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ARTICLE INFO ABSTRACT

Keywords: Increasing evidence suggests that elevated intracellular levels of reactive oxygen species (ROS)
Naringenin play a significant role in the pathogenesis of many diseases. Increased intracellular levels of ROS
Nanoformulation

can lead to the oxidation of lipids, DNA, and proteins, contributing to cellular damage. Hence, the

- maintenance of redox hemostasis is essential. Naringenin (NAR) is a flavonoid included in the
Redox mechanisms . . . . .
Oxidative stress flavanones subcategory. Various pharmacological actions have been ascribable to this phyto-
Antioxidant chemical composition, including antioxidant, anti-inflammatory, antibacterial, antiviral, anti-
tumor, antiadipogenic, neuro-, and cardio-protective activities. This review focused on the
underlying mechanism responsible for the antioxidative stress properties of NAR and its’ nano-
formulations. Several lines of in vitro and in vivo investigations suggest the effects of NAR and its
nanoformulation on their target cells via modulating signaling pathways. These nanoformulations
include nanoemulsion, nanocarriers, solid lipid nanoparticles (SLN), and nanomicelle. This re-
view also highlights several beneficial health effects of NAR nanoformulations on human diseases
including brain disorders, cancer, rheumatoid arthritis, and small intestine injuries. Employing
nanoformulation can improve the pharmacokinetic properties of NAR and consequently efficiency
by reducing its limitations, such as low bioavailability. The protective effects of NAR and its’
nanoformulations against oxidative stress may be linked to the modulation of Nrf2-heme oxy-
genase-1, NO/cGMP/potassium channel, COX-2, NF-kB, AMPK/SIRT3, PI3K/Akt/mTOR, BDNF,
NOX, and LOX-1 pathways. Understanding the mechanism behind the protective effects of NAR
can facilitate drug development for the treatment of oxidative stress-related disorders.

Nanotechnology

1. Introduction

The oxidative stress state is caused by an imbalance of oxygen reactive species (ROS; also called free radicals) and the intrinsic
antioxidant defenses. The main members of the ROS family include free radicals of superoxide radicals (O3) and hydroxyl radicals
(*OH) as well as non-radicals of singlet oxygen (102 and hydrogen peroxide (H205)) [1,2]. Several sources of ROS have been identified
in the cell including xanthine oxidase (XO), cytochrome P450, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX),
mitochondrial electron transport chain, and uncoupling of nitric oxide synthase (NOS) [3]. ROS is also produced by arachidonic acid
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metabolism by lipoxygenases and cyclooxygenases (COX) [4]. Inflammation, ischemia, activation of immune cells, infection, cancer,
intense exercise, and aging are the main endogenous sources of ROS. The exogenous sources of ROS include exposures to environ-
mental pollutants, toxic metals (e.g., mercury, arsenic, copper lead, and cadmium), alcohol consumption, ultraviolet radiation, and
cigarette smoking [2].

Under physiological states, ROS act as cell signaling molecules for normal cellular processes such as protein phosphorylation, cell
differentiation, apoptosis, and activation of multiple transcriptional factors such as nuclear factor kappa B (NF-kB) transcriptional
activity [2,5]. However, overproduction of ROS can induce oxidative stress and damage proteins, lipids, and DNA, which if unrepaired,
results in cell death [6].

To prevent the deleterious impacts of ROS, cells have developed several defense strategies that include (a) the production of
enzymatic antioxidant defense molecules including catalase (CAT), glutathione peroxidase (GPx), and superoxide dismutase (SOD) (b)
generation of non-enzymatic reducing molecules such as glutathione, vitamins A, C, and E [7]. Failure of these antioxidant defenses to
properly neutralize ROS may lead to disease development.

A large body of evidence indicates that oxidative stress is a leading contributing factor in the development and progression of a
variety of diseases including heart disease, neurodegenerative diseases (e.g. Parkinson’s disease (PD), and Alzheimer’s disease (AD)),
cancers [8,9], and gastrointestinal diseases [10].

Interestingly, some epidemiological reports have shown an inverse correlation between flavonoid consumption and oxidation
status [11-14]. Flavonoids are naturally found in vegetables, fruits, and nuts, as well as in beverages such as tea, green tea, coffee, and
red wine. These phytochemicals have several pharmacological activities, such as antioxidant, anticancer, anti-allergic, antimicrobial,
and anti-inflammatory activity [15]. Flavonoids are classified into flavonols, flavones, isoflavones, flavanones, catechins, and
anthocyanidins [15].

NAR, chemically named 2,3-dihydro-5,7- dihydroxy-2-(4- hydroxyphenyl)-4H-1-benzopyran-4-one, is part of the flavanones and
can be found in large amounts in fruits such as grapefruit and oranges as well as vegetables. NAR is also included in tomatoes in low
concentrations. Tomato skin contains NAR chalcone, which is altered to NAR during processing into tomato ketchup [16]. NAR has
been used in cosmetic, perfumery, and pharmaceutical products. According to preclinical and clinical studies, NAR possesses a wide
range of biological and pharmacological effects such as antioxidant, anti-inflammatory, immunomodulatory, anti-carcinogenic,
anti-fibrogenic, nephro- and hepatoprotective properties [17-21]. Previous studies also support the benefits of NAR in the treat-
ment of cancer, osteoporosis, and cardiovascular diseases. As well, NAR possesses lipid-lowering and insulin-like characteristics [15].

During the past decades, the body of evidence suggested that NAR may lower the risk of chronic diseases such as neurodegenerative
diseases, cardiovascular diseases, and cancer [22], due to its anti-oxidant potential [18-20]. The flavonoid structure of NAR is
responsible for its antioxidant activity. There are two main objectives in this review. First, to highlight the molecular mechanisms
related to the antioxidant function of NAR, focusing on the issue of oxidative stress. At the end of this part, it will be determined by
what mechanisms NAR plays a role in human health. The second is the study of nanoformulations of NAR. The study of nano-
formulations of this compound is important from the point of view that it is known what kind of materials have been evaluated to make
this compound nano, it is also known how the effects of each nanoformulation have been in modifying the properties of NAR. It should
be noted that this review only presents findings from studies that have investigated the applications of NAR and its nanoformulations in
diseases related to oxidative stress in vitro and in vivo.

2. Methodology

A literature search in PubMed, Scopus, ScienceDirect, and Google Scholar based on key words was mostly conducted in title,
abstract, and key words to find relevant English language articles. The search was last performed in February 2023. Our search strategy
covered terms related to nano-based formulation systems, ‘naringenin’ and ‘oxidative stress’ in one section. In the second section of the
study, the terms ‘naringenin’, ‘oxidative stress’, ‘molecular mechanism’, and ‘signaling’ were considered. In the first step, the authors
consisted of critically reading titles, keywords, and abstracts. In the second step, the full texts of the selected articles in the first step
were assessed. The inclusion criteria were:

@ The study must include an in vitro or in vivo tests.
@ The study must use naringenin for the treatment (as a nanosystem or free naringenin).
@ The article must be in English.

Reviews, systematic reviews, observational studies, case reports, opinion papers, surveys, or letters were excluded.
3. Targeting oxidative stress in diseases

A wide range of evidence indicates that oxidative stress is involved, with varying degrees of importance, in the development and/or
progression of multiple pathologies including metabolic disorders, cardiovascular diseases, diabetes, atherosclerosis, and cancer [23].

Free radicals, especially ROS, are well known to induce all forms of DNA damage, including base and sugar damage, base-free sites,
and DNA-protein crosslinks. These oxidative DNA damages have been reported to be responsible for cancer onset [24-26]. Chronic
inflammatory events, tobacco smoking, and exposure to air pollutants can enhance oxidative DNA damage, which in turn may
contribute to an overall enhancement in cancer rates [24,27,28]. Lifestyle factors such as dietary fat intake have also been demon-
strated to be associated with oxidative stress by increasing lipid peroxidation and thereby could play a significant role in tumor
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development [29,30]. In this regard, a significant relationship between dietary fat intake and cancer mortality rate has been reported
in previous studies [29,30].

Cardiovascular diseases are a group of clinical phenotypes that are associated with many risk factors including high blood pressure,
high cholesterol, unhealthy dietary patterns, and diabetes mellitus [31-33]. Stress oxidative is suggested to be a major cause of many
cardiovascular diseases [34]. Oxidative stress in particular has been shown to trigger atherosclerosis, which is considered the principal
etiopathogenic mechanism of cardiovascular diseases [35]. Findings from both ex vivo and in vivo studies have also reported the role of
oxidative stress in the pathogenesis of congestive heart failure, hypertension, cardiomyopathy, and cardiac hypertrophy [29,31-33].

Oxidative stress has also been implicated in the pathogenesis of multiple neurological disorders including amyotrophic lateral
sclerosis, depression, memory deficits, PD, AD, and multiple sclerosis [36-39] Oxidative stress particularly has been demonstrated to
induce the production of f-amyloid, the key peptide in the pathogenesis of AD, in the brain and thereby contribute, at least partly, to
neurodegeneration seen in AD and the progression to dementia [38,39].

Oxidative stress is also linked to respiratory diseases, presumably in part through increasing inflammatory responses in the lungs
[40,41]. A role of free radicals has also been shown in both onset and progression of rheumatoid arthritis and a protective and sup-
portive role of antioxidant supplementation has been reported in patients with rheumatoid arthritis [42].

A relationship between oxidative stress and kidney diseases has been demonstrated in prior studies, mainly due to the role of
aberrant ROS generation in inducing inflammatory responses resulting in further renal tissue injury and the development and pro-
gression of kidney disease. Moreover, it has been reported that certain drugs including gentamicin, tacrolimus, bleomycin, and
cyclosporine have a high potential for nephrotoxicity mostly by enhancing oxidative stress through lipid peroxidation [43-46]. Also,
heavy metals (e.g., mercury, arsenic, copper lead, and cadmium), which are strong sources of oxidative stress, have been shown to
contribute to nephropathy [47].

Oxidative stress was also found to delay puberty onset in rats and adolescents [48,49], contribute to the pathogenesis of different
gastrointestinal diseases (e.g., inflammatory bowel disease, gastrointestinal cancers, and peptic ulcers) [50], and play a role in
metabolic syndrome development both in humans [51,52] and in animals [53]. Importantly, chronic liver diseases have proved to be
marked by elevated oxidative stress, irrespective of the cause of the liver disease [54].

Overall, these data show that oxidative stress is generally harmful to human health, and especially could be responsible for the
development and/or progression of several diseases including cancer, cardiovascular, neurological, respiratory, kidney, metabolic
syndrome, and liver diseases. Therefore, the use of natural flavonoid antioxidants including NAR might be beneficial in preventing,
managing, or treating these human diseases.

4. Physicochemical and pharmacokinetic properties of NAR

NAR has a molecular weight of 272.26. The chemical formulation of NAR is C;5H;205 (Fig. 1). This bioactive compound is obtained
from the hydrolysis of glycone forms of flavanone, such as naringin or narirutin [55]. Naringin is responsible for the bitter taste of
grapefruit [55]. The bioavailability of NAR is low due to the broad degradation. Previous works have suggested a great pre-systemic
gut flora metabolism, resulting in a wide range of degradation products (i.e., phenolic acids) [56,57]. As well, several researchers have
detected NAR in human urine and plasma after oral intakes of grapefruit juice or pure naringin [58-62]. Because of the lipophilic
nature of NAR, probably it accumulates within tissues in concentrations more than those detected in the plasma. This accumulation
would most probably appear in organs such as the liver and intestine [63]. Its metabolism effect was also examined in male endurance
athletes [64]. In this trial, orange juice was fed before and after 7 days of physical activity ending and the renal excretion of phenolic
metabolites was determined. The authors found that the bioavailability in endurance athletes was lower in comparison with
less-trained persons.

In addition to body metabolic rate and enzymatic degradation, the pharmacologic benefit of an active compound also relies on the
extent of absorption or bioavailability, after consumption. Chemically, NAR is lipophilic in nature and almost insoluble in water, and
soluble in organic solvents. In addition to extensive degradation, the major challenge in the clinical development of NAR is the low
aqueous solubility and thus, the low permeability and the poor oral bioavailability (approximately 5.81 %) [65]. This drawback has led
to several studies trying to develop strategies to increase its bioavailability [66-68].

OH

Fig. 1. The chemical name of 2,3-dihydro-5,7- dihydroxy-2-(4- hydroxyphenyl)-4H-1-benzopyran-4-one has been known as naringenin.
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5. Nanotechnology for delivery of NAR

Nano-formulations are commonly developed for a wide variety of applications in the biomedical area such as specific analyte
detection [69-71], specific disorder diagnosis [72], targeted delivery and co-delivery of therapeutic agents [73], efflux pump
circumvention [74,75] as well as preventing embedded drugs’ enzymatic degradation, adjusted drug release, improving pharmaco-
kinetics, and enhancing the wound-healing efficacy [76,77]. Accordingly, nanotechnology is the vanguard for the improvement of the
solubility and bioavailability of aqueous insoluble drugs/compounds. It has been reported that the solubility and bioavailability of
NAR nano-formulations are improved versus the normal form of NAR [78]. Consequently, when NAR is inserted in a nano system, it
presents more antioxidant activity.

Many nanoformulations have been employed for NAR delivery. Among these, NAR -loaded polymeric nanoparticles [79-81],
lipid-based-drug-delivery-systems such as SLNs [67,82] and liposomes [66], micro- and nano-emulsions [83], have been previously
prepared to enhance oral bioavailability of NAR. Fig. 2 demonstrates some prepared nanoformulations of NAR. However, the main
trouble for nanoparticle applications in the clinic is their safety and risks to health. Hence, it is obligatory to study and search for new
nanoparticles to address their toxicity concern before clinical applications. A combination of botanical medicine with nanoization
techniques has been widely used because of its being more eco-friendly as well as enhancement of safety and reduction of toxicity and
side effects [84].

6. NAR nanoformulations with anti-oxidative stress properties and protective effects against metal toxicity

In recent years the combination of herbal medicine and nanotechnology has attracted quickly growing considerations and many
researchers have become interested in this area. Based on multiple biological activities of NAR, it has been potentially suggested for
reducing the risk of diverse diseases and advancing human health. Hence, different kinds of NAR nanoformulations have been
developed (Fig. 3).

A prooxidant environment is involved in the pathologic process of various diseases through sustaining oxidative modifications of
cellular molecules including nuclear and mitochondrial DNA, proteins, and lipids. An imbalance between the antioxidant defense
system and the production of free radicals leads to increased ROS and consequently tissue damage. Oxidative damage results in
diabetes mellitus, coronary heart disease, rheumatoid arthritis, and aging [85]. Changes at the level of the cellular redox system
including glutathione S-transferase (GST), glutathione peroxidase (GPx), catalase, and superoxide dismutase (SOD) are considered as

0
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Fig. 2. Illustration of various nanoformulations of naringenin.
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Fig. 3. Some applications of naringenin nanoformulations in alleviating diverse diseases.

remarkable mechanisms of oxidative stress. Finding antioxidants’ mechanism of action has significant importance in the management
of these diseases.

A wide variety of research studies evidenced that ROS has a major role in tumor initiation, promotion, and progression [86]. In this
context, hydroxyl radicals attack DNA molecules resulting in damage and mutation of DNA, as well as altered signaling pathways due
to damage to purine and pyrimidine bases. Moreover, 8-OH deoxyguanosine (8-OHdG) can be produced during ROS generation which
directly leads to a rise in mutagenesis [87].

NAR exhibited antioxidant activity previously relying on their radical-scavenging properties and the upregulation of endogenous
antioxidant enzymes [88,89]. Also, according to the fact that cells with a higher growth rate are more sensitive to radiation, cancer
cells possess diverse degrees of radiosensitization. It has been shown that polyphenolic compounds such as curcumin and NAR induce a
moderate radiosensitization effect [90-92]. In addition, magnetic nanoparticles (MNPs) exhibit strong antioxidant activity and free
radical-scavenging properties, due to electron transfer from the Fe*2/Fet3 systems of iron oxide nanoparticles [93]. In the work by
Askar et al., in 2021 two natural polyphenols curcumin and NAR were loaded in dextran-coated magnetic nanoparticles (CUR--
NAR-D-MNPs) and used as a radiosensitizer and chemotherapeutic agent to improve the effectiveness of curcumin-NAR in treating
tumors [94]. Dextran is a water-soluble polysaccharide that can decrease the saturation magnetization of magnetic nanoparticles,
thereby decreasing their cytotoxicity and increasing their biocompatibility [95]. In the HeLa cell line, curcumin and NAR co-delivery
indicated an inhibitory effect on cell proliferation while increasing apoptosis which may be due to the generation of ROS. This
formulation is speculated to improve the cellular uptake and thereby higher accumulation of nanoparticles (NPs) inside the cancer cell.
Further experiments revealed that oral administration of CUR-NAR-D-MNPs to breast cancer-bearing rats was associated with reduced
tumor volume and cell cycle arrest possibly through modulation of P53high, P21high, TNF-low, CD44low, and ROS-high signaling
[94].

It has been reported that heavy metal toxicity such as cadmium (Cd) toxicity is primarily ascribed to the oxidative damage to
cellular organelles via ROS production [96]. The current therapeutic strategy in metal toxicities is the use of chelators, antioxidants,
and phytocompounds [97]. For example, treatment of a mouse model of AD with naringin (30 and 60 mg/kg/day, 4 weeks) markedly
reduced amyloid-beta plaque formation in the cornu ammonis (CA1, CA3), and dentate gyrus areas of the hippocampus in part via its
strong iron chelation capacity [98]. Naringin also could chelate iron and protect cells against free radical damage in vitro [99]. The
effect of NAR and its nanosized form (n-NAR) on Cd toxicity in Nile tilapia was also studied [100]. Cd-induced oxidative stress was
confirmed by a noticeable increase in the hepatic levels of malondialdehyde (MDA) and heat shock protein 70 (HSP70) as well as
modulation of antioxidant enzymes including catalase (CAT), and superoxide dismutase (SOD). The results showed that the treatment
with n-NAR was successful in the Cd concentration reduction both in the liver and kidneys, while the bulk NAR was efficient only in the
kidneys. Flavonoids and particularly NAR are active metal chelators that can reduce the Cd concentration with a displacement of metal
cofactors and/or Cd binding with enzymes [13,18]. This study revealed that Cd induces oxidative stress in the fish via enhancing ROS
production and enhancing lipid peroxidation as evidenced by a fantastic increase in the hepatic MDA and HSP70 levels in the liver as
well as altered activity of the main antioxidant enzymes, CAT and SOD in the liver and kidneys. Due to the presence of the 4-hydroxyl
group in the p-ring, NAR possesses the electron-donating property and can effectively scavenge free radicals, thereby inhibiting the
peroxidation of membrane lipids [101]. As well, the lipophilic nature of NAR causes its adherence to the cell membrane thus hindering
the free radicals from attacking the membrane [18]. Here, the biosynthesis of metallothionein-2 (MT-2) in the liver has been increased
in response to Cd accumulation to shield the cells against toxification. Treatment with both bulk NAR and n-NAR significantly reduced
the hepatic MT-2 levels. Treating with both bulk and nano NAR decreases the MDA concentration significantly in comparison to the
untreated group. Treatment with n-NAR and bulk NAR significantly altered the CAT and SOD activity in comparison to the untreated
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group in the liver and kidney. A significant reduction in the HSP70 level was observed in the n-NAR-treated group. However, bulk NAR
couldn’t significantly reduce the HSP70 concentration. This proved that the efficacy of antioxidant activity is remarkably different
between bulk and nano forms of NAR. This finding is in agreement with the previous study of the use of bulk NAR to reduce the MDA
level [102].

Oxidative stress has been also found to contribute to the progression of non-steroidal anti-inflammatory drug (NSAID)-induced
gastrointestinal cell apoptosis. It has been reported that the persistent consumption of NSAIDs such as aspirin and indomethacin can
harm the small intestine [103] and oxidative stress is a potential mechanism beyond NSAID-induced small intestine wounds [104,
105]. Because of the high potential of NAR for repressing ROS, in a research performed by Wang et al. (2020), the novel self-assembling
nanomicelle based on Rebaudioside-A and NAR were prepared (RA-NAR) and orally administered for assessment of the therapeutic
efficacy [106]. After the administration of RA-NAR to rats, an increase in the area under the curve and an increase in maximum
concentration were observed compared to the bulk NAR. The tissue distribution assessments further demonstrated that RA-NAR could
effectively increase the NAR concentration in all tested intestinal segments. These findings prove that the nanomicellizing of NAR
improved its bioavailability. As well, this study proved that RA-NAR is suitable for treating intestinal diseases because of the highly
concentrated distribution of RA-NAR in the intestines. The oral administration of RA-NAR to mouse model showed that RA-NAR could
efficiently protect against small intestine injuries induced by indomethacin by inhibiting pro-inflammatory cytokines and oxidative
stress. In this investigation, the level of MDA, as a free-radical-induced lipid peroxidation marker, and SOD and GPx, as markers for the
antioxidant defense system, was evaluated. Higher amounts of MDA and much lower amounts of GPx and SOD were observed in
indomethacin-treated mice. In contrast, the results show that the treatment with RA-NAR significantly corrected the SOD, GPx, and
MDA levels relative to Rebaudioside-A- and bulk NAR-treated small intestine injury groups. Further experiments showed a significant
increase in the IL-1p and IL-6 mRNA expression in indomethacin-treated tissue. The treatment rank order for the IL-1p mRNA
expression was RA-NAR > bulk NAR > Rebaudioside-A > roxatidine, while for the IL-6 mRNA expression, it was RA-NAR >
Rebaudioside-A > bulk NAR = roxatidine. Thus, it has been inferred that RA-NAR protects against indomethacin-induced small in-
testine injury via the suppression of ROS and inflammation.

The other NAR nanoformulation is a nanohybrid constructed by conjugation of chitosan-cellulose hydrogel with r-Histidine which
contains zinc oxide NPs and NAR [107]. The studies on this system revealed the significant antimicrobial activity of the hydrogel
against Staphylococcus aureus and Trichophyton rubrum strains. The improvement in cytotoxicity was exhibited by NAR-loaded hydrogel
nanohybrid towards A431 cells with ICsy value which was about sixteen-fold lower than that of the bulk NAR. Thus, the present
formulation possesses remarkable antibacterial and anticancer potential because of the synergic effect exhibited by 1-Histidine, zinc
oxide NPs, and NAR as well as sustained drug release behavior.

The chitosan NPs can protect the drug embedded from enzymatic degradation [108]. Accordingly, chitosan NP encapsulated NAR
(CSNPs/NAR) was synthesized and its antioxidant and free radical scavenging activity was evaluated [109]. According to the results,
CSNPs/NAR demonstrated a greater nitrate, 1,1- diphenyl-2-picrylhydrazyl (DPPH), and hydroxyl radical scavenging relative to bulk
NAR. This result is ascribed to the sustained and prolonged release of NAR [110]. Thus, the rate of NAR release is considered an
important parameter in developing a nanoformulation for NAR. Furthermore, the release of NAR from CSNPs/NAR in the simulated
gastric fluid was found to be about only 15 %. The cell viability assay showed cytotoxic effects of CS-NPs/NAR against A549 lung
cancer cells, while it had no significant effect on the viability of fibroblast 3T3 cells.

Stem cell therapy has attracted rapidly growing attention as a potential therapy for ischemic stroke. However, the major obstacle in
stem cell therapy is the low survival rate of transplanted cells [111-113]. In the study by Anas Ahmad et al. (2018) [114], the pro-
tective effects of NAR-loaded gelatin, and coated with polycaprolactone NPs (NAR@GEL-PCL NPs) were evaluated using ischemia-like
conditions created by oxygen glucose-deprivation of human mesenchymal stem cells (hMSCs). Due to its strong anti-inflammatory and
antioxidant effects, NAR was suggested as a therapeutic agent in neurological disorders. Neuronal oxidative stress is closely related to
nitric oxide (NO) generated by the activation of neuronal nitric oxide synthase (nNOS). NO reacts with O to produce peroxynitrite
(ONOO), a strong oxidant of proteins and lipids. Also, increasing evidence showed that COX2 expression is associated with the
oxidative stress-induced generation of prostaglandins thus, aggravating the ischemic pathogenesis. The aforementioned study revealed
that the protein expression of COX2 and iNOS significantly was increased in the oxygen-glucose deprived (OGD)-insulted hMSC group
relative to the control group. It was found that treatment with NAR@GEL-PCL NPs significantly decreased the level of COX2 and iNOS
as compared to the untreated group. Meanwhile, blank NPs couldn’t alter the expression of any of the aforementioned proteins. During
the inflammation process, monocytes, macrophages, and neutrophils produce myeloperoxidase which in turn produces hypochlorous
acid and generates radicals that exacerbate oxidative stress and tissue injury [115]. Here, treatment with NAR@GEL-PCL NPs
significantly decreased the myeloperoxidase activity versus the untreated group, indicating the NAR anti-inflammatory effects asso-
ciated with the decreased generation of free radicals and oxidative stress. Hence, the results of this study support the idea that
NAR@GEL-PCL NPs were able to maintain cellular morphology.

Rheumatoid arthritis is a common inflammatory and autoimmune disease of joints without any permanent cure. Oxidative stress
produced within an inflammatory joint can trigger autoimmune phenomena and destruction of connective tissue in rheumatoid sy-
novitis (Free radicals in inflammation: second messengers and mediators of tissue destruction). It has been suggested that ROS
generated inside the joints may contribute markedly to the pathogenesis of arthritis since they are capable of degrading matrix
components by both direct action and indirect activation of latent collagenases [116]. In the study by Adil Munir, (2021) [81], NAR
was loaded in lipid-based nanocarriers including stearic acid, stearic-lauric, and lecithin-chitosan. In this research, oral administration
of the nanoparticles (40 mg/kg) to a rat model of arthritis induced by complete Freund’s adjuvant was associated with improvement of
histopathological changes in live and joint tissues. Meanwhile, the NAR-loaded lipid NPs significantly restored the liver and kidney
function parameters including aspartate aminotransferase (AST), alanine transaminase (ALT), alkaline phosphatase (ALP), bilirubin,
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and creatinine compared to the untreated group. These findings may be ascribed to the antioxidant effect of the NAR. Therefore,
lipid-based nanoformulation of NAR exerted a hepatoprotective effect as well as an enhanced therapeutic response for a rheumatoid
arthritis remedy.

NAR may have the potential for the treatment of brain ischemic disease. The blood-brain barrier plays an important role in brain
homeostasis by controlling the diffusion of various ions and molecules. Hence, it is regarded as one of the major barriers to delivering
drugs to the brain. Different properties of the NP itself might have a central role in the successful blood-brain barrier crossing, such as
size and charge. Hence, to improve the blood-brain barrier crossing, the NPs’ surface needs to be modified [117]. On the other hand,
oxidative stress is a characteristic of cerebral ischemia. ROS and reactive nitrogen species (RNS) cause cell death in vascular cells, glial
cells, and neurons, as well as neurological recovery disorders after stroke [118].

Antioxidants are useful organ-protective materials and because of their chemical nature, crossing the blood-brain barrier is a major
challenge. For the improvement of NAR bioavailability in the brain for the treatment of cerebral ischemia, a kind of NAR-loaded
nanoemulsion was prepared which was then converted into a thermosensitive-mucoadhesive gel using chitosan [83]. The
UHPLC-ESI-Q-TOF-MS/MS method was used to measure the pharmacokinetic parameters in the brain as well as plasma and to estimate
the cerebral ischemic parameters such as antioxidant activity and the safety/toxicity of the gel after intranasal administration in the
cerebral ischemic rats. The area under the Curve (AUCy 24p) of plasma & brain was calculated to be ~995.60 and ~5600.99 (ng.
min/ml.g). No morphological changes were observed in the microstructure of the nasal mucosa and brain. Due to the lipid nature of the
brain membranes, they are susceptible to ROS attacks. Any change in biochemical reactions as a result of oxidative stress can affect
ischemic brain damage. During ischemia-reperfusion condition, excess production of free radicals resulted in the reduction in the
glutathione (GSH) concentration which is reliant on the enzyme’s activity like SOD, GPx, and glutathione reductase (GR) as reported
by Khuwaja et al. (2011) [119]. Accordingly, ROS overproduction with subsequent depletion of antioxidant capacity leads to a
remarkable increase in lipid peroxidation and threatens neuronal survival. The results of this study showed that it was observed that
when NAR-gel formulation had been given prophylactically before the cerebral ischemia, significant SOD activity was exhibited in
comparison with the cerebral ischemic group. Therefore, intranasal delivery of NAR-gel formulation can enhance the bioavailability of
NAR in the brain of cerebral ischemic rats and then reduce lipid peroxidation and oxidative stress through scavenging the free radicals,
leading to improving the neurobehavioral activity.

Although the deep insight into the role of ROS in autism spectrum disorders (ASD) is yet to be uncovered, it is covered that the
antioxidant status in patients with ASD is reduced. This indicates that the pathology of ASD is closely related to the over-production of
oxidative species and/or wrong antioxidant metabolism. In the blood of persons with ASD, increased levels of several oxidative stress
markers were observed. Oxidative stress markers are strongly correlated with cellular injury and severe mitochondrial dysfunction in
the pathophysiology of autism [120]. In another study related to ASD, the nano-formulated NAR was used to study its effect on ASD
[121]. At first, NAR was coated with GSH or tween 80 (NAR- GSH or NAR-T80) and then was loaded into poly (lactic-co-glycolic acid)
NPs (NAR- GSH@PLGA or NAR-T80@PLGA). The uncoated formulation was also prepared (NAR@PLGA). The effect of different NAR
formulations on lipid peroxidation (LPO) was evaluated in a rat model of ASD. As a result, LPO was considerably increased in the brains
of ASD rats as compared to the untreated group. Treatment with uncoated and coated formulations resulted in a significant decrease in
LPO levels as compared to bulk NAR. However, only coated NPs showed a significant reduction in comparison to the group treated with
minocycline the standard medication. The levels of GSH, SOD, and CAT were found to be significantly reduced in the brains of ASD rats
versus untreated animals. In contrast, treatment with coated formulations promoted a significant increase in the levels of GSH, SOD,
and CAT in the brain of treated rats in comparison to those treated with uncoated NPs, bulk NAR, and minocycline. Furthermore, GSH
and SOD levels were enhanced more after the treatment with NAR-GSH@PLGA NPs as compared to NAR-T8O@PLGA NPs. The un-
coated formulation was more effective than bulk NAR and minocycline. It can be concluded that coated formulations are more
powerful than other formulations probably due to enhanced brain uptake. The proximal part of Kreb’s cycle and electron transport
chain was disrupted in ASD rats’ brains, as well as a decrease in ATP production [122]. The disruption of metabolic pathways promotes
ROS production resulting in the release of pro-inflammatory cytokines, matrix metallopeptidase 9, HSP-70, and activation of the NF-xB
pathway. NAR-TSO@PLGA NPs exhibited a greater reduction in brain levels of TNF-a in comparison to bulk NAR, the standard
medication as well as uncoated and NAR-GSH@PLGA NPs. Furthermore, the coated formulations were more effective in the reduction
of matrix metallopeptidase 9 and HSP-70 levels, in comparison to other formulations. Therefore, the administration of the coated NAR
attenuated oxidative stress and neuroinflammation.

Studies highlight the role of oxidative stress in the degeneration of dopaminergic neurons in PD. Oxidative and nitrative damage to
vital intracellular structures in the PD substantia nigra. PD-causing gene products including PINK1, alpha-synuclein, DJ-1, parkin, and
LRRK2 also affect mitochondrial function in complicated ways and lead to worsening of ROS generation and susceptibility to oxidative
stress. In addition, oxidative stress affects cellular homeostatic processes including the mitophagy and ubiquitin-proteasome system. It
is clear that the interplay between these various mechanisms contributes to neurodegeneration in PD as a feed-forward scenario where
primary insults lead to oxidative stress, which damages key cellular pathogenetic proteins that in turn cause more ROS production.
Animal models of PD have yielded some mechanisms by which oxidative stress contributes to PD. Currently, available treatment for PD
manages clinical symptoms but does not stop disease progression. A study conducted by Mani et al. (2021) [123] investigated the
probable protective effects of NAR in a rat model of PD induced by rotenone. To increase NAR bioavailability in the brain, NAR-loaded
SLN (NAR-SLN) was used. SLN is one of the nontoxic and efficient drug delivery nonovehicles that can offer sustained drug release as
well as an increase in the bioavailability of drugs with poor absorption. A behavioral assessment was performed to evaluate muscle
coordination and locomotor ability. Both NAR and NAR-SLN treatment groups indicated significantly good muscular coordination
compared to the rotenone group. The locomotor score was significantly reduced in the rotenone-treated rats in comparison with the
untreated group which may be linked to attenuating oxidative stress. Similarly, treatment with both NAR and NAR-SLN improved the
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locomotor score as compared to the rotenone-treated rats. According to the biochemical parameters including SOD, GSH, and CAT in
the brain homogenates, the group treated with NAR-SLN formulation exhibited significantly improved redox hemostasis compared to
other treatment groups. These findings revealed the antioxidative properties of NAR. A significant reduction in LPO level in the group
treated with NAR-SLN obviously indicated that the ROS formed by rotenone is negated by the formulation. The histopathological study
conducted on the substantia nigra region showed neurodegeneration as protein aggregation in the rotenone-treated rats. The treatment
with NAR-SLN was associated with greater protection as indicated by the lack/no damage to neurons. These findings proved the
neuroprotective potential of NAR-SLN nanoformulation across the blood-brain barrier.

Similarly, in a work by Gaba et al., in 2019 [124], vitamin E and NAR were loaded in a nanoemulsion and used for treatment
through intranasal delivery in a PD-like rat model. The nanoemulsion was shown to possess greater DPPH scavenging activity and
antioxidant potential relative to ascorbic acid (as a standard antioxidant) and the bulk NAR solution. This may be due to the synergistic
effect of the NAR and vitamin E. Pharmacokinetic study revealed that NAR concentration in the brain following intranasal admin-
istration of NAR nanoemulsion was extensively elevated in comparison to the NAR solution. Also, the AUC of the brain concentration
of NAR nanoemulsion was remarkably greater than that of the NAR solution. This better NAR brain delivery of NAR nanoemulsion may
be ascribed to the fact that the nasal mucosa provides more permeation for the drug to reach to brain. In addition, the small size and
subsequently larger surface area of the nanoemulsion offer better interaction between the drug and the cells followed by more drug
uptake via the nasal mucosa. More importantly, the half-life time of NAR via NAR nanoemulsion in both blood and brain was
calculated to be considerably longer than the NAR solution. From the behavioral activities point of view, both NAR nanoemulsion and
NAR nanoemulsion along with orally administrated levodopa showed marked improvement in the narrow beam maze test, muscular
coordination test, forced swimming test, and Akinesia test. This finding is probably owing to the antioxidant effect of NAR which
finally resulted in the reversion of PD symptoms. NAR nanoemulsion showed no significant difference in the grip strength test in
comparison with the control group (treated with normal saline via the intranasal route). The NAR nanoemulsion-treated group showed
a slight increase in the GSH concentration as well as a considerable increase in the levels of SOD when compared to the control group;
however, the rats were treated simultaneously with levodopa and NAR nanoemulsion together showed a significantly higher GSH and
SOD levels. The group treated with a combination of levodopa and NAR nanoemulsion showed significantly lower MDA content in

Table 1
In vivo applications of NAR nanoformulations in the treatment of different disorders.

Dose of administration Naringenin formulation Disorder type Results Reference

10.0 mg kg! (Intranasal) Poloxamer-Chitosan-based Cerebral Pre-treatment with NAR decreases the systemicside ~ [83]
Naringenin nanoemulsion Ischemia effects

25 mg/kg (Orally for 29 days) uncoated and coated Autism Spectrum  Post-treatment with NAR restores the behavioral [121]
(glutathione & tween 80) Disorders and biochemical deficits
naringenin-loaded PLGA
nanoparticles

40 mg/kg (Orally for 28 days) NAR-loaded lipid NPs including ~ Rheumatoid Post-treatment with NAR reduces the RAfactor, key ~ [81]
stearic arthritis inflammatory markers, and joint damage

acid, stearic-lauric, and lecithin-
chitosan nanocarriers

50 mg/kg (This DS model predicts =~ NAR-loaded SLN of glycerol Parkinson’s Pre-treatment with NAR-loaded SLN can exert [123]
blood-brain barrier monostearate disease neuroprotective effects,
penetration upon oral
Administration)
0.72 mg/kg/day (Intranasal) Naringenin nanoemulsion Parkinson’s Post-treatment with NAR-NE along with levodopa [124]
disease was successful by evaluation of muscle
coordination, grip strength, and enhancing
swimming activity.
1 mg/kg of NPs (thrice per week curcumin-NAR loaded dextran- Breast cancer - marked regression of the tumor and- marked [94]
for 8 weeks, gastric intubation) ~ coated magnetic NPs necrosis of the neoplastic cells via Post-treatment
with NPs
fish were Naringenin NPs Metal-induced in comparison to the Cd-exposed group, Post- [100]
exposed to waterborne oxidative stress treatment with NPs cause:
nanonaringenin at dose of 3 - decreased MDA level
ppm - reduced catalase activity
- decreased SOD activity
- reduced metallothionein level
- decreased HSP70 level
90 mg/kg of nanomicelle (Orally) Rebaudioside A-based small intestine Post-treatment with nanomicelles causes: [106]

naringenin self-assembling
nanomicelle

injuries

- decreasing spleen weight to normal levels

- improved the small intestine length and alleviated
the intestinal lesions to the normal-health mice
levels

- inhibited the intestinal ulceration and
inflammatory cell infiltration and preserved

the villi

- fully corrected the SOD and MDA levels

- partially corrected the GPx levels
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comparison to the control group. It should be noted that the combination of levodopa and NAR nanoemulsion is more effective than
both levodopa and NAR nanoemulsion alone, but the differences are not statistically significant. The potential benefits of NAR
nanoformulations in the treatment of different disorders using in vivo experiments have been summarized in Table 1.

7. Safety evaluation of NAR nanoformulations

Gera and coworkers determined the MG-63 cell viability by exposing the cells to different concentrations (0.15-10 pg/mL) of free
NAR, NAR nanosuspension, and blank nanosuspension. Results depicted that there was no considerable alteration in the proliferation
with the NAR nanosuspension group as compared to the free NAR group except at 10 ug/mL concentration. In this concentration, the
viability was more than 75 % in the presence of NAR nanosuspension, while it was less than 50 % in the presence of free NAR [125]. In
the other study, the safety of free NAR and polylactic acid/polyvinyl alcohol-NAR NP was evaluated in Caco-2 cell lines by exposing the
cells to different concentrations of the samples (5, 10, 20, 40, 60, 80, and 100 pg/mL of NAR). There were no substantial changes in the
proliferation of the cells with both free and nanoform of the NAR compared to the control group and cell viability was more than 98 %
in all concentrations [126]. These two studies revealed that the safety dose of both free NAR and its nanoformulations is crucially
cell-based. The type of cell line determines the safe dose of NAR administration. Polyvinylpyrrolidone is suitable for producing
complexes with low water-soluble drugs and increasing their aqueous solubility. This is why the self-assembled nano-complexes of
polyvinylpyrrolidone and NAR were prepared (PVP-NAR) and used for developing a kind of ophthalmic solution [127]. An in vitro
artificial membrane permeability assay proved that the membrane permeation of PVP-NAR nanocomplexes was 10.3-fold of bulk NAR
after 3.5 h. The in vivo topical administration also confirmed the higher concentration of NAR in aqueous humor and iris ciliary body
for PVP-NAR nanocomplex rather than bulk NAR. The PVP-NAR nanocomplex exhibited significantly improved antioxidant activity
compared to the bulk NAR using 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) free radical scavenging assay, although
the bulk NAR also demonstrated relatively good ABTS radical scavenging activity. The PVP-NAR nanocomplexes greatly improved the
NAR solubility and thereby ocular bioavailability, as well as antioxidative activity. So, all these parameters together could strengthen
the pharmacological activities of the NAR nanocomplex. The other study also evaluated the safety of a kind of NAR polymer nano-
particles. Acute and sub-acute toxicity of bulk NAR and the polylactic acid/polyvinyl alcohol-NAR NPs (PLA/PVA-NAR) was evaluated
[128]. The histological assay of various organs (brain, liver, kidney, lungs, heart, and intestine) in both studies revealed no dangerous
effect arising from NAR and PLA/PVA- NAR. As well, biochemical parameters and the level of hepatic antioxidant enzyme activity such
as CAT, SOD, GR, and GPx as well as GSH, and total antioxidant capacity were not affected by the treatment with NAR and PLA/PVA-
NAR in comparison to control animals. These results revealed that the NAR and its nanoformulation did not induce toxicity which has
negative impacts on our health. It should be noted that this study didn’t induce any diseases before or after NAR therapy. It would be
better if this study induces a kind of disease after NAR therapy and compares the resistance level of the control and NAR-treated
animals against catching the disease, as reported by other studies [83,123], or similar to other works, at first, the disease is
induced, and then the NAR therapy is begun [81,121]. However, according to the findings obtained from various studies, it can be
concluded that NAR most likely has the ability to potentially reinforce the antioxidant defense system, which subsequently protects the
human body so that it is less prone to various diseases. In the other study, a kind of sunscreen cream containing polymeric NPs of NAR
was developed for its photo-protective and antioxidant effects [129]. Cytotoxicity evaluation in HaCaT cells indicated no cytotoxicity.
UV transmittance through sunscreen creams and calculation of certain parameters were used for the determination of the sun pro-
tection factor (SPF) of the NAR cream. The as-prepared cream containing NAR NPs showed the highest SPF value, considerable skin
retention, and negligible skin permeation of NAR in comparison with other cream formulations with bulk NAR due to containing NPs
rather than the bulk drug. Likely, the sustained release of NAR from NPs causes longer skin retention. It should be noted that great skin
retention of the drug is a requirement for sunscreens. In addition, the free radical scavenging activity of the curcumin (as standard),
NAR, and NAR NPs was determined using ABTS free radical scavenging. The ICs value of curcumin, NAR, and NAR NPs was measured
as 12.33, 14.78, and 15.44 pg/mL, respectively. Comparatively lower activity of NAR in its nanoparticulate form may be due to the
slow release of NAR into the environs because of the polymeric coat. From the free radical scavenging point of view, the different
results reported by chitosan NP encapsulated NAR. Table 2 summarizes the safety of NAR nanoformulations.

Table 2
Safety and inflammation studies of naringenin nanoformulations.
Dose and route of administration Naringenin formulation Results Reference
5 mg/mL NAR (intraocular for ocular  polyvinylpyrrolidone K-17PF-NAR strong anti-inflammatory effect [127]
abnormality) nanocomplex
Acute toxicity doses (5, 50, 300 mg/  PLA/PVA-NAR NPs Acute and subacute toxicity: [128]
kg, oral) - no sign of morbidity and mortality
Sub-acute doses (10, 50, 100 mg/kg, - No effect on hematological and serum biochemical parameters
oral) and hepatic antioxidant status

- no hazardous histological effect at the cellular level on various
organs (brain, liver, kidney, lungs, heart, and intestine)
1 pg of NAR/cm? area of the back NAR-PLGA-PVA polymeric NPs loaded  appreciable skin retention of naringenin after 4 h as a Photo- [129]
portion of rats (4 h, Topical) in sunscreen cream protective agent
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8. NAR and oxidative stress in clinical trials

Preclinical studies using mouse models have already shown the different properties of NAR such as anti-inflammatory, antioxidant,
anti-cancer, neuroprotective effects, and so on. Despite the large number of experimental animal and in vitro studies [130], there are
only a few clinical studies on the biological impacts of NAR [131], mostly due to chemical instability and the presence of limited data
on the pharmacokinetic properties of NAR [132]. A protective impact of flavonoids especially NAR on cardiovascular risk factors has
been shown in some clinical trials, presumably in part through its antioxidant actions. For example, naringin (a NAR glycoside)
supplementation (400 mg/capsule/day for 8 weeks) was shown to reduce plasma total cholesterol and low-density lipoprotein
cholesterol levels and augment antioxidant defense, through enhancing the activity of antioxidant enzymes SOD and CAT, in hy-
percholesterolemic subjects [133]. Conversely, Demonty et al. (2010) showed that naringin (500 mg capsule/day for 4 weeks) did not
affect total cholesterol or low-density lipoprotein cholesterol in moderately hypercholesterolemic individuals [134]. Although this
divergence should be evaluated more deeply, however, a potential source of this heterogeneity may be the duration of treatment. A
clinical trial evaluated the effect of 200 mL of orange juice intake (3 times daily) on mild hypercholesterolemic men for 4 weeks [135].
Results indicated a tendency towards a decrease in endothelial dysfunction, and a small increase in plasma apoA-I level accompanied
by a substantial antioxidant effect in male volunteers. In another study, supplementation with orange juice (500 mL/day) for 8 weeks
resulted in reductions in the serum concentrations of total cholesterol and LDL-cholesterol, elevated liver enzyme AST, inflammatory
responses, and oxidative stress parameters in patients with chronic hepatitis C receiving antiviral therapy [136]. In addition to
duration-dependent, the beneficial effect of NAR on cardiovascular risk factors appears to be dose-dependent. For instance, a
double-blind, cross-over study compared the antihypertensive effect of naringin between patients with stage I hypertension receiving
500 mL/day of a fruit juice containing 593 pM naringin and patients receiving lower concentration of naringin (143 pM) for 5 weeks.
Results showed a substantial reduction in systolic blood pressure in both groups, whereas diastolic blood pressure was more effectively
diminished in patients receiving high doses of naringin [137].

The antioxidant effect of NAR also may at least partly contribute to weight management. For example, a double-blinded, ran-
domized, placebo-controlled clinical trial showed that supplementation with polyphenolic citrus dry extract (Sinetrol-XPur), con-
taining nearly 20 % of naringin, for 12 weeks twice daily with meals attenuated waist and hip circumference, abdominal fat, and body
weight accompanied by a reduction in inflammatory markers (C-reactive protein and fibrinogen) and oxidative stress parameters (a
decrease in MDA content as well as an increase in the antioxidants GSH and SOD) in healthy overweight subjects [138]. Table 3
highlights a summary of clinical studies on the antioxidant effects of NAR/naringin in different diseases.

9. Role of NAR in the regulation of cellular defense systems against oxidative stress

Although there is an abundance of studies demonstrating that NAR may have antioxidant effects, it is necessary to attempt to fully
elucidate the molecular mechanisms via which NAR protects against multiple diseases by attenuating oxidative stress. Table 4
highlights a summary of previous reports on the antioxidant effects of NAR/naringin in different diseases.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is considered a master regulator of neutralizing cellular ROS [139]. A large

Table 3
Summary of clinical studies on antioxidant effects of naringenin/naringin in different diseases.
Administration route/duration Naringenin/Naringin dose Disorder type Protection Reference
Naringin (consumed as capsule) daily ~ 400 mg Hypercholesterolemic Diminished plasma total cholesterol by 14  [133]
for a period of 8 weeks subjects % and low-density lipoprotein cholesterol

levels by 17 %. Naringin treatment
increased antioxidant defense through
enhancing SOD and CAT activities, while
GPx activity and plasma TBARS levels
remained unaffected.
Orange juice intake, 3 times daily, for =~ 200 mL Mild hypercholesterolemic A tendency towards a decrease in [135]
4 weeks. men endothelial dysfunction, and a small
increase in plasma apoA-I level, a
substantial antioxidant effect in mild
hypercholesterolemic men

Orange juice daily for 8 weeks 500 mL Patients with chronic Reductions in the serum concentrations of ~ [136]
hepatitis C receiving total cholesterol and LDL-cholesterol,
antiviral therapy elevated liver enzyme AST, inflammation,

and oxidative stress parameters in the
patients [25].

Supplementation with the Each capsule contains 450 Healthy overweight Reductions in waist and hip [138]
polyphenolic citrus dry extract mg of the dry extract. subjects circumference, abdominal fat, body
(Sinetrol-XPur), containing Subjects received 180 weight, inflammatory markers (C-reactive
nearly 20 % of naringin, twice Sinetrol-XPur capsules, with protein and fibrinogen), and oxidative
daily consumed as a capsule for 2 capsules per day (900 mg). stress parameters (a decrease in MDA
12 weeks content as well as an increase in the

antioxidants GSH and SOD) in healthy
overweight subjects [100].
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Table 4
Summary of previous studies (in vivo/in vitro) on antioxidant effects of naringenin/naringin in different diseases.
Administration route/duration Naringenin/ Disorder type Protection Reference
Naringin dose
Naringenin, gavage 50 mg/kg Lead acetate-induced liver injury Restored MDA, and antioxidant activity in the liver, [102]
in male rats but it was not enough against the lead acetate-induced
hepatic injury
Naringenin, in vitro 25-100 pM Hyperglycemia-induced liver A significant reduction in a hyperglycemia-induced [143]
injury decrease in the liver cell viability (in the cell line
change liver) in a dose-dependent manner.
- Invivo, male Wistar rats, Orally [143]
for 56 days 60 mg/kg Hyperglycemia-induced liver Reduction in hepatic oxidative stress and Nrf2 protein
injury expression in liver
Naringin for a month, 30 and 60 mg/  Iron-overloaded mice A significant reduction in Ap plaque numbers in CA1, [98]
intraperitoneally kg/day CA3, and dentate gyrus regions of the hippocampus
Naringenin, orally, for 28 days 20 or 50 mg/ Arsenic-induced hepatotoxic and Restored the activities of serum biomarkers and [192]
kg/day nephrotoxic in rats antioxidant enzymes in the hepatic and renal tissues
in a dose-dependent manner.
Naringenin, in vitro study 40 pM A cellular model of senescent A reduction in cellular senescence markers via [193]
myocardial cells (induced by attenuating oxidative damage and improving
exposing the cells to H202) mitochondrial metabolic activity
Naringenin pre-treatment orally 50 mg/kg Superoxide anion-induced - Inhibition of overt pain-like behavior [142]
in mice inflammatory pain - Inhibition of mechanical hyperalgesia, thermal
hyperalgesia, and myeloperoxidase activity
- Inhibition of oxidative stress
- Inhibition of cytokine production and mRNA
expression
- Inhibition of COX-2 mRNA expression
- Increased expression of Nrf2/heme oxygenase-1
mRNA
Oral gavage of naringenin inrat 100 mg/kg Benzo[a]pyrene-induced lung - Attenuation of the levels of oxidative stress by [153]
toxicity restoring antioxidant enzymes - Improved lung
histological damage and a significant decrease in
inflammatory responses.
Naringenin, intraperitoneally 25, 50, 100 Obesity-associated hypertension in ~ Treatment with naringenin at doses of 50 and 100 [194]
mg/kg the rat mg/kg ameliorated obesity-associated hypertension
by reducing serum MDA and NO and enhancing serum
SOD and GSH as well as by regulating lipid disorder
Naringenin orally to rats for 7 50 mg kg Myocardial ischemia-reperfusion Reduction in the infarction size and myocardial [162]
days apoptosis index by suppressing mitochondrial
oxidative stress damage and increasing mitochondrial
biogenesis
Naringenin, in vitro 80 pmol L H9c2 cardiomyoblasts subjected to ~ Naringenin caused a profound cytoprotective effect [162]
simulated ischemia-reperfusion against cell apoptosis by inhibiting mitochondrial
treatment oxidative stress damage
Naringenin in combination with 50 mg/kg Cadmium-induced oxidative Improvement in the altered biochemical and [186]
vitamins C and E orally for hepatotoxicity in rats histopathological changes in the liver
28 days
Naringenin, Orally, for 21days 50 mg/kg Nicotine-induced hepatic oxidative =~ Recovery of altered TBARS (thiobarbituric acid [195]
stress in young rats reactive substances) levels and GPx, GR, and
glutathione S-transferase activity
Post-treatment and pre- 50 mg/kg Lambda-cyhalothrin (a synthetic Both post-treatment and pre-treatment significantly [190]
treatment with naringenin pyrethroid insecticide)-induced improved hepatotoxicity and oxidative stress in rat
orally for 21 consecutive livers, although pretreatment was found to be more
days effective in improving liver injury
Post-treatment and pre- 10 mg/kg Doxorubicin-induced hepatic Both post-treatment and pre-treatment increased [191]
treatment with naringin, oxidative stress in mice antioxidants and decreased the doxorubicin-induced
intraperitoneally lipid peroxidation, but the effect of naringin
pretreatment was more effective than its post-
treatment.
Naringin, intraperitoneally 5 mg/kg and Testicular ischemia-reperfusion Protection against testicular ischemic/reperfusion [196]
10 mg/kg induced oxidative stress in rat injury by a significant decrease in MDA levels and an
increase in the levels of SOD and CAT (at higher
doses)
H202-induced oxidative stress in - Reduction in apoptotic cell death and lipid [144]

Naringenin pre-treatment, in
vitro

cultured cardiomyoblast
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peroxidation

Increase in the level of GSH

- Reduction in production of NO

- Synthesis of antioxidant markers enzymes

- Upregulation of Akt and Nrf2

Downregulation of NF-kB and Caspase 3 genes

(continued on next page)
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Administration route/duration Naringenin/ Disorder type Protection Reference
Naringin dose
Naringenin, oral gavage, for 4 50 mg/kg Phthalates-induced testis damage Prevented histopathological damage by reducing [197]
weeks in rat oxidative stress
Naringin, orally, for 4 weeks 100 mg/kg High-Cholesterol Diet-Induced Improvement in endothelium dysfunction in [182]
Vascular Dysfunction and hypercholesterolaemic rats by reducing oxidative
Oxidative Stress in Rats stress partially via downregulation of LOX-1 and NOX
Naringin for 16 weeks, injection ~ 100 and 200 Streptozoticin-induced diabetic Improvement in cognitive decline caused by [180]
into the caudal vein mg/kg rats streptozotocin-induced diabetic rats
- Reducing oxidative stress and proinflammatory
through upregulation of PPARy
Naringenin, orally 50 mg/kg Streptozotocin-induced diabetic - Reducing oxidative stress [171]
rats - Reducing neuronal damage in the retina of
streptozotocin-induced diabetic rats
- Increase in BDNF expression and its receptor in the
retina of diabetic rats
Naringenin, in vitro study 0.4 pmol/L amyloid beta-induced oxidative Naringenin protected adrenal pheochromocytoma [168]
injury of adrenal (PC12) cells from amyloid beta-induced oxidative
pheochromocytoma cells injury, reduced ROS production through activating
estrogen receptors and PI3K/Akt signaling pathway
Naringenin, for 4 weeks starting 25, 50, 100 Streptozotocin-induced diabetic A considerable reduction in neuropathic pain in [141]
from the 5th week of mg/kg rats diabetic rats.
streptozotocin injection, It decreased the diabetic condition and alleviated
orally neuropathic pain via modulation of oxidative-
Naringenin in combination nitrosative stress, inflammatory responses, and
with insulin inhibition of matrix metalloproteinases in diabetic
rats
Naringenin, intraperitoneally 50 mg/kg, i.p. Social defeat stress-induced Naringenin protected against neurobehavioral [198]
neurobehavioral impairments in derangements induced by social defeat stress in mice
mice reduced oxidative stress (significantly decreased brain
level of MDA while increasing antioxidant GSH
content) and released pro-inflammatory cytokines
Naringenin, orally 25, 50, 100 methyl-4-phenyl-1, 2, 3, 6-tetra- protected dopaminergic neurons in the substantia [199]
mg/kg hydropyridine (MPTP)-induced nigra and striatal regions against damage caused by

oxidative stress in mice

MPTP in mice possibly in part via suppressing

oxidative stress.

number of studies demonstrated the antioxidant properties of NAR. In this context, a previous study showed the protective effects of
NAR against superoxide anion donor (KOs; a common form of ROS)-induced inflammatory pain in mice, in part, via upregulating Nrf2
and heme oxygenase-1. Heme oxygenase-1 is an enzyme catalyzing oxidative degradation of cellular heme to liberate free iron and
up-regulate antioxidant enzymes like SOD [140]. This suggests that modulation of oxidative stress by NR might be a novel strategy to
manage chronic pain, supported by the study indicating that treatment with NAR (25, 50, 100 mg/kg) for 4 weeks starting from the 5th
week of streptozotocin injection (for the induction of diabetes in rats) substantially and dose-dependently reduced neuropathic pain in
diabetic rats. Interestingly, in this study, insulin treatment in combination with NAR diminished the diabetic condition and alleviated
neuropathic pain in part via modulation of oxidative-nitrosative stress in diabetic rats [141]. Based on the experimental evidence,
up-regulation of Nrf2 mRNA expression was shown to result in the activation of the nitric oxide (NO)—cGMP—PKG—potassium channel
signaling, mediating antioxidant effects of NAR [142]. By contrast, in another study, NAR was found to exert protective effects against
liver oxidative damage in diabetic rats compared with control rats by preventing an increase in the expression of Nrf2. Given the
antioxidant effect of Nrf2, a reduction in the Nrf2 expression following treatment with NAR may reduce activation of the transcription
of antioxidant enzyme systems and thereby relieve the oxidative burden caused by diabetes in rats. Instead, NAR possibly exerts
antioxidant action directly due to its OH which has a high affinity for ROS. NAR thereby may allow the recovery and restoration of the
antioxidant capacity diminished by diabetes [143]. In confirmation of an Nrf2 role in mediating antioxidant actions of NAR, NAR
pre-treatment was shown to significantly decrease oxidative stress in cultured cardiomyoblast as indicated by a reduction in NO
production and an increase in the synthesis of antioxidant marker enzymes. This protective effect of NAR against oxidative stress in
cultured cardiomyoblast cells was exerted via activating Nrf2 signaling [144]. In neurons isolated from the brains of rats exposed to
hypoxia, NAR administration (80 pM) could decrease oxidative stress and improve mitochondrial dysfunction by activating the
Nrf2/antioxidant response element signaling pathway in neurons [145].

Previous studies have indicated a relationship between Nrf2 and NF-kB under states of oxidative stress [146]. Abrogation of Nrf2
has been shown to enhance NF-kB activity resulting in increased cytokine generation, while NF-kB modulates Nrf2 activity. However,
NF-kB has also been reported to antagonize the Nrf2/antioxidant response element pathway [147]. NF-kB thereby may enhance
susceptibility to oxidative stress. In addition, it has been suggested that the early phase of oxidative stress can activate the NF-xB
pathway but persistent oxidative stress is associated with a reduction in NF-kB activity [146]. In this context, NAR pre-treatment
upregulated Nrf2 target genes and protein kinase B (Akt) and downregulated NF-kB accompanied by a marked reduction in oxida-
tive stress in cultured cardiomyoblasts [144].

NAR was also suggested to exert antioxidant properties by targeting COX-2. Activation of the COX pathway may result in oxidative
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stress [148]. Generally, there are two distinct isoforms of COX: COX-1 and COX-2. The enzymes COX-1 and COX-2, also known as
prostaglandin-endoperoxide synthase 1 and 2, catalyze the first steps of the synthesis of prostanoids (i.e. PGs, thromboxanes, and
prostacyclins) by converting arachidonic acid into prostaglandin H2. COX-1 is expressed in most tissues and considered a house-
keeping enzyme, while COX-2 is expressed by inflammatory cells and is responsible for the synthesis of inflammatory mediators [148].
ROS such as superoxide can stimulate inflammatory responses such as the expression of COX-2 [149]. Interestingly, COX-2 has been
reported to be an important source of superoxide under certain pathological states such as vascular disease in diabetes and hyper-
tension [150-152]. NAR has been shown to protect against superoxide anion donor KOs-induced inflammatory pain in mice partially
by exerting antioxidant effects possibly through downregulating COX-2 [142]. Moreover, NAR protected against benzo[a]pyrene (B[al]
P)-induced oxidative stress and lung damage in rats by decreasing the expression of COX-2 and NF-kB and restoring antioxidant en-
zymes in lung tissue [153].

Sustained oxidative stress can cause protein misfolding and consequently cellular apoptosis [154]. The unfolded protein response is
an essential adaptive mechanism in response to protein misfolding in the endoplasmic reticulum to maintain cell survival and function
[155]. Heat shock proteins have been shown to induce the unfolded protein response in the endoplasmic reticulum, thereby inhibiting
apoptosis, and inflammation [156]. Heat shock proteins assist in the folding of newly synthesized proteins or prohibit protein mis-
folding and aggregation [157]. NAR, particularly its nanoformulation, was shown to significantly increase HSP70 levels in the gills of
Nile tilapia accompanied by a reversal in cadmium-induced oxidative stress in the liver, shown by a reduction in the hepatic MDA
levels [100]. HSP70 has been shown to enhance levels of the antioxidant enzyme, GSH, and reduce levels of oxidants (superoxide
anion) in cardiac tissue accompanied by improvement of cardiovascular function in rats [158]. In addition to HSP70, NAR was also
found to markedly enhance metallothionein in the liver of Nile tilapia and reduce cadmium-induced oxidative stress in the liver [100].
Metallothioneins are cysteine-rich and heavy metal-binding proteins and have been shown to participate in a variety of protective
stress responses including cell protection against free radicals [159]. Hence, an increase in hepatic metallothionein and HSP70
following NAR treatment may in part contribute to the protective effect of NAR against cadmium-induced oxidative stress in Nile
tilapia, Oreochromis niloticus.

Mitochondria are the main source of cellular ROS and play a key role in apoptosis. Enhancing mitochondrial biogenesis has been
shown to protect against mitochondrial apoptotic cell death through attenuating caspase-dependent and caspase-independent
signaling pathways [160]. Interestingly, an increase in sirtuin-3 (SIRT3) and AMP-activated protein kinase (AMPK) was found to
be associated with mitochondrial biogenesis in cardiomyocytes isolated from neonatal mice [161]. These findings support the idea that
the compounds activating the AMPK-SIRT3 signaling pathway may exert protective effects against sepsis-induced cardiomyopathy
[161,162]. In this respect, evidence from in vivo and in vitro experiments has shown that NAR (50 mg/kg orally to rats for 7 days in vivo
and 80 pmol/L in vitro) ameliorates mitochondrial disruption and subsequent mitochondrial oxidative injury during myocardial
ischemia-reperfusion via AMPK-SIRT3 signaling pathway [162]. These data may suggest a possible involvement of the AMPK-SIRT3
signaling pathway in the antioxidant impact of NAR.

In addition to SIRT3, SIRT1 also appears to play an important role in the antioxidant effect of NAR. SIRT1 is a protein that is
expressed throughout the body including in the liver, heart, and muscle [163] and its overexpression in mouse cardiac muscle has been
reported to protect the heart from oxidative stress and ameliorate age-related cardiac hypertrophy [164]. Moreover, a reduction in the
levels of SIRT1 or SIRT3 has been shown to increase ROS production during ischemia/reperfusion stress in an aging heart [165]. SIRT1
is also known to be the cause of modern skin cell aging and its activation has been shown to modulate several cellular proteins such as
NF-xB [166]. In the skin, NAR has been shown to regulate the activity of SIRT1, which in turn may reduce oxidative stress-induced skin
cellular senescence [167].

Phosphoinositide 3-kinase (PI3K)-AKT-mammalian target of rapamycin (mTOR) pathway has been shown to be frequently dys-
regulated in lung cancer. Changes in the expression levels of the PI3K/Akt/mTOR pathway were detected in mice with lung cancer
compared to normal control mice [167]. NAR was found to significantly inhibit this pathway by suppressing oxidative stress and
improving the antioxidant parameters such as SOD and myeloperoxidase [167]. NAR (0.4 pmol/L) was also shown to protect adrenal
pheochromocytoma cells from amyloid beta-induced oxidative injury by attenuating ROS production through activating estrogen
receptors and PI3K/Akt signaling pathway [168]. This study suggests a relationship between NAR therapeutic effects and estrogen
receptors, which are clinically important in patients with breast cancer and are thought to play an important role in the development of
breast cancer [169].

Brain-derived neurotrophic factor (BDNF) was suggested as another target mediating the antioxidant effect of NAR, BDNF is an
essential molecule involved in neuronal survival and growth [170]. Oxidative stress is thought to be a major contributing factor in the
initiation of neuronal damage in the diabetic retina and the development of diabetic retinopathy. Oral administration of NAR (50
mg/kg/day) has been reported to attenuate neuronal damage in the retina of streptozotocin-induced diabetic rats via increasing levels
of BDNF and its receptor in the retina accompanied by a reduction in oxidative stress [171]. NAR (10, 25, and 50 mg/kg, intra-
peritonally) was also found to alleviate depressive- and anxiety-like behaviors in mice exposed to hypoxic stress by reducing oxidative
stress-provoked inflammatory responses through modifying NF-kB and BDNF expression [172]. The role of BDNF in reducing oxidative
stress could be supported by the study indicating that BDNF-deficient mice were more vulnerable to stress-induced oxidative damage
compared to wild-type stress mice [173]. These data suggest a preventive role of NAR antioxidants in treating mood disorders, at least
in part, through modulating the levels of BDNF, which has been shown to play a principal role in the pathophysiology of mood dis-
orders [174].

NAR was also suggested to attenuate oxidative stress by targeting chemokine CCL2. Chemokine CCL2 is an important chemokine
that is involved in pro-inflammatory responses. It has also been shown to activate a respiratory burst that results in excess ROS
production [175]. In this regard, intraperitoneal injection of naringin for 3 consecutive days was shown to ameliorate chemokine
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CCL2-induced cognitive impairment in rats, at least partially, through attenuating oxidative stress in the hippocampus, an important
brain area involved in learning and memory [176].

Another possible molecule mediating the antioxidant effect of NAR may be peroxisome-proliferator activator receptor y (PPARYy).
PPARs (i.e. PPARa, PPARy, and PPAR (/8) are a family of ligand-activated nuclear receptor transcription factors that particularly
regulate the expression and function of genes implicated in inflammation energy and homeostasis [177]. Increasing evidence indicates
that PPARYy is involved in the oxidative stress response. For example, natural endogenous PPARy ligands such as oxidized lipids and
prostaglandin J2 [178] are generated during oxidative stress and inflammation. PPARy, however, does not act alone and has been
suggested to be at the interconnection point of multiple pathways involved in oxidative stress including the Nrf2, Wnt/p-catenin, and
forkhead box proteins O (FOXO) pathways [177]. Moreover, neuroinflammation is known to be associated with oxidative stress [179].
In this respect, naringin administration (100 and 200 mg/kg; for 16 weeks) improved cognitive decline (assessed using the Morris
water maze test) in streptozoticin (50 mg/kg)-induced diabetic rats accompanied by attenuating oxidative stress and proinflammatory
through activating the PPARy signaling pathway [180].

Other molecules involved in antioxidant actions may be NOX enzymes and lectin-like oxidized low-density lipoprotein receptor-1
(LOX-1). NOXs are electron-transporting membrane proteins and their primary function is to produce ROS [181]. NAR (100 mg/kg;
orally for 4 weeks) administration was found to alleviate endothelium dysfunction in hypercholesterolaemic rats, in part, via
downregulation of NOX [182]. LOX-1 is a receptor for oxidized low-density lipoprotein which plays an essential role in several signal
transduction pathways and is implicated in oxidative stress and inflammation [183]. Naringin treatment has also been demonstrated to
improve endothelium dysfunction (which has a substantial role in the pathogenesis of cardiovascular disorders [184]) in hyper-
cholesterolaemic rats, at least partly, by attenuating oxidative stress through downregulating LOX-1 [137]. The possible molecular
mechanisms involved in the antioxidant properties of NAR are illustrated in Fig. 4.

Together these data suggest that NAR administration may be beneficial for treating various diseases in part by modulating oxidative
stress via different mechanisms. Nevertheless, the findings from some studies are conflicting. For example, NAR (50 mg/kg by oro-
gastric gavage) was shown to restore MDA level and antioxidant activity in the liver following lead acetate-hepatic damage in male
rats, but, it was not enough against the lead acetate-induced hepatic injury [102]. Also, NAR consumption (30, 60, or 120 mg/kg) for 6
weeks increased the activity of NAD(P)H: quinone oxidoreductase-1 (an antioxidant flavoprotein) in the liver of rats under oxidative
stress caused by deficient amounts of vitamin E and selenium, but this impact was not strong enough to protect against oxidative stress
[185]. In contrast, NAR supplementation (50 mg/kg, orally) with a combination of vitamins C and E for 28 days more substantially
improved cadmium-induced oxidative stress and hepatic injury in rats than the NAR or vitamins C and E treatment alone [186]. In this
respect, the antioxidant activity of vitamins C and E may potentiate the NAR effect in the detoxification of cadmium in rat liver.
However, prooxidant impacts of NAR have also been reported [187]. This divergence could arise from the limited information on the
role of NAR in vivo, where both its antioxidant and prooxidant properties may be influenced by metabolism and conjugative enzymes
[188,189].

Some studies have assessed the efficiency of pre-treatment and post-treatment with NAR against the toxic effects of different agents
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Fig. 4. The possible molecular mechanisms involved in the antioxidant properties of NAR. HSP70: Heat shock protein 70; NOX: Nicotinamide
adenine dinucleotide phosphate oxidase; NO: Nitric oxide; COX-2: Cyclooxygenase 2; NF-kB: Nuclear factor kappa B; HO-1: Heme oxygenase-1;
BDNF: Brain-derived neurotrophic factor; LOX-1: Lectin-like oxidized low-density lipoprotein receptor-1; CCL2: Chemokine C-C motif ligand 2;
mTOR: Mammalian target of rapamycin; PI3K: Phosphoinositide 3-kinase; PPAR-y: Peroxisome proliferator-activated receptor gamma; Nrf2: Nu-
clear factor erythroid 2-related factor 2; PKG: Protein kinase G.
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and found more efficiency of NAR pre-treatment in these studies. For instance, both post-treatment and pre-treatment with NAR (50
mg/kg) significantly improved Lambda-cyhalothrin (a synthetic pyrethroid insecticide)-induced liver damage and oxidative stress in
rat’s liver, although pre-treatment was found to be more effective in alleviating Lambda-cyhalothrin-induced hepatotoxicity [190].
Also, Treatment with naringin (10 mg/kg) before or after doxorubicin treatment significantly decreased doxorubicin-induced
oxidative stress in the liver of mice, with naringin pre-treatment that was more effective in attenuating the oxidative stress caused
by doxorubicin [191]. Overall, these data suggest that the protective effect of NAR antioxidant supplements depends on different
factors including the dose of NAR used, duration of NAR administration, singly or in combination, and disease stage of NAR
administration.

10. Conclusions and future perspectives

During the last decade, NAR has been suggested as a potential therapeutic agent in a variety of diseases due to its antioxidant, anti-
inflammatory, immunomodulatory, and anti-cancer activities that provided a material basis for its application in health promotion.
NAR possesses direct or indirect antioxidant activity. The indirect antioxidant activity involves the removal of ROS by SOD, CAT, and
GSH, whereas the direct antioxidant activity of NAR is attributed to its iron chelation activity. This direct antioxidant activity of NAR,
under certain pathological conditions, may relieve the cellular oxidative burden and recover antioxidant capacity decreased by the
disease by preventing the transcription of genes involved in the antioxidant defense system.

One limitation we faced in writing this review article was the lack of sufficient clinical evidence, which can substantially restrict the
therapeutic uses of NAR. Thus, there is a need to perform larger and sufficiently strong clinical trials in this direction to demonstrate
the adequate efficacy and safety of this flavonoid for future therapeutic uses. From a long-term safety point of view, there is a need for
long-term safety studies to ensure the broader acceptance and use of NAR, especially in different populations or demographic groups.
As well, encouraging interdisciplinary research to explore NAR’s impact across a broader spectrum of health conditions and under-
stand its interaction with other substances or treatments is necessary. In addition, the potential global health implications of NAR,
especially in low-resource settings or in addressing widespread health issues like oxidative stress-related diseases should be expanded.
Another limitation was that many studies included in this review article lack molecular studies including evaluation of the gene and
protein expression of the antioxidant enzymes following NAR supplementation. Thus, further research is required to validate the
preliminary findings acquired from these studies using molecular techniques. The molecular signaling pathways Nrf2, antioxidant
response element, heme oxygenase-1, NO—cGMP—PKG—potassium channel, COX-2, NF-kB, heat shock protein 70, SIRT1, AMPK-
SIRT3, PI3K/Akt/mTOR, BDNF, chemokine CCL2, and NOX, LOX-1 pathways might be implicated in NAR-mediated protection
against oxidative stress. Furthermore, the safety evaluations are regarded as key steps to accelerating the development of NAR as a
functional food. Future treatment approaches for diseases in which oxidative stress plays an important role lie in a deeper under-
standing of the free radical biology of these diseases including altered signaling induced by aberrant ROS generation.

Here, we evaluated the different applications of NAR nanoformulations with a focus on antioxidant properties and related mo-
lecular pathways. The novel formulations and improving pharmacokinetic properties may enhance the therapeutic efficacy of NAR.
However, there are still many other nanoformulations that can be developed to circumvent the disadvantages of NAR, such as
nanofibers, nano-spray, nanovesicles, liposomes, hydrogel, and nanogel, etc. It is worth mentioning that it is still unclear which
concentration would be enough to prevent damage by oxidative stress in different diseases. Hence, further pharmacokinetic studies are
required for the determination of the adequate dose. The findings of the literature review showed that the kind of nanoformulation
affects the rate of NAR release, and the NAR release also has a direct effect on the free radical scavenging activity of NAR nano-
formulations. We hope that more research will be done to develop the NAR nanoformulations using FDA-approved materials to reach
the optimal drug loading and release profile. From the point of view of potential new applications, it should be noted that the re-
searchers should explore other applications for NAR according to its antioxidant properties. For example, its potential can be explored
in stem cell survival and differentiation, tissue engineering, wound healing, etc. This review article may help the researcher to disclose
the area of using flavonoid antioxidants to overcome the adverse effects of diseases in which oxidative stress plays a role in their
pathogenesis.
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Abbreviations

NAR Naringenin

NP Nanoparticle

PLGA Poly (lactic-co-glycolic acid)
MDA Malondialdehyde

PLA Polylactic acid

PVA Polyvinyl alcohol

SOD Superoxide dismutase
HSP70 Heat shock protein 70

SLN Solid lipid nanoparticle
MNP Magnetic nanoparticle

ROS Reactive oxygen species

Cd Cadmium

CAT Catalase

MT-2 Metallothionein-2

NSAID  Nonsteroidal anti-inflammatory drugs
GPx Glutathione peroxidase
GSH Glutathione

GR Glutathione reductase

ASD Autism spectrum disorders
LPO Lipid peroxidation

AST Aspartate aminotransferase
ALT Alanine transaminase

ALP Alkaline phosphatase

PD Parkinson’s disease

AD Alzheimer’s disease

H202 Hydrogen peroxide

NOX Nicotinamide adenine dinucleotide phosphate oxidase
NOS Nitric oxide synthase

COX Cyclooxygenase

NF-kB  Nuclear factor kappa B
AMPK  AMP-activated protein kinase

NO

SIRT
PI3K

Nitric oxide
Sirtuin
Phosphoinositide 3-kinase

mTOR  Mammalian target of rapamycin

BDNF

Brain-derived neurotrophic factor

LOX-1  Lectin-like oxidized low-density lipoprotein receptor-1
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