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Background: Pruritus is an unpleasant cutaneous sensation that provokes scratching behavior and is associated with numerous
inflammatory and dermatological disorders. Histamine is a major mediator of pruritus and contributes to the activation of inflammatory
and oxidative stress pathways. Silver nanoparticles (Ag-NPs) possess well-documented anti-inflammatory, antioxidant, antimicrobial,
and wound-healing properties. The present study investigated the antipruritic effects of Ag-NPs and the involvement of the nitric oxide
(NO) signaling pathway in histamine-induced pruritus in mice.

Methods: Silver nanoparticles were synthesized using a green synthesis approach and characterized by UV—Vis spectroscopy, FTIR, and
SEM analyses. Histamine-induced pruritus was established in male NMRI mice by intradermal injection of histamine (400 pg) into the
shaved nape of the neck. Ag-NPs were administered intraperitoneally at doses of 1, 1.5, and 2 mg/kg. To investigate the role of nitric oxide
signaling, mice received the nitric oxide synthase inhibitors No-Nitro-L-arginine methyl ester (L-NAME, 1 mg/kg) or aminoguanidine (AG,
200 mg/kg) prior to histamine administration. Scratching behavior was recorded, while oxidative stress markers, nitric oxide levels, nerve
growth factor (NGF), inducible nitric oxide synthase (iNOS) expression, and histopathological changes were evaluated.

Results: Histamine administration increased scratching behavior, nitric oxide production, nerve growth factor (NGF) levels, oxidative
stress, and iNOS gene expression in mouse skin tissue. Treatment with Ag-NPs significantly reduced histamine-induced scratching and
attenuated nitric oxide production. Ag-NPs also improved antioxidant status by increasing glutathione, glutathione S-transferase, and
catalase levels while reducing lipid peroxidation. Furthermore, Ag-NPs treatment significantly decreased NGF levels and suppressed
iNOS mRNA expression. Histopathological examination revealed marked improvement in skin architecture and reduced tissue damage
in Ag-NP-treated groups. The antipruritic effects of Ag-NPs were further enhanced in combination with nitric oxide synthase
inhibitors, suggesting the involvement of the NO/iNOS signaling pathway.

Conclusion: Silver nanoparticles exhibit antipruritic activity against histamine-induced pruritus in mice. Their protective effects are
associated with suppression of the NO/iNOS pathway, reduction of oxidative stress, modulation of NGF expression, and attenuation of
inflammatory responses. These findings suggest that Ag-NPs may represent a promising therapeutic strategy for the management of
pruritic disorders.
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Introduction

Pruritus is an unpleasant cutaneous sensation that elicits an urge to scratch and is commonly associated with a variety of
dermatological and systemic disorders. Given its persistent and distressing nature, the impact of pruritus-induced stress
on both physiological functions and social behaviors should not be underestimated, as it can substantially impair an
individual’s quality of life and overall well-being." Owing to high prevalence, pruritus is among the 50 most common
diseases worldwide. Developing countries experience a significant burden, with approximately 70% of their population
affected, often accompanied by other related skin disorders. Pruritus can significantly diminish a person’s life quality,

leading to sleep disturbances, anxiety, depression, and disruption the daily quality of life.?
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The severity and duration of pruritus depend on the underlying cause and individual characteristics such as age, sex,
and skin type. The duration of pruritus is divided into two main categories: acute and chronic pruritus. Acute pruritus is
short-term pruritus that typically lasts for a few hours or days. Acute itching is associated with insect bites, allergic
reactions, and dermatitis. Once the underlying cause is addressed, itching subsides. Histamine is a biogenic amine stored
in the secretory granules of mast cells and basophils that normally contributes to anaphylaxis and allergy. It is released
during immunological reactions the skin.’

Histamine is released in response to various stimuli such as allergens, physical stimuli, and emotional stress.
Histamine causes itching when it is produced and binds to receptors on the sensory nerve fibers. Histamine increases
the activity of nitric oxide synthase, an enzyme responsible for the producing of oxide.* Histamine exerts its effects by
binding to specific histamine receptors on the target cells. Activation of the H2 receptor by histamine can increase
intracellular calcium levels, triggering calcium release from intracellular stores localized in the endoplasmic reticulum,
which regulates many cellular processes, including the activity of NOS isoforms.” The increase in intracellular calcium
levels caused by histamine stimulation can lead to the formation of a calcium-calmodulin complex. The calcium-
calmodulin complex acts as a second messenger and plays a crucial role in activating NOS, which is triggered by
a conformational change in the enzyme that activates its catalytic activity domain. This activation allows NOS to convert
l-arginine into nitric oxide (NO) and citrulline. Nitric oxide is a signaling molecule involved in physiological functions,
such as the regulation of blood flow, neurotransmission, and immune response.®

Ag-NPs are a group of zero-dimensional nanoparticles with specific shapes and dimensions ranging from 1 to 100
nm, and each particle has approximately 15 tail and 1000 silver (Ag) atoms.” Previous studies have demonstrated that
Ag-NPs suppress the production of pro-inflammatory cytokines, inhibit inducible nitric oxide synthase (iNOS) activity,
reduce oxidative stress, and promote tissue repair. The viability of these nanoparticles has been demonstrated in the
design and development of improved wound healing. Human skin has various semi-open pores into which silver ions can
penetrate, mostly in the form of silver protein complexes.® To reduce the harmful effects of silver, green synthesis is
emerging as a new field in which biological materials such as plant extracts or microorganisms are used for the synthesis
of silver nanoparticles as an alternative to chemical methods, which is highly biological and environmentally friendly.”
Melilotus indicus was selected as the reducing and stabilizing agent for the green synthesis of Ag-NPs because it is rich
in bioactive phytochemicals, including phenolic compounds, flavonoids, coumarins, and other antioxidant constituents.
These phytochemicals can facilitate the reduction of silver ions to metallic silver while simultaneously acting as capping
agents that enhance nanoparticle stability.

The reaction between silver nanoparticles (Ag-NPs) and enzymes can inhibit enzyme activity through mechanisms
such as binding to the active site. Ag-NPs can interact directly with the active site of an enzyme, which is the region
where the other substrate normally binds and is catalyzed. By occupying the active site, Ag-NPs prevent the substrate
from accessing the enzyme and inhibit the catalytic reaction. Nerve Growth Factor (NGF) is a crucial protein that is
essential for the development and maintenance of nerve cells. Produced by neurons, immune cells, and skin cells during
inflammation, nerve growth factors are influenced by pro-inflammatory cytokines.'® Therefore, the present study was
designed to investigate the antipruritic effects of green-synthesized silver nanoparticles (Ag-NPs) in a histamine-induced
murine model of pruritus. In addition, the study aimed to elucidate the involvement of nitric oxide signaling, particularly
inducible nitric oxide synthase (iNOS), as well as oxidative stress and nerve growth factor (NGF)-related pathways, in
mediating the antipruritic activity of Ag-NPs.

Materials and Methods

Chemical & Reagents

Silver nanoparticles (Ag-NPs) were synthesized according to the previously reported method.'' Histamine was purchased
from Shanxi Pharma (Shanghai, China). Histamine was obtained from Shanxi Pharma (Shanghai, China). Glutathione
(GSH), Nw-nitro-L-arginine methyl ester (L-NAME), 1-chloro-2,4-dinitrobenzene (CDNB), hydrogen peroxide (H,O,),
5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB), aminoguanidine (AG), and thiobarbituric acid reactive substances (TBARS)
assay reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA).
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The mouse nerve growth factor (NGF) ELISA kit (Catalog No. PRS-30462Ra) was purchased from Nanjing PARS
Biochem Co., Ltd. (Nanjing, China). Primers for inducible nitric oxide synthase (iNOS) gene expression analysis were
obtained from Afnan Traders (Pakistan).

All other analytical-grade chemicals and reagents, including Griess reagent, phosphate-buffered saline (PBS), TRIzol
reagent, normal saline, absolute ethanol, xylene, hematoxylin, and eosin, were supplied by the Department of Biomedical
Sciences, PAF Institute of Applied Sciences and Technology (PAF-IAST), Pakistan.

Silver Nanoparticle’s Synthesis

Silver nanoparticles (Ag-NPs) were synthesized using the aqueous leaf extract of Melilotus indicus as a green reducing and
stabilizing agent. Fresh, healthy leaves of M. indicus were collected from Hangu, Pakistan. Briefly, 10 g of freshly collected
leaves were washed thoroughly, boiled in 100 mL of distilled water for 7 min, and subsequently homogenized using
a laboratory grinder. The resulting extract was filtered through Whatman No. 1 filter paper to remove particulate matter.

For nanoparticle synthesis, a 3 mM aqueous silver nitrate (AgNOj3) solution was prepared in a 250 mL beaker
containing 100 mL of distilled water. The reaction vessel was sealed with Parafilm to minimize solvent evaporation
and stirred magnetically at 40 °C for 1 h. Thereafter, 15 mL of the prepared plant extract was added dropwise to the
silver nitrate solution, and the reaction mixture was continuously stirred at room temperature for 3 h. The phytocon-
stituents present in the extract acted as reducing, capping, and stabilizing agents, facilitating the conversion of silver
ions into Ag-NPs.

The reaction mixture was subsequently transferred to a Teflon-lined autoclave and subjected to hydrothermal
treatment at 150 °C for 12 h. Following synthesis, the nanoparticles were collected by centrifugation at 3500 rpm for
10 min, washed several times with deionized water to remove residual impurities, and dried at 80 °C for 5 h. The dried
Ag-NPs were then stored for further physicochemical characterization and biological evaluation.'!

Characterization of Ag-NPs

The formation of Ag-NPs was investigated using UV-vis spectroscopy in the range 200-700 nm wavelength. Scanning
electron microscopy (SEM; JSM-IT100, JEOL, Japan) was employed to analyze the surface morphology, size, and
structural characteristics of the synthesized silver nanoparticles (Ag-NPs). For sample preparation, small quantity of the
dried Ag-NP powder was dispersed in distilled water and sonicated to obtain a uniform suspension. A drop of this
suspension was carefully placed onto a clean aluminum stub covered with carbon tape and allowed to air-dry at room
temperature. To enhance conductivity and image resolution, the samples were subsequently sputter-coated with a thin
layer of gold prior to SEM analysis.'> FTIR spectra were used to determine the functional groups available in
nanoparticles an ABB-MB3000 spectrophotometer, and the data were analyzed using Origin and ImagelJ software.

Ethical Approval and Animal Handling

Adult male NMRI mice weighing 24-30 g were obtained from the National Institute of Health (NIH), Islamabad,
Pakistan. The animals were acclimatized to the laboratory environment for one week prior to the initiation of the
experiments. Mice were randomly assigned to seven experimental groups, with five animals in each group. Throughout
the study period, the animals were housed under standardized environmental conditions, including a controlled tempera-
ture of 25 + 2 °C, relative humidity of 50-60%, and a 12 h light/12 h dark cycle. Standard laboratory chow and water
were provided ad libitum. Bedding material was replaced every three days to maintain hygiene and minimize the risk of
environmental allergens that could influence pruritic responses. All experimental procedures were conducted in accor-
dance with institutional guidelines for the care and use of laboratory animals. Ethical approval for the study was obtained
from the Pak-Austria Institutional Research Ethics Committee (Approval No. PAF-IAST/2023/10).

The study followed the principles outlined in the guide for the care and use of laboratory animals and the American
Veterinary Medical Association (AVMA) Guidelines for the Euthanasia. At the end of the behavioral observation period
mice were anesthetized using an intraperitoneal injection of ketamine (80-100 mg/kg) and xylazine (10—12.5 mg/kg) to
achieve deep surgical anesthesia confirmed by the absence of reflex responses. Following anesthesia were performed in
accordance with AVMA recommendations ensuring rapid loss of consciousness and minimization of pain and distress.

Nanotechnology, Science and Applications 2026:19 https: 3



Bayan and Khan

Death was verified by the absence of respiratory effort and cardiac activity prior to tissue collection, in line with AVMA
guidelines.

Pharmacological Experiments

In the control group, normal saline was administered intraperitoneally at a dose of 10 mL/Kg body weight and the skin of
the mice was collected from the shaved part of the neck for further study.'® For pruritus induction histamine were
administrated at dose of 400 pg intradermally at the nap of the neck where the heir previously removed. The silver
nanoparticle suspension was administered intraperitoneally at doses of (1, 1.5, and 2 mg/kg),'* separately and in
combination with histamine. To study the role of NO synthase in this experimental group, a suspension of Ag-NPs
was administered intraperitoneally at a dosage of 1.5 mg/kg body weight. Thirty minutes after the nanoparticle injection,
L-NAME (200 mg/kg) was administered at a dosage of 1 mg/kg aminoguanidine.'> After 30 min, the histamine was
injected. Moreover a 0.25 mL/kg dose of cetirizine was administered IP as a positive control. The experimental protocol
was conducted over a period of 14 days.

Behavior Studies

Histamine Induced Pruritus Model

In the histamine-induced scratching model, mice were first acclimatized under controlled laboratory conditions at 25 °C.
Following histamine administration to induce pruritic behavior, the animals were individually placed in a transparent
glass observation chamber designed for behavioral assessment. Scratching behavior was then recorded under undisturbed
conditions, with no observer present in the immediate environment, to minimize external influence and ensure unbiased
behavioral evaluation.'® The video was reviewed to document the frequency of hind paw scratching at the site of
injection, defining a single scratch as any contact made with the shaved area, and a scratching movement within a one-
second frame was considered as one bout of scratching. Activities involving the front limbs were excluded from scratch
counts. The observation period was an hour and samples were collected for further analysis.

Molecular Study

Antioxidant Assay

Skin samples were homogenized in PBS and centrifuged at 4000 rpm for 30 min to remove debris. The resulting
supernatant was used to measure the levels of four oxidative stress markers. Glutathione (GSH) levels were
determined by measuring the oxidation of GSH, 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB) conjugate, and sodium
phosphate buffer to produce a yellow product. The absorbance of this product was measured at 412 nm using
a microplate reader, and GSH values were expressed as micromoles per milligram of protein. Glutathione S-
transferase (GST) levels were assessed by measuring the formation of the 1-chloro-2,4-dinitrobenzene (CDNB)
conjugate, with absorbance at 340 nm using a microplate reader. Catalase activity was measured by monitoring
hydrogen peroxide (H202) degradation using a 340 nm microplate reader, with moles of H202 degraded per minute
and milligrams of degraded protein. The lipid peroxidase-LPO level was measured using an absorbance 532 nm
microplate reader, the collected supernatant was mixed with TBARS + potassium phosphate buffer and stored in
a water bath at 37 °C for 1 h after centrifugation at 2500 (for 10 min). The LPO content was expressed in the
microplate reader in nmol per minute per milligram of protein.'’

Measurement of Nitrite in Histamine Induced Pruritus Skin Sample

A series of sodium nitrite reference solutions was prepared using PBS to construct an accurate calibration curve essential
for nitric oxide measurement. Subsequently, an equal volume of 50 pL of the tissue extract and 50 uL of sterile saline
solution was amalgamated with a corresponding quantity of the Griess reagent, The reactants were by incubation for
30 min at temperature of 37°C. This incubation period facilitates the conversion of nitrites in the specimen to
a chromogenic azo dye upon reaction with the Griess reagent. The absorbance of the resulting solution was determined
at a wavelength of 546 nm using an ELISA microplate reader and compared to the absorbance values of standard sodium

.. . 1
nitrite solutions.'®
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Enzyme-Linked Immunosorbent Assay (ELISA) for Neural Growth Factor (NGF) Level Determination
ELISA for mouse skin neural growth factor (NGF) was conducted according to the manufacturer’s instructions. An
appropriate quantity already stored in freezer —80 °C, of skin tissues (50 mg) sample homogenized in PBS (50 mg of
skin sample in 0.5 mL the supernatant was collected after centrifuging the homogenate sample at (4000 rpm for
30 min) from insoluble debris. Sandwich ELISA immunosorbent assay was used to determine the total NGF protein
concentration in each group. NGF samples were treated with the antibodies provided in the kit in a 96-well plate. 14
wells coated with 100 pL, of standard and 50 pL standard dilution, the blank wells separately considered as testing
wells for supernatant in duplicate, 40 uL sample dilution were added in the wells, the testing sample were added 10 pL
in every well the plat closed by closure plate membrane and incubated for 30 minutes in 37°C after that wash solution
diluted 20-fold with distilled water, the plat uncovered the liquid discarded and washing buffer added in each well,
after washing the 50 pL HRP conjugate regent were added in each well except blanks, the incubation and washing
treated again respectively. In the next step, 50 pL. of chromogen solutions A and B was added to each well and the light
was preserved for 15 min, after which 50 pL of stop, solution was added to each well to stop the reaction. After
15 minutes the absorbance explored at 450 nm microplate reader used to evaluate the absorbance, values and
concentrations were converted to picograms per milligram of total protein (pg/mg total protein), which served as
the new standard."®

Revers Transcription Polymerase Chain Reaction (RT-PCR) for Inducible Nitric Oxide Synthase Expression in
Pruritus Model Skin Sample

The RNA extracted from stored tissue samples at —80°C using TRIzol method.”® RNA quality was determined using
a Nanodrop to check purity. Forward and reverse primers were designed for iNOS using (Primer 3 blast, Figure 1) and
(UCSC in silico) software, and alignment sequence (Clustal omega w) software was used. For complementary DNA
synthesis the RT reaction was prepared by mixing 1 pg of RNA template with 70 ng/uL oligo primers and RNase-free
water to adjust the total reaction volume, which was then incubated 65 °C for 5 min to denature the RNA and then cooled
on ice. The denatured sample was mixed gently with 2 uLL RT buffer, 2 uL. dNTPs, and 1 pL RT enzyme and incubated
42 °C for 50 min to synthesize cDNA. For amplification of iNOS and the reference gene GAPDH the cDNA template
was mixed with the designed primers, PCR reaction buffer, and RNase free water. PCR amplification was performed
using a thermal cycler under appropriate cycling conditions for both iNOS and the reference genes. iNOS and reference
gene expression were determined by CFX-96 Bio-Rad (RT-PCR), and the values were calculated according to the cycle
threshold (CT) and fold expression of target genes.

Left Primer 1:~NC_000077.7:7811613-76851052 Mus musculus |

Sequence: |GTCTCTGGCTCAARACCTCA |
Start: 7543 Length: 20bp  Tm: 380°C  GC: 500%  ANY: 20 SELF: 10

Right Primer : ‘NC_000077.7:78811613—78851052 Mus musculus s"

Sequence: ‘ACTGACTCAGGGAGCAGTTG ‘
Start: 7703 Length: 20bp  Tm: 380°C GC: 35.0% ANY: 70 SELF: 20
Product S1ze: 139 bp Pair Any: 5.0 Pair End: 2.0

Figure | Designed forward and revers primers for inducible nitric oxide synthase (iNOS) gene.
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Histological Analysis

The stored sample in 10% formalin at 4°C were assigned to a distinct cassette for processing. The HISTI-PRO-300
processor used a 10% paraformaldehyde solution as the initial fixative.”' The samples were then dehydrated through
several concentrations of 50% increasing to 75% and finally 95% ethanol. Following dehydration, xylene was used
as a clarifying agent, and each skin sample was immersed for one hour. The tissues were then fused with molten
paraffin wax in a three-cycle process to ensure thorough embedding, and then stored in a cooling module to solidify
the wax. After solidification, the tissue blocks were cut into 5 um sections using an automated microtome. These
sections were floated in deionized water and carefully aligned onto glass slides. For Staining, tissue-bearing slides
were submerged in xylene for 35 min. A sequential rehydration process was performed in descending concentrations
of ethanol for 35 min. The slides were then stained using a 3-minute submersion in hematoxylin to color the nuclei
blue and then rinsed in tap water to wash away the excess stain. Eosin was then applied for one minute to impart
a red or pink color to the cytoplasm and to other extracellular components. The slides were dehydrated using an
ascending ethanol series and cleared in xylene. Finally, a drop of DPX mounting medium was applied to each slide
and the slide was sealed with a coverslip. High resolution images at 10x magnification were captured using a light
microscope.

Statistical Analyses

The data are expressed as the mean =+ standard error of the mean. GraphPad Prism version 10 was used to conduct
statistical analyses, which included a one-way analysis of variance followed by Tukey’s post hoc test for multiple
comparisons.

Findings

Synthesis of Silver Nanoparticles Using UV—Visible Spectroscopy

The synthesis of silver nanoparticles (Ag-NPs) was confirmed using UV—visible spectroscopy. The recorded spectrum
exhibited a characteristic absorption band in the range of approximately 300-350 nm, which is consistent with the
surface plasmon resonance (SPR) of Ag-NPs. The absorbance intensity was observed to increase from approximately 0.6
to 1.0, indicating successful nanoparticle formation and enhanced optical activity. These findings support the presence of
well-formed Ag-NPs with relatively uniform characteristics, further suggesting their suitability for subsequent biological
and physicochemical applications.

Fourier Transform Infrared Spectroscopy (FTIR) Analysis

FTIR was used to investigate the interactions between the functional groups present in green-synthesized Ag-NPs. The
observed peaks in the FTIR spectra highlight the involvement of organic components responsible for both the reduction
and stabilization of Ag-NPs. Different peaks were observed at 3324 cm™ ', indicating the presence of O-H bonds, while
the peak at 2094 cm™' was attributed to CH, stretching the appearance of a peak at 1632 cm ™' suggested the involvement
of a carbonyl moiety, and the fingerprinting region revealed a prominent peak at 424 cm ™', which validated the successful
synthesis of Ag-NPs (Figure 2).

Scanning Electron Microscope Analysis

Scanning electron microscopy (SEM) was performed to investigate the structural and morphological characteristics of the
green-synthesized silver nanoparticles (Ag-NPs). The SEM micrographs at different magnifications (Figure 3) demon-
strated that the nanoparticles were predominantly well distributed, with a generally uniform morphology. Particle size
analysis performed using ImageJ software revealed an average particle size in the range of §—20 nm, based on initial
estimations from SEM images. Although most nanoparticles appeared discrete, some degree of agglomeration was
observed, which may be attributed to interparticle interactions and the inherent tendency of nanoparticles to cluster
during synthesis and drying processes. Overall, the observed morphological features are consistent with previously
reported studies on biologically synthesized Ag-NPs.

6 https: Nanotechnology, Science and Applications 2026:19



Bayan and Khan

1.4— Al

1.2

1.0

Absorbance (a.u.)

T T T | | | T
250 350 450 550 650

Wavelength (nm)

100

80—

0~ A2

40—

2094

3324
1632

429

20—

Transmittance (a.u.)

20—

40 =

LA DL DL DL L L L |
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™?)

Figure 2 (Al) Comparative UV-Vis Spectroscopy and (A2) FTIR Analysis of Silver Nanoparticles.
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Figure 3 (Al) and (A2) SEM images in different magnification and size distribution of silver nanoparticles.

Behavior Result

Effect of Silver Nanoparticles Against Histamine-Induced Pruritus Behavioral Analysis

Histamine, a potent mediator known to stimulate itch via histaminergic receptors, was used to validate the experimental
pruritus model. During our controlled study, mice administered histamine displayed a significantly increased frequency of
scratching behaviors indicating pruritus compared to the control group treated with saline (Figure 4, “*P < 0.001). Notably,
the administration of silver nanoparticles concomitantly with histamine significantly reduced scratching behavior ***P <
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Figure 4 Graph (Al) shows the hourly scratching frequency in mice receiving various treatments, including saline, histamine, silver nanoparticles (Ag-NPs), Ag-NPs
combined with L-NAME or AG, and cetirizine in combination with histamine. Data represent the mean + SEM (n = 3) per group. Statistical analysis was performed using one-
way ANOVA followed by Tukey’s post hoc test. ###P < 0.001 versus the saline group; ***P < 0.001 versus the histamine-treated group. Graph (A2) shows the effects of
different doses of Ag-NPs (I, 1.5, and 2 mg/kg) on histamine-induced scratching of mouse skin tissue. ###P < 0.00| versus the saline group; ***P < 0.001 versus the
histamine-treated group.

0.001, suggesting an antagonistic effect of the nanoparticles on histaminergic induced pruritus, potentially through the
modulation of receptor interactions or downstream signaling cascades. In behavioral analyses the histamine group exhibited
an average of 300 scratching bouts per hour, whereas the groups treated with Ag-NPs displayed a substantial decrease in such
behaviors. Interestingly, the group treated solely with Ag-NPs did not exhibit a significant difference from the saline group,
underscoring the specificity of the pruritus-mitigating effect of nanoparticles.

The involvement of the nitric oxide pathway in pruritus was further investigated by administering AG, which is
known to suppress inducible nitric oxide synthase, and L-NAME, an inhibitor of NOS which consequently reduces nitric
oxide synthesis. The variations in behavioral responses across each group emphasized the impact of experimental factors
on the observed pruritus in mice.
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Additionally, this study included cetirizine, an antihistamine that blocks histamine H1 receptors, to evaluate its
pruritic effect in comparison with Ag-NPs. The results demonstrated that Mice treated with Ag-NPs exhibited scratching
bouts similar to those treated with cetirizine, emphasizing the potential of Ag-NPs as a comparable inhibitor of
histamine-induced pruritus in this animal model.

These data collectively suggest that Ag-NPs can modulate the pruritus response by interfering with the nitric oxide
pathway, proposing an alternative therapeutic approach to traditional antihistamines in the management of itch.

Molecular Study

Effect of Silver Nanoparticles on Nitrite Levels on Histamine-Induced Pruritus

To evaluate the effect of silver nanoparticles (Ag-NPs) on nitric oxide (NO) production in histamine-induced pruritus,
nitrite levels, an indirect indicator of NO generation, were quantified using the Griess assay. Histamine administration
resulted in a significant elevation of nitrite levels compared with the control group, indicating enhanced NO production.
In contrast, co-administration of Ag-NPs with histamine markedly reduced nitrite concentrations relative to the hista-
mine-treated group. A comparable reduction in nitrite levels was observed in animals treated with nitric oxide synthase
inhibitors and/or cetirizine following histamine induction (Table 1). Overall, treatment with Ag-NPs, nitric oxide
synthase inhibitors, and cetirizine significantly modulated NO production, suggesting the involvement of the nitric
oxide signaling pathway in the antipruritic effects observed in this study.

Effect of Silver Nanoparticles on Oxidative Stress Markers

The antioxidant potential of silver nanoparticles (Ag-NPs) was evaluated in skin tissues obtained from mice subjected to
histamine-induced pruritus. Oxidative stress was assessed by measuring four key biomarkers, including lipid peroxida-
tion (LPO), glutathione (GSH), glutathione S-transferase (GST), and catalase activity. Histamine administration resulted
in a significant increase in LPO levels (###P < 0.001) compared with the control group, indicating enhanced oxidative
damage. Concurrently, significant reductions in GSH content, GST activity, and catalase activity were observed,
reflecting impaired antioxidant defense mechanisms (Figure 5).

Treatment with Ag-NPs significantly attenuated histamine-induced oxidative stress, as evidenced by decreased LPO
levels and restoration of GSH, GST, and catalase activities. Similar protective effects were observed when Ag-NPs were
administered in combination with nitric oxide synthase inhibitors, including L-NAME and aminoguanidine (AG). These
findings suggest that Ag-NPs exert a protective effect against histamine-induced oxidative damage by enhancing
endogenous antioxidant defenses, thereby contributing to the alleviation of pruritic responses and the maintenance of
skin tissue integrity (Figure 5).

Effect of Silver Nanoparticles on Neural Growth Factor in Mouse Skin Sample
A quantitative enzyme-linked immunosorbent assay (ELISA) was conducted to measure nerve growth factor (NGF)
levels in mouse skin tissues subjected to histamine-induced pruritus. The results showed an increase in NGF

Table | This Table Represents the Effect of Ag-NPs, N-Nitro-L-Arginine Methyl Ester (L-
NAME), Aminoguanidine (AG) and Cetirizine on the Formation of Nitric Oxide (NO) in
Histamine-Induced Pruritus in Mice Skin Tissues Using Nitrate Measurement

Treatment Group Nitric Oxide (umol/mg Protein)
Normal Saline (10 mL/kg) 4245 +22

Histamine (400 pg) 134.23 + 2###

Ag-NPs (2 mg/kg) + Histamine (400 pg) 102.32 + |.33*

Ag-NPs (1.5 mg/kg) + L-NAME (I mg/kg) + Histamin (400 pg) 95.55 £ 1.22%*

Ag-NPs (1.5 mg/kg) + AG (200 mg/kg) + Histamine (400 pg) 85.12 & 2%¥*

Cetirizine (0.25 mg/kg) + Histamine (400 pg) 7241 £ | 647

Notes: Data are presented as mean + SEM for triplicates (n=3). Statistical significance was determined using one-way
ANOVA followed by Tukey's post-hoc test, with ###P < 0.001 vs. saline group, and *P < 0.05, **P < 0.01, ***P < 0.001 vs.
histamine group.
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Figure 5 Effect of Ag-NPs, inhibiters and cetirizine against in combination to histamine on (A) Catalase, (B) decreased glutamine (GSH), (C) glutathione s-transferase (GST)
and (D) increased lipid peroxidase (LPO) in Histamine-induced pruritus in mice skin tissue. Values analyzed as mean + SEM (n=5). One way ANOVA with post hoc Tukey’s
test. P < 0,001 vs. saline group, only Ag-NPs has no significance vs saline group, *P < 0.05, **P < 0.01, **P < 0.001 vs. Histamine group.

concentration in the histamine-treated group compared to the saline control group (P < 0.001), underscoring the pro-
inflammatory role of NGF in the histamine-mediated inflammatory response. In contrast, treatment with silver nano-
particles (Ag-NPs) did not lead to a statistically significant change in NGF levels compared to the saline control,
suggesting that Ag-NPs have a neutral effect on NGF expression in this model. The groups treated with (L-NAME) and
aminoguanidine showed a pronounced decrease in NGF levels (P < 0.001) suggesting a mitigating effect on histamine-
induced NGF overexpression. The group treated with cetirizine, an established antihistamine, also showed a significant
decrease in NGF levels (P < 0.01), further validating the anti-inflammatory potential of cetirizine in histamine-induced
pruritus. These findings collectively imply that the tested inhibitors, particularly L-NAME and AG, are potent modulators
of NGF expression, possibly through interaction with the NO pathway, and may thus represent a viable therapeutic
strategy against inflammatory pruritus, Figure 6.

Effect of Silver Nanoparticles on Expression of iNOS Level in Mouse Skin Sample

Modulation of iNOS expression by Ag-NPs was evaluated in mouse skin samples. The evaluation utilized the RT-PCR was
performed to quantify iNOS transcriptional levels. Comparative analysis revealed that in the histamine administered disease
group, there was a 2.7-fold increase in the transcription of iNOS mRNA when compared with the unaltered expression
observed in the control group. Conversely, treatment regimens comprising Silver Nanoparticles, the general inhibitor L-
NAME, the specific inhibitor, and a combination of cetirizine and histamine significantly attenuated iNOS mRNA transcrip-
tion levels relative to the histamine-only treated group as shown in Figure 7. These observations show the potential of Ag-NPs
and implicated nitric oxide pathway mediators in mitigating the upregulation of iNOS associated with pruritic responses.
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Figure 6 Comparative Analysis of Nerve Growth Factor (NGF) Modulation in Mouse Skin Samples Following Induction of Pruritus by Histamine: Data are presented as
mean + SEM for n=5 per group. Statistical significance determined by one-way ANOVA followed by Tukey’s post hoc analysis: ### indicates P < 0.001 compared to the
saline-treated control; **P < 0.01, and **P < 0.001 indicate statistical significance compared to the Histamine-only treated group. The Ag-NPs treatment alone showed no
statistically significant difference from the Saline control.
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Figure 7 Revealed modulation of INOS mRNA levels in the skin tissue of mice with histamine-induced pruritus, as assessed by RT-PCR. The graph quantifies the mean SEM,
(n=3). Statistical significance was determined by one-way ANOVA and subsequent Tukey's post hoc test: ### indicates ***P < 0.001 when compared to the saline-treated
reference group, **P < 0.01 and ***P < 0.001, respectively, against the histamine-treated benchmark.

Histopathological Evaluation of Therapeutic Interventions on Histamine-Induced Dermal Tissue Alterations in Mice
Histological assessment of the skin tissue in a pruritic mouse model highlighted the profound impact of histamine on skin integrity.
The saline (10 mL/kg) group showed a normal skin tissue appearance without any pathological changes. The histamine treated
group displayed significant morphological disruptions, including epidermal damage with increased thickness, extensive tissue
necrosis, and compromised membrane integrity across both epidermal and dermal layers. In contrast, therapeutic interventions
with silver nanoparticles (Ag-NPs), alone or in combination with nitric oxide synthase inhibitors such as L-NAME and AG, as
well as the antihistamine cetirizine, demonstrated notable reversal of the deleterious effects induced by histamine. The treated
groups showed markedly less morphological damage, reduced cell necrosis, and an overall improvement in tissue architecture.
These treatments notably improved the integrity and normalization of the epidermal layer, showing restorative effects as reflected
in the data illustrated in Figure 8.
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Figure 8 Shows the assessment of histopathological alterations in mouse dermal tissue following histamine-induced scratching: a histological comparison using Hematoxylin
and Eosin (H&E) staining.

Discussion

Histamine is a well-established mediator of pruritus and exerts its effects primarily through the activation of H1 and H4
receptors expressed on cutaneous sensory nerve fibers. Binding of histamine to these receptors initiates a complex
cascade of intracellular signaling events that activate itch-specific neuronal pathways, ultimately resulting in the
perception of itching and the induction of scratching behavior. Previous studies have demonstrated that H1 receptor
activation is primarily responsible for acute histaminergic itch, whereas H4 receptor signaling contributes to immune cell
recruitment and the amplification of inflammatory responses associated with chronic pruritic conditions. Consistent with
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these findings, histamine administration in the present study induced a robust pruritic response, supporting the suitability
of the histamine-induced mouse model for investigating antipruritic interventions. These observations are in agreement
with earlier reports highlighting the central role of histamine-mediated signaling in the pathogenesis of allergic and
inflammatory skin disorders.?> The binding of histamine to these receptors triggers a cascade of neuronal signaling that
culminates in the perception of itching, a characteristic symptom of various allergic and inflammatory skin conditions.?
Therapeutically, the efficacy of antihistamines in mitigating itching demonstrates integral role of histamine in pruritic
pathways. Ongoing research continues to unravel the complexities of histamine action in pruritus, paving the way for
more targeted and effective treatment. The search for effective therapies in modern medicine often focuses on symptom
management rather than tackling the root causes of diseases, leading to treatments that may be too harsh for use as
preventive measures. Historically, natural compounds have been at the forefront of medicinal practice, offering holistic
remedies for various ailments and injuries. In contemporary biomedical research, silver nanoparticles (Ag-NPs) have
emerged as a sign of hope primarily because of their broad-spectrum antimicrobial properties. These nanoparticles,
synthesized using bioactive compounds derived from natural sources, not only serve as reducing and stabilizing agents
but also exhibit pronounced anti-inflammatory properties. The “green” synthesis of Ag-NPs is particularly notable, as it
ensures efficacy with safety, demonstrating a potent inhibitory effect on a variety of pathogens, including bacteria, fungi,
and viruses, with minimal associated toxicity.?* These nanoparticles are hypothesized to facilitate wound repair by
promoting cellular activities essential for regeneration, such as keratinocyte proliferation, migratory enhancement, and
increased collagen synthesis.>> Moreover, various studies have demonstrated the versatile therapeutic potential of Ag-
NPs, ranging from enhanced wound healing to protection against UV-induced skin damage. As exploration into
nanoparticle technology continues, it is imperative to consider both the therapeutic efficacy and safety profile of these
nanomaterials to ensure their beneficial application in dermatological treatments.”® As shown in fig.3.4, Ag-NPs
significantly inhibited the histamine-induced scratching effect (p<<0.001). Our study is in line with other studies, which
found that oral administration of ZnO-NPs significantly reduced chloroquine-induced pruritus in a murine model.”’

Nitric oxide is a gaseous, short-lived, and unstable signaling molecule found in various dermatological and neuropsy-
chiatric disorders. The current findings also demonstrate that the NO pathway is involved in the antipruritic effects of Ag-
NPs. When the sub-effective dose of Ag-NPs was co-treated with a sub-effective dose of NOS inhibitors, the histamine-
induced scratching behavior was significantly alleviated, as shown in fig. 3.3. and fig.3.4. In the brain nitric oxide synthase
is catalyzed by NOS isoforms from I-arginine.” Nitric oxide (NO) plays a significant role in skin inflammation. In pruritic
conditions like atopic eczema and psoriasis it is observed by researchers that overproduction of nitric oxide contributes to
those conditions.”® The interaction between histamine and cutaneous cells of the skin when contracting allergens
significantly enhances the production of pro-inflammatory cytokines, nerve growth factor (NGF), and markers indicative
of oxidative stress, suggesting potent inflammatory cascade activation within the skin.?® In response, intraperitoneal
administration of nitric oxide synthase inhibitors, such as N-nitro-L-arginine methyl ester (L-NAME) and aminoguanidine
(AQ), has been investigated to determine the involvement of nitric oxide. Notably, a specific dosage of silver nanoparticles
(Ag-NPs) of 1 mg/kg, in combination with an AG inhibitor, has shown efficacy in diminishing histamine-induced cutaneous
nitric oxide (NO) levels, hinting at a targeted inhibitory effect on the intradermal NO pathway. iNOS catalyzes the
production of nitric oxide (NO) in response to pro-inflammatory stimuli and has various functions in the body, including
immune response regulation, neurotransmission®" Nitric oxide can react with other molecules to form reactive nitrogen
species, which can damage cellular structures and foreign molecules.*® In our study we further demonstrated through RT-
PCR that iNOS is iNOS in the induction of pruritus. The iNOS mRNA levels were significantly higher in the histamine
group than in the control group. In the silver nanoparticle (p<0.01), L-NAME-(p<0.001), AG(p<0.001), and cetirizine
(p<0.001) treated groups, the expression level of INOS mRNA was significantly decreased compared to that in the disease
group. Hence, our study confirms the potential involvement of iNOS in histamine-induced pruritus.

In the search for novel anti-pruritic agents, silver nanoparticles (Ag-NPs) have demonstrated significant promising
effects owing to their intrinsic antioxidant properties and their ability to scavenge free radicals. The efficacy of Ag-NPs
has been substantiated through biochemical assays of lipid peroxidation (LPO), catalase activity, glutathione S-
transferase (GST), and reduced glutathione (GSH), indicating that Ag-NPs modulate oxidative stress parameters in the
skin.>! Notably the role of histamine in exacerbating oxidative stress is evident by its ability to elevate LPO while
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diminishing the concentrations of GST, GSH, catalase, enzymes, and substrates critical in the body’s defense against
oxidative damage.>® Conversely, the application of Ag-NPs, both independently and synergistically with nitric oxide
synthase inhibitors such as L-NAME and AG, was associated with a (P < 0.05), (P < 0.01), and (P < 0.001) reversal of
these effects. The observed upregulation of GSH, GST, and catalase, along with the reduced levels of LPO in the treated
models, supports the hypothesis that antioxidants can attenuate the sensation of itch by reducing oxidative stress.>

The interaction between the immune system and neural functions is complicated and leads to upregulation of nerve
growth factor (NGF) during inflammatory states. The increase in NGF expression is vital in the body’s defense, not only
in terms of modulation of immune responses but also in ensuring the maintenance and survival of neuronal cells under
stress. In the present study, Ag-NPs exerted modulatory effects on NGF expression. The results of ELISA demonstrated
quantitative evidence, where it was significantly increased in histamine induced pruritus compared to the control group.
However, Ag-NPs significantly reduced NGF overexpression. Specifically, Ag-NPs appear to downregulate the heigh-
tened levels of NGF, which are typically induced by pro-inflammatory agents such as histamine. Similarly, interventions
with Ag-NPs and cetirizine significantly decreased these elevations. This attenuation of NGF by Ag-NPs could be
essential for developing therapeutic strategies aimed at controlling neurogenic inflammation, providing a molecular basis
for their anti-inflammatory potential.** Using different experimental and molecular approaches, it was confirmed that Ag-
NPs have an anti-scratching effect mediated through oxidative stress/NGF/NO pathways. Future studies may explore the
potential synergistic effects of laser-assisted silver nanoparticle therapy, as photonic stimulation has been reported to
enhance the biological and therapeutic activities of nanoparticles in various biomedical applications.

Conclusion

The present study was designed to investigate the antipruritic effects of silver nanoparticles (Ag-NPs) and to explore the
involvement of nitric oxide-related signaling pathways in histamine-induced pruritus in mice. The findings demonstrated
that Ag-NPs reduced histamine-induced scratching behavior and improved histopathological alterations in skin tissue.
Furthermore, Ag-NPs attenuated oxidative stress by decreasing lipid peroxidation and enhancing antioxidant defense
mechanisms, while also suppressing the overexpression of nerve growth factor (NGF) and inducible nitric oxide synthase
(INOS). The enhanced antipruritic effects observed following co-administration of nitric oxide synthase inhibitors further
support the involvement of the NO/iNOS signaling pathway in the mechanism of action of Ag-NPs. Collectively, these
findings suggest that silver nanoparticles exert antipruritic activity through modulation of oxidative stress, NGF, and NO/
iNOS pathways and may represent a promising therapeutic approach for the management of pruritic disorders. Further
studies are warranted to evaluate their long-term safety and clinical applicability.
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