammatory intermediaries as TNF-α and IL-1β in the murine hippo
campus in a similar way to previous studies (Ishaq et al., 2022; Jing 
et al., 2022). However, TNF-α and IL-1β protein levels were reduced in 
the hippocampal tissues following CS and CS-AuNPs treatment, sug
gesting that these compounds can attenuate neuro-inflammation. It is 
interesting to note that in the present study, CS-AuNPs supplementation 
demonstrated the most favorable results. In accordance with the current 
study, Park et al. (Park et al., 2019b) have demonstrated the 
anti-neuroinflammatory effects of Ephedra sinica Stapf extract-capped 
gold nanoparticles in reducing TNF-α and IL-1β microglia levels. 
Another study in a mouse PD model reported that gold nanoparticles 
from Cinnamomum verum improved neuronal inflammation along with 
beneficial effects on oxidative damage (Ling et al., 2019). 

Furthermore, arsenic leads to apoptosis as a result of its potential to 
initiate cell death signaling (Pandey et al., 2017). Flora et al. (2009) 
showed that arsenic exposure alters mitochondrial activity and disrupts 
redox homeostasis in the hippocampus, which eventually leads to cell 
apoptosis. Bax and Bcl-2 which are associated with apoptosis, are 
members of the Bcl-2 protein family. Bcl-2 is the primary protein that 
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inhibits cell apoptosis, while Bax is the protein that promotes apoptosis 
(Cicek et al., 2022). On the other hand, caspase-3 is considered to be an 
essential executioner of caspase in apoptosis (D’amelio et al., 2010). 
This study showed that As exposure leads to elevated Bax and caspase-3 
and reduced Bcl-2 levels in accordance with previous data (Pandey et al., 
2017). Also, He et al. demonstrated that arsenic promotes high Bax and 
caspase-3 expression and reduces Bcl-2 expression in mouse oligoden
droglia cells (He et al., 2021). Accumulating evidence demonstrates a 
close association between Bax/Bcl-2 levels and neuronal survival 
(Raghupathi et al., 2003). The Bax/Bcl-2 ratio is considered a critical 
factor affecting apoptosis (Raghupathi et al., 2003). Furthermore, in the 
current study, As administration led to an elevated Bax/Bcl-2 ratio 
which is considered a trigger of apoptosis. Decreased Bax and caspase-3 
activity and increased Bcl-2 protein levels protect hippocampal neuron 
cells from oxidative damage and apoptosis (Firdaus et al., 2018; Pandey 
et al., 2017). According to the current study findings, CS and CS-AuNP 
treatment counteracted apoptosis by reducing caspase-3 and Bax 
levels, and the Bax/Bcl-2 ratio, and increasing Bcl-2 levels. It is note
worthy, that the anti-apoptotic effects were lower in the CS-treated 
group than in the CS-AuNPs group. In vitro and in vivo models like 
oxygen and glucose deprivation/reoxygenation in human-derived neu
roblastoma cells (Park et al., 2019a) and radiation-caused brain damage 
in rats (Abdelkader et al., 2022), green synthesis AuNPs were found 
capable of neuroprotection via regulation of apoptosis-related proteins, 
as indicated by decreased caspase-3, Bax levels and increased Bcl-2 
levels. 

It is well known that DA modulates the animal motor activity and 
cognitive function and is related to the neurotransmission process 
(Chandravanshi et al., 2019). As exposure in rodents affected the 
different types of DA receptors such as D1R and D2R leading to motor 
and cognitive impairment (Chandravanshi et al., 2019; Htway et al., 
2021). In the current study, D1R and D2R mRNA hippocampal level 
reduction was demonstrated in As-intoxicated mice. This finding led to 
deterioration of the cognitive and locomotion functions in the As group. 
Previously published studies showed that dopaminergic neuron 
signaling and its associated behaviors are susceptible to arsenic, which 
causes neurobehavioral toxicity (Chandravanshi et al., 2016; Htway 
et al., 2021). In another report, D1R and D2R inactivation with consti
tutive knock-out mice in the hippocampus indicated impairment of 
spatial, associative, and episodic-like memory (Chandravanshi et al., 
2019; Takeuchi et al., 2016). On the other hand, both upregulation and 
downregulation of D1R and D2R have been noticed in arsenic-exposed 
rats, however, these alterations appear to rely on brain region and 
dose and duration of arsenic exposure (Chandravanshi et al., 2016; 
Htway et al., 2021). As noted in our study, CS and especially CS-AuNPs 
treatment increased D1R and D2R mRNA levels in the hippocampus of 
As-intoxicated mice, improving dopaminergic neurotransmission, which 
is associated with motor activity and cognitive function. 

5. Conclusion 

The current study showed, for the first time, that CS and CS-AuNP 
administration alleviated neurodegeneration and its associated behav
ioral impairment in the As-exposure mice model. CS-AuNP effects were 
more prominent compared to single CS treatment. The greater neuro
protective activity of CS-AuNP can be explained by the improved solu
bility and bioavailability of CS following gold nanoparticles 
formulation. The neuroprotective effect of CS-AuNP is attributable to 
hippocampal-specific changes in oxido-inflammatory and apoptotic 
signaling, as well as its potential effects on D1R and D2R expression. 
These findings must be addressed cautiously with further studies. 
Although CS-AuNPs are promising molecules to treat As-induced 
cognitive impairment, detailed investigation of different molecular 
pathways needs to be performed. In addition, integrated safety assess
ment and dose optimization of CS-AuNPs for clinical applications need 
further research. 

Funding 

The present study was partly funded by the European Union’s Ho
rizon Europe framework program project ‘European Partnership for the 
Assessment of Risks from Chemicals (PARC). 

CRediT authorship contribution statement 

Ali Taghizadehghalehjoughi, Betul Cicek, Ahmet Hacimuftuoglu, 
Anca Oana Docea, Aristidis Tsatsakis designed the experiments. Betul 
Cicek, Ahmet Hacimuftuoglu, Yesim Yeni, Mehmet Kuzucu, Sidika Genc, 
Ahmet Cetin, Emre Yavuz, Betul Danısman, Akin Levent, Kemal Volkan 
Ozdokur, Mecit Kantarcı, Vasileios Siokas and Konstantinos Tsarouhas 
performed the experiments. Aristidis Tsatsakis, Kemal Volkan Ozdokur, 
Betul Danısman, Vasileios Siokas, Michael D. Coleman, Anca Oana 
Docea and Konstantinos Tsarouhas analyzed the data. Betul Cicek, 
Ahmet Hacimuftuoglu, Yesim Yeni, Mecit Kantarcı, Sidika Genc, Ahmet 
Cetin, Emre Yavuz, Betul Danısman, Akin Levent, Kemal Volkan Ozdo
kur, Mehmet Kuzucu, Vasileios Siokas and Konstantinos Tsarouhas 
wrote the first draft of the manuscript. Michael D. Coleman, Anca Oana 
Docea, Konstantinos Tsarouhas, Akin Levent, Ali Taghizadehgha
lehjoughi and Aristidis Tsatsakis revised the first draft and finalized the 
manuscript. All authors have read and approved the final manuscript. 

Declaration of Competing Interest 

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. 

Data availability 

Data will be made available on request. 

References 

Abdelkader, N.F., El-Batal, A.I., Amin, Y.M., Hawas, A.M., Hassan, S.H., Eid, N.I., 2022. 
Neuroprotective effect of gold nanoparticles and alpha-lipoic acid mixture against 
radiation-induced brain damage in rats. Int. J. Mol. Sci. 23 (17), 9640. 

de Bem Silveira, G., Muller, A.P., Machado-de-Ávila, R.A., Silveira, P.C.L., 2021. Advance 
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