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Abstract
The exploration of targeted therapy has proven to be a highly promising avenue in the realm of drug development 
research. The human body generates a substantial amount of free radicals during metabolic processes, and if not 
promptly eliminated, these free radicals can lead to oxidative stress, disrupting homeostasis and potentially contribut-
ing to chronic diseases and cancers. Before the development of contemporary medicine with synthetic pharmaceuticals 
and antioxidants, there was a long-standing practice of employing raw, natural ingredients to cure a variety of illnesses. 
This practice persisted even after the active antioxidant molecules were known. The ability of natural antioxidants to 
neutralise excess free radicals in the human body and so prevent and cure a wide range of illnesses. The term "natural 
antioxidant" refers to compounds derived from plants or other living organisms that have the ability to control the pro-
duction of free radicals, scavenge them, stop free radical-mediated chain reactions, and prevent lipid peroxidation. These 
compounds have a strong potential to inhibit oxidative stress. Phytochemicals (antioxidants) derived from plants, such 
as polyphenols, carotenoids, vitamins, and others, are central to the discussion of natural antioxidants. Not only may 
these chemicals increase endogenous antioxidant defenses, affect communication cascades, and control gene expres-
sion, but they have also shown strong free radical scavenging properties. This study comprehensively summarizes the 
primary classes of natural antioxidants found in different plant and animal source that contribute to the prevention and 
treatment of diseases. Additionally, it outlines the research progress and outlines future development prospects. These 
discoveries not only establish a theoretical groundwork for pharmacological development but also present inventive 
ideas for addressing challenges in medical treatment.
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AMPK  Adenosine monophosphate-activated protein kinase
AMPK:  Adenosine monophosphate-activated protein kinase
BACH1  Bacillus amyloliquefaciens H 1
CAT   Catalase
CVDs  Cardio vascular diseases
COX-2  Cyclooxygenase-2
CCoAOMT  Caffeoyl coenzyme A O-methyltransferase
DHA  Docosahexaenoic acid
DPPH  2,2-Diphenyl-1-picrylhydrazyl
EPA  Eicosapentaenoic acid
GSHPx  Glutathione peroxidase
GSH  Glutathione
GBSA calculations  Generalised born and surface area solvation
GalLDH  L-galactono-1,4-lactone dehydrogenase
GMPase  GDP-D-mannose pyrophosphorylase
HDL  High-density lipoprotein
KRAS  Driven lung cancer metastasis Kirsten rat sarcoma viral oncogene homolog.
LDL  Low-density lipoproteins
MAPK  Mitogen-activated protein kinase
ML  Machine learning
MS  Multiple sclerosis
NAC  N-acetylcysteine
NFκB  Nuclear factor kappa B
NQO1  NAD(P)H dehydrogenase [quinone] 1
Nrf2  Nuclear factor erythroid 2-related factor 2
ORAC   Oxygen radical absorbance capacity
PD  Parkinson’s disease
PI3K  Phosphoinositide 3-kinase
PKC  Protein kinase C
ROS  Reactive oxygen species
RNS  Reactive nitrogen species
SFN  Sulforaphane
SIRT-1  Sirtuin (silent mating type information regulation 2 homolog) 1 (S. cerevisiae)
SIRT-CVS  Short interval resveratrol trial in cardiovascular surgery
SOD  Superoxide dismutase
VEGF  Vascular endothelial growth factor
WHO  World health organization

1  Introduction to targeted antioxidant natural products

Antioxidants are compounds that impede or suppress free radical reactions, thereby retarding or preventing cellular 
damage. While the specifics of antioxidant defenses vary among different species, the universal presence of antioxidant 
defenses is noteworthy. These defenses manifest in both enzymatic and non-enzymatic forms, existing in both the intra-
cellular and extracellular environments. Natural antioxidants, derived from plants and other living organisms, possess 
significant potential to counteract oxidative stress. They achieve this by regulating the formation of free radicals and 
scavenging them. Additionally, they disrupt the chain reactions initiated by free radicals and prevent the lipid peroxida-
tion [1].Consequently, these natural antioxidants have the ability to restore cellular homeostasis, effectively balancing 
irregular oxidative stress. As a result, they can mitigate the harmful effects of various oxidative stress-induced pathologi-
cal conditions [2].The historical use of crude natural plant products to address diverse diseases has been a longstanding 
practice for thousands of years. This tradition predates the advent of modern medicine and synthetic drugs, regardless 
of whether the active antioxidant molecules were understood [3].
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The World Health Organization (WHO) has reported that 80% of the global population relies on traditional medicine 
for their primary healthcare needs [4]. A significant portion of these treatments involves the use of herbal extracts and 
their active components. Numerous bioactive extracts from medicinal plants, along with their identified or isolated active 
constituents, exhibit diverse pharmacological properties against both acute and chronic diseases and disorders [5–7].

Presently, the impact of oxidative stress and its related factors has emerged as a crucial concern for human health. 
In situations of heightened stress, the production of reactive oxygen species (ROS), such as hydroxyl radicals, superoxide 
anion radicals, and hydrogen peroxide, intensifies. The body’s endogenous enzymatic and nonenzymatic antioxidant 
substances may struggle to manage the excessive ROS load, resulting in imbalances in the process, cell damage, and 
subsequent health issues. Furthermore, the absence of antioxidant compounds further exacerbates these challenges 
[8, 9].Oxidative stress conditions induce changes in the cellular constituents of our body, contributing to various 
disease states. Effectively countering oxidative stress involves strengthening cellular defenses through the application 
of antioxidants [10, 11]. Certain compounds serve as in vivo antioxidants, enhancing the body’s natural antioxidant 
defenses by upregulating the expression of genes responsible for enzymes like superoxide dismutase (SOD), catalase 
(CAT), and glutathione peroxidase (GSHPx), thereby increasing the levels of endogenous antioxidant [12, 13].

So far, research has focused on natural products with high antioxidant capacity, particularly those that people often 
(or could) eat. Oxygen Radical Absorbance Capacity (ORAC), 2,2-diphenyl-1-picrylhydrazyl (DPPH), scavenging method, 
ferric reducing capacity, and increasingly, the use of nanoprobes to evaluate antioxidants’ metal-reducing capacity, are 
some of the in vitro chemical-based assays that have been developed for this purpose [14].

These tests use different approaches and provide different results on how reactive oxygen and nitrogen species 
(ROS/RNS) interact with the material. However, one in vitro chemical approach is not enough to thoroughly investigate 
the possible health-protective and antioxidant properties of natural compounds. It is essential to assess and compare 
antioxidant capabilities using various approaches due to the complexity of their in vivo processes. The chemical tests 
also don’t take into account bioavailability and lipophilicity, two important factors in biological settings. Hence, it’s 
possible that the derived antioxidant capacity indices don’t accurately represent the antioxidant effects that a specific 
sample would have in a living organism. It is also necessary to assess whether or not natural compounds may stimulate 
a cellular antioxidant response. Being an effective radical scavenger and reducing agent is just part of what makes an 
antioxidant effective. However, it is a chemical that may alleviate oxidative stress by activating transcription factors, 
which in turn increase the development of antioxidant enzymes. Some degenerative illnesses, including as cancer, heart 
disease, Alzheimer’s disease, neurological disease, and inflammatory disorders, may begin earlier in life in those whose 
diets are lacking in antioxidant-rich foods. [15–21]. Addressing human health concerns can be achieved by incorporating 
antioxidant compounds from natural plant sources into daily dietary practices. These natural sources of antioxidants 
have the potential to serve as preventive medicine. Recent research indicates a correlation between the consumption 
of antioxidant-rich foods in the diet and a lower prevalence of human illnesses [22].

2  Therapeutic applications of targeted antioxidant natural products

2.1  Cardiovascular diseases and antioxidant natural products

2.1.1  Resveratrol

Research on the possible function of Resveratrol, a polyphenolic molecule present in grapes and red wine, in Cardio 
Vascular Diseases (CVDs) has been conducted [23]. Vascular health depends on an increase in the availability of nitric 
oxide, and resveratrol seems to have antioxidant and anti-inflammatory effects, as well as the potential to upregulate 
endothelial NO synthase [24]. Resveratrol targets molecular pathways including SIRT-1, AMPK, Nrf2, and NFκB, which 
may help disorders such as atherosclerosis, hypertension, stroke, myocardial infarction, and heart failure, according 
to studies (as shown in Fig. 1) [25–29]. To validate resveratrol’s effects in CVDs, more human clinical trials are required, 
despite encouraging results from preclinical investigations. Researchers have also looked at how resveratrol affects 
left ventricular function and heart failure (HF), finding that it may help diabetic individuals’ hearts work better [30]. The 
chemical promotes autophagy and interacts with several molecular targets associated with cardiovascular disorders; 
this may help prevent pathological remodeling of the heart by lowering inflammation and oxidative stress. Supplemen-
tal resveratrol may reduce blood pressure by stimulating the body to produce more nitric oxide, which in turn relaxes 
blood vessels, according to research [31]. The antioxidant and nitric oxide-enhancing effects of resveratrol are mostly 
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responsible for the lowering of blood pressure. Clinical research has shown that resveratrol, when taken in addition to 
traditional antihypertensive medication, effectively lowers blood pressure levels [32]. Furthermore, resveratrol may have 
preventive effects on the liver since it has been linked to lower plasma concentrations of certain enzymes involved in 
liver damage [33]. Keep in mind that resveratrol’s effect on blood pressure could differ from person to person depending 
on things like dose and genetics. Research suggests that there may be a positive impact on blood pressure when using 
greater doses of resveratrol, particularly in diabetic individuals, when taken daily in quantities of 300 mg or more [34]. 
Overall, resveratrol’s antioxidant and vasodilatory actions show promise in lowering blood pressure, but further study is 
required to determine an appropriate dose and determine how it affects various groups. Results from resveratrol-related 
clinical studies have shed light on the supplement’s possible advantages for the treatment of heart conditions. Patients 
undergoing cardiovascular surgery were the subjects of the "Short Interval Resveratrol Trial in Cardiovascular Surgery 
(SIRT-CVS)" research (NCT03762096), which sought to determine the efficacy and safety of short-interval resveratrol 
therapy [35]. The potential benefits of resveratrol on cardiovascular health and arterial function in the elderly were the 
subject of NCT02909699 [36]. These studies help fill gaps in our knowledge of how resveratrol affects heart health. Res-
veratrol has been shown in both animal studies and human trials to have beneficial effects on cardiac function, including 
improving diastolic and systolic performance, decreasing remodeling of the atrium and left ventricle, and influencing a 
number of signal transduction pathways associated with cardiovascular disorders [37].

2.1.2  Vitamin C

An abundance of naturally occurring foods include vitamin C. Vitamin C is abundant in guavas, and the lemon. 
Cruciferous vegetables, such as broccoli, provide an additional source of vitamin C, alongside citrus fruits. Vitamin C’s 
potential role in preventing and treating CVDs has piqued researchers’ interests. Although scurvy due to a traditional 
vitamin C deficit is rather uncommon, studies have linked plasma vitamin C concentrations—even those that are 
considered normal—to various risks of cardiovascular disease. In addition to the recommended daily allowance, 

Fig. 1  Therapeutic cardio pro-
tective actions of Resveratrol
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some research suggests that larger dosages of vitamin C may have positive effects on cardiovascular health. One of 
the main factors in the development of CVD is the oxidation of LDL-protein, which vitamin C’s antioxidant qualities 
play a critical role in blocking [38–41]. Nevertheless, there is inconsistent evidence from both cohort studies and 
randomized trials about the association between vitamin C consumption and the risk of cardiovascular disease, 
therefore the existing research does not provide strong support for the widespread use of vitamin C supplements 
to lower CVD risk. Curiously, there have been studies that have shown an increased risk of cardiovascular disease 
while using vitamin C supplements. This begs the issues of how supplementation differs from dietary vitamin C 
and what amounts are best to reduce the risk of heart disease.

The potential of vitamin C as a therapeutic agent for heart conditions has been investigated in clinical studies. In 
one trial, NCT02762331, the researchers looked at how patients undergoing heart surgery responded to low levels of 
inflammation after taking large doses of ascorbic acid (vitamin C) [42]. The purpose of another study, NCT03123107, 
was to learn more about the effects of ascorbic acid on people having coronary artery bypass graft surgery so that 
we might improve our understanding of vitamin C’s role in cardiovascular health [43]. Another research that looked 
at reducing organ failure after a cardiac arrest by using high-dose intravenous vitamin C was published [44]. Organ 
failure, neurological sequelae, mortality, and other parameters were examined in this double-blind, multi-center 
experiment that examined the effects of additional or very high-dose intravenous vitamin C in patients with cardiac 
arrest and restoration of spontaneous circulation. The involvement of vitamin C in reducing inflammation, advancing 
cardiovascular research, and post-cardiac arrest care is highlighted by these clinical studies, which provide vital 
insights into its prospective advantages and impacts in cardiac therapy.

2.1.3  Vitamin E

There is plenty of vitamin E-rich foods that are easy to integrate into a balanced diet. Wheat germ oil is abundant 
and one of the best sources. In addition to wheat germ oil, this vital component may be found naturally in nuts and 
seeds. Half an avocado contains as much as 20% of the recommended daily allowance of vitamin E, making them 
a multipurpose fruit that is also rich in this vitamin. Red bell peppers, salmon, trout, pine nuts, peanuts, peanut 
butter, and peanuts are among the many foods that are high in vitamin E. Concerning CVDs, vitamin E has garnered 
attention, especially for its potential effects on heart health. There is some evidence that vitamin E may help reduce 
the risk of cardiovascular diseases, including atherosclerosis and coronary heart disease. Vitamin E-rich foods may 
reduce the incidence of coronary heart disease in middle-aged and older people, according to studies. To avoid 
cardiovascular disease, the American Heart Association recommends eating meals rich in antioxidant vitamins and 
other nutrients rather than taking vitamin E pills. Vitamin E may raise the risk of overall mortality, heart failure, and 
hemorrhagic stroke, according to some research, and clinical trials have failed to reliably show that it helps prevent 
CVDs. Even while vitamin E has shown cardio protective effects in some patient subgroups exposed to high levels 
of oxidative stress, it is unclear if indiscriminate use of the vitamin will have any positive impact on cardiovascular 
health in populations that are not carefully screened [45–47]. Important insights into vitamin E’s benefits have 
been gleaned from clinical studies that have focused on heart disorders. Supplemental vitamin E did not reduce 
the incidence of coronary heart disease in high-risk individuals, according to one research published [48]. Another 
group of researchers also highlighted a research that found no substantial impact of vitamin E supplementation on 
the incidence of cardiovascular disease or cancer in randomized trials [49]. Furthermore, studies documented have 
linked vitamin E-rich foods to a reduced risk of coronary heart disease in middle-aged and older adults, highlighting 
the significance of these foods as dietary sources of vitamin E [50].

Randomized controlled trials and observational studies have investigated beta-carotene’s effects on heart 
disorders. Some observational studies have uncovered evidence of a preventive effect of beta-carotene against 
coronary heart disease. On the other hand, outcomes from RCTs have been inconsistent. Supplementing with beta-
carotene did not reduce the risk of cardiovascular disease and instead raised the risk of death from cardiovascular 
causes, according to a meta-analysis and systematic review of randomized controlled trials [51–53]. Results from 
subgroup studies revealed an increased risk of cardiovascular events associated with low-dose, individual beta-
carotene therapy.
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2.1.4  Polyphenols

Beyond their antioxidant powers, polyphenols have a multitude of positive impacts on heart health [54]. Important 
in reducing the chronic inflammation linked to CVD, they also have anti-inflammatory characteristics. Polyphenols 
aid in cardiovascular disease prevention by lowering inflammatory processes, an important factor in atherosclerosis 
and other inflammatory disorders [55–57]. The endothelium is responsible for regulating blood pressure and clotting; 
polyphenols impact heart health via increasing endothelial function. They lessen the likelihood of cardiovascular 
illness by increasing the generation of nitric oxide (NO), a chemical necessary for vasodilation (the widening of blood 
vessels). This process increases blood flow and lowers blood pressure [58–61]. A diet abundant in plant-based foods, 
such as fruits, vegetables, whole grains, and polyphenols, is important for heart health for many reasons. These foods 
are an important part of a heart-healthy lifestyle because of the polyphenols they contain, which may help prevent 
and manage cardiovascular disease. However, eating foods that are high in polyphenols is good, but it shouldn’t 
be the only thing people do to keep their hearts healthy [62]. Polyphenols have the potential to influence gene 
expression, enzyme activity, and intracellular signaling pathways that are associated with cardiovascular health, 
according to research. Polyphenols prevent cardiovascular disease by controlling these pathways, which in turn 
protects the heart from inflammation and oxidative stress. Better lipid profiles, mitochondrial function, and cellular 
metabolism are all hallmarks of a heart-healthy lifestyle, and polyphenols have been associated to these benefits.

Research has shown that polyphenols have several beneficial benefits on the cardiovascular system, such as 
reducing inflammation, protecting against blood clots, and lowering blood pressure [63]. Polyphenols are useful in the 
treatment and prevention of cardiovascular disorders due to their characteristics. By using the antioxidant potential 
of polyphenol-rich foods like tea, coffee, chocolate, olive oil, and red wine, a heart-healthy diet may be achieved.

2.1.5  Flavanoids

By acting as an antioxidant, flavonoids greatly mitigate oxidative stress in the cardiovascular system. Because of 
their capacity to fight oxidative stress and inflammation in the cardiovascular system, these chemicals—which are 
prevalent in many plant-based foods—have been associated with cardioprotective potential. It has been shown 
that flavonoids, such as anthocyanins, may slow the development of arteriosclerosis by reducing oxidative stress 
in heart cells [64]. Research has shown that flavonoids have a preventive role in cardiovascular health due to their 
ability to control oxidative stress-related processes, affect intracellular signaling pathways, and counter inflammation. 
Important components in preserving cardiovascular health and lowering the risk of cardiovascular illnesses include 
flavonoids’ association with enhanced flow-mediated dilation, decreased blood pressure, and prevention of LDL 
oxidation [65–67]. To promote heart health and prevent cardiovascular disorders, flavonoids are useful components 
due to their antioxidant characteristics, which include scavenging free radicals and inhibiting enzymes involved in 
oxidative stress [68].

Cyanidin 3-O-glucoside and delphidin 3-O-glucoside are two examples of the anthocyanin flavonoids that 
have been shown to slow the development of atherosclerosis by reducing oxidative stress in heart cells [69, 70]. 
According to research, flavonoids have many anti-oxidant and anti-free radical functions, including scavenging 
free radicals, inhibiting oxidative stress enzymes, and reducing ROS produced during mitochondrial respiration 
[65, 66, 71]. Flavonoids help maintain a stable and less reactive radical environment in the cardiovascular system by 
efficiently inactivating free radicals via their highly reactive hydroxyl groups [64]. Flavonoids are known to promote 
cardiovascular health by increasing antioxidant activities and decreasing LDL oxidation and platelet aggregation 
[65]. Flavonoids have a crucial role in preserving heart health and warding off cardiovascular illnesses because, 
when supplemented with other antioxidants, they form a strong defense mechanism against oxidative stress in the 
cardiovascular system.

Scientific studies support the idea that flavonoid consumption in the diet might help reduce the risk of cardiovas-
cular illnesses and other systemic health problems [72–76]. It is worth noting that flavonoids may have cardioprotec-
tive properties, since epidemiologic studies have linked flavonoid consumption to a reduced risk of cardiovascular 
illnesses [77]. The research emphasized the significance of flavonoids in promoting heart health and lowering risk of 
cardiovascular disease. Another subgroup of flavonoids, flavonols have recently attracted attention for their potential 
effects on cardiovascular risk [78]. Research has shown that flavonols have antioxidant, anti-atherogenic, antithrom-
botic, and vasodilatory effects, which in turn serve to protect against cardiovascular disorders [78–82].
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2.1.6  Omega fatty acids

Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are omega-3 fatty acids that have been shown in clinical 
trials and studies to considerably lower the risk of sudden death due to cardiac arrhythmias and all-cause mortality 
in individuals with established coronary heart disease [83]. These fatty acids have several uses in the management of 
cardiovascular diseases, including the treatment of hyperlipidemia and hypertension. Omega-3 fatty acid-rich fish is 
recommended for heart health by the American Heart Association, regardless of a person’s history of coronary heart 
disease [84]. Research has shown that omega-3 fatty acids may help lower cardiovascular risk factors including those that 
contribute to blood clotting and excessive levels of low-density lipoprotein cholesterol [85, 86]. In addition, omega-3 
fatty acids have been linked to better lipid profiles, lower blood pressure, and protection against cardiovascular disorders 
such as heart attacks and strokes, particularly in those who already have them [84, 87].

2.1.7  Lycopene

Lycopene, a carotenoid included in red fruits and vegetables (especially tomatoes), is important for heart health because it 
reduces the effects of oxidative stress. In oxidative stress, the body’s capacity to neutralize ROS or restore damaged cells is inad-
equate relative to the amount of ROS produce. The positive benefits of lycopene during the earliest stages of atherosclerosis were 
shown in rabbits, who exhibited improvements in the LDL/HDL ratio, HDL functioning, and decreased cholesterol buildup in the 
aorta, even though lycopene cannot raise HDL cholesterol (as shown in Fig. 2) [88]. Research has demonstrated that lycopene has 
various cardio-protective effects, including reducing oxidative stress caused by ROS production [89], preventing oxidative dam-
age caused by LDL [90], enhancing endothelial functions [88], and promoting ventricular remodeling by preventing apoptosis 

Fig. 2  Cardio-protective 
action of Lycopene
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[91]. By inhibiting endothelial injuries, preventing cholesterol by prohibiting 3-hydroxy-3-methylglutaryl coenzyme, and reducing 
prophylaxis progression, thrombotic progression, and atherosclerosis complications, lycopene’s potential antioxidant properties 
were able to accomplish this. The enzyme a reductase influences molecular pathways that regulate cell division and apoptosis; 
it also promotes efflux of cholesterol, inhibits the pro-inflammatory activity of T lymphocytes and macrophages, and inhibits 
the production of foam cells and smooth cells [92].

By influencing HDL function towards an anti-atherosclerotic phenotype—characterized by decreased serum amyloid A 
levels and beneficial alterations in HDL remodeling enzymes (cholesterol ester transfer protein and lecithin cholesterol acyl-
transferase)—lycopene reduces the production of dysfunctional HDL [93]. Only those with high blood triglyceride levels to 
begin with saw a hypo-triglyceridemic response from tomato juice [94].Results from clinical research looking into lycopene’s 
benefits on heart health are encouraging. A randomized controlled experiment looked at how taking lycopene supplements 
orally affected vascular function in both healthy volunteers and those with cardiovascular disease. The results showed that it may 
help improve endothelial function and decrease arterial stiffness [95, 96]. Results from these studies show that lycopene may 
be useful in the management of a variety of cardiovascular diseases due to its antioxidant, anti-inflammatory, antihypertensive, 
antiplatelet, anti-apoptotic, and protective endothelial properties. Further well-designed studies are necessary to clarify the 
beneficial benefits of lycopene on cardiovascular health and to investigate its potential as a supplement or dietary component 
for the prevention and treatment of cardiovascular illnesses, especially since there have been reports of inconsistent findings 
[97]. Exploring the synergistic effects of lycopene with other dietary components and creating functional meals to help prevent 
and cure cardiovascular illnesses are potential areas for future study [98, 99].

2.2  Neurological diseases and antioxidant natural products

Neurodegenerative disorders have complex etiologies and progressions due to several pro-neurodegenerative variables. These 
diseases are characterized by neuronal cell death, inflammation, protein and DNA damage, mitochondrial malfunction, and 
amyotrophic lateral sclerosis, Parkinson’s disease, Alzheimer’s disease, and Huntington’s disease. Important risk factors for neu-
rodegeneration include age, high blood pressure, type II diabetes, obesity, insulin resistance, depression, and brain trauma, in 
addition to this primary driver [100, 101]. There are a number of lifestyle variables that contribute to the development, progres-
sion, and overall impact of these crippling diseases. These include eating a lot of sugar or fat, as well as being addicted to alcohol 
or tobacco. The involvement of neuroinflammation and excessive inflammatory responses, which can worsen neurodegenerative 
processes, is fundamental to all of this. There is hope that the terrible impacts of neurodegenerative disorders can be slowed or 
prevented by addressing these several pro-neurodegenerative variables with a mix of antioxidant treatments, lifestyle changes, 
and anti-inflammatory measures [5, 7, 102].

2.2.1  Lycopene

A variety of neurological problems have been studied for their possible neuroprotective benefits, and lycopene—a 
carotenoid found in red fruits and vegetables—has been one of them. Because it is lipophilic, it may pass the blood–brain 
barrier and enter the CNS directly, where it can have an impact [100]. One of the main reasons why lycopene can protect 
neurons is because of its powerful antioxidant capabilities. These properties help to reduce inflammation and oxidative 
stress, which are key players in the development of neurodegenerative diseases like Alzheimer’s, Parkinson’s, and 
Huntington’s. Neurodegenerative diseases, epilepsy, cognitive loss with age, subarachnoid hemorrhage, spinal cord injury, 
neuropathy, and other neurological illnesses may all benefit from lycopene’s therapeutic properties [101–103]. Evidence 
suggests it may reverse the pathophysiological and behavioral alterations brought on by these diseases. There are a 
number of neuropathological effects associated with a high-lipid diet, and lycopene may help reduce their effects [104].

2.2.2  Curcumin

Researchers have looked at the neuroprotective benefits of curcumin, a chemical extracted from turmeric, in a number 
of neurological diseases. It has a number of documented effects, including regulating neurotransmitter levels, improving 
neurogenesis in the adult hippocampus [105, 106], and blocking the development of reactive astrocytes [107, 108], which 
may protect cells from death. Animal studies on diabetic neuropathy, dyskinesia, and serious depression have shown 
that curcumin provides protection [109–113]. Its anti-inflammatory and antioxidant capabilities are believed to be the 
primary mechanisms by which it protects neurons. Seizures, migraines, ALS, PD, MS, and neuroinflammation are some 
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of the other conditions that curcumin has shown good results in animal models [114–117]. Its low oral bioavailability, 
however, restricts its application in therapeutic contexts [118].

Research on the possible therapeutic benefits of curcumin, a turmeric component, in Alzheimer’s disease (AD) has been 
ongoing. Research in aged Tg2576 mice with advanced amyloid buildup has shown that it hinders the development of 
Aβ40 and Aβ42 oligomers, lowers amyloid levels, and lessens plaque load [119]. In rats that were treated with Aβ, clinical 
research found that taking curcumin supplements greatly decreased the loss of synaptophysin [120].

Molecularly, curcumin’s ability to affect several biochemical pathways and molecular processes is the bedrock of its therapeutic 
benefits on AD. It disrupts the process of amyloid-beta (Aβ) peptide aggregation in the AD brain by weakening Aβ fibrils, which 
play a crucial role in the development of amyloid plaques [121, 122]. The aggregation of Aβ is essential to be disrupted since 
these plaques are directly associated with the neurodegeneration seen in AD. By influencing the AMP-activated protein kinase 
(AMPK) pathway, curcumin further mediates its neuroprotective properties [123–125]. By inhibiting AMPK pathway activation, 
curcumin improves neuronal lifespan by decreasing neuronal damage and apoptosis. Superoxide dismutase (SOD) and other 
antioxidant enzymes are made more active, and inflammatory cytokines like tumor necrosis factor-alpha (TNF-α) and interleukins 
(IL-6 and IL-1β) are modulated as part of this process [125].

In addition, curcumin may change gene expression that contributes to the advancement of AD without modifying 
the DNA sequence, due to its epigenetic actions [126, 127]. Genes linked in neuroprotection and cognitive function are 
upregulated, whereas genes implicated in inflammation are downregulated. Curcumin is known to modulate the activity 
of transcription factors and signaling molecules that are implicated in neuroinflammation and neurodegeneration [128].

2.2.3  Polyphenols

In Alzheimer’s disease patients, polyphenols show neuroprotective benefits via regulating pathways for Aβ synthesis, 
preventing Aβ aggregation, and decreasing macrophage Aβ absorption [129]. Inhibiting the production of α-synuclein 
misfolded aggregates, lowering mitochondrial dysfunction, altering cell survival and cell cycle genes, and modifying 
numerous signaling pathways implicated in PD are some of the neuroprotective characteristics of polyphenols, 
according to research [129, 130]. While adding to antioxidant activity, these chemicals may activate pathways such as 
phosphoinositide 3-kinase (PI3K)/Akt, mitogen-activated protein kinase (MAPK), and protein kinase C (PKC) [131–134]

Furthermore, in vitro models of PD-related disorders have shown that a particular combination of micronutrients 
and polyphenols may protect neurons from damage [135]. All things considered, polyphenols show potential as 
neuroprotective drugs in PD due to their ability to target many pathways that are involved in the illness.

2.2.4  Flavanoids

According to research, flavonoids may improve blood flow to the brain and prevent the accumulation of beta-amyloid 
plaque, two symptoms that are characteristic of AD [136]. The subclasses of flavonoids known to have possible positive 
effects on brain health and cognitive function include anthocyanins, flavanols, flavonols, and flavanones. The absence 
of precise mechanistic evidence, together with uncertainty about flavonoids’ metabolism and bioavailability, has slowed 
their development as therapeutic approaches for AD. However there is evidence that diets high in flavonoids might affect 
cognitive decline and the disease [137].

Research has linked a reduced risk of PD to increased consumption of foods strong in anthocyanins, including berries 
[138]. This data points to the possibility that flavonoids, such as anthocyanins, lower the incidence of PD, especially in 
males. To fully grasp flavonoids’ potential as therapeutic agents for PD, further study is required, since there are currently 
only a small number of clinical studies showing that they are effective in treating the disease.

2.3  Antioxidants in diabetes and obesity

2.3.1  Flavanoids

An important advantage of flavonoids is their capacity to decrease inflammation and oxidative stress, two elements that 
play a significant role in the onset and advancement of diabetes and obesity [139]. Flavonoids aid in maintaining the 
function of pancreatic β-cells, which are crucial for insulin generation, by removing free radicals and blocking pathways 
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that promote inflammation. The anti-inflammatory and antioxidant properties of flavonoids make cells more sensitive to 
insulin, which in turn allows for better glucose absorption by cells and aids in the regulation of blood glucose levels [140].

In addition, enzymes like α-amylase and α-glucosidase, which are responsible for the breakdown of carbohydrates, may 
be inhibited by flavonoids, which allows them to directly impact glucose metabolism [141–143]. People with diabetes 
are able to avoid dangerously high blood sugar levels because to this enzymatic inhibition, which slows the release of 
glucose into the circulation after meals.

Flavonoids are involved in weight control and lipid metabolism in addition to their effects on glucose metabolism. 
They reduce levels of bad lipids like triglycerides and LDL cholesterol by controlling the activity of enzymes involved in 
lipid production and breakdown [144, 145]. In addition, certain flavonoids promote the breakdown of stored fats and 
inhibit the development of preadipocytes into adipocytes, therefore discouraging fat formation [146]. This helps fight 
obesity and lowers the risk of cardiovascular problems associated with obesity.

One possible way that flavonoids help with weight control is by regulating hunger and energy expenditure. These 
chemicals work by influencing the release of hormones that control hunger, which in turn makes people feel full on less 
food. Further assisting in the decrease of body fat, certain flavonoids have been shown to enhance energy expenditure 
by promoting thermogenesis in brown adipose tissue and improving mitochondrial activity [147, 148].

Insulin resistance, poor glucose metabolism, and excessive fat storage characterize the metabolic diseases diabetes 
and obesity, which are interrelated and may be effectively managed and prevented with the help of vitamins [149]. These 
vital nutrients play an important role in metabolic health; while the body only needs a little quantity of them for many 
physiological processes, they impact the pathophysiology of diabetes and obesity via several pathways.

2.3.2  Vitamins

Vitamins D, E, and the B-vitamins have shown very encouraging results when used to the setting of diabetes. For example, vita-
min D affects insulin secretion and sensitivity in addition to its well-known functions in calcium metabolism and bone health 
[150, 151]. Researchers have shown that people with enough vitamin D in their bodies are less likely to develop type 2 diabetes 
[152]. This may be because vitamin D improves insulin sensitivity and pancreatic β-cell activity. Antioxidant vitamin E shields 
cells from oxidative damage, which is common in diabetics because of their high blood sugar levels [153]. Vitamin E aids in the 
prevention or delay of diabetic consequences such cardiovascular illnesses and neuropathy by lowering oxidative stress. Since 
elevated homocysteine levels are linked to an increased risk of cardiovascular disease in diabetic individuals, they could poten-
tially contribute to lowering the risk of diabetes by altering these levels.

Vitamins have an impact on energy metabolism, hunger, fat synthesis/storage, and overall body weight/fat distribution in 
relation to obesity. For instance, low vitamin D levels are related with more body fat and an increased risk of becoming obese; 
this vitamin is also involved with the management of body weight [154]. Vitamin D may provide an explanation for this correla-
tion if it has a function in the metabolism of fat cells and may affect the expression of genes related to energy expenditure and 
fat accumulation. In addition, vitamin E and C’s antioxidant qualities might lessen the oxidative stress that comes with obesity, 
which aids in lowering inflammation—a major contributor to the onset of obesity-related problems [155–157].

2.3.3  Polyphenols

Polyphenols have the potential to significantly impact glucose metabolism and insulin sensitivity, two key components 
in the management of diabetes as shown in Fig. 3 [158]. One of the main causes of insulin resistance, malfunction of 
β-cells, and the advancement of diabetes is oxidative stress. Polyphenols contribute in the maintenance of normal blood 
glucose levels by protecting pancreatic cells and improving their insulin production by neutralizing ROS [159–161]. 
Additionally, many polyphenols have the ability to block enzymes such as α-glucosidase and α-amylase, which play a 
role in the digestion of carbohydrates [162, 163]. This results in a reduced rate of glucose release into the circulation and 
the prevention of increases in glucose levels after a meal.

In addition to their antioxidant and anti-inflammatory effects, polyphenols help alleviate the chronic inflammation that 
accompanies obesity and insulin resistance [164–166]. Evidence suggests that polyphenols have many modes of action 
that affect obesity-related weight control and body composition. As a result of their ability to control lipid metabolism, 
they may lessen the buildup of fat in the body by increasing lipolysis and decreasing lipogenesis [167]. A negative energy 
balance and weight reduction may be aided by some polyphenols, which have the ability to enhance energy expendi-
ture and fat burning. Their impact on the gut microbiota has also recently come to light, as changes in the make-up and 
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function of gut bacteria have been associated with changes in metabolic health and obesity. In a nutshell, polyphenols 
may aid weight loss by encouraging the development of good bacteria in the digestive tract [168–170].

2.3.4  Curcumin

Curcumin is involved with diabetes in many different ways. Oxidative stress, caused by an overabundance of ROS, is 
prevalent in diabetes patients and may be alleviated by its potent antioxidant capabilities. Curcumin may aid in protecting 
pancreatic cells and enhancing insulin sensitivity by reducing ROS and increasing the body’s natural antioxidant defenses 
[171, 172]. Further assisting in the increase of insulin sensitivity and the avoidance of diabetic complications, curcumin’s 
anti-inflammatory properties are crucial in treating the chronic inflammation associated with diabetes.

It has been shown that curcumin modulates many pathways associated with glucose metabolism, in addition to its 
antioxidant and anti-inflammatory functions. It has the potential to improve lipid metabolism, decrease gluconeogenesis 
in the liver, and increase glucose absorption in peripheral organs. Glycemic control and the likelihood of hyperglycemia 
are both improved by these measures [173–175]. Furthermore, research has shown that curcumin may hinder the action 
of digestive enzymes like α-glucosidase and α-amylase. This results in a reduced rate of glucose release into the circulation 
after carbohydrate-rich meals, and thus, it can avoid rises in blood glucose levels after eating.

As an effective drug in the prevention and management of obesity, Curcumin regulates lipid metabolism by boosting 
lipolysis and decreasing adipogenesis [176–178]. Researchers have shown that curcumin may prevent fat storage by 
reducing the expression of many adipogenic genes and transcription factors. The low-grade inflammation in adipose 
tissue, a common symptom of obesity and metabolic syndrome, may be effectively addressed by its anti-inflammatory 
characteristics. In addition to its anti-obesity actions, curcumin may aid in the fight against weight gain and promotion 
of weight reduction by increasing thermogenesis and energy expenditure.

Curcumin has been demonstrated to modify important insulin signaling pathways at the molecular level. This includes 
increasing the expression of genes involved in glucose and lipid metabolism, such GLUT4, GLUT2, GLUT3, and PPAR-γ, 
and improving insulin-stimulated Akt phosphorylation [182, 183]. Curcumin downregulates genes related to de novo 
lipogenesis and enzymes involved in gluconeogenesis in the liver, which improves lipid balance and reduces glucose 
synthesis. Curcumin has the interesting capacity to change the makeup of the gut microbiota, which may explain why it 
improves insulin sensitivity [184]. Improving insulin sensitivity is one of the many benefits of curcumin, which works by 
influencing the microbiome of the intestines to improve barrier function and decrease inflammation.

2.3.5  Garlic

Garlic has several effects in the field of diabetes care. The fact that it has antioxidant qualities is important since oxidative 
stress is a key factor in the development of diabetes, which leads to insulin resistance and malfunction of pancreatic 

Fig. 3  Antidiabetic effects of 
dietary polyphenols
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β-cells [179, 180]. Garlic may improve insulin sensitivity and secretion by reducing oxidative damage to cells and tissues 
by scavenging ROS. In addition, the anti-inflammatory properties of garlic may help reduce systemic inflammation caused 
by persistent hyperglycemia, which in turn regulates glucose metabolism [181, 182].

Direct anti-diabetic effects of garlic have also been shown. Animal models and people with diabetes have shown 
moderate drops in blood glucose levels after taking garlic supplements, according to some research [183, 184]. 
Theoretically, this impact is believed to be facilitated via many pathways, such as improving insulin sensitivity, boosting 
insulin secretion, and shielding pancreatic β-cells against cell death or malfunction. Furthermore, it has been noted that 
garlic may impact glucose metabolism via the inhibition of enzymes such as α-glucosidase and α-amylase, which play 
a role in carbohydrate digestion [185, 186].

Researchers believe that garlic’s capacity to alter lipid metabolism and consequently decrease fat storage is a 
contributing factor to its anti-obesity benefits [187, 188]. Lipid profile improvements and lower total and LDL cholesterol 
levels have been linked to garlic supplementation [189]. Garlic also has the potential to increase energy expenditure and 
aid in weight reduction or maintenance by boosting thermogenesis and fat burning. Because chronic inflammation is 
a feature of adipose tissue in obese people and a cause of metabolic dysfunction, its anti-inflammatory characteristics 
are also pertinent in the context of obesity.

2.4  Role of antioxidants in cancer

2.4.1  Vitamins

Retinoids, which are a class of vitamin A derivatives, are essential for cell proliferation, differentiation, and death. 
Preventing cells from undergoing malignant changes relies on these activities. Some cancers, including skin, bladder, 
and lung cancers, may be less common in those who consume more vitamin A, according to epidemiological research 
[190, 191]. High dosages of vitamin A have the potential to be toxic, thus its therapeutic usage in cancer therapy must 
be carefully managed.

It is thought that vitamin C, a powerful antioxidant, shields cells from oxidative DNA damage, which may cause 
cancer. It improves the body’s antioxidant defence system as a whole and aids in the regeneration of other antioxidants. 
Although its effectiveness as a direct anticancer agent is still up for debate, high-dose vitamin C has been investigated as 
a potential supplementary treatment for cancer [192–194]. Some studies have shown that it helps mitigate the adverse 
effects of radiation and chemotherapy [195–197]. The anticancer effects of vitamin D are associated with its function 
in controlling cell proliferation, differentiation, and death [198]. Research including observational studies has linked 
increased vitamin D levels to a decreased likelihood of developing colorectal, breast, and prostate cancers [199–202]. As a 
possible adjuvant cancer therapy or cancer preventative, vitamin D’s ability to slow cancer cell development and decrease 
metastasis is noteworthy. Vitamin E is another potent antioxidant that has been studied for its potential to lower cancer 
risk by defending against oxidative stress and inflammation, which are two important variables in the development of 
cancer [203]. There is conflicting data on vitamin E’s preventive impact against many cancers, and excessive dosages 
may cause side effects; yet, some studies have shown that it may help prevent prostate and breast cancer [204, 205]. 
Damage to DNA and an increased risk of cancer have been associated with deficiencies of the B vitamins, which include 
folate (vitamin B9), vitamin B6, and vitamin B12 [206, 207]. These vitamins are crucial for DNA synthesis and repair. One 
possible explanation for the link between folate and a lower risk of cancers of the colon, breast, and cervical regions is 
the function it plays in DNA methylation, an essential step in controlling gene expression [208].

2.4.2  Polyphenols

One important component of polyphenols’ anticancer effects is their antioxidant activity. Polyphenols aid in preventing 
DNA and other cellular components from oxidative damage—which may cause mutations and cancer—by scavenging 
ROS and increasing the body’s natural antioxidant defense mechanisms [209, 210]. Chronic inflammation is known to 
increase the risk of cancer, although polyphenols’ anti-inflammatory characteristics may help alleviate this risk. Potentially 
reducing the risk of inflammation-driven carcinogenesis, polyphenols work by blocking pro-inflammatory pathways and 
cytokine synthesis [211, 212]. Polyphenols have direct effects on the development and proliferation of cancer cells [213, 
214]. Their ability to regulate the cell cycle, induce programmed cell death (apoptosis), promote tumorangiogenesis (the 
creation of new blood vessels to nourish tumors), and control metastasis (the spread of cancer cells to other areas of 
the body) is well-established. On top of all that, polyphenols may also affect the hormonal balance of the body, which is 
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important for malignancies like breast and prostate that rely on hormones for their growth [215]. Potentially lowering the 
incidence of hormone-related malignancies, certain polyphenols function as phytoestrogens by binding to oestrogen 
receptors and exerting modest estrogenic or anti-estrogenic actions [216].

Flavonoids are well-known not just for their antioxidant properties, but also for their ability to reduce inflammation. 
Many different kinds of cancer have chronic inflammation as a recognized risk factor. By decreasing inflammation 
and perhaps lowering cancer risk, flavonoids may block a number of enzymes and cytokines that are involved in the 
inflammatory process [217, 218]. Flavonoids modulate cell signallng pathways, which in turn impact the development 
and survival of cancer cells. They have the ability to stop cancer cells from multiplying, trigger programmed cell death, 
and stop new blood vessels from forming to feed tumors with oxygen and nutrients—a process known as angiogenesis. 
As an example, flavonoids have the ability to disrupt the PI3K/Akt and NF-κB pathways, which are used by cancer cells 
for growth and cell division [218, 219]. Without affecting healthy cells, flavonoids may inhibit tumordevelopment and 
induce cancer cell death by focusing on certain pathways. In addition, flavonoids may have a role as adjuvant drugs in 
cancer treatment since they increase the susceptibility of cancer cells to traditional radiation and chemotherapy. This 
might be accomplished by preventing the repair processes that cancer cells rely on to withstand the DNA damage caused 
by chemotherapy medications or by reducing the expression of drug efflux pumps, which cancer cells often overexpress 
in order to evade these therapies.

In particular, curcumin’s strong anti-inflammatory effects play a significant role. A number of malignancies have chronic 
inflammation as a recognized risk factor for both their development and progression. Curcumin has the ability to reduce 
inflammation and may lower the risk of cancer formation by influencing the activity of several important molecules in 
the inflammatory pathway, including cyclooxygenase-2 (COX-2), nuclear factor-kappa B (NF-κB), and other cytokines 
[220–222]. Curcumin has the ability to fight cancer because of its antioxidant qualities. Curcumin protects cells from DNA 
damage that might cause malignant mutations by scavenging ROS and increasing the activity of the body’s antioxidant 
enzymes [223, 224]. Preventing oxidative damage is essential for cellular integrity maintenance and avoiding cancer’s 
early stages.

In addition, research has shown that curcumin has a direct impact on tumorcells, namely by reducing cell growth and 
triggering programmed cell death (apoptosis) in many cancer cell types. A number of signallng pathways, including as 
the Wnt/β-catenin, PI3K/Akt, and MAPK pathways, are disrupted by it, which in turn controls cell growth and survival as 
shown in Fig. 4 [222, 225, 226]. As a result of its action on these pathways, curcumin has the potential to reduce tumorsize 
and halt tumorprogression.

Angiogenesis is the process by which tumors create their own blood supply to maintain their development; curcumin 
may impede this process as well. Curcumin may deprive tumors of oxygen and nutrients by inhibiting the production 
of angiogenic factors including vascular endothelial growth factor (VEGF) [227]. Beyond its direct anticancer properties, 
curcumin may also improve the effectiveness of more traditional cancer therapies, such as radiation and chemotherapy. 
It may make cancer cells more sensitive to these therapies, which might lead to better patient outcomes with fewer side 

Fig. 4  Image depicts the 
routes that tumors might 
take, starting with growth 
factors in cancer cells, and 
how curcumin can inhibit 
tumordevelopment by target-
ing certain signal transducing 
components. Once conju-
gated, curcumin binds to the 
infected area and suppresses 
the expression of pathways 
that induce tumors: PI3K, AKt, 
NP-κB, MAPK, and ROS
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effects at lower dosages. As an additional piece of evidence for its potential use as a supplement to these treatments, 
curcumin may shield healthy cells from their deleterious effects [228].

2.4.3  Garlic

Allicin, diallyl sulphide, and S-allylcysteine are just a few of the bioactive chemicals found in garlic that have shown 
promise in preclinical cancer research, and this has piqued people’s curiosity. Garlic inhibits cancer via a complex web 
of processes that includes regulating carcinogen metabolism, protecting antioxidants, boosting the immune system, 
preventing cancer cell multiplication, inducing apoptosis, and blocking angiogenesis [229].

One important mechanism by which garlic inhibits cancer is via influencing carcinogen metabolism. It lessens the 
possibility of carcinogens producing DNA damage that may lead to cancer by increasing the activity of enzymes that 
detoxify them [230, 231]. On top of that, the sulfur-containing chemicals in garlic may attach directly to carcinogens, 
making it easier to excrete them from the body and lowering their cancer-causing potential. One reason garlic may 
help prevent cancer is because of its antioxidant capabilities. These characteristics neutralize ROS, which are harmful to 
DNA and other parts of cells and can cause mutations and cancer. Garlic helps keep cells healthy and prevents cancer 
from starting by reducing oxidative stress [232, 233]. Garlic also enhances the immune system’s capacity to fight cancer. 
By boosting the activity of immune cells including natural killer cells, macrophages, and lymphocytes, it improves the 
body’s capacity to detect and eliminate cancer cells. Both cancer prevention and bolstering the body’s natural defenses 
against tumor development rely on this immunomodulatory action [234, 235]. Inducing apoptosis, or programmed cell 
death, is an important technique for slowing the course of cancer, and chemicals found in garlic can do just that at the 
cellular level [236–239]. Research has shown that garlic may influence many molecular pathways related to cell cycle 
control and cell death, such as NF-κB activity inhibition and caspase enzyme activation, which in turn can reduce tumor 
development [240–243].

3  Clinical translation of antioxidants

The clinical translation of antioxidants for the treatment and prevention of human diseases presents several significant 
challenges. First and foremost, the complex nature of oxidative stress and antioxidant mechanisms in the human body 
poses a fundamental challenge. Oxidative stress results from an imbalance between the production of reactive oxygen 
species (ROS) and the body’s ability to detoxify these reactive intermediates or repair the resulting damage. Antioxidants 
can mitigate this imbalance by neutralizing ROS, but the effectiveness of this approach in a clinical setting is influenced 
by numerous factors, including the specific disease context, the timing of antioxidant administration, and individual 
patient differences [244].

Another major challenge lies in the bioavailability and pharmacokinetics of antioxidant compounds [245, 246]. Many 
antioxidants exhibit poor solubility, stability, and absorption when administered orally, which can significantly limit their 
therapeutic potential. Efforts to improve these properties through formulation strategies or chemical modification can 
alter the antioxidant’s efficacy or safety profile, necessitating extensive preclinical and clinical testing.

The heterogeneity of human diseases further complicates the clinical translation of antioxidants. Diseases such as 
cancer, cardiovascular disorders, and neurodegenerative conditions involve distinct pathophysiological mechanisms, 
including varying roles of oxidative stress. As a result, an antioxidant that is effective in one disease context may not 
be beneficial in another, and in some cases, antioxidant therapy could potentially exacerbate disease progression by 
interfering with physiological ROS signaling pathways that are essential for normal cellular function [247, 248].

Clinical trials of antioxidants have also faced challenges related to dosing and endpoints [249, 250]. Determining the 
optimal dose of an antioxidant that provides therapeutic benefits without causing adverse effects is a complex process 
that requires careful consideration of the antioxidant’s mechanism of action and pharmacokinetics. Furthermore, clinical 
trials must utilize relevant and measurable endpoints to assess the efficacy of antioxidant therapies, which can be difficult 
given the multifactorial nature of many diseases and the long latency periods before clinical outcomes manifest.

Lastly, the regulatory pathway for antioxidants, especially those derived from natural products, can be ambiguous and 
challenging. Demonstrating the safety and efficacy of these compounds to regulatory authorities requires a significant 
investment of time and resources, which can be a barrier for many researchers and companies [251].
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4  Challenges and future perspectives

4.1  Limitations and obstacles in utilizing targeted antioxidants

Natural antioxidants have shown significant efficacy in the treatment of diseases such as diabetes and its 
complications, Alzheimer’s disease, cancer, cardiovascular diseases, and inflammatory conditions. For instance, 
the natural antioxidant sulforaphane (SFN) activates transcription factors to help maintain cellular antioxidant 
defense systems and attenuate age-related changes [252]. Natural antioxidants may also contribute to controlling 
inflammatory responses, and certain antioxidant plant compounds can serve as targets for anti-inflammatory and 
antioxidant preventive strategies [253]. Despite their ability to prevent or repair cellular and tissue damage caused 
by oxidative stress, the application of natural antioxidants still faces several limitations and obstacles.

During oxidative stress, elevated levels of reactive oxygen species (ROS) can induce apoptosis in tumor cells, thereby 
inhibiting tumor growth and progression. However, antioxidants can neutralize free radicals and reduce oxidative 
stress, thereby mitigating the apoptotic tendency of tumor cells and promoting tumor progression. Glutathione 
(GSH) plays a dual role in tumor progression. On one hand, it is crucial for the elimination and detoxification of 
carcinogens, and alterations in this pathway can profoundly impact cell survival. However, high levels of GSH in 
tumor cells can protect them, leading to resistance against various chemotherapy drugs in bone marrow, breast, 
colon, throat, and lung cancers, thereby facilitating tumor development [254]. Furthermore, GSH helps maintain the 
balance of intracellular redox potential by preserving the reduced state of protein thiol groups, which is important 
in various pathological conditions, including cancer. On the other hand, GSH levels are closely associated with ROS. 
Moderate levels of ROS can promote survival and proliferation by activating signaling pathways that support tumor 
growth, particularly in the stressed tumor microenvironment. Wiel et al.’s study revealed that antioxidants such as 
N-acetylcysteine (NAC) and vitamin E promote KRAS-driven lung cancer metastasis by reducing free heme levels and 
stabilizing the transcription factor BACH1 [255]. BACH1 activation leads to increased transcription of Hexokinase 2 
and Gapdh genes, enhancing glucose uptake, glycolytic rate, and lactate secretion, thereby stimulating the glycolysis-
dependent metastasis of lung cancer cells. Preventing antioxidant-induced metastasis can be achieved by targeting 
BACH1 or its glycolytic targets, while increased endogenous BACH1 expression stimulates glycolysis and promotes 
metastasis, even in the absence of antioxidants. Antioxidants such as NAC and vitamin E reduce ROS levels, DNA 
damage, and p53 expression in both mouse and human lung tumor cells, promoting tumor cell proliferation [256].

The efficacy of antioxidants varies for different diseases and represents an important limitation. While antioxidants 
may help combat oxidative stress in diabetes and other diseases, excessive antioxidant activity may mask or interfere 
with necessary physiological signals in neurodegenerative diseases such as Alzheimer’s disease and cerebrovascular 
diseases. Flavonoids, a class of natural antioxidants, can inhibit acetylcholinesterase and butyrylcholinesterase, 
prevent Tau protein aggregation, and modulate the activity of β-secretase [257]. Moreover, flavonoids exhibit 
antioxidant properties, attenuate oxidative stress, participate in anti-inflammatory processes, and prevent cell 
apoptosis by regulating signaling pathways associated with cognition and neuroprotection, such as ERK, PI3-kinase/
Akt, NF-κB, and MAPKs [257]. Although antioxidants have demonstrated protective effects in animal models and 
in vitro experiments for Alzheimer’s disease, clinical trial results have been less promising. Specifically, clinical trials 
with vitamin E, despite one study reporting delayed clinical deterioration in patients with moderate Alzheimer’s 
disease using high-dose vitamin E, did not improve cognitive test scores [258]. This suggests that the effects of 
antioxidants in the human body may differ from those observed in experimental models, or other factors may 
influence their efficacy. A meta-analysis also indicated that vitamin E supplementation did not show beneficial 
effects in preventing any type of stroke, including ischemic stroke, hemorrhagic stroke, fatal stroke, and non-fatal 
stroke [259].

Currently, various natural antioxidants have entered clinical trial stages. For example, extracts from tea, cocoa, 
and numerous vegetables and fruits, including SFN, resveratrol, silymarin, alpha-tocopherol, and curcumin, activate 
oxidative stress signaling pathways and induce the production of antioxidant enzymes. Some of these antioxidants 
are being tested in clinical trials for the treatment and/or prevention of diseases [260–265]. These studies demonstrate 
the potential of natural antioxidants in medical applications. However, the therapeutic effects of natural antioxidants 
are still being investigated, and further research is needed to fully understand their mechanisms of action, optimal 
dosage, and potential interactions with other medications. Additionally, it is important to consider individual 
variations in response to antioxidants, as some individuals may benefit more from their use than others. Overall, 
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while natural antioxidants hold promise for the treatment and prevention of various diseases, their application should 
be approached with caution and under the guidance of healthcare professionals.

4.2  Novel approaches and technologies in antioxidant research

With the continuous advancement of research on oxidative stress and antioxidants, new methods and technologies 
have emerged to explore and evaluate the potential and effects of antioxidants. Omics technologies encompass a 
set of approaches that study the overall composition and functionality of organisms at the molecular level, including 
genomics, transcriptomics, proteomics, and metabolomics. In antioxidant research, omics technologies are widely 
applied to gain in-depth understanding of the mechanisms, molecular basis, and biological effects of antioxidants. 
In antioxidant research, omics approaches can help identify genes associated with antioxidant reactions and cellular 
protection. On one hand, genomic and transcriptomic sequencing results can directly contribute to unraveling the 
genetic basis of plant antioxidant activity and evolution. Ren et al. identified antioxidant signaling pathway genes, 
such as Caffeoyl-CoA O-methyltransferase, anthocyanidin 3-O-glucosyltransferase, ( +)-neomenthol dehydrogenase, 
gibberellin 2-oxidase, and squalene monooxygenase, in Myrica rubra by examining 26,325 coding protein-coding 
genes, which exhibit multiple copies and regulate the content of flavonoids, anthocyanins, monoterpenoids, 
diterpenoids, and sesquiterpenoid/triterpenoids [266]. Researchers studying hippophaerhamnoides identified 
genes associated with ascorbic acid biosynthesis, such as GalLDH and GMPase, through a comparison of whole 
genome sequencing and transcriptomic analysis [267]. On the other hand, by comparing the gene profiles, transcript 
expression profiles, and metabolic profiles of antioxidant-treated groups and control groups, changes in gene 
expression related to antioxidant reactions can be discovered, revealing the regulatory effects of antioxidants on gene 
expression. This helps elucidate the impact of antioxidant treatment on intracellular signaling pathways, regulatory 
factors, and cell protection genes. A study utilizing transcriptomics and proteomics revealed the effects of SFN 
treatment and KEAP1 gene silencing on human breast epithelial cells (MCF10A), demonstrating similar expression 
patterns upregulating genes involved in detoxification and antioxidation processes, such as AKR1 family, NQO1, and 
ALDH3A1, providing a basis for the potential application of SFN as a chemopreventive agent for breast cancer [268].

Drug design and development face challenges such as low efficacy, off-target delivery, time consumption, 
and high costs. Complex data from genomics, proteomics, microarrays, and clinical trials further complicate the 
process. Here, artificial intelligence(AI) and deep learning play a crucial role in overcoming obstacles and improving 
drug discovery [269]. Computational methods, such as molecular docking and molecular dynamics simulations, 
are employed to predict the antioxidant activity of natural antioxidants. These methods provide insights into the 
molecular interactions between antioxidants and ROS, aiding in the optimization of natural antioxidants more 
effectively. Kumari Patial et al. evaluated the binding energies and interactions of phytosterols isolated from Araucaria 
columnaris with antioxidant enzymes peroxidase and hemoglobin oxidase through molecular docking calculations, 
validating the potential of phytosterols as antioxidants [270]. Zu et al. analyzed the stability of quercetin with three 
target proteins (MAPK1, TNF, and JUN) using molecular dynamics simulations [271]. Binding energy data obtained 
from mm/GBSA calculations showed the strongest binding energy between quercetin and TNF, followed by MAPK1, 
and JUN. Researchers have begun to fill the gap in antioxidant testing field using AI and machine learning (ML). 
The goal is to correlate the antioxidant activity of polyphenolic substances, such as those found in seeds, fruits, and 
vegetables, with their structural diversity. These polyphenolic substances exhibit different antioxidant mechanisms, 
including hydrogen atom transfer and single electron transfer [272]. By leveraging AI, scientists can develop more 
comprehensive experimental methods to reliably and comprehensively evaluate the health benefits of plant chemical 
substances [273]. Through ML, a predictive model can be established using antioxidant structural descriptors as input 
variables and their antioxidant activity in biological systems as output variables, thereby correlating and predicting 
the biologically relevant antioxidant capacity under different environments, enhancing the biological relevance 
of testing [274]. Three-Dimensional Quantitative Structure–Activity Relationship (3D-QSAR) techniques will aid in 
screening antioxidant peptides, primarily based on the three-dimensional structure of molecules [275]. Initially, three 
peptide sequences with free radical scavenging activity are collected, followed by structure construction and energy 
minimization. Subsequently, peptide alignment, modeling (e.g., CoMSIA method), and validation are conducted to 
analyze the contributions of various peptide properties to antioxidant activity, thereby identifying core fragments 
with excellent free radical scavenging capabilities [276].
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4.3  Future Directions and Potential Applications in Precision Medicine

Antioxidants play a crucial role in maintaining cellular health by neutralizing harmful free radicals and reducing 
oxidative stress. As part of precision medicine, the application of antioxidants is an actively researched field. Here, 
we provide insights and potential future directions for the precision medicine of antioxidants. Antioxidant cocktails, 
which are therapeutic regimens composed of multiple antioxidants combined together, can achieve a synergistic 
effect and enhance overall antioxidant efficacy. This comprehensive treatment approach can be tailored to specific 
diseases, individual genotypes, lifestyles, and levels of oxidative stress [277]. A clinical trial has demonstrated that 
Antioxidant Cocktail therapy significantly reduces iron burden and oxidative stress in non-transfusion-dependent 
β-thalassemia/hemoglobin E patients, improves coagulation status, increases hemoglobin concentration, and 
enhances red blood cell quality [278]. In addition to tailoring antioxidant therapy based on an individual’s level of 
oxidative stress, precision medicine can also determine the use of antioxidant mixtures as part of the treatment, as 
well as identify appropriate combinations and dosages based on genotype and other relevant factors. However, 
the effectiveness of Antioxidant Cocktail therapy in mitochondrial disease patients has not been clinically validated 
and there may be risks of inhibiting endogenous oxidants leading to cellular toxicity or toxicity. For rare diseases, 
individual susceptibility to the disease is often influenced by DNA sequence variations in one or a few genes. These 
variations can have a significant impact on disease manifestation. Understanding these monogenic variations is crucial 
in the context of antioxidant therapy. Certain genetic changes may affect an individual’s response to antioxidants, 
thereby influencing their efficacy or potential side effects [279]. For example, the key transcription factor Nrf2 in the 
antioxidant defense system is targeted for degradation under normal conditions through its interaction with Keap1. 
However, under oxidative stress, modification of Keap1’s sulfhydryl group leads to the release and activation of Nrf2, 
subsequently initiating the expression of a series of protective genes [280]. Studies have shown that SFN upregulates 
Nrf2-mediated antioxidant activity, reduces oxidative stress levels, and downregulates the transforming growth 
factor-beta 1 (TGF-β1)/Smad signaling pathway, thereby reducing extracellular matrix component expression and 
preventing radiation-induced muscle fibrosis [281]. This highlights the importance of Nrf2 in disease treatment and 
potential drug development. Integrating large-scale biomedical data, including genetic information, oxidative stress 
markers, lifestyle factors, and treatment outcomes, provides an opportunity to develop predictive models using ML 
algorithms. These models can help identify individuals who are more susceptible to oxidative stress-related diseases 
and predict their response to antioxidant interventions. Such predictive models can support the decision-making 
process for personalized antioxidant therapy and contribute to improving treatment outcomes for patients.

5  Conclusion

5.1  Summary of key findings and implications

This review mainly discusses the application effect of targeted antioxidant natural products in different diseases. 
Studies have found that antioxidant natural products improve oxidative stress damage in cells through a variety of 
mechanisms, thereby treating and improving disease. Studies have found that antioxidant natural products have 
potential efficacy in cardiovascular diseases, neurological diseases, obesity and insulin resistance, cancer, metabolic 
diseases, and skin aging, as well as the ability to regulate the immune system and anti-inflammatory processes. Studies 
have confirmed that some antioxidant natural products can prevent and treat cardiovascular disease through different 
mechanisms of action, such as lowering blood pressure, regulating lipid distribution, improving oxidative stress, 
reducing inflammation, and regulating gut microbiota [282]. Excessive production of reactive oxygen species and 
decreased antioxidant capacity in nerve cells cause oxidative stress, leading to the emergence of neurodegenerative 
diseases. The brain has a high concentration of fatty acids, high oxygen demand, weak antioxidant capacity and 
sensitivity to oxidative damage. Some antioxidant natural products can reduce oxidative damage and improve the 
endogenous antioxidant capacity of cells by acting inside and outside the cell, so as to prevent and slow down the 
occurrence of nervous system diseases [283]. Experiments have confirmed that the diet of vegetables and fruits 
reduces the metabolic products of oxidative stress in patients with metabolic diseases, including obesity and diabetes, 
which may be related to the natural antioxidant bioactive compounds present in vegetables and fruits [284, 285]. 
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Excessive reactive oxygen species in cells break the balance of pro-oxidation and antioxidant, cause oxidative stress, 
induce cell damage, DNA mutation, abnormal cell proliferation, and thus cancer [286, 287]. Natural antioxidants 
such as flavonoids obtained from the diet have the potential to scavenge free radicals, inhibit superoxide-producing 
enzymes, and increase antioxidant activity to inhibit the development of cancer [288, 289]. Skin, as the largest organ 
of the human body, is vulnerable to external ultraviolet rays, toxic substances and pollution, resulting in skin health 
problems, especially skin aging, the most concerned. Both internal and external aging are related to the production 
of free radicals and the oxidative stress of the skin, so some antioxidant natural products play a key role in delaying 
aging and promoting skin health [290, 291]. Immune system regulation and inflammatory diseases are closely related 
to changes in ROS levels. Moderate ROS levels contribute to immune regulation and anti-inflammatory processes, 
while high ROS levels can damage the immune system and lead to the development of inflammation [292]. Animal 
experiments have shown that curcumin and chitosan can effectively promote wound healing, which may be related 
to its anti-inflammatory effect [293].

Although a large number of experiments have confirmed that targeted antioxidant natural products can be 
used to treat oxidative stress, there are still limitations and obstacles. Issues include specificity, administration and 
bioavailability, dose and concentration, selectivity, complexity of oxidative stress pathways, lack of comprehensive 
understanding, and cost and availability. Addressing these issues will require further research, technological advances, 
and a comprehensive understanding of the biology of oxidative stress [294].

5.2  Final thoughts on the role of targeted antioxidant natural products in therapeutics

The therapeutic effects of targeted antioxidant natural products are widely discussed and researched. Antioxidants 
play a crucial role in maintaining cellular health by neutralizing harmful free radicals and reducing oxidative 
stress [295]. Several diseases are associated with oxidative stress, including cardiovascular diseases, COPD, 
neurodegenerative diseases, metabolic disorders, cancer, and aging. Natural products such as vitamins (C and E), 
polyphenolic compounds (such as resveratrol and curcumin), and carotenoids (such as β-carotene) have gained 
attention for their antioxidant properties and are widely found in fruits, vegetables, nuts, and other plants [296].

Some preclinical studies and preliminary clinical trials have shown potential positive effects of targeted antioxidant 
natural products on certain diseases. For example, vitamin C has demonstrated potential in reducing the risk of 
cardiovascular diseases and certain cancers, resveratrol has shown potential in protecting against age-related diseases 
and promoting longevity, and curcumin has exhibited anti-inflammatory and anticancer properties [297–300]. 
However, the overall clinical evidence for the therapeutic use of targeted antioxidant natural products remains 
limited and often contradictory. Their effects are influenced by various factors, including specific diseases, dosage, 
duration of treatment, and individual patient characteristics [301]. Additionally, the bioavailability and metabolism 
of these compounds may vary, affecting their effectiveness in the body.

Recent research has also highlighted that excessive use of high-dose antioxidant supplements may not always be 
beneficial and can even lead to adverse reactions. Overconsumption of antioxidants may interfere with the body’s 
natural defense mechanisms against oxidative stress, thereby weakening the body’s ability to combat diseases [302]. 
Therefore, caution should be exercised when applying targeted antioxidant natural products, and further research is 
needed. Well-designed clinical trials can help evaluate their safety, efficacy, optimal dosage, and potential interactions 
with other medications. Furthermore, adopting a comprehensive approach to health, including a balanced diet rich 
in antioxidants, may be more beneficial than solely relying on antioxidant supplements [303].

In conclusion, targeted antioxidant natural products have the potential to play a significant role in therapy, but 
their exact benefits and limitations require further investigation. It is necessary to deepen our understanding of their 
mechanisms of action, optimal application methods, and potential risks in order to better harness the potential of 
these natural products for improving human health.
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