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ABSTRACT
Introduction: Kainic acid (KA) has been widely used to study the mechanism of excitotoxicity-
induced neurodegeneration and to investigate neurodegenerative therapeutic intervention. The
present study aimed to investigate the protective effects of Tualang honey-mediated silver
nanoparticles (THSN) against oxidative stress in the hippocampus of KA-induced rats. Methods:
Male Sprague Dawley rats (n = 72) were randomized into six groups: i) control, ii) THSN 10 mg, iii)
THSN 50 mg, iv) KA only, v) THSN 10 mg + KA, and vi) THSN 50 mg + KA. The animals were admin-
istered distilled water or THSN (10 or 50 mg/kg), according to their respective groups, five times at
12 h intervals before being injected subcutaneously with saline or KA (15 mg/kg). Animals were
sacrificed after 24 h and 5 days of KA induction. Malondialdehyde (MDA), total nitrate/nitrite (NOx),
protein carbonyl (PCO), glutathione (GSH), total antioxidant status (TAS), and catalase (CAT) activity
in the hippocampal tissue were measured using commercially available ELISA kits. Results: THSN
pre-treatments significantly improved oxidative status in the hippocampus by decreasing theMDA,
NOx, and PCO levels while increasing the levels of GSH, TAS, and CAT activity. Conclusion: THSN
attenuated the KA-induced oxidative stress in the rat hippocampus through its antioxidant effects.
Key words: antioxidant, hippocampus, kainic acid, oxidative stress, protective effect, rats' model,
silver nanoparticles, Tualang honey

INTRODUCTION
Oxidative stress, a condition in which antioxidant de-
fenses of the body are overcome by oxidants (free
radicals), is known to damage biomolecules and sev-
eral cellular components, which can potentially im-
pact the whole organism1. It has been shown that ox-
idation induced by the presence of free radicals can
damage plasma membranes, cellular proteins, lipids,
and even DNA, which can initiate the development
of many diseases if not properly controlled, includ-
ing neurodegenerative diseases (e.g., Parkinson’s dis-
ease, Alzheimer’s disease, ischemic stroke), cardiovas-
cular disease, and cancer2. Fortunately, the human
body is equipped with an antioxidant defense system
to counteract the negative actions of oxidants, which
can be categorized into enzymatic and non-enzymatic
antioxidants. Enzymatic antioxidants include cata-
lase (CAT), superoxide dismutase, and glutathione
peroxidase, which can only be produced within our
body and cannot be supplemented orally 3. In con-
trast, non-enzymatic antioxidants, such as vitamin E,
vitamin C, carotenoids, and glutathione (GSH), can
be supplemented orally. Of these, GSH, the so-called
master antioxidant, is probably the most important

non-enzymatic antioxidant in our body because it is
found in every single cell, thus maximizing the activ-
ities of all other antioxidants within the cellular com-
partment2.
In the present study, the state of oxidative stress was
chemically induced using kainic acid (KA), an exci-
totoxic substance that causes considerable oxidative
damage to the brain4,5. KA is a naturally occur-
ring substance, isolated and extracted from red al-
gae (Digenea simplex), which binds to the KA1 and
KA2 receptors. These receptors are a subtype of the
ionotropic glutamate receptor family 6, and they are
highly expressed in several areas of the brain, includ-
ing the hippocampus7, which explains the selective
vulnerability of the hippocampus to the excitotoxic
effect of KA8. Previously, KA has been used to eluci-
date the mechanisms underlying oxidative stress, in-
flammation, and apoptosis in neurodegenerative dis-
eases9,10.
Theuse of nanotechnology in food safety and biomed-
ical sciences has been constantly increasing over the
last few decades. A nanoparticle is a particle of mat-
ter that has a diameter of less than 100 nm11. Because
of their size, nanoparticles can cross into the placenta,
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blood-brain barrier, and various types of cells, and in-
teract with DNA. There are many types of nanopar-
ticles, which can be classified as organic or non-
organic nanoparticles, which can be synthetically pro-
duced or obtained as a byproduct (non-synthetic)12.
One of the most prominent and fascinating non-
organic metal nanoparticles is silver nanoparticles,
which have been used in various fields, such as the
pharmaceutical industry, food industry, household,
and healthcare-related products, because of their dis-
tinctive physical and chemical properties. In themed-
ical field, silver nanoparticles are used in diagnostic
procedures, drug delivery, anticancer agents, and or-
thopedic devices13.
Green synthesis refers tomethods using natural prod-
ucts (e.g., plant extract), which is increasingly be-
ing used to produce nanoparticles for applications in
biology, medicine, and engineering. Green synthe-
sis has many advantages over synthetic chemical or
physical methods as it is non-toxic, environmentally
friendly, economical, and more sustainable14. In the
green synthesis methods, polyphenols and proteins
contained in plant-based materials function as reduc-
ing agents to reduce metal ions into metal nanoparti-
cles15. Under certain circumstances, metal nanopar-
ticles synthesized using plant-based materials have a
higher quality compared to similar nanoparticles syn-
thesized using physical or synthetic chemical meth-
ods. For instance, it has been shown that metal
nanoparticles (iron oxide) produced using the green
synthesis routes have a much smaller average size (2 –
80 nm) compared to that of particles produced using
the synthetic chemical methods (87 – 400 nm) Gokila
et al. (2021)16.
We have previously synthesized silver nanoparticles
using a green synthesis method, in which Tualang
honey (TH) was used as the natural raw material17.
TH is a well-known local honey that contains the
highest level of antioxidant content compared to other
local Malaysian honey 18. The antioxidant contents
of TH include flavonoids, phenolic acids, ascorbic
acid, and carotenoids, which are believed to be re-
sponsible for many of its health benefits19,20. The
silver nanoparticles synthesized using TH were char-
acterized by X-ray diffraction, Fourier transform in-
frared spectroscopy, field emission scanning electron
microscopy, and transmission electron microscopy.
The synthesized silver nanoparticles were 22 nm in
diameter and exhibited antioxidant activity and re-
ducing power values of 95.54 ± 0.96% and 1032.30
± 102.76 µm Fe(II), respectively 17. Recently, it has
been reported that silver nanoparticles synthesized
using TH can ameliorate seizures, locomotor activity,

and memory function in KA-induced status epilepti-
cus in male rats21.
To date, it is not known whether TH-mediated
silver nanoparticles (THSN) can attenuate oxida-
tive stress in the hippocampus of the KA-induced
excitotoxicity-mediated neurodegeneration model.
Therefore, the present study aimed to determine the
oxidant/antioxidant status of THSN bymeasuring the
levels ofmalondialdehyde (MDA), total nitrate/nitrite
(NOx), protein carbonyl (PCO), GSH, total antioxi-
dant status (TAS), and CAT activity in the hippocam-
pus of the KA-induced oxidative stress rat model.

METHODS

TH procurement

TH (AgroMas®) was supplied by the Federal Agricul-
tural Marketing Authority, Ministry of Agriculture
and Agro-Based Industry, Kedah, Malaysia.

THSN preparation

The THSN was prepared using the green synthesis
method17. First, TH was synthesized with silver ni-
trates to obtain the nanoparticle powder. The TH so-
lution was adjusted to pH 8.0 by adding a few drops
of sodium hydroxide (NaOH), before adding 0.1 M
of silver nitrate solution. A color change from light
brown to dark brown was observed, indicating the
successful synthesis of THSN.The solution was dried
overnight in the oven at 60 ◦C, and the nanoparticles
were collected in powdered form and stored at room
temperature. THSN solution was freshly prepared by
dissolving theTHSNpowder in 0.5mLof distilledwa-
ter.

Animals

Adult male Sprague Dawley rats (weighing approxi-
mately 200 – 250 g; aged 8 – 10 weeks) were pur-
chased from the Animal Research and Service Cen-
tre, Universiti Sains Malaysia (USM) Health Campus,
Kubang Kerian, Kelantan. The animals were housed
individually in polypropylene cages and maintained
at a temperature of 25± 2 ◦C under a 12 h light/dark
cycle. The animals were acclimatized for at least
7 days and provided rat pellets and water ad libi-
tum. The experimental procedure was reviewed and
approved by the Animal Ethic Committee of USM
[USM/IACUC/2018/(111)(904)]. All experimental
procedures involving animals were performed follow-
ing the Institutional Guidelines for the Care and Use
of Animals for Scientific Purposes.
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Experimental groups

A total of 72 male rats were randomized into six ma-
jor groups (n = 12 rats per major group). The major
groups were established as follows:
Group 1: Control — Rats were orally administered
distilled water. Thirty minutes after the last oral treat-
ment, the rats were injected subcutaneously with 0.5
mL of saline solution.
Group 2: THSN 10 mg — Rats were orally adminis-
tered THSN (10 mg/kg). Thirty minutes after the last
oral treatment, the rats were injected subcutaneously
with 0.5 mL of saline solution.
Group 3: THSN 50 mg — Rats were orally adminis-
tered THSN (50 mg/kg). Thirty minutes after the last
oral treatment, the rats were injected subcutaneously
with 0.5 mL of saline solution.
Group 4: KA only — Rats were orally administered
distilled water. Thirty minutes after the last oral treat-
ment, the animals were injected subcutaneously with
KA solution (15 mg/kg).
Group 5: THSN 10 mg + KA — Rats were orally ad-
ministered THSN (10 mg/kg). Thirty minutes after
the last oral treatment, the animals were injected sub-
cutaneously with KA solution (15 mg/kg).
Group 6: THSN 50 mg + KA — Rats were orally ad-
ministered THSN (50 mg/kg). Thirty minutes after
the last oral treatment, the animals were injected sub-
cutaneously with KA solution (15 mg/kg).
Each major group was further divided randomly into
two subgroups depending on the time of sacrifice
(24 h and 5 days after KA induction; n = 6 rats per
subgroup). For the THSN pre-treatment, 10 and 50
mg/kg dosages were chosen for this study because of
the antidiabetic effect and increased antioxidant ac-
tivities reported in rat models22,23. Each group was
pre-treated five times with the respective treatments
at 12 h intervals.
The dose of KA (15 mg/kg) was reported to be suf-
ficient in eliciting demonstrable damage in differ-
ent brain regions such as the cerebellum and brain-
stem5. Moreover, a subcutaneous injection of saline
was given to animals in the control group (no KA
induction). Since the KA dosage of 15 mg/kg was
associated with a high mortality rate, diazepam (10
mg/kg) was injected approximately 90 min after the
onset of the first generalized seizure, as a precaution,
to increase the survival rate of KA-induced rats5,9. Fi-
nally, the rat hippocampus was used for biochemical
analysis, to assess oxidative stress markers.

Biochemical analysis
At the time of sacrifice (24 h or 5 days after KA in-
duction), rats were euthanized with an overdose of
sodium pentobarbital (100 mg/kg, intraperitoneal),
followed by decapitation using a guillotine. First, the
hippocampus from each animal was quickly extracted
from the brain, isolated, weighed, and stored at −80
◦C until use. Then, the tissue samples were homoge-
nized (10%w/v) in ice-cold 0.1Mphosphate-buffered
saline (pH 7.4). Next, the homogenates were cen-
trifuged (10,000 x g) for 10 min, and the supernatants
were aliquoted and stored at−80 ◦C until analysis.
The oxidative stress parameters were determined
based on the levels of MDA, NOx, PCO, GSH,
TAS, and CAT activity. These markers were de-
termined using commercially available ELISA kits
(Qayee, Wuhan) via the double antibody enzyme-
linked immunosorbent one-step process. The assays
were performed following themanufacturer’s instruc-
tions.

Statistically analysis
The results were analyzed using SPSS software version
26 (SPSS Statistics, IBM, Chicago, USA).The datasets
were subjected to normality and homogeneity of vari-
ance analysis using Levene’s test. The normally dis-
tributed data and equal variance were analyzed using
a parametric test, a one-way analysis of variance fol-
lowed by Tukey’s post hoc test, to determine themean
differences in all parameters between the groups. The
data were expressed as the mean ± standard error of
themean and considered significant when the p-value
was less than 0.05.

RESULTS
Malondialdehyde (MDA) level
The present study showed that there were significant
differences in MDA levels among rats in the 24 h sub-
groups [F (5, 30) = 4.099, p < 0.01] (p = 0.006). The
level of MDA in the KA-only group was significantly
higher than control (p < 0.01) and THSN 10 mg (p
< 0.05) groups (Figure 1). There were significant re-
ductions in the MDA levels in the THSN 10 mg +
KA and THSN 50 mg + KA groups compared to the
KA-only group, suggesting an improvement in lipid
peroxidation following THSN pre-treatment. More-
over, in the 5 days subgroups, a decreasing trend of the
MDA level was observed in the THSN pre-treatment
groups; however, there was no significant difference
(p > 0.05) between the groups, except for the con-
trol group (p < 0.05), when compared with KA only
(Figure 1).
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Figure 1: Level of MDA in the hippocampus of KA-induced rats. The results were expressed as mean ± SEM.
The significant difference was determined by parametric test; one way ANOVA followed by Tukey post-hoc test
with p < 0.05 indicates statistically difference. * p < 0.05 versus KA only group; ** p < 0.01 versus KA only group.

Figure 2: Level of NOx in the hippocampus of KA-induced rats. The results were expressed as mean ± SEM.
The significant difference was determined by parametric test; one way ANOVA followed by Tukey post-hoc test
with p < 0.05 indicates statistically difference. * p < 0.05 versus KA only group; ** p < 0.01 versus KA only group.
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Figure 3: Level of PCO in the hippocampus of KA-induced rats. The results were expressed as mean ± SEM.
The significant difference was determined by parametric test; one way ANOVA followed by Tukey post-hoc test
with p < 0.05 indicates statistically difference. * p < 0.05 versus KA only group.

Figure 4: Activity of CAT in the hippocampus of KA-induced rats. The results were expressed as mean± SEM.
The significant difference was determined by parametric test; one way ANOVA followed by Tukey post-hoc test
with p < 0.05 indicates statistically difference. * p < 0.05 versus KA only group; ** p < 0.01 versus KA only group;
*** p < 0.001 versus KA only group.
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Figure 5: Level of GSH in the hippocampus of KA-induced rats. The results were expressed as mean ± SEM.
The significant difference was determined by parametric test; one way ANOVA followed by Tukey post-hoc test
with p < 0.05 indicates statistically difference. * p < 0.05 versus KA only group; ** p < 0.01 versus KA only group.

Figure 6: Level of TAS in the hippocampus of KA-induced rats. The results were expressed asmean± SEM. The
significant difference was determined by parametric test; one way ANOVA followed by Tukey post-hoc test with p
< 0.05 indicates statistically difference. * p < 0.05 versus KA only group; ** p < 0.01 versus KA only group.
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Total nitrate/nitrite (NOx) level
In the present study, there was a significant differ-
ence in NOx levels among the 24 h subgroups [F (5,
30) = 5.307, p < 0.01] (p = 0.001). The level of NOx
in the KA-only group was significantly higher com-
pared to the control (p < 0.05), THSN 10 mg (p <
0.01), and THSN 50 mg (p < 0.01) groups. In addi-
tion, the NOx levels were significantly lower in the
THSN 10 mg + KA (p < 0.01) and THSN 50 mg +
KA (p < 0.01) groups compared to the KA-only group
(Figure 2). These results demonstrated that admin-
istration of THSN can prevent KA-induced elevation
of NOx levels in the hippocampus at 24 h after KA in-
duction. Moreover, in 5 days subgroups, there was no
significant difference (p > 0.05) inNOx levels between
all 5 days subgroups, although a decreasing trend was
observed following THSN pre-treatment, in compari-
son to theKA-only group. These results demonstrated
that administration of 10 mg of THSN can prevent
KA-induced elevation of NOx levels at 24 h, but not
5 days, after KA induction (Figure 2).

Protein carbonyl (PCO) level
In the present study, the result showed that there was
no significant difference (p > 0.05) in PCO levels be-
tween all groups at 24 h after KA induction (Figure 3).
However, in 5 days subgroups, there were significant
differences in the hippocampal PCO levels between
the groups [F (5, 30) = 3.587, p < 0.05] (p = 0.012).
There was a significant increase in PCO levels in the
KA-only group compared to the control (p < 0.05)
and THSN 10 mg (p < 0.05) groups. There was also
a significant reduction in hippocampal PCO levels in
the THSN 10 mg + KA group (p < 0.05) compared to
the KA-only group (Figure 3). These results demon-
strated that administering 10mgofTHSNcanprevent
KA-induced elevation of PCO levels in the hippocam-
pus at 5 days, but not at 24 h after KA induction.

Catalase (CAT) activity
There was a significant difference in the hippocam-
pal CAT activity between the groups at 24 h [F (5, 30)
= 9.277, p < 0.001] (p = 0.000). There was a signif-
icant decrease in CAT activity in the KA-only group
compared to the control (p < 0.01), THSN 10 mg (p
< 0.01), and THSN 50 mg (p < 0.001) groups. In ad-
dition, CAT activity was significantly increased in the
THSN 50 mg + KA group (p < 0.05) compared to the
KA-only group (Figure 4). Moreover, in 5 days sub-
groups, there was a significant reduction in CAT ac-
tivity in the KA-only group compared with the con-
trol (p < 0.01), THSN 10 mg (p < 0.01), and THSN

50 mg (p < 0.05) groups. Additionally, the CAT activ-
ity was significantly increased in the THSN 10 mg +
KA group (p < 0.001) compared to the KA-only group
(Figure 4). These results suggested that pre-treatment
with THSN 10 mg and THSN 50 mg prevented the
KA-induced reduction of CAT activity after 24 h and
5 days, respectively.

Reduced glutathione (GSH) level
There was a significant difference in the GSH lev-
els among the 24 h subgroups [F (5, 30) = 5.245, p
< 0.01] (p = 0.002). The post hoc test showed that
the GSH level in the KA-only group was significantly
lower than that in the control (p < 0.05), THSN 10
mg (p < 0.01), and THSN 50 mg (p < 0.01) groups.
Interestingly, GSH levels in the THSN 10 mg + KA
(p < 0.01) and THSN 50 mg + KA (p < 0.05) groups
were significantly higher than that in the KA-only
group (Figure 5). Meanwhile, the 5 days subgroups
also demonstrated significant differences [F (5, 30) =
6.528, p < 0.001] (p = 0.000). The GSH level was sig-
nificantly reduced in the KA-only group compared to
the control (p < 0.05). However, GSH levels were sig-
nificantly higher in the THSN 10 mg + KA (p < 0.01)
and THSN 50mg +KA (p < 0.01) groups compared to
the KA-only group (Figure 5). These results demon-
strated that the administration of 10 mg or 50 mg of
THSN was effective to prevent KA-induced depletion
of GSH in the hippocampus.

Total antioxidant status (TAS) level
The present study demonstrated a significant differ-
ence in TAS levels among the 24 h subgroups [F (5,
30) = 6.528, p = 0.000]. The post hoc test showed that
the TAS level in the KA-only group was significantly
lower compared to the control (p < 0.05). The TAS
levels were significantly higher in the THSN 10 mg
+ KA (p < 0.01) and THSN 50 mg + KA (p < 0.01)
groups compared to the KA-only group (Figure 6).
Moreover, the TAS levels were significantly different
[F (5, 30) = 4.858, p < 0.01] (p = 0.002) among the 5
days subgroups. The TAS level in the KA-only group
was significantly decreased compared to the control
(p < 0.05), THSN 10 mg (p < 0.01), and THSN 50
mg (p < 0.01) groups (Figure 6). However, there were
no significant differences between THSN 10mg + KA
and THSN 50 mg + KA groups compared to the KA-
only group. These results demonstrated that adminis-
tering 10 mg and 50 mg of THSN are effective to pre-
vent KA-induced reduction of TAS level in the hip-
pocampus at 24 h, but not at 5 days after KA induc-
tion.
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DISCUSSION
The current study investigated the state of oxidative
stress in the hippocampus by evaluating MDA, PCO,
and NOx levels. MDA is widely used as a convenient
biomarker for lipid peroxidation of polyunsaturated
fatty acids because it readily reacts with thiobarbituric
acid24. In the present study, MDA levels were sig-
nificantly elevated at 24 h and 5 days following KA
administration, indicating that a significant level of
lipid peroxidation occurred in the hippocampus. This
finding is consistent with other studies25,26.
Another important lipid peroxidation biomarker is
NOx, a messenger molecule in the central nervous
system27. A high level of NOx has been associ-
ated with a rise in the highly reactive toxic peroxyni-
trite radical, which may cause cellular damage28. It
has been demonstrated that glutamate-KA receptor
stimulation induces neuronal NO release, which in
turn modulates glutamate transmission29. The cur-
rent study demonstrated that NOx levels in the rats’
hippocampus were significantly elevated at 24 h after
KA administration, but not 5 days after. This time-
dependent outcome was consistent with an earlier re-
port, where KA significantly increased NOx levels in
the right temporal lobe as early as 60 to 90 min after
KA induction, and the NOx levels decreased gradu-
ally after 120 min30.
In the present study, the occurrence of protein oxi-
dation was demonstrated by the raised PCO levels at
24 h after KA administration. Protein oxidation in-
volves the covalent modification of amino acid side
chains and protein backbones, which results in pro-
tein fragmentation or protein-protein cross-linking,
altering their conformation, solubility, and enzyme
activities31. The use of PCO as a biomarker of ox-
idative stress has several advantages because of its sta-
bility and relatively early formation. The result of the
present study is similar to previous studies, which re-
ported KA-induced protein oxidation in different re-
gions of the brain, including the hippocampus5,32.
The current study also demonstrated that PCO levels
were remarkably increased at 5 days after KA admin-
istration but not at 24 h. Furthermore, Dutra et al.
(2018) demonstrated that rats in the epilepsy animal
model exhibited higher levels of protein carbonyl in
the hippocampus during the early silent phase (3 –
5 days after status epilepticus)33. An elevated PCO
level may be caused by excessive protein oxidation or
the decreased capacity of an organism to eliminate ox-
idatively damaged proteins.
The hippocampus is susceptible to oxidative stress be-
cause of the high levels of serotonin that promote free

radical formation34, high content of polyunsaturated
fatty acids and iron, and low antioxidant defenses such
as CAT andGSH35. Consistent with previous reports,
systemic KA administration affected CAT activity in
the brain36,37. We observed that the CAT activity in
the hippocampal tissue was significantly lowered in
the KA-induced rats at 24 h and 5 days, which rep-
resents an important index of oxidative stress. The
present study agrees with Liu et al. (2015), where KA
induction led to lower CAT activity in the hippocam-
pus38.
The current study also demonstrated the presence of
low GSH levels in the hippocampus at 24 h and 5 days
after KA induction, indicating a low GSH antioxidant
defense mechanism. GSH is the most abundant in-
tracellular thiol in the brain39,40, whichmaintains the
redox balance of cells, reduces oxidized particles, and
detoxifies reactive oxygen species41. Therefore, the
amount of GSH may be a valuable indicator of oxida-
tive stress levels.
The use of exogenous antioxidants to inhibit the pro-
duction of free radicals is well-recognized in the lit-
erature38. In the present study, pre-treatment with
THSN prevented the KA-induced increase in MDA,
NOx, and PCO while simultaneously enhancing the
production of CAT, GSH, and TAS at different time
points, which confirms the protective effects of THSN
against oxidative stress. The pre-treatments with
THSN significantly reduced lipid peroxidation, NOx,
and TAS after 24 h and protein oxidation after 5 days
of KA administration, indicating the protective effects
of these substances against oxidative stress on mem-
brane lipids and cellular proteins. However, THSN
did not significantly increase the TAS level or reduce
the MDA or NOx levels after 5 days, possibly because
of a lower rate of bioavailability, rapid metabolism,
and elimination of active ingredients in THSN42,43.
The increase in GSH and TAS levels by THSN sug-
gested antioxidant properties of THSN possibly by
increasing the brain’s endogenous defense. TAS is
used to measure the overall antioxidant status of the
body, which helps elucidate the protective effect dis-
played by antioxidants, reflecting their improvement
in endogenous defense44. The findings in this study
showed that 10 mg and 50 mg of THSN at 24 h after
KA administration significantly improved TAS levels
in the hippocampus.
The neuroprotective effects of THSN are not surpris-
ing because THSN exhibited remarkable antioxidant
activity 17. Previous studies have demonstrated that
the majority of silver nanoparticles synthesized us-
ing green methods, particularly plant extracts, have
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free radical scavenging activity 45. The THSN synthe-
sized in the current study contains alcohols, phenols,
amide, carboxylate ions, and protein, and exhibited
high antioxidant activity, as described previously 17.
Moreover, TH, the reducing agent used to synthesize
the silver nanoparticles, is known to contain antiox-
idants, such as phenols and flavonoids, with a high
total phenolic content (251.7 ± 7.9 mg gallic acid/kg
honey), high total antioxidant activity (322.1 ± 9.7
µM Fe(II)), and good antiradical activity (41.30 ±
0.78% inhibition)46.
The attachment of antioxidant molecules (such as
phenols and flavonoids) to the surfaces of nanopar-
ticles may create phytoantioxidant-functionalized
nanoparticles that can synergistically protect against
oxidative damage45. These phytoantioxidant-
functionalized nanoparticles are a safer alternative to
nanoparticles produced using physical or synthetic
chemical methods. Creating nanoparticles using
natural antioxidants, like honey, is advantageous
because it can increase stability and biocompatibility
while diminishing toxicity, in addition to preserving
the desirable properties of natural compounds.
Taken together, the present study supports earlier
findings showing that KA administration involves ox-
idative stress pathways5,47,48. KA-induced oxida-
tive stress is associated with enhanced lipid perox-
idation and protein oxidation while reducing both
the enzymatic and non-enzymatic anti-oxidative de-
fenses of the body. Previously, it has been shown
that KA-induced oxidative stress is associated with a
rise in extracellular glutamate levels in the hippocam-
pus, which is associated with free radicals generation
and a reduction in residual antioxidant activity 10.
Notably, the present study demonstrated that these
KA-induced changes can be improved by introduc-
ing silver nanoparticles produced usingTH,which are
non-toxic, environmentally friendly, and economi-
cally more sustainable.

CONCLUSIONS
The present study concluded that THSN attenuates
oxidative stress in the hippocampus of KA-induced
rats. THSN has been shown to prevent the KA-
induced increase in oxidative stress markers and si-
multaneously improve the anti-oxidative defenses.
Further investigations at the molecular level of the
mechanism may further clarify the protective effects
of THSN against KA-induced oxidative stress in rats.
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