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Abstract: We developed a contemporary cardioprotective
medication using silver nanoparticles (AgNPs) loaded with
Spinacia oleracea to treat isoproterenol (ISO)-induced myo-
cardial infarction in mice, focusing on the PPAR-γ/NF-κB
pathway. The physicochemical techniques, such as Fourier-
transform infrared spectroscopy, field emission scanning
electron microscopy, ultraviolet–visible spectroscopy, and
energy dispersive X-ray analysis, were employed to charac-
terize the AgNPs. In the in vivo experiment, myocardial
infarction was induced in mice by administering ISO subcu-
taneously at a dose of 40mg/kg every 12 h for a total of three
times. The mice were divided into five groups in a random
manner: (1 and 2) ISO +AgNPs at varying doses (10 and 20μg/mL)
and time points; (3) ISO; and (4) control. Following the treat-
ment, cardiac function was assessed through electrocardio-
gram, as well as biochemical and histochemical analyses. In
the study, we examined the inflammatory reactions and cell
death in human coronary artery endothelial cells exposed to
lipopolysaccharide (LPS). The PPAR-γ/NF-κB activation by LPS

and the resulting cytokine production were checked using
real-time PCR and western blot techniques. The typical ST
segment depression in myocardial infarction mice is signifi-
cantly inhibited by the administration of AgNPs. Additionally,
the treatment with AgNPs leads to a significant improvement
in ventricular wall infarction, a decrease in mortality rate, and
inhibition of myocardial injury marker levels. Furthermore,
the application of AgNPs resulted in a decrease in the inflam-
matory environment within the hearts of mice with myo-
cardial infarction. This effectively prevented the increase in
TNF-α, IL-1β, and IL-6. The gene expression normalization
of PPAR-γ/NF-κB/IκB-α/IKKα/β and PPAR-γ phosphorylation
could potentially be linked to the advantageous impacts of
AgNPs. In the context of an in vitro experiment, the admin-
istration of AgNPs demonstrated a notable decrease in cell
death and inflammation cytokines expression inhibition.
The myocardial infarction mice in the pre + post-ISO group
appear to experiencemore noticeable cardioprotective effects
from the treatment with AgNPs than those in the post-ISO
group. Our research findings demonstrate that AgNPs possess
cardioprotective efficacies in ISO-induced myocardial infarc-
tion. This beneficial effect may be attributed to the PPAR-γ
activation and the NF-κB signaling inhibition. Consequently,
our study presents a novel remedial approach for myocardial
infarction treatment in clinical settings.
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1 Introduction

Myocardial infarction, also known as a heart attack, is the
most fatal form of ischemic heart disease globally [1,2]. The
global population affected by this condition amounts to
approximately 3,000,000 individuals, with nearly half of
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all deaths caused by cardiovascular diseases being attrib-
uted to myocardial infarction [1–3]. Insufficient flow of
oxygen-rich blood through the coronary artery can result
in an imbalance in oxygen levels, ultimately causing damage
to the heart tissue [2,4]. Effective management of acute myo-
cardial infarction relies heavily on promptly restoring blood
flow to the heart. At present, the most successful approaches
for achieving this are thrombolytic therapy and percuta-
neous coronary intervention. Nevertheless, while this tech-
nique saves lives, it can also result in the demise ofmyocardial
cells and the impairment of heart function. Numerous studies
have indicated that many biochemical and pathophysiological
factors contribute to myocardial infarction occurrence [1,5,6].
Nevertheless, the etiology and pathophysiology of myocardial
infarction remain uncertain. Furthermore, the existing
approach to treat myocardial infarction is constrained by
diverse adverse effects including elevated blood pressure,
gastrointestinal disorders, and heartburn [7–9]. It is crucial
to discover natural compounds that possess anti-apoptotic,
antioxidant, and anti-inflammatory properties to reduce
damage to the heart tissue or provide protection [10–12].

Nanoparticles have garnered attention because of their
significance in biology and their potential applications in
medicine. However, the conventional chemical methods
employed in their production often lead to the inclusion of
hazardous reactive substances, rendering the resulting nano-
particles inappropriate for medical purposes. Using the green
approach in nanoparticle synthesis has been widely recog-
nized in various research papers [4–6], resulting in its estab-
lishment as a prominent area of interest. Plant extracts are
emerging as a promising alternative to traditional ways of
yielding metal oxide NPs [7–9]. Nanoparticles exhibit consid-
erable potential in the field of therapy, as they possess the
ability to selectively target abnormal tissues or patient cells
through active or passive targeting [9,11]. This presents a
promising treatment alternative for a range of diseases. Var-
ious strategies involving nanoparticles have been developed,
focusing on tumor heterogeneity and stroma, offering valu-
able insights to healthcare professionals and experts in nano-
technology for developing targeted therapies for abnormal
cells [10–12]. Recognizing and addressing the limitations and
challenges of utilizing NPs in therapy [8–11] holds significant
significance. Challenges encompass concerns regarding pro-
duction and compliance, disparities in nanoparticle character-
istics, improvements in permeability and retention, constraints
in load-bearing capacity, and physiological barriers [9–12].

Silver nanoparticles (AgNPs) are viral among metal
nanoparticles and are extensively utilized in biomedical
products due to their wide-ranging antimicrobial properties
[13]. AgNPs have recently been found to possess antioxidant
properties [14–16], with the balance between antioxidant

and pro-oxidant effects being influenced by the choice of
coating agent during AgNPs preparation [16]. It is worth
mentioning that AgNPs also exhibited anti-inflammatory
characteristics [15–17] through the initiation of M1 macro-
phage apoptosis and the M1-to-M2 macrophage repolariza-
tion [18–20]. Several in vivo investigations have documented
the potential efficacy of AgNPs in treating inflammatory
conditions. For instance, AgNPs have shown promising results
in reducing symptoms of collagen-induced rheumatoid
arthritis [18], facilitating alloxan-induced diabetes in mice
[21], countering diethyl nitrosamine-induced hepatocarcino-
genesis in mice [20], mitigating streptozotocin-induced
hepatotoxicity in rats [19], managing dextran sodium sul-
fate-induced colitis in mice [17], and alleviating neuropathy
in diabetic rats [15]. Despite the therapeutic benefits of
AgNPs, their use has been linked to various toxicology con-
cerns including cell death, immunological response, autop-
hagy, mitochondrial dysfunction, and cytotoxicity [22–24].
Consequently, developing a modern AgNP formulation
that minimizes side effects poses a significant challenge.
Previous studies have suggested using the AgNPs as novel
cardioprotective supplements or drugs [2,5,9]. Arozal et al.
indicated the protective efficacies of AgNPs in myocardial
infarction induced by isoproterenol (ISO) in rats [2].

Within this research, we focus on developing environ-
mentally friendly AgNPs utilizing Spinacia oleracea. The
AgNPs underwent examination through microscopic ima-
ging, diffraction, and spectroscopic analysis to compre-
hend their size, shape, and structure. Furthermore, the
potential biological effects of these AgNPs in treating myo-
cardial infarction were evaluated.

2 Materials and methods

2.1 Preparation of aqueous extract

The newly harvested leaves of S. oleraceawere rinsed with
running water to eliminate any impurities and dust, followed
by drying in the shade to create the powder. To create the leaf
extract, 20 g of powder were placed into a 0.3 L conical flask
with 0.2 L of distilled water. The mixture was heated on a
magnetic stirrer at 65°C for 60min. Subsequently, it was fil-
tered usingWhatman filter paper (No. 1), and the resulting leaf
filtrate was utilized for the AgNPs’ formulation.

2.2 Green formulation of AgNPs

To create the 1 mM AgNO3 stock solution, the S. oleracea
extract (80 mL) was combined with the AgNO3 stock
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solution (250 mL) and incubated at 25°C for 180 min. Then,
a significant remarkable in color was observed in the reac-
tion solution. The AgNPs’ biosynthesis was confirmed by
ultraviolet–visible spectroscopy (UV–Vis), field emission
scanning electron microscopy (FE-SEM), Fourier-transform
infrared spectroscopy (FT-IR), and energy-dispersive
X-ray (EDX).

2.3 Chemical characterization of AgNPs

A UV–Vis spectrophotometric analysis was conducted to
check the absorbance value of nanoparticles within the
200–800 nm range. The biogenic AgNP SPR was recorded
using the UV–Vis spectrophotometer.

FE-SEM was utilized for the examination of the struc-
ture and makeup of AgNPs. The AgNPs’ size distribution
was depicted in a histogram by using ImageJ software.

The identification of the various functional groups
accountable for the stabilization and reduction of the for-
mulated AgNPs was accomplished through FT-IR analysis,
utilizing the Cary 630 FT-IR model from Tokyo, Japan. The
FT-IR analysis was conducted using the KBr technique,
where a slice containing 0.3 g of formulated AgNPs mixed
with KBr was created under high pressure.

2.4 Animals

Throughout this experimental study, 80 male BALB/c mice
(38–40 g) each were employed. The animals were kept in a
regulated environment between 20 and 24°C. It should be
emphasized that all protocols followed in this research
strictly complied with ethical standards for working with
laboratory animals.

2.5 In vivo experimental design

(1) Myocardial infarction + AgNPs (10 µg/kg).
(2) Myocardial infarction + AgNPs (20 µg/kg).
(3) Myocardial infarction group.
(4) Control group.

After acclimating the mice to their environment, myo-
cardial infarction was induced in the mice by adminis-
tering ISO (85mg/kg) dissolved in normal saline (1 mg/mL)
subcutaneously for 2 consecutive days with a 24-h interval,
following the methodology outlined in the study by Arozal

et al. [2]. (On the day after the injection, four animals experi-
enced shedding, prompting immediate replacement.) The
induction of myocardial infarction was established based
on standard protocols. Subsequently, a selection of mice was
anesthetized 48 h post-myocardial infarction, and samples of
heart tissue from their left ventricle were analyzed using
hematoxylin–eosin histochemical techniques. The presence
of white areas signified necrotic injury resulting from the
heart attack [2].

Following the final administration of ISO, the mice
were subjected to anesthesia. The presence of ST segment
depression or elevation in the animals was evaluated. On
the 5th day, the mice were euthanized to evaluate the
immunological and biochemical factors. The levels of IL-6,
IL-1β, and TNF-α expression in the supernatant of homoge-
nized left ventricles heart tissues were assessed using ELISA
kits. The extent of myocardial cellular damage was deter-
mined by evaluating the levels of serum troponin and
creatinine kinase isoenzyme. An ELISA was employed to
measure the levels of serum creatinine kinase isoenzyme
and troponin [2].

The RNA from the examined heart was extracted by
the Qiasol kit (Qiagen) following the provided instructions.
The isolated RNA purity and concentration were evaluated
by a nanodrop spectrophotometer. The samples’ optical
absorption was assessed at 280 nm, and the concentration
was determined based on the dilution factor in µL/ng.
Subsequently, 1 ng/µL of RNA was prepared and utilized
for cDNA synthesis. To achieve this objective, 10 µL of a
cDNA synthesis kit was combined with 10 µL of RNA. The
mixture was subsequently placed in a thermocycler and
incubated for 10 min at 25°C, followed by 50min at 60°C.
Finally, the resulting cDNA was stored for qPCR analysis at
−20°C. PCR was conducted to examine the gene replication
rate. In this research, the control gene utilized was the beta-
actin gene. The temperature program for PPAR/GAPDH gene
amplification, including PPAR-γ/NF-κB/IκB-α/IKKα/β, PPAR-γ,
and beta-actin, involved a series of steps. These steps con-
sisted of primary denaturation for 4min at 94°C, followed by
secondary denaturation for 1min at 94°C. The binding tem-
perature was set for 1min at 55°C, and primary synthesis
occurred for 1min at 52°C. This process was repeated for
40 cycles, encompassing steps 2–4, and concluded with the
final synthesis. The temperature reached 52°C for 18min.
Subsequently, the graphs acquired were examined, and
alterations in gene expression were determined through
ΔΔCT analysis (based on the CT variance between the dif-
ferent intervention groups). The beta-actin gene expression
was assessed using the following primer sequence: forward
primer CCTGCACTGAATCAAGAGGTTGC and reverse primer
CCATCAGAAGGACTTGCTGGCT [2].
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2.6 Statistical analysis

In this study, the data’s normality was determined through
Minitab-21. Subsequently, any non-normal data were nor-
malized. The data variance test was conducted using SPSS-
22, and visual representations were created through Excel
software.

3 Results and discussion

3.1 Chemical characterization

EDX analysis is the practical method for elemental screening
of nanomaterials. The EDX diagram and quantitative results
of the elemental table of AgNPs green mediated by S. oler-
acea of nanoparticles are revealed in Figure 1 and Table 1.
The energy signals at 3.02 and 2.64 keV are designated for Ag
Lβ and Ag Lα, respectively. The presence of signals at 0.52 (O

Lα) and 0.27 (for C Lα) confirms the secondary metabolites
connection from the extract to the synthetic AgNP surface
[2,25]. Arozal et al. have reported comparable signals for
AgNPs produced with Salvia leriifolia [2].

FT-IR is an analytical technique of great reliability that
identifies and exhibits functional groups, chemical bonds,
chemical structures, elements, and bonding arrangements
of molecules [9,39]. Characterization of AgNPs using FT-IR
is conducted to determine the molecules responsible for
coating and stabilizing, as well as to observe the reduction
of silver ions [20]. The reduction or capping in the green
synthesis of AgNPs [30] can be attributed to the presence of
amide and carboxylic functional groups, as indicated by
the FT-IR spectra. The leaf extract of Catharanthus roseus
was utilized to synthesize AgNPs with a green approach.
The synthesized AgNPs exhibited significant peaks at 1,208,
1,084, 1,706, 2,073, and 2,401 cm−1, indicating the existence of
various functional groups. These functional groups include
the secondary amine (N–H) group, primary amine (N–H)
group, phenyl ring, alcohol and amide groups, ketone group
(C]O), alkynes group (RC]CH), and carboxylic acid group
(O–H), respectively [9]. The FT-IR spectrum of nanoparticles
synthesized using Tectona grandis seeds’ extract displayed
peaks at 1,038, 1,508, 1,643, and 1,745 cm−1, which corre-
sponded to the stretching vibrations of different chemical
bonds such as amine bond, nitro compounds, proteins’
amide bond, and carboxylic acid or ester, as reported in
the study [40].

The metal-oxygen bond is associated with bands below
700 cm−1 in FT-IR analysis. In Figure 2 of the FT-IR spec-
trum of AgNPs, the Ag–O bond is represented by bands at
457 and 576 cm−1. The additional peaks at 1,038, 1,323–1,630,
2,940, and 3,269 cm−1 correspond to the carbonyl (CO),
C]C, CO2, and hydroxyl (OH) organic functional groups
of S. oleracea, which serve as the reducing agent during
the synthesis process.

The mixture of plant extract and silver nitrate salt was
combined and left to incubate for 180 min. Throughout this
period, a noticeable alteration in color occurred within the
reaction mixture. The initial yellow-orange hue of the solu-
tion transformed into a deep brown shade, thereby

Figure 1: EDX analysis of AgNPs green mediated by S. oleracea.

Table 1: Quantitative results of the elemental table of AgNPs green mediated by S. oleracea

Elt Line Int Error K Kr W% A% ZAF Formula Ox% Pk/Bg Class LConf HConf Cat#

C Ka 328.4 5.5490 0.3884 0.2392 36.23 61.33 0.6604 0.00 33.16 A 34.97 37.49 0.00
N Ka 18.2 5.5490 0.0277 0.0171 7.56 10.97 0.2261 0.00 7.47 A 6.44 8.67 0.00
O Ka 69.1 5.5490 0.0470 0.0289 15.81 20.09 0.1830 0.00 16.09 A 14.61 17.00 0.00
Ag La 496.6 4.5305 0.5369 0.3307 40.41 7.62 0.8184 0.00 18.30 A 39.27 41.55 0.00

1.0000 0.6160 100.00 100.00 0.00 0.00
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confirming the occurrence of phytosynthesis in the produc-
tion of AgNPs. The alteration in color occurred as a result
of the SPR activity exhibited by the nanoparticles [2,5]. The
color intensity is dictated by the quantity of electrons lib-
erated during the conversion of NO3 to NO2, leading to the
Ag+ reduction to metallic ions (Ag0) [14,15]. The research we
conducted was backed by the results from Refs. [2,5], which
mirrored our findings regarding the visual alteration of the
solution’s color. Further investigation into the reaction
solution color change was conducted by analyzing the
AgNPs UV–Vis spectrum. The confirmation of AgNP forma-
tion was established by the presence of the SPR peak at
411 nm in this study.

The synthesis of AgNPs involves a colorful reaction
that exhibits intense and distinct absorption bands within
the visible spectrum, typically ranging from 400 to 500 nm
[26]. Three different concentrations of pure curcumin were
used to synthesize curcumin-loaded AgNPs: 0.25 g (C2), 0.1 g
(C1), and 0.005 g (C0). The absorbance spectra observed
were at 445, 428, and 427 nm for C2, C1, and C0, respectively
[27]. The UV–Vis analysis of green-synthesized nanoparti-
cles loaded with Salvia spinosa-grown extract revealed a
wide bell-shaped spectrum curve [28]. In numerous stu-
dies, UV–Vis spectroscopy has been utilized to measure
the change in reaction color and the decrease in silver
ions [28–30] (Figure 3).

One technique utilized to characterize metal nanopar-
ticles involves examining an electron microscope (FE-SEM)
image, which is useful for analyzing the morphology of the
produced NPs. The FE-SEM image captured from AgNPs

under the specified ideal parameters reveals the produc-
tion of spherical nanomaterials (Figure 4). The particles
that were generated had a size of 10–50 nm. On average,
the nanoparticles that were synthesized had a size between
15 and 30 nm. In terms of their morphology, the nanopar-
ticles exhibited crystalline geometric and uniform shapes.
Additionally, due to the lengthy waiting time for analysis,
the AgNPs tended to agglomerate to some extent.

Figure 2: FT-IR analysis of AgNPs green mediated by S. oleracea.

Figure 3: UV–Vis analysis of AgNPs green mediated by S. oleracea.
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3.2 Cardioprotective effects of AgNPs green
mediated by S. oleracea

In a recent study, mice were administered ISO to induce
myocardial infarction. High doses of ISO rapidly elevate the
myocardial load, leading to myocardial dysfunction. The
morphological and pathophysiological alterations caused
by ISO in mice closely resemble those observed in human
myocardial infarction. Free radical-enhanced generation in
myocardial infarction elevates the activity of the mitogen-
activated protein kinase (MAPK) signaling pathway, con-
sisting of three subfamilies namely p38, JNK, and ERK.
Activation of this pathway upregulates κB-NF, resulting in
heightened production of inflammatory cytokines and ulti-
mately contributing to myocardial damage [31,32]. To date,
extensive research has been conducted on the ERK signaling
pathway, which is instrumental in governing cellular death,
growth, and survival, as well as the immune response asso-
ciatedwith inflammation [31]. Although p38MAPK and JNK are
associated with apoptosis, ERK is crucial in promoting cell
survival and reducing the risk of myocardial infarction [32].
Multiple research has revealed the κB-NF andMAPK pathways’
involvement in myocardial hypertrophy, heart failure, and
blood pressure regulation. Various research findings have sug-
gested that inhibitingMAPK can result in the activation of 2-Nrf,
which is crucial in regulating the expression of antioxidant and
detoxification enzymes during the second step [31–33].

The research presented a green formulation of AgNPs
green synthesized with S. oleracea. Various spectroscopic
techniques were employed to characterize the AgNPs, and
their effectiveness in treating myocardial infarction was
investigated.

In the current research, the protective effects of nano-
particles produced from S. oleracea against myocardial
damage were investigated by inducing a myocardial infarc-
tion model in mice using ISO. Furthermore, the expression
levels of PPAR-γ/NF-κB/IκB-α/IKKα/β and PPAR-γ or MAPK
signaling pathway in the experimental groups were
assessed to understand the mechanism of the treatment
applied (refer to Figure 5). The green-mediated S. oleracea
AgNPs led to a reduction in the levels of p-IKKα/β/IKKα/β,
p-IkBα/IkBα, and p-NF-kβ p65/NF-kβ p65, as well as a
decrease in PPAR/GAPDH. Furthermore, the green-mediated
AgNPs derived from S. oleracea exhibited a significant
reduction (P ≤ 0.05) in the mRNA levels of IL-6, TNF-α, and
IL-1β, as well as the presence of CD68+ cells, when compared
to the untreated group (Figures 6–8). The mice under study
exhibited a myocardial infarction model induced by ISO,
as evidenced by the substantial collagen deposition and
extensive damage to the myocardial tissue. Moreover, the
expression of MAPK was elevated, further confirming the
effectiveness of the model. According to recent research, it
has been suggested that numerous signaling pathways,
including the proteins of the MAPK pathway, undergo altera-
tions in myocardial damage induced by ISO [34]. Recent
research has demonstrated the effectiveness of ISO in indu-
cing an increase in MAPK levels. The MAPK pathway has a
crucial role in regulating the genes’ expression associated with
apoptosis, including Bax and Bcl-2. These genes are apoptotic
signaling pathway vital components and activate within the
cell upon receiving extracellular signals. Furthermore, the
occurrence of myocardial infarction leads to inflammatory
cytokines secretion and enhances the activity of MAPK P38
[35]. S. oleracea-synthesized nanoparticles exhibit promising
potential in the myocardial damage treatment resulting from
ISO consumption. The antioxidant properties of these nano-
particles, along with their compounds, demonstrate a notable
impact on the inhibition of DPPH free radicals. Enhancing the
body’s immune system through enhancing antioxidant levels
unquestionably shields individuals from numerous long-term
illnesses. According toMartinez et al., antioxidants can decrease
the risk of heart failure by influencing MAPK and NF-κB
signaling pathways [36]. Hence, the potential impact of S. oler-
acea-derived nanoparticles on diminishing MAPK expression
could be attributed to their antioxidative characteristics.

It has been confirmed that oxidative stress can trigger
the activation of NF-κB, a key transcription factor activated
in response to oxidative stress. This signaling pathway is

Figure 4: FE-SEM image of AgNPs green mediated by S. oleracea.
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crucial for cell proliferation and differentiation, ultimately
leading to cardioprotective benefits. In addition to the

cardioprotective impact of AgNPs, NF-κB is involved in
initial inflammatory reactions and can stimulate the pro-
duction of various inflammatory cytokines including TNF-α,
IL-1, and IL-6. Furthermore, NF-κB seems to have negative
effects on myocytes [33,34]. Previous research has demon-
strated that the activation of NF-κB plays a crucial role in
developing doxorubicin-induced cardiotoxicity [2,34]. In the
current investigation, the administration of ISO was linked to
an elevation in the expression of NF-κB protein. Notably, the
simultaneous use of AgNP resulted in a reduction in NF-κB
expression, indicating that the formulation of AgNP has a
mitigating impact on the inflammatory response derived
from NF-κB. Likewise, a recent laboratory study utilizing
AgNPs bio-capped with macroalgae demonstrated an anti-
inflammatory characteristic [2].

The latest research revealed that the AgNPs synthe-
sized using S. oleracea led to a reduction in cardiac tro-
ponin-1, cTn-T, ST segment deviation in MI mice, as well as
the heart wet weight/body weight ratio as compared to the
control group (Figures 9–11). In agreement with our study,

Figure 5: The activity of AgNPs on PPAR/GAPDH, p-NF-kβ p65/NF-kβ p65, p-IkBα/IkBα, and p-IKKα/β/IKKα/β (fold change).

Figure 6: The activity of AgNPs on the CD68+ cell.
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Arozal et al. indicated the cardioprotective efficacies of
AgNPs on myocardial infarction by reducing the cardiac
troponin-1, cTn-T, and ST segment deviation in MI mice [2].

It remains uncertain as to the precise mechanism by
which AgNPs raise the ROS generation, although they do
create a pro-oxidant environment. Several hypotheses pro-
pose a connection between the release and buildup of
intracellular Ag+ and the heightened ROS production.
However, recent data suggest that AgNPs, not the ions
they release, are responsible for generating ROS. There
is a wealth of evidence showing the harmful effects of
AgNPs on different bodily systems [37,38]. AgNPs have
been demonstrated to cause damage to various organs
and tissues, including the vasculature, kidneys, spleen,
lungs, bone marrow, liver, sperm cells, and skin. Research
suggests that these nanoparticles disrupt the fusion of
lysosomes and autophagosomes through defective ubi-
quitination at the subcellular level [9]. Future research
focusing on the AgNPs’ genotoxic effects and their possible
involvement in cancer is currently a topic of interest, as

indicated by various studies [38]. It is intriguing to note
that while certain studies argue that these particles pri-
marily avoid causing harm to the blood–brain barrier
(BBB), other findings indicate that the administration of
AgNP can actually change the BBB’s permeability. This dis-
covery opens up an intriguing possibility for future applica-
tions [37,38]. AgNPs have found extensive applications
in various fields such as medical advancements, environ-
mental protection, food preservation, and domestic utilities,
owing to their exceptional characteristics. Many reviews
and chapters have been dedicated to discussing the various
applications of AgNPs [39–42]. These publications particu-
larly emphasize the wide range of biomedical and biological
uses of AgNPs, such as their effectiveness in combating
viruses, fungi, bacteria, cancer, inflammation, and angiogen-
esis [39–42]. Arozal et al. [2] investigated the effects of AgNPs
on the ISO-induced myocardial infarction model in rats,
comparing their anti-inflammatory and antioxidant proper-
ties to those of the conventional silver form [2]. In addition,
the examination of AgNPs will be conducted among the

Figure 7: The activity of AgNPs on the IL-1β, TNF-α, and IL-6 mRNA levels.
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treatment groups due to their potential impact onmitochon-
dria biogenesis. The AgNPs’ safety profiles included the eva-
luation of kidney and liver functions. Furthermore, the

study investigated the dysregulation of mitochondria caused
by ISO [2]. After a 14-day pretreatment with AgNPs, the
mRNA expression levels of PGC-1α and TFAM were

Figure 8: The activity of AgNPs on the IL-1β, TNF-α, and IL-6 concentration (pg/mg).

Figure 9: The activity of AgNPs on the concentrations of cardiac troponin-1 (ng/mL) and cTn-T (pg/mL).
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significantly higher compared to other groups. Interestingly,
the mRNAs’ expression levels in the ISO group were similar
to those in the normal group [2]. AgNPs demonstrate unique
impacts, suggesting that AgNPs can specifically penetrate the
mitochondria or nucleus to induce the PGC-1α and TFAM
expression, ultimately safeguarding cardiac cells [2]. Con-
trary to the assertions made in numerous published articles,
exposure to AgNPs has the potential to inducemitochondrial
damage in cells. This damage encompasses swelling, mito-
chondrial membrane potentials disruption, and apoptosis
triggered through the mitochondrial pathway [43]. The for-
mulation of AgNPs created by Arozal et al. [2] exhibited
beneficial effects due to the eco-friendly synthesis method
involving alginate. The study demonstrated a correlation
between the ISO administration in rats and myocardial

injury by analyzing creatine kinase-MB (CK-MB) and lactate
dehydrogenase activities, which are cardiac enzyme leakage
indicators [2]. Upon comparison of the AgNP group with
the ISO group, a notable reduction in CK-MB activity was
observed, indicating that Ag offers protection on myocar-
dial damage. Although both AgNPs enhanced cardiac
enzyme markers, it was only AgNPs that could effectively
reverse the histological changes in the myocardium induced
by ISO [2].

4 Conclusion

Our team has successfully created an advanced medication
for cardioprotection by utilizing AgNPs infused with
S. oleracea. This innovative treatment aims to address ISO-
induced myocardial infarction in mice, with a specific focus
on the PPAR-γ/NF-κB pathway. The region of 400–700 cm−1

exhibited vibrational bands for Ag–O bonds, as revealed by
the FT-IR spectroscopy. Additionally, the FE-SEM image dis-
played a spherical morphology (below 50 nm). AgNPs have
been shown to lower the pro-inflammatory cytokine levels
in the mice hearts with myocardial infarction. Additionally,
they have been found to effectively inhibit the myocardial
injury markers levels, decrease mortality rates, and improve
ventricular wall infarction. The positive effects of AgNPs
may be related to the gene expression normalization related
to PPAR-γ/NF-κB/IκB-α/IKKα/β and PPAR-γ phosphorylation.
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