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Nanocurcumin in myocardial
infarction therapy: emerging
trends and future directions
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Myocardial infarction (MI) is the leading cause of morbidity and mortality
worldwide. Curcumin has been observed to significantly reduce pathological
processes associated with MI. Its clinical application is limited due to its low
bioavailability, rapid degradation, and poor solubility. Advancements in
nanotechnology can be used to enhance its therapeutic potentials in MI.
Curcumin  nano-formulation enhances its solubility, stability, and
bioavailability, allowing more precise delivery to ischemic cardiac tissue.
Curcumin nanoparticles have been observed to successfully reduce infarct
size, maintain heart function by modulating essential molecular pathways in
MI. Its liposomal formulations provide sustained release and higher tissue
penetration with improved pharmacokinetics and enhanced therapeutic
efficacy. Preclinical studies revealed that nanocurcumin drastically lower
oxidative stress indicators, inflammatory cytokines, and cardiac damage.
Micelles composed of polymers have demonstrated high biocompatibility and
targeting capabilities with increased cardio-protective effects. Research and
clinical trials are essential for comprehensive analysis and efficacy of
curcumin-based nano-therapeutics in cardiovascular condition and lowering
risk of MI.

KEYWORDS

myocardial infarction, nanotechnology, cardioprotective, apoptosis, curcumin

1 Introduction

Dried turmeric powder from the rhizome of Curcuma longa has been extensively
utilized for decades in some parts of the world. It has various biological functions, including
anti-inflammatory, anti-aging, anti-cancer, anti-arthritic, anti-growth, anti-atherosclerotic,
wound healing, antimicrobial, and memory-boosting properties (Aggarwal et al., 2013).
Curcumin (Cur) has been investigated for its pleiotropic actions in myocardial infarction
(MI) and explored as a promising therapeutic candidate (Aggarwal et al., 2007). Cur has also

Abbreviations: Cur, curcumin; SIRT1, silent information regulator; SOD, superoxide dismutase; Nrf2,
nuclear factor erythroid-derived; GSK-3p, glycogen synthase kinase-3B; PI3K, Phosphoinositide 3-
kinase; ERK, extracellular signal-regulated kinase; ROS, reactive oxygen spices; IL-6, interleukin;
HAPNPs, hydroxyapatite nanoparticles; CurNP, curcumin nanoparticles; CCNP, curcumin
nanoparticles, HES, hydrophilic hydroxyethyl starch; CRP, C reactive protein; PGMA, poly (glycidyl
methacrylate); PLGA, poly (lactide-co-glycolide); MDA, malondialdehyde; ANP, atrial natriuretic
peptide; MI, myocardial infarction; JNK, c-Jun NH2-terminal protein kinase; TNF-a, tumor necrosis
factor a; CVD, cardiovascular diseases; PDI, polydispersity index; GPX, glutathione peroxidase.
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indicated  cardioprotective  potentials against arrhythmia,
hypertrophic ~ cardiomyopathy,  diabetic =~ cardiomyopathy,

myocardial ischemia injury, and cardiotoxicity induced by
doxorubicin (Salehi et al, 2020). Literature suggests that these
effects arise from curcumin’s capacity to mitigate inflammation,
apoptosis, and oxidative stress (Jiang et al., 2017). It has long been
employed to treat inflammatory illnesses, jaundice, coughs, colds,
and hepatic problems (Aggarwal and Harikumar, 2009). It has also

been comprehensively studied and employed in various
pharmaceutical, food, and textile industries (Boroumand
et al., 2018).

The primary active constituent isolated from the turmeric
rhizomes is a polyphenolic molecule, curcumin (1,7-bis(4-
hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione). Cummin’s
chemical structure gives it potent phytochemical properties with
anti-inflammatory characteristics. It can interact with multiple
inflammatory pathways, making it a promising option for
2018).
synthesized

preclinical and clinical use (Boroumand et al,
Milobedeska and Lampe et al clarified and
curcumin’s structure (Gupta et al., 2012). Structurally similar
17%
bisdemethoxycurcumin are also present in curcumin preparations
(Sharma and Sharma, 2022). Several studies have indicated that its

anti-inflammatory characteristics result in decreased expression of

chemicals dimethoxycurcumin and 3%

cyclooxygenase-2, IL-6, prostaglandin E2, and tumor necrosis
factor-a (TNF-a) genes (Boroumand et al, 2018). In addition,
Cur can scavenge reactive oxygen species (ROS), inhibit xanthine
oxidase and lipid peroxidation, as well as enhance the activity of
antioxidant enzymes such as glutathione peroxidase (GPX),
superoxide dismutase (SOD), and catalase (Kukongviriyapan
et al., 2016).

A significant challenge in the administration of curcumin is its
poor solubility in water, with estimated solubility of 0.6 ug/mL at
pH 7.4, and 11 ng/mL in aqueous buffer at pH 5. As a result, 60%-
70% of the oral medicine is not absorbed (Tonnesen et al., 2002). Cur
has hydrophobic properties with octanol-water coefficient partition
value of 3.29, which provides the molecules with acceptable
permeability  across membranes in  biological  systems.
Biopharmaceutical Classification System (BCS) has categorized
Cur as a class II drug, indicating low solubility and high
permeability (Wan et al, 2012). Light enhances Cur instability,
demonstrating disintegration within the solid state and solution with
UV/visible radiation (Shen and Ji, 2012). The primary challenge for
optimizing curcumin’s biological activity is its low bioavailability
due to poor aqueous solubility, leading to its quick metabolism,
excretion, and decreased uptake in tissues and serum (Anand
et al., 2007).

Drug delivery for MI faces significant challenges, particularly
with targeted and nanotherapeutic treatments. Key physiological
barriers like blood clots, extracellular matrix, and vascular
endothelium, hinder drug penetration into damaged cardiac
Additionally,  post-MI

inflammation, scar formation, hypoxia, and oxidative stress,

tissue. events  characterized by
further complicate drug efficacy and retention. Pharmacokinetics
limitations like poor absorption and rapid clearance, reduce drug
availability at the site of injury in MI (Karam et al., 2022). Non-
targeted drugs cause systemic toxicity. To address these challenges,

researchers are exploring innovative approaches like stimuli-
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responsive carriers, targeted nanoparticles, and controlled-release
biomaterials to enhance drug delivery, improve specificity, increase
bioavailability, and achieve better therapeutic outcomes for MI
treatment (George et al., 2022).

Encapsulation of natural products and their derivatives has
indicated significant benefits including less systemic adverse
effects, enhanced biosafety, excellent drug dissolution and
bioavailability, extended duration of circulation, and controlled
accumulation in targeted organs (Taghipour et al, 2019). Nano-
medicine is a novel approach with reduced incidence of
pharmaceutical adverse effects and improved efficacy (Rahimi
et al,, 2016). Several studies have investigated curcumin nano-
formulations for their delivery to improve its therapeutic efficacy
2012),
neurodegenerative disorders (Rakotoarisoa and Angelova, 2018),

for various disorders like cancer (Yallapu et al,
wound healing (Hussain et al., 2017), diabetes (Maradana et al.,
2013), and inflammatory diseases (Mahmood et al., 2015). Various
nanotechnology-based drug delivery systems have been employed
for curcumin administration, including polymeric, carbon
nanotubes, solid lipid, nano gel, dendrimers micelle, cyclodextrin
inclusion complexes, noisome, emulsion,

nano exosome,

nanosuspensions, nanocrystals, and  mesoporous silica
nanoparticles. These platforms are utilized in tissue engineering
to improve the therapeutic efficacy of Cur (Yallapu et al., 2015;
Ahangari et al.,, 2019). Nano-medicine compositions have several
advantages, including enhanced circulation lifetime, pharmaceutical
kinetics, permeability, and capacity to modify physiological barriers,
hydrophobic drug solubility in water, and the ability to design
controlled release formulations (Naksuriya et al, 2014). The
limiting factors for Cur application can be addressed by
increasing its bioavailability, shielding it from metabolism and
degradation, and increasing its targeting ability. The advantages
of nano-mediated drug delivery include increased bioactivity and
bioavailability via surface modifications, decreased particle size, and
nano-carrier entrapping (Gera et al., 2017).

Herein, we discuss the application of nanotechnology to increase
the delivery and efficacy of Cur and its derivatives for ML There are
many challenges associated with the clinical use of nanocarriers.
Their scalability, and in vivo biocompatibility are the main
challenges associated with these novel systems. Advances in
multi-functional nanocarriers that co-deliver Cur with other
therapeutic agents (anti-inflammatory drugs or growth factors)
could lead to the development of a multi-aspect MI pathology
targeted approach to improve treatment outcomes. Finally,
despite challenges, nanotechnology offers great promise in
optimizing curcumin-based therapies for MI. These advanced
delivery systems deliver effective, targeted, and safe therapeutic
options to patients with cardiovascular diseases.

2 Curcumin intracellular localization
and hormetic effects in myocardial
infarction

The intracellular behavior of curcumin, including delivery,
concentration, and localization are critical aspects in determining
curcumin’s therapeutic efficacy in disease conditions including
cardiovascular diseases. Low doses of drugs and other stressors
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are often innocuous and generate an adaptive stress response that
increases resistance to greater concentrations (a phenomenon
known as hormesis) (Rainey et al, 2015). Curcumin has
hormetic properties as its effects are highly dose-dependent.
Therefore, understanding of intracellular dynamics of Cur action
for optimizing its clinical use is very important (Rainey et al., 2020).
Nanotechnology offers promise for the improvement of Cur
bioavailability, and provision of safer and effective treatment
regimens for cardiovascular diseases (Sharma and Sharma, 2022).
Despite extensive research, delivery of Cur to and intracellular
concentration in cellular compartments remains unclear. Since its
therapeutic efficacy is extremely dependent on a specific subcellular
localization and intracellular concentration which determines
whether curcumin acts as a cytoprotective agent or results in
apoptosis. Optimizing curcumin’s potential for the treatment of
cardiovascular diseases depends on understanding of these
intricately cellular behaviors (Sala de Oyanguren et al., 2020).
Following internalization, Cur is distributed to different key
organelles including mitochondria, lysosomes and endoplasmic
reticullum. These organelles have important role in cellular
homeostasis, and the capacity of curcumin to target and
accumulate in these organelles is directly related to therapeutic
outcomes (Rainey et al., 2020). Cell death and tissue damage
produced by ischemia-reperfusion injury are mediated by
(Jurcau and Ardelean, 2022).
Curcumin’s primary mitoprotective effect is its antioxidant

mitochondrial  dysfunction
activity. It neutralizes reactive oxygen species, enables to mitigate
oxidative stress, and protects mitochondrial integrity. It also effects
mitochondrial dynamics including fission, fusion, and biogenesis to
maintain the function of mitochondria and support cell survival
under stress conditions (de Oliveira et al., 2016). Specifically, these
actions are important in CVD where mitochondrial dysfunction is
an important component of the pathophysiology of ischemic injury
and cardiomyocyte death (Chistiakov et al., 2018). The lysosome is
an important organelle in cellular waste disposal and homeostasis
(Shen et al,, 2023). In low concentrations, curcumin promotes the
degradation of damaged organelles and proteins by enhancing
flux. It
components to promote cell survival. At higher concentrations it

autophagic stimulates the recycling of cellular
induces lysosomal membrane permeabilization (LMP), resulting in
the release of lysosomal enzymes into the cytoplasm, triggering the
cytotoxic cell death (Shen et al, 2023). Protein folding, lipid
synthesis, and calcium regulation are the main roles of
endoplasmic reticulum. The ER activates unfolded protein (UPR)
response under stress conditions like ischemia or oxidative injury
and maintains cellular homeostasis. Curcumin modulates ER stress
responses. It acts as a chaperone that helps proteins fold and prevent
them from accumulating as misfolded proteins. By relieving ER
stress, curcumin inhibits cellular apoptosis and contributes to the
support of cellular function in ischemic heart tissue (Amen et al.,
2019; Shakeri et al., 2019; Moustapha et al., 2015).

3 Therapeutic potential of curcumin in
myocardial infarction

Curcumin is a promising therapeutic agent for MI due to its
ability to address underlying cellular damage caused by
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inflammation and oxidative stress, unlike conventional drugs
such as beta-blockers, ACE inhibitors, and anticoagulants,
which mainly manage symptoms (Xiao et al, 2016). Cur
inhibits key inflammatory pathways like COX-2 and NF- kB. It
also possesses potent antioxidant properties that neutralize free
radicals, reduce oxidative stress, and offer a more comprehensive
approach to treatment in contrast to conventional standard
(Khezri et al, 2021).
bioavailability in its natural form, Cur is often well tolerated
that
substantial adverse effects such as hypotension, bradycardia, or

practices Despite having poor

compared to standard medicines frequently have
bleeding hazards. To overcome this challenge, advances in
nanotechnology lead to nano formulations that enhance the
therapeutic efficacy of Cur by improving its absorption and
retention in the body. In addition, Cur has a multi-targeted
activity in MI therapy, boosting angiogenesis and inhibiting
fibrosis which are essential for long-term heart repair and
function (Sadeghi et al., 2023).

The present drugs used in clinical settings for MI are intended
to re-establish circulation and reduce cardiac damage and further
adverse cardiovascular events. The use of antiplatelet agents such
as aspirin and P2Y12 inhibitors (clopidogrel, ticagrelor) are
employed to inhibit platelet aggregation which is essential in
preventing blood clots. Alteplase (tPA) and streptokinase are
thrombolytics used for dissolving clots early in an MI,
especially when percutaneous coronary intervention (PCI) is
not readily available (Hesari et al., 2021). Heparin is utilized to
prevent the formation of new blood clots. Beta-blockers like
metoprolol decrease the heart rate and lower blood pressure,
reducing the heart’s workload. ACE inhibitors,
Ramipril and ARBs (losartan) help to relax blood vessels,

such as

improve heart function, and reduce high blood pressure.
Statins, like atorvastatin, stabilize arterial plaques and reduce
cholesterol, which lowers the risk of further MI (Banerjee,
2020). By widening blood arteries, nitrates such as nitroglycerin
reduce chest pain, while aldosterone antagonist spironolactone
helps in the management of heart failure and inhibits cardiac
remodeling following MI (Gruji¢-Milanovi¢ et al., 2023). These
medications are frequently combined and serve as the cornerstone
of MI treatment to enhance patient outcomes and survival. It has
been observed that MI can cause endothelial and microvascular
damage and even cellular death (Duehrkop and Rieben, 2014).
Curcumin offers a holistic treatment option for the treatment of
MI due to its cardioprotective effects, inhibition of myocardial
fibrosis, ventricular remodeling after acute attack and prevents the
progression of heart failure after MI (Li et al., 2023). The beneficial
effects of curcumin and curcuminoids have been assessed in
clinical settings. As an example, in a study, curcuminoids
treatment significantly reduced the plasma malondialdehyde
(MDA) and C-reactive proteins and reduced the incidence of
MI in patients who underwent coronary artery bypass graft
surgery (CABG) (Wongcharoen et al,, 2012). In a pre-clinical
rat MI model where MI was induced with left anterior descending
(LAD) coronary artery ligation, curcumin through the inhibition
of p38 MAPK and JNK and activation of RISK/GSK-3f protected
against myocardial ischemia/reperfusion injury (Jeong et al,
2012). The therapeutic role of Curcumin and small molecular
conventional drugs has been shown below in Figure 1.
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FIGURE 1

Schematicillustration of the anti-inflammatory role of curcumin and approved standard treatment drugs for Ml and Heart failure. Adapted with slight
modification from reference (Zhang et al., 2023) under a Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/

by/4.0/).

3.1 Oxidative stress and myocardial
infarction

Ocxidative stress results after an imbalance between the
antioxidant and oxidant systems. Under normal physiological
contain low oxidants and radical
which

differentiation, mitosis, survival, and signaling (Bagheri et al,

state, cells oxygen

concentrations, modulate  cellular  equilibrium,
2016). Oxidative stress has been associated with genesis and
etiology of various disorders, including ischemic myocardial
injury (Yang Y. et al., 2013). Recent studies have validated that
Cur has strong antioxidant activity which can prevent or reduce
ischemia-reperfusion (I-R) injury. Cur induces silent information
regulator 1 (SIRT1) signaling, which promotes the overexpression
of Bcl-2 and the downregulation of Bax, thereby mitigating
mitochondrial insufficiency after myocardial I-R (Zhang et al,
2024). Cur may also maintain the redox potential of the
mitochondria by markedly enhancing the activity of the
(SOD) the

production of MDA and hydrogen peroxide within the

superoxide dismutase enzyme and reducing
mitochondria (Yang Y. et al, 2013). Furthermore, it also
promotes the activation of nuclear factor erythroid-derived 2
(Nrf2)- a nuclear basic leucine zipper transcription factor that
belongs to the NF-E2 family, and controls the expression of several
genes involved in pro-oxidative stimuli detoxification (Fisher et al.,

2007). A clinical experiment investigated the beneficial effect of

Frontiers in Bioengineering and Biotechnology

curcuminoids in reducing myocardial I-R damage after CABG.
Curcuminoids (4 g/day) were supplemented beginning 3 days
following CABG and before 5 days. The results reported a
significantly lower incidence (17%) of in-hospital MI in the
curcuminoids group as compared to placebo. Plasma
concentrations of MDA (biochemical indicator of oxidative
stress and lipid peroxidation), C-reactive protein (diagnostic of
systemic inflammation), and N-terminal pro-B-type natriuretic
peptide

(Wongcharoen et al,, 2012). Schematic diagram illustrating the

were reduced after curcuminoids consumption
role of Cur in mitigating oxidative stress and MI is depicted

in Figure 2.

3.2 Apoptosis and myocardial infarction

Apoptosis has been extensively studied and occurs naturally in
multicellular organisms. However, specific diseases can trigger
apoptotic pathways, leading to unintended cell necrosis. For
example, cardiac I-R initiates the apoptotic pathways, leading to
cardiomyocyte death (Wang Y. et al, 2014). Duan et al
investigated rat hearts and indicated that curcumin protects
against the harmful effects of myocardial I-R (Duan et al,
2012). Knockdown of the JAK kinase-specific inhibitor
AG490 revealed that curcumin alleviated the I-R damage
caused by the JAK2-STAT3 signaling pathway activation, which
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Schematic diagram illustrating the role of Curcumin in mitigating oxidative stress and MI.

was reflected in the overexpression of Bcl-2 and downregulation of
caspase-3 (Duan et al., 2012). In addition, Jeong et al. revealed that
curcumin inhibits numerous prosurvival kinases to protect against
regional myocardial I-R damage (Jeong et al., 2012). Curcumin has
been observed to significantly enhance the antiapoptotic cascade
kinase-3p  (GSK-3f), Akt
phosphoinositide 3-kinase (PI3K), and extracellular signal-
regulated kinase 1/2 (ERK1/2) were all phosphorylated.
p38 MAPKS is one of the most significant signaling pathways

kinases  glycogen  synthase

that regulate cellular stressors and diverse pathological states, such
as cardiac I-R (Jeong et al., 2012) and cell death. Cur therapy
decreased p38 MAPK and c-Jun NH2-terminal protein kinase
(JNK) phosphorylation levels (Wang J. et al., 2023).

3.3 Autophagy and myocardial infarction

Autophagy is essential for cardiomyocytes to maintain cellular
homeostasis 2015). During physiological
conditions, the basal autophagy level in the cardiovascular

(Huang et al,

system is sufficient to protect cells from energy constraints and
eliminate damaged organelles and superfluous proteins. Natural
components in food, including Cur regulate autophagy by
effects which shields
cardiomyocytes from oxidative stress (Salabei and Conklin,
2013; Han et al, 2012). Several studies indicated protective
autophagy is associated with the activation of the early

inducing cardioprotective mouse

myocardial ischemia stages and the AMPK pathway (Yang K.
et al., 2013). Cur has been observed to prevent I-R damage in
H9c¢2 myocytes by inhibiting increased autophagy and apoptosis,
and downregulating the expression of SIRT1, Beclin-1, Bax,
BNIP3, and Bcl-2 (Huang et al., 2015).

Frontiers in Bioengineering and Biotechnology

3.4 Inflammation and myocardial infarction

Complex processes modulate inflammatory reactions and are
essential components of host defense. Leukocytes infiltrate the
infarcted myocardial area, triggering inflammatory response
(Biswas, 2016). However, excessive inflammatory response can
damage heart perfusion (Pashkow, 2011). A study indicated that
NE-kB signaling is an essential proinflammatory signaling route
implicated in cardiac I-R damage. Fiorillo et al. revealed that
besides antioxidant protective mechanism, Cur promotes its
cardioprotective effects via multiple pathways including NF-xB and
JNK pathways (Fiorillo et al., 2008). Cur has been observed to reduce
pathological alterations associated with I-R used before or after I-R
therapy. Kim et al. showed that pretreatment with Cur (300 mg/kg/
day) for 7 days in SD rats decreased the expressions of TLR2 and MCP-
1 in cardiomyocytes after I-R damage, inhibited activation of TNF-a,
reduced fibrotic response, and inhibited macrophage infiltration
(CD68) in cardiac tissues (Kim et al,, 2012). The summary of the

main molecular mechanisms of curcumin in MI is given in Table 1.

4 Current trends of nanotechnology-
based curcumin formulations in
myocardial infarction

Nano-technology has significantly improved the therapeutic
efficiency of many medications and has provided novel and potent
alternatives for the treatment of various chronic illnesses. Their small
particle size and large surface area enable them to change the
pharmacokinetic characteristics of bioactive compounds with low
bioavailability (Demetzos and Pippa, 2014). Nano-systems have
increased drug targeting, improved drug distribution, enhanced

frontiersin.org
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TABLE 1 General molecular target of curcumin in myocardial ischemia perfusion injury.

Action Molecular mechanism

Oxidative
stress

structure, particularly mitochondrial redox capacity

Apoptosis

Curcumin’s potential mechanism for protecting against cellular oxidative stress includes
inhibiting the synthesis of ROS and scavenging them, protecting the mitochondrial

Curcumin exerts anti-apoptotic effects by inhibiting the synthesis of pro-apoptotic proteins,
specifically Bcl-2-associated X protein (Bax) and the protein caspase. Furthermore, this

References
Wang et al. (2013), Yang et al. (2013c), Cox et al. (2022), Yan
et al. (2023)

Jeong et al. (2012), Abolfazli et al. (2024), Yang et al. (2023),
Abbaszadeh et al. (2020)

effect might be mediated by the kinase 2 and signal transducer and activator of transcription

3 (JAK2/STATS3) signaling pathways

Inflammation

Curcumin inhibits the expression of Early Growth Response-1 (Egr-1) expression in the

Li et al. (2023), Wang et al. (2014b)

ischemic heart, thereby downregulating proinflammatory cytokine levels. This is associated
with decreased levels of TNF-A and IL-6, fewer infarcts, and reduced ischemic injury

bio-distribution, and protected the drug from endogenous (enzymes,
acid media, and first-pass effect) and exogenous (heat and light)
degradation effects (Watkins et al., 2015). Because of the Cur bioactive
and therapeutic properties, it has received significant attention from
the scientific community (Gupta et al,, 2013). In recent studies,
encapsulation of curcumin with nanoparticles (liposomes, solid
lipid nanoparticles, and polymeric nanoparticles) has been shown
to increase curcumin solubility, stability, and pharmacokinetic profile.
Controlled and targeted drug delivery with these Nano formulations
reduces systemic toxicity while increasing the bioactivity of curcumin.

Curcumin-loaded nanocarriers have been shown to effectively target
cancer cells, induce apoptosis, reduce tumor growth, and minimize
adverse effects (Bertoncini-Silva et al., 2024). Several recent studies
emphasize that particle size, in particular, is important to improve
curcumin’s pharmacokinetic performance. Cellular uptake, bio-
distribution and tissue penetration are improved by nanoparticles of
10-200 nm. In particular, nanoparticles in the 50-100 nm range take
advantage of the enhanced permeability and retention (EPR) effect to
improve tumor tissue accumulation and thus therapeutic efficacy in
cancer treatment. In addition to size, preserving curcumin’s bioactivity
during systemic circulation requires that nanoformulations are stable
(Jacob et al.,, 2024). Advancements in liposomes, solid lipid nanoparticles
(SLNs), and polymeric nanoparticles have provided recent protection
against enzymatic, acidic, and oxidative degradation of curcumin. For
example, SLNs greatly increase curcumin solubility and provide
sustained drug release, thereby improving curcumin’s therapeutic
efficacy in vivo (Subroto et al, 2023). Additionally, the targeting
ligand-functionalized nanoparticles enable specific delivery to the
cancer cells or the inflamed tissues while ablating the chances of off-
target effects and systemic toxicity (Luo et al,, 2023).

Recent studies revealed that nano-formulations are increasingly
being developed to improve Cur bioavailability, circulation time,
and targeted delivery to ischemic tissues. This includes leveraging
processes such as pH-sensitive responsive systems and receptor-
mediated endocytosis (Sadeghi et al., 2016). Furthermore, efforts
have been made to combine Cur with other bioactive agents,
enhancing its synergistic effects in multi-drug therapies.

4.1 Development of liposomal curcumin
nanoparticles

Liposomes are spherical vesicles that mimic cell membranes,
made up of one or more phospholipid bilayers (Bozzuto and

Frontiers in Bioengineering and Biotechnology

Molinari, 2015). Nanoparticles encapsulating liposomes are
employed in nano-drug formulations. Liposomes have many
advantages including enhanced solubility, controlled dispersion,
ease of manufacturing, high stability, minimal toxicity, and
targeting ability of distinct cells (Tiwari et al, 2012). Several
studies indicated that liposomal curcumin provides the best
delivery system for treating heart failure (Jiang et al, 2017;
Cagdas et al., 2014). Recently, liposomes have been synthesized
to co-deliver atorvastatin calcium and Cur to treat atherosclerosis
(Li et al,, 2019). Cur as a safe adjunct, has been found to reduce the
harmful effects of atorvastatin calcium while enhancing its anti-
atherosclerotic properties. To enhance the effectiveness of this
treatment, specific ligands have been integrated into the liposome
membrane to facilitate targeted delivery. The combined action of
these two active ingredients leads to a reduction in pro-
inflammatory factors and the formation of atherosclerotic
plaques (Li et al, 2019). Moreover, liposomes co-encapsulating
resveratrol and Cur have indicated increased encapsulation
efficiency, reduced polydispersity index (PDI), and smaller
particle size (Huang et al., 2019). Consistently, the literature has
indicated that loaded liposomes possess anti-
inflammatory, antioxidant, and cardio-protective properties
(Salehi et al., 2020; Basnet et al., 2012).

Liposomal scaffolds are an effective tool for platelet targeting in

curcumin

CVD diagnosis and treatment. It has shown that the natural peptides
on the liposomal surface can help target damaged or diseased tissues
and facilitate the transfer of active pharmaceutical drugs. Several
research studies have indicated that atherosclerosis, MI, aneurysms,
angiogenesis, and other CVD outcomes support nano-technology in
theranostics (Pala et al., 2021). Figure 3 represents how liposomes
act as advanced drug carriers for treating various cardiovascular
conditions, highlighting the co-delivery of curcumin and
atorvastatin and the targeting of specific tissues through
functionalized vesicles.

4.2 Development of polymeric encapsulated
curcumin nanoparticles

Solid lipid, polymer, gold, magnetic, and albumin-based
nanoparticles have been wused to increase the therapeutic
applications of curcumin (Danhier et al., 2012). Biocompatible
polymeric nanoparticles can stay in the bloodstream for long

periods. Various natural and synthetic polymers are employed to
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This schematic illustration represents how liposomes act as advanced drug carriers for treating various cardiovascular conditions, highlighting the
co-delivery of curcumin and atorvastatin and the targeting of specific tissues through functionalized vesicles.

form nanoparticles such as polyvinyl alcohol (PVA), polyethylene
glycol, silk fibroin, hydrophobic compounds modified starch, and
low-density chitosan (Fredenberg et al, 2011). Boarescu et al.
investigated the effect of pretreating rats with free Cur and
CurNP to treat isoproterenol-induced MI. Doses of 100, 150, and
200 mg/kg were administered in rats for 15 days, and on the 13th
day, MI was induced (Boarescu et al., 2019a). Blood samples were
collected during studies to assess the antioxidant, cardio-protective,
and anti-inflammatory properties of the CCNP by measuring the
oxidative stress indices, as well as several enzymes (CK and CK-MB).
It was observed that all doses of Cur and CCNP prevent CK-MB
outburst from cardiomyocytes, suggesting its cardio-protective
effect. A study indicated that rats orally administered with
nanoparticles of hydroxyapatite (HAPNPs) had cardiac toxicity
(Yousef et al., 2021). This was evident from the increased serum
MI markers, such as CK-MB, changes in routine blood factors,
increased serum inflammatory markers, P53 expression (apoptotic
protein), and interleukin-6 (IL-6), as well as decreased glutathione
and cardiac antioxidant enzyme levels. Significant histopathological
and histochemical changes were observed in the rats’ hearts, along
with lipid peroxidation and nitric oxide. However, the co-
administration of Cur and chitosan nanoparticles -effectively
alleviated these changes (Mosa et al., 2021).

4.3 Development of solid lipid nanoparticles
of curcumin

Solid lipid nanoparticles (SLNs) are colloidal submicron
particles made of lipids. They are biodegradable, readily scalable
drug delivery systems with a high drug-to-fat ratio, which enables
poorly soluble substances to become more soluble. SLNs can
increase the solubility of natural Cur and decrease the
lipopolysaccharide (LPS)-induced activity of pro-inflammatory

mediators, such as NO, PGE2, and IL-6, by blocking NF-kB
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activation (Ganugula et al., 2017). Zhang et al created Cur
loaded nanoparticles (Cur-PEG-PDLLA) and assessed their
impact on palmitate-induced cardiomyocyte death. It was
observed that Cur-PEG-PDLLA reduced cardiomyocyte death,
decreased Bax (a crucial mitochondria target), and increased Bcl-
2 (an antiapoptotic protein that prevents Bax from oligomerizing)
(Zhang et al., 2019). Therefore, the authors hypothesized that Bcl-2/
Bax ratio modulation might be associated with the cardioprotective
effect of Cur-PEG-PDLLA. Furthermore, Cur-PEG-PDLLA-treated
cardiomyocytes had decreased ROS generation. According to their
later study, these effects were associated with the modulation of
particular downstream protein expression and the activation of the
AMP-mediated protein (Salehi
et al., 2020).

kinase signaling pathway

4.4 Metallic nanoparticles of curcumin

Metallic nanoparticles (e.g., Fe, Zn, Ag, etc.) are inexpensive to
prepare having special physical qualities. In a recent study, Lijuan
Tan created a modern cardioprotective drug (eco-friendly, Zn NPs
of Curcumin) to address the MI (iso-preterinol induced) in mice,
focus on the PPAR-y/NF-kB pathway (Tan, 2024). In mice with
myocardial infarction, ZnNPs reduce cardiac inflammation. ZnNPs
increase ventricular wall infarction, reduce mortality, and lower
myocardial injury indicators. ZnNPs significantly attenuated the ST
segment depression in mice with myocardial infarction. The mice
with myocardial infarction in the pre + post-isoproterenol group
showed more cardioprotective benefits from ZnNPs than those in
the post-isoproterenol group. ZnNPs significantly reduced cell death
and inflammatory cytokine expression in vitro. the results showed
that ZnNPs may have favorable effects by normalizing gene
expression for PPAR-y/NF-kB/IxB-a/IKKa/ and
phosphorylating PPAR-y. This study found that ZnNPs protect
against isoproterenol-induced myocardial infarction may be due to
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PPAR-y activation and NF-kB signaling inhibition. In another
recent study, Bourang et al. constructed iron oxide (Fe;O,)
nanoparticles of cur and assessed them for colorectal cancer
treatment in vitro (Bourang et al, 2024). Their study showed
that the nanoparticles had high cytotoxicity on colorectal cancer
cells and little damage on non-cancerous cells, indicating a well-
targeted drug delivery strategy for future colorectal cancer
treatments, suggesting the safety of use in other conditions.
Moreover, natural compound-coated nanoparticles with magnetic
properties have demonstrated their effectiveness in CVD imaging.
Suzuki et al. established an animal model via arterial thrombus and
elastase-induced vascular damage. They reported that ultra-small
superparamagnetic iron oxide nanoparticles were more effective
than specific polysaccharides-coated MRI materials. Another
detection of MI
nanoparticles (AuNPs) as contrast agents. The technique relies

example includes effective using  gold
on collagen-conjugated designed AuNPs, which have been shown
to detect myocardial and ischemic damage with great resolution and
provide appropriate therapeutic tool (Suzuki et al., 2015). Figure 4
illustrates the effects of metallic nanoparticles on myocardial

infarction (MI).

4.5 Curcumin conjugates

Curcumin oral bioavailability and solubility can be enhanced by
conjugating with small molecules and hydrophilic polymers.
According to Manju and Sreenivasan, conjugating curcumin with
hyaluronic acid enhances its water solubility and stability as well as
reduces the impact of the effect of AuNPs (Manju and Sreenivasan,
2011). A conjugate of Cur to a food-derived hydrophilic
hydroxyethyl starch (HES) with an acid labile ester linker was
used in a study to create amphiphilic conjugates (Chen et al,
2020). The conjugate’s self-assembly produced homogenous
micellar nanoparticles (HES-CUR NPs) with significant colloidal
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and storage stability, an acid-responsive release mechanism, and a
favorable drug loading efficacy (Xu et al., 2018). Moreover, this
nanoparticle enhanced Cur solubility hundreds of times than its free
form and protected the loaded curcumin from UV radiation-
induced deterioration. In addition, the in vitro cytotoxicity assays
and radical scavenging investigations have indicated that HES-Cur
NP’s increased solubility, stability, and bioavailability, considerably
increased Cur cytocompatibility, anticancer, and antioxidant
activity. Therefore, HES-Cur NPs can be used for creating
functional food products or drug formulations that prevent or
treat various illnesses, including cancer and inflammatory
disorders (Wichitnithad et al., 2011).

4.6 Solid dispersions of curcumin

Solid dispersion is the molecular dispersion of two different
substances (Ford, 1986). The solid dispersions are dissolved as tiny
colloidal particles in an aqueous medium to release the medication
(Okonogi et al., 1999). Solid dispersions can be made using solvent-
based, fusion-melt techniques as well as hybrid techniques that
combine the two. Li et al. established a curcumin-Eudragit” PO solid
dispersion via a solution mixing method to improve curcumin’s
aqueous solubility and stability. Moreover, an in vitro transdermal
study validated Cur@EPOQO’s suitability as a Cur delivery system for
medical applications. In addition, several studies revealed spray-
dried CUR-Gelucire”50/13 solid dispersion increased (3,600-fold)
water solubility compared with the native Cur (Li et al.,, 2015).

4.7 Development of micelles curcumin
nanoparticles

A micelle comprises amphiphilic surfactants that form a
spherical vesicle when dissolved in a solvent. Micelle is
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commonly used as a drug delivery system for poor water soluble
substances like curcumin (Gong et al., 2013). A recent clinical trial
indicated that coronary angioplasty patients had improved lipid
profiles and oxidative and inflammatory indicators after Cur nano-
micelle treatment (80 mg/day), compared to Cur alone (500 mg/day)
(Helli et al, 2021). Furthermore, curcumin nano-formulation
significantly reduced the levels of TNF-q, triacylglycerol (TG),
malondialdehyde, and SOD (Huang et al., 2019). Another study
revealed that hemodialysis patients had reduced proinflammatory
adhesion molecules, VCAM-1 and ICAM-1, as well as serum CRP
levels after nano-Cur treatment (120 mg/day) (Vafadar afshar et al.,
2020). Curcumin nano-micelle also significantly improved the levels
of TG in patients with metabolic syndrome but failed to ameliorate
other biochemical parameters such as TC, LDL-C, HDL-C, fasting
blood sugar (FBS), hemoglobin Alc (HbAlc), homeostatic model
assessment (HOMA) for insulin resistance (HOMA-IR), and
pancreatic  cell function (HOMA-B) (Bateni et al., 2021). The
research revealed that curcumin co-delivered with resveratrol (Cur-
Res-mP127) solubility,
approximately 1617-fold more than the solubility of the free Cur.

significantly enhanced its aqueous
Experimental results demonstrated that Cur-Res-mP127 provided
cardio protection in rat embryonic cardiomyocytes (H9C2) treated
with doxorubicin hydrochloride by reducing apoptosis and ROS
(Carlson et al., 2014).

Increase in L-type Ca2+ channel-mediated ROS production and
ischemia-reperfusion damage can cause CVD. Scientists assessed the
effectiveness of poly (glycidyl methacrylate) nanoparticles enclosed
Cur in (Cur-PGMA) and their amalgamation with a peptide that
focuses on the a-interacting domain of L-type Ca2+ channels (Cur-
AID-PGMA) in rat hearts that were exposed to ischemia-reperfusion.
This study aimed to validate these formulations reduced the negative
impact of ischemia-reperfusion by inhibiting ROS production and
Ca2+ influx (Hardy et al, 2015). The average Cur-AID-PGMA
152 nm, and PDI was 0.062,
suggesting a limited size availability. Cur loading efficiency in the

nanoparticles diameter was

nanoparticles was 11.8% (w/w). It was observed that after ischemia-
reperfusion injury, both the Cur-PGMA and Cur-AID-PGMA
formulations exerted protective effects against oxidative stress and
myocardial injury, indicating their potential therapeutic utility in
treating ischemia-reperfusion injury. Based on these results, a
study comprehensively investigated the effectiveness of these
formulations and highlighted that Cur-loaded nanoparticles
reduced myocardial damage and targeted oxidative stress, thereby
mitigating the negative effects of ischemia-reperfusion injury
(Mohamadian et al., 2022). These data provide the basis for the
possible clinical use of Cur-based nanoparticles for the treatment of
heart conditions. Ray et al. (2016) showed that while keeping
curcumin’s bioactivity, its encapsulation in carboxymethyl chitosan
nanoparticles (Cur-CMC), bioavailability is enhanced. Furthermore,
Cur-CMC suppressed the heart hypertrophy in rat model’s. Similar to
free Cur nano formulation enabled the observation of advantageous
effects at a low dose (5 mg/kg body weight).

4.8 Nanospheres and microcapsules

Microcapsules have an exterior polymeric shell and an internal
core. S Manna et al. synthesized selenium nanoparticles encapsulating
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poly (lactide-co-glycolide) nanospheres using Cur and assessed them
against Alzheimer’s disease, suggesting the use of this carrier system
for cur delivery (Huo et al.,, 2019). Hydrophilic drug carriers with a
positively charged surface are important for increasing Cur
permeability across biological barriers such as the blood-brain
barrier. Recently, a cationic polymer, N, N, N-Trimethyl Chitosan
(TMC), which is a quaternized chitosan derivative, was established.
The TMC synthesis was validated via infrared spectroscopy (FTIR)
and nuclear magnetic resonance (1H-NMR). A nano-emulsion
technique was employed to synthesize TMC-based nano-spheres
for loading Cur (Manna et al,, 2023). These studies suggest the use
of such curcumin formulations in cardiovascular diseases like ML
Natural antioxidants in the human diet, such as Cur and
resveratrol are employed to treat and prevent various oxidative
stress-related illnesses. Lipid-core nano-capsules comprising Cur
and resveratrol were prepared to enhance the antioxidant
properties of Cur and resveratrol. Physical and chemical properties
were assessed and compared with formulations comprising each
polyphenol separately. The nano-technological properties of all
formulations showed a mean diameter of approximately 200 nm, a
low PDI, and nearly 100% encapsulation efficiency without any
significant impact from co-encapsulation. It was also observed that
resveratrol and Cur were more photo-stable when nanoencapsulated,
whereas resveratrol indicated higher photostability when co-
encapsulated. The in vitro antioxidant activity of polyphenols
against OH radical was enhanced by nanoencapsulation, and a
better effect was observed after their co-nano encapsulation.
Moreover, both nanocapsulated polyphenols indicated a regulated
release profile. Overall, it was observed that co-encapsulating Cur and
resveratrol can enhance their therapeutic and preventive efficacy
against oxidative stress-related illnesses (Coradini et al., 2014).

4.9 Piperine nanoformulations as a cofactor
for MI therapy

Nano-formulations of piperine as a cofactor for MI therapy
represent a promising approach to improve the bioavailability and
therapeutic efficacy of bioactive compounds (Tagde et al,, 2021). It
significantly improves curcumin’s pharmacokinetics and absorption and
overcomes its poor bioavailability, facilitating delivery to ischemic
myocardial tissue. The administration of This synergy may decrease
oxidative
cardiomyocyte survival and tissue repair (Tagde et al., 2021). Piperine

stress, inflammation, and apoptosis and promote
has also been found to promote angiogenesis and, therefore, support
tissue regeneration. Several studies have used the co-delivery strategy of
Piperine and curcumin for enhacing the curcumin’s bioavailability with
good results (Moorthi et al, 2012; Tu et al.,, 2014; Baspinar et al., 2018;
Ahmadi et al, 2023). These nanoformulations, however, present
challenges in ensuring stability, targeted delivery, and safe long term
effects, which will need further experimental and clinical investigation

before clinical application (Wang Z. et al., 2023).
4.10 Local infusion strategies
In recent years, injectable hydrogel systems have significantly

progressed in biological applications. These biomaterials offer
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TABLE 2 Curcumin-based nano-formulations for cardiovascular diseases.

Induction
models

Curcumin nano-

formulations

10.3389/fbioe.2024.1511331

References

Egg phosphatidylcholine liposomes In vivo
coated with curcumin

Liposomes nanoformulations In vivo
Curcumin nanomicelle In vivo

Demonstrated ischemia-reperfusion damage cardioprotection

Indicated liposomes are particularly made to deliver atorvastatin calcium and
curcumin for the management of atherosclerosis

A clinical experiment revealed that patients receiving coronary angioplasty
experience improved lipid profiles as well as oxidative and inflammatory
indicators after taking curcumin nano micelle (80 mg/day)

Rogers et al. (2012)

Li et al. (2019)

Helli et al. (2021)

Curcumin nano-emulsion In vivo rat model

Indicated that curcumin nano-emulsion increased the inactivation of HMGR to
demonstrate its antihypercholesterolemic effect

Rachmawati et al.
(2016)

Curcumin Nanoparticles In vivo rat Model

numerous benefits of targeted administration, controlled release,
and improved mechanical qualities (Caillaud et al, 2018).
Researchers assessed if a magnetic hydrogel nanocomposite
loaded with Cur could effectively treat heart hypertrophy. They
induced cardiac failure in 10 rats by administering 2.5 mg/kg of
doxorubicin for 2 weeks. The rats weighed between 150 and 200 g.
Then,
administered to the test groups, whereas the control group was
only administered with Cur (Namdari and Eatemadi, 2017). After
2 weeks of the last dosage, the levels of MDA and GPX enzymes were
observed. Furthermore, the expression of three heart failure

Cur-loaded magnetic hydrogel nanocomposite was

markers, including beta major histology complex (B-MHC),
B-type natriuretic peptide (BNP), and atrial natriuretic peptide
(ANP), was examined. The expression of these markers decreased
as Cur concentration increased (p < 0.05). In cardiac tissue, Cur
decreased the raised level of MDA and increased the levels of SOD
and GPX. Altogether, it was inferred that this combination could be
employed to treat hypertension and heart failure (Namdari and
2017). These
administration of curcumin could significantly enhance its

Eatemad;, studies suggest the use of local
therapeutic potentials in MI. Table 2 shows some prominent

studies of curcumin in cardiovascular diseases.

5 Clinical trials of hano-curcumin
formulation for cardia-
vascular diseases

Cur is the most investigated polyphenol in CVD treatments
because it inhibits the enzyme activity of p300 histone
acetyltransferase, a gene associated with heart failure.
Theracurmin® is commercially available nano-technology of
highly accessible Cur (Imaizumi, 2015). It comprises 10% Cur,
2% additional curcuminoids, 4% gum ghatti, and 84% water. A
clinical trial was conducted by administering low and high (150 and
210 mg, respectively) Theracurmin” dosages administered in healthy
people to assess dose-dependent plasma Cur levels (Kanai et al.,
2012). The study’s results demonstrated that, without overloading
the absorption system, nano-technology raises plasma Cur levels in a
dose-dependent  manner.  Moreover,

Doppler  technology
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This study used the cardiomyocytes to thoroughly examine the impact of
curcumin nanotechnology on the generation of reactive oxygen species, which are
associated with NADPH oxidase, cardiac apoptosis, and the modification of
protein signaling pathways

10

Li et al. (2017)

echocardiography of hypertensive patients from different clinical
studies has indicated that Theracurmin (60 mg/day) for 24 weeks
enhances variables of diastolic function. These results indicate that
nanotechnology enhances left ventricular diastolic function in
hypertensive patients without affecting blood pressure (Kanai
et al, 2012). Although various studies have investigated
polyphenol their has
limitations. This might be because polyphenol concentrations

nanoformulations, clinical several
required for humans are far lower than those required in vitro or
in vivo small animal models for beneficial effects. In addition,
maintenance of the bioavailability of the bioactive components is
critical to  the products

(Imaizumi, 2015).

efficacy of nano-nutraceutical

5.1 Recent progress in nano-technology-
based curcumin formulations

Recent advances in nanomedicine have significantly facilitated
drug delivery, diagnosis, and treatment, especially for neurological,
cardiovascular, and cancerous conditions. Targeted medication
delivery is improved by stimuli-responsive nanoparticles and
surface-modified nanocarriers, which release drugs in response to
specific stimuli or deliver them directly to diseased tissues (Hesari
et al., 2021). Nanoparticles have transformed mRNA and CRISPR
delivery in gene therapy, increasing efficacy and safety.
Nanotechnology has significantly improved liquid biopsies and
immediate diagnostics, enabling quicker and more precise disease
diagnosis. Bio-degradable nanoparticles reduce toxicity, while
individual

personalized nanomedicine tailored therapies to

genetic profiles. Advances in immune nanomedicine like
nanorobotics offer the potential for transformative minimally
invasive treatments (Scafa Udriste et al., 2024). Rachmawati et al.
employed 3-hydroxy-3-methylglutaryl coenzyme A reductase
(HMGR) and acetylcholinesterase (ACE) assay kits to evaluate
the antihypertensive and anti-hypercholesterolemic properties of
Cur nano-emulsion in vitro. They revealed that nano-emulsified Cur
inhibit ACE more than pure Cur (Rachmawati et al., 2016). When
Cur/P was administered in vivo, cardiac cells’ serum levels of H2S

and Ca2+ content increased, and their expression of the calcium-
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sensing receptor, calmodulin, and cystathionine-y-lyase was
upregulated. Moreover, Cur and Cur/P alleviated the pathological
and morphological loss of cardiac cells and substantially reduced
diabetic cardiomyopathy. Two Cur nano-formulations were studied
against ischemia-reperfusion injury in rat hearts: 1) Cur-PGMA and
2) Cur combined with a peptide targeting the a-interacting domain
of L-type Ca2+ channel (Cur-AIDPGMA). It was observed that both
these
reperfusion-induced oxidative stress and myocardial injury (Ray
et al, 2016). CCNPs (50 mg/kg) were employed for treating
monocrotaline-induced pulmonary arterial hypertension in the
rat model. It was revealed that CCNP treatment attenuated the
development of right ventricular hypertrophy, decreased right

nano-formulations were effective against ischemia-

ventricle weight to body weight ratio, decreased right ventricle
mRNA expression of TNF-a and IL-1p, and diminished oxidative
stress (Boarescu et al., 2019b).

A study utilized isoproterenol hydrochloride (ISO) to induce MI
in rats and then investigated the effects of the administration of nano
cur (Nc) and CUR solutions. Pre- and post-ISO treatment rats
indicated that Cur and Nc did not affect the diastolic and systolic
blood pressures. Before being treated with ISO, rats that received
varied of Cur and Nc showed a decrease in heart rate and extended
RR interval. However, how Cur lowered heart rate remains
undetermined. The highest dose of Cur and Nc (200 mg/kg/body
weight) was more effective for cardioprotection (Boarescu et al.,
2019b). Lipid peroxidation, nitric oxide, myocardial MDA levels,
and overall oxidative state decreased after Cur and Nc pretreatment.
Rats that received Nc pretreatment indicated reduced nitric oxide
levels, whereas Cur and Nc-treated ISO-induced rats had reduced
blood LDH, ALT, and AST levels. However, Nc had more potential
effects 2019b). Hybrid Cur lipopolymer
nanoparticles are also employed as a QT prolongation preventive

(Boarescu et al.,

measure (Ranjan et al, 2013). Boarescu ef al indicated that
pretreatment with Cur and Nc decreased necrosis, myofibrillar
degeneration, interstitial edema, and significant cardiac damage
to tissue. Therefore, it was recommended that Nc should be
administered to inhibit the progression of cardiac tissue damage
in cases of acute MI (Boarescu et al., 2019b).

An antimicrobial peptide called nisin reduced the number of
squamous carcinomas of the head and neck cells while inducing an
arrest of the cell cycle and apoptosis (Joo et al., 2012). In mammals,
Cur-nisin nanoparticles (CurNisNp) have been observed to be
absorbed well without any toxicity. The preliminary treatment of
ISO-induced guinea rats with CurNisNp before MI resulted in
elevated ECG patterns and decreased ROS and MDA levels,
serum myeloperoxidase activity, and cardiac troponin I. Cur
enhanced the reduced transverse striations, necrosis, myofibril
thickness, and hypertrophic index (Nabofa et al, 2018).
Moreover, a novel drug delivery system of Curcumin was
prepared and its administration significantly increased rats’
cardiac output and reduced their posterior wall thickness (Yadav
et al., 2019; Sunagawa et al., 2012).

Rats were used to test the effectiveness of Cur-loaded
mesoporous silica nanoparticles (MSNs) against doxorubicin-
induced cardiac toxicity. The preliminary Cur-MSNs treatment
reduced MDA levels but increased SOD and catalase levels in
cardiac cells, thereby protecting the heart from the deleterious
effects of recurrent doxorubicin delivery. The cardiac tissue
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histology of Cur, MSNs, and doxorubicin-treated patients
indicated enhanced myofibrils and cytoplasm vacuolization.
Moreover, the cardioprotective effects of Cur-MSNs might be
because of their anti-inflammatory and antioxidant abilities, as
well as their increased bioavailability (Yadav et al, 2019). Liu
et al. found that cardiomyocytes exposed to CCNPs had lower
levels of intracellular ROS, Racl activation, and cell death.
Moreover, NP treatment also reduced the expression of
palmitate-induced gp91phox, inhibited ROS production, and
enhanced SOD activity or suppresssd NADPH isoforms. In
addition, it stopped apoptosis. It was determined that stress-
associated inflammation of the endoplasmic signaling system
inhibits NADPH-induced oxidative stress. Therefore, CCNPs
were proposed as a potential formulation to ameliorate cardiac
harm caused by lipid toxicity. CCNPs may promote these effects
by modulating the expression of particular proteins and initiating
the adenosine monophosphate-activated protein kinase signaling
pathway (Liu et al, 2019). The impact of a magnetic hydrogel
composite loaded with doxorubicin-induced MI in rats was also
studied. Cur-NIPAAM-MAA-NP’s reduced the expression of the
heart failure indicators P-myosin heavy-chain gene, B-type
thereby
validating its cardioprotective efficacy (Daya et al., 2022). In

natriuretic peptide, and atrial natriuretic peptide,
addition, the injection of lipid nano-emulsions loaded with Cur
(CmLN) and coupled with a nano-arginine peptide (ROCmLN)
indicated little cytotoxic and hemolytic effects on human
endothelial cells (Simion et al, 2016). A recent investigation
revealed that PLGA-CCNPs can increase the oral bioavailability
of Cur and decrease liver fat accumulation, thereby improving
cardiovascular responses. Another study indicated that CCNPs
stopped cardiomyocyte CK-MB leakage in an ISO-induced MI
rat. After MI induction, no increase in the circulation levels of
IL-1a, MCP-1, IL-6, IL-1pB, and TNF-a was observed. In a study
using rats, the injection of PLGA nanoparticles co-loaded with gold
and capped with Cur prevented heart hypertrophy by enhancing
bioavailability, solubility, and absorption, as well as by resisting
enzymatic breakdown and medication delivery effectiveness (Hesari
et al,, 2021). In addition, the antioxidant, antiapoptotic, and anti-
inflammatory properties of CAu-PLGA Nps improved survival
rates, maintained cardiac output, and protected rodents from
cardiac toxicity and heart failure (Xie et al., 2011). These studies
suggest that nanoformulations of curcumin could offer more safer
and better therapeutic option for cardiovascular ailments like ML

6 Conclusion and future perspectives

Curcumin has been a promising therapeutic agent due to its
anti-inflammatory, antioxidant and cardioprotective characteristics.
It has extensive preclinical and clinical evidence of its ability to alter
key pathological CVD processes such

as hyperlipidemia,

atherosclerosis, and ischemic injury. However, its poor
bioavailability as a function of dosage and formulation is limited
by clinical utility. The recent development of Cur loaded
nanoparticles like liposomes, polymeric nanoparticles and solid
has by

advancements in nanotechnology. These Nano formulations

lipid nanoparticles been made possible recent

enhance its bioavailability, provide improved cellular uptake, and
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more precise tissue targeting, greatly enhancing Cur’s therapeutic
effects. Although these advances have been made, there are still
many hurdles in clinical translation of Cur based nanomedicines
including optimizing nanoparticle formulations, scalability of
production, and feasibility.

The future of Cur nanomedicine should be focused on
personalized approach to treat their nanomedicine according to
individual genetic profiles, metabolic responses and co morbidities
to improve the treatment efficacy. Further management of CVD
may be possible by the integration of Cur with other therapeutic
agents, including anti-inflammatory drugs or growth factors, that
target multiple disease pathways. In addition, the design of
nanotheranostics (which combine therapeutic and diagnostic
functionalities within a single nanocarrier) promises the
opportunity to optimize the delivery of Cur and monitor
treatment progress on a real-time basis, thereby enhancing
more personalized and dynamic treatment regimens. Preclinical
data in support of the potential of Cur-loaded nanocarriers is
strong, however, robust clinical trials are needed to confirm the
safety, efficacy, and long-term effects of these formulations. Cur
nanoformulations also require rigorous toxicological studies to
assess safety profiles, especially for potential off-target effects.
Additionally, cost-effective, scalable production methods will be
required to translate these formulations into widespread
clinical use.

Author contributions

ML: Data curation, Formal Analysis, Writing-original draft. QS:
Data curation, Formal Analysis, Writing-original draft. YY:

References

Abbaszadeh, F., Fakhri, S., and Khan, H. (2020). Targeting apoptosis and autophagy
following spinal cord injury: therapeutic approaches to polyphenols and candidate
phytochemicals. Pharmacol. Res. 160, 105069. doi:10.1016/j.phrs.2020.105069

Abolfazli, S., Butler, A. E., Kesharwani, P., and Sahebkar, A. (2024). The beneficial
impact of curcumin on cardiac lipotoxicity. J. Pharm. Pharmacol. 76 (10), 1269-1283.
doi:10.1093/jpp/rgae102

Aggarwal, B. B., and Harikumar, K. B. (2009). Potential therapeutic effects of
curcumin, the anti-inflammatory agent, against neurodegenerative, cardiovascular,
pulmonary, metabolic, autoimmune and neoplastic diseases. Int. J. Biochem. and
Cell Biol. 41 (1), 40-59. doi:10.1016/j.biocel.2008.06.010

Aggarwal, B. B,, Sundaram, C., Malani, N., and Ichikawa, H. (2007). Curcumin: the
Indian solid gold. Mol. targets Ther. uses curcumin health Dis., 1-75. doi:10.1007/978-0-
387-46401-5_1

Aggarwal, B. B., Yuan, W, Li, S., and Gupta, S. C. (2013). Curcumin-free turmeric
exhibits anti-inflammatory and anticancer activities: identification of novel components
of turmeric. Mol. Nutr. and food Res. 57 (9), 1529-1542. doi:10.1002/mnfr.201200838

Ahangari, N., Kargozar, S., Ghayour-Mobarhan, M., Baino, F., Pasdar, A., Sahebkar,
A, et al. (2019). Curcumin in tissue engineering: a traditional remedy for modern
medicine. BioFactors 45 (2), 135-151. doi:10.1002/biof.1474

Ahmadi, F., Akbari, J., Saeedi, M., Seyedabadi, M., Ebrahimnejad, P., Ghasemi, S.,
et al. (2023). Efficient synergistic combination effect of curcumin with piperine by
polymeric magnetic nanoparticles for breast cancer treatment. J. Drug Deliv. Sci.
Technol. 86, 104624. doi:10.1016/j.jddst.2023.104624

Amen, O. M,, Sarker, S. D., Ghildyal, R., and Arya, A. (2019). Endoplasmic reticulum
stress activates unfolded protein response signaling and mediates inflammation, obesity,
and cardiac dysfunction: therapeutic and molecular approach. Front. Pharmacol. 10,
977. doi:10.3389/fphar.2019.00977

Anand, P., Kunnumakkara, A. B., Newman, R. A, and Aggarwal, B. B. (2007).
Bioavailability of curcumin: problems and promises. Mol. Pharm. 4 (6), 807-818. doi:10.
1021/mp700113r

Frontiers in Bioengineering and Biotechnology

12

10.3389/fbioe.2024.1511331

Investigation, Writing-review and editing. JB: Conceptualization,
Supervision, Writing-review and editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Bagheri, F., Khori, V., Alizadeh, A. M., Khalighfard, S., Khodayari, S., and Khodayari,
H. (2016). Reactive oxygen species-mediated cardiac-reperfusion injury: mechanisms
and therapies. Life Sci. 165, 43-55. doi:10.1016/j.1fs.2016.09.013

Banerjee, S. (2020). Nanoparticle-based delivery of phytochemical compounds
against major maladies: cancer, diabetes, and cardiovascular disease. Plant-derived
Bioact. Prod. Prop. Ther. Appl., 591-619. doi:10.1007/978-981-15-1761-7_25

Basnet, P., Hussain, H., Tho, I, and Skalko-Basnet, N. (2012). Liposomal delivery
system enhances anti-inflammatory properties of curcumin. J. Pharm. Sci. 101 (2),
598-609. doi:10.1002/jps.22785

Baspinar, Y., Ustiindas, M., Bayraktar, O., and Sezgin, C. (2018). Curcumin and
piperine loaded zein-chitosan nanoparticles: development and in-vitro characterisation.
Saudi Pharm. J. 26 (3), 323-334. doi:10.1016/j.jsps.2018.01.010

Bateni, Z., Rahimi, H. R., Hedayati, M., Afsharian, S., Goudarzi, R, and Sohrab, G.
(2021). The effects of nano-curcumin supplementation on glycemic control, blood
pressure, lipid profile, and insulin resistance in patients with the metabolic syndrome: a
randomized, double-blind clinical trial. Phytotherapy Res. 35 (7), 3945-3953. doi:10.
1002/ptr.7109

Bertoncini-Silva, C,, Vlad, A., Ricciarelli, R., Giacomo Fassini, P., Suen, V. M. M., and
Zingg, J. M. (2024). Enhancing the bioavailability and bioactivity of curcumin for disease
prevention and treatment. Antioxidants 13 (3), 331. doi:10.3390/antiox13030331

Biswas, S. K. (2016). Does the interdependence between oxidative stress and
inflammation explain the antioxidant paradox? Oxidative Med. Cell. Longev. 2016,
5698931. doi:10.1155/2016/5698931

Boarescu, P.-M., Boarescu, L, Bocsan, I. C., Pop, R. M., Gheban, D., Bulboaci, A. E.,
et al. (2019b). Curcumin nanoparticles protect against isoproterenol induced
myocardial infarction by alleviating myocardial tissue oxidative stress,
electrocardiogram, and biological changes. Molecules 24 (15), 2802. doi:10.3390/
molecules24152802

Boarescu, P.-M., Chirild, I., Bulboaca, A. E., Bocsan, I. C., Pop, R. M., Gheban, D.,
et al. (2019a). Effects of curcumin nanoparticles in isoproterenol-induced

frontiersin.org


https://doi.org/10.1016/j.phrs.2020.105069
https://doi.org/10.1093/jpp/rgae102
https://doi.org/10.1016/j.biocel.2008.06.010
https://doi.org/10.1007/978-0-387-46401-5_1
https://doi.org/10.1007/978-0-387-46401-5_1
https://doi.org/10.1002/mnfr.201200838
https://doi.org/10.1002/biof.1474
https://doi.org/10.1016/j.jddst.2023.104624
https://doi.org/10.3389/fphar.2019.00977
https://doi.org/10.1021/mp700113r
https://doi.org/10.1021/mp700113r
https://doi.org/10.1016/j.lfs.2016.09.013
https://doi.org/10.1007/978-981-15-1761-7_25
https://doi.org/10.1002/jps.22785
https://doi.org/10.1016/j.jsps.2018.01.010
https://doi.org/10.1002/ptr.7109
https://doi.org/10.1002/ptr.7109
https://doi.org/10.3390/antiox13030331
https://doi.org/10.1155/2016/5698931
https://doi.org/10.3390/molecules24152802
https://doi.org/10.3390/molecules24152802
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1511331

Lv et al.

myocardial infarction. Oxidative Med. Cell. Longev. 2019, 1-13. d0i:10.1155/2019/
7847142

Boroumand, N., Samarghandian, S., and Hashemy, S. I. (2018). Immunomodulatory,
anti-inflammatory, and antioxidant effects of curcumin. J. Herbmed Pharmacol. 7 (4),
211-219. doi:10415171/jhp.2018.33

Bourang, S., Asadian, S., Noruzpour, M., Mansuryar, A., Azizi, S., Ebrahimi, H. A,
et al. (2024). PLA-HA/Fe304 magnetic nanoparticles loaded with curcumin:
physicochemical characterization and toxicity evaluation in HCT116 colorectal
cancer cells. Discov. Appl. Sci. 6 (4), 186. doi:10.1007/s42452-024-05858-6

Bozzuto, G., and Molinari, A. (2015). Liposomes as nanomedical devices. Int.
J. nanomedicine 10, 975-999. doi:10.2147/ijn.s68861

Cagdas, M., Sezer, A. D., and Bucak, S. (2014). Liposomes as potential drug carrier
systems for drug delivery. Appl. Nanotechnol. drug Deliv. 1, 1-50. doi:10.5772/58459

Caillaud, M., Chantemargue, B., Richard, L., Vignaud, L., Favreau, F., Faye, P. A, et al.
(2018). Local low dose curcumin treatment improves functional recovery and
remyelination in a rat model of sciatic nerve crush through inhibition of oxidative
stress. Neuropharmacology 139, 98-116. doi:10.1016/j.neuropharm.2018.07.001

Carlson, L. J., Cote, B., Alani, A. W, and Rao, D. A. (2014). Polymeric micellar co-
delivery of resveratrol and curcumin to mitigate in vitro doxorubicin-induced
cardiotoxicity. J. Pharm. Sci. 103 (8), 2315-2322. doi:10.1002/jps.24042

Chen, S., Wu, ], Tang, Q., Xu, C,, Huang, Y., Huang, D., et al. (2020). Nano-micelles
based on hydroxyethyl starch-curcumin conjugates for improved stability, antioxidant
and anticancer activity of curcumin. Carbohydr. Polym. 228, 115398. do0i:10.1016/j.
carbpol.2019.115398

Chistiakov, D. A., Shkurat, T. P., Melnichenko, A. A., Grechko, A. V., and Orekhov, A.
N. (2018). The role of mitochondrial dysfunction in cardiovascular disease: a brief
review. Ann. Med. 50 (2), 121-127. doi:10.1080/07853890.2017.1417631

Coradini, K., Lima, F,, Oliveira, C., Chaves, P., Athayde, M., Carvalho, L., et al. (2014).
Co-encapsulation of resveratrol and curcumin in lipid-core nanocapsules improves
their in vitro antioxidant effects. Eur. J. Pharm. Biopharm. 88 (1), 178-185. doi:10.1016/
j.ejpb.2014.04.009

Cox, F. F.,, Misiou, A., Vierkant, A., Ale-Agha, N., Grandoch, M., Haendeler, J., et al.
(2022). Protective effects of curcumin in cardiovascular diseases—impact on oxidative
stress and mitochondria. Cells 11 (3), 342. doi:10.3390/cells11030342

Danbhier, F., Ansorena, E., Silva, J. M., Coco, R., Le Breton, A., and Préat, V. (2012).
PLGA-based nanoparticles: an overview of biomedical applications. J. Control. release
161 (2), 505-522. doi:10.1016/j.jconrel.2012.01.043

Daya, R, Xu, C., Nguyen, N. Y. T., and Liu, H. H. (2022). Angiogenic hyaluronic acid
hydrogels with curcumin-coated magnetic nanoparticles for tissue repair. ACS Appl.
Mater. and interfaces 14 (9), 11051-11067. doi:10.1021/acsami.1c19889

Demetzos, C., and Pippa, N. (2014). Advanced drug delivery nanosystems (aDDnSs):
a mini-review. Drug Deliv. 21 (4), 250-257. do0i:10.3109/10717544.2013.844745

de Oliveira, M. R, Jardim, F. R,, Setzer, W. N., Nabavi, S. M., and Nabavi, S. F. (2016).
Curcumin, mitochondrial biogenesis, and mitophagy: exploring recent data and
indicating future needs. Biotechnol. Adv. 34 (5), 813-826. doi:10.1016/j.biotechadv.
2016.04.004

Duan, W, Yang, Y., Yan, J,, Yu, S, Liu, J., Zhou, J,, et al. (2012). The effects of
curcumin post-treatment against myocardial ischemia and reperfusion by activation of
the JAK2/STATS3 signaling pathway. Basic Res. Cardiol. 107, 263-312. doi:10.1007/
500395-012-0263-7

Duehrkop, C., and Rieben, R. (2014). Ischemia/reperfusion injury: effect of
simultaneous inhibition of plasma cascade systems versus specific complement
inhibition. Biochem. Pharmacol. 88 (1), 12-22. doi:10.1016/j.bcp.2013.12.013

Fiorillo, C., Becatti, M., Pensalfini, A., Cecchi, C., Lanzilao, L., Donzelli, G., et al.
(2008). Curcumin protects cardiac cells against ischemia-reperfusion injury: effects on
oxidative stress, NF-kB, and JNK pathways. Free Radic. Biol. Med. 45 (6), 839-846.
doi:10.1016/j.freeradbiomed.2008.06.013

Fisher, C. D., Augustine, L. M., Maher, ]. M., Nelson, D. M,, Slitt, A. L., Klaassen, C. D.,
et al. (2007). Induction of drug-metabolizing enzymes by garlic and allyl sulfide
compounds via activation of constitutive androstane receptor and nuclear factor E2-
related factor 2. Drug Metabolism Dispos. 35 (6), 995-1000. doi:10.1124/dmd.106.
014340

Ford, J. L. (1986). The current status of solid dispersions. Pharm. Acta Helvetiae 61
(3), 69-88. Available at: https://europepmc.org/article/med/3520598.

Fredenberg, S., Wahlgren, M., Reslow, M., and Axelsson, A. (2011). The mechanisms
of drug release in poly (lactic-co-glycolic acid)-based drug delivery systems—a review.
Int. J. Pharm. 415 (1-2), 34-52. doi:10.1016/j.ijpharm.2011.05.049

Ganugula, R., Arora, M., Jaisamut, P., Wiwattanapatapee, R., Jorgensen, H. G,
Venkatpurwar, V. P., et al. (2017). Nano-curcumin safely prevents streptozotocin-
induced inflammation and apoptosis in pancreatic beta cells for effective management
of Type 1 diabetes mellitus. Br. J. Pharmacol. 174 (13), 2074-2084. doi:10.1111/bph.
13816

George, T. A., Hsu, C. C., Meeson, A., and Lundy, D. J. (2022). Nanocarrier-based
targeted therapies for myocardial infarction. Pharmaceutics 14 (5), 930. doi:10.3390/
pharmaceutics14050930

Frontiers in Bioengineering and Biotechnology

13

10.3389/fbioe.2024.1511331

Gera, M., Sharma, N., Ghosh, M., Huynh, D. L., Lee, S. J., Min, T,, et al. (2017).
Nanoformulations of curcumin: an emerging paradigm for improved remedial
application. Oncotarget 8 (39), 66680-66698. doi:10.18632/oncotarget.19164

Gong, C., Deng, S., Wu, Q. Xiang, M., Wei, X, Li, L., et al. (2013). Improving
antiangiogenesis and anti-tumor activity of curcumin by biodegradable polymeric
micelles. Biomaterials 34 (4), 1413-1432. doi:10.1016/j.biomaterials.2012.10.068

Gruji¢-Milanovi¢, J., Rajkovi¢, J., Milanovi¢, S., Jacevi¢, V., Miloradovi¢, Z., Nezi¢, L.,
et al. (2023). Natural substances vs. Approved drugs in the treatment of main
cardiovascular disorders—is there a breakthrough? Antioxidants 12 (12), 2088.
doi:10.3390/antiox12122088

Gupta, S. C,, Patchva, S., and Aggarwal, B. B. (2013). Therapeutic roles of curcumin:
lessons learned from clinical trials. AAPS J. 15, 195-218. doi:10.1208/s12248-012-
9432-8

Gupta, S. C,, Patchva, S., Koh, W., and Aggarwal, B. B. (2012). Discovery of curcumin,
a component of golden spice, and its miraculous biological activities. Clin.
Exp. Pharmacol. physiology 39 (3), 283-299. doi:10.1111/j.1440-1681.2011.05648.x

Han, J., Pan, X. Y., Xu, Y., Xiao, Y., An, Y., Tie, L., et al. (2012). Curcumin induces
autophagy to protect vascular endothelial cell survival from oxidative stress damage.
Autophagy 8 (5), 812-825. doi:10.4161/auto.19471

Hardy, N., Viola, H. M., Johnstone, V. P. A., Clemons, T. D., Cserne Szappanos, H.,
Singh, R., et al. (2015). Nanoparticle-mediated dual delivery of an antioxidant and a
peptide against the L-Type Ca2+ channel enables simultaneous reduction of cardiac
ischemia-reperfusion injury. Acs Nano 9 (1), 279-289. doi:10.1021/nn5061404

Helli, B., Gerami, H., Kavianpour, M., Heybar, H., Hosseini, S. K., and Haghighian, H.
K. (2021). Curcumin nanomicelle improves lipid profile, stress oxidative factors and
inflammatory markers in patients undergoing coronary elective angioplasty; a
randomized clinical trial. Endocr. Metabolic and Immune Disorders-Drug Targets
(Formerly Curr. Drug Targets-Immune, Endocr. and Metabolic Disord.) 21 (11),
2090-2098. doi:10.2174/1871530321666210104145231

Hesari, M., Mohammadi, P., Khademi, F., Shackebaei, D., Momtaz, S., Moasefi, N.,
et al. (2021). Current advances in the use of nanophytomedicine therapies for human
cardiovascular diseases. Int. J. nanomedicine 16, 3293-3315. doi:10.2147/ijn.s295508

Huang, M,, Liang, C., Tan, C,, Huang, S., Ying, R,, Wang, Y., et al. (2019). Liposome
co-encapsulation as a strategy for the delivery of curcumin and resveratrol. Food and
Funct. 10 (10), 6447-6458. doi:10.1039/c9f001338¢

Huang, Z., Ye, B, Dai, Z., Wu, X,, Lu, Z,, Shan, P, et al. (2015). Curcumin inhibits
autophagy and apoptosis in hypoxia/reoxygenation-induced myocytes. Mol. Med. Rep.
11 (6), 4678-4684. doi:10.3892/mmr.2015.3322

Huo, X,, Zhang, Y., Jin, X., Li, Y., and Zhang, L. (2019). A novel synthesis of selenium
nanoparticles encapsulated PLGA nanospheres with curcumin molecules for the
inhibition of amyloid B aggregation in Alzheimer’s disease. J. Photochem. Photobiol.
B Biol. 190, 98-102. doi:10.1016/j.jphotobiol.2018.11.008

Hussain, Z., Thu, H. E.,, Khan, S., and Katas, H. (2017). Nanoencapsulation, an
efficient and promising approach to maximize wound healing efficacy of curcumin: a
review of new trends and state-of-the-art. Colloids Surfaces B Biointerfaces 150,
223-241. doi:10.1016/j.colsurtb.2016.11.036

Imaizumi, A. (2015). Highly bioavailable curcumin (Theracurmin): its development
and clinical application. PharmaNutrition 3 (4), 1-8. doi:10.1016/j.phanu.2015.11.001

Jacob, S., Kather, F., Morsy, M., Boddu, S., Attimarad, M., Shah, J., et al. (2024).
Advances in nanocarrier systems for overcoming formulation challenges of curcumin:
current insights. Nanomaterials 14 (8), 672. doi:10.3390/nan014080672

Jeong, C.-W., Yoo, K. Y., Lee, S. H,, Jeong, H. ], Lee, C. S,, and Kim, S. J. (2012).
Curcumin protects against regional myocardial ischemia/reperfusion injury through
activation of RISK/GSK-3pB and inhibition of p38 MAPK and JNK. J. Cardiovasc.
Pharmacol. Ther. 17 (4), 387-394. doi:10.1177/1074248412438102

Jiang, S., Han, J., Li, T., Xin, Z., Ma, Z., Di, W,, et al. (2017). Curcumin as a potential
protective compound against cardiac diseases. Pharmacol. Res. 119, 373-383. doi:10.
1016/j.phrs.2017.03.001

Joo, N. E., Ritchie, K., Kamarajan, P., Miao, D., and Kapila, Y. L. (2012). Nisin, an
apoptogenic bacteriocin and food preservative, attenuates HNSCC tumorigenesis via
CHAC 1. Cancer Med. 1 (3), 295-305. doi:10.1002/cam4.35

Jurcau, A., and Ardelean, A. I. (2022). Oxidative stress in ischemia/reperfusion
injuries following acute ischemic stroke. Biomedicines 10 (3), 574. doi:10.3390/
biomedicines10030574

Kanai, M., Imaizumi, A., Otsuka, Y., Sasaki, H., Hashiguchi, M., Tsujiko, K., et al.
(2012). Dose-escalation and pharmacokinetic study of nanoparticle curcumin, a
potential anticancer agent with improved bioavailability, in healthy human
volunteers. Cancer Chemother. Pharmacol. 69, 65-70. doi:10.1007/s00280-011-1673-1

Karam, M., Fahs, D., Maatouk, B., Safi, B., Jaffa, A. A., and Mhanna, R. (2022).
Polymeric nanoparticles in the diagnosis and treatment of myocardial infarction:
challenges and future prospects. Mater. Today Bio 14, 100249. doi:10.1016/j.mtbio.
2022.100249

Khezri, K., Saeedi, M., Mohammadamini, H., and Zakaryaei, A. S. (2021). A
comprehensive review of the therapeutic potential of curcumin nanoformulations.
Phytotherapy Res. 35 (10), 5527-5563. doi:10.1002/ptr.7190

frontiersin.org


https://doi.org/10.1155/2019/7847142
https://doi.org/10.1155/2019/7847142
https://doi.org/10.15171/jhp.2018.33
https://doi.org/10.1007/s42452-024-05858-6
https://doi.org/10.2147/ijn.s68861
https://doi.org/10.5772/58459
https://doi.org/10.1016/j.neuropharm.2018.07.001
https://doi.org/10.1002/jps.24042
https://doi.org/10.1016/j.carbpol.2019.115398
https://doi.org/10.1016/j.carbpol.2019.115398
https://doi.org/10.1080/07853890.2017.1417631
https://doi.org/10.1016/j.ejpb.2014.04.009
https://doi.org/10.1016/j.ejpb.2014.04.009
https://doi.org/10.3390/cells11030342
https://doi.org/10.1016/j.jconrel.2012.01.043
https://doi.org/10.1021/acsami.1c19889
https://doi.org/10.3109/10717544.2013.844745
https://doi.org/10.1016/j.biotechadv.2016.04.004
https://doi.org/10.1016/j.biotechadv.2016.04.004
https://doi.org/10.1007/s00395-012-0263-7
https://doi.org/10.1007/s00395-012-0263-7
https://doi.org/10.1016/j.bcp.2013.12.013
https://doi.org/10.1016/j.freeradbiomed.2008.06.013
https://doi.org/10.1124/dmd.106.014340
https://doi.org/10.1124/dmd.106.014340
https://europepmc.org/article/med/3520598
https://doi.org/10.1016/j.ijpharm.2011.05.049
https://doi.org/10.1111/bph.13816
https://doi.org/10.1111/bph.13816
https://doi.org/10.3390/pharmaceutics14050930
https://doi.org/10.3390/pharmaceutics14050930
https://doi.org/10.18632/oncotarget.19164
https://doi.org/10.1016/j.biomaterials.2012.10.068
https://doi.org/10.3390/antiox12122088
https://doi.org/10.1208/s12248-012-9432-8
https://doi.org/10.1208/s12248-012-9432-8
https://doi.org/10.1111/j.1440-1681.2011.05648.x
https://doi.org/10.4161/auto.19471
https://doi.org/10.1021/nn5061404
https://doi.org/10.2174/1871530321666210104145231
https://doi.org/10.2147/ijn.s295508
https://doi.org/10.1039/c9fo01338e
https://doi.org/10.3892/mmr.2015.3322
https://doi.org/10.1016/j.jphotobiol.2018.11.008
https://doi.org/10.1016/j.colsurfb.2016.11.036
https://doi.org/10.1016/j.phanu.2015.11.001
https://doi.org/10.3390/nano14080672
https://doi.org/10.1177/1074248412438102
https://doi.org/10.1016/j.phrs.2017.03.001
https://doi.org/10.1016/j.phrs.2017.03.001
https://doi.org/10.1002/cam4.35
https://doi.org/10.3390/biomedicines10030574
https://doi.org/10.3390/biomedicines10030574
https://doi.org/10.1007/s00280-011-1673-1
https://doi.org/10.1016/j.mtbio.2022.100249
https://doi.org/10.1016/j.mtbio.2022.100249
https://doi.org/10.1002/ptr.7190
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1511331

Lv et al.

Kim, Y. S,, Kwon, J. S., Cho, Y. K, Jeong, M. H,, Cho, J. G, Park, J. C, et al. (2012).
Curcumin reduces the cardiac ischemia-reperfusion injury: involvement of the toll-like
receptor 2 in cardiomyocytes. J. Nutr. Biochem. 23 (11), 1514-1523. doi:10.1016/j.
jnutbio.2011.10.004

Kukongyviriyapan, U., Apaijit, K., and Kukongyviriyapan, V. (2016). Oxidative stress
and cardiovascular dysfunction associated with cadmium exposure: beneficial effects of
curcumin and tetrahydrocurcumin. Tohoku J. Exp. Med. 239 (1), 25-38. doi:10.1620/
tjem.239.25

Li, J., Lee, I. W., Shin, G. H., Chen, X., and Park, H. J. (2015). Curcumin—Eudragit® E
PO solid dispersion: a simple and potent method to solve the problems of curcumin.
Eur. . Pharm. Biopharm. 94, 322-332. doi:10.1016/j.ejpb.2015.06.002

Li, J., Zhou, Y., Zhang, W, Bao, C., and Xie, Z. (2017). Relief of oxidative stress and
cardiomyocyte apoptosis by using curcumin nanoparticles. Colloids Surfaces B
Biointerfaces 153, 174-182. doi:10.1016/j.colsurfb.2017.02.023

Li, T, Jin, J., Pu, F., Bai, Y., Chen, Y., Li, Y., et al. (2023). Cardioprotective effects of
curcumin against myocardial I/R injury: a systematic review and meta-analysis of
preclinical and clinical studies. Front. Pharmacol. 14, 1111459. doi:10.3389/fphar.2023.
1111459

Li, X, Xiao, H,, Lin, C,, Sun, W., Wu, T., Wang, J., et al. (2019). Synergistic effects of
liposomes encapsulating atorvastatin calcium and curcumin and targeting
dysfunctional endothelial cells in reducing atherosclerosis. Int. J. Nanomedicine 14,
649-665. doi:10.2147/ijn.s189819

Liu, Y., Liu, Q., Ju, F,, Ma, Q., and He, Q. (2019). In vivo evaluation of enhanced drug
carrier efficiency and cardiac anti-hypertrophy therapeutic potential of nano-curcumin
encapsulated photo-plasmonic nanoparticles combined polymerized nano-vesicles: a
novel strategy. J. Photochem. Photobiol. B Biol. 199, 111619. doi:10.1016/j.jphotobiol.
2019.111619

Luo, W., Bai, L., Zhang, J., Li, Z,, Liu, Y., Tang, X,, et al. (2023). Polysaccharides-based
nanocarriers enhance the anti-inflammatory effect of curcumin. Carbohydr. Polym. 311,
120718. doi:10.1016/j.carbpol.2023.120718

Mahmood, K., Zia, K. M., Zuber, M., Salman, M., and Anjum, M. N. (2015). Recent
developments in curcumin and curcumin based polymeric materials for biomedical
applications: a review. Int. J. Biol. Macromol. 81, 877-890. doi:10.1016/j.ijbiomac.2015.
09.026

Manju, S., and Sreenivasan, K. (2011). Conjugation of curcumin onto hyaluronic acid
enhances its aqueous solubility and stability. J. colloid interface Sci. 359 (1), 318-325.
doi:10.1016/j.jcis.2011.03.071

Manna, S., Seth, A., Gupta, P., Nandi, G., Dutta, R, Jana, S., et al. (2023). Chitosan
derivatives as carriers for drug delivery and biomedical applications. ACS Biomaterials
Sci. and Eng. 9 (5), 2181-2202. doi:10.1021/acsbiomaterials.2c01297

Maradana, M. R,, Thomas, R,, and O’Sullivan, B. J. (2013). Targeted delivery of
curcumin for treating type 2 diabetes. Mol. Nutr. and food Res. 57 (9), 1550-1556.
doi:10.1002/mnfr.201200791

Mohamadian, M., Parsamanesh, N., Chiti, H., Sathyapalan, T., and Sahebkar, A.
(2022). Protective effects of curcumin on ischemia/reperfusion injury. Phytotherapy Res.
36 (12), 4299-4324. doi:10.1002/ptr.7620

Moorthi, C., Krishnan, K., Manavalan, R., and Kathiresan, K. (2012). Preparation and
characterization of curcumin-piperine dual drug loaded nanoparticles. Asian Pac.
J. Trop. Biomed. 2 (11), 841-848. doi:10.1016/52221-1691(12)60241-x

Mosa, I. F., Abd, H. H., Abuzreda, A., Yousif, A. B., and Assaf, N. (2021). Chitosan and
curcumin nanoformulations against potential cardiac risks associated with
hydroxyapatite nanoparticles in Wistar male rats. Int. J. Biomaterials 2021, 1-19.
doi:10.1155/2021/3394348

Moustapha, A., Pérétout, P., Rainey, N., Sureau, F., Geze, M., Petit, ]. M., et al.
(2015). Curcumin induces crosstalk between autophagy and apoptosis mediated by
calcium release from the endoplasmic reticulum, lysosomal destabilization and
mitochondrial events. Cell Death Discov. 1 (1), 15017-15115. doi:10.1038/
cddiscovery.2015.17

Nabofa, W. E., Alashe, O. O., Oyeyemi, O. T., Attah, A. F., Oyagbemi, A. A,,
Omobowale, T. O., et al. (2018). Cardioprotective effects of curcumin-nisin based
poly lactic acid nanoparticle on myocardial infarction in Guinea pigs. Sci. Rep. 8 (1),
16649. doi:10.1038/s41598-018-35145-5

Naksuriya, O., Okonogi, S., Schiffelers, R. M., and Hennink, W. E. (2014). Curcumin
nanoformulations: a review of pharmaceutical properties and preclinical studies and
clinical data related to cancer treatment. Biomaterials 35 (10), 3365-3383. doi:10.1016/j.
biomaterials.2013.12.090

Namdari, M., and Eatemadi, A. (2017). Cardioprotective effects of curcumin-loaded
magnetic hydrogel nanocomposite (nanocurcumin) against doxorubicin-induced
cardiac toxicity in rat cardiomyocyte cell lines. Artif. cells, nanomedicine, Biotechnol.
45 (4), 731-739. doi:10.1080/21691401.2016.1261033

Okonogi, S., Oguchi, T., Yonemochi, E., Puttipipatkhachorn, S., and Yamamoto, K.
(1999). Physicochemical properties of ursodeoxycholic acid dispersed in controlled pore
glass. J. colloid interface Sci. 216 (2), 276-284. doi:10.1006/jcis.1999.6331

Pala, R., Pattnaik, S., Busi, S., and Nauli, S. M. (2021). Nanomaterials as novel
cardiovascular  theranostics. ~ Pharmaceutics 13 (3), 348.  doi:10.3390/
pharmaceutics13030348

Frontiers in Bioengineering and Biotechnology

14

10.3389/fbioe.2024.1511331

Pashkow, F. J. (2011). Oxidative stress and inflammation in heart disease: do
antioxidants have a role in treatment and/or prevention? Int. J. Inflamm. 2011,
2011-2019. doi:10.4061/2011/514623

Rachmawati, H., Soraya, L. S., Kurniati, N. F., and Rahma, A. (2016). In vitro study on
antihypertensive and antihypercholesterolemic effects of curcumin nanoemulsion. Sci.
Pharm. 84 (1), 131-140. doi:10.3797/scipharm.isp.2015.05

Rahimi, H. R., Nedaeinia, R., Sepehri Shamloo, A., Nikdoust, S., and Kazemi Oskuee,
R. (2016). Novel delivery system for natural products: nano-curcumin formulations.
Avicenna J. phytomedicine 6 (4), 383-398. Available at: https://pmc.ncbi.nlm.nih.gov/
articles/PMC4967834/.

Rainey, N., Motte, L., Aggarwal, B. B., and Petit, P. X. (2015). Curcumin hormesis
mediates a cross-talk between autophagy and cell death. Cell Death and Dis. 6 (12),
€2003. doi:10.1038/cddis.2015.343

Rainey, N. E., Moustapha, A., and Petit, P. X. (2020). Curcumin, a multifaceted
hormetic agent, mediates an intricate crosstalk between mitochondrial turnover,
autophagy, and apoptosis. Oxidative Med. Cell. Longev. 2020 (1), 1-23. doi:10.1155/
2020/3656419

Rakotoarisoa, M., and Angelova, A. (2018). Amphiphilic nanocarrier systems for
curcumin delivery in neurodegenerative disorders. Med. (Basel) 5, 126. doi:10.3390/
medicines5040126

Ranjan, A. P., Mukerjee, A., Helson, L., and Vishwanatha, J. K. (2013). Mitigating
prolonged QT interval in cancer nanodrug development for accelerated clinical
translation. J. Nanobiotechnology 11, 40-48. doi:10.1186/1477-3155-11-40

Ray, A., Rana, S., Banerjee, D., Mitra, A., Datta, R,, Naskar, S, et al. (2016). Improved
bioavailability of targeted Curcumin delivery efficiently regressed cardiac hypertrophy
by modulating apoptotic load within cardiac microenvironment. Toxicol. Appl.
Pharmacol. 290, 54-65. doi:10.1016/j.taap.2015.11.011

Rogers, N. M., Stephenson, M., Kitching, A., Horowitz, J., and Coates, P. (2012).
Amelioration of renal ischaemia-reperfusion injury by liposomal delivery of curcumin
to renal tubular epithelial and antigen-presenting cells. Br. J. Pharmacol. 166 (1),
194-209. doi:10.1111/.1476-5381.2011.01590.x

Sadeghi, F., Ashofteh, M., Homayouni, A., Abbaspour, M., Nokhodchi, A., and
Garekani, H. A. (2016). Antisolvent precipitation technique: a very promising approach
to crystallize curcumin in presence of polyvinyl pyrrolidon for solubility and dissolution
enhancement. Colloids Surfaces B Biointerfaces 147, 258-264. doi:10.1016/j.colsurfb.
2016.08.004

Sadeghi, M., Dehnavi, S., Asadirad, A., Xu, S., Majeed, M., Jamialahmadi, T, et al.
(2023). Curcumin and chemokines: mechanism of action and therapeutic potential in
inflammatory diseases. Inflammopharmacology 31 (3), 1069-1093. doi:10.1007/s10787-
023-01136-w

Salabei, J. K., and Conklin, D. J. (2013). Cardiovascular autophagy: crossroads of
pathology, pharmacology and toxicology. Cardiovasc. Toxicol. 13, 220-229. doi:10.
1007/s12012-013-9200-8

Sala de Oyanguren, F. J., Rainey, N. E., Moustapha, A., Saric, A., Sureau, F., O’Connor,
J. E., et al. (2020). Highlighting curcumin-induced crosstalk between autophagy and
apoptosis as supported by its specific subcellular localization. Cells 9 (2), 361. doi:10.
3390/cells9020361

Salehi, B., Del Prado-Audelo, M. L., Cortés, H., Leyva-Gémez, G., Stojanovi¢-Radi¢,
Z., Singh, Y. D,, et al. (2020). Therapeutic applications of curcumin nanomedicine
formulations in cardiovascular diseases. J. Clin. Med. 9 (3), 746. doi:10.3390/
jcm9030746

Scafa Udriste, A., Burdusel, A., Niculescu, A. G., Ridulescu, M., and Grumezescu, A.
(2024). Metal-based nanoparticles for cardiovascular diseases. Int. J. Mol. Sci. 25 (2),
1001. doi:10.3390/ijms25021001

Shakeri, A., Zirak, M. R,, Wallace Hayes, A., Reiter, R, and Karimi, G. (2019).
Curcumin and its analogues protect from endoplasmic reticulum stress: mechanisms
and pathways. Pharmacol. Res. 146, 104335. doi:10.1016/j.phrs.2019.104335

Sharma, P., and Sharma, N. (2022). Advances in nanoformulated polyphenols for
protection against cardiovascular diseases. J. Cardiovasc. Pharmacol. 80 (5), 648-660.
doi:10.1097/£jc.0000000000001335

Shen, L., and Ji, H.-F. (2012). The pharmacology of curcumin: is it the degradation
products? Trends Mol. Med. 18 (3), 138-144. doi:10.1016/j.molmed.2012.01.004

Shen, Q,, Pan, X,, Li, ], Zhang, C,, Jiang, X., Liu, F., et al. (2023). Lysosomes, curcumin,
and anti-tumor effects: how are they linked? Front. Pharmacol. 14, 1220983. doi:10.
3389/fphar.2023.1220983

Simion, V., Stan, D., Constantinescu, C. A., Deleanu, M., Dragan, E., Tucureanu, M.
M., et al. (2016). Conjugation of curcumin-loaded lipid nanoemulsions with cell-
penetrating peptides increases their cellular uptake and enhances the anti-inflammatory
effects in endothelial cells. J. Pharm. Pharmacol. 68 (2), 195-207. doi:10.1111/jphp.
12513

Subroto, E., Andoyo, R,, and Indiarto, R. (2023). Solid lipid nanoparticles: review of
the current research on encapsulation and delivery systems for active and antioxidant
compounds. Antioxidants 12 (3), 633. doi:10.3390/antiox12030633

Sunagawa, Y., Wada, H., Suzuki, H., Sasaki, H., Imaizumi, A., Fukuda, H., et al.
(2012). A novel drug delivery system of oral curcumin markedly improves efficacy of

frontiersin.org


https://doi.org/10.1016/j.jnutbio.2011.10.004
https://doi.org/10.1016/j.jnutbio.2011.10.004
https://doi.org/10.1620/tjem.239.25
https://doi.org/10.1620/tjem.239.25
https://doi.org/10.1016/j.ejpb.2015.06.002
https://doi.org/10.1016/j.colsurfb.2017.02.023
https://doi.org/10.3389/fphar.2023.1111459
https://doi.org/10.3389/fphar.2023.1111459
https://doi.org/10.2147/ijn.s189819
https://doi.org/10.1016/j.jphotobiol.2019.111619
https://doi.org/10.1016/j.jphotobiol.2019.111619
https://doi.org/10.1016/j.carbpol.2023.120718
https://doi.org/10.1016/j.ijbiomac.2015.09.026
https://doi.org/10.1016/j.ijbiomac.2015.09.026
https://doi.org/10.1016/j.jcis.2011.03.071
https://doi.org/10.1021/acsbiomaterials.2c01297
https://doi.org/10.1002/mnfr.201200791
https://doi.org/10.1002/ptr.7620
https://doi.org/10.1016/s2221-1691(12)60241-x
https://doi.org/10.1155/2021/3394348
https://doi.org/10.1038/cddiscovery.2015.17
https://doi.org/10.1038/cddiscovery.2015.17
https://doi.org/10.1038/s41598-018-35145-5
https://doi.org/10.1016/j.biomaterials.2013.12.090
https://doi.org/10.1016/j.biomaterials.2013.12.090
https://doi.org/10.1080/21691401.2016.1261033
https://doi.org/10.1006/jcis.1999.6331
https://doi.org/10.3390/pharmaceutics13030348
https://doi.org/10.3390/pharmaceutics13030348
https://doi.org/10.4061/2011/514623
https://doi.org/10.3797/scipharm.isp.2015.05
https://pmc.ncbi.nlm.nih.gov/articles/PMC4967834/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4967834/
https://doi.org/10.1038/cddis.2015.343
https://doi.org/10.1155/2020/3656419
https://doi.org/10.1155/2020/3656419
https://doi.org/10.3390/medicines5040126
https://doi.org/10.3390/medicines5040126
https://doi.org/10.1186/1477-3155-11-40
https://doi.org/10.1016/j.taap.2015.11.011
https://doi.org/10.1111/j.1476-5381.2011.01590.x
https://doi.org/10.1016/j.colsurfb.2016.08.004
https://doi.org/10.1016/j.colsurfb.2016.08.004
https://doi.org/10.1007/s10787-023-01136-w
https://doi.org/10.1007/s10787-023-01136-w
https://doi.org/10.1007/s12012-013-9200-8
https://doi.org/10.1007/s12012-013-9200-8
https://doi.org/10.3390/cells9020361
https://doi.org/10.3390/cells9020361
https://doi.org/10.3390/jcm9030746
https://doi.org/10.3390/jcm9030746
https://doi.org/10.3390/ijms25021001
https://doi.org/10.1016/j.phrs.2019.104335
https://doi.org/10.1097/fjc.0000000000001335
https://doi.org/10.1016/j.molmed.2012.01.004
https://doi.org/10.3389/fphar.2023.1220983
https://doi.org/10.3389/fphar.2023.1220983
https://doi.org/10.1111/jphp.12513
https://doi.org/10.1111/jphp.12513
https://doi.org/10.3390/antiox12030633
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1511331

Lv et al.

treatment for heart failure after myocardial infarction in rats. Biol. Pharm. Bull. 35 (2),
139-144. doi:10.1248/bpb.35.139

Suzuki, M., Bachelet-Violette, L., Rouzet, F., Beilvert, A., Autret, G., Maire, M., et al.
(2015). Ultrasmall superparamagnetic iron oxide nanoparticles coated with fucoidan for
molecular MRI of intraluminal thrombus. Nanomedicine 10 (1), 73-87. doi:10.2217/
nnm.14.51

Tagde, P., Islam, F., Tagde, S., Shah, M., Hussain, Z. D., Rahman, M. H,, et al. (2021).
The multifaceted role of curcumin in advanced nanocurcumin form in the treatment
and management of chronic disorders. Molecules 26 (23), 7109. doi:10.3390/
molecules26237109

Taghipour, Y. D., Hajialyani, M., Naseri, R., Hesari, M., Mohammadi, P., Stefanucci,
A, et al. (2019). Nanoformulations of natural products for management of metabolic
syndrome. Int. . nanomedicine 14, 5303-5321. doi:10.2147/ijn.s213831

Tan, L. (2024). Curcumin conjugated zinc nanoparticles for the treatment of
myocardial infarction. Open Chem. 22 (1), 20240051. doi:10.1515/chem-2024-0051

Tiwari, G., Tiwari, R,, Bannerjee, S., Bhati, L., Pandey, S., Pandey, P., et al. (2012).
Drug delivery systems: an updated review. Int. J. Pharm. investigation 2 (1), 2. doi:10.
4103/2230-973x.96920

Tonnesen, H. H., Masson, M., and Loftsson, T. (2002). Studies of curcumin and
curcuminoids. XXVIL.  Cyclodextrin = complexation: solubility, chemical and
photochemical stability. Int. J. Pharm. 244 (1-2), 127-135. doi:10.1016/s0378-
5173(02)00323-x

Tu, Y., Fu, J. W, Sun, D. M., Zhang, J. J., Yao, N,, Huang, D. E,, et al. (2014).
Preparation, characterisation and evaluation of curcumin with piperine-loaded
cubosome nanoparticles. J. Microencapsul. 31 (6), 551-559. doi:10.3109/02652048.
2014.885607

Vafadar afshar, G., Rasmi, Y., Yaghmaei, P., Khadem-Ansari, M. H., Makhdomii, K.,
and Rasooli, J. (2020). The effects of nano-curcumin supplementation on serum level of
hs-CRP, adhesion molecules, and lipid profiles in hemodialysis patients, a randomized
controlled clinical trial. Iran. J. Kidney Dis. 14 (1), 52-61. Available at: https://pubmed.
ncbi.nlm.nih.gov/32156842/.

Wan, S., Sun, Y., Qi, X, and Tan, F. (2012). Improved bioavailability of poorly water-
soluble drug curcumin in cellulose acetate solid dispersion. Aaps pharmscitech 13,
159-166. doi:10.1208/s12249-011-9732-9

Wang, J., Liu, Y., Guo, Y., Liu, C,, Yang, Y., Fan, X, et al. (2023a). Function and
inhibition of P38 MAP kinase signaling: targeting multiple inflammation diseases.
Biochem. Pharmacol. 220, 115973. doi:10.1016/j.bcp.2023.115973

Wang, J. H,, Shih, K., Wu, Y., Wang, A, and Yang, C. (2013). Histone deacetylase
inhibitors increase microRNA-146a expression and enhance negative regulation of
interleukin-1p signaling in osteoarthritis fibroblast-like synoviocytes. Osteoarthr. Cartil.
21 (12), 1987-1996. doi:10.1016/j.joca.2013.09.008

Wang, N.-P,, Pang, X. F.,, Zhang, L. H., Tootle, S., Harmouche, S., and Zhao, Z. Q.
(2014b). Attenuation of inflammatory response and reduction in infarct size by
postconditioning are associated with downregulation of early growth response
1 during reperfusion in rat heart. Shock 41 (4), 346-354. doi:10.1097/shk.
0000000000000112

Wang, Y., Zhang, H., Chai, F.,, Liu, X,, and Berk, M. (2014a). The effects of
escitalopram on myocardial apoptosis and the expression of Bax and Bcl-2 during
myocardial ischemia/reperfusion in a model of rats with depression. BMc Psychiatry 14,
349-357. doi:10.1186/512888-014-0349-x

Wang, Z., Wang, X,, Xu, W,, Li, Y., Lai, R, Qiu, X,, et al. (2023b). Translational
challenges and prospective solutions in the implementation of biomimetic delivery
systems. Pharmaceutics 15 (11), 2623. doi:10.3390/pharmaceutics15112623

Watkins, R., Xu, B, Wu, L., Zhang, C., and Davis, R. (2015). Natural product-based
nanomedicine: recent advances and issues. Int. J. nanomedicine 10, 6055-6074. doi:10.
2147/ijn.s92162

Frontiers in Bioengineering and Biotechnology

15

10.3389/fbioe.2024.1511331

Wichitnithad, W., Nimmannit, U., Callery, P. S., and Rojsitthisak, P. (2011). Effects of
different carboxylic ester spacers on chemical stability, release characteristics, and
anticancer activity of mono-PEGylated curcumin conjugates. J. Pharm. Sci. 100 (12),
5206-5218. doi:10.1002/jps.22716

Wongcharoen, W., Jai-aue, S., Phrommintikul, A., Nawarawong, W.,,
Woragidpoonpol, S., Tepsuwan, T., et al. (2012). Effects of curcuminoids on
frequency of acute myocardial infarction after coronary artery bypass grafting. Am.
J. Cardiol. 110 (1), 40-44. doi:10.1016/j.amjcard.2012.02.043

Xiao, J., Ji, X., Sheng, X., Zhang, X., and Guo, M. (2016). Curcumin protects against
myocardial infarction-induced cardiac fibrosis via SIRT1 activation in vivo and in vitro.
Drug Des. Dev. Ther. 10, 1267-1277. doi:10.2147/dddt.s104925

Xie, X., Tao, Q., Zou, Y., Zhang, F., Guo, M., Wang, Y., et al. (2011). PLGA
nanoparticles improve the oral bioavailability of curcumin in rats: characterizations
and mechanisms. J. Agric. food Chem. 59 (17), 9280-9289. doi:10.1021/jf202135j

Xu, H., Wang, T., Yang, C,, Li, X, Liu, G., Yang, Z., et al. (2018). Supramolecular
nanofibers of curcumin for highly amplified radiosensitization of colorectal cancers to
ionizing radiation. Adv. Funct. Mater. 28 (14), 1707140. doi:10.1002/adfm.201707140

Yadav, Y. C,, Pattnaik, S., and Swain, K. (2019). Curcumin loaded mesoporous silica
nanoparticles: assessment of bioavailability and cardioprotective effect. Drug Dev.
Industrial Pharm. 45 (12), 1889-1895. doi:10.1080/03639045.2019.1672717

Yallapu, M. M,, Jaggi, M., and Chauhan, S. C. (2012). Curcumin nanoformulations: a
future nanomedicine for cancer. Drug Discov. today 17 (1-2), 71-80. doi:10.1016/j.
drudis.2011.09.009

Yallapu, M. M., Nagesh, P. K. B,, Jaggi, M., and Chauhan, S. C. (2015). Therapeutic
applications of curcumin nanoformulations. AAPS J. 17, 1341-1356. doi:10.1208/
512248-015-9811-z

Yan, Q, Liu, S., Sun, Y., Chen, C, Yang, S., Lin, M, et al. (2023). Targeting oxidative
stress as a preventive and therapeutic approach for cardiovascular disease. J. Transl.
Med. 21 (1), 519. doi:10.1186/s12967-023-04361-7

Yang, C., Wu, K., Li, S. H,, and You, Q. (2013c¢). Protective effect of curcumin against
cardiac dysfunction in sepsis rats. Pharm. Biol. 51 (4), 482-487. d0i:10.3109/13880209.
2012.742116

Yang, K., Xu, C, Li, X,, and Jiang, H. (2013b). Combination of D942 with curcumin
protects cardiomyocytes from ischemic damage through promoting autophagy.
J. Cardiovasc. Pharmacol. Ther. 18 (6), 570-581. doi:10.1177/1074248413503495

Yang, P., Liu, M,, Fan, X,, Zhang, X,, Cao, L., Wang, Z, et al. (2023). Recent advances
in natural plant-based treatment of myocardial ischemia-reperfusion injury. Int. . Drug
Discov. Pharmacol., 21. doi:10.53941/ijddp.2023.100003

Yang, Y., Duan, W,, Lin, Y., Yi, W,, Liang, Z., Yan, J,, et al. (2013a). SIRT1 activation
by curcumin pretreatment attenuates mitochondrial oxidative damage induced by
myocardial ischemia reperfusion injury. Free Radic. Biol. Med. 65, 667-679. doi:10.
1016/j.freeradbiomed.2013.07.007

Yousef, M. I, Abd, H. H., Helmy, Y. M., and Kamel, M. A. N. (2021). Synergistic effect
of curcumin and chitosan nanoparticles on nano-hydroxyapatite-induced reproductive
toxicity in rats. Environ. Sci. Pollut. Res. 28 (8), 9362-9376. d0i:10.1007/s11356-020-
11395-7

Zhang, J., Wang, Y., Bao, C,, Liu, T,, Li, S., Huang, J., et al. (2019). Curcumin-loaded
PEG-PDLLA nanoparticles for attenuating palmitate-induced oxidative stress and
cardiomyocyte apoptosis through AMPK pathway. Int. J. Mol. Med. 44 (2),
672-682. doi:10.3892/ijmm.2019.4228

Zhang, T., Xu, L., Guo, X,, Tao, H., Liu, Y., Liu, X, et al. (2024). The potential of herbal
drugs to treat heart failure: the roles of Sirt1/AMPK. J. Pharm. Analysis 14 (2), 157-176.
doi:10.1016/j.jpha.2023.09.001

Zhang, Z., Chen, F., Wan, ], and Liu, X. (2023). Potential traditional Chinese
medicines with anti-inflammation in the prevention of heart failure following
myocardial infarction. Chin. Med. 18 (1), 28. doi:10.1186/s13020-023-00732-w

frontiersin.org


https://doi.org/10.1248/bpb.35.139
https://doi.org/10.2217/nnm.14.51
https://doi.org/10.2217/nnm.14.51
https://doi.org/10.3390/molecules26237109
https://doi.org/10.3390/molecules26237109
https://doi.org/10.2147/ijn.s213831
https://doi.org/10.1515/chem-2024-0051
https://doi.org/10.4103/2230-973x.96920
https://doi.org/10.4103/2230-973x.96920
https://doi.org/10.1016/s0378-5173(02)00323-x
https://doi.org/10.1016/s0378-5173(02)00323-x
https://doi.org/10.3109/02652048.2014.885607
https://doi.org/10.3109/02652048.2014.885607
https://pubmed.ncbi.nlm.nih.gov/32156842/
https://pubmed.ncbi.nlm.nih.gov/32156842/
https://doi.org/10.1208/s12249-011-9732-9
https://doi.org/10.1016/j.bcp.2023.115973
https://doi.org/10.1016/j.joca.2013.09.008
https://doi.org/10.1097/shk.0000000000000112
https://doi.org/10.1097/shk.0000000000000112
https://doi.org/10.1186/s12888-014-0349-x
https://doi.org/10.3390/pharmaceutics15112623
https://doi.org/10.2147/ijn.s92162
https://doi.org/10.2147/ijn.s92162
https://doi.org/10.1002/jps.22716
https://doi.org/10.1016/j.amjcard.2012.02.043
https://doi.org/10.2147/dddt.s104925
https://doi.org/10.1021/jf202135j
https://doi.org/10.1002/adfm.201707140
https://doi.org/10.1080/03639045.2019.1672717
https://doi.org/10.1016/j.drudis.2011.09.009
https://doi.org/10.1016/j.drudis.2011.09.009
https://doi.org/10.1208/s12248-015-9811-z
https://doi.org/10.1208/s12248-015-9811-z
https://doi.org/10.1186/s12967-023-04361-7
https://doi.org/10.3109/13880209.2012.742116
https://doi.org/10.3109/13880209.2012.742116
https://doi.org/10.1177/1074248413503495
https://doi.org/10.53941/ijddp.2023.100003
https://doi.org/10.1016/j.freeradbiomed.2013.07.007
https://doi.org/10.1016/j.freeradbiomed.2013.07.007
https://doi.org/10.1007/s11356-020-11395-7
https://doi.org/10.1007/s11356-020-11395-7
https://doi.org/10.3892/ijmm.2019.4228
https://doi.org/10.1016/j.jpha.2023.09.001
https://doi.org/10.1186/s13020-023-00732-w
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1511331

	Nanocurcumin in myocardial infarction therapy: emerging trends and future directions
	1 Introduction
	2 Curcumin intracellular localization and hormetic effects in myocardial infarction
	3 Therapeutic potential of curcumin in myocardial infarction
	3.1 Oxidative stress and myocardial infarction
	3.2 Apoptosis and myocardial infarction
	3.3 Autophagy and myocardial infarction
	3.4 Inflammation and myocardial infarction

	4 Current trends of nanotechnology-based curcumin formulations in myocardial infarction
	4.1 Development of liposomal curcumin nanoparticles
	4.2 Development of polymeric encapsulated curcumin nanoparticles
	4.3 Development of solid lipid nanoparticles of curcumin
	4.4 Metallic nanoparticles of curcumin
	4.5 Curcumin conjugates
	4.6 Solid dispersions of curcumin
	4.7 Development of micelles curcumin nanoparticles
	4.8 Nanospheres and microcapsules
	4.9 Piperine nanoformulations as a cofactor for MI therapy
	4.10 Local infusion strategies

	5 Clinical trials of nano-curcumin formulation for cardia-vascular diseases
	5.1 Recent progress in nano-technology-based curcumin formulations

	6 Conclusion and future perspectives
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


