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Abstract

In this study, silver nanoparticles (AgNPs) were successfully synthesized by
reducing Ag* ions using the leaf extract of Salvia spinosa, which served as both a capping
and reducing agent, with AgNOs as the precursor. The primary objective was to fabricate
AgNPs with enhanced antibacterial efficacy and reduced toxicity. Characterization of the
synthesized AgNPs was conducted using Energy Dispersive X-ray Spectrometry (EDX),
UV-Visible Spectroscopy (UV-Vis), Fourier Transform Infrared Spectroscopy (FT-IR), X-
ray Diffraction (XRD), and Transmission Electron Microscopy (TEM). Furthermore, the
antiarthritic potential of AgNPs was evaluated in a collagen-induced arthritis (CIA) animal
model, focusing on their ability to mitigate oxidative stress and inflammatory mediators.
Treatment with AgNPs resulted in a significant reduction in elevated levels of
inflammatory markers such as NF-kB, COX-2, TNF-a, and IL-1f in CIA-induced rats. The
nanoparticles also restored the balance between oxidants and antioxidants, bringing levels
closer to normal. Biochemical analysis revealed that mRNA expression of NF-kB, TNF-a,
iNOS, and COX-2 was upregulated in CIA rats but markedly downregulated following
AgNP treatment. These molecular findings were corroborated by histological examination
of joint tissues, which showed reduced inflammation and bone erosion in treated animals.
Overall, this work demonstrates the therapeutic potential of AgNPs in alleviating oxidative
stress and inflammatory responses in CIA, suggesting their promising application in joint
repair and arthritis management.
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Introduction

Rheumatoid Arthritis (RA) is termed as a systemic infectious illness and
autoimmune categorized by infiltration of multiple immune proteins in the central
joint synovial membrane accompanied by pronounced tumors such as pannus
development owing to synovium activation and proliferation contributing to
oedema, chronic inflammation, discomfort and ultimately leading to joint death in
individuals with defined RA. These stimulated synoviocytes (native joint
macrophages) are accountable for releasing various inflammatory toxic mediators
like interleukin-1b (IL-1b), IL-6, tumor necrosis factor-a (TNF-a), and reactive
nitrogen/oxygen organisms (RNS / ROS). Free radicals, RNS/ROS constituting
unpaired atoms extracted from molecular nitrogen/oxygen and they are poisonous
to cellular elements like DNA, proteinsand membrane lipids, resulting
in considerable injury to structures of cell and cumulating into a scenario
recognized as oxidative stress. This kind of infectious mediators and
RNS/ROS in RA are the major regulators of joint failure as well as inflammation
[1-3]. These cytokines behave synergistically and stimulate the development of
Matrix Metalloproteinases (MMPs) from fragments of extracellular matrix and
triggered synoviocytes, a hallmark of arthritis [4]. Transcription receptor NF-kB
regulates the expression of these MMPs and noxious inflammatory intermediates
[5, 6].

Transcription factor, NF-kB regulates the expression of several genes
engaged in inflammatory reactions and intensely modulates their function through
multiple stimuli like UV light, oxidative stress and pro-inflammatory cytokines [7].
Furthermore, an appropriate therapeutic approach for RA could be the down-
regulation of NF-kB as well as pro-inflammatory cytokines. There is no sustained
remedy accessible for RA as of now. The present method of medication
provides only symptomatic relief from inflammation and pain.

The current treatment methods for RA include disease-altering anti-
rheumatic medications (DAARMSs), which are Non-Steroidal Anti-Inflammatory
medicines (NSAIMs). The frequently used drug as DAARMs is Methotrexate
(MTX), which is often authorized for RA therapy as a primary-line medication.
MTX, often afolate analog designed to prevent reductase dihydrofolate and
obstruct the prerequisite for cell proliferation, the synthesis of RNA and DNA [8].
In RA, it synthesizes, inhibits and proliferates lymphocytes and other enzymes that
are responsible for joint inflammation [9]. Although the utilization of MTX /
NSAIMs or DMARMs isonly efficient for a really short time, long term
implementation  creates  countless life-threatening side effects like
immunosuppression and stomatitis of gastric ulcer [10, 11]. Researchers are
therefore attempting to monitor fresh manmade or artificial organic components
that cause higher efficiency and lower toxicity for inhibiting inflammation.

Nanotechnology is currently receiving a lot of attention due to its extensive
implementation in information technology, energy management, and medicines as
well as in electronics [12]. Nanoscale-level materials are produced by precise
engineering with regulated physicochemical characteristics, also includes improved
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ratio of surface-to-volume, and a large percentage of exposed surface atoms [13].
The discovery of inorganic medicinal nanoparticles (NPs) has a deep effect on the
biological sciences. Yet not much research is reported to disclose their utilization
in treating rheumatic disease [14, 15]. Metal NPs were being widely studied in
biomedical implementations and have an incredibly broad range of uses [16-18]. It
includes, in specific, genomics, clinical chemistry, proteineomics [19],
immunoanalysis [20], cancer cells and microorganisms detection and photo
thermolysis  [21-23]. In  addition, it is utilizedin the optical
bioimaging, targeted delivery of medicines, antigens and DNA, as well as tissues
and cells scrutinizing with the help of modern approaches [24-26]. Metal
nanoparticles have emerged as versatile agents in clinical applications, including
diagnostics, prevention, hygiene, and therapy. Among them, gold-based
compounds have been used in chrysotherapy for treating arthritis, with therapeutic
effects likely attributed to the localized release of metal ions into adjacent
connective tissues. Silver (Ag), known for its potent antimicrobial and anti-
inflammatory properties, holds promise for developing a new class of anti-arthritic
agents that offer higher efficacy and fewer side effects. Despite the broad
biomedical use of metal NPs, there is limited scientific evidence supporting the
application of silver nanoparticles (AgNPs) in the treatment of rheumatoid arthritis
(RA) [27, 28].

The primary goal of this study is to investigate the therapeutic potential of
biofabricated AgNPs synthesized using Salvia spinosa leaf extract in a collagen-
induced arthritis (CIA) rat model. This model closely mimics the histopathological
and clinical features of human RA. The study aims to evaluate the anti-
inflammatory and antioxidant effects of AgNPs, and their ability to modulate key
molecular markers involved in RA pathogenesis.

Materials and Methods
Synthesis of AgNPs

For fabricating AgNPs, 10 mL leaf extract of Salvia spinosa was drop
wise added at a frequency of about 1 drop/second on a magnetic stirrer to 1 mM
AgNOs of 100 mL solution under steady stirring conditions. The mixture was
constantly stirred for about an hour, and then, kept stand still for about a day at a
temperature of 25 °C. The shift in color to reddish yellow from gray confirmed the
Ag* ions reduction to Ag’. Then, the resultant mixture was centrifuged for about 10
minutes at 10,000 rpm, followed by washing the precipitate with deionized water
and repeatedly centrifuging in order to eliminate the impurities. The
resultant precipitate was dried overnight at a temperature of 60 °C, which
later placed for further study in a desiccator.

Test animals

Male rats of Wistar albino were acquired from Shanghai SLAC Laboratory
for Animals, China. Rats were permitted for a week to habituate before the
experiment was initiated. All the animals were blindly separated into 4 groups and
stored under normal operating surroundings (14:10 hour light: dark ratio, 22 *
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2 °C ambient temperature, 40-45 percent moisture). Water and food were given Ad
libitum. In accordance with the guidelines of animal ethics committee, the rats of
all groups got humanitarian treatment. The Committee of Institutional Animal
Ethics endorsed the testing procedure. Throughout the experiment, all the rats were
held under surveillance for water and food consumption, functioning, body weight,
etc.

Induction of arthritis

As demonstrated in one of the earlier reports, Collagen form 11 (CII)
immunization, emulsified with Total Freund's Adjuvant (CFA) are the causes of
arthritis in Wistar male rats [29]. Briefly, by stirring gently at 4 °C overnight and
emulsifying with CFA, collagen was dissipated in 0.1 M acetic acid (2 mg / ml).
Every rat was subjected to immunization using subcutaneous injection at the
tail's base using 0.2 ml emulsion (200 pg), and the booster dosage was administered
after 2 weeks of immunization to ease the signs of the disease.

Evaluation of footpad thickness and arthritic index (Al)

The growth of arthritis was tracked by a separate blind participant without
any understanding of the therapy protocol through a four-legged macroscopic
scoring apparatus varying from zero to 15 (one score for every red or swollen toe,
one score for knuckle or middle-foot digit and five scores for a swollen knee).
Added the results of 4 paws and regarded a complete rating of 60 per animal as an
induction of RA [30]. Clinical seriousness was also evaluated using a dial-gage
caliper to measure footpad density.

Grouping of animals

All the rats are blindly separated into 4 groups with 6 rats in each group.
Treatment for all the groups was continued for a period of 20 days by initiating on
the 25" day. Group | was considered as control group and was treated with non-
induced plus normal saline. The 2" group was administrated with induced plus
normal Saline. The 3 group was treated with induced plus MTX of 0.25 mg / kg
b.w intraperitoneally one time in 7 days. Group IV was administrated with induced
plus nanogold of 20 Ig/kg b.w intraperitoneally every day throughout the 20 days.
The amount of dose to be injected was chosen based on the preliminary study in
our lab.

Collection of samples

Rats were overnight fasted after completing the treatment and blood
samples were obtained for biochemical analyses through puncturing the retro-
orbital vein. Serum has been isolated and utilized for estimating the reduced
glutathione, lipid peroxidation, cytokines, cyclooxygenase-2 (COX-2) and NF-kB.

Oxidative stress parameters assessment

Serum can be utilized to determine the lipid peroxidation (LPO) as
demonstrated in an earlier report [31]. In brief, serum of 0.5 ml was initially
dissolved with Trichloroacetic acid of 20 percent and then the resultant mixture
was subjected in thiobarbituric acid (0.07% in sodium sulfate 1 M) and 0.05 N
sulphuric acid. The resultant sample was incubated in a hot water tub for about half
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an hour, resulting in the formation of MDA-TBA adduct that was extracted further
with butanol. The spectrophotometric measurement of LPO was evaluated at about
532 nm and the responses were represented in nM/ml.

As per the earlier described procedure [32], the content of reduced
glutathione (GSH) has been estimated in the entire blood. Briefly, the reaction
solution of 1 ml included with NADPH [0.2 mM / ml in EDTA phosphate buffer
0.01 M /0.005 M of 7.5 pH], glutathione reductase (1 unit) and hemolysate of 25
ml. Following the Ellman's reagent (DTNB) addition, determined at 412 nm, a
chromophoric product was developed. The result has been represented as IM / ml
blood.

Assessment of cytokine levels

The cytokine levels IL-1B and TNF-ain serumwere defined by
conventional ELISA Kits (Pierce Biotechnology, Rockford, IL) utilizing microplate
reader, Thermo Scientific, Shanghai, China, as instructed by the manufacturer.
Evaluation of COX-2 and NF-kB levels

Conventional ELISA kits (MyBiosource, CA and Cusa Biotech, Hubei
Province, China) were used to measure the COX-2 and NF-kB levels in serum
utilizing microplate reader.

Extracting RNA and quantitative real time PCR of animal joints

MRNA levels of NF-kB, TNF-a, inducible nitric oxide synthase (iNOS) and
COX-2 were examined in rat joint tissue with the help of g°PCR in order to
compare the mMRNA expression in each group. In short, synovial tissues
are separated after rat euthanization as demonstrated in an earlier report [33], then,
stored in Trizol overnight for RNA isolation as per the protocol of the manufacturer.
NanoDrop (Thermo Scientific, Wilmington, DE) was used to determine the
concentration of extracted RNA in nuclease-free water. The RNA purity was
evaluated by taking 260/230 and 260/280 nm absorbance ration. The integrity of
RNA was analyzed with the help of agarose gel electrophoresis.

RNA of 1 pg from individual joints of each rat from each group was utilized
for the generation and amplification of single-stranded cDNA with the help
of Verso cDNA fabrication Kit (Thermo Scientific, Shanghai, China). This is
further utilized to evaluate the levels of mMRNA like COX-2, TNF-a, iNOS and NF-
kB utilizing gPCR. As an internal control, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) has been utilized.

Qiagen Thermal Cycler (system of Rotor-Gene Q 5plex HRM from Qiagen)
was utilized to perform the real-time PCR. Amplifying responses were
accomplished with the help of Maxima SYBR Green/ ROX qPCR Master Mix (2x)
suite (Thermo Scientific, Shanghai, China) as per the protocol of the manufacturer.
Briefly, gqPCR was performed with a complete resultant solution of 25 ml,
consisting of 0.9 uM primer of 1 pl (forth and back), 1 - 2 pul < 500 ng cDNA,
nuclease-free water and 12.5 pl mixture of maxima SYBR Green master.
Initially, denaturation was performed for 5 minutes at a temperature of 95 ° C
following with 40 cycles of PCR in 3 steps (at first denaturation, annealing and
finally extension for about 15, 30 and 30 seconds at temperatures of 95, 60 and 72 °
C, respectively). Threshold cycle (Ct) was utilized to quantify the PCR products,
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which were evaluated by calculating their enhanced fluorescence caused because
of the SYBR Green | Dye binding to dSDNA. The earlier reported process, 2Ct
procedure was utilized to calculate the expression of relative change in fold
of TNF-a, NF-kB, mRNA and iNOS [34]. The outcomes were standardized to the
GAPDH mRNA expression levels in every sample.
Histological studies

Tissues of therat joints weredrawn from CO: euthanized rats for
histological analysis and then subjected in formalin buffer of 10% followed
by decalcification with 10% solution of EDTA. Samples
are processed post decalcification, sliced into segments of 3-4 mm wide, followed
by staining with eosin and haematoxyl. Any kind of modifications were assessed
with the help of 0—4 point scale based on the histological parameters such as pannus
development, inflammation and cartilage development. Pannus formation=3,
Inflammatory cell infiltration=1, Normal=0, synovium hyperplasia=2 and bone
erosion and severe cartilage =4.
Statistical analysis

All the data was represented asmedian+ SD. Statistical
information was examined with the help of one-way ANOVA utilizing SPSS
version 16 statistical program (SPSS, Shanghai, China) and individual treatment
comparisons were gained through Tukey's multiple comparison test. A statistically
significant difference of p < 0.05 was taken as important.

Results
Characterization of AgNPs

The analysis of UV-Vis spectra primarily confirmed the synthesis of
AgNPs from the reduction of Ag* ions. Due to surface plasma resonance, AgNPs
were described to display UV-Vis absorption maximaat 400-500 nm of
wavelength range [35]. In this work, after 1 h of the reaction, an absorption peak
was noticed at 450 nm showing the development of crystalline AgNPs as
represented in Fig. 1 [35]. Furthermore, an intense peak was noticed at 450 nm in
commercial AgNPs.
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Fig.1. UV-Visible absorption of AgNPs

The indication of strong peak in the EDX examination confirmed the
formation of elemental Ag in high percentile as displayed in Fig. 2. Furthermore, a
few weak peaks were also discovered in silver nanoparticles indicating carbon
and oxygen particles. XRD analysis was carried out to characterize the AgNPs '
solid phase microstructure and crystallinity at 35 © —85 ° (260) scanning range (Fig.
3). About five unique peaks of diffraction were noticed at 81.48 °, 77.24 °, 64.4 °,
44.24 °, and 38.04 °, that are corresponding to 222, 311, 220, 200 and 111 planes,
respectively. It was observed that the crystalline phase of the formed AgNPs was
cubic and for determining the lattice constant value, we used one of the previously
reported methods [36]. The mean value of lattice constant was calculated to be
4.0904 A, which is in agreement with the previously reported analysis [37].
The size of the crystallite was determined with the help of earlier reported process
and was noticed to be 15 nm [38, 39].
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Fig.2. EDS spectrum of prepared AgNPs
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Fig.3. XRD pattern of AgNPs

In addition, surface and size morphologies were observed from the TEM
assessment and it was found that both kinds of AgNPs were in spherical form (Fig.
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4A, B). The sizes of the formed AgNPs varied from 10 to 15 nm respectively. The
size of the formed Ag NPs obtained from the analysis of TEM complied with the
size of crystallite evaluated from the XRD spectroscopy.

Fig.4. TEM images of AgNPs

Eventually, the functional groups existing in the plant material of Salvia
spinosa and AgNPs were revealed in the FT-IR spectroscopy (Fig. 5). The presence
of 1072.23 cm* strong band corresponds to the C—-O—C or C=0 stretches and the
band at 1634.38 cm ™t inferred to the stretch -C=C. The bands present of 2361.41
and 1800 cm™ represents the groups —C=C and —C=0, respectively. The existence
of 630 cm™ weak peak and 3409.53 cm™ broad peak correspond to the groups C—
H and —NH, respectively [40].

AgNPs

Plant extract

Transparency (%)

500 1000 2000 3000 4000 5000
Wavenumber (cm?)

Fig.5. FTIR spectrum of biofabricated AgNPs
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Impact of AgNPs on foot pad swelling and Arthritic index

The severity of the disease can be known by the thickness of foot pad and
arthritis index (Fig. 6A, B) and they are also utilized to assess the effectiveness of
the treatment. CIA induced rats showed a significant increase in the thickness of
footpad and Al and this can be demonstrated by the joint swelling, oedema and
erythema in ankles and paws. When related to the rats treated with CIA, AgNPs
injected rats displayed a decreased inflammation as well as decreased foot
pad oedema and erythema where (p<0.05). We observed a positive correlation
among the changes in the volume of paw oedema and arthritic score.
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Fig.6. Effect of concentration of AgNPs on (A) foot pad swelling along with (B)
arthritic index

Effect of AQNPs on inflammatory mediators

We recorded the TNF-a and IL-1p (Fig. 7A, B) serum levels in CIA induced
rats to evaluate the ameliorating impacts of AgNPs on the development of pro-
inflammatory cytokines, which is accountable for cartilage devastation and joint
inflammation. In CIA injected rats, we observed an obvious increase in the pro-
inflammatory cytokines, IL-1B and TNF-aserum levels (Fig. 7). On treating
AgNPs, we observed an obvious reduction in the proinflammatory cytokines, IL-
1B (50.76%) and TNF-a. (51.21%) levels when related with the CIA treated animals
(where p<0.05), and therefore these findings were similar to those of the target
medication (MTX)-administrated rats.
AgNPs effect on COX-2 and NF-kB levels

In CIA treated animals, the COX-2 and NF-kB levels functionality was
observed to be significantly greater than that of the control group (Fig. 7C, D).
Decrease in the levels of COX-2 (53.80 percent) and NF-kB (47.42 percent)
activity was viewed in the animals treated with AgNPs and therefore these findings
were similar to those of MTX-administrated drugs.
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Fig.7. AuNPs effect on (A) TNF-a, (B) IL-1b, (C) NF-kB and (D) COX-2.

AgNPs effect on oxidative damages induced by CIA

In CIA induced rats’ serum, we measured the levels of GSH and MDA in
order to evaluate the impacts of AgNPs on the damage of oxidative tissue caused
by the CIA. Oxidation of cellular damage and membrane lipids are caused due to
the increased oxidative stress. Higher levels of MDA are a useful measure of lipid
peroxidation. The levels of MDA in CIA induced rats serum were noticed to be
raised  substantially, but on treating  with AgNPs, the levels
of MDA got decreased (Fig. 8A) (where p<0.05). The decreased levels of GSH in
CIA  induced rat'sentire  bloodalso  gotretrieved  after  treating
with AgNPs. Therefore, these results have shown that AgNPs administration
decreases oxidative damage induced by CIA and these findings are similar to those
of the MTX group (Fig. 8B).
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Fig.8. AgNPs effect on (A) MDA, (B) GSH.
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AgNPs effect on TNF-a, NF-kB, iNOS and COX-2 mRNA expression

We analyzed the NF-kB, TNF-a, iNOS and COX-2 mRNA expression
levels with the help of gPCR in order to evaluate the inhibitory influence of AgNPs
on the ROS / RNS and other acidic mediators in the animal groups induced
with CIA (Fig. 9A-D). In CIA induced rats, COX-2, TNF-a, iNOS, and NF-
kB expression levels were noticed to be considerably improved when compared to
healthy control group rats. Furthermore, these upregulations were significantly
inhibited post treating with AgNPs (Fig. 9). When related to CIA induced rats, the
activity of these inflammatory intermediates reduced considerably on treating with
both AgNPs and MTX drug (where p<0.05). Therefore, these findings show that
the decrease in the transcriptional levels of COX-2, TNF-a, iNOS, and NF-
kB expression led to AgNPs inhibition impact on the generation of ROS and
inflammatory cytokines.
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Fig.9. AgNPs effect cr)orlllpFnRNA expression in CIA induced rat joints, (A) TNF-a,
(B) NF-kB, (C) COX-2, and (D) iNOS.

AgNPs effect on joint tissue histopathology

Histological results of joint tissues with the help of H and E disclosed a huge
infiltration of vascular neurons, pannus development and devastation of articular
cartilage in animals treated with CIA as a result of persistent molecular and
biochemical changes (Fig. 10A-D). Treating with AgNPs has considerably
improved the modifications at the histological level followed by reduced cell influx
and bone / cartilage injury.
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Fig.10. Histological examination of knee joints in rats. Control rats (A), CIA treated
rats (B), MTX treated rats (C) and AgNPs treated rats (D)

Conclusions

In conclusion, AgNPs were successfully synthesized using the leaf extract
of Salvia spinosa, which served as both a capping and reducing agent. The
antiarthritic efficacy of these AgNPs was evaluated in a CIA animal model,
revealing a significant reduction in oxidative stress and inflammatory mediators.
AgNPs demonstrated a marked decrease in the levels of key inflammatory markers,
including NF-xB, COX-2, TNF-a, and IL-1p, which were notably elevated in CIA-
induced rats. Furthermore, the imbalance between oxidants and antioxidants was
assessed, and treatment with AgNPs significantly restored this balance toward
normal physiological levels.
Consistent with the biochemical findings, mMRNA expression levels of NF-kxB,
TNF-a, iNOS, and COX-2 were found to be upregulated in CIA-induced rats,
whereas AgNP treatment led to their significant downregulation. These molecular
outcomes were corroborated by histological analysis of joint tissues, which revealed
reduced inflammation and bone erosion in AgNP-treated animals. Overall, the
present study highlights the therapeutic potential of AgNPs in mitigating oxidative
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stress and inflammatory responses in ClA-induced arthritis, suggesting their
promising application in joint repair and antiarthritic interventions
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