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Abstract 

Oxidative stress has been identified as the root cause of the development and progression of 
several diseases. Supplementation of exogenous antioxidants or boosting endogenous antioxidant 
defenses of the body is a promising way of combating the undesirable effects of reactive oxygen 
species (ROS) induced oxidative damage. Plants have an innate ability to biosynthesize a wide range 
of non-enzymatic antioxidants capable of attenuating ROS- induced oxidative damage. Several in 
vitro methods have been used to screen plants for their antioxidant potential, and in most of these 
assays they revealed potent antioxidant activity. However, prior to confirming their in vivo ther-
apeutic efficacy, plant antioxidants have to pass through several physiopharmacological processes. 
Consequently, the findings of in vitro and in vivo antioxidant potential assessment studies are not 
always the same. Nevertheless, the results of in vitro assays have been irrelevantly extrapolated to 
the therapeutic application of plant antioxidants without undertaking sufficient in vivo studies. 
Therefore, we have briefly reviewed the physiology and redox biology of both plants and humans 
to improve our understanding of plant antioxidants as therapeutic entities. The applications and 
limitations of antioxidant activity measurement assays were also highlighted to identify the precise 
path to be followed for future research in the area of plant antioxidants. 
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Introduction 
Antioxidants significantly delay or prevent oxi-

dation of oxidizable substrates when present at lower 
concentrations than the substrate [1]. Antioxidants 
can be synthesized in vivo (e.g., reduced glutathione 
(GSH), superoxide dismutase (SOD), etc.) or taken as 
dietary antioxidants [1,2]. Plants have long been a 
source of exogenous (i.e., dietary) antioxidants. It is 
believed that two-thirds of the world's plant species 
have medicinal importance, and almost all of these 
have excellent antioxidant potential [3]. The interest in 
the exogenous plant antioxidants was first evoked by 
the discovery and subsequent isolation of ascorbic 
acid from plants [4]. Since then, the antioxidant po-
tential of plants has received a great deal of attention 
because increased oxidative stress has been identified 

as a major causative factor in the development and 
progression of several life threatening diseases, in-
cluding neurodegenerative and cardiovascular dis-
ease. In addition, supplementation with exogenous 
antioxidants or boosting of endogenous antioxidant 
defenses of the body has been found to be a promising 
method of countering the undesirable effects of oxi-
dative stress [5].  

There are currently approximately 19 in vitro and 
10 in vivo methods of assessing antioxidant activity 
that are commonly applied for evaluation of the an-
tioxidant activity of plant samples [6]. In most of these 
in vitro assays plant samples showed potent antioxi-
dant activity. This is likely due to their innate ability 
to synthesize non-enzymatic antioxidants such as 
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ascorbic acid and glutathione, as well as secondary 
metabolites such as phenolic compounds.  

Despite many plants being reported to have an-
tioxidant potential by in vitro assays, only a few of 
these antioxidant activities have been confirmed or 
investigated in vivo [7]. In vitro assays are generally 
used to confirm the antioxidant activity of plant sam-
ples within particular reaction systems; accordingly, 
the relevance of the findings of these assays to in vivo 
systems is uncertain [8]. Moreover, several phyto-
chemicals have been found to possess antioxidant 
activity within in vitro assays. However, only a few of 
these have been shown to be therapeutically useful 
under in vivo conditions due to their interference with 
physiopharmacological processes such as absorption, 
distribution, metabolism, storage and excretion. 
Nevertheless, phytochemicals are being screened for 
their in vitro antioxidant activity, and the results of 
these studies are then directly extrapolated to their 
therapeutic usefulness. This malpractice may raise 
fundamental questions about the significance of 
plants as exogenous sources of antioxidants and their 
therapeutic efficacies. Accordingly, in the present ar-
ticle, we briefly reviewed the physiology and redox 
biology of both plants and humans. In addition, the 
applications and limitations of antioxidant activity 
measurement assays are discussed [6,7]. The infor-
mation provided herein will enable correct interpre-
tation of the findings of plant antioxidant potential 
assessment studies based on both in vitro and in vivo 
assays. 

Why do all plants have antioxidant po-
tential? 

 Chloroplasts and mitochondria are the two main 
powerhouses and sites of reactive oxygen species 

(ROS) generation within plant cells. These materials 
are also involved in maintenance of a fine balance 
between energy linked functions and control of ROS 
production. Peroxisomes, single membrane-bound 
subcellular organelles, are a third important site of 
production of ROS such as hydrogen peroxide (H2O2), 
superoxide (O2● -) and nitric oxide (NO●) within plant 
cells. Peroxisomes contain basic enzymatic constitu-
ents such as catalase (CAT), as well as hydrogen per-
oxide (H2O2)-producing flavin oxidases [9]. Within 
the plant cell, ROS generation occurs at photosystem I 
and II (PS I and PS II) of the chloroplasts, membrane 
and matrix of the peroxisome, and complex I, ubiq-
uinone and complex III of the mitochondrial electron 
transport chain (ETC) [10]. Under normal physiolog-
ical conditions, there is electron slippage from PS I 
and PS II of the chloroplasts, membrane of mito-
chondrial ETC and peroxisome. These electrons later 
react with molecular oxygen to produce superoxide 
radical (O2-●). The superoxide radical is subsequently 
converted to hydroperoxyl radical (HO2●) and finally 
to H2O2 [11-13]. Similar to ROS, reactive nitrogen 
species (RNS) such as the nitric oxide radical (NO•) 
and peroxinitrite (ONOO−) are also formed in various 
compartments of the cell including the chloroplasts, 
mitochondria and peroxisomes [14]. The third type of 
free radical, reactive sulfur species (RSS), are report-
edly formed from thiols by reaction with ROS [15]. 
The overall process of free radicals generation is 
summarized in Fig. 1. These free radicals are con-
stantly produced in the subcellular organelles of liv-
ing cells. Most of the time, the production of free rad-
icals is genetically planned, since they function as 
signaling molecules [12,16]. However, overproduction 
of free radicals can also sometimes damage biomole-
cules such as DNA, proteins and lipids.  

 

 
Figure 1. Outline of free radical production: During electron transfer, approximately 1–2% of the electrons slip from complex I and III of the electron transfer 
chain (ETC), after which they react with molecular oxygen to form free radicals such as superoxide anion (O2-

●
), hydroperoxyl radical (HO2

●
), hydroxyl radical, 

hydrogen peroxide (H2O2), hydroperoxyl radical (
●
OH), peroxynitrite (ONOO-) and lipid peroxyl radical (LOO

●
). These free radicals target biomolecules such as 

DNA, protein and lipids, ultimately damaging them. SOD refers to superoxide dismutase, CAT refers to catalase and GPX refers to glutathione peroxidase. (Adapted 
from Carocho and Ferreira, [13] and Lü et al. [15]). 
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Figure 2. Why do all plants have antioxidant activity? Plants have an innate ability to synthesize non-enzymatic antioxidants. However, under biotic and abiotic 
stress conditions, the production of reactive oxygen species (ROS) increases in the plants, resulting in induction of oxidative stress. In response to increased oxidative 
stress, plants augment the production and accumulation of several low molecular weight antioxidants (e.g., vitamin C, vitamin E, phenolic acids, etc.) and high 
molecular antioxidant secondary metabolites such as tannins, which confer antioxidants to most plants under in vitro studies by functioning as free radical scavengers, 
reducing agents, and metal chelators. 

 
Plants have efficient complex enzymatic and 

non-enzymatic antioxidant defense systems to avoid 
the toxic effects of free radicals. Enzymatic systems 
include SOD, catalase (CAT), glutathione peroxidase 
(GPx), and glutathione reductase (GR) [7], while 
non-enzymatic systems consist of low molecular 
weight antioxidants (ascorbic acid, glutathione, pro-
line, carotenoids, phenolic acids, flavonoids, etc.) and 
high molecular weight secondary metabolites such as 
tannins (Fig. 2).  

There may be two main reasons for the synthesis 
and accumulation of these non-enzymatic antioxi-
dants by plants. First, the genetic make-up of plants 
imparts them with an innate ability to synthesize a 
wide variety of phytochemicals to perform their 
normal physiological functions and/or protect them-
selves from microbial pathogens and animal herbi-
vores. Another reason for the synthesis of reductant 
phytochemicals could be the natural tendency of 
plants to respond to environmental stress conditions. 

Plants synthesize low molecular weight antiox-
idants such as glutathione and ascorbate within the 
chloroplast stroma and cytosol using NADPH as the 
ultimate electron donor [11]. These low molecular 
weight antioxidants function as redox buffers that 
interact with numerous cellular components and in-
fluence plant growth and development by modulat-
ing processes from mitosis and cell elongation to se-
nescence and death [17]. In addition, these antioxi-
dants may influence gene expression associated with 

biotic and abiotic stress responses to maximize de-
fense. Vitamin C (ascorbic acid/ascorbate) is gener-
ated during aerobic metabolism, after which it reacts 
rapidly with O2-●, singlet oxygen and ozone (chemi-
cally), and H2O2 (enzymatically) through ascorbate 
peroxidase to neutralize their toxic effects. Vitamin C 
also helps regenerate antioxidant pigments, carote-
noids (carotenes and xanthophylls), and vitamin E. 
Glutathione is a redoxactive molecule that can be 
present in a reduced form (GSH) or an oxidized di-
sulfide form (GSSG) and plays important roles in bi-
osynthetic pathways, detoxification, antioxidant bio-
chemistry and redox homeostasis [18,19]. GSSG is 
reduced to GSH by the enzyme glutathione reductase, 
which requires NADPH as the reducing power. GSH 
acts as an anti-oxidant by quenching reactive oxygen 
species and is involved in the ascorbate–glutathione 
cycle, which eliminates damaging peroxides [20]. 
Plants also produce tocopherols (vitamin E) that act as 
important liposoluble redox buffer systems. Vitamin 
E, which is generally synthesized in chloroplasts and 
protoplastids, is located in the membranes of cells. 
This compound is a major singlet oxygen scavenger 
that provides protection against lipid peroxidation 
[17,21].  

Plants also synthesize and accumulate a range of 
low and high molecular weight secondary metabolites 
that play important roles in ROS metabolism and 
avoidance of uncontrolled oxidation of essential bio-
molecules. These metabolites are also important to 



Int. J. Biol. Sci. 2015, Vol. 11 
 

 
http://www.ijbs.com 

985 

adaptation of plants to environmental fluctuations 
[22]. Secondary metabolites provide passive and ac-
tive resistance. In passive resistance, metabolites are 
continuously available, despite the presence of 
stressors, whereas in active resistance, metabolites are 
produced in response to specific stressors [23]. These 
metabolites are synthesized through basic pathways, 
such as the glycolysis or shikimic acid pathways, 
which further branch out based on cell type, devel-
opmental stage and environmental cues. Secondary 
metabolites are generally derived from primary me-
tabolites such as amino acids and carbohydrates via 
methylation, hydroxylation and glycosylation [24].  

Higher plants survive in constantly fluctuating 
environments, due to their highly regulated and flex-
ible metabolism [25]. Under normal physiological 
conditions, the increase in free radical production is 
relatively small and housekeeping antioxidant capac-
ity is sufficient to maintain redox homeostasis [26]. 
The metabolic pathways of plants are sensitive to 
abiotic and biotic stress conditions such as high light 
intensity, heat, drought, anoxic conditions and path-
ogen attack, and it has been reported that there is an 
approximately 3 to 10 fold increase in free radicals 
production under stress conditions [14,25,27].  

The ratio of GSH to GSSG has been shown to 
decrease due to the oxidation of reduced glutathione 
during detoxification of reactive oxygen species (ROS) 
in response to abiotic stresses [28]. Moreover, plants 
increase the activity of GSH biosynthetic enzymes and 
glutathione levels in response to both abiotic and bio-
tic stresses [29]. Similar to glutathione, biosynthesis 
and recycling of ascorbic acid has been found to in-
crease in response to various abiotic stresses within 
mutant and transgenic plant species [30,31]. Vitamin E 
deficiency has also been shown to retard growth and 
change responses to abiotic stress conditions. In addi-
tion, increased vitamin E content has been shown to 
diminish detrimental effects of environmental stress 
in plants [32].  

Some secondary antioxidant metabolites occur 
constitutively, while others are formed in response to 
biotic and abiotic stress conditions [33, 34]. The ac-
cumulation of phenolic compounds along with en-
hancement of phenylopropanoid metabolism has 
been observed under different environmental stress 
conditions [35]. In plants, phenolics can act as anti-
oxidants by donating electrons to guaiacol-type pe-
roxidases for the detoxification of H2O2 produced 
under stress conditions [36]. Phenolics also provide 
protection against UV radiation through their potent 
radical scavenging ability. In addition, they function 
as enzyme inhibitors and feeding deterrents for her-
bivores while providing resistance against pathogens 
[37]. Synthesis of flavonoids is known to be induced 

by UV stress, heavy metals toxicity, or low tempera-
ture and low nutrient conditions, which might at-
tributed to their UV-absorbing, radical scavenging 
and metal cheating ability [35, 38,39]. UV-B radiation 
was found to affect the production of various high 
molecular secondary metabolites such as tannins and 
lignin [40]. Moreover, plants growing in tropical and 
high-altitude conditions have been shown to contain a 
higher proportion of flavonoids than those growing in 
temperate conditions owing to overexposure to light 
or UV radiation [41]. Biotic stress like wounding has 
been found to induce phenolic metabolism such as 
increased synthesis of phenolic compounds [42]. 
Tannins are reportedly useful for plant leaf defense 
against insect herbivores [43]. Similar to phenolics, an 
increase in total indole alkaloid content in the shoots 
and roots of Catharanthus roseus has been observed 
under drought-induced stress [44]. Alkaloids gener-
ally provide protection to plants against microbial or 
herbivore attack and UV-radiation [45,46]. It has also 
been reported that monoterpenes and isoprenes are 
emitted at higher rates under high temperature [47].  

Secondary metabolites as antioxidants  
Plant metabolism is mainly classified as primary 

or secondary. Compounds produced through primary 
metabolism, which are generally referred to as pri-
mary metabolites; include sugars, fatty acids, amino 
acids and nucleic acids. Primary metabolites are re-
quired for maintenance of plant cells [48], while sec-
ondary metabolites are essential to the normal 
growth, development and defense of plants.  

To date, thousands of different types of second-
ary metabolites have been identified in plants [23]. 
Chemically, these compounds are either nitro-
gen-containing (alkaloids) or nitrogen-deficient (ter-
penoids and phenolics) [46]. Nearly 20% of plant spe-
cies accumulate alkaloids, which mainly include ter-
penoid indole alkaloids, tropane alkaloids, and purine 
alkaloids [49]. However, under in vitro antioxidant 
measurement assay conditions, the radical scavenging 
potential of alkaloids is reportedly moderate to non-
existent. Terpenoids comprise another large family of 
secondary metabolites, consisting of over 40,000 dif-
ferent compounds [50]. Monoterpenes, sesquiterpenes 
and diterpenes have been found to possess notable 
antioxidant activity in different in vitro assays. How-
ever, most of these activities have no physiological 
relevance [51]. Tetraterpenes and carotenoids have 
been shown to possess potent antioxidant activity 
within both in vivo and in vitro studies [52]; however, 
some valuable carotenoids such as beta-carotene 
showed prooxidant effects at high concentration and 
oxygen pressure [53]. Among all secondary metabo-
lites, phenolic antioxidants appear to be the most 
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important since they have shown promising antioxi-
dant activity in both in vivo and in vitro investigations. 
Plant phenolics are mainly classified into five major 
groups, phenolic acids, flavonoids, lignans, stilbenes 
and tannins [54-56]. Phenolic compounds generally 
possess one or more aromatic rings with one or more 
hydroxyl groups. It has commonly been assumed that 
the antioxidant capacity of phenolics will increase 
with the number of free hydroxyls and conjugation of 
side chains to the aromatic rings [57]. Flavonoids and 
phenolic acids, the largest classes of plant phenolics, 
are biosynthetically derived from the acetate and shi-
kimate pathways, as well as the shikimate pathway 
from phenylalanine or tyrosine [58]. Phytochemicals 
from these classes were found to have excellent anti-
oxidant activity in both in vitro and in vivo investiga-
tions. Moreover, they are known to interact with other 
physiological antioxidants such as ascorbate or to-
copherol and to synergistically amplify their biologi-
cal effects [59]. Flavonoids and phenylopropanoids 
are also oxidized by peroxidase, and act as H2O2 
scavengers [35,60]. Under experimental conditions, 
the antioxidant potential of plant phenolics is always 
linked to their electron donation, reducing power and 
metal ion chelating ability [61].  

Methods used for assessment of antioxi-
dant potential of plants  
In vitro assays 

In ethanopharmacological and nutraceutical in-
vestigations, in vitro antioxidant activity assessment 
methods are often used to screen and confer antioxi-
dant potential to plants or their phytochemicals and 
sometimes to understand the probable mechanism of 
action of plant antioxidants [62]. In the case of me-
dicinal plants, these assays are used to confer free 
radical scavenging activity to plants, which in turn 
has great importance in understanding the role of 
plants in minimizing the oxidative stress linked 
pathophysiology of diseases. There are several in vitro 
assays used to measure and confer antioxidant activ-

ity to plants (Table 1); however, each of these has its 
own limitations regarding applicability. Therefore, 
multiple assay strategies have frequently been 
adapted to confer antioxidant potential. In these as-
says, plants are generally assessed for their function 
as reducing agents, hydrogen donors, singlet oxygen 
quenchers or metal chelators, after which they are 
classified as primary (chain-breaking) and secondary 
(preventive) antioxidants. Primary antioxidants act by 
donating a hydrogen atom, while secondary antioxi-
dants function via binding of metal ions capable of 
catalyzing oxidative processes and scavenging oxy-
gen, absorbing UV radiation, inhibiting enzymes or 
decomposing hydroperoxides [66].  

Based on the inactivation mechanism involved, 
antioxidant activity assessment methods are classified 
into hydrogen atom transfer (HAT) and electron 
transfer (ET) reaction-based methods. Bond dissocia-
tion energy and ionization potential are two major 
factors that determine the mechanism and efficiency 
of antioxidants [63]. HAT-based methods measure the 
ability of an antioxidant to scavenge free radicals via 
hydrogen donation to form stable compounds. While 
these methods are more relevant to the radical 
chain-breaking antioxidant capacity, SET-based 
methods measure the ability of an antioxidant to 
transfer one electron to reduce any compound, in-
cluding metals, carbonyls, and free radicals [63,67]. 
Total radical trapping antioxidant parameter (TRAP), 
oxygen radical absorbance capacity (ORAC), lipid 
peroxidation inhibition capacity (LPIC) and carotene 
or crocin-bleaching assays are HAT-based methods. 
Other commonly used antioxidant activity assessing 
methods such as ferric reducing antioxidant power 
(FRAP) and copper reduction assay involve SET 
mechanisms [64]. However, some methods, such as 
2,2-Diphenyl-1-picrylhydrazyl (DPPH) and 
{2,2’–azinobis-(3-ethyl-benzothiazoline-6-sulphonic 
acid)} (ABTS), involve both HAT and SET mecha-
nisms [67].  

Table 1. In vitro assays commonly used to screen antioxidant activity of plants. 

Sr. No. Assay Mechanism References 
1 β-Carotene or crocin-bleaching assay Hydrogen atom transfer Karadag et al. [63] 
2 ORAC (oxygen radical absorbance capacity) Hydrogen atom transfer Ou et al. [64] 
3 IOU (inhibited oxygen uptake) Hydrogen atom transfer Karadag et al. [63] 
4 LPIC (lipid peroxidation inhibition capacity) assay  Hydrogen atom transfer Karadag et al. [63] 
5 TRAP (total radical trapping antioxidant parameter) Hydrogen atom transfer Karadag et al. [63] 
6 Copper reduction assay  Single electron transfer  Huang et al. [65] 
7 FRAP (ferric reducing antioxidant power assay Single electron transfer Huang et al. [65] 
8 Total phenolic content assay by Folin-Ciocalteu reagent Single electron transfer Karadag et al. [63] 
9 ABTS ({2,2’ – azinobis-(3-ethyl-benzothiazoline-6-sulphonic acid)}) assay Both hydrogen atom and single electron transfer  Huang et al. [65] 
10 DPPH (2,2-Diphenyl-1-picrylhydrazyl) assay Both hydrogen atom and single electron transfer  Huang et al. [65] 
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In vivo assays 
Within in vivo assays, plant antioxidants are 

generally assessed for their effects on the activity of 
endogenous antioxidant enzymes or oxidative dam-
age biomarkers before and after induction of oxida-
tive stress in experimental animals. Some of these 
commonly used methods directly evaluate the enzy-
matic activity of endogenous antioxidants such as 
SOD, CAT, GPx and GR, while other methods involve 
quantification of oxidative damage biomarkers. The 
formation of specific end products resulting from in-
teraction of ROS with biologically important macro-
molecules such as DNA, protein and lipids is meas-
ured by quantifying oxidative damage biomarker 
methods. DNA damage is determined by measuring 
the 8-hydroxydeoxyguanosine content. Carbonyl and 
aldehyde (e.g. malondialdehyde) contents are meas-
ured as markers of protein and lipid oxidation, re-
spectively [6, 68]. 

Therapeutic relevance and in vivo be-
havior of plant antioxidants 

Similar to plants, the human body is constantly 
exposed to oxidants and/or free radicals generated 
during physiological processes such as mitochondrial 
respiration. In plants, the production of free radicals 
increases during biotic and abiotic stresses, whereas 
the load of free radicals in humans increases under 
pathophysiological conditions such as inflammation, 
metabolism of foreign compounds, and radiation [69]. 
In animal cells, free radicals are generated at the ETC 
of mitochondria, Ero1 and cytochrome P-450 enzymes 
of the endoplasmic reticulum (ER), and at the plasma 
membrane (at the NADPH oxidases) and inside (at 
the flavin oxidases) of peroxisomes [70]. Mitochondria 
produce more than 90% of the cellular energy through 
oxidative phosphorylation, which involves the tri-
carboxylic acid cycle and ETC. However, about 1–2% 
of the electrons slip through complexes I and III of the 
ETC, after which they react with molecular oxygen to 
sequentially form ROS such as O2-●, HO2● and H2O2 
[5,11-13]. The peroxisome is another major site of ox-
ygen consumption within animal cells. In this site, 
electrons removed from various metabolites are used 
to reduce O2 to H2O2, which is then converted to H2O. 
The peroxisome plays a key role in both the produc-
tion and scavenging of ROS in the cell, mainly in the 
form of H2O2. The respiratory pathway in peroxi-
somes is not coupled to oxidative phosphorylation; 
therefore, it does not produce ATP. However, free 
energy is released in the form of heat [71]. It is well 
known that peroxisomes in plant cells contain a func-
tional ascorbate–glutathione cycle; however, rela-
tively little is known about the presence of this 

non-enzymatic antioxidant inside mammalian perox-
isomes [72]. While ER is responsible for much of a 
cell's protein synthesis and folding, it also produces 
ROS as a byproduct [73].  

As in the case of the plants, free radicals also act 
as signaling molecules within animal cells. Specifi-
cally, they play an important role in apoptosis, gene 
expression and ion transportation [15]. The human 
body also has an efficient antioxidant defense system 
that maintains a balance between free radical produc-
tion and oxidative stress through enzymatic and 
non-enzymatic antioxidant defenses. Enzymatic an-
tioxidant defenses include SOD, CAT, glutathione 
GPx, GR and glucose-6-phosphate dehydrogenase, 
while non-enzymatic antioxidant defenses primarily 
consist of vitamin A, coenzyme Q (Q10), uric acid and 
glutathione [13].  

Peroxisomes and mitochondria are intercon-
nected and in close contact with the ER to maintain 
various metabolic and signaling pathways [74]. 
However, dysfunction in any of these organelles leads 
to overproduction of free radicals, which exerts a toxic 
effect on biomolecules such as DNA, proteins and 
lipids, which leads to deregulation of redox-sensitive 
metabolic and signaling pathways and pathological 
conditions [71].  

It should be noted that environmental and com-
plex genetic causes result in almost all cells overpro-
ducing life threatening free radicals in their early or 
late stages of life. The human body has efficient en-
zymatic antioxidant defense; however, its 
non-enzymatic antioxidant defense is less evolved 
than that of plants. This may be due to its low oxygen 
exposure physiology. Hence, it has been assumed that 
humans must constantly take in dietary antioxidants 
to keep the levels of free radicals in the body low.  

Plants have always been a common source of 
food and medicines, either in the form of traditional 
preparations or as pure active principles [75]. Most of 
the observed therapeutic effects of plants have been 
linked to their potent antioxidant activity. We previ-
ously proposed that antioxidant activity based heal-
ing of diseases or maintenance of a healthy lifestyle 
could be the scientific basis of traditional herbal 
medicines such as those used in Ayurveda [76]. It has 
been suggested that free radicals are involved in the 
pathology of more than 50 human diseases, including 
aging [77]. However, it is also important to consider 
that free radicals are not harmful at all times; rather, 
their toxicity depends on several factors including 
type of ROS/RNS, their concentration and localiza-
tion, and the kinetics of production and elimination 
[70].  

Despite the controversies regarding whether 
plant antioxidants are good or bad, supplementation 
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of external antioxidants or boosting endogenous an-
tioxidant defenses of the body is known to be a 
promising method to improve the free radical linked 
pathophysiology of diseases. Plant antioxidants such 
as ascorbic acid and flavonoids have been shown to be 
the best exogenous antioxidants. Indeed, these com-
pounds not only restrain ROS production by scav-
enging free radicals, but also help boost endogenous 
antioxidant defenses of the body (Fig. 3). Nevertheless, 
the usefulness of endogenous antioxidants as thera-
peutic agents still remains an issue that must be 
carefully considered [78].  

While both plants and humans have somewhat 
similar redox biology, the physiology of humans is 
distinct from that of plants. It is important to consider 
the fact that plants produce antioxidants for their own 
requirements to perform specific functions. In the 
human body, plant antioxidants have to pass through 
several physiological processes including absorption, 
distribution, metabolism, storage and excretion before 
being able to achieve the expected therapeutic effect. 
As a result, most good plant antioxidants are unable 
to achieve the desired outcome because they generally 
have low bioavailability and some can exert 
pro-oxidant effects under in vivo conditions [79,80].  

Similar to lower vertebrates, humans cannot 
synthesize Vitamin C due to the lack of gulonolactone 
oxidase [81]. Accordingly, vitamin C is regarded as 
one of the most important dietary antioxidants that 
helps to decrease free-radical-mediated damage. 
Vitamin C is readily absorbed by active transport in 
the intestine and functions as an antioxidant by do-
nating two of its electrons, which prevents other 
compounds from being oxidized [81,82]. Vitamin C 
has been shown to be an excellent antioxidant under 
both in vitro and in vivo study conditions. However, in 
the presence of catalytic metal ions, vitamin C can also 
function as a pro-oxidant [83]. Specifically, vitamin C 
has been found to be capable of converting Fe3+ into 
Fe2+, which subsequently reacts with oxygen or hy-
drogen peroxide to form superoxide and hydroxyl 
radicals that can subsequently damage biomolecules 
[84]. However, the pro-oxidant properties of vitamin 
C are believed to be dependent on dose as well as the 
availability of catalytic metal ions [85]. In addition, the 
antioxidant or pro-oxidant behavior of vitamin C has 

been shown to depend on the vitamin E status of the 
body [86]. Vitamin E is another useful and powerful 
plant antioxidant that is generally present in lipid 
structures of cells. This compound reacts with peroxyl 
radicals to inhibit the propagation of lipid peroxida-
tion [87]. Similar to vitamin C, vitamin E also shows 
pro-oxidant effects at high concentration. Vitamin E 
has also been shown to react with free radicals to be-
come a reactive radical, while it functions as a proox-
idant in the absence of co-antioxidants [13].  

Under in vivo conditions, the antioxidant poten-
tial of polyphenols is predominately dependent on 
their concentrations in the bloodstream after absorp-
tion from the gastrointestinal tract, as well as their 
modifications during metabolism. The chemical 
structures of polyphenols will also influence the in 
vivo antioxidant potential of polyphenols, as they de-
termine the conjugation reactions with methyl, sulfate 
or glucuronide groups and the nature and amounts of 
metabolites formed by the gut microflora absorbed at 
the colon level [88]. 

Flavonoids are the most abundant dietary pol-
yphenols, with over 5000 reported to date [89,90]. 
Flavonoids are classified into six major subclasses, 
flavones, flavonols, flavanones, catechins or flavanols, 
anthocyanidins and isoflavones. In plants, most fla-
vonoids are attached to sugars (glycosides), although 
they are occasionally found as aglycones [89]. Expect 
for some flavan-3-ols and proanthocyanidins, most 
flavonoids are not completely absorbed and reach the 
circulatory system owing to their glycoside conjugates 
[91]. Occasionally, major fractions of absorbed flavo-
noids are metabolized to conjugates or further me-
tabolized in the colon, where they produce a wide 
array of low molecular weight aromatic acids such as 
phenylvaleric, phenylpropionic, phenylacetic and 
benzoic acids as a result of their antioxidant potency 
being reduced [92-94]. Moreover, flavonoids and their 
in vivo metabolites have been reported to exert other 
potential biological activities than conventional hy-
drogen-donating antioxidants, such as the ability to 
act as signaling molecules in cells through actions in 
the protein kinase and lipid kinase signaling path-
ways [94,95]. In addition to their notable antioxidant 
behavior, polyphenols have pro-oxidant properties. 
Indeed, it has been reported that plant polyphenols 

may increase oxidative damage in vivo via 
interactions with transition metal ions that 
increase their ability to form free radicals 
from peroxides [96].  

 
 

Figure 3. Promising ways by which plant non-enzymatic antiox-
idants preserve the redox status of the human body. 
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Carotenoids, which are abundant in fruits and 
vegetables, scavenge peroxyl radicals and act pre-
dominantly as antioxidants [97]. The antioxidant po-
tential of dietary carotenoids such as beta-carotene 
and lycopene in biological systems is dependent on a 
number of factors, including the presence of other 
co-antioxidants. It has also been reported that carot-
enoids may lose their effectiveness as antioxidants at 
high concentrations or at high partial pressures of 
oxygen [98].  

Strategy for plant antioxidant potential 
measurement 

In vitro antioxidant potential assessment meth-
ods do not provide exact therapeutic implications of 
plant antioxidants. Moreover, the antioxidant poten-
tial of plants or their phytochemicals is influenced by 
several factors under in vivo conditions, including gut 
absorption, metabolism, bioavailability, and presence 
of co-antioxidants and transition metal ions. Conse-
quently the results of in vivo antioxidant assessment 
studies of plant antioxidants are not consistent [62]. 
Hence, there is a need to develop an expansive study 
strategy that will include a set of in vitro and in vivo 
experiments to provide more accurate therapeutic 
values to plant antioxidants.  

One commonly suggested strategy is that both in 
vitro and in vivo antioxidant assessment studies be 
conducted simultaneously to confer therapeutic anti-
oxidant potential to plants or their components. Holst 
and Williamson [99] proposed that in vitro plant an-
tioxidant assessment studies be driven by in vivo re-
sults, and not vice versa. They further suggested that 
once a phytochemical is shown to exert an effect in 
vivo, their mechanisms can be tested in vitro to avoid 
disappointments when testing in vitro concepts in vivo. 
It is believed that the proposed antioxidant activity 
assessment studies would be more suitable for inves-
tigation of antioxidant activity of flavonoids and 
lignans, as these phytochemicals are generally me-
tabolized to low molecular antioxidants in the body. 
Most ingested flavonoids have been shown to be ex-
tensively degraded to various phenolic acids, which 
could have radical scavenging ability [100]. Similarly, 
the lignan secoisolariciresinol diglucoside is metabo-
lized to more powerful antioxidants such as secoiso-
lariciresinol, enterodiol and enterolactone within the 
body [101].  

In line with the above plant antioxidant activity 
assessment study strategies, it is advisable disease 
pathophysiology targeted combined in vitro and in 
vivo antioxidant activity assessment study strategy to 
attribute more precise therapeutic value to individual 
or combined plant antioxidant entities. In this strate-
gy, there is a need to first identify the major target of 

free radical linked disease pathophysiology such as 
mitochondrial dysfunction, which is an underlying 
cause of several degenerative diseases. Thereafter, 
plant extracts or antioxidants should be screened for 
low molecular antioxidants that could have potent 
radical scavenging activity in vitro and are able to 
cross blood brain barriers and reach the target by 
comparing them with proposed or known structural 
analogs of mitochondria-targeted antioxidants 
through in silico methods. Finally, these results should 
be validated by in vivo studies. 

Conclusions  
Over the past few decades, significant scientific 

information has been accumulated regarding plant 
redox biology and its antioxidant defense. However, 
this information has not been collectively discussed 
together with human redox biology and exogenous 
antioxidants metabolism, which is essential in under-
standing the therapeutic utility of plant antioxidants. 
Because of their high oxygen exposure physiology, 
plants may have more sites of ROS generation; there-
fore, they could evolve more efficient non-enzymatic 
antioxidant systems than humans. Plants synthesize 
and accumulate several non-enzymatic antioxidants 
such as ascorbic acid, glutathione and phenolics. 
Some of these antioxidants occur constitutively, while 
others are formed in response to abiotic and biotic 
stress conditions. Almost all plants or their phyto-
chemicals exhibit some antioxidant activity under in 
vitro assays conditions. However, for in vivo studies, 
plant antioxidants have to pass through several 
physiopharmacological processes including absorp-
tion, distribution, metabolism, storage and excretion. 
Consequently, the antioxidant potential of plants or 
their phytochemicals is influenced by several factors 
in vivo, including gut absorption, metabolism, bioa-
vailability, and the presence or absence of 
co-antioxidants and transition metal ions. Therefore, 
the results of the in vitro antioxidant potential as-
sessment studies are often contradictory to those of in 
vivo studies. Nevertheless, without undertaking suffi-
cient in vivo studies, the results of in vitro assays have 
been irrelevantly linked to the therapeutic applica-
tions of plant antioxidants. Hence, we proposed dis-
ease pathophysiology targeting combined in vitro and 
in vivo antioxidant activity to attribute more precise 
therapeutic value to individual or combined plant 
antioxidant entities. 
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