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Abstract: A modern cardioprotective drug was created by
utilizing zinc nanoparticles (ZnNPs) containing curcumin
to address isoproterenol-induced myocardial infarction in
mice, with a specific focus on the PPAR-y/NF-kB pathway.
During the in vivo study, mice were subjected to myocar-
dial infarction by subcutaneously administering isoproter-
enol at a dosage of 40 mg/kg every 12 h for a total of three
administrations. The mice were randomly divided into five
groups: (I, II) isoproterenol + ZnNPs at different concentra-
tions (10, 40 pg/mL) and time intervals, (III) isoproterenol
alone, and (IV) control group. Various physicochemical
methods, including FT-IR, field emission scanning electron
microscopy, X-Ray diffraction analysis, fourier-transform
infrared spectroscopy and energy dispersive X-ray spectro-
scopy, were utilized to analyze and characterize the ZnNPs.
The real-time PCR and western blot methods were used to
examine the PPAR-y/NF-kB activation by lipopolysac-
charide (LPS) and the subsequent cytokine release. This
research focused on investigating the inflammatory
responses and cell apoptosis in human coronary artery
endothelial cells treated with LPS. After the therapy, car-
diac function was checked using an electrocardiogram,
along with biochemical and histochemical analysis. The
introduction of ZnNPs leads to a decrease in the inflamma-
tory conditions present in the hearts of mice suffering from
myocardial infarction. The use of ZnNPs not only enhances
ventricular wall infarction but also reduces mortality rates
and suppresses levels of myocardial injury markers. The
usual ST segment depression observed in mice with myo-
cardial infarction is markedly reduced when treated with
ZnNPs. The mice with myocardial infarction in the pre +
post-isoproterenol group seemed to experience more pro-
nounced cardioprotective effects from the treatment with
ZnNPs compared to those in the post-isoproterenol group.
In an in vitro experiment, the use of ZnNPs resulted in a
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infarction

significant reduction in cell death and inhibition of
inflammation cytokine expression. The gene expression
normalization for PPAR-y/NF-kB/IkB-a/IKKa/f and the
phosphorylation of PPAR-y could potentially be associated
with the beneficial effects of ZnNPs. The rise in inflamma-
tory responses was effectively prevented. The results of this
study indicate that ZnNPs have cardioprotective efficacies
on isoproterenol-induced myocardial infarction. This posi-
tive impact could be linked to the PPAR-y activation and the
NF-B signaling inhibition.
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1 Introduction

Ischemic heart disease poses a significant public health
concern due to its increasing burden. Acute myocardial
infarction results in tissue loss and compromised heart
function, contributing to 40% of deaths in China [1]. Timely
revascularization following a heart attack, such as bypass
surgery, thrombolytic therapy, and percutaneous coronary
intervention, plays a crucial role in enhancing heart func-
tion and averting post-heart attack physiological changes
[2]. Nevertheless, these efficient yet intrusive methods may
not be suitable for every patient due to their limited applic-
ahility dependent on particular clinical traits, as well as the
potential for severe complications like reperfusion injury
and bleeding [2,3]. Efforts to reduce infarct size and enhance
prognosis through pharmacotherapy (such as angiotensin-
converting enzyme inhibitors) in the absence of reperfusion
are mainly ineffective, primarily due to non-specific drug
delivery, adverse effects, and the brief duration of action of
certain drugs [1-4]. As a result, numerous patients under-
going this method continue to develop heart failure and
cardiac hypertrophy [1,2]. The atherosclerotic plaques rup-
ture and growth, leading to thrombosis, are the primary
factors contributing to acute myocardial infarction [4]. Pre-
sently, the interventions accessible for atherosclerosis, such
as statins, can lower the acute myocardial infarction risk.
However, the impact of these interventions differs among
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individuals, resulting in notable residual risks [5-8]. Certain
chemotherapies, like methotrexate and docetaxel, appear to
exhibit advantageous outcomes in atherosclerosis [9-11].
Nevertheless, the drugs administration systemically is restricted
due to their unfavorable efficacies. The need for safer and more
effective prevention and treatments methods for myocardial
infarction is on the rise [12].

Nanotechnology is instrumental in the progress of con-
temporary treatment alternatives [13,14]. It facilitates the
creation and tailoring of materials possessing exceptional
properties and attributes, spanning from 1 to 100 nm in
size [13]. Currently, a diverse range of nanoparticles are
produced through chemical or physical methods. Never-
theless, the utilization of hazardous chemicals and the sub-
sequent environmental damage have given rise to multiple
apprehensions [14-16]. Nanoparticles are receiving increased
attention due to their importance in biology and potential
uses in medicine. Nevertheless, the traditional chemical tech-
niques utilized in their creation frequently introduce harmful
reactive materials, making the produced nanoparticles unsui-
table for medical applications. The adoption of environmen-
tally friendly methods in nanoparticle production has been
extensively acknowledged in several scientific studies [14-16],
solidifying its status as a key research focus. Plant extracts
have shown great potential as an alternative method for pro-
ducing metal oxide NPs compared to traditional approaches.
The versatility of NPs in fields like medicine, industry, and
agriculture is extensive, highlighting their importance across
various sectors [17-19]. Researchers have recently been
drawn to the unique efficacies and diverse applications of
nanoparticles. These minuscule particles have proven to be
helpful in a wide array of areas including biological mar-
kers, optoelectronic catalysts, medical treatments, and phar-
maceuticals. Furthermore, the use of plants to synthesize
nanoparticles on a larger scale presents additional benefits,
such as the capacity to reduce and absorb metal ions [16-19].

Numerous therapeutic optimized approaches have been
extensively investigated, among them being the utilization of
nanoparticles. These minute particles at the nanoscale have
found significant application in managing both tumors and
neural disorders [16—20]. Nanoparticles facilitate the transpor-
tation of therapeutic substances to specific locations with
precise spatial and temporal accuracy, improve tissue engi-
neering procedures efficiency, and control the activities of
transplants like stem cells [16-19]. Utilizing nanoparticles
enhances the efficacy of treatments and reduces the negative
impacts of conventional or innovative therapies, enhancing
the probability of their successful implementation in clinical
environments. Nevertheless, studies on NPs in this area are
still in the early stages [13-15].

Zinc nanoparticles (ZnNPs) are noteworthy because of
their chemical and physical properties. Additionally, ZnNPs
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have gained traction in biological uses thanks to their
minimal toxicity levels. ZnNPs play a beneficial role in bio-
medicine, specifically in combating fungal infections, bac-
terial infections, cancer, and diabetes [21-23]. Furthermore,
ZnNPs exhibited anti-inflammatory, antioxidant, and hypo-
lipidemic characteristics [24,25]. Zinc has a main role in
maintaining the function and structure of cell membranes,
defending against pathogens, enhancing brain function, pro-
moting tissue development, and supporting immunity [26,27].
Additionally, ZnNPs are utilized in the present for their capa-
city to load drugs, ability to release drugs in a controlled
manner, and targeted delivery capabilities [28]. Furthermore,
zinc plays essential roles in the formation and operation of
various antioxidant enzymes and distinct metallothioneins
[29]. In the cardiovascular diseases development, including
ischemic cardiomyopathy, myocardial infarction, and cor-
onary heart disease, the fluctuation in Zn homeostasis plays
a significant role, potentially contributing to cardiovascular
diseases mortality [30].

In this study, the main objective is to create eco-
friendly ZnNPs using curcumin. The author conducted a
thorough analysis of the ZnNPs by employing microscopic
imaging, diffraction, and spectroscopic techniques to gain
insights into their size, shape, and structure. Additionally,
the author assessed the therapeutic effects of these ZnNPs
in the myocardial infarction treatment.

2 Materials and methods

2.1 Preparation of curcumin

To obtain curcumin from turmeric, the initial step involved
cutting the turmeric rhizomes into small pieces (0.5-1 cm)
and washing them with water. Subsequently, curcumin
was extracted from the turmeric pieces (10g) using a
Soxhlet apparatus. A solvent extract of 100 mL of water:
ethanol (1:1) was utilized for this purpose. Following a 4h
extraction period, the extract was cooled down before
being employed in nanoparticles synthesis.

2.2 Green formulation of ZnNPs

To create the 0.04 M zinc nitrate stock solution, the cur-
cumin (50 mL) was combined with the zinc nitrate stock
solution (20 mL) and incubated for 180 min at 25°C. A note-
worthy change in color was subsequently reported. The
ZnNPs biosynthesis was confirmed by transmission elec-
tron microscopy (TEM), ultraviolet-visible spectroscopy
(UV-Vis), field emission scanning electron microscopy
(FE-SEM), X-Ray diffraction analysis (XRD), fourier-
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transform infrared spectroscopy (FT-IR) and Energy dis-
persive X-ray spectroscopy (EDX) [13-15].

2.3 Chemical characterization of ZnNPs

UV-Vis analysis was conducted to check the nanoparticles
absorbance value within the 200-600 nm range. The biogenic
ZnNPs surface plasmon resonance (SPR) was recorded using
the UV-Vis spectrophotometer.

FE-SEM was utilized for the examination of the struc-
ture and makeup of ZnNPs. The ZnNPs size distribution
was depicted in a histogram through image]J software.

The identification of the various functional groups
accountable for the stabilization and reduction of the for-
mulated ZnNPs was accomplished through FT-IR analysis,
utilizing the Cary 630 FTIR model from Tokyo, Japan. It was
conducted using the KBr technique.

The XRD has verified that the synthesized NPs are
ZnNPs. Following the synthesis of ZnNPs, the samples
underwent centrifugation in preparation for the XRD ana-
lysis. The X-ray analysis involved adjusting the angle every
3.4 s for a total of three steps, with each step lasting 34s.

TEM analysis was employed to investigate the structure
of ZnNPs using a JEOL model JEM-1010 from Tokyo, Japan.

The Shimadzu DX-700HS machine was utilized to con-
duct an EDX analysis to identify the elements.

The Zetasizer nano-array was employed to determine
the zeta potential. The measurements were conducted at
dispersion angles of 90 and 25°C.

2.4 In vivo experimental design

During this experimental investigation, a total of 75 male

BALB/c mice weighing between 38 and 40 g were utilized.

The mice was housed in a controlled setting with a tempera-

ture maintained between 20 and 24°C. It is important to high-

light that all procedures conducted in this study adhered to

ethical guidelines concerning the use of laboratory animals.
I) Myocardial infarction + ZnNPs (10 pg/kg).

II) Myocardial infarction + ZnNPs (40 ug/kg).

III) Myocardial infarction + curcumin.

IV) Myocardial infarction group.

V) Control group.

After the mice were accustomed to their surroundings,
myocardial infarction was triggered in the mice by injecting
isoproterenol (85 mg/kg) dissolved in normal saline (1 mg/mL)
subcutaneously for 2 consecutive days with a 24h gap, fol-
lowing the procedure described in the earlier research. (The
next day, four animals exhibited shedding, leading to their
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immediate replacement.) The standard protocols were utilized
to establish the induction of myocardial infarction. Following
that, a group of mice were anesthetized 48 h after the occur-
rence of myocardial infarction, and samples of heart tissue
from their left ventricle were examined using hematoxylin—
eosin histochemical techniques. The identification of white
areas indicated necrotic damage caused by the heart attack [31].

After the final administration of isoproterenol, the
mice underwent anesthesia. The researchers then assessed
the presence of ST-segment depression or elevation in the
animals. On the fifth day, the mice were euthanized to ana-
lyze the immunological and biochemical factors. ELISA Kits
were used to determine the expression levels of IL-6, IL-1,
and TNF-a in the homogenized left ventricular heart tissues
supernatant. The myocardial cellular damage extent was
determined by examining the levels of serum troponin
and creatinine kinase isoenzyme. Additionally, an ELISA
assay was utilized to measure the levels of serum creatinine
kinase isoenzyme and troponin [31].

The Qiasol kit (Qiagen) was used to extract the RNA
from the examined heart, following the instructions pro-
vided. The concentration of the isolated RNA was assessed
using a nanodrop spectrophotometer. The optical absorp-
tion of the samples was quantified at a wavelength of
280 nm, with the concentration being calculated according
to the dilution factor in uL/ng. Next, a 1 ng/uL RNA solution
was prepared for cDNA synthesis. To achieve this, 10 uL of
a cDNA synthesis kit was mixed with 10 pL of RNA. The
mixture was subsequently placed in a thermocycler and
incubated at 25°C for 10 min, followed by 60°C for 50 min.
Finally, the resulting cDNA was stored for qPCR analysis at
-20°C. The gene replication rate was investigated through
the performance of PCR. The control gene utilized in this
research was the beta-actin gene. The temperature pro-
gram for amplifying the PPAR/GAPDH gene, including PPAR-
y/NF-xB/IxB-o/IKKa/B, PPAR-y, and B-actin, consisted of a
series of steps. These steps included primary denaturation
for 4min at 94°C, followed by secondary denaturation at
94°C for 1 min. The temperature was initially set at 55°C for
1min for the binding process, followed by primary synthesis
for 1min at 52°C. This cycle was repeated 40 times, covering
steps 2—4, and concluded with the final synthesis for 18 min at
52°C. Subsequently, the obtained graphs were analyzed to
determine changes in gene expression through AACT analysis,
based on the CT variance among the different intervention
groups [14,31] (Table 1).

2.5 Statistical analysis

The normality of the data was assessed using Minitab-21 in
the research. Following this, any data that was not
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Table 1: Primer sequences of genes studied in this research

Gene Sequence GenBank

B-actin Forward: CACCATTGGCAATGAGCGGTTC NM_001101
Reverse: AGGTCTTTGCGGATGTCCACGT

PPAR-y Forward: AGCCTGCGAAAGCCTTTTGGTG NM_015869
Reverse: GGCTTCACATTCAGCAAACCTGG

IkB-a Forward: TCCACTCCATCCTGAAGGCTAC NM_020529
Reverse: CAAGGACACCAAAAGCTCCACG

NF-kB p65  Forward: TGAACCGAAACTCTGGCAGCTG NM_021975

Reverse: CATCAGCTTGCGAAAAGGAGCC

normally distributed was transformed to achieve nor-
mality. The data variance analysis was done with SPSS-
22, and graphical illustrations were generated using Excel
software.

3 Results and discussion

3.1 Chemical characterization

The metal-oxygen bond is associated with bands below
700 cm™* in FT-IR analysis. In Figure 1 of the FT-IR spectrum
of ZnNPs, the Zn—0 bond is represented by bands at 458 and
523 cm ™. The additional peaks at 1,056, 1,381-1,633, 2,958, and
3,428 correspond to the organic functional groups of cur-
cumin, which serve as the reducing agent during the synth-
esis process.

EDX assay is the practical method for nanoparticles
elemental screening. The EDX diagram and elemental map-
ping of nanoparticles are reported in Figures 2 and 3. The
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energy signals at 8.6 and 9 keV are designated for Zn La
and Zn KB, respectively. The presence of signals at 0.52 (O
Lo) and 0.27 (for C La) confirms the secondary metabolites
connection from the extract to the synthetic ZnNPs surface.
One technique utilized to characterize metal nanopar-
ticles involves examining electron microscope (FE-SEM)
image, which are useful for analyzing the morphology of
the produced NPs. The TEM and FE-SEM images captured
from ZnNPs under the specified ideal parameters reveal
the production of spherical nanomaterials (Figures 4 and 5).
The particles that were generated had a size of 10-60 nm. On
average, the nanoparticles that were synthesized had a size
between 10 and 30 nm. In terms of their morphology, the
nanoparticles exhibited crystalline geometric and uniform
shapes. Additionally, due to the lengthy waiting time for
analysis, the ZnNPs tended to agglomerate to some extent.
The mixture of plant extract and zinc 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 solution
transformed into a deep brown shade, thereby approving the
phytosynthesis occurrence in the ZnNPs production. The color
change was a consequence of the nanoparticles’ exhibited SPR
activity [22,25]. The color intensity is dictated by the electrons
quantity liberated during the conversion of NO3 to NO,,
leading to the Zn™ reduction to metallic ions [24,25]. The
research the author conducted was backed by the results
from previous studies [22,25], which mirrored the findings
regarding the visual alteration of the solution’s color. Further
investigation into the reaction solution color change was con-
ducted by analyzing the ZnNPs UV-Vis spectrum. An absorp-
tion peak at 282 nm was reported in the ZnNPs, which was
attributed to the free electrons excitation of the metal during

Transmittance

400

700 1000 1300 1600 1900 2200 2500 2800 3100 3400 3700 4000

Wavenumber

Figure 1: FT-IR analysis of ZnNPs green-mediated by curcumin.
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the nanoparticles formation (Figure 6). Nevertheless, the
absorption peak absence was observed in the plant extract
within this particular range. Typically, these spectra offer
valuable insights into the characteristics and development
of colloidal ZnNPs. An absorption peak between 200 and
300 nm is a distinctive attribute of ZnNPs [25-29].

ZnO0 colloidal particles exhibit a neutral charge at their
isoelectric point (pI). When the pH is below the pI of ZnO,
the particles acquire a positive charge, which hinders their
aggregation and leads to the formation of a stable suspen-
sion. Likewise, when the pH exceeds the plI of ZnO, the particles
become negatively charged on the surface, resulting in similar
observations. Figure 7 illustrates the standard relationship between
PH and the zeta potential of ZnO suspension. The zeta potential
becomes positive in acidic conditions. The isoelectric point (pl) is
approximately at pH 9.9. The surface area is intricately linked to the
size and morphology of the particles [32].

Curcumin conjugated zinc nanoparticles = 5

Figure 8 displays the XRD diffraction diagrams of
ZnNPs, indicating the successful crystallization of the nano-
particles. The results have been compared to the ICDD PDF
card no. 01-080-3002 for validation. The peaks observed at
26 angles of 67.98, 62.86, 56.62, 47.59, 36.15, 34.48, and 31.82
correspond to the crystal planes of (112), (103), (110), (102),
(101), (002), and (100). The crystal size of ZnNPs was deter-
mined to be 19.52 nm using Scherer’s equation.

3.2 Cardioprotective effects of ZnNPs green-
mediated by curcumin

Arecent investigation involved the administration of isopro-
terenol to mice to induce myocardial infarction. Elevated
doses of isoproterenol quickly increase the myocardial
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Figure 2: EDX analysis of ZnNPs green-mediated by curcumin.
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Figure 3: Elemental mapping analysis of ZnNPs green-mediated by
curcumin.

load, resulting in myocardial dysfunction. The changes in
morphology and pathophysiology induced by isoproterenol
in mice closely mirror those seen in human myocardial
infarction. Increased free radicals production during myo-
cardial infarction leads to heightened activity of the MAPK
signaling pathway, which includes three subfamilies: p38,
JNK, and ERK. Activation of this pathway boosts kB-NF,
leading to an increase in inflammatory cytokines production
and ultimately causing damage to the myocardium [33].
Extensive studies have been done on the ERK signaling
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Figure 4: FE-SEM image of ZnNPs green-mediated by curcumin.

Figure 5: TEM image of ZnNPs green-mediated by curcumin.

pathway, which is crucial in regulating cellular death, growth,
and survival, along with the immune response linked to
inflammation [34]. Despite the association of p38 MAPK and
JNK with apoptosis, the importance of ERK lies in its role in
promoting cell survival and minimizing the chances of myo-
cardial infarction [35]. Numerous research reported the invol-
vement of kB-NF and MAPK pathways in myocardial
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Figure 6: UV-Vis analysis of ZnNPs green-mediated by curcumin.
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Figure 7: Zeta potential values of ZnNPs green-mediated by curcumin at
several pH values (at 25°C).

hypertrophy, heart failure, and blood pressure regulation.
Several research findings have indicated that the inhibition
of MAPK can lead to the 2-Nrf activation, which plays a critical
role in regulating the expression of antioxidant and detoxifi-
cation enzymes during the second step [34-36].

The study introduced an eco-friendly formulation of
ZnNPs synthesized using curcumin. Different spectro-
scopic methods were utilized to analyze the ZnNPs,
and their potential in treating myocardial infarction
was explored.
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Figure 8: XRD analysis of ZnNPs green-mediated by curcumin.

The present study examined the protective properties
of nanoparticles derived from curcumin in preventing myo-
cardial damage. This was done by creating a myocardial
infarction model in mice using isoproterenol. Additionally,
the research evaluated the expression levels of PPAR-y/NF-
KB/IxB-a/IKKa/B, and PPAR-y or MAPK signaling pathway in
the experimental groups to gain insight into the treatment’s
mechanism (Figure 9). The green-synthesized curcumin
ZnNPs resulted in a decrease in the levels of p-IKKa/B/
IKKa/B, p-IkBa/IkBa, and p-NF-kB p65/NF-kf p65, along
with a decline in PPAR/GAPDH. Additionally, the cur-
cumin-derived ZnNPs produced through green synthesis
showed a notable decrease (P < 0.05) in the mRNA levels
of IL6, TNFa, and IL1p, as well as the presence of CD68"
cells, in comparison to the control group (Figure 10). The
mice involved in the study displayed a model of myocar-
dial infarction induced by isoproterenol. This was sup-
ported by the significant accumulation of collagen and
extensive damage to the myocardial tissue. Additionally,
the expression of MAPK was found to be increased, pro-
viding further validation of the model’s effectiveness.
Recent research has proposed that various signaling path-
ways, including the proteins within the MAPK pathway,
change in response to myocardial damage caused by iso-
proterenol [37]. Recent studies have shown that isoproter-
enol is effective in boosting MAPK levels. The MAPK
pathway plays a key role in controlling gene expression
related to apoptosis, such as Bax and Bcl-2. These genes
are essential components of the apoptotic signaling
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Figure 10: Effect of ZnNPs on the inflammatory cytokines mRNA levels (a), inflammatory cytokines quantitative analysis (b) pg/mg and CD68" cell.
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Figure 11: Effect of ZnNPs on the concentrations of cardiac troponin-1 (ng/mL) and cTn-T (pg/mL) and MI mice ST segment deviation (mV).

pathway and become active in response to external signals
within the cell. Additionally, myocardial infarction triggers
the inflammatory cytokines secretion and increases the
activity of MAPK P38 [38]. Curcumin-synthesized nanoparti-
cles show great promise in treating myocardial damage
caused by isoproterenol intake. The nanoparticles possess
antioxidant properties that, in conjunction with their com-
pounds, have a significant effect on inhibiting 2,2-diphenyl-1-
picrylhydrazyl free radicals. Boosting the immune system by
increasing antioxidant levels undoubtedly protects indivi-
duals from chronic diseases. As stated by Martinez et al.,
antioxidants can reduce the likelihood of heart failure by
affecting MAPK and «B-NF signaling pathways [39]. Therefore,
the potential influence of curcumin-derived nanoparticles

on reducing MAPK expression may be due to their antiox-
idative traits.

The latest research revealed that the ZnNPs synthesized
using curcumin led to a reduction in cardiac troponin-1, cTn-T,
ST segment deviation in MI mice, as well as the heart wet
weight/body weight ratio (Figures 11 and 12).

4 Conclusion

The author has effectively developed a cutting-edge drug for
cardioprotection using ZnNPs combined with curcumin.
This groundbreaking therapy is designed to combat
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Figure 12: Effect of ZnNPs on heart wet weight/body weight ratio (mg/g).

isoproterenol-induced myocardial infarction in mice, with a
particular emphasis on the PPAR-y/NF-kB pathway. The
range of 400-700 cm ™ showed vibrational bands for Zn-0
bonds, as indicated by the FT-IR spectroscopy. Furthermore,
the FE-SEM image exhibited a spherical morphology. ZnNPs
have demonstrated the ability to reduce the pro-inflamma-
tory cytokine levels in the hearts of mice with myocardial
infarction. Moreover, they have been discovered to effectively
suppress the myocardial injury marker levels, decrease mor-
tality rates, and enhance ventricular wall infarction. The
beneficial impacts of ZnNPs may be attributed to the normal-
ization of gene expression associated with PPAR-y/NF-kB/IkB-
o/IKKao/B, and PPAR-y phosphorylation.
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