
applied  
sciences

Review

Plant-Derived Bioactives and Oxidative
Stress-Related Disorders: A Key Trend towards
Healthy Aging and Longevity Promotion

Bahare Salehi 1 , Elena Azzini 2 , Paolo Zucca 3, Elena Maria Varoni 4 ,
Nanjangud V. Anil Kumar 5 , Luciana Dini 6 , Elisa Panzarini 6 , Jovana Rajkovic 7 ,
Patrick Valere Tsouh Fokou 8 , Ilaria Peluso 2 , Abhay Prakash Mishra 9 , Manisha Nigam 10 ,
Youssef El Rayess 11, Marc El Beyrouthy 11, William N. Setzer 12 , Letizia Polito 13,* ,
Marcello Iriti 14 , Antoni Sureda 15,16 , Maria Magdalena Quetglas-Llabrés 15,
Miquel Martorell 17,18,* , Natália Martins 19,20,* , Mehdi Sharifi-Rad 21,
Leticia M. Estevinho 22,23,* and Javad Sharifi-Rad 24,*

1 Student Research Committee, School of Medicine, Bam University of Medical Sciences, Bam 44340847, Iran;
bahar.salehi007@gmail.com

2 CREA—Research Centre for Food and Nutrition, Via Ardeatina, 546-00178 Roma, Italy;
elena.azzini@crea.gov.it (E.A.); ilaria.peluso@crea.gov.it (I.P.)

3 Department of Biomedical Sciences, University of Cagliari, 09124 Cagliari, Italy; paolozuc@gmail.com
4 Department of Biomedical, Surgical and Dental Sciences, Milan State University, 20122 Milan, Italy;

elena.varoni@unimi.it
5 Department of Chemistry, Manipal Institute of Technology, Manipal Academy of Higher Education,

Manipal 576104, India; nv.anil@manipal.edu
6 Department of Biological and Environmental Sciences and Technologies (Di.S.Te.B.A.), University of Salento,

73100 Lecce, Italy; luciana.dini@unisalento.it (L.D.); elisa.panzarini@unisalento.it (E.P.)
7 Institute of Pharmacology, Clinical Pharmacology and Toxicology, Medical Faculty, University of Belgrade,

11129 Belgrade, Serbia; jolarajkovic@yahoo.com
8 Department of Biochemistry, Faculty of Science, University of Yaounde 1, Yaounde 812, Cameroon;

ptsouh@gmail.com
9 Department of Pharmaceutical Chemistry, H.N.B. Garhwal (A Central) University, Srinagar Garhwal,

Uttarakhand 246174, India; abhaypharmachemhnbgu@gmail.com
10 Department of Biochemistry, Hemvati Nandan Bhauguna Garhwal University (A Central University),

Srinagar, Garhwal, Uttarakhand 246174, India; anandmanisha23@gmail.com
11 Department Agricultural and Food Engineering, School of Engineering, Holy Spirit University of Kaslik,

Jounieh B.P. 446, Lebanon; youssefrayess@usek.edu.lb (Y.E.R.); marcelbeyrouthy@usek.edu.lb (M.E.B.)
12 Department of Chemistry, University of Alabama in Huntsville, Huntsville, AL 35899, USA;

setzerw@uah.edu
13 Department of Experimental, Diagnostic and Specialty Medicine-DIMES General Pathology Section, Via San

Giacomo, 14, Alma Mater Studiorum-University of Bologna, 40126 Bologna, Italy
14 Department of Agricultural and Environmental Sciences, Milan State University, via G. Celoria 2,

20133 Milan, Italy; marcello.iriti@unimi.it
15 Research Group in Community Nutrition and Oxidative Stress, University of Balearic Islands & Health

Research Institute of the Balearic Islands (IdISBa), E-07122 Palma, Balearic Islands, Spain;
tosugo@hotmail.com (A.S.); mariamagdalenaqll@gmail.com (M.M.Q.-L.)

16 CIBEROBN (Physiopathology of Obesity and Nutrition), University of Balearic Islands, E- 07122 Palma,
Balearic Islands, Spain

17 Department of Nutrition and Dietetics, Faculty of Pharmacy, University of Concepcion,
Concepcion 4070386, Chile

18 Unidad de Desarrollo Tecnológico, Universidad de Concepción UDT, Concepcion 4070386, Chile
19 Faculty of Medicine, University of Porto, Alameda Prof. Hernâni Monteiro, 4200-319 Porto, Portugal
20 Institute for Research and Innovation in Health (i3S), University of Porto, 4200-135 Porto, Portugal
21 Department of Medical Parasitology, Kerman University of Medical Sciences, Kerman 7616913555, Iran;

mehdi_sharifirad@yahoo.com

Appl. Sci. 2020, 10, 947; doi:10.3390/app10030947 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-6900-9797
https://orcid.org/0000-0002-1971-1668
https://orcid.org/0000-0002-7287-2188
https://orcid.org/0000-0002-8016-8991
https://orcid.org/0000-0002-2633-9040
https://orcid.org/0000-0003-4219-4272
https://orcid.org/0000-0002-6173-2219
https://orcid.org/0000-0003-3724-3527
https://orcid.org/0000-0002-6210-5241
https://orcid.org/0000-0002-2224-0852
https://orcid.org/0000-0002-2405-9790
https://orcid.org/0000-0002-3639-0528
https://orcid.org/0000-0001-8051-4981
https://orcid.org/0000-0002-5063-1236
https://orcid.org/0000-0001-8656-6838
https://orcid.org/0000-0003-3183-7623
https://orcid.org/0000-0002-5934-5201
https://orcid.org/0000-0002-7301-8151
http://dx.doi.org/10.3390/app10030947
http://www.mdpi.com/journal/applsci


Appl. Sci. 2020, 10, 947 2 of 26

22 Department of Biology and Biotechnology, School of Agriculture of the Polytechnic Institute of
Bragança (ESA-IPB), Campus de Santa Apolónia, 5301-854 Bragança, Portugal

23 CIMO, Mountain Research Center, Polytechnic Institute of Bragança, Campus Santa Apolónia,
5301-855 Bragança, Portugal

24 Phytochemistry Research Center, Shahid Beheshti University of Medical Sciences, Tehran 1991953381, Iran
* Correspondence: letizia.polito@unibo.it (L.P.); mmartorell@udec.cl (M.M.); ncmartins@med.up.pt (N.M.);

leticia@ipb.pt (L.E.M.); javad.sharifirad@gmail.com (J.S.-R.)

Received: 18 December 2019; Accepted: 8 January 2020; Published: 1 February 2020
����������
�������

Abstract: Plants and their corresponding botanical preparations have been used for centuries due to
their remarkable potential in both the treatment and prevention of oxidative stress-related disorders.
Aging and aging-related diseases, like cardiovascular disease, cancer, diabetes, and neurodegenerative
disorders, which have increased exponentially, are intrinsically related with redox imbalance and
oxidative stress. Hundreds of biologically active constituents are present in each whole plant matrix,
providing promissory bioactive effects for human beings. Indeed, the worldwide population has
devoted increased attention and preference for the use of medicinal plants for healthy aging and
longevity promotion. In fact, plant-derived bioactives present a broad spectrum of biological effects,
and their antioxidant, anti-inflammatory, and, more recently, anti-aging effects, are considered to
be a hot topic among the medical and scientific communities. Nonetheless, despite the numerous
biological effects, it should not be forgotten that some bioactive molecules are prone to oxidation
and can even exert pro-oxidant effects. In this sense, the objective of the present review is to provide
a detailed overview of plant-derived bioactives in age-related disorders. Specifically, the role of
phytochemicals as antioxidants and pro-oxidant agents is carefully addressed, as is their therapeutic
relevance in longevity, aging-related disorders, and healthy-aging promotion. Finally, an eye-opening
look into the overall evidence of plant compounds related to longevity is presented.

Keywords: medicinal plants; bioactive molecules; phenolic compounds; oxidative stress; antioxidants;
chronic disorders; health maintenance; longevity

1. Introduction

Since the beginning of human civilization, plants have been used in virtually all cultures as
a source of remedy for multiple health conditions, as documented from the centers of civilization.
They comprise a brilliant source of exogenous antioxidants, whose activity ranges from extremely slight
to very great [1,2]. Indisputably, these natural antioxidants may act as reducing agents, free radical
scavengers, singlet oxygen forming and pro-oxidant metals quenchers, localized O2 concentration
reducers, endogenous antioxidant defenses boosters, and avoid damage in repair systems, or any
combination of the above. Also, they protect against oxidative stress, which in turn helps in maintaining
the balance between oxidants and antioxidants levels [3].

Interestingly, reactive oxygen species (ROS) have been considered to be the uninvited companions
of aerobic life ever since molecular oxygen was introduced in our environment about 2.7 billion
years ago [4]. Under steady-state conditions, ROS molecules are scavenged by various antioxidant
defense mechanisms [5]. In this sense, the antioxidant potential of plants has attracted a great deal
of attention, because increased oxidative stress has been reported as a major contributing factor to
both the development and progression of aging and numerous life-threatening disorders, including
neurodegenerative and cardiovascular diseases [6,7].

Plants possess miraculous antioxidant effects because of their high oxygen exposure physiology.
In fact, plants may have more sites of ROS generation. Therefore, they could evolve more proficient
non-enzymatic antioxidant systems than humans [1,8]. Plants synthesize several enzymatic and
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non-enzymatic antioxidants to avoid free radicals’ toxic effects, in addition to be able to synthesize
and accumulate a wide variety of low and high molecular weight secondary metabolites, which
play important roles in ROS metabolism and effectively avoid the uncontrolled oxidation of essential
biomolecules, thus, acting as antioxidants [1,8,9].

There is a broad diversity of naturally-occurring antioxidants found in plants, differing in their
composition, physicochemical properties, site, and mechanism of action. The major antioxidant plant
secondary metabolites are phenolic compounds, and they can be divided into five general groups,
namely, phenolic acids, flavonoids, lignans, stilbenes, and tannins [10–12]. Briefly, they provide
protection through scavenging numerous ROS, including hydroxyl radicals, peroxyl radicals,
hypochlorous acids, superoxide anions and peroxynitrite [13]. Particularly, the antioxidant activity
of polyphenols in cardiovascular diseases, such as the activity of hepatoprotective, anti-carcinogenic,
antimicrobial, antiviral, and anti-inflammatory agents, has been broadly described [14,15]. In fact,
anthocyanins play a key antioxidant role in plants against ROS-generated abiotic stress, such as in the
case of ultraviolet light and extreme temperatures [16,17]. They also inhibit chemically-induced cancer
and turn off genes involved in proliferation, inflammation, and angiogenesis [18]. Also, these secondary
metabolites are known to prevent a key step in atherogenesis and are more potent antioxidants than
vitamin C [19].

Moreover, a meta-analysis of epidemiological studies has shown that carotenoids act protectively
against head and neck cancer [20], while other studies have suggested that carotenoid-rich diets appear
to have a protective effect against Parkinson’s disease (PD) [21] and prostate [22] and breast [23] cancers.
In this sense, the objective of the present review is to provide a detailed overview of plant-derived
bioactives and their effect on age-related disorders. Specifically, the role of phytochemicals as
antioxidants and pro-oxidant agents is carefully addressed, as is their therapeutic relevance in
longevity, aging-related disorders, and healthy-aging promotion. Finally, an eye-opening look into the
overall evidence of plant compounds related to longevity is presented.

2. The Role of Phytochemicals in Oxidative Stress

Nowadays, ROS-related research is increasing due to the involvement of ROS in aging and
aging related-diseases such as cardiovascular and neurodegenerative diseases, atherosclerosis,
and others [24–26]. Thus, the importance of removing excessive ROS is becoming increasingly
recognized, which is often achieved using antioxidants.

In a broad sense, an antioxidant is defined as “any substance that delays, prevents, or removes
oxidative damage to a target molecule” [27]. Thus, oxidative stress represents an imbalance between
humans’ protective molecules, the antioxidants, and molecules that can damage all sorts of cellular
components, such as free radicals. Nonetheless, some antioxidant molecules may also present
pro-oxidant effects. For instance, ascorbic acid plays an important role in ameliorating photosynthesis’
oxidative stress, besides having several other roles in cell division and protein modification, but also
acting as a pro-oxidant [28]. Similarly, vitamin E also possesses pro-oxidant effects when used at
high concentrations. Indeed, it has been reported that vitamin E reacts with free radicals to become a
reactive radical (pro-oxidant) in the absence of co-antioxidants [8]. On the other hand, it has also been
reported that some antioxidant phytochemicals from foods, spices, herbs, and medicinal plants may
also act as pro-oxidant agents when a transition metal is available [29].

2.1. Phytochemicals as Antioxidant Agents

Phytochemicals exhibiting antioxidant effects are broadly categorized into the alkaloid, carotenoid,
coumarin, flavonoid, phenolic, and terpenoid groups, among other organic compounds. However,
given the focus of the present review, and based on the number of structures, they are grouped as
follows (Table S1).

An extensive search of the existing published literature was performed, where the inclusion
criteria were that the literature was from a journal listed in either the Scopus or Web of Science database



Appl. Sci. 2020, 10, 947 4 of 26

and that the isolated compounds were purified and assayed for antioxidant activity. Regarding the
exclusion criteria, compounds known to possess antioxidant effects that have been isolated from
various plant materials were excluded. Thus, given the above-established aspects and considering
both the taxonomical classification and the family name listed in the plant list website, the literature
search was carried out. All the obtained data are carefully organized and presented in Tables S2–S10.

2.2. Case Study: Antioxidant Activity of Flavonoids

Flavonoids comprise a large group of phenolic compounds. Their basic chemical structure is
the flavan nucleus, which consists of 15 carbon atoms arranged in three rings (C6-C3-C6), as seen in
Figure 1. The different classes of flavonoids differ in their oxidation level and substitution pattern of
the C ring, while units within a class differ in their substitution pattern of the A and B rings [30].
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Figure 1. Basic structure of flavonoids.

Nowadays, flavonoids have gained huge interest due to their broad pharmacological activity.
The interest in flavonoids’ health benefits has been raised due to the prominent in vitro antioxidant
effects that have been stated. Specifically, the antioxidant activity of flavonoids and their metabolites
depends upon the arrangement of the functional groups around the basic structure. Several in vitro
investigations have been carried to elucidate the relationship between flavonoid structure and the
corresponding antioxidant effects [31–36]. Therefore, the chemical structures of flavonoids are predictive
of their antioxidant potential in terms of their radical scavenging, hydrogen- or electron-donation,
and metal-chelating capacities.

The following mechanisms have been cited in literature to explain the antioxidant activity
of flavonoids: (1) The scavenging of free radicals or ROS, (2) metal chelation, (3) inhibition of
enzymes associated with free-radicals generation (e.g., oxidases), and (4) the activation of antioxidant
enzymes [30,37,38].

2.2.1. Free-Radical Scavenging

The antioxidant capacities of flavonoids can arise from free radical scavenging or direct ROS
scavenging. Flavonoids are able to donate a hydrogen atom to neutralize free radicals. Also, flavonoids
may act by single-electron transfer.

In the literature, it is well-known that some flavonoids present higher antioxidant activity than
others, which is directly related to their chemical structure [37,39,40]. For efficient radical scavenging,
the required structural features of flavonoids are summarized as follows: (i) An o-dihydroxy (catechol)
structure in the B ring for electron delocalization (Figure 2, ring a); (ii) hydroxyl groups at position 3
on the C ring and 5 and 7 on the A ring provide an increase in antioxidant activity (Figure 2, ring b),
and (iii) a C2-C3 double bond combined with the oxo-C4 on the C ring (Figure 2, ring c).
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The most significant actor in scavenging free radicals is the B ring hydroxyl structure. The hydroxyl
groups on this ring stabilize hydroxyl, peroxyl, and peroxynitrite radicals through the donation of
hydrogen or electrons. Quercetin has shown to be a flavonoid expressing higher antioxidant activity
due to the presence of hydroxyl groups and twisting angle of the B ring [41].

The total number of hydroxyl groups in the flavonoid structure influences the mechanism of
antioxidant activity. To evaluate the antioxidant activity of flavonoids’ hydroxyl groups, the bond
dissociation energy (BDE) is used, where the lower the BDE value is, the easier the dissociation of the
hydroxyl bond and the reaction with free radicals [30,42].

2.2.2. Metal-Ion Chelating

Metal ions, such as Fe2+ and Cu+, are considered to be primary triggers of in vivo ROS generation.
These redox-active metal ions can react with H2O2, and the result is OH−, which damages DNA by
strand breakage or base damage, leading to genetic mutations, cancer, or even cell death [43,44].

Some flavonoids can chelate these metal ions, decreasing one of the factors for the development
of free radicals. The proposed binding sites for metal ions in flavonoid structure are the catechol
moiety in the B ring, the 3-hydroxyl and 4-oxo groups in the C ring, and the 4-oxo and 5-hydroxyl
groups between the C and A rings [45]. For the iron-chelating mechanism of flavonoids, the stability
constants for flavonoid-iron interactions have been measured, providing insight into their antioxidant
behavior [46].

2.2.3. Inhibition of Pro-Oxidant Enzymes

Enzymes such as nitric oxide synthase (NOS), xanthine oxidoreductase (XOR), lipoxygenase
(LOX), and cyclooxygenase (COX) are responsible for ROS generation [24]. XOR is involved in the
metabolism of xanthine to uric acid and is a source of oxygen free radicals [26]. XOR reacts with
molecular oxygen and releases superoxide. Flavonoids have been shown to inhibit XOR, and, amongst
them, quercetin and luteolin are the most widely cited for use [14,47]. Several reports have investigated
the structure-activity relationships of flavonoids as XOR inhibitors [47–49]. All these studies have
shown that the flavonoids’ inhibitory activity is due to the planar flavone core (C2-C3 double bond),
hydroxyl groups at C5 and C7, and the carbonyl group C4 [47–49]. COX and LOX are responsible for the
inflammatory process of mediator production. COX presents two isoforms, COX-1 and COX-2. During
the inflammatory process, COX-1 mRNA and protein activity do not change, whereas a dramatic
increase in COX-2 levels occurs, leading to increased proinflammatory prostanoid production [50].

Flavonoids have been investigated as selective COX-2 inhibitors, like quercetin and quercetin
3’-sulfate [51]. Those with an ortho-dihydroxy (catechol) moiety in rings A or B appear to be stronger
inhibitors. In addition, the planar flavonoid structure (C2-C3 double bond) seems to be a prerequisite
for inhibitory activity [52]. The same observation about structure-activity relationships was made for
LOX inhibition [53,54]. It has been shown that quercetin and quercetin monoglucosides exert higher
LOX inhibition potential [53]. Otherwise, it should be considered that the effect of plant antioxidants
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on several enzymes, such as XOR, can have secondary effects on other drugs that are metabolized by
XOR. In fact, as reported in a recent review [55], XOR activity is directly involved in the metabolism
of antiblastic and antimetabolic drugs, which are used for treating neoplasia, autoimmune diseases,
and viral infections. Sometimes, XOR activity has a degradative function toward a drug, while to other
drugs it may present an activating role, and thus it is essential for pharmacological activity [55].

2.2.4. Activation of Antioxidant Enzymes

Another mechanism through which flavonoids can play an antioxidant role is the modulation
of antioxidant enzyme expression. The enzymatic antioxidant system in humans is composed
of glutathione peroxidase (GPX), catalase (CAT), superoxide dismutase (SOD), NADPH-quinone
oxidoreductase, glutathione S-transferase, and glutathione reductase.

Flavonoids have been shown to interact with cellular defense systems through the
antioxidant-responsive element/electrophile-responsive element (ARE/EpRE) [56]. Quercetin has
been shown to stimulate both antioxidant response genes and protein expression in various cell types,
and these proteins may prevent damage from subsequent oxidative insults, such as heme oxygenase-1
(HO-1) in RAW264.7 macrophages [57], CAT in the trabecular meshwork cells of the eye [58], and the
NAD(P)H dehydrogenase [quinone] 1 (NQO-1) enzyme in HepG2 cells [56]. Kaempferol has also
been shown to be able to activate the ARE more potently than quercetin, and lower concentrations
of the combination of both compounds have been shown to increase the mRNA expression of
NADPH-quinone oxidoreductase and glutathione S-transferase to a higher extent than individual
treatments at higher concentrations [59]. Lee-Hilz et al. [60] showed that flavonoids bearing a hydroxyl
group at the 3-position of C ring, like quercetin and myricetin, were the most effective inducers of the
firefly luciferase reporter gene in Hepa-1c1c7 mouse hepatoma cells.

2.3. Phytochemicals as Pro-Oxidant Agents: Friend or Foe?

Besides the already stated phytochemicals with antioxidant effects, it has also been shown that
some of these molecules may possess pro-oxidant effects. In particular, flavonoids have been found to
be mutagenic in vitro [61,62]. In fact, as described above, the chemical structure of flavonoids exerts
a key role in determining their antioxidant activities, as well as their copper-initiated pro-oxidant
activities. As long as the OH substitution is necessary for the antioxidant activity, the subclasses of
flavone and flavanone, which have no OH substitutions and provide the basic chemical structures
for flavonoids, do not show antioxidant or copper-initiated pro-oxidant activities [61]. Higher OH
substitutions are associated with stronger redox activity. O-Methylation, probably as well as other
O-modifications of the flavonoid OH substituents, inactivates both the antioxidant and pro-oxidant
effects of flavonoids. In general, flavonoids occur in foods as O-glycosides with sugars bound at the C3
position. Methylation or glycosidic modification of the OH substitutions leads to inactivation of the
transition metal-initiated pro-oxidant activity of a flavonoid [63].

On the other hand, flavonoids, such as quercetin and kaempferol, induce nuclear DNA damage
and lipid peroxidation in the presence of transition metals. The in vivo copper-initiated pro-oxidant
action of flavonoids is generally not considered significant, as copper ions are largely sequestered
in tissues, except in the case of metal toxicity. In this context, flavonoids, such as catechins and
quercetin, possess chelating properties, inhibiting their reactivity [64,65]. Besides, polyphenols are
well-known as scavenger/chain breaking phytochemicals (Figure 3). Despite the well-known ability
of flavonoids in preventing iron-induced lipid peroxidation in hepatocytes, including quercetin [66],
it has been suggested that the pro-oxidant activity of some polyphenols is more prominent in vitro
under particular conditions, such as high pH or the presence of high concentrations of transition
metal ions and oxygen molecules [2]. Specifically, small phenolic molecules, which are easily oxidized,
such as quercetin and gallic acid, have a known pro-oxidant activity, while, on the other hand, phenols
with a high molecular weight (i.e., tannins), have little or no pro-oxidant activity [15]. The pro-oxidant
properties of polyphenols may derive from different possible mechanisms, including metal reduction,
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copper ion mobilization, chemical instability, cellular glutathione (GSH) depletion, and sulfhydryl
(SH) interactions [67].Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 25 
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Although reduction and antioxidant capacity are related, it must be considered that the hydroxyl
radical, the lipid peroxidation initiator, is produced from the reaction between reduced iron or copper
and hydrogen peroxide (Figure 3). Moreover, some dietary polyphenols, such as resveratrol and caffeic
acid, have been shown to trigger DNA damages through the mobilization of endogenous copper ions,
suggestive of chromatin binding, leading to ROS production [68]. The preferential cytotoxicity towards
tumor cells is probably due to the high levels of copper ions, and not of iron ions in cells and in tumor
tissues. The mechanism through which copper concentration is increased in the tumor is not yet
clear [68,69]. However, it has been shown that the copper transporter 1, with high affinity in humans,
is over-expressed in malignant cells, resulting in the increased absorption and accumulation of the
metal. Also, it has been hypothesized that copper may be necessary for ceruloplasmin expression,
which is the main protein that binds it, which is over-expressed in cancer cells, and thus it has been
proposed to be an endogenous stimulator of angiogenesis. Nonetheless, further in vivo studies are
necessary to better understand these processes.

Regarding chemical instability, many polyphenols are structurally unstable and can undergo
enzymatic or spontaneous oxidation in the presence of metal ions, particularly in cell cultures, to form
ROS [29,70,71]. For instance, it has been shown that epigallocatechin gallate (EGCG) produces
significant amounts of H2O2 in cell cultures [72].

Likewise, the cytotoxicity of green tea and red wine in PC12 rat phaeochromocytoma cells, when
grown in Dulbecco’s Modified Eagle’s Medium (DMEM), can be attributed to H2O2 produced from
these drinks, at least partially [73]. The same holds true for phytochemicals, including polyphenols
that can become pro-oxidants, even if this has not yet been clearly elucidated. However, transition
metal ions are known to be present in cell culture media. An example is DMEM, which contains



Appl. Sci. 2020, 10, 947 8 of 26

inorganic iron, usually Fe(NO3)3, which gives it greater pro-oxidant properties. Also, most of the
cultured cells are kept in high O2 conditions (95% air and 5% CO2) and low ascorbate, vitamin E and
selenium concentrations, which can lead to artefact results [29].

Through in vitro studies, several food polyphenols have been shown to determine cellular GSH
depletion, which could contribute to apoptosis activation in tumor cells. For example, Kachadourian
and Day [74] have shown that the flavones, cristine, and apigenin, deplete GSH in cell lines, while
hydroxycarbonate and dihydroxycalcone perform this action more effectively in tumor prostate
PC-3 cells. These authors found that the enhancement effects of these different flavones are related
to mitochondrial dysfunction through the depletion of mitochondrial GSH levels, a decrease in
mitochondrial membrane potential, and the increase of cytochrome C release [74]. In this context,
isothiocyanates are conjugated with GSH by glutathione S-transferases (GSTs) [75,76]. GPX, which is
involved in hydrogen peroxide removal, consumes GSH (Figure 3). On the other hand, it has been
suggested that some polyphenols have a pro-oxidant activity, both in vitro and in vivo, which certainly
contributes to their antioxidant and anti-cancer effects [29], through inducing antioxidant enzymes,
such as SOD, which catalyzes the one-electron dismutation of superoxides into hydrogen peroxide and
oxygen, and CAT, allowing two-electron dismutation into oxygen and water (Figure 3).

It is well-known that cysteine reduced form (SH) redox status has a primary role in the nuclear
factor-erythroid 2-related factor 2 (Nfr2)/ARE pathway (Figure 3). Under physiological conditions,
Nfr2 is bound to the kelch-like ECH-associated protein-1 (Keap1) and, thereby, sequestered in
the cytoplasm, whereas, when under conditions of oxidative stress, Nfr2 dissociates from Keap1,
translocating to the nucleus and inducing antioxidant enzyme transcription. The cysteine residues on
Keap1, which are ultrasensitive to electrophiles, are critically important for Nrf2 binding. Antioxidants
with catechol and electrophilic moieties induce Nrf2-mediated gene expression in antioxidant enzymes
acting as pro-oxidants rather than antioxidants [77]. This effect is well-known for green tea catechins [78],
but also other bioactive phytochemicals, like triterpenoids, caffeic acid, and isothiocyanates (the
breakdown products of glucosinolates), which can induce the Nrf2 pathway, acting on cysteine residues
of Keap1 [75,76,79–81].

As observed for Nrf2, ROS and some cysteine residues are involved in NF-κB translocation
to the nucleus (Figure 3). In particular, cysteine 179 of Iκ kinases (IKK) is a target of the
S-glutathionylation-induced inactivation [82]. Electrophilic modifications of cysteine 179 of IKK
inhibit NF-κB activation and have been suggested to be one of the mechanisms involved in the
anti-inflammatory and COX-inhibitory effects of phytochemicals [83,84]. On the other hand, it has
been suggested that the crosstalk between Nrf2 and NF-κB can occur through other mechanisms,
including common regulatory sequences in transactivation domains, the co-activator CREB-binding
protein (CBP), and up-regulation exerted by the Nrf2 of antioxidant enzymes [75].

3. Therapeutic Relevance of Plant-Derived Antioxidants in Aging and Aging-Related Diseases

Redox homeostasis plays a crucial role in health maintenance and disease prevention. Oxidative
stress, generated by the unbalance between ROS and antioxidants, leads to the degradation of
lipids, proteins, and nucleic acids, resulting in oxidative damage to cells. Such damage may result
or contribute significantly to oncogene over-expression, mutagen formation, atherogenic activity
induction, or inflammation. In fact, oxidative stress has been reported to play a major role in aging and
in aging-related diseases. As already stated, plants are rich sources of antioxidants which show health
benefits through the direct reduction of oxidative stress. Here, we focus on some plants that involve an
antioxidant-based mode of action in aging and disease management.

3.1. Anti-Aging

Aerobic life is possible thanks to oxygen, but this is what makes life not infinite at the same time.
During aerobic respiration, cells are able to obtain energy through reduction-oxidation reactions [85].
The incomplete reduction of oxygen in aerobic respiration and other metabolic processes can produce
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highly reactive molecules, known as ROS. These molecules play an important role in cells, since they
can participate in the transmission of intracellular signals, regulating diverse redox-sensitive pathways
but also oxidizing and altering biomolecules [85,86]. In 1956, Harman postulated the mitochondrial
free radical theory of aging (MFRTA), suggesting that the aging process is related, in part, to the
accumulation of oxidative damage to cellular components [87]. Aging is a multifactorial process,
characterized by a gradual loss of homeostasis and, therefore, the loss of physiological functions in
which numerous elements are involved, including ROS and a widespread decrease in antioxidant
defense [88,89]. Accordingly, with aging, there is an accumulation of ROS, mainly in the mitochondria,
which promotes a situation of chronic oxidative stress, favoring the appearance of oxidative damage to
DNA, lipids, and proteins, inducing the degeneration of the tissues [90].

There are two main types of oxidant sources, namely, the mitochondrial source, which plays
a major role in aging, and the non-mitochondrial source, which plays a role in the pathogenesis of
age-related diseases [91]. The main place of intracellular oxygen consumption is in mitochondria
derived from the electron transport chain. This is the reason why mitochondria seem to be the main
source of endogenous oxidants involved in aging [91–93]. These reactive species include different free
radicals, such as superoxides, singlet oxygen, and hydroxyl radicals, and non-free radicals, such as
hydrogen peroxide [93]. All these reactive oxygen-formed species can be eliminated through the action
of antioxidant defensive mechanisms. When a higher concentration of reactive species to antioxidants
exists, a state of oxidative stress is established. This condition has been observed as a sign of many
chronic age-related disorders, such as different metabolic disorders, Parkinson’s disease (PD), kidney
disease, and Alzheimer’s disease (AD) [93].

An increase in ROS production has been related to an increase in cell senescence, characterized
by a decrease in cell proliferation [89]. Oxidative stress also promotes mitochondrial DNA mutation,
leading to the incorporation of defective subunits in the electron transport chain, and, consequently,
a decrease in the synthesis of ATP. This situation contributes to the accumulation of dysfunctional
mitochondria, which has been considered as one of the main causes of aging [90,91,94].

Antioxidants are endogenous and exogenous substances that prevent or eliminate ROS and
protect against oxidative damage. Endogenous antioxidants include enzymatic and non-enzymatic
molecules and are distributed within cytoplasm and cell organelles. Exogenous antioxidants are
mainly found in vegetables and fruits as phytochemicals [93]. Many plants often contain a considerable
amount of antioxidants (e.g., vitamins, carotenoids, terpenoids, polyphenols, alkaloids, tannins, and
saponins) that can be consumed, participating in the elimination of ROS in the human body. It has
been suggested that the amalgamation of antioxidant and anti-inflammatory phenolic compounds
found in plants is important in aging, because the factors that increase the resistance to this oxidative
stress could exert beneficial effects against aging [95,96]. Interestingly, polyphenols are also useful
in ameliorating the adverse effects of the aging process on the nervous system or brain due to the
ability of these compounds to cross the blood-brain barrier [97]. The most beneficial effects come from
flavonoids, specifically from anthocyanins. Anthocyanins, which are highly abundant in brightly
colored fruits, such as berries and grapes, have been shown to have strong antioxidant/anti-inflammatory
activities, besides being able to inhibit lipid peroxidation and the inflammatory mediators COX-1 and
COX-2 [98]. Shukitt-Hale et al. [97] showed that a diet supplementation with vitamin E (500 IU/Kg)
for 8 months in Fischer 344 rats had protective effects on alterations in cell signaling associated with
aging. The treatment improved growth neuronal communication, stress signaling pathways, calcium
buffering capacity, neuroprotective stress shock proteins, and plasticity. In an in vitro study, it has
been observed that the incubation of erythrocytes with catechins (10−5 mol/L) from tea protected
cells from oxidative stress induced by tert-butyl hydroperoxide (t-BHP) [99]. Catechins decreased
the levels of malonyldialdehyde (MDA) and reduced the oxidation of sulfhydryl groups (-SH) and
reduced glutathione (GSH). Resveratrol has been found to act as an anti-aging agent, mimicking
the effects observed after caloric restriction or partial food deprivation [100], leading to improved
exercise performance, insulin sensitivity and increasing lipid mobilization in adipose tissue [101]. It has
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been observed that resveratrol has protective effects against cerebral ischemic injury when injected
in gerbils (30 mg/kg body weight), indicating that resveratrol can cross the blood-brain barrier [102].
Hydroxytyrosol is a phenylethanoid, a type of phenolic mainly found in the olive tree and its leaves,
with reported effects as a cardioprotective agent. The Mediterranean diet, which includes olive oil
as a primary source of fat, is associated with a lower incidence of chronic diseases and increased
longevity [103]. A recent study with peripheral blood mononuclear cells (PBMCs) and HL60 cells
showed that hydroxytyrosol extracted from virgin olive oil significantly reduced the DNA damage at
concentrations as low as 1 mM when co-incubated in a medium containing H2O2 (40 mM) [104].

3.2. Aging-Related Diseases

3.2.1. Cardiovascular Diseases

Cardiovascular diseases are the leading cause of death globally. A plethora of herbal products are
used to manage and/or treat chronic cardiovascular conditions and related problems. Evidence suggests
that myocardial cell damage may be due to toxic ROS generation, such as the generation of superoxide
radicals, hydrogen peroxide and hydroxyl radicals [105]. Several studies have demonstrated that
polyphenol consumption limits the incidence of coronary heart diseases [106]. Quercetin, an ample
polyphenol in onions, has been shown to decrease coronary heart disease-associated mortality through
inhibiting metalloproteinase (MMP)-1 expression and disrupting atherosclerotic plaques [52]. Centella
asiatica, from the Apiaceae family, has been shown to prevent blood coagulation, alleviate oxidative
stress, and be usable as a hypotensive [107]. Tea catechins have been shown to inhibit smooth
muscle cell invasion and proliferation in the arterial wall, thereby slowing down atheromatous
lesion formation. Tea polyphenols lower blood pressure via antioxidant or estrogen-like activity [52].
Convallaria majalis, from the Smilacaceae family, has cardenolide glycosides. The other compounds
in this plant are convallasaponin A, free flavonoids, heterosides, and mineral salts. Convallotoxin
is used as cardiotonic [108]. The consumption of red wine or non-alcoholic wine reduces bleeding
time and platelet aggregation. Resveratrol, the wine polyphenol, prevents platelet aggregation via
the preferential inhibition of COX-1 activity, which synthesizes thromboxane A2, an inducer of the
platelet aggregation and vasoconstrictor [109]. Fraxinus excelsior, a member of the Oleaceae family,
has two phenolic classes of compounds, mainly iridoids and secoiridoid glucosides. It is vasoprotective
and venotonic and has anti-hypertensive effects [110]. Digitalis purpurea and Digitalis lanata, from the
Scrophulariaceae family, have cardiac glycosides. Being cardiotonic, these plants increase heterosides,
increasing cardiac contractility, decreasing excitability, conductivity, and rhythm, and also decreasing
the oxygen requirement for cardiac work [111].

3.2.2. Cancer

Cancer development in humans is a complex process that is mediated by various endogenous
and exogenous stimuli. It has been reported that oxidative DNA damage is responsible for cancer
development, involving free radical-induced promotion and oncogene activation [112].

Polyphenols have been reported to decrease tumor growth in human cancer cell lines [113].
Many polyphenols, such as quercetin, catechins, isoflavones, lignans, flavanones, ellagic acid, red
wine polyphenols, resveratrol, and curcumin, have been reported to show protective effects in some
models, despite their different mechanisms of action [114]. Apigenin, a flavone present in vegetables
and in the Egyptian plant Moringa peregrine, demonstrates cytotoxic activities against the breast
cancer (MCF 7) and colon cell lines (HCT 116), comparable to that of doxorubicin [115]. Curcumin
(diferuloylmethane) is the major component of the popular Indian spice turmeric (Curcuma longa),
which is a member of the ginger family. Its anti-cancer effects have been studied for colon and breast
cancers, lung metastases, and brain tumors [116,117]. Cyanidin is a pigment extracted from red berries,
such as grapes, blackberries, cranberries, raspberries, or apples, plums, red cabbage, and red onion.
It possesses antioxidant and radical-scavenging effects, which may reduce the risk of cancer. It has
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been reported that cyanidin-3-glucoside (C3G) may prevent or reduce ethanol-induced breast cancer
metastasis [118]. Indole-3-carbinol (I3C) is found in Brassica vegetables, such as broccoli, cauliflower,
and collard greens. Diindolylmethane (DIM) is a digestion derivative of I3C. I3C and DIM have
demonstrated exceptional anti-cancer effects against hormone responsive cancers, like breast, prostate,
and ovarian cancers [119]. EGCG is the most abundant catechin compound in green tea. Increasing
evidence has shown that EGCG can be beneficial in treating brain, prostate, cervical, and bladder
cancers [120–122]. Theaflavins, thearubigins, and polyphenols, which are present mainly in black tea,
have also been shown to possess inhibitory effects against HCT 116 colon cancer cells and HT 460 lung
cancer cells [123]. Genistein, an isoflavone that originates from a number of plants, such as lupine,
fava beans, soy beans, kudzu, and psoralea, Flemingia vestita, and coffee, acts as an antioxidant, and it
is also useful in treating leukemia [124].

Beside this, gingerol (gingers), kaempferol (tea, broccoli, and grapefruit), lycopene (tomato),
phenethyl isothiocyanate (PEITC), sulforaphane (cruciferous vegetable), resveratrol (grapes), rosmarinic
acid (rosemary), vitamin D from mushrooms, vitamin E from plant oil, Aegle marmelos (bael), Vernonia
anthelmintica (kalijiri), Tinospora cordifolia, and Phyllanthus acidus (amla), have also been reported
to have potential anti-cancer properties due to the presence of antioxidants, similar to phenolic
compounds [125]. The anti-cancer agents vinblastine and vincristine, from Catharanthus roseus (from
the Apocynaceae family), have revolutionized the use of plant material as a medical treatment. These
were the first agents put into clinical use for cancer treatment. The isolation of paclitaxel (Taxol®) from
the bark of the Pacific Yew, Taxus brevifolia Nutt. (Taxaceae), was another milestone in the search for
novel natural anti-cancer drugs [126].

3.2.3. Diabetes

Diabetes is a metabolic disorder that mainly occurs due to defects in insulin secretion, insulin
action, or both [127]. It has been postulated that the etiology of diabetes complications involves
oxidative stress [127]. Medicinal plants have been revealed to be a rich source of molecules with
excellent hypoglycemic properties, like flavonoids, tannins, phenolics, and alkaloids [128]. Tannins
improve pancreatic beta cell function and increase insulin secretion, whereas quercetin is an antioxidant
that acts by removing oxygen radicals, precluding lipid peroxidation [129]. The modes of action of
hypoglycemic plants include (i) increasing insulin secretion, (ii) increasing glucose absorption by
muscle and fat tissues, (iii) preventing glucose absorption from the intestine, and (iv) preventing
glucose production from liver cells [130].

3.2.4. Neurodegenerative Disorders

Neurodegenerative disorders result from the progressive loss of neuron structure and/or
function. Since oxidative stress has been reported to contribute to the etiology of neurological
diseases, like Alzheimer’s disease (AD), Parkinson’s disease (PD), and multiple sclerosis, among
others [131], compounds with antioxidant and anti-inflammatory activities have the potential to treat
neurodegenerative diseases. A novel C-glucosylated xanthone, mangiferin, acquired from mango
extract, shows medicinal effects related to redox potential [132]. The velvet bean extract effectively
manages memory impairment in PD through reducing GSH, DPPH radicals, and ROS content [133].
Quercetin, kaempferol, isorhamnetin, bilobalide, and ginkgolide from Ginkgo biloba each possess
antioxidant effects and have been reported to improve the mini-mental state of AD [134]. Ginsenosides
from Panax ginseng protect dopaminergic neurons from oxidative stress through the promotion of
neurotrophic factors [135,136]. Furthermore, curcumin activates the Nrf2 antioxidant system in animals
with AD [137]. Studies have reported that green tea consumption reduces the risk of developing PD.
EGCG has been shown to protect neurons by activating several signaling pathways, involving MAP
kinases. The therapeutic role of catechins in PD is also due to their ability to chelate iron, a property
that contributes to their antioxidant activity. Moreover, antioxidant function is also related to the
induction of the expression of antioxidants and detoxifying enzymes, particularly in the brain [1].
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4. The Evidence in Humans

4.1. Cardiovascular Risk

Fruit juices have been investigated to control lipid profiles, antioxidants, and inflammatory
status. In cigarette smokers, Morinda citrifolia (noni) fruit juice has a significant antioxidant activity,
improving serum lipid profiles, like cholesterol, triglyceride, low-density lipoprotein cholesterol (LDL),
high-density lipoprotein cholesterol (HDL), and inflammatory markers, including high-sensitivity
C-reactive protein (hs-CRP), and homocysteine [138]. F105, a phytochemical formulation resulting
from the combination of bergamot fruit extract (Citrus bergamia) with nine phytoextracts, acting
synergistically as antioxidant and anti-inflammatory agents, has been revealed in vitro to have a
marked antioxidant activity, and, in a clinical case report, a great ability to decrease lipid profiles [139].
In normal-weight and overweight volunteers, the intake of red-fleshed orange juice (red orange
juice) [140] and polyphenol-rich chokeberry juice had similar effects, thanks to the antioxidant and
reducing properties of citrus flavonoids, carotenoids, and lycopene, improving the risk factors for
metabolic syndrome, including improvements in insulin resistance and blood pressure [141]. Also,
the combined supplementation of grape pomace and omija fruit extracts [142], as well as Sambucus
ebulus fruit infusion [143], improved obesity-related dyslipidemia, inflammation, and serum oxidative
stress, however, without evident effects on patient body weight. Both body weight and lipid profile
were, instead, improved by green tea (Camelia sinensis) intake [144], which also had a positive effect on
DNA repair via HO-1 expression, which is a cytoprotective enzyme against pro-oxidant changes [145].

Red grape seed extract, which contains antioxidant oligomeric proanthocyanidins, has been
revealed to increase serum paraoxonase (PON) activity. Paraoxonase is an enzyme that protects
against lipid oxidation in patients with mild to moderate hyperlipidemia [146] and in hemodialysis
patients [147]. The red wine extract of onion, in particular, suppressed both the total cholesterol
and LDL cholesterol levels, and also modulated inflammatory markers, such as factor VII [148].
A quercetin-rich onion skin extract was able to reduce day-time and night-time systolic blood pressure
in overweight-to-obese patients with either pre-hypertension or stage I hypertension [149]. Red wine
extract and red wine extract of onion did not produce significant changes in body weight or body
mass index in hypercholesterolemic patients, however, they displayed remarkable antioxidant effects,
delaying LDL oxidation [148].

Dietary wolfberry extract has reduced oxidative stress in overweight and hypercholesterolemic
patients through decreasing erythrocyte SOD activity, increasing CAT activity, and controlling
inflammatory mRNAs expression. Likewise, the percentage of DNA damage in lymphocytes was
significantly lower after 8-week wolfberry extract intake [150]. The beneficial effects of Korean
red ginseng on lymphocyte DNA damage, antioxidant enzyme activity, and LDL oxidation were
demonstrated in healthy individuals, following a regulatory mechanism of plasma SOD, GSH,
and CAT [151].

Indian kudzu (Pueraria tuberosa) has been shown to have a pronounced ability to decrease blood
pressure, enhancing plasma fibrinolytic activity and serum total antioxidant status in patients with stage
1 hypertension [151]. Dietary supplementation with Heracleum persicum fruit, which is a well-known
spice with beneficial effect against oxidative stress, was associated with reduced MDA production, and
increased GSH and total antioxidant capacity (TAC) in subjects undergoing coronary angiography [152].
Also, MDA levels, resulting from postprandial oxidative stress, decreased after the intake of an
antioxidant-rich concentrate of berries, called BPC-350, as tested in healthy volunteers who ate a turkey
burger [153].

On the other hand, some studies reported controversial results regarding the beneficial effect
of certain plant products on cardiovascular risk factors. Indeed, the intake for 6 weeks of whole
blueberry powder increased natural killer cell counts and reduced arterial stiffness in sedentary
individuals, without any effect on mass body composition, overall blood pressure, or plasma redox
potential [154]. Oral supplementation with pomegranate extract had beneficial effects in reducing
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systolic and diastolic blood pressure without an impact on cardiovascular risk, physical function,
oxidative stress, or inflammation in hemodialysis patients [155]. Moreover, a Palmaria palmata-enriched
bread has been shown to have negative effects in terms of preventing cardiovascular disorders. In a
randomized placebo-controlled trial conducted in healthy adults, the bread stimulated inflammation,
increasing serum triglycerides and altering thyroid function, although these changes appeared to have
negligible influence, since they remained within the normal clinical range [156].

4.2. Diabetes Mellitus

Oxidative stress plays an important role in diabetes mellitus (DM) pathogenesis and its
complications. A plethora of medicinal plants have increasingly been tested to achieve glycemic
control, specifically via antioxidant mechanisms of action [128].

Green tea has been extensively investigated at a pre-clinical level, but just one clinical trial has
focused on its anti-diabetic potential via a redox effect. Indeed, in type-2 DM patients, green tea
reduced DNA damage and enhanced DNA repair through increasing plasma 8-oxoguanine glycosylase
(hOGG1) activity and HO-1 protein levels, which are recognized protective factors against pro-oxidant
changes [157].

Ginger (Zingiber officinale) is one functional food which contains biological compounds, including
gingerol, shogaol, paradol, and zingerone, and its effect, as a 3-month supplementation, has been shown
to improve glycemic indices, TAC, and paraoxonase-1 (PON-1) activity in type-2 DM patients [158].
A similar finding was reported for Nigella sativa [159], and, in healthy volunteers, Grewia asiatica
fruit [160].

Conversely, the antioxidant effect of Korean red ginseng in postmenopausal women was not
associated with improved fasting glucose and insulin levels and insulin resistance in a double-blind
randomized controlled trial [161].

5. Plant Compounds and Longevity

Human longevity has dramatically increased during the last century thanks to the great health
advances that have significantly reduced premature deaths. However, although the rate of aging of the
population is high, life expectancy has not followed the same degree of improvement [162]. Aging
is a multifactorial process that includes numerous mechanisms, such as the shortening of telomeres,
systemic inflammation, oxidative stress, and a deficiency of cellular energy, mainly due to autophagy
and mitochondrial dysfunction, causing cells to enter a state of senescence and cellular cycle arrest [163].
In fact, many of the molecular mechanisms underlying aging coincide with the same altered pathways
responsible for diseases such as cancer, neurodegeneration, or cardiovascular disease [164].

Assessing the potential effects of plant compounds on longevity is complex, since the process
requires the entire life cycle of the studied subjects to be followed, something which is difficult in
the case of organisms with a high life expectancy, such as mammals. In the case of humans, various
epidemiological studies have shown a direct relationship between the high consumption of plant
products with a higher life expectancy and a lower prevalence of non-communicable diseases. In this
sense, the Mediterranean diet has long been linked to healthy aging and greater longevity [165–168].
A study conducted in an area of Sardinia, Italy, where there is one of the highest concentrations of
centenarians in the world, related this fact to an improvement in the quality of the diet associated
with the nutrition transition, maintaining, however, a high consumption of fruits and vegetables and
a moderate meat intake [169]. In addition, a recent meta-analysis of prospective cohort studies has
revealed significant inverse associations between the low consumption of fruits and/or vegetables with
all-cause mortality [170]. Another interesting study analyzed the relation between food habits and
all-cause mortality in the old Chinese population (≥80 years) [171]. Similarly to the Mediterranean diet,
the consumption of fruits and vegetables was inversely associated with higher mortality risk. Another
fascinating case of study is the long life of the Hunza people, who live in a remote and pristine area of
the Himalayas, north of Pakistan [172,173]. This population lives in peace, happy and without stresses,
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and consumes a moderate quantity of fruits and vegetables. They do not consume any processed foods,
which could be related to low levels of oxidative stress and oxidative-related disorders. Altogether,
this could contribute to the good health and high life expectancy of this group of people.

Most studies on the ability of different plant compounds to extend lifespan have been developed in a
nematodal model organism for aging processes, specifically, using the roundworm Caenorhabditis elegans.
In an interesting approach, the effects of the quassinoid (degraded triterpene lactone) glaucarubinone,
which is present in several species of the plant family Simaroubaceae, were investigated [174]. Treatment
with glaucarubinone significantly extended C. elegans lifespan in a process mediated by induction of the
mitochondrial metabolism and the reduction of fat accumulation. Concretely, glaucarubinone has been
shown to increase oxygen consumption, as measured with a Clark-type electrode. The authors suggest
that the increased oxygen consumption also increases the production of mitochondrial ROS, which
can act as cellular messengers, inducing endogenous antioxidant defense and longevity. The effects
of 4-hydroxy-E-globularinin (4-HEG), an iridoid present in Premna integrifolia, usually used in the
Indian medicine, were assayed in C. elegans [175]. 4-HEG treatment increased longevity in the worm
and improved the resistance to paraquat-induced oxidative stress. The mechanism of action implies
a reduction in the total production of ROS, quantified with dichlorodihydrofluorescin diacetate
(H2DCF-DA), showing a lower accumulation of lipids and an activation of stress-inducible genes
derived from an upregulation of the transcription factor DAF-16 and the downstream genes hsp-16.2 and
sod-3. Mutants for DAF-16 and for the cytochrome b subunit of mitochondrial complex II (mev-1 strain),
which lead to an overproduction of superoxide anions, did not respond to 4-HEG supplementation,
suggesting that 4-HEG reduces oxidative stress but also needs an endogenous detoxification pathway
in order to reduce it. The longevity-promoting activity of another plant used in Indian medicine,
namely, Withania somnifera root extract, was also investigated in C. elegans [176]. The extract, which is
considered as a traditional healthy long-life supplement did not exert significant effects on wild-type
worms. Another interesting investigation analyzed the effects of Viscum album coloratum (Korean
mistletoe) extract on C. elegans and Drosophila melanogaster lifespan [177]. The treatment with the extract
significantly extended longevity in both species, without altering feeding or reproduction. Korean
mistletoe extract, when administered together with full diet, increased the expression of sirtuin 2 (SIRT2),
a target gene of dietary restriction, suggesting an effect as a dietary restriction mimetic. Rosmarinus
officinalis ethanolic extract was also investigated as longevity agent in on C. elegans [178]. The treatment
with R. officinalis extended C. elegans longevity in an insulin/insulin growth factor (IGF) signaling
pathway-dependent manner, leading to the activation of a conserved phosphoinositide 3-kinase
(PI3K)/protein kinase B (Akt) cascade, which, in turn, caused the phosphorylation of the DAF-16/FOXO,
heat shock factor (HSF)-1, and skinhead 1 (SKN-1/Nrf2) transcription factors. The extract also increased
the resistance against oxidative and thermal stress by reducing the production of ROS and protecting
against oxidative damage, suggesting that R. officinalis modulates signaling pathways essential for
defensive processes. Blueberry extract (Vaccinium spp.) increased the lifespan of C. elegans in a
dose-dependent manner, reduced lipofuscin accumulation and ROS production, increased the activity
of SOD, and diminished the levels of malondialdehyde (MDA). In addition, the extract increased stress
tolerance by inducing the expression of genes related to antioxidant defense, including cat-1, sod-3,
daf-16, mev-1, skn-1, mek-1, and nhr-8 [179]. The use of RNAi to inhibit the transcription factor DAF-16
reduced lifespan and reduced the expression of the sod-3. In another study, the isoprenylated aurone
damaurone D was tested for its longevity-promoting effect in C. elegans [180]. Similar to other studies,
the compound increased the lifespan of wild-type nematodes, reduced ROS production, increased CAT
and SOD activity, increased sod-3 gene expression, and also improved stress tolerance under oxidative,
thermal, and osmotic stress via the upregulation of hsp-16.2 and sod-3. The mechanism of action seems
to involve genes related to the insulin/IGF signaling pathway, daf-2, age-1, and daf-16, evidenced by
gene-specific mutant studies. In addition, damaurone D supplementation augmented the translocation
of daf-16 to the nucleus, inducing the expression of genes involved in extending lifespan and protecting
from oxidative damage. Betula utilis ethanolic extract, a medicinal plant from the Himalayan area,
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increased the lifespan of the worms under normal conditions, but also under oxidative and thermal
stress, reducing ROS production and lipofuscin accumulation in a process mediated by the insulin/IGF
signaling pathway and also by sir-2.1 gene expression [181]. B. utilis extract also induced the nuclear
translocation of daf-16 and the subsequent gene expression of sod-3 and gst-4. In addition, the extract
exerted neuroprotective effects, reducing amyloid-β-induced paralysis and reducing α-synuclien
aggregation in a CL4176 transgenic strain.

Other studies have analyzed the longevity-promoting effects of some plants using Drosophila
melanogaster (common fruit fly) in an animal model. Piegholdt et al. [182] investigated the effects of the
isoflavone prunetin on lifespan in D. melanogaster. A diet supplemented with prunetin was shown to
extend life expectancy by three days in males and induce the expression of the longevity gene sirtuin 1,
which is associated with AMP-activated protein kinase (AMPK) activation. The authors suggest that
prunetin, as an isoflavone, may feminize male flies, thus affecting their health and lifespan. Moreover,
Rel gene expression (Rel is a member of the NF-κB family), was significantly upregulated in male fly
midguts after prunetin treatment with respect to the controls. The authors suggested that prunetine
may improve resistance against microbiological stressors derived from food, promoting health and
longevity. In another study, the administration of a methanol extract from the fruits of Platanus orientalis,
which are rich in polyphenols, reduced ROS production, recovered proteasome activity associated to
aging, and increased median and maximum longevity in D. melanogaster [183]. The administration of
purified tiliroside, a major glycosidic flavonoid from Platanus orientalis, also exerted similar results to
those observed with the methanolic extract, also enhancing lysosomal-cathepsin activity. Tiliroside
treatment reduced the production of ROS and increased the expression of protective genes such as
hsp70 and trxr1, which are derived from the activation of antioxidant response elements. The authors
indicate that the activation of the AMPK pathway could explain the upregulation of autophagy
and lysosomal-cathepsins. Finally, tiliroside was also capable to delay the progression of cellular
senescence in human fibroblasts (specifically, the IMR90 cell line). Ilex paraguariensis, known as
yerba mate, significantly extended the lifespan of flies, modulating the expression of antioxidant
enzymes and increasing tolerance to stressful situations [184]. Two interesting investigations analyzed
the anti-aging effects of plant extracts on neurodegenerative disease models. In the first study,
grape skin extract improved flight muscle function, extending lifespan in a D. melanogaster model
of PD [185]. Among the mechanisms of action were the activation of autophagy, the preservation
of mitochondrial function, and the reduction of aberrant mitochondrial aggregates. Autophagy
activation was evidenced by a reduction in the autophagy receptor p62 and the conversion of LC3-I to
LC3-II. In the second study, an extract of Rhodiola rosea was tested in a Huntington’s disease model of
D. melanogaster [186]. The extract improved locomotion and lifespan. The mechanism of action here is
associated with the activation of autophagy, in part by the inhibition of the mTOR pathway, which would
counteract the negative effects of Huntington mutant proteins. The flavonoid 4,4′-dimethoxychalcone,
found in the plant Angelica keiskei koidzumi, with longevity- and health-promoting effects, which
is traditionally used in Asian folk medicine, was also reported to prolong the median lifespan
of C. elegans and D. melanogaster [187]. Moreover, the flavonoid prevented senescence in highly
confluent human cells (HeLa cervical carcinoma, U2OS osteosarcoma, and H4 neuroblastoma cells)
through the induction of a pro-autophagic response, increasing the formation of autophagosomes
and autophagic flux. The mechanism of action of 4,4’-dimethoxychalcone involves specific GATA
transcription factors, specifically, the GATA transcription factor Gln3. The flavonoid can interfere with
the autophagy-repressive activity of Gln3, resulting in increased autophagic flux and cytoprotection in
a process independent of TORC1 activity. On the contrary, another study reported no beneficial effects
of garlic and onion or their main bioactive compounds diallyl disulphide and dipropyl disulphide on
D. melanogaster lifespan, although, they exerted a protective role against H2O2-induced damage [188].

Some studies have analyzed the effects of some plants in mammalian models of accelerated
senescence. In one approach, the longevity-promoting effects of the polyphenol oligonol were
investigated in a mouse model of senescence acceleration (SAMP8). The effects were characterized
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by increased oxidative stress and a neuronal deficit [189]. Oligonol treatment increased the mean
life span, improved locomotive activity, and ameliorated the extent of inflammation around the eyes.
However, in this study, the possible pathways involved in the extension of life expectancy were not
investigated. Another study using the same SAMP8 mice model showed that resveratrol extends mean
life expectancy and maximal life span, also reducing cognitive impairment [190]. The mechanism
here was associated with an activation of the AMPK pathway and its downstream target, SIRT1,
which protects against neurodegeneration. In addition, a reduction in the acetylated forms of p53,
which are the main substrates of deacetylases (such as SIRT1), implicated in replicative senescence,
was also observed.

In another work, the beneficial effects of a phenolic extract from Portulaca oleracea were investigated
in a senescent mice model, induced by means of D-galactose/NaNO2 treatment [191]. The phenolic
extract reversed the reduced lifespan induced by D-galactose/NaNO2 and improved spatial memory
and learning ability. The underlying mechanism of survival and cognitive function seems have no
relationship with acetylcholinesterase (AChE), since the extract did not affect brain AChE activity.
In addition, P. oleracea ameliorated oxidative stress by increasing catalase activity and reducing MDA
levels, reducing hippocampal morphological damage. Dutta et al. [192] studied the longevity-promoting
effects of Withania somnifera extract in a SOD1G93A mouse model of amyotrophic lateral sclerosis.
W. somnifera treatment expanded mice longevity, enhanced motor performance, and augmented the
quantity of motor neurons in the lumbar spinal cord. The extract exerted neuroprotective effects,
delaying disease onset in part by promoting autophagy, as evidenced by increased p62 positive
autophagic granules and LC3-II. Also, the protective effects of the extract could be related to an increase
in the levels of Hsp-70, Hsp-60, and Hsp-27, derived from the activation of heat shock factor 1 (HSF-1).
In obese mice, which are characterized by a reduced median lifespan, the longevity-promoting effects
of a commercial polyphenol-rich extract were analyzed [193]. Although the treatment did not reverse
obesity, it increased the life expectancy of the mice, improved endotoxemia and reduced the degree of
inflammation and accumulation in the adipose tissue of cholesterol and cholesterol oxides.

Finally, the regulation of the length and function of telomeres is an important factor in maintaining
health and longevity, and, thus, the epigenetic effects of some bioactive compounds can be an interesting
approach to maintain their activity. In this sense, the water extract of turmeric (Curcuma longa) was
reported to increase the expression of telomerase reverse transcriptase, which participates in the
reduction of replicative senescence and extends the lifespan of many cell types, including RAW264.7
macrophages [194]. In another study, the effects of Euterpe oleracea juice were studied. The juice
was administered over four days to mice treated with lipopolysaccharide to induce a depressive-like
behavior [195]. The treatment was capable of reducing despair-like and anhedonic behaviors and
showed alterations in electromyographic analysis. In addition, E. oleracea prevented lipid peroxidation
and increased the expression of telomerase reverse transcriptase in the hippocampus, striatum,
and prefrontal cortex, suggesting a longevity-promoting action.

6. Concluding Remarks and Upcoming Perspectives

Overall, although antioxidants are not pharmaceuticals, they may markedly contribute to
ameliorating aging-related diseases and even promote healthy longevity. Antioxidants, when consumed
as a part of the daily diet and in balanced amounts, may supply a wide range of phytochemicals,
which may constitute a promising strategy in longevity promotion and the treatment of aging-related
diseases such as cardiovascular and neurodegenerative disorders and diabetes.

Nevertheless, and although much has been discovered, some pathological mechanisms remain
unclear, and even several detrimental effects of medicinal plants must be studied further. For example,
it should be considered that the effect of plant antioxidants on several enzymes, such as XOR, can have
secondary effects on other drugs that are metabolized by the same enzyme. Anyway, it is broadly
recognized that plant-derived bioactive molecules possess an extraordinary therapeutic relevance,
both in disease prevention and treatment. So, further investigations are needed to deepen knowledge
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on many other macro- and/or micro-molecular aspects, which are still poorly explored. Moreover, other
pharmacokinetic and pharmacodynamic aspects need to be studied in order to provide an increased
variety of functional foods, nutraceuticals, and even new bioactive molecules for new drug formulation
in the future.
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