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1 Introduction
One of the environment’s most toxic heavy metals and frequent 

industrial pollution is cadmium (Cd) (Almeer et al., 2018). Cigarette 
smoking, polluted water, and air pollution are the main sources of 
Cd exposure (Satarug et al., 2013). Moreover, exposure to pesticides, 
sludge, wastewater, metal plating, stains, polyethylene, silica product, 
and carbon cells are also other sources of Cd (Luparello et al., 2011). 
Since Cd cannot be broken down and has a long biological half-life 
(20 years), it is not easily eliminated from the body and builds up in 
several organs (Elkhadragy et al., 2018). The reproductive system, 
gastrointestinal tract, mucous tissues, and nervous system may 
all suffer serious harm as a result of Cd bioaccumulation in the 
living system (Gupta et al., 2015). Cd reaches the central nervous 
system (CNS) when inhaled through the nasal mucosa or olfactory 
pathways, resulting in neurotoxicity (Omairi et al., 2018).

In cultured rat cortical neurons (López et al., 2003) and rat 
main midbrain neuroglia cultures, Cd is neurotoxic, and it alters 
the typical neurochemistry of the animal brain (Méndez-Armenta 
& Ríos, 2007). The processes of Cd-induced neurotoxicity are yet 
unclear. In several organs, including the kidney (Chater et al., 
2008), liver (Almeer  et  al., 2018), and brain (Salem, 2021) 
oxidative stress has been suggested as a potential mechanism for 

Cd toxicity. Through the inactivation of thiol groups in essential 
components, inhibition of antioxidant defences, and DNA repair 
mechanisms, Cd indirectly contributes to producing reactive 
oxygen species (ROS) (Shagirtha et al., 2017).

Natural pigments have recently seen a noticeable growth in 
application in various industrial sectors, including food, cosmetics, 
and health (Koyande et al., 2019). They are presented as a replacement 
for artificial synthetic colorants that are employed to demonstrate 
harmful side effects. Due to strong environmental concerns and 
evidence of their carcinogenic consequences, several have been 
taken out of industrial usage (Numan et al., 2018).

The rapid emergence of new antibiotic-resistant organisms 
represents a public health emergency and has reawakened 
the need to investigate novel compounds. On the other hand, 
the potential antimicrobial properties of some bio-dyes have 
emerged as promising alternatives. In particular, there are many 
benefits to producing pigments with microbes, including quick 
duplication times, high specific growth rates, straightforward 
purification procedures, biomass recovery, and production that 
is not dependent on environmental conditions (Venil, 2009).
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tissue. PG-AgNP2 decreased inflammatory mediators including pro-inflammatory cytokines and prevented the development of 
apoptosis in the brain tissue. Our findings suggest that PG-AgNP2 can act as a therapeutic agent against neuronal impairments 
associated with Cd exposure.

Keywords: prodigiosin; nanoparticles; cd toxicity; brain; neurotransmitters.

Practical Application: Silver nanoparticles biosynthesized by prodigiosin pigment can be used as treatment for Cd induced 
brain toxicity.

https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-5387-8026


Food Sci. Technol, Campinas, 42, e97322, 20222

Effect of prodigiosin silver nanoparticles against cadmium chloride –induced neurotoxicity

Additionally, bio-dyes may exhibit “extra” biological properties 
such as antioxidant, antiviral, antibacterial, and anticancer 
effects (Bernardes et al., 2010). The class of bioactive coloured 
compounds produced by microbial fermentation includes 
prodigiosin (PG). Red pigment PG, which is mostly produced 
by Serratia marcescens strains and other bacteria, has several 
intriguing potential medical applications (Han et al., 2021).

It was proven to be a powerful proapoptotic agent against 
a variety of cancer cell lines, including those that were resistant 
to numerous drugs, while having little to no impact on normal 
cell lines (Sudhakar et al., 2021). The antibacterial, antiparasitic, 
insecticidal, and immunomodulatory properties of PG are also 
demonstrated (Suryawanshi et al., 2017). Natural pigments like 
PG appear to be a desirable bioactive alternative and they have 
been the focus of extensive research over the past ten years.

The cytotoxic properties of prodigiosin have been known 
for many years. Fullan  et  al. (1977) observed the antitumor 
activity of prodigiosin in mice. Some cancer chemotherapeutic 
drugs work primarily by imposing apoptotic death in susceptible 
cancer cells. Each of these chemotherapeutic agents reacts 
with a specific target, causing targeting cancer cells to undergo 
apoptosis (Hannun, 1997).

Prodigiosin quickly and powerfully motivates cell death in 
hematopoietic cancer cells, breast cancer (Pan et al., 2012), digestive 
cancer cell line HGT-1 (Díaz-Ruiz et al., 2001), large intestinal 
cancer cells (Montaner & Pérez-Tomás, 2001), and respiratory 
cancer (Llagostera et al., 2005). However, non-malignant cells 
exhibited no obvious toxicity (Montaner et al., 2000).

The production of nanoparticles via biological metallic 
synthesis is a green, environmentally friendly process since 
it doesn’t include hazardous chemicals or high temperatures 
(Sastry et al., 2003; Bhattacharya & Gupta, 2005; Rubilar et al., 
2013).

Drug delivery, cancer and gene therapy, DNA analysis, 
antiviral, antibacterial, and antifungal agents, diagnostic tools, 
anticoagulant, thrombolytic, and nano-catalysis are just a few 
of the numerous biological, chemical, and physical uses for 
biosynthesized nanoparticles. (Ojo  et  al., 2016; Lateef  et  al., 
2017). Nanoparticles of required shapes and sizes are accessible by 
controlling the synthesis conditions. In the same consideration, 
temperature and pH are reported to control AgNPs size in the 
supernatant of E. coli (Babu & Gunasekaran, 2013).

It was revealed that biological pigments, including those 
synthesized by bacteria, can be employed for green synthesis 
of nanoparticles (Manikprabhu & Lingappa, 2014). The present 
study aimed to investigate the possible therapeutic effect of 
prodigiosin-conjugated AgNP2 on Cd-induced neurotoxicity 
in rats.

2 Materials and methods
2.1 Chemicals

Prodigiosin-conjugated AgNP2

Bacterial isolation, Preparation, extraction, purification, 
and quantification of prodigiosin in addition to the formation of 

PG-conjugated AgNP2 and its characterization were performed 
in the Microbiology Department, Faculty of Science, Helwan 
University according to Faraag et al. (2017) and El-Batal et al. 
(2017).

Cadmium chloride (CdCl2) anhydrous was obtained from 
Sigma Chem. Co. (St. Louis, MO, U.S.A.).

2.2 Animals

The therapeutic effect of PG-AgNP2 on toxicity produced 
by CdCl2 was investigated using sixty adult male Wister rats 
(weighing 130-160 g). The rats were purchased from the Holding 
Company for Biological Products and Vaccines (VACSERA, 
Cairo, Egypt). They were kept in polypropylene cages at room 
temperature (22 °C) with a 12-hour light/12-hour dark cycle. 
The rats were provided with water and a balanced diet ad libitum. 
Before starting the experiment, animals were allowed to adapt 
for two weeks without treatment. 

2.3 Experimental protocol

After the acclimation phase, the animals were divided into 
six groups at random (n = 10 rats/group) as the following:

i- Control group: rats were intraperitoneal (i.p.) injected 
with 0.1 mL of 0.9% NaC.

ii- Prodigiosin-conjugated nano silver (PG-AgNP2) group: 
animals were i.p. treated with PG-AgNP2 (3 mg/kg) 
according to El-Batal et al. (2017).

iii- Cadmium (Cd) group: rats were i.p. injected with CdCl2 
(6.5 mg/kg) according to Elkhadragy et al. (2018).

iv- PG-AgNP2 + Cd group: animals were i.p. injected with 
PG-AgNP2 (3 mg/kg) after 2 h of Cd (6.5 mg/kg) exposure.

All the treated groups were treated for seven days. The animals 
were killed by sudden decapitation 24 h after the last treatment, 
brains were rapidly excised from skulls, blotted, and chilled. 
The brain tissue was rapidly wiped dry with filter paper. The first 
half, which was kept at (-80 °C), was utilized for the measurement 
of monoamines and free amino acids, while the second half was 
used for the measurement of other biochemical parameters.

2.4 Assay of dopamine, and norepinephrine 

Weighing and homogenizing the tissue in 1/10weight/
volume of 75% aqueous HPLC grade methanol is the first step 
in the HPLC method for determining the monoamines in the 
brain (hypothalamus). The homogenate was centrifuged at 
3000 rpm for 10 min, and the supernatant was immediately used 
to determine the monoamine concentration after being extracted 
from the lipids and trace elements using a solid-phase extraction 
CHROMABOND column in the NH2 phase, Cat. No. 730031. 
After that, the sample was directly injected into an AQUAcolumn 
15054.6 mm5 C18, which was obtained from Phenomenex in 
the USA, with the following operating parameters: mobile phase 
97/3 20 Mm potassium phosphate, pH 3.0/methanol, flowrate 
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1.5 mL/min, UV 270 nm. After 12 minutes, the monoamines 
were separated. Each monoamine location and concentration 
from the samples were recognized by the ensuing chromatogram 
and compared to the standard and finally, the determination 
of the content of each monoamine as μg/gram of brain tissue 
(Pagel et al., 2000).

2.5 Determination of free amino acids

Using high-performance liquid chromatography (HPLC) 
and the precolumn PITC derivatization process developed by 
Heinrikson & Meredith (1984), free amino acid neurotransmitters 
GABA, Glycine, Taurine, Glutamate, Aspartate, and Serine were 
identified in the hypothalamus.

2.6 Determination of Acetylcholinesterase (AChE) and 
Monoamine Oxidase (MAO) activities

Using the colorimetric method described by Ellman et al. 
(1961), the activity of brain acetylcholinesterase (AChE) was 
evaluated. Using 5-hydroxytryptamine (500 mM) as a substrate, 
the MAO activity was determined fluorometrically at 550 nm 
(excitation wavelength) and 404 nm (emission wavelength) in 
accordance with the method outlined by Dar et al. (2005).

2.7 Oxidative stress marker

Using the technique outlined by Ohkawa et al. (1979) the 
concentration of malondialdehyde (MDA), a lipid peroxidation 
(LPO) biomarker, was measured in the brain tissue. 500 µL of 
supernatant was added with 0.67% thiobarbituric acid, 0.22% 
sulfuric acid, and distilled water. The prepared mixture was placed 
for 30 minutes at 95 °C, cooled to 25 °C, and then centrifuged 
for 15 minutes at 1000 g. Spectrophotometric determination at 
540 nm. The data were obtained in terms of nanomoles MDA 
per milligram of protein. According to Green et al. (1982), the 
Griess reagent was used to measure the nitric oxide (NO) level. 
Griess reagent was combined with 100 µL of supernatant for 
10 minutes at room temperature. At 540 nm, a spectrophotometric 
measurement of the created reddish purple azo dye was made. 
Using the Lodovici  et  al. (1997) approach, brain DNA was 
isolated and hydrolyzed to estimate 8-hydroxy-2-deoxyguanosine 
(8-OHdG).

2.8 Estimation of antioxidants

By reducing Elman’s reagent (5,5′ dithiobis (2-nitrobenzoic 
acid; DTNB) with GSH to yield a yellow molecule, Glutathione 
(GSH) was measured. The absorbance of the reduced chromogen 
at 405 nm is directly proportional to the GSH content. 
According to Aebi (1984) catalase (CAT) activity was estimated. 
The Nishikimi et al. (1972) method was used to measure the 
superoxide dismutase (SOD) activity. Furthermore, the Paglia & 
Valentine (1967) method was used to test glutathione peroxidase 
activity. GPx activity was calculated using a reaction combined 
with glutathione reductase as the reduction in NADH per minute 
(GR). GPx activity was measured as a reduction in absorbance 
at 340 nm and expressed as U/mg protein. Additionally, the 

glutathione-dependent oxidation of NADPH at 340 nm was 
quantified and expressed as U/mg protein to determine GR activity.

2.9 Inflammatory markers in brain tissues

TNF (tumor necrosis factor) and interleukin-6 (IL-6) 
concentrations were measured using commercial ELISA kits 
(R&D System, Minneapolis, MN, USA) in accordance with the 
manufacturer’s instructions.

2.10 Estimation of apoptotic markers in tissue

According to the manufacturer’s instructions, a colorimetric 
caspase-3 assay kit (Sigma-Aldrich Co. USA) was used to examine 
brain tissue homogenates prepared in lysis buffer. By using 
ELISA kits, B cell lymphoma 2 (Bcl-2) and Bcl-2 associated X 
protein (Bax) levels in the tissue homogenate were determined 
(LifeSpan BioSciences, Inc., Seattle, WA, USA). The process 
was carried out by the manufacturer’s instructions. The units 
of measurement were ng/mg of tissue protein.

2.11 Statistical analysis

Data analysis was done using the Statistical Package (SPSS) 
for the Social Sciences. The results were presented as the mean 
± standard error of the mean (SEM). To ascertain significance, 
Duncan’s test was used after a one-way analysis of variance 
(ANOVA). The acceptable level of significance was accepted 
at p ˂ 0.05.

3 Results
Cd concentration in brain tissues significantly increased after 

treatment with CdCl2 (6.5 mg/kg). Treatment with PG-AgNPs 
ameliorates this rise in Cd concentration (Figure 1).

The goal of the current investigation was to assess the potential 
therapeutic effects of PG-AgNPs (3 mg/kg) on neurotoxicity 
produced by CdCl2 (6.5 mg/kg) exposure. Reduced levels of DA 
and NE in brain tissue were found in CdCl2-exposed rats, which 
suggested a disruption in monoaminergic neurotransmission 

Figure 1. Bioaccumulation of Cd in brain tissue in response to PG-
AgNPs and/or Cd treatment. Results are displayed as the mean ± SE 
(n = 10). a: p < 0.05 versus the control group; b: p < 0.05 versus the 
Cd-treated group.
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and this was clear from the elevation in the activity of MAO and 
AChE as compared to control. Interestingly, the levels of these 
neurotransmitters were considerably restored (p < 0.05) by the 
injection of PG-AgNPs, suggesting the potent neuro-modulatory 
impact of PG-AgNPs against CdCl2-mediated neurotoxicity in 
rats (Figure 2).

The studied excitatory amino acids (glutamate, aspartate, and 
glycine) markedly increased in the brain after CdCl2 exposure (p 
< 0.05) compared to control groups. Following the induction of 
neurotoxicity by Cd, treatment with PG-AgNPs for 7 days led to 
a significant decrease in glutamate content as compared to the 
Cd group, but no significant changes were seen in the content 
of aspartate or glycine as compared to the CdCl2 treated group 
as shown in Figure 3.

According to the data shown in Figure 3, rats exposed to 
CdCl2 had significantly lower levels of the inhibitory amino 
acids GABA, taurine, and serene than animals in the control 
group. When compared to the CdCl2 group, the inhibitory amino 
acids in brain tissue recorded significant amelioration in their 
contents after treatment with PG-AgNPs.

MDA, NO, and 8-OHdG production was elevated, indicating 
that the oxidative state of the brain tissue in CdCl2-exposed 
rats was altered. These changes were followed by a significant 
decrease (p < 0.05) in the levels of endogenous antioxidant 
proteins such SOD, CAT, GSH, and its derived enzymes (GPx 

and GR) compared to the control group. The injection with PG-
AgNPs considerably reduces the development of oxidative stress 
after exposure to CdCl2 by increasing the levels of the examined 
antioxidant proteins and lowering the levels of pro-oxidants in 
brain tissue (Figures 4-5).

CdCl2-induced Toxicity led to neuronal inflammation, which 
was detected by significantly higher tissue levels of pro-inflammatory 
cytokines (TNF-α and IL-6) compared to those found in the 
control group (p < 0.05). These brain inflammatory responses 
were dramatically reduced in PG-AgNPs-treated rats compared 
to the CdCl2 group, demonstrating the anti-inflammatory effect of 
PG-AgNPs in the CdCl2-induced neurotoxicity model (Figure 6).

To explore neuronal apoptotic events in the CdCl2-induced 
neurotoxicity model rats and the potential anti-apoptotic 
role of PG-AgNPs treatment, the levels of Bcl-2 and Bax and 
caspase-3 activity were examined in brain tissue. Compared with 
the control group, rats exposed to CdCl2 exhibited significant 
elevations (p < 0.05) in the levels of apoptogenic proteins (Bax 
and caspase-3), whereas a significant reduction (p < 0.05) in 
the Bcl-2 level (anti-apoptotic protein) was observed. However, 
PG-AgNPs injection prevented the apoptotic cascade and 
reversed the CdCl2-exposure-induced changes in apoptotic 
proteins compared with the untreated CdCl2 levels, indicating 
the effective role played by, PG-AgNPs against neuronal loss 
following CdCl2 exposure (Figure 7).

Figure 2. The effect of treatment with PG-AgNP2 (3 mg/kg) on the content of dopamine (DA) and norepinephrine (NE), monoaminoxidase (MAO) 
and acetylcholinesterase (AChE) in brain tissue in rats intoxicated with CdCl2 for 7 days. Data are expressed as means ± standard error (SE) for 10 
animals/group. a: significance change at P < 0.05 in comparison with the control group; b: significance change at P < 0.05 with respect to CdCl2.
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4 Discussion
Prodigiosin, a red pigment derived from the Serratia marcescens 

strain, has been suggested to have a therapeutic effect against 
a variety of health issues connected to environmental toxins. 
Due to the improved bioavailability, delivery progression, and 
drug inflow to the target tissues provided by these treatment 
formulations compared to standard medication formulations, 
the employment of metal-based nanoparticles has emerged 
as a promising trend in the pharmaceutical industry. Several 
researchers demonstrated the accumulation of metals in the cells 
after treatment with metal-based nanoparticles in high doses 
for a long time. Patlolla et al. (2015) reported that a low dose 
of AgNP2 for 7 days does not cause any marked accumulation 

or toxicity in animal cells, it only enhances the delivery of the 
target treatment to the cells.

The purpose of the current investigation is to examine any 
potential therapeutic benefits of PG-AgNP2 for the neurotoxicity 
caused by Cd exposure. Cd is a harmful heavy metal that 
impairs both human and animal cellular and metabolic systems. 
Our findings demonstrated that after 7 days of treatment, levels 
of Cd in the brain tissue were high (approximately 600 times 
higher than control values) in the Cd-treated group. Because 
Cd can pass through the blood-brain barrier, it may have 
accumulated in the brain tissue (Shukla & Chandra, 1987). 
Following penetrating, Cd accumulates in several brain tissues 
and leads to cellular damage (Omairi et al., 2018; Sinha et al., 

Figure 3. The effect of treatment with PG-AgNP2 (3 mg/kg) on the content of free excitatory (glutamate, aspartate and glycine) and inhibitory 
(GABA, taurine and serine) amino acids in brain tissue in rats intoxicated with CdCl2 for 7 days. Data are expressed as means ± standard error 
(SE) for 10 animals/group. a: significance change at P < 0.05 in comparison with the control group; b: significance change at P < 0.05 with respect 
to CdCl2.
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2008). Cd neurotoxicity is due to the production of ROS, which 
leads to oxidative stress (Chen et al., 2011). The ability of Cd in 
the production of ROS was confirmed by measuring the level of 
NO, MDA, and 8-OHdG in addition to determining the activity 
of antioxidant enzymes (GSH, GPx, GR, CAT, and SOD) in the 
brain homogenate of rats. Our results demonstrated that seven 
days of continuous exposure to Cd (6.5 mg/kg body weight) 
caused neuronal changes due to the depletion of antioxidant 
defence mechanisms, which disrupt cellular redox and cause 
oxidative stress. This conclusion was supported by a rise in MDA, 
8-OHdG, and NO levels in addition to a fall in GSH levels as 
well as the activity of SOD, CAT, GR, and GPx.

The accumulation of Cd in the brain tissue, which consumes 
the GSH pool, may be responsible for the decline in antioxidant 
enzyme levels (Onyema et al., 2006). These enzymes become 
inactive when GSH levels drop, and Cd also inhibits oxidative 
enzymes by binding to their sulphydryl (-SH) groups (Renugadevi 
& Prabu, 2009). In our finding, the treatment with PG-AgNPs 
prevented Cd-induced changes in the redox status of brain 
tissue, as demonstrated by the inhibition of ROS production 
and MDA, 8-OHdG, and NO formation and the enhancement 
of the antioxidant system. These findings support the promising 
neuroprotective and antioxidative properties of PG-AgNPs. 
In their earlier study, Chang  et  al. (2011) reported that PG 
prevented neuronal oxidative and nitrative insults induced by 
hypoxia and ischemia by inhibiting NADPH oxidase2 activity 
and ROS production. Additionally, PG suppressed microcystin 

LR–mediated oxidative stress in HepG2 cells by inhibiting ROS 
production and activating 8-OHdG (Chen et al., 2019). Moreover, 
PG attenuated the development of oxidative damage associated 
with a gastric ulcer model, as demonstrated by decreased levels 
of lipid peroxidation and NO production and elevated levels of 
cellular antioxidant defense system components (Lapenda et al., 
2020). This effect may be due to the free radical-scavenging 
activity of PG (Arivizhivendhan et al., 2018).

Cd has been found to increase the BBB’s permeability, 
concentrating mostly in the brain’s cortical tissue, which has 
been designated as a target for Cd-mediated toxicity (Yuan et al., 
2013). In the current investigation of Cd accumulation in the 
brain, tissues may be related to the brain’s susceptibility to Cd 
accumulation. Monoamines are essential for maintaining mood, 
motor control, and cognitive abilities, and it is impossible to 
ignore their significance in the formation and progression 
of neurodegenerative disorders. Consequently, xenobiotic 
substances that interfere with monoamines may cause changes 
in neurodevelopment (Felice et al., 2015; Kassab et al., 2019). 
According to our study, Cd is capable reduce the amounts of 
DA and NE in the brain tissue. Following Cd intoxication, the 
monoaminergic disturbance has been observed in animal models 
(Yıldız et al., 2022; Omairi et al., 2018).

The decrease in monoamine neurotransmitters following 
exposure to Cd may be caused by the production of ROS, which 
suppresses the enzymes involved in monoamine biosynthesis, 

Figure 4. The effect of treatment with PG-AgNP2 (3 mg/kg) on brain levels of oxidative stress indicators in rats intoxicated with CdCl2 for 7 
days. Data are expressed as means ± standard error (SE) for 10 animals/group. a: significance change at P < 0.05 in comparison with the control 
group; b: significance change at P < 0.05 with respect to CdCl2.
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disturbs monoamine metabolism by promoting their removal 
and breakdown, and inhibits the uptake of monoamines 
(Maodaa  et  al., 2016; Lizarraga  et  al., 2015). Additionally, it 
was recently found by Alnahdi & Sharaf (2019) that Cd toxicity 
activated monoamine oxidase (MAO), an enzyme that catalyzes 
the oxidative deamination of monoamines, which led to an 
increase in hydroxyl radical in the brain and a decrease in the 
contents of NE and DA in the brain (Štrac et al., 2016; Vitrac & 
Benoit-Marand, 2017). Interestingly, monoamine contents in the 
brain tissue were revived in PG-AgNP2 treated rats, indicating 
the neuroprotection effect of PG-AgNP2 against the disturbances 
that occurred following Cd intoxication. Our study is the first to 
investigate the possible neurotherapeutic effect of PGs-AgNPs, 
showing PGs’ capacity to regulate neurotransmission in brain 
tissues, especially monoamines.

Inhibition of AChE activity in rats exposed to CdCl2 is 
another sign of brain damage in the current research. The primary 

enzyme responsible for converting acetylcholine (ACh) into acetic 
acid and choline is known as AChE. ACh is deposited in central 
cholinergic synapses and neuromuscular junctions as a result of 
AChE being suppressed under oxidative stress, which may lead 
to neuronal dysfunctions such as neuromuscular cholinergic 
hyperactivity (Olayan et al., 2020). Carageorgiou et al. (2004) 
reported a considerable inhibition of AChE activity following Cd 
intoxication. Cd is one of the metal inactivators of AChE and can 
induce a conformational change in the enzyme-protein part, which 
leads to the formation of an inactive enzyme. Interestingly, PG-
AgNP2 administration ameliorates the poisonous effect of Cd on 
the AChE activity. Although it is a promising therapeutic agent in 
the development of new anti-Alzheimer drugs due to its ability to 
regulate AChE activity (Ayaz et al., 2019), PG-AgNP2 was found to 
enhance the AChE activity in response to Cd intoxication, which 
may be due to its capability to quench ROS generated by Cd, or 
through the prevention of the interaction between Cd and AChE.

Figure 5. The effect of treatment with PG-AgNP2 (3 mg/kg) on brain antioxidant enzyme activities with CdCl2 for 7 days. Data are expressed 
as means ± standard error (SE) for 10 animals/group. a: significance change at P < 0.05 in comparison with the control group; b: significance 
change at P < 0.05 with respect to CdCl2.
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In the present study, Cd injection for 7 days increased the 
production of proinflammatory cytokines specially TNF-α (trigger 
for other cytokines) and IL-6 (interface of inflammatory and 
immune response) which are the cause of damage in the brain 
tissue. TNF- α is a transmembrane protein/cytokine that is appear 
as a response to pathogen invasion in macrophages. It is also, 
used as the inflammatory interface of both local and systemic 
inflammation (Tracey, 2002). TNF- α is play a major role in the 
production of IL-6 and other mediators important in extending 
the inflammatory response and tissue damage (Aly et al., 2018). 

Yang et al. (2019), proved that inflammatory cytokines have a 
stimulating effect on the accumulation of neutrophils to increase 
the injury of inflammation in the tissues. The present results are 
also in harmony with Elkhadragy et al. (2018), who found an 
increase in TNF- α and IL-6 in the brain tissue of rats treated with 
CdCl2. In the present study, the treatment with PG-AgNP2 reduced 
the elevation of the inflammatory cytokines (TNF- α and IL-6) 
in brain tissues. The mechanism by which the PG-AgNP2 repair 
the damage produced by Cd and ameliorate the studied cytokines 
may be due to its potent anti-inflammatory effect (Lin et al., 2019).

Figure 6. The effect of treatment with PG-AgNP2 (3 mg/kg) on brain neuroinflammatory markers in rats intoxicated with CdCl2 for 7 days. Data 
are expressed as means ± standard error (SE) for 10 animals/group. a: significance change at P < 0.05 in comparison with the control group; b: 
significance change at P < 0.05 with respect to CdCl2.

Figure 7. The effect of treatment with PG-AgNP2 (3 mg/kg) on brain level of apoptosis markers in rats intoxicated with CdCl2 for 7 days. Data 
are expressed as means ± standard error (SE) for 10 animals/group. a: significance change at P < 0.05 in comparison with the control group; b: 
significance change at P < 0.05 with respect to CdCl2.
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Cd induces apoptosis in various cells by interfering with protein 
kinase C, mitogen-activated protein kinase, and phospholipase 
C, as well as by suppressing calcium-dependent ATPase or by 
stimulating the inositol triphosphate pathway. According to 
the current findings, the amount of the apoptosis-inducing 
genes (Bax and caspase-3) increased while Bcl-2, which inhibits 
apoptosis, was decreased in the brain tissue. These results may 
be explained by the Cd capacity to increase the entry of Ca2+ into 
the mitochondria, which interferes with the normal metabolism 
of the mitochondria and causes apoptosis and growth arrest in 
neuronal cells (Xu et al., 2011; Yuan et al., 2013).

In the brain tissue of rats receiving PG-AgNP2 treatment, 
apoptosis was reduced. However, treatment with PG reduced the 
Cd-induced loss of neuronal cells as evidenced by a decrease in 
the production of pro-apoptotic proteins (Bax and caspase-3) and 
an increase in the expression of the anti-apoptotic protein Bcl-2. 
These findings are in agreement with those of Al Omairi,  et al., 
(2022), who found that PG inhibited apoptosis in depressed 
rats. Lapenda et al. (2020), recorded the anti-apoptotic action 
of PG and found that it inhibited the apoptotic cascade linked 
to stomach lesions brought on by injections of acidified ethanol 
by upregulating Bcl-2 and downregulating Bax and caspase-3.

5 Conclusion
In conclusion, treatment with PG-AgNP2 exhibits significant 

neuroprotective effects against Cd-induced toxicity in rats 
by suppressing pro-oxidative insults (ROS, NO, and MDA), 
enhancing antioxidative defense systems (GSH, GPx, GR, SOD, 
and CAT), reducing neuronal inflammation (TNF-α, and IL-6), 
preventing neuronal apoptosis by lowering pro-apoptotic factors 
and increasing the anti-apoptotic protein, and modulating 
monoaminergic, amino-acidergic, and cholinergic transmission 
significantly in the brain tissue.
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