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Current opinions with respect to the etiology of chronic
diseases such as neurodegenerative disease, cardiovascular
diseases, and cancer are still controversial. There are multiple
factors involved, and oxidative stress that results from the
imbalance between reactive oxygen species and antioxidants
is a one of the key factors in the development of these
chronic diseases. Indeed, experimental and clinical evidences
support the casual relationship between oxidative stress and
various chronic diseases. Thus, numerous studies are focused
on ameliorating these chronic diseases by reducing the
oxidative stress. Epidemiological and clinical studies suggest
that natural products can combat oxidative stress and reduce
the morbidity and mortality associated with chronic diseases.
Many natural compounds such as flavonoids are potential
antioxidants that protect against reactive oxygen species
(ROS) or reactive nitrogen species- (RNS-) induced damage
and ameliorate oxidative stress-related diseases, such as
neurodegenerative diseases, cardiovascular diseases, inflam-
matory conditions, and cancer. Although various natural
products have been shown to possess potential protective
effects against chronic diseases, the bioactivities of large
number of natural compounds remain unknown. Therefore,
understanding and validating the bioactivities of the natural
compounds and the molecular mechanisms involved would
provide solid scientific foundation to use the natural com-
pounds for the prevention and treatment of oxidative stress-
related diseases. The primary objective of this issue is to

highlight the role of some of the natural products that ame-
liorate oxidative stress and reduce pathological complications
associated with chronic diseases. The articles published in this
special issue include four reviews and four original research
articles that describe the importance of some of the natural
products.

The review by J. Pérez-Hernandez et al. is focused on the
possible role of antioxidant herbal compounds as an alterna-
tive source for the treatment of neurodegenerative diseases
(ND). The herbal compounds discussed in this review include
polyphenols, flavonoids, alkaloids, and other miscellaneous
antioxidant compounds from plants. An interesting review
article by Y. Bai et al. discusses the cardiovascular bene-
ficial effects of sulforaphane, a sulfur-based isothiocyanate
compound in the cruciferous vegetables. Clinical and ani-
mal studies showed sulforaphane improved cardiovascular
complications through activation of Nrf2. In this review, the
authors discuss the possible molecular mechanisms involved
in sulforaphane induced Nrf2 activation. J. A. Sirerol et al’s
review is focused on the role of natural compound stilbene
in the prevention of cancer. The authors discuss about the
studies that support the anticancer effects of stilbene, which
also include few clinical trials. In this issue, the review article
by J. Wang et al. discusses the latest advancements and up-
to-date discoveries on the mechanisms of antioxidant activity
of polysaccharides and glycoconjugates derived from natural
products.


http://dx.doi.org/10.1155/2016/4628502

ROS play a major role in the aging process and signifi-
cantly contribute to the aging related pathological complica-
tions. The antioxidant system is compromised with aging and
the antioxidant levels are no longer sufficient to counteract
the generation of free radicals. Exogenous antioxidants may
be a promising strategy to suppress oxidative stress associated
with aging. In this issue, the original research article by
M. Nebbioso et al. shows that «-lipoic acid (ALA) and
superoxide dismutase (SOD) can counteract senile neurode-
generative deterioration to the retina and optic nerve. This
study indicates that the combination of ALA and SOD
could reduce oxidative stress and thereby prevent nuclear
degradation and the subsequent cell death.

In everyday life, humans are readily exposed to toxi-
cants derived from various sources such as food (e.g., ethyl
carbamate), pesticides (e.g., paraquat), and industry (e.g.,
tert-butyl hydroperoxide). These toxic substances trigger
oxidative stress in the biological systems, which consequently
lead to acute or chronic diseases. In this issue, W. Chen et
al. reported that wild raspberry can improve the protective
capacity against ethyl carbamate-induced oxidative damage
in Caco-2 cells. Their results demonstrate that raspberry
extract subjected to simulated gastrointestinal digestion
could improve the cellular antioxidant activity and attenuate
ethyl carbamate-induced oxidative damage in Caco-2 cells. A.
J. Case et al’s research article shows that Aronia melanocarpa
concentrate attenuated paraquat-induced neurotoxicity. In
this study, Aronia berry concentrate at low doses can restore
the homeostatic redox environment of neurons treated with
paraquat, while high doses exacerbate the imbalance leading
to further cell death. This suggests that moderate levels
of Aronia berry concentrate may prevent reactive oxygen
species-mediated neurotoxicity whereas high doses may have
toxic effects. The study by H. Lv et al. shows that Licochalcone
A (Lico A) enhances Nrf2-mediated defense mechanisms
against tert-butyl hydroperoxide (t-BHP) induced oxidative
stress and cell death via Akt and ERK activation in RAW
264.7 cells. Further, their results indicate that Lico A might
modulate HO-1 and scavenge ROS via the activation of the
PI3K/Akt and ERK/Nrf2 signaling pathways.

In summary, this special issue covers a series of topics
addressing the role of natural products as antioxidants coun-
teracting oxidative stress-related chronic diseases. We hope
that the articles brought in this special issue not only enrich
our understanding of the therapeutic role of natural products
on oxidative stress-related disease but also provide promising
perspectives on future novel therapeutic agents development.

Wei Chen

Zhenquan Jia

Min-Hsiung Pan

Pon Velayutham Anandh Babu

Oxidative Medicine and Cellular Longevity
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Neurodegenerative diseases (ND) primarily affect the neurons in the human brain secondary to oxidative stress and neuroinflam-
mation. ND are more common and have a disproportionate impact on countries with longer life expectancies and represent the
fourth highest source of overall disease burden in the high-income countries. A large majority of the medicinal plant compounds,
such as polyphenols, alkaloids, and terpenes, have therapeutic properties. Polyphenols are the most common active compounds
in herbs and vegetables consumed by man. The biological bioactivity of polyphenols against neurodegeneration is mainly due to
its antioxidant, anti-inflammatory, and antiamyloidogenic effects. Multiple scientific studies support the use of herbal medicine in
the treatment of ND; however, relevant aspects are still pending to explore such as metabolic analysis, pharmacokinetics, and brain

bioavailability.

1. Introduction

Neurodegenerative diseases (ND) such as Alzheimer’s (AD)
and Parkinson’s disease (PD) and multiple sclerosis (MS)
primarily affect the neurons in the human brain and are
characterized by deterioration of neurons or myelin sheath,
sensory information transmission disruption, movement
control, and more [1]. The greatest risk factor for ND is aging,
which carries mitochondrial dysfunction, chronic immune-
inflammatory response, and oxidative stress [2, 3], the major
causes of neuronal damage and death. Nowadays, ND are
chronic and incurable conditions whose disabling effects may
continue for years or even decades representing an enormous
disease load, regarding human suffering and economic cost.
The ND are more common and have a disproportionate
impact on countries with longer life expectancies and rep-
resent the fourth highest source of overall disease burden in

the high-income countries. According to the World Health
Organization, 37 million people currently have dementia
worldwide, and about 50% of them are being affected by
AD and this number is expected to grow up to 115.4 million
people by 2050 [4].

Recently, a great number of natural medicinal plants have
been tested for their therapeutic properties, showing that
the raw extracts or isolated pure compounds from them
have more effective properties than the whole plant as an
alternative for the treatment of ND. These properties are due
mainly to the presence of polyphenols (Figure 1), alkaloids
(Figure 2), and terpenes (Figure 3(d)), among others, that are
micronutrients produced by plants as secondary metabolites
[5, 6]. There is substantial evidence (epidemiological studies,
animal studies, and human clinical trials) that indicates that
polyphenols reduce a wide range of pathologies associated
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FIGURE 1: Representative polyphenol compounds. (a) Benzoic acids: p-hydroxybenzoic acid R, = Ry = R, = H, R, = OH; protocatechuic acid
R, =R, = H, R, = R, = OH; gallic acid R, = R, = R; = OH, R, = H; and salicylic acid R, = R, = R; = H, R, = OH. (b) Hydroxycinnamic
acids: coumaric acid R; = R, = H; caffeic acid R, = OH, R, = H; ferulic acid R, = OMe, R, = H; and sinapic acid R; = R, = OMe. (c) Stilbenes:
resveratrol R, = H; oxyresveratrol R, = OH. (d) Hydroxycinnamoyl ester: chlorogenic acid. (e) Hydroxycinnamoyl derivatives: gingerol;
(f) Chavicol R, = H; eugenol R, = OMe; (g) curcumin; (h) magnolol; and (i) echinacoside. Flavonoid compounds. (j) Nobiletin; (k) Flavones:
apigenin R, =R, = H, R, = Ry = R; = OH; baicalein R, = R, = H, Ry = R, = R; = OH; chrysin R, = R, =R, = H, R, = R; = OH; and luteolin
R, =H, R, = OMg, R, = R, = R; = OH. (1) Flavonols: kaempferol R, = R, = H, R, = R; = R; = OH; quercetin R, =H, R, =R, =R; =R, =
OH. (m) Flavanols (+)-catechin R, = H; (+)-gallocatechin R, = OH. (n) Flavanones: hesperetin R, = H, R, = R; = R; = OH, R, = OMe;
naringenin R, = R, = H, R, = Ry = Ry = OH; pinocembrin R, = R, = R, = H, R; = R; = OH. (0) Anthocyanins: aurantinidin R, =R, = H,
R; =R, = OH; cyanidin R, = R, = H, R, = R; = OH; pelargonidin R, = R; = R, = H, R, = OH; and peonidin R, =R, = H, R, = OMe, R; =
OH. (p) Flavonolignans: silydianin.
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FIGURE 2: Some alkaloid compounds in plants. (a) Capsaicin; (b) protoberberines: jatrorrhizine R, = OH, palmatine R, = OMe; (c) vincamine;

(d) piperine; (e) diallyl sulfide; and (f) sulphoraphane.
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FIGURE 3: Some miscellaneous antioxidant compounds from plants. (a) Coenzyme Qq_,; (b) I-theanine; (c) ascorbic acid; and (d) lycopene.

with inflammation [7-9]. The main mechanisms of polyphe-
nols include their well-characterized antioxidant effects [10,
11], inhibition of intracellular kinases activity [12], binding
to cell surface receptors [13], and modifying cell membrane
functions [14]. Also, recently the neuroprotective effects
of polyphenols have been described in several models of
ND and involve mainly signaling pathways mediators [15],
modulation of enzymes in neurotransmission [16, 17], inhi-
bition of neurotoxicity via ionotropic glutamate receptors
[18], antiamyloidogenic [19], and anti-inflammatory effects
[20]. This review focuses on the plant extracts or compounds
isolated from plants that may hold potential in the treatment
of the principal ND.

2. Etiology of Neurodegenerative Diseases

ND are incurable and disabling conditions secondary to
progressive neuronal loss, which leads to chronic brain
damage and neurodegeneration. The etiology of ND is still
unknown, although several ND animal models showed asso-
ciated damage with the blood-brain barrier, protein aggrega-
tion, toxin exposure, and mitochondrial dysfunction, which
lead to oxidative stress and inflammation, and consequently
neuronal death [21].

The blood-brain barrier controls the internal environ-
ment of the vertebrate CNS and represents the border
between the capillary and the extracellular fluid of CNS neu-
rons and glial cells; it also ensures specific brain homeostasis



allowing adequate neuronal function [22]. Neurovascular
changes normally occur as part of aging, but these are more
evident in chronic ND [23]. About 20% of blood flow
decreases in the aged brain, which associates with reduced
protein synthesis [24]. Interestingly, this blood flow reduction
is higher in the presence of any ND, which may lead to
changes in intracellular pH and accumulation of interstitial
lactate and glutamate [23, 25]. These changes are observed in
specific brain regions in diseases such as AD, PD, MS among
other CNS disorders [25-28].

Abnormal protein aggregation of specific regions and
neuronal populations is a common feature among ND. For
example, the a-synuclein inclusions in dopaminergic neu-
rons from the substantia nigra are the main histopathological
marker in PD [29]. Also, insoluble aggregates of the amyloid
beta-peptide (Af5) and neurofibrils composed of Tau protein
are found in AD [30, 31] and hyperphosphorylated Tau aggre-
gation in demyelination areas in MS [32]. Finally, superoxide
dismutase 1 (SODI1) aggregations are present in amyotrophic
lateral sclerosis (ALS) [33]. The main relevance of protein
aggregates is that they lead to mitochondrial dysfunction
inducing apoptotic neuronal death.

Redox state imbalance and chronic inflammation, a major
cause of cell damage and death, characterize ND [34].
Reactive oxygen species (ROS) are key mediators of cell
survival, proliferation, differentiation, and apoptosis [35, 36].
Excessive production of ROS by mitochondria and NADPH
oxidase in oxidative stress is usually thought to be responsible
for tissue damage associated with inflammation and ND [34,
36-38]. Moreover, many of the well-known inflammatory tar-
get proteins, including matrix metalloproteinase-9, cytosolic
phospholipase A,, cyclooxygenase-2, inducible nitric oxide
synthase (iNOS), and adhesion molecules, are associated with
oxidative stress and induced by proinflammatory factors such
as cytokines, peptides, and peroxidants agents [36, 39, 40].
Several studies have shown that ROS act as a critical signaling
molecule to trigger inflammatory responses in CNS through
the activation of the redox-sensitive transcription factors,
including nuclear factor-xB (NF-«B) and activator protein-1
[34,36-39].

Mitochondrial damage leads to neuronal oxidative dam-
age in ND pathogenesis. ROS and reactive nitrogen species,
which are normal byproducts of mitochondrial respiratory
chain activity, are mediated by mitochondrial antioxidants
such as manganese superoxide dismutase and glutathione
peroxidase. In addition to the ROS generation, mitochondria
are also involved with life-sustaining functions including
adenosine triphosphate synthesis by oxidative phosphory-
lation, apoptosis, calcium homeostasis, mitochondrial fis-
sion and fusion, lipid concentration of the mitochondrial
membranes, and the mitochondrial permeability transition.
Mitochondrial disease leading to neurodegeneration is likely,
at least on some level, to involve all of these functions
[41]. In ND several mitochondrial alterations are found like
bioenergetics anomalies in the process of oxidative phos-
phorylation and ATP production, defects of mitochondrial
dynamics, increase sensitivity to apoptosis, and accumulation
of damaged mitochondria with unstable mitochondrial DNA

(2].
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The proteins aggregation also plays an important role
in mitochondrial dysfunction; for example, the accumu-
lation of mitochondrial Af aggregates has been observed
both in patients and in transgenic models of AD [42-44].
Additionally, inhibition of mitochondrial complex I occurs
in PD patients [45] and the two principal models used
for the study of PD. Rotenone—a natural compound used
as an insecticide, piscicide, and pesticide—and 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)—a neurotoxin
precursor of 1-methyl-4-phenylpyridinium (MPP"), which
destroys dopaminergic neurons in the substantia nigra—
both act by inhibiting mitochondrial complex I [21]. In ALS,
mitochondrial SODI1 enzyme aggregates cause loss of mito-
chondrial function and induce cellular death by apoptosis
[46]. This phenomenon is present in almost all ND and
associated with inflammation, which is one of the points of
therapeutic interest and study.

The CNS inflammation is dependent on inflamma-
tory mediators produced mainly by glial cells, specifically
microglia and CNS macrophages [47]. Microglial activation
is crucial in the pathogenesis and the course of PD [48], AD
[49], prion disease [50], and MS [51], among others. Uncon-
trolled microglia activation produces neuronal damage due to
overproduction of proinflammatory mediators such as tumor
necrosis factor o (TNF«) [52], and nitric oxide (NO), leading
to the generation of oxidative stress and apoptotic cell death
(48, 52, 53].

3. Main Therapeutic Effects of Plant Extracts

The plant extracts have become interesting candidates as ther-
apeutic agents due to their antioxidant, anti-inflammatory
properties, and chemical characteristics derived as follows.

(i) Direct Uptake of Free Radicals. Primarily polyphenols
(Figure 1) and alkaloids (Figure 2) function as scavengers due
to their multiple phenolic hydroxyl and nitrogen groups,
respectively, which act as an electron donor to the aromatic
ring. These systems are excellent nucleophiles that readily
lose electrons and easily oxidize. Therefore, they can catch
free radicals and react with ROS, such as superoxide, peroxyl,
hydroxyl radicals, NO, nitrogen dioxide, peroxynitrite, and
singlet oxygen [54-56].

(ii) Chelation of the Divalent Cations in Fenton Reactions
Involved. Many polyphenol compounds chelate iron cations
due to multiple hydrophilic groups and are efficient scaven-
gers because phenolic groups inhibit iron-mediated oxyrad-
ical formation like other iron chelators, such as desfer-
rioxamine, 1,10-phenanthroline, and pyridoxal isonicotinoyl
hydrazone [57, 58].

(iii) Modulation of Enzymes Associated with Oxidative Stress.
ND associate with molecular alterations in cell-signaling
pathways that regulate cell proliferation and differentiation,
such as the family of mitogen-activated protein kinases
(MAPK). Abnormal activation or silencing of the MAPK
pathway or its downstream transcription factors can result
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in uncontrolled cell growth leading to malignant transforma-
tion. Some plant compounds “switch on” or “turn off” the
specific signaling molecule(s), depending on the nature of
the signaling cascade they target, preventing abnormal cell
proliferation and growth [59, 60].

4. Antioxidant and Anti-Inflammatory
Properties in Central Nervous System

Flavonoids, a type of polyphenolic compounds found in
fruits, vegetables, red wine, and green tea, reduce the risk
to developing ND [61]. In 2010, Vuong and colleagues
showed that cranberry juice in neuronal cultures signifi-
cantly increased the activity of antioxidant enzymes such
as catalase and SODI and protected neurons against H,O,
induced cell death, possibly due to the activation of survival
pathways dependent from p38 and blocking death pathway
associated with MEK1/2 and ERK1/2 [62]. A comparative
study of two extracts of Salvia species, S. hydrangea and S.
macilenta, also showed strong antioxidant properties, also
at high concentrations (=50 ug/mL) they can inhibit DNA
damage by free radicals. Moreover, these species not only
showed no cytotoxic effect in cultured PCI2 cells, a cell
line derived from a pheochromocytoma obtained from rat
adrenal medulla differentiated with neural growth factor, but
also protected them from peroxide-induced cell death [63].
Similarly selaginellin, a compound extracted from the plant
Saussurea pulvinata, showed a neuroprotective effect in a
glutamate neurotoxicity model in PCI2 cells by trapping ROS
and regulating the expression of the klotho gene, which has
an antiapoptotic role [64].

Ginger, the root of Zingiber officinale, an important specie
used in the Chinese, Ayurvedic, and Tibia-Unani traditional
medicine, has anti-inflammatory [65-67] and antioxidant
[68] properties, among others. The hexane fraction of ginger
extract and the methanol extract of Ficus religiosa sheet
significantly decreased the production of NO, prostaglandin
E2, IL-1B3, IL-6, and TNF« through the inhibition of MAPK
and NF-«xB in BV2 microglial cell line stimulated with
lipopolysaccharide (LPS) [69, 70].

Similarly, the ethanol extract of Knema laurina exerted
anti-inflammatory and neuroprotective effects in a BV2
microglial cell culture line, in HT-22 hippocampal neurons
and in organotypic hippocampal cultures. Knema laurina
reduced microglial production of NO and IL-6 through the
inhibition of ERK1/2 and IKKf phosphorylation, and the
subsequent translocation NF-xf3 in microglial cells [71].

5. Therapeutic Opportunities for Plant
Extracts in Central Nervous System
Age-Related Changes

It is clear that aging is a critical factor for developing ND and
facilitates the microglial promoted proinflammatory environ-
ment [72-74] and oxidative stress [75]. Therefore, studying
potential drugs that prevent or retard age-related changes
has become crucial. Natural antioxidants such as some
cocoa derivatives have shown to contain higher flavonoids

levels [76]. For example, acticoa, a cocoa-derived polyphenol
extract, administered daily orally at 24 mg/kg dose in Wistar
rats 15 to 27 months old, improved cognitive performance,
increased life expectancy, and preserved free dopamine
levels in urine [77]. Another extract with high antioxidant
activity is silymarin, a standardized mixture of flavonolignans
(Figure 1(p)) extracted from the Silybum marianum fruits and
seeds [78]. The treatment with 400 mg/kg/day of silymarin
during three days increased reduced glutathione (GSH) and
SOD activity in the brain of aged rats [79]. Vincamine
(Figure 2(c)), a monoterpenoid indole alkaloid purified from
the Vinca minor plant, has antioxidant activity similar to
vitamin E. This compound increased cerebral blood flow,
glucose, and oxygen utilization in neural tissue and promoted
the rise of dopamine, serotonin, and noradrenaline levels
[80]. Also, the treatment of rats with vincamine during 14
days at a daily dose of 15 mg/kg reduced about 50% the brain
iron levels, which suggests a beneficial effect in reducing
the oxidative stress associated with the iron deposition in
ND [81]. Moreover, paeonol, a compound extracted from the
Paeonia suffruticosa cortex or Paeonia lactiflora root, has been
ascribed to anti-inflammatory and antioxidant properties.
Paeonol effects were tested in a model of neurotoxicity
induced with D-galactose injected subcutaneously in aged
mice. Paeonol prevented memory loss in this model since
it increased acetylcholine and GSH levels and decreased
the activity of acetylcholinesterase (AChE) and SOD1 in the
hippocampus and cortex, positioning it as a potential drug
useful in age-related ND [15]. Also, Magnolia officinalis com-
pounds, magnolol (Figure 1(h)) and their isomer honokiol,
were tested in a senescence-accelerated prone mice; this
compound prevented learning and memory deterioration,
as well as acetylcholine deficiency by preserving forebrain
cholinergic neurons [18, 82].

6. Plant Compounds Used for
Alzheimer’s Disease

AD manifests as a progressive cognitive and behavioral dis-
order and is characterized by an immediate loss of memory
secondary to neuronal loss in the limbic and association
cortices. This neuronal death results from oxidative stress,
neuroinflammation, and abnormal protein deposition [83],
leading to a therapeutic opportunity for medicinal plants,
which improve AD course principally by modulating A
aggregation, AChE activity, oxidative stress, and inflamma-
tory response [84].

Cryptotanshinone is an active component of Salvia mil-
tiorrhiza with anti-inflammatory, antioxidant, and antiapop-
totic properties [85, 86]. This compound crossed the blood
brain barrier and decreased cognitive deficits in male IRC
mice with scopolamine-induced cognitive impairments [87].
This compound also provided beneficial effects in patients
with ischemia and cerebral infarct [88]. Additionally, cryp-
totanshinone reduced the Af aggregation in brain tissue
and improved spatial learning and memory in APP/PS1
transgenic mice by promoting amyloid precursor protein
metabolism via a-secretase pathway [89]. Silymarin also
showed antiamyloid properties in vitro, and its chronic



administration (half a year) significantly reduced the Af
plaque burden associated with microglial activation, Af
oligomer formation, and hyperactivity and disturbed behav-
ior in APP transgenic mice [90]. The protective effect of
silymarin on A5 accumulation is attributable to the blockade
of its aggregation, not to f-secretase inhibition [89]. The
use of Centella asiatica in a dementia model in PSAPP mice
improved memory retention in rodents [91, 92] and decreased
amyloid deposition and the spontaneously Af3 plaque forma-
tion [93]. Likewise, the grape seed polyphenolic extract from
Vitis vinifera attenuated the cognitive impairment observed
inaging AD transgenic mice and decreased A8 plaques depo-
sition in the brains [94]. Nobiletin (Figure 1(j)), a flavonoid
purified from Citrus depressa plant, prevents memory loss in
APP695 transgenic mice and A treated rats. This compound
reduces the A plaques amount in the hippocampus [95, 96],
probably by reducing the inhibition of protein kinase A and
cAMP response element-binding protein phosphorylation
signaling cascade [97]. Nobiletin also stimulated long-term
potentiation in organotypic hippocampal cultures [98]. Other
compounds that can prevent Af3 aggregation by inhibition
of the metabolic pathway that generates A plaques are
berberine, palmatine, jateorrhizine, epiberberine, coptisine,
groenlandicine, and magnoflorine, alkaloids isolated from
Coptis chinensis rthizome [99]. These compounds also exhibit
AChE inhibiting properties [100, 101] and antidepressant
effects [59] and enhance cognitive improvements [102]. Also,
jateorrhizine (Figure 2(b)) and groenlandicine have signifi-
cant peroxynitrite scavenging activities, while coptisine and
groenlandicine present moderate total ROS inhibitory activ-
ities [99].

The ethanol extract from Cassia obtusifolia has potential
use in AD, which reduced scopolamine-induced memory loss
in mice by inhibiting AChE [103]. Similarly, methoxsalen, the
main component of the aqueous extract of Poncirus trifoliata,
inhibited AChE activity reducing memory loss and learning
problems associated with a neurotoxicity in vivo model
induced with trimethyltin [16]. In the AD model induced
with ethylcholine aziridinium, which mimics the cholinergic
hypofunction present in AD [104], piperine (Figure 2(d)),
an alkaloid present in Piper longum, lowered the cognitive
deficits and the hippocampal neurodegeneration associated
with this AD model [105]. These effects could be probable due
to its anti-inflammatory [106] and antioxidant activities [71].

The treatment for 5 weeks with L-theanine (Figure 3(b)),
an amino acid present in green tea Camellia sinensis, sig-
nificantly decreased memory loss associated with intra-
ventricular Af,_,, AD model. L-theanine as well reduced
cortical and hippocampal neuronal death, also inhibited lipid
peroxidation and protein damage, and increased GSH levels,
suggesting its potential use in AD prevention and treatment
[17]. Also, Dioscorea opposita chloroform extract, which has
been used to treat memory-related diseases such as AD
and others ND, prevented neuronal death, and significantly
increased spatial learning and memory improvement, proba-
bly due to its antiexcitotoxic and antioxidant effects [107].

Sanmjuanhwan (Sjh), a multiherbal formula from orien-
tal traditional medicine, composed of Morus alba, Lycium
chinense, and Atractylodes japonica, showed neuroprotective
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effects on primary neuronal cultures exposed to Af3,5_35. Sjh
increased the expression of antiapoptotic proteins such as
Bcl-2 and avoided cytochrome c release and caspase-3 acti-
vation [108]. B. monnieri and its active components bacoside
A, bacopaside I and II, and bacosaponin C [109, 110] have
anti-inflammatory, antimicrobial, and antidepressant effects
[111-113]. Treatment with B. monnieri prevented neuronal
death by the inhibition of AChE activity in primary cortical
culture pretreated with Af,s 55 [114]. Furthermore, animals
and volunteers treated with this plant presented enhanced
memory [115-117]. The antioxidant effect of S-allyl cysteine
(SAC), an amino acid isolated from aged garlic, was tested in
the Af,5_35-AD rat model, showing ROS scavenger activity in
vivo [118]. Also, in the mice AD dementia model induced with
the intracerebroventricular streptozotocin infusion, SAC pre-
treatment decreased p53 expression, restored Bcl-2 protein
expression, reduced, and prevented DNA fragmentation
[119].

Mono- and diacetyled cyanidin and peonidin, the purple
sweet potato anthocyanins (PSPA; Figure 1(o)) extracted
from Ipomoea batatas, can easily attract ROS, which has high
clinical value as antioxidant therapy in AD and other ND
[120, 121]. For example, pretreatment of PCI12 cells with PSPA
reduced Ap toxicity preventing lipid peroxidation, caspase-3
activation, and Af3-induced apoptosis, suggesting a possible
use in the treatment of AD [122].

Finally, the use of ginseng, Panax ginseng, was evaluated
in AD patients, those who received a daily dose 9 g of Korean
red ginseng for 12 weeks showed a significant improvement
in the AD assessment scale and the clinical dementia rating
scale compared to control patients [123].

7. Plant Compounds for Parkinson’s
Disease Treatment

PD is the second most frequent ND and is primarily a
movement disorder characterized by the loss of dopamine-
producing neurons in substantia nigra. Activation of neu-
ronal death pathways involves oxidative stress, neuroinflam-
mation, and mitochondrial dysfunction [124].

Green tea extract and its isolated (-)-epigallocatechin-3-
gallate polyphenol, as well as ginseng extract, have neuro-
protective effects since their use diminished dopaminergic
neuron loss in the substantia nigra and oxidative damage
in an MPTP and its toxic metabolite MPP* in PD animal
models [125, 126]. Also, Chrysanthemum morifolium, which
has antioxidant activity [126], inhibited MPTP-induced cyto-
toxicity and maintained cell viability of SH-SY5Y cell line,
preventing ROS formation, decreasing Bax/Bcl2 ratio and
caspase-3 activation [127]. The administration of 20 mg/kg
of echinoside, a compound isolated from Cistanche salsa,
before MPTP intoxication maintained striatal dopamine
levels, reduced cell death, significantly increased the tyrosine
hydroxylase enzyme expression, and reduced the activa-
tion of caspase-3 and caspase-8 expression, thus preventing
neuronal death [128]. Likewise, silymarin treatment pre-
served dopamine levels, diminished the number of apoptotic
cells, and preserved dopaminergic neurons in the substantia
nigra of MPTP- and 6-hydroxydopamine-intoxicated mice
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(6-OHDA) [74,129-131]. Besides, pelargonidin (Figure 1(0)),
an anthocyanidin with neuroprotective effects, reduced the
motor deficit and histological damage and prevented lipid
peroxidation in the 6-OHDA model [132-134].

In the MPTP-intoxicated model of PD, SAC prevented
lipid peroxidation and mitochondrial dysfunction [135],
protected the striatum of mice from the morphological
alterations with a reduction in TNF-« and iNOS expressions,
and further reduction in astrocyte activation [136] and also, at
120 mg/kg dose by five days, partially ameliorated the MPTP-
induced striatal and nigral dopamine and tyrosine hydroxy-
lase depletion, attenuated the loss of manganese-dependent
superoxide dismutase and heme oxygenase-1 activities, and
preserved the protein content of these enzymes [137]. These
findings suggest that SAC can exert neuroprotection since
the origin of the dopaminergic lesion—at the substantia
nigra—not only by using direct antioxidant actions but also
through Nrf2 nuclear transactivation and phase 2 enzymes
upregulation [137].

The commercial extract of Anemopaegma mirandum, a
Brazilian tree, and the crude extract of Valeriana officinalis
increased the viability of SH-SY5Y cells after rotenone expo-
sure [138,139], while the extract of Rhus verniciflua decreased
ROS production, preserved the mitochondrial integrity, and
decreased the number of apoptotic cells [140]. An extract
from Tripterygium regelii, a plant with antioxidant properties,
reduced oxidative stress-induced cell death through the
inhibition of apoptotic cascades, preserved mitochondrial
function, and promoted tyrosine hydroxylase expression
and brain-derived neurotrophic factor (BDNF) production
in H,0, treated SH-SY5Y cells [141]. Also, in the MPP"-
intoxicated SH-SY5Y cells, the orchid increased cell viabil-
ity, decreased cytotoxicity and ROS production, and pre-
vented caspase-3 activation by diminishing the Bax/Bcl2 ratio
[142].

In the same model, the flavonoid luteolin (Figure 1(k))—
a compound present in celery, green pepper, pear leaves, and
chamomile tea—provided neuroprotection against oxidative
stress [143]. Also, luteolin inhibited LPS induced microglial
activation, as well as the production of TNF«, NO, and super-
oxide in a midbrain mixed primary cultures [144]. Pedic-
ularoside A, a glycosylated phenylethanoid isolated from
Buddleja lindleyana, has anti-inflammatory properties and is
a good scavenger of superoxide anions and hydroxyl radicals
[145]; it protected against MPP"-induced death in mixed
midbrain primary culture by increasing tyrosine hydroxylase
expression and decreasing caspase-3 cleavage [146]. The plant
extract from Uncaria rhynchophylla decreased cell death
and ROS production and increased GSH levels in cultured
PCI2 cells, while 6-OHDA-induced caspase-3 activation was
attenuated preventing cell death and rotational behavior
was significantly reduced in the 6-OHDA PD model [147].
The ethyl extract from Myracrodruon urundeuva displayed
similar properties in mesencephalic cultured cells since it
preserved cell viability and attenuated oxidative stress after
6-OHDA exposure [148].

Panax notoginseng (PN) has the property to increase the
expression of certain molecules such as nestin and BDNE,
promoting neural plasticity and recovery after cerebral

ischemia [149, 150]. Also, PN induces the expression of
thioredoxin-1, an oxidoreductase with antiapoptotic and cell
growth promoter effects [151], reducing MPTP-induced cell
death in PCI2 cells [152]. Likewise, the root extract of
Withania somnifera promoted axon and dendrite growth
[153,154] and also increased the levels of SODI, catalase, and
GSH, preventing deficit motor in MPTP-intoxicated animals
[155].

The isoflavones daidzin, daidzein, and genistein con-
tained in Pueraria thomsonii protected PCI2 cells stimu-
lated with 6-OHDA through the inhibition of the caspase-
3 activation [156]. Moreover, genistein, a soy phytoestrogen,
protected neurons from substantia nigra pars compact and
attenuated the rotational behavior in a hemiparkinsonian
6-OHDA model [157]. Interestingly, the administration of
Mucuna pruriens preceding 6-OHDA intoxication was more
efficient than levodopa in controlling motor symptoms,
since it restored dopamine and norepinephrine levels in the
nigrostriatal track exhibiting a neuroprotective effect [158].
The mechanism of action of Mucuna pruriens is not fully
understood; however, it has been proposed that increases
the mitochondrial complex I activity without affecting the
monoamine oxidase B activity, probably due to its high
content of NADH and Q-10 coenzyme (Figure 3(a)), and its
ability to scavenge ROS [159].

The herbal mixture Toki To (TKT), prepared of ten
different plants (Angelicae Radix, Pinelliae Tuber, Cinnamomi
Cortex, Ginseng Radix, Magnoliae Cortex, Paeoniae Radix,
Astragali Radix, Zanthoxyli fructus, Zingiberis siccatum Rhi-
zoma, and Glycyrrhizae Radix), has excellent results against
PD [159]. TKT orally administered reduced motor symptoms
such as bradykinesia, prevented dopaminergic neurons loss
in the substantia nigra, and increased tyrosine hydroxylase
and dopamine transporter expression in MPTP-intoxicated
mice [159]. Through microarray it was determined that TKT
per se regulates the expression of serum- and glucocorticoid
regulated kinase gene (sgk), which are implicated in the PD
pathogenesis [159].

Psoralea corylifolia seeds, specifically A3,2-hydroxybaku-
chiol monoterpene, which has been used for years in Chinese
medicine for the treatment of cerebral aging and dementia
[102, 160], protected SK-N-SH cells from MPP* intoxication
and prevented the dopaminergic neurons loss in MPTP-
intoxicated mice by inhibition of the monoamine transporter
[161, 162]. Also it is worth mentioning that Rosmarinus
officinalis, a plant used as flavoring in Mediterranean cui-
sine, has antioxidant properties [163]. Rosmarinus officinalis
inhibits NO production [164] and protects dopaminergic
neurons in different degenerative disease models [165-168],
probably due to its a high content of polyphenols and terpenes
such as carnosol, carnosic acid, and rosmarinic acid and
antiapoptotic effects [169].

8. Plant Compounds for Cerebral
Ischemia Management

In cerebral ischemia, severe neuronal damage occurs during
the reperfusion period due to excitotoxicity, which consists of
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FIGURE 4: Main neuronal death pathways caused by oxidative stress. Oxidative stress can lead to neuronal death via several mechanisms
such as mitochondrial dysfunction, DNA damage, membrane permeability loss, protein aggregation, and apoptosis. Phytodrugs, mainly
polyphenols and alkaloids, can prevent this neuronal damage and, therefore, cellular death. Thus, these natural compounds can be used in
the treatment of ND and also could serve as models for developing new specific drugs against these pathologies.

an overstimulation of N-methyl-D-aspartate (NMDA) recep-
tors leading to glutamate production, which in turn triggers
oxidative and inflammatory processes [26]. The intraperi-
toneal administration of 200 mg/kg of cactus polysaccha-
rides, the active component isolated from Opuntia dillenii,
prior to the middle cerebral artery occlusion showed neu-
roprotective effects [170, 171]. Opuntia dillenii significantly
reduced infarct volume, decreased neuronal loss in the
cerebral cortex, and diminished importantly the nitric oxide
synthase (NOS) synthesis, which is usually induced during
the experimental period of reperfusion and ischemia [171].
Also, oral pretreatment with 30 and 50 mg/kg daily of
Smilacis chinae rhizome (SCR) methanol extract reduced
the histological changes associated with ischemic injury
[172]. It is possible that SCR prevented excitotoxicity-induced
neuronal death by decreasing ROS generation, similar to the
observations made in vitro in primary cultures of cortical cells
treated with 1mM NMDA [172]. Additionally, intravenous
pretreatment with silymarin reduced infarcted area size,
as well as neurological deficits associated with ischemic
damage [173]. Also, silymarin inhibited protein expression
associated with inflammation such as iNOS, cyclooxygenase-
2, myeloperoxidase, the nuclear transcription factor NF-
«B, and proinflammatory cytokines like IL-18 and TNFa«,
avoiding neurodegeneration associated with ischemia [173].

Similarly, SAC administration reduced infarct volume in a rat
brain ischemia model [174] and decreased lipid peroxidation
to basal levels suggesting SAC beneficial effects in brain
ischemia and that the major protective mechanism may be
the inhibition of free radical-mediated lipid peroxidation
[175].

9. Conclusions

Neurodegenerative diseases (ND) are chronic and progres-
sive conditions, characterized by neuronal loss secondary to
oxidative stress and neuroinflammation (Figure 4). Until now
ND have no cure and represent high costs for the health
system and patients families. Exploring alternative sources
for ND therapy has led to set eyes on herbal medicine
since most herbal compounds have antioxidant and anti-
inflammatory properties. At present, the use of several plants
in the treatment of ND is being supported by numerous sci-
entific investigations (the main effects of herbal plants against
ND are listed in Table 1). However, information is still missing
on relevant aspects such as metabolism, pharmacokinetics,
and bioavailability in the brain as well as any changes that
they may have in the CNS. Nevertheless, plant compounds
or extracts remain interesting therapeutic candidates for ND
management.
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Abbreviations

AChE:  Acetyl cholinesterase

AD: Alzheimer’s disease

Ap: Amyloid beta-peptide

ALS: Amyotrophic lateral sclerosis

Bax: Apoptosis regulator

Bcl-2: B cell lymphoma 2; family of regulator

proteins of apoptosis

BDNF:  Brain-derived neurotrophic factor
CNS: Central nervous system

CAMP:  Cyclic adenosine monophosphate
DNA: Deoxyribonucleic acid

ERK: Extracellular signal-regulated kinase
GSH: Glutathione reduced

H,0,: Hydrogen peroxide

IL-1B: Interleukin 153

IL-6: Interleukin 6

iNOS: Inducible nitric oxide synthase

LPS: Lipopolysaccharide

MAPK: Mitogen-activated protein kinase

MEK: Mitogen/extracellular signal-regulated
kinase

MPP":  1-Methyl-4-phenylpyridinium

MPTP:  1-Methyl-4-phenyl-1,2,3,6-
tetrahydropyridine

MS: Multiple sclerosis

NADPH: Reduced form of nicotinamide adenine
dinucleotide phosphate

NO: Nitric oxide

NMDA: N-Methyl-D-aspartate

ND: Neurodegenerative diseases

NF-xB:  Nuclear factor-«B

Nrf2: Nuclear factor (erythroid-derived 2)-like 2
NOS: Nitric oxide synthase

6-OHDA: 6-Hydroxydopamine-intoxicated mice

PC12: Cell line derived from a
pheochromocytoma of the rat adrenal
medulla

PD: Parkinson’s disease

PN: Panax notoginseng

ROS: Reactive oxygen species

SAC: S-Allyl cysteine

Sjh: Sanmjuanhwan

SCR: Smilacis chinae rhizome
SODI: Superoxide dismutase 1
TKT: Toki To

TNFa: Tumor necrosis factor «.
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Natural stilbenes are an important group of nonflavonoid phytochemicals of polyphenolic structure characterized by the presence
of a 1,2-diphenylethylene nucleus. Stilbenes have an extraordinary potential for the prevention and treatment of different diseases,
including cancer, due to their antioxidant, cell death activation, and anti-inflammatory properties which associate with low toxicity
under in vivo conditions. This review aims to discuss various approaches related to their mechanisms of action, pharmacological
activities in animal models and humans, and potential chemoprevention in clinical studies. The biological activity of natural
stilbenes is still incompletely understood. Furthermore, after administration to animals or humans, these molecules are rapidly
metabolized. Thus pharmacokinetics and/or activities of the natural structures and their metabolites may be very different. Novel
drug formulations have been postulated in order to improve stability and bioavailability, to minimize side effects, and to facilitate
interaction with their domains in target proteins. These pharmacological improvements should lead stilbenes to become effective

candidates as anticancer drugs.

1. Introduction

Despite the fact that the total European population comprises
just one-ninth of the world’s population, the percentage of the
global burden of cancer in Europe is of approximately 25%
[1]. Recent epidemiological research estimates that approx.
1,323,000 and 585,000 deaths were caused by cancer in the
European Union and the United States, respectively, in 2014
[2, 3]. At the beginning of 21st century cancer was the second
cause of death only preceded by cardiovascular diseases and
followed by diseases derived from complications associated
with diabetes and chronic respiratory diseases [4]. This
tendency has been changing with time and nowadays cancer
exceeds the cardiovascular diseases mortality rate in some
advanced countries, possibly due to improvements in patient
care, more effective therapies, and awareness of the popula-
tion to acquire healthier life style [3, 5, 6]. In consequence,
considerable attention has been focused on chemoprevention
as an alternative approach to the control of cancer.

Multiple evidences suggest that oxidative stress induced
by reactive oxygen species (ROS) is closely related to mul-
tistage carcinogenesis [7]. ROS are the most abundant free

radicals in cells and have been related with a number of tis-
sue/organ injuries. Oxidative stress is caused by an imbalance
between ROS production and the biological system’s ability
to neutralize or remove ROS by specific scavengers and the
antioxidant enzymatic machinery. Thus, oxidative stress can
cause protein, lipid, and DNA damage and thereby modu-
late/trigger initiation, promotion, and progression of cancer
[8]. In this sense, antioxidants are defined as compounds
that can delay, inhibit, or prevent the oxidative damage by
scavenging free radicals and diminishing oxidative stress [9].

During the last 20 years the interest in phytochemicals
of polyphenolic structure has grown considerably. Natu-
ral polyphenols are plant secondary metabolites generated
through the shikimate-derived phenylpropanoid and/or the
polyketide pathway(s), with two or more phenolic rings,
and being devoid of any nitrogen-based functional group
in their basic structure [10]. They are produced by plants
to protect themselves against stressing situations such as
excessive ultraviolet (UV) irradiation, heat exposition, insects
attacks, and fungus or bacterial infections [10]. Over 8,000
different phenolic compounds have been identified in the
plant kingdom. Natural polyphenols are abundant in fruits,
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FIGURE I: Anticarcinogenic mechanisms induced by major stilbenes.

vegetables, whole grains, and foods and beverages derived
from them, such as chocolate, wine, olive oil, or tea, thus
becoming the most important among all phytochemicals
present in the human diet [11]. Natural polyphenols have
received increasing attention due to their potent antioxidant
properties and their marked effects in the prevention of
various oxidative stress associated diseases such as cancer
[12, 13]. Indeed, potential anticancer properties have been
suggested for various polyphenols, including, for example,
green tea polyphenols, grape seed proanthocyanidins, resver-
atrol, silymarin, curcumin, quercetin, luteolin, and genistein
[14, 15]. Although the chemopreventive effects of natural
polyphenols are mainly due to their antioxidant activity,
mechanistic studies suggest that, in addition, they have
multiple intracellular targets (Figure 1) [7].

Natural stilbenes are a group of polyphenols character-
ized by the presence of a 1,2-diphenylethylene nucleus [16, 17].
There are more than 400 natural stilbenes [16], however they
are present in a limited and heterogeneous group of plant
families since the key enzyme involved in stilbene biosynthe-
sis, stilbene synthase, is not ubiquitously expressed [17]. Since
the original research by Jang et al. where a stilbene, resveratrol
(Resv), was shown as a potent chemopreventive agent [18],
these compounds have awakened the interest of the scientific
community involved in anticancer drug development.

This review will focus on stilbenes and their potential
as antioxidants and chemopreventive agents, thus including
their molecular targets and signaling pathways; evidences
from clinical trials for its toxicity, bioavailability, and benefit
in humans; and biological improvements based on the devel-
opment of analogs.

2. Cancer Chemopreventive Role of
Natural Stilbenes

Cancer development is a progressive multistep process
started with initial driver mutations (initiation) and followed

by promotion and progression that ultimately lead to malig-
nancy. Administration and consumption of agents to prevent,
inhibit, or delay carcinogenesis are gathered in the global con-
cept of chemoprevention [7, 19]. Stilbenes have shown ability
to reduce the incidence of tumorigenesis by interfering with
molecular events at all steps, that is, initiation, promotion,
and progression stages of carcinogenesis. The limited distri-
bution of the stilbenes in the plant kingdom led anticancer
studies to focus on a reduced number of compounds [20].
With similarities and particularities, the number of targets
and mechanisms where they are involved paved the way to
their protective or therapeutic effects against cancer.

2.1 Resveratrol. Resv (3,4',5-trihydroxy stilbene) was orig-
inally identified as a phytoalexin by Langcake and Pryce
[21]. This natural stilbene has been found in at least 185
plant species [17] and is present in foods and beverages
derived from them such as, for example, mulberries, peanuts,
grapes, and red wine [18]. Its potential anticancer activity
was originally reported by Jang et al. [18] and more than
2,000 references may be found in PubMed crossing Resv and
cancer, thus showing the great interests in their chemopre-
ventive and chemotherapeutic properties. In fact, Resv has
undergone in vitro and in vivo carcinogenesis assays for many
types of cancers, that is, breast [22], lung [23], colon [24], skin
(nonmelanoma skin cancer and melanoma) [25], prostate
[26], ovarian [27], liver [28], oral cavities [29], thyroid [30],
and leukemia [31].

The chemopreventive properties of Resv have been
associated with its antioxidant activity since it was first
published that its anticancer activity, affecting all steps in
the carcinogenesis process, was linked to the inhibition of
cyclooxygenase 2 (COX-2) [18].

Up to now three different COX isoforms have been
described: COX-1, expressed in normal tissue, participating
in tissue homeostasis; COX-2, overexpressed in case of
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inflammation or neoplasia development; and COX-3, a vari-
ant of COX-1 [32]. The important role of COX-2 in the pro-
gression of tumorigenesis is supported by studies that show
an elevated level of the enzyme in premalignant and malig-
nant tissue, which is accompanied by a decrease in the rate of
survival of cancer patients [33, 34] and is a bad prognostic fac-
tor [35, 36]. Clinical trials have shown that COX-2 inhibitors
may be a good strategy to prevent the development of colonic
adenomas and potentially carcinomas [32]. However, the
clinical efficacy of COX-2 inhibitors in the prevention of
cancer has been challenged due to higher cardiovascular risks
[37]. In this scenario, the use of natural compounds without
toxic effects and demonstrated efficacy as potential COX-2
inhibitors, such as Resy, is of particular interest.

It has also been described that prostaglandins, produced
by COX activity, are able to enhance cancer development
and progression acting as tumor promoters or carcinogens
[36, 38]. In fact, an increase in prostaglandin synthesis
has important effects on carcinogen metabolism, tumor cell
proliferation, and metastatic potential [39, 40] and may affect
tumor growth in both humans and experimental animals.
Thus inhibition of prostaglandin synthesis has been investi-
gated to prevent tumor development [38, 40, 41].

Different authors have confirmed that Resv inhibits
COX-2 expression and decreases prostaglandin E2 (PGE(2))
production. In this regard, Cianciulli et al. described that
Resv downregulates COX-2 and PGE(2) in a concentration
dependent fashion in the human intestinal cell line Caco-2
treated with lipopolysaccharide and that this mechanism may
be related to NF-xB inhibition [42]. NF-xB is an inducible
transcription factor strongly linked to inflammatory and
immune responses and associated with oncogenesis [43].
Different stimuli may activate the release and translocation
of NF-«xB to the nucleus (e.g., those activating some
membrane receptors (B cell receptor or tumor necrosis factor
receptors) or several extracellular stimuli (inflammatory
cytokines, viral and bacterial infections, oxidative and
DNA-damaging agents, UV light, and osmotic shock)),
where the transcription factor binds to promoter regions of
genes encoding proinflammatory inducible enzymes such
as COX-2, iNOS, and other inflammatory-related proteins
[44, 45]. These anti-inflammatory effects of Resv have been
also observed in a variety of cell lines, such as HeLa cells,
Jurkat, RAW 264.7 macrophage, or U-937 cells [46, 47], and
in in vivo experiments in rodents [48].

In addition to suppressing LPS-induced NF-xB-
dependent COX-2 activation, Resv also activates AMPK
[42, 47, 49] which effectively prevents tumorigenesis [29].
Thus, these mechanisms, at least in part, support the
chemopreventive role of this stilbene.

On the other hand, studies on the redox status and
functionality of the antioxidant machinery show the ability of
Resv as a potent chemoprotector in different in vivo models
of cancer development. Administration to rats of the potent
hepatotoxic carcinogen azoxymethane (AOM) induced a
potent oxidative unbalance triggered by glutathione (GSH)
depletion, lipid peroxidation, and increased NO levels in
the liver. All these effects were partially reversed by Resv
administration [50]. Moreover, Resv acts as an antioxidant, at

nutritionally relevant concentrations, by inducing the expres-
sion of superoxide dismutase (SOD) and catalase through
a mechanism involving phosphatase and tensin homologue
(PTEN)/protein kinase B (PKB) signaling pathway [51].
PTEN is a tumor suppressor gene and its expression is
commonly decreased or lost in a large number of can-
cers of high frequency. The protein encoded by this gene
is a phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase
and its main role is to dephosphorylate phosphoinositide
substrates. So, it negatively regulates intracellular levels of
phosphatidylinositol-3,4,5-trisphosphate in cells and acts as
a tumor suppressor by negatively regulating the PKB sig-
naling pathway. Inhibition of phosphatidylinositol 3-kinase
(PI3K)/PKB pathway by PTEN has been associated with
upregulation of SOD, GSH peroxidase, and catalase activ-
ities [52]. We confirmed these antioxidant properties of
Resv in a mouse model. The pretreatment of mouse skin
with Resv decreased several ultraviolet B radiation- (UVB-)
induced oxidative events in a dose-dependent manner. Resv
administration restored GSH levels, SOD, GSH peroxidase,
and catalase activities to control values (mice without UVB
irradiation) [53].

Despite scientific advances regarding the biological
effects of Resv, our understanding of its anticancer mech-
anisms is far from a complete understanding. There are
numerous evidences showing the capability of this polyphe-
nol to induce programed cell death in different types of
cancer. Proapoptotic stimulation by Resv has been associated
with cell cycle alterations [54-56], caspase induction [54,
55, 57, 58], downregulation of Bcl-2, Bcl-xL, Survivin, and
XIAP levels [59], and upregulation of Bax levels [58, 59],
Bak, PUMA, Noxa, P21, Bim, TRAIL-R1/DR4, and TRAIL-
R2/DR5 [59, 60]. Interestingly, a number of these effects may
be correlated with P53 activation [55, 57-59]. For instance,
Resv and piceatannol increased the cytoplasmic concentra-
tion of calcium in MDA-MB-231 human breast cancer cells,
which induced the activation of P53 and the transcription
of different proapoptotic genes [60]. Moreover, treatment of
mutant P53 prostate cancer DU145 cells with Resv induced
phosphorylation of the tumor suppressor which restored
wild-type P53 DNA binding [61, 62] and P53 acetylation [63],
activating proapoptotic events.

2.2. Pterostilbene. Pterostilbene (3,5-dimethoxy-4'-hydrox-
ystilbene; Pter) is a natural analog of Resv, but with higher
bioavailability [64, 65]. Due to its close structural similarity
Pter possesses significant antioxidant activity in vitro in
comparison with Resv [66, 67] and a clear clinical potential
in different diseases [68]. Moreover, Pter has been reported to
have cancer chemopreventive properties in different in vitro
and in vivo experiments and other Resv-like health benefits.
In these experiments, Pter was shown to inhibit growth,
adhesion, and metastatic growth and to be an active apoptotic
agent [68-71]. These effects have been shown in different
types of cancers such as breast cancer [54, 68, 72-74], lung
cancer [54, 75, 76], stomach cancer [68], prostate cancer [77],
pancreatic cancer [78], melanoma [54], or colon carcinoma
[54].



As it occurs with Resv, the antioxidant properties of Pter
may also contribute to cancer chemoprevention. Rimando
et al. [66] demonstrated that the antioxidant activity of
Pter inhibits carcinogen-induced preneoplastic lesions in a
mouse mammary organ culture model. Later, Chiou et al.
[79] demonstrated that Pter is more potent than Resv in
preventing AOM-induced colon tumorigenesis via activation
of the Nrf2-mediated antioxidant signaling pathway. In the
same experimental model, Pter decreased the expression
of inflammatory genes, such as iNOS and COX-2 [80, 81].
Similarly, in HaCaT immortalized human keratinocytes Pter
increased Nrf2 translocation into the nucleus and expression
of Nrf2-dependent (oxidative stress related) molecules, thus
further supporting the role of Nrf2 as a central regulator in the
chemoprevention effect elicited by Pter [53]. Furthermore,
in cultured HT-29 colon cancer cells the cytokine induction
of the p38-activating transcription factor 2 pathway was
markedly inhibited by the polyphenol compared to other
anti-inflammatory pathways, such as NF-xB, Janus-activated
kinase-signal transducer and activator of transcription (JAK-
STAT), extracellular signal-regulated kinase (ERK), c-Jun
NH2-terminal kinase, and PI3K [80]. That inhibition was
associated with iNOS and COX-2 reduction, suggesting that
p38 mitogen-activated protein kinase cascade is a key signal
transduction pathway for the anti-inflammatory action of
Pter [80].

Pter has also been found as potent as Resv in
inhibiting NF-xB, AP-1, COX-2, and iNOS in a 12-O-
tetradecanoylphorbol-13-acetate (TPA) induced mouse
skin carcinogenesis model [82]. Moreover, Pter induces the
expression of PTEN in prostate cancer decreasing the levels of
miR-17, miR-20a, and miR-106b. The effect in restoring both
PTEN mRNA and protein levels was lower for Resv [83], thus
suggesting that Pter might show higher in vivo activity due
to the substitution of hydroxyl by methoxy groups. In this
context, we have recently published that, in an UVB-induced
mouse skin carcinogenesis model, Pter is clearly superior
to Resv in preventing acute and chronic skin damage [53].
In this study we demonstrated that the anticarcinogenic
effect associated with a Pter-induced maintenance of skin
antioxidant defenses (i.e., GSH levels, catalase, superoxide,
and GSH peroxidase activities) and a reduction of UVB-
induced oxidative damage on proteins, DNA, and lipids [53].

In addition, numerous studies have corroborated that
Pter is an efficient anticancer agent acting on multiple
signal transduction pathways. In the AOM-induced colon
carcinogenesis model in rats, Pter, administered in the
diet, decreased formation of aberrant crypt foci [81, 84];
transcriptional activation of iNOS and COX-2; GSK-3b
phosphorylation and Wnt/b-catenin signaling; expression of
VEGE, cyclin D1, and MMPs; activation of Ras, PI3K/PKB,
and EGFR signaling pathways [84]; and mucosal levels of
the proinflammatory cytokines, TNF-«, IL-1b, and IL-4 [85]
and reduced the nuclear presence of phospho-p65 [85].
Moreover, McCormack et al. [86] showed the inhibitory effect
of Pter on leptin-stimulated breast cancer in vitro through
reduction of cell proliferation and JAK/STAT3 signaling.
After that, microarray analysis of Pter-treated pancreatic
cancer cells revealed upregulation of proapoptosis genes and

Oxidative Medicine and Cellular Longevity

altered levels of phosphorylated STAT3, MnSOD antioxidant
activity, cytochrome C, and Smac/DIABLO [78]. Moreover
Liu et al. have recently reported the ability of Pter to inhibit
JAK2/STAT3 signaling downregulating the expression of
STATS3 target genes, including the antiapoptotic proteins Bcl-
xL and Mcl-1, and leading to upregulation of mitochon-
drial apoptosis pathway-related proteins (Bax, Bak, cytosolic
cytochrome ¢, and cleaved caspase 3) and cyclin-dependent
kinase inhibitors such as p21 and p27 in osteosarcoma [87].

The chemopreventive role of Pter is not limited to its
antioxidant and anti-inflammatory properties or the cell
death induction by apoptosis. It has been suggested that this
stilbene may induce cell death, also, by autophagy [73, 76, 77,
88, 89]. However, the initial observations were based on accu-
mulation of LC3II and autophagosomes, which is not a clear
evidence of autophagic cell death [90, 91]. In fact, autophago-
somes and LC3II accumulation are not significantly associ-
ated with active autophagy [54, 92]. Recently we have shown
that Pter-induced tumor autophagy is an hsp70-dependent
lysosomal membrane permeabilization mechanism [54].

The traditional cancer progression model has been
rewritten in the last years highlighting the importance of
tumor heterogeneity in chemo/radio-resistance development
and relapse after treatment. In this sense, cancer stem cells
(CSC) have emerged as a highly tumorigenic cell pool
displaying properties of normal stem cells such as their ability
to self-renew, to form differentiated progeny, and to generate
a heterogeneous lineage of all types of cancer cells within a
tumor, thus turning into a very attractive anticancer target
[93-95]. In this context, it has been described that Pter and
Resv can promote expression and activity of Argonaute-2, a
central RNA interference (RNAi) component, which inhibits
breast cancer stem-like cell characteristics by increasing
the expression of a number of tumor-suppressive miRNAs
(including miR-16, miR-141, miR-143, and miR-200c) [96].
Pter suppressed not only the generation of CSC but the
metastatic potential in different experimental models [97,
98]. Under the influence of tumor-associated macrophages,
which promote tumor growth and progression, Pter was
shown to modulate epithelial-to-mesenchymal transition
signaling pathways [97]. In addition, this stilbene was able to
prevent the enrichment of CD133(+) hepatoma CSCs under
irradiation [98].

2.3. Piceatannol and Pinosylvin. Piceatannol (trans-3,5,3',4'-
tetrahydroxystilbene) is a hydroxylated analog of Resv found
in a variety of plant sources including, for example, grapes,
peanut, passion fruit, and white tea. Although less studied,
piceatannol has health-promoting effects similar to Resv [99-
101]. Li et al. [102] showed that the anticancer properties of
piceatannol may be attributed to its prooxidant properties,
which in the presence of copper (Cu)(II) induces formation
of the hydroxyl radical through the Haber Weiss and Fenton
reactions and DNA breakage. In fact, there are authors
that propose that the anticancer action of plant polyphenols
involves, in part, mobilization of endogenous copper and its
consequent prooxidant action [103].

Paradoxically, in accordance with its origin and structure,
piceatannol also shows similar activities as those indicated
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for Resv such as the antioxidant activity, although mediated
by different pathways. Piceatannol inhibits NF-xB activation
by H,O,, phorbol 12-myristate 13-acetate, LPS, okadaic acid,
and ceramide [104]. Moreover, piceatannol inhibits TNF-
induced Ix-Ba phosphorylation, p65 phosphorylation, and
p65 nuclear translocation. These effects, also observed under
Resv treatment, suggest a crucial role of the hydroxyl group
in positions 3 and 4’ [104]. It has also been described
that piceatannol reduces the expression of iNOS, decreasing
the NO production, and COX-2 in LPS-stimulated RAW
264.7 cells and BV2 microglia cells [105, 106]. Piceatannol
is also able to increase heme oxygenase-1 expression and
protein levels in human breast epithelial MCF10A cells. The
underlying mechanism involves stimulation of Nrf-2 release
from Keapl, nucleus translocation, and direct binding of the
transcriptional factor to the antioxidant response element,
leading to an enhancement of heme oxygenase-1 expression
(107].

Regarding pinosylvin (3,5-dihydroxy-trans-stilbene), a
pine antifungal and antibacterial stilbene, its chemopre-
ventive activity may be also attributed to its antioxidant
and anti-inflammatory activity. In fact, pinosylvin, like Resv
or piceatannol, inhibited the production of PGE, in LPS-
induced RAW 264.7 cells, thereby inhibiting the expression of
COX-2 [108]. Later, in the same cellular model it was shown
that pinosylvin is also able to inhibit iNOS expression [109].

3. In Vivo Toxicity of Resveratrol
and Pterostilbene

3.1. Resveratrol. An initial starting point in the safety eval-
uation of a naturally occurring food substance is its natural
intake. The daily intake of dietary Resv is mainly from the
consumption of wine and grapes and foods derived from
them. This intake of up to 2mg/day is relatively low in
comparison to the level of safe oral intake that is derived
from oral preclinical studies with ResVida, a high purity
trans-Resv formulation [110]. This compound, commercial-
ized by DSM Nutritional Products Ltd., obtained GRAS
(Generally Regarded As Safe) designation by the U.S. Food
and Drug Administration (FDA) in 2008, with his Allowable
Daily Intake (ADI) being 450 mg/day [110]. The ADI was
based on no-observed-adverse-effect-levels (NOAELs) of
750 mg/kg bw/day in rats on a 13-week developmental toxicity
study by the dietary route and a standard safety margin of
100 [111]. Although it has been also described, in studies by
gavage, that Resv caused toxicity in the kidney and bladder
after 4-week treatment in rats, this was at very high dosages
(2.000-3.000 mg/kg bw/day) [112].

Regarding Resv’s toxicity versus time, six-month studies
in rat and rabbit models showed no significant increase in
toxicity in comparison to the 4-week studies [110]. Kinetic
data from the DSM 13-week toxicity study support the
expectation of no increase in toxicity with longer term intake
[111]. About Resv genotoxic activity, short-term studies based
on the Ames test showed that this compound does not have
genotoxic activity in vivo, but experimental details are too
limited to evaluate the data in full [111].

Only a small number of clinical trials using Resv as a
single-agent, and formulated as a medicinal product, have
formally addressed and reported on safety and tolerability
[113-117]. No serious adverse event was detected in all these
studies. Adverse events were mild and only lasted for a
few days. The most common toxicity was gastrointestinal,
particularly diarrhea, nausea, and abdominal pain, but also
frontal headache and rash occurred in some patients. A
sequential dose study of Resv at repeated daily doses of
up to 5g (0.5, 1.0, 2.5, and 5.0g) for 29 days in healthy
volunteers was performed. The results of these clinical,
biochemical, and hematological analyses showed that Resv
administration is safe, although at the 2.5g and 5g dose
levels it caused reversible gastrointestinal symptoms such as
diarrhea, nausea, or flatulence in some individuals.

It is worthwhile to mention that a phase II clinical
trial (https://www.clinicaltrials.gov/), sponsored by Glaxo-
SmithKline in patients with multiple myeloma to assess the
safety and activity of SRT501 (a micronized formulation of
Resv), was terminated due to safety concerns after kidney
damage (cast nephropathy) developed in some patients. In
this trial, a high dose of 5g SRT501/day was administered
orally for 20 consecutive days. This dose of Resv was signif-
icantly higher than that used in the safety study mentioned
above for ResVida [110]. Nevertheless cast nephropathy is a
condition closely associated with multiple myeloma, so the
finding in this study is of doubtful significance outside of this
disease condition.

3.2. Pterostilbene. The toxicity of Pter, after intravenous
administration to xenografted mice, has been assessed in sev-
eral studies involving the treatment of colorectal cancer [118],
prostate cancer [119], and melanoma [69]. The doses and
time of administration were 20 mg/kg and 30 mg/kg per day
during 23 days [118]; 50 mg/kg per day during 4 weeks [119];
and 20 mg/kg during 10 days [69]. In all these studies, Pter
was found therapeutically effective and pharmacologically
safe because it showed no organ-specific or systemic toxicity.

Regarding oral administration, Ruiz et al. [120] published
in 2009 a study in which they evaluated the toxicity of Pter
at high doses in healthy mice. For this purpose, mice were
fed during 28 days at doses of 30, 300, and 3000 mg/kg
body weight/day of Pter. These daily doses did not cause
mortality during the experimental period at any dose, but
the red blood cell number and hematocrit increased after
Pter administration compared to control groups. However,
histopathological examination and evaluation of biochemical
parameters revealed no alterations regarding clinical signs or
organ weight at any dose [120].

Chromadex Inc. (Irvine, CA) achieved GRAS status for
its ingredient pTeroPure-branded Pter (http://www.fda.gov/)
in 2011. The ADI for pTeroPure is up to 30 mg/kg per day
for food use (https://chromadex.com/NewsEventDetail.aspx?
Aid=510). Data from the first clinical trial on Pter (Effect
of Pter on Cholesterol, Blood Pressure and Oxidative Stress,
https://www.clinicaltrials.gov/, conducted at the University
of Mississippi Medical Center) were released in 2012. It
was concluded that oral administration of 125mg of Pter
twice per day was well-tolerated because there were no



statistically significant adverse drug reactions on hepatic,
renal, or glucose markers based on biochemical analysis [121].
Despite these observations, more rigorous studies are needed
before dietary/therapeutic dosages can be standardized for
different applications.

4. Pharmacokinetics of Stilbenes

Stilbenes, as the majority of phenolic compounds, have low
bioavailability which limits their potential benefits for health
[122]. The bioavailability depends on the route of administra-
tion but also relies on their absorption and metabolism. Those
factors are mainly determined by the chemical structure of
the compound (degree of glycosylation/acylation, their basic
structure, conjugation with other phenolics, molecular size,
degree of polymerization, solubility, etc.) [11, 123]. That is the
reason why bioavailability may greatly differ among the many
different (even closely related) phenolic compounds.

4.1. Resveratrol. Many concerns regarding Resv effectiveness
in vivo arise from its low bioavailability and short half-life.
According to Asensi et al. [124], after intravenous administra-
tion to rabbits of 20 mg of Resv/Kg its highest concentration
in plasma was 42.8 + 4.4 yuM 5 min after administration. But,
because of its rapid metabolism and short half-life (14.4 min),
this concentration decreased very rapidly at 60 min to 0.9 +
0.2 uM. After oral administration of the same dose the
highest concentration in plasma within the first 5min was
lower (2-3 uM), thus indicating the higher limitations on
bioavailability linked to the oral intake. Similar results were
reported by others in humans [125, 126].

However Resv is highly absorbed after oral adminis-
tration (about 75% of the dose administered to humans)
mainly by transepithelial diffusion [127]. Therefore, its low
bioavailability is caused by its rapid and extensive first-pass
metabolism in the intestine and liver. Once metabolized, Resv
is excreted through the urine and feces although some con-
jugated metabolites can be also reabsorbed by enterohepatic
recirculation (Figure 2) [126, 128].

The main metabolites of Resv are produced through three
metabolic pathways: glucuronic and sulfate conjugation of
the 3 and 4' phenolic groups (phase II metabolites) and
hydrogenation of the aliphatic double bound. The latter has
been suggested to be produced by intestinal microflora [126,
127,129] (Figure 2). Up to nearly 20 Resv-derived metabolites
have been described in plasma, urine, and some tissues [115,
126, 130-134]. Among these metabolites there are mono- and
diglucuronides; monosulfates, disulfates and trisulfates; and
sulfoglucuronides, as well as equivalent conjugations of the
hydrogenated Resv.

In plasma, the major circulating metabolites of Resv are
phase IT conjugates, being the most abundant Resv-3-sulfate
in humans [115, 116, 131]. In contrast, in rats and pigs is Resv-
3-glucuronide the main metabolite. In both cases the plasma
concentrations of Resv metabolites are much higher than the
concentration of the parent molecule [128, 135].

The efficacy of the Resv metabolites is still under debate.
Emerging data suggests that Resv conjugates have anticancer
activity in vitro. The biological effects of those metabolites
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appear to be reduced when compared to Resv in some
studies [136, 137] and similar in others [138-140]. However,
although Resv glucuronides have some biological effects,
no cytotoxic activity against cancer cell lines has been
demonstrated. Only one study has reported cytotoxic activity
of glucuronide metabolites but only when administered as a
mixture of them [141]. Nevertheless, a common hypothesis is
that as it has been reported for other compounds [142, 143],
these metabolites could undergo deconjugation, releasing the
parent compound (Figure 2). Consequently, the glucuronide
and sulfate conjugates of Resv may provide a pool from which
active Resv can be released [129]. This hypothesis has been
proved recently for Resv sulfate conjugates in mouse [144]
although it is uncertain (very unlikely in fact) that Resv
deconjugation may release sufficient effective levels, in terms
of real biological activity, under in vivo conditions.

The biological activity of the Resv metabolite dihydroResv
is also incompletely understood. In some in vitro studies it
exerts an antiproliferative effect in tumor and normal cell
lines but less potent than Resv [67, 139]. On the other hand, a
recent study in vitro shows potent antiproliferative effects on
hormone-sensitive breast cancer cells [145]. However, since
the dihydroResv metabolite is mainly formed in the colon,
it might be expected that it contributes to chemopreventive
effects at that site [127]. In fact, sulfate and glucuronide
conjugates of dihydroResv have been found in cecum, colon,
and rectum of the pig [130] and in the colon of the rat [129].

Recently, the detection of Resv and its derived metabolites
has been reported in colorectal tissue of patients after oral
treatment with Resv [117]. The major metabolites found
in tumor and normal tissue were phase II metabolites
(glucuronides, sulfates, and sulfoglucuronides). The highest
concentration was detected for Resv-sulfoglucuronide. How-
ever, the possible concurrency of dihydroResv and derived
conjugates was not explored [117].

4.2. Pterostilbene. Pter, as a natural occurring dimethoxy
analog of Resv, has a more favorable pharmacokinetics profile
[64, 65, 70]. On one hand, as Pter has less hydroxyl groups
(only one instead of three in Resv), it is less susceptible
to conjugation metabolism and, therefore, is predicted to
have a longer half-life [146, 147]. On the other hand, the
dimethoxy structure enhances its lipophilicity thus increas-
ing membrane permeability and improving its bioavailability
(64, 146, 148].

Similarly to Resv, the major Pter metabolites found in
mouse plasma and urine are phase II conjugates: Pter glu-
curonide, Pter sulfate, monodemethylated Pter glucuronide,
monodemethylated Pter sulfate, monohydroxylated Pter,
monohydroxylated Pter glucuronide, monohydroxylated
Pter sulfate, and monohydroxylated Pter glucuronide sulfate
[64, 70, 149]. Nevertheless, there is no evidence of the
presence of a Pter hydrogenated form or the equivalent
phase IT conjugations of this. Those metabolites have been
reported to be recycled by enterohepatic recirculation as it
has previously been reported for Resv (Figure 2) [70]. No
studies are available at the moment on the possible biological
activity of Pter metabolites.
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FIGURE 2: General metabolic pathways of the major stilbenes.

After intravenous administration in mouse of Pter and
Resv, either of them reaches their highest concentrations
within the first 5 minutes. However, while for Resv this
concentration decreased very rapidly to 1 M within the first
60 minutes, Pter remains longer in plasma reaching the 1 yM
concentration in 480 minutes [69, 124]. From these data, the
calculated half-life for Pter is 6-7 times longer than for Resv
(69, 124]. Similar results have been reported in recent studies
in rats [65, 70].

Regarding oral bioavailability, it has been reported that
in rats it is greater for Pter (80%) than for Resv (20%) [64].
Also in this study, as it has been reported by others [150],
the major metabolite in plasma is Pter sulfate, with its levels
being higher than those of the parent compound. In addition,
plasma levels of Pter and Pter sulfate after oral administration
were greater than Resv and Resv sulfate, respectively, whereas
levels of Resv glucuronide were higher than Pter glucuronide.
Another issue to point out is that after Pter administration
Resv was not detectable, indicating that Pter is not a prodrug
of Resv [64].

Interestingly, a recent study reports that levels of Pter and
its main metabolite, Pter sulfate, are higher in tissues than in
blood, meaning that they accumulate in tissues where Pter
conjugates may act as a source of the natural compound. This
observation has logical implications for the in vivo bioactivity
of Pter because it may explain the paradox of Pter biological
activity despite its low plasma concentrations [150]. Levels of
Pter sulfate were higher than levels of Pter in every organ
except the brain, where levels of the parent compound were
higher. This observation has a particular interest given the

reports of the biological activity of Pter on the central nervous
system [150].

4.3. Piceatannol and Pinosylvin. These stilbenes, after intra-
venous administration in rats, are distributed into tissues
and highly extracted by the liver where they undergo exten-
sive glucuronidation. All are predominantly eliminated via
nonurinary routes and as they have short half-lives, their
estimate oral bioavailability is poor as it is the case for Resv
and Pter [151-155].

The major metabolic pathways for piceatannol are glu-
curonidation and sulfation, as it occurs for Resv and Pter, but
also methylation [153]. In contrast to piceatannol, methylated
metabolites have not been found in rat plasma after treatment
with Resv [153, 156]. Piceatannol conjugates could be also
recycled by enterohepatic recirculation as the other stilbenes
(Figure 2) [157].

A remarkable finding is that piceatannol can be metabo-
lized into another stilbene, the isorhapontigenin, suggesting
that piceatannol could exhibit additional biological functions
[153]. Compared to Resv piceatannol may have a higher
metabolic stability and similar beneficial effects [100, 101, 153].
In fact, it has been suggested that anticancer properties of
Resv may be due to its metabolism to piceatannol by the
cytochrome P450 enzyme CYPI1BI, suggesting that Resv may
act as a source or prodrug of piceatannol [158].

Glucuronidation has been described as the major con-
jugation pathway of pinosylvin. However, interestingly, two
minor oxidized metabolites of this polyphenol have been
detected: Z- and E-Resv [151, 154]. Structurally, pinosylvin,



compared to Resv, lacks the 4'-hydroxyl group while it retains
the 3-hydroxyl moiety which has been identified as a major
target of phase II conjugation reactions. Furthermore, the
absence of the 4'-hydroxyl group in pinosylvin may have
enhanced its binding to first-pass metabolic enzymes. Thus,
due to its extensive metabolism, compared to Resv, pinosylvin
has lower oral bioavailability [155].

5. Analyses of Structure-Activity Relationships
to Improve the Effectiveness of Stilbenes

Generally, the main problem regarding the use of polyphenols
is the partial knowledge of their mechanisms of action
[159] and their low bioavailability [124], which as mentioned
before is determined by their chemical structure [160-162].
These features regulate both absorption and excretion of
phenolic compounds. As an example, 0.3% of the intake
of anthocyanins is excreted by urine, compared to 43% of
isoflavones, thus reflecting the potential importance of the
chemical structure [163].

There are a high number of works in which the structure-
activity relationships (SARs) of polyphenols are studied.
These studies intend to figure out, using structural analogs,
which modifications may confer increased resistance to
oxidation of the polyphenols [164], improving the interaction
with domains of the target proteins [159] and finally increas-
ing the pharmacokinetics properties [165]. Theoretically, part
of these changes may help to direct certain polyphenols to
target tissues [166, 167].

The main changes in structural analogs affect the num-
ber and position of hydroxylated and methylated groups,
which also influence their metabolism. In fact, polyphenols
metabolized to their secondary metabolites may even have
more activity. However, there are critical residues for the
functional groups that are directly linked to the activity; for
example, hydroxylation at C4 in Resv analogues is critical to
its function in in vitro studies [165]. Structure-activity studies
have revealed that increasing the number of OH groups at
their ortho position on the phenol ring of stilbenes could
increase the free radical scavenging capacity, the cytotoxic
activity, and the anti-inflammatory effects of these com-
pounds [100, 168]. In fact, polyhydroxylated analogs of Resv
as hexahydroxystilbene turned out to be more potent and
specific inhibitors of COX-2 activity than Resv both in vivo
and in vitro [168, 169]. Moreover, this analog, showing higher
antiradical activity, also induces apoptosis at concentrations
than the parent compound [168].

Nevertheless, in animal studies, the 3,4,5,4’ -tetramethox-
ystilbene (DMU-212), wherein the C4-OH is blocked by
methylation, possesses stronger antiproliferative properties
in human colon cancer cells than Resv, possibly, because
these methylated groups, by slowing excretion, could provide
better plasma levels [159]. Another example is pinosylvin.
Pinosylvin differs from Resv in lacking one hydroxyl at C4',
which makes it more lipophilic but losing its antioxidant
activity. Nevertheless, once inside the cell, it recovers the
antioxidant activity [170]. The methoxylated analogs have
higher lipophilicity, which may favor their entry into cells
and confer more resistance to degradation, thus improving
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pharmacokinetics [54, 171]. However, the number of methoxy
and hydroxyl groups must be under equilibrium. The
hydroxyl groups confer more solubility, which allows a better
interaction with proteins [166], whereas the methoxylated
group confer resistance to degradation although an excessive
number of methoxylated groups may impair the interaction
with the target protein [165]. Pter, with two methyl groups, a
trans-3,4’ -dihydroxy-2',3',5-trimethoxystilbene with higher
anticancer effects than Resv both in vitro and in vivo [54,172].

Polyphenols exhibit excellent healthy and therapeutic
properties to treat various diseases, including a broad spec-
trum of actions involved in a large number of targets and very
low toxicity properties. Manipulation of the polyphenolic
structure can improve its bioavailability and activity. DMU-
212 is an example of a more lipophilic structural analog of
Resv capable of crossing the blood-brain barrier [173]. These
successes show that modifying the polyphenolic structures
we may be able to exploit their properties improving its
activity and action.

6. Clinical Trials

Natural stilbenes have been used in traditional medicine.
Resv, piceatannol, and Pter are examples of stilbenes synthe-
sized by several types of plants in response to a variety of
stress conditions [79]. Starting on their implication on the
known “French paradox” (which associates red wine con-
sumption and lower coronary heart disease), several clinical
and pharmacometric studies on Resv have been performed
in the last years. Even though most pharmacometric studies
of Resv in humans show that its plasma concentrations are
below the effectiveness range indicated by in vitro assays,
it may show interesting effects in vivo. Boocock et al. [115]
found out that administration of a single dose of Resv (5.0 g)
rendered a peak plasma concentration of 2.4 nmol/mL, which
is only slightly below the required concentration in vitro to
show chemopreventive properties. Most clinical studies on
Resv and cancer have been performed in colorectal cancer
patients, possibly because oral administration may facilitate
reaching higher concentrations of this stilbene in tumors
located along the gastrointestinal tract. For example, a clinical
assay by Patel et al. showed that 0.5 g and 1.0 g doses of Resv
were able to significantly reduce colorectal cell proliferation
[117]. Howells et al. [174] assayed micronized Resv SRT501
in colorectal cancer patients with hepatic metastases, who
had not received therapeutic intervention for their cancer
within 6 weeks of study commencement and had a life
expectancy of less than 3 months. They concluded that
SRT501 administration during 21 days was safe, although
some individuals suffered some adverse effects like nausea
or diarrhea. The study accomplished by Noguer et al. [175]
showed that alcohol-free red wine consumption can increase
our antioxidant enzyme activities (SOD, catalase, and GSH
reductase). This assay demonstrated that alcohol-free red
wine may improve the health of people suffering oxidative
stress related diseases.

At present, despite the promising anticancer properties
elicited by Pter, there is only a clinical trial performed at
the University of Mississippi. In this clinical trial researchers
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assessed the effects of Pter in cholesterol, blood pressure, and
oxidative stress. They showed that Pter is able to improve
these aforementioned parameters under safe conditions
(ClinicalTrials.gov Identifier NCT01267227). Clinical trials
on specific anticancer effects are expected to be performed
in the next future.

7. Conclusions

The identification of protective molecules without side effects
should be a main objective in the fight against cancer.
Experimental in vitro and in vivo studies, and a few clinical
trials, show evidences about the effectivity of stilbenes as anti-
cancer agents, both in the form of nutritional supplements
or functional foods and as potential anticancer drugs. This
group of polyphenols show a very low toxicity and, although
having multiple molecular targets, act on different protective
and common pathways usually altered in a great number
of tumors. This is important since it suggests that natural
stilbenes may be more prone for their use as anticarcinogens.
The capability to prevent carcinogenesis includes inhibition
of inflammation, oxidative stress, and cancer cell proliferation
and using tightly regulated cell death mechanisms. Due to the
complexity and number of cellular processes involved more
studies must be done to fully understand how stilbenes may
be used to avoid the development of cancer. Moreover, due to
their low concentration in food and their rapid metabolism
and excretion in the body mammals, improvements in deliv-
ery systems, stability, and solubility are necessary in order to
make their use in clinical settings as chemopreventive drugs
possible.
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Ethyl carbamate (EC), a probable human carcinogen, occurs widely in many fermented foods. Previous studies indicated that EC-
induced cytotoxicity was associated with oxidative stress. Wild raspberries are rich in polyphenolic compounds, which possess
potent antioxidant activity. This study was conducted to investigate the protective effect of wild raspberry extracts produced
before (RE) and after in vitro simulated gastrointestinal digestion (RD) on EC-induced oxidative damage in Caco-2 cells. Our
primary data showed that ethyl carbamate could result in cytotoxicity and genotoxicity in Caco-2 cells and raspberry extract
after digestion (RD) may be more effective than that before digestion (RE) in attenuating toxicity caused by ethyl carbamate.
Further investigation by fluorescence microscope revealed that RD may significantly ameliorate EC-induced oxidative damage by
scavenging the overproduction of intracellular reactive oxygen species (ROS), maintaining mitochondrial function and preventing
glutathione (GSH) depletion. In addition, HPLC-ESI-MS results showed that the contents of identified polyphenolic compounds
(esculin, kaempferol O-hexoside, and pelargonidin O-hexoside) were remarkably increased after digestion, which might be related
to the better protective effect of RD. Overall, our results demonstrated that raspberry extract undergoing simulated gastrointestinal

digestion may improve the protective effect against EC-induced oxidative damage in Caco-2 cells.

1. Introduction

Ethyl carbamate (EC) was initially identified as a carcinogen
to animals in the 1940s and subsequently classified as a group
2A carcinogen that is probably carcinogenic to humans by
IARC, a World Health Organization’s International Agency
for Research on Cancer [1]. It was noticeable that ethyl carba-
mate was detected in many fermented foods, particularly in
yeast breads and alcoholic beverages [2]. Generally, the for-
mation of EC in those fermented foods was based on the reac-
tion between ethanol and nitrogen-containing compounds
such as urea and citrulline [3]. Fermented foods, due to its
good taste, have become an important part of human diets.
However, recent studies carried out in mice have revealed that
frequent exposure to EC may cause genotoxicity and cytotox-
icity and even leads to cancer development [4-6]. Therefore,
potential harm of EC on human health cannot be neglected.

Recently, accumulating evidence unveils that EC-induced
toxicity is associated with cellular oxidative stress. For exam-
ple, Chun et al. suggested that the excessive production of
intracellular ROS induced by EC may create a persistent
oxidative stress environment promoting lung epithelial cells
transformation, thereby resulting in cancer development [7].
Polyphenols exist widely in foodstuffs including vegetables
and fruits [8] and are capable of preventing oxidative damage-
related diseases [9]. Therefore, increasing attentions have
been paid to explore naturally occurring antioxidants derived
from vegetables and fruits for protection against EC-induced
toxicity.

Raspberry is well known to contain massive phytochemi-
cals such as flavones, flavonols, anthocyanins, and phenolic
acids [10], which could ameliorate cellular oxidative stress
[9]. It is noticeable that foodstuff will pass through gastroin-
testinal tract and be exposed to gastrointestinal condition
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before providing specific health benefits. As a consequence,
some functional components may be transformed into other
compounds with varied bioactivity [I1]. Although afore-
mentioned studies have addressed that raspberry extract
possessed potent antioxidant activity, the simulated gastroin-
testinal condition should be taken into consideration to
evaluate the real effect of raspberry extract in vitro. Therefore,
our study aims to elucidate the protective effect of raspberry
subjected to in vitro simulated gastrointestinal digestion on
EC-induced oxidative stress in Caco-2 cells.

2. Materials and Methods

2.1. Materials and Reagents. Wild raspberry fruits (Rubus
hirsutus Thunb.) were gathered from Siming Mountain in
Zhejiang Province, China. Fresh fruits were washed with
distilled water and the water absorbed on the surface of fruits
was then dried in dust free environment at room temperature.
After that, the fruits were screened through maturity, size,
and integrity and then stored at —80°C in a refrigerator
prior to use. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide (MTT), dihydroethidium (DHE), 2'7'-
dichlorofluorescin diacetate (DCFH-DA), Nonyl Acridine
Orange (NAO), Rhodamine 123 (Rh123), Hoechst 33258,
Folin & Ciocalteu’s phenol reagent, pepsin, pancreatin, and
bile salts were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Total superoxide dismutase assay kit and cell lysis
buffer were purchased from Beyotime Institute of Biotechnol-
ogy, Ltd. (Shanghai, China). All other reagents used were of
analytical grade.

2.2. In Vitro Digestion. The in vitro digestion method pre-
viously described by Faller et al. [12] was modified and then
used for simulating gastrointestinal condition in this work.
Briefly, 20 g of wild raspberry fruit was homogenized and
diluted to a volume of 20 mL with distilled water. For the gas-
tric digestion stage, 5 M HCL was added to adjust pH value to
2, with the porcine pepsin (6000 units) added subsequently.
The mixture was then incubated at 37°C in a shaking water
bath for 1.5h at 100 rpm. For the intestinal digestion stage,
the pH of mixture undergoing gastric digestion was adjusted
to 6.5 with 1M sodium bicarbonate and then 5mL of pan-
creatin was added (consisting of 25 mg/mL porcine bile salts
and 4 mg/mL trypsin). Subsequently, pH was immediately
adjusted to 7.4 using 1 M sodium hydroxide. Thereafter, the
mixture was incubated at 37°C in a shaking water bath for 2h
at 100 rpm. At the end of incubation, the mixture was diluted
to avolume of 25 mL with distilled water and then centrifuged
at 5000 rpm for 6 min. Supernatant was collected, named as
raspberry digesta (RD). The wild raspberry fruit without in
vitro digestion was named as raspberry extract (RE). Both RE
and RD were stored in —80°C for further investigation.

2.3. Chemical Characterization

2.3.1. Total Phenolics Determination. Total phenolic content
was determined using Folin-Ciocalteau method. Briefly,
0.1mL RE or RD solution diluted with 0.5 mL distilled water
was mixed with 0.1mL Folin-Ciocalteau reagent and then
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shaked in a water bath for 5 min. After that, 0.2 mL sodium
carbonate was added to the mixture and then diluted to a
final volume of 1 mL with distilled water before incubating at
room temperature for 2 h. The absorbance of the mixture was
measured at 760 nm. Gallic acid was used as a standard and
results were expressed as mg of gallic acid equivalents (GAE)
per 100 g fresh weight.

2.3.2. Total Flavonoids Determination. The colorimetric assay
described by Zhishen et al. [13] was used to determine the
total flavonoids content. Briefly, 0.04 mL sodium carbonate
(5%, m/v), 0.5mL RD solution, and 0.5 mL distilled water
were mixed and then incubated for 5 min. After that, 0.04 mL
aluminium nitrate (10%, m/v) was added and diluted to a
final volume of 1mL with distilled water. The mixture was
incubated at room temperature for 15 min and its absorbance
was measured at 510 nm. Rutin was used as a standard and
the total flavonoids content was expressed as mg of rutin
equivalents (RE) per 100 g fresh weight.

2.3.3. Phenolic Compounds Identification by HPLC-ESI-MS.
Before analyzing by Waters UPLC system equipped with
Promosil C18 column (4.6 x 250 mm, 5 ym) and a Triple-TOF
Mass Spectrometry System (AB SCIEX, Triple-TOF 5600 plus
Framingham, USA), wild raspberry extracts produced before
and after in vitro digestion were filtered through 0.45ym
membrane. The eluent consisted of 0.1% formic acid aqueous
solution (A) and methanol (B), and the elution process was
performed by the following linear gradient: from 95% to
85.8% A for 20 min, from 85.8% to 40% A for 50 min, from
40% to 95% for 10 min, and then isocratic elution for 5 min.
with the inject volume of 10 yL and flow rate of 0.8 mL/min.
The MS conditions were listed as follows: detection was
performed in negative ion modes at a temperature of 550°C
and voltage of 4.5KYV, the scan range (m/z) ranged from 100
to 2000, and the UV detector set at 260 nm. Identification
was based on the ion molecular mass, MS® and UV-visible
spectra data. Through the peak area, the content of identified
compounds in raspberry extracts was compared.

2.4. Cell Culture. Human Caco-2 cells were obtained from
the Cell Bank of Type Culture Collection of Chinese Academy
of Sciences. Caco-2 cells were cultured in RPMI1640 medium
(Gibco) containing 10% of the new calf serum, 100 units/mL
penicillin, and 100 units/mL streptomycin and incubated in a
humidified incubator with 5% CO, at 37°C.

For the control group, Caco-2 cells were incubated in
the absence of EC, RE, and RD. For the EC group, Caco-
2 cells were incubated only with EC for 24 h. For the RE
group, Caco-2 cells were pretreated with RE for 2 h and then
incubated with EC for 24 h. For the RD group, Caco-2 cells
were pretreated with RD for 2 h and then incubated with EC
for 24 h.

2.5. Cell Viability Assay. Cell viability was measured by the
MTT method as previously described [14]. Briefly, the cells
were seeded into 96-well cell culture plates, with the con-
centration of 5 x 10° cells/well. Cells, which were pretreated
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with RE or RD for 2h after incubation in cell culture plate
for 24 h, were then cultured with ethyl carbamate (62.5 mM)
for another 24h. Subsequently, cells were incubated with
MTT (0.5mg/mL) for 4h, and the generated formazan
precipitate was dissolved with 150 4L of DMSO. Finally, the
absorbance was measured at 490 nm using a Tecan infinite
M200 microplate reader.

2.6. Determination of Intracellular Reactive Oxygen Species

2.6.1. DCF Fluorescence Assay. The fluorescent reaction that
transmit nonfluorescent 2',7'-dichlorofluorescein diacetate
(H,DCEFDA, Invitrogen) to fluorescent 2',7'-dichlorofluo-
rescein (DCF) was used to detect the intracellular reactive
oxygen species [15]. Caco-2 cells were seeded into 12-well
cell culture plates at a concentration of 1 x 10° cells/well
and cultured for 24 h. After that, cells were pretreated with
RD (2mg/mL) or RE (2mg/mL) for 2h and then incubated
with ethyl carbamate (62.5 mM) for 24 h. Subsequently, cells
were washed with PBS, collected and incubated with 10 uM
DCFH-DA at 37°C for 30 min, and then washed with PBS
again and immediately determined by fluorescence micro-
scope. The results were expressed as mean DCF fluorescence
intensity calculated by image analysis software ImageProPlus
6.0 (Media Cybernetics, Inc.) from six different microscopic
fields.

2.6.2. DHE Fluorescence Assay. Intracellular superoxide
anion radicals (O, ) were analyzed using DHE fluorescence
assay [16]. In brief, Caco-2 cells were subjected to the
same treatment procedure mentioned in Section 2.6.1. The
collected cells were incubated with 10 uM DHE at 37°C for
30 min and then washed with PBS and immediately analyzed
by fluorescence microscope. The results were expressed as
mean DHE fluorescence intensity calculated by image analy-
sis software ImageProPlus 6.0 from six different microscopic
fields.

2.7. Determination of Cellular Glutathione (GSH). Cellular
glutathione was determined based on a previously described
method with slight modifications [16]. Briefly, Caco-2 cells
were treated according to the process mentioned in Sec-
tion 2.6.1. Then cells were collected and incubated with
50 uM NDA at 37°C for 30 min. After incubation with the
fluorescence probe, cells were washed with PBS and analyzed
by fluorescence microscope. The results were expressed as
mean NDA fluorescence intensity calculated by image analy-
sis software ImageProPlus 6.0 from six different microscopic
fields.

2.8. Detection of Mitochondrial Membrane Potential (MMP).
Mitochondrial membrane potential (MMP) was measured
using the method described by Chen et al. with some slight
modifications [14, 17]. Briefly, cells were treated as the same
process mentioned in Section 2.6.1. The collected cells were
incubated with 10 yg/mL RHI123 at 37°C for 30 min. Then the
cells were washed with PBS and immediately measured using
fluorescence microscope. The results were expressed as mean

RHI123 fluorescence intensity calculated by image analysis
software ImageProPlus 6.0 from six different microscopic
fields.

2.9. Detection of Mitochondrial Membrane Lipid Peroxidation.
According to the method previously described with some
slight modifications [18], mitochondrial membrane lipid per-
oxidation was detected. Briefly, after treatment, the collected
cells were incubated with 10 uM of NAO at 37°C for 30 min,
washed with PBS, and then detected by fluorescence micro-
scope. The results were expressed as mean NAO fluorescence
intensity calculated by image analysis software ImageProPlus
6.0 from six different microscopic fields.

2.10. Detection of Cell Nucleus Stained with Hoechst 33258.
Hoechst 33258, a DNA-bound fluorescence dye, was used
to observe the cell nucleus morphology according to the
method with some modification [19]. Briefly, after treatment,
the collected cells were incubated with 10 uM of Hoechst
33258 at 37°C for 30 min. Then cells were washed with PBS
and analyzed by fluorescence microscope.

2.11. Statistical Analysis. All experiments were carried out
at least three times. The results were expressed as mean +
standard deviations (SD) and analyzed by one-way ANOVA
using SPSS (version 19.0). p < 0.05 was considered to be
significant.

3. Results and Discussion

3.1. Effect of RD on EC-Induced Cytotoxicity and Genotoxicity
in Caco-2 Cells. Cytotoxicity and genotoxicity induced by
ethyl carbamate towards human cells have been reported
previously [7, 20]. In this work, MTT assay and Caco-2 cells
model were employed to observe the cytotoxicity induced
by EC. As shown in Figures 1(a) and 1(b), after incubation
with 62.5mM EC for 24 h, the cell viability was remarkably
decreased to 74.10% + 2.22% compared with that of control
group (its cell viability is considered as 100%), which was
in accordance with the results observed in RAW 264.7 cells
by Chun et al. [7]. Therefore, Caco-2 cells model can be
properly used to investigate the effect of RE or RD on EC-
induced cytotoxicity. Before incubating with EC, Caco-2 cells
were pretreated with RE (2mg/mL) or RD (2mg/mL) for
2h. As we can see from Figure 1(b), the cell viability of
RD pretreatment was increased by 23% compared with that
of EC group, whereas that of RE pretreatment was only
increased by 5.87%, which indicated that RD may effectively
ameliorate EC-induced cytotoxicity. In addition, considering
the genotoxicity generated by dietary EC exposure, the minor
groove binder Hoechst 33258, which is known to sensitively
bind the adenine-thymine rich sites of DNA, was used
to detect the genotoxicity induced in Caco-2 cells and to
evaluate the effect of RE or RD on EC-induced genotoxicity.
It could be observed from Figure 1(c) that most of nucleus
in EC group contained small bright blue dots representing
chromatin condensation or nuclear fragmentation compared
with control group [21], whereas RD treatment group showed
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FIGURE 1: Effect of RD on EC-induced toxicity in Caco-2 cells. Caco-2 cells were incubated with 62.5mM EC for 24 h in the presence or
absence of RE (2 mg/mL) or RD (2 mg/mL). (a) Cell morphological image of Caco-2 cells. (b) The quantitative data of cell viability and results
were expressed as mean percent (mean + standard deviations). (c) Nuclear staining of Caco-2 cells with Hoechst 33258. * P < 0.05 represents

significant difference compared with EC group.

few bright blue dots, which demonstrated that RD pretreat-
ment may exert a better performance in suppressing the
toxicity to DNA induced by EC. Previous study unveiled that
EC was metabolized to vinyl carbamate and then to vinyl
carbamate epoxide in vivo; the latter can directly react with
DNA, resulting in the DNA alkylation and the nucleic-acid
adducts formation [22]. In our results, EC-induced DNA
damage was ameliorated by treatment with RD. The possible
explanation of this protective effect may be attributed to the
reaction occurring between the metabolites and raspberry
digesta.

3.2. RD Suppressed the Production of EC-Induced Reactive
Oxygen Species. It was reported that EC-induced toxicity was

related to the generation of ROS in lung epithelial cells [7].
On the basis of our result that EC could cause cytotoxicity
in Caco-2 cell, we next studied whether EC could induce
ROS overproduction in Caco-2 cells by incubation with
DCFH-DA. The result displayed in Figures 2(a) and 2(b)
showed that the DCF fluorescence intensity of EC group
was increased to 392.76% compared with control group
(its fluorescence intensity was considered as 100%), which
indicated that large amount of ROS was accumulated in
Caco-2 cells after EC treatment. Subsequently, we explored
whether the overproduction of ROS could be scavenged
by raspberry digesta (RD). As expected, comparing with
that of EC group (392.76%), a sharp decrease of fluores-
cence intensity was observed in RE group and RD group,
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FIGURE 2: Effect of RD on EC-induced ROS generation in Caco-2 cells. (a) After treatment with 62.5mM EC in the presence or absence of RE
(2mg/mL) or RD (2 mg/mL) for 24 h, cells were collected and incubated with 10 uM of DCF at 37°C for 30 min; then cells were washed with
PBS and evaluated by fluorescence microscope. (b) The quantitative data of panel (a) and results were expressed as mean DCF fluorescence
intensity (mean + standard deviations). * P < 0.05 represents significant difference compared with EC group.

with the mean fluorescence intensity declining to 289.83%
and 142.40%, respectively. In addition, further study (DHE
staining experiment) was employed to examine whether
EC could induce the generation of intracellular superox-
ide anion radicals (O,7). Similar results were found and
presented in Figures 3(a) and 3(b), in which Caco-2 cells
pretreated with RE and RD significantly decreased the DHE
fluorescence intensity to 215.88% and 120.41%, respectively,
compared with solely EC-treated group (its fluorescence
intensity reached 264.68%). The reason contributing to these
phenomena may be the release of some bioactive phenolic
components after in vitro digestion [23], since the structure of

phenolic compounds that hydroxyl groups linked to phenolic
rings were considered to donate electrons and neutralize
reactive oxygen species [24]. As we detected that the total
phenolic content was increased from 188.43 mg GAE/100 g
to 254.60mg GAE/100g and the total flavonoid content
increased from 78.30mg RE/100g to 103.32mg RE/100g
after in vitro digestion. In conclusion, RD may be more
effective than RE in terms of scavenging intracellular ROS
and superoxide anion radicals in Caco-2 cells.

3.3. RD Improved EC-Induced Abrogation of Intracellular
Glutathione (GSH). Reduced glutathione (GSH) is a key
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FIGURE 3: Effect of RD on EC-induced superoxide anion radicals generation in Caco-2 cells. (a) After treatment with 62.5mM EC in the
presence or absence of RE (2 mg/mL) or RD (2 mg/mL) for 24 h, cells were collected and incubated with 10 uM of DHE at 37°C for 30 min;
then cells were washed with PBS and evaluated by fluorescence microscope. (b) The quantitative data of panel (a) and results were expressed
as mean DHE fluorescence intensity (mean + standard deviations). P < 0.05 represents significant difference compared with EC group.

nonenzymatic antioxidant and plays an important role in
cellular redox reaction [25]. In several studies, GSH has been
identified as an effectively protective agent against oxidative
stress [26]. Based on the observation that RD could effectively
scavenge intracellular ROS, we thus further investigated the
role of RD on intracellular GSH content in the presence or
absence of EC. In the present study, cellular GSH level was
detected using NDA fluorescence probe. As shown in Figures
4(a) and 4(b), an evident depletion of GSH was observed in
EC treatment group, whereas RE and RD pretreatment could
effectively attenuate the abrogation of GSH induced by EC.
The fluorescence intensities of EC, RE, and RD group were

30.35%, 35.54%, and 70.81%, respectively, compared with that
of control group. Together, these results revealed that RD
may afford protection against EC-induced glutathione (GSH)
depletion.

3.4. RD Inhibited EC-Induced Oxidative Damage to Mito-
chondrial Membrane. Previous reports have revealed that
generation of ROS was associated with mitochondrial mem-
brane potential (MMP) collapse [27]. Due to EC-induced
accumulation of intracellular ROS, we examined whether
EC could cause mitochondrial dysfunction using RHI123
fluorescence probe. As expected, the mean fluorescence
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the presence or absence of RE (2mg/mL) or RD (2 mg/mL) for 24 h. Then cells were collected and incubated with 50 uM NDA at 37°C for
30 min and evaluated by fluorescence microscope. (b) The quantitative data of panel (a) and results were expressed as mean NDA fluorescence
intensity (mean + standard deviations). * P < 0.05 represents significant difference compared with EC group.

intensity decreased to 34.49% compared with that of control
group (Figures 5(a) and 5(b)), indicating that mitochon-
drial membrane potential was collapsed in exposure to EC
(62.5 mM). We then explored the protective effect of RE
or RD on mitochondrial membrane. As shown in Figures
5(a) and 5(b), a potent protective effect of RD was found
against MMP collapse triggered by EC, with the mean
fluorescence intensity increasing to 79.30% compared with
that of EC group, whereas RE treatment only conferred
a weak protection (its fluorescence intensity was 38.24%),
suggesting that RD may be better than RE in preventing EC-
induced mitochondrial membrane impairment.

In addition, it is reported that overproduction of ROS can
result in mitochondrial membrane lipid peroxidation [28].
Thus, we further studied the effect of RD on suppressing
EC-induced lipid peroxidation in Caco-2 cells. NAO, a
fluorescence probe, was designed to detect cardiolipin which
is a mitochondrial membrane lipid component and would be
oxidized in the presence of ROS. As shown in Figures 6(a) and
6(b), without RE or RD pretreatment, massive cardiolipins
were oxidized in exposure to EC, with the NAO fluorescence
intensity declining to 45.46% compared with that of control
group. Nevertheless, after treatment with RE or RD for 2 h,
the result turned out to be that their fluorescence intensity
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FIGURE 5: Effect of RD on EC-induced oxidative damage to mitochondrial membrane in Caco-2 cells. (a) After treatment with 62.5mM EC
in the presence or absence of RE (2 mg/mL) or RD (2 mg/mL) for 24 h, Caco-2 cells were incubated with 10 yg/mL RH123 for 30 min and then
adopted to fluorescence microscope analysis. (b) The quantitative data of panel (a) and results were expressed as mean RH123 fluorescence
intensity (mean + standard deviations). * P < 0.05 represents significant difference compared with EC group.

increased to 55.47% and 84.70%, respectively, compared with
that of EC group (45.46%). On the basis of these results, it
can be concluded that RD may afford protection against EC-
induced oxidative damage to mitochondrial membrane.

3.5. Identification of Phenolic Compounds in RE and RD.
The aforementioned results revealed that EC could result in
oxidative stress damage in Caco-2 cells, whereas RD were
more effective than RE in attenuating EC-induced oxidative
damage. The possible explanation for this phenomenon may
be due to structural modification or release of biological
active components which were entrapped in food matrix after

in vitro simulated gastrointestinal digestion [12, 23]. There-
fore, HPLC-ESI-MS was employed to analyze the composi-
tion of raspberry extracts produced before and after in vitro
simulated gastrointestinal digestion. HPLC chromatograms
displayed the major changes between RE and RD extracts
in terms of the content of identified compounds. As we
can see from Figures 7(a) and 7(b), the contents of three
identified compounds were increased significantly after in
vitro digestion. According to their MS and MS® data, these
compounds were identified as esculin (compound 1) [29],
kaempferol O-hexoside (compound 2) [30], and pelargonidin
O-hexoside (compound 3) [31], respectively. Berries are rich
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in phytochemicals, such as anthocyanins, flavonoids, and
various phenolic acids, which can provide potent protection
against oxidative damage [32, 33]. Kaempferol O-hexoside
and pelargonidin O-hexoside are common phytochemicals
in berries; they can effectively remove intracellular ROS and
increase the total antioxidant activity [8, 34]. Besides, esculin
was a novel compound identified in the wild raspberry
extract and has been reported to be effective in protecting
cells against DNA damage triggered by oxidative stress and
scavenging ROS levels [35]. Flavonoids and anthocyanins are
mainly located in the vacuoles of cells. Under the simulated

gastrointestinal digestion condition, the extreme pH and the
enzymatic digestion may fully break down raspberry matrix
and vacuoles [36], which leads to the release of these com-
pounds completely. Moreover, some reports considered that
the formation of glycoside was increased after digestion prob-
ably due to the partial digestion of the dietary fiber present in
the matrix [37], which may be beneficial for the formation
of anthocyanins including compound 3 (pelargonidin O-
hexoside). Overall, we concluded that the better performance
of RD in suppressing EC-induced oxidative damage might be
partially attributed to these three compounds.
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4, Conclusion

The present study, for the first time, revealed that EC induced
excessive production of intracellular ROS, accelerated GSH
depletion and caused mitochondrial dysfunction, which
resulted in disturbed cellular redox balance and oxidative
damage in Caco-2 cells. Further investigation indicated that
in vitro simulated gastrointestinal may enhance the ability
of wild raspberry extract to suppress EC-induced oxidative
stress in Caco-2 cells by scavenging intracellular ROS, pre-
venting GSH depletion, as well as maintaining mitochondrial
membrane potential. Moreover, LC-MS results showed that
the contents of identified compounds (esculin, kaempferol
O-hexoside, and pelargonidin O-hexoside) were significantly
increased after in vitro digestion, which might be associated
with a better biological activity of RD in ameliorating EC-
induced oxidative stress. Together, our study indicated that
raspberry undergoinggastrointestinal digestion improved its
bioactivity, which might have implication for preventing EC-
caused health problem.
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Herbicides containing paraquat may contribute to the pathogenesis of neurodegenerative disorders such as Parkinson’s disease.
Paraquat induces reactive oxygen species-mediated apoptosis in neurons, which is a primary mechanism behind its toxicity. We
sought to test the effectiveness of a commercially available polyphenol-rich Aronia melanocarpa (aronia berry) concentrate in the
amelioration of paraquat-induced neurotoxicity. Considering the abundance of antioxidants in aronia berries, we hypothesized
that aronia berry concentrate attenuates the paraquat-induced increase in reactive oxygen species and protects against paraquat-
mediated neuronal cell death. Using a neuronal cell culture model, we observed that low doses of aronia berry concentrate protected
against paraquat-mediated neurotoxicity. Additionally, low doses of the concentrate attenuated the paraquat-induced increase in
superoxide, hydrogen peroxide, and oxidized glutathione levels. Interestingly, high doses of aronia berry concentrate increased
neuronal superoxide levels independent of paraquat, while at the same time decreasing hydrogen peroxide. Moreover, high-dose
aronia berry concentrate potentiated paraquat-induced superoxide production and neuronal cell death. In summary, aronia berry
concentrate at low doses restores the homeostatic redox environment of neurons treated with paraquat, while high doses exacerbate
the imbalance leading to further cell death. Our findings support that moderate levels of aronia berry concentrate may prevent
reactive oxygen species-mediated neurotoxicity.

1. Introduction apoptosis [8, 9]. Several studies have examined the effects
of single antioxidant supplementation in the amelioration
of PQ-induced neurotoxicity [10-12], but to date it remains
unclear how combinations of small molecule antioxidants
gained through dietary or nutritional means affect this toxin-
mediated neuron loss.

Aronia melanocarpa, also known as black chokeberries
or simply aronia berries, are small, dark, cherry-like berries
belonging to the plant family Rosaceae [13]. Aronia berries
are native to Eastern Europe and the Eastern United States

Neurodegeneration is a hallmark of numerous neurological
disorders such as age-related dementia, Alzheimer’s disease,
and Parkinson’s disease [1]. While several etiologies have
been identified leading to the loss of neurons, one possible
contributing factor is contact with environmental toxins [2].
A major source of these poisons in rural farming areas is
insecticides and herbicides, and exposure to these has been
suggested as a major risk factor for neurological diseases such

as Parkinson’s disease [3, 4]. One commonly used compound
in herbicides is paraquat (PQ), and extensive research has
demonstrated a direct link between neurotoxicity and PQ
contact [5-7]. PQ is a known redox cycling agent that impacts
complex I activity of the mitochondria, increases superox-
ide (O,") production, and decreases endogenous antiox-
idant capacity leading to increased neurotoxicity through

but have recently become cultivated in large quantities by
Midwest farmers. The berries have garnered much attention
by the general public due to their significantly high quantity
of polyphenols, in particular anthocyanins and flavonoids,
which are estimated at 2-3 times greater amounts than in
comparable berries [14, 15]. Polyphenols, such as resvera-
trol and quercetin, have been shown to possess significant
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antioxidant properties by both directly scavenging reactive
oxygen species (ROS) and inducing cellular antioxidant
systems to help combat oxidative environments [15]. Aronia
berries are no exception, and a widespread literature exists
examining the potential beneficial effect of aronia berries
on diseases including hypercholesterolemia, cancer, diabetes,
and inflammation [16-19]. However, the vast majority of
these studies only examine enriched extracts of the polyphe-
nols from aronia berries and not the effects of the whole
berry or berry concentrate in the disease models. Moreover,
a dearth of studies exists examining the potential beneficial
effects of aronia berries on diseases affecting the nervous
system.

Herein, we tested the hypothesis that polyphenolic-rich
aronia berry concentrate (AB) has antioxidant protective
effects against ROS-induced neurotoxicity by PQ. Utilizing
a neuronal cell culture model, we indeed demonstrate AB
protects against PQ-induced cellular toxicity and an increase
in ROS. However, we show that only low doses of AB
demonstrate this protective effect, while high doses potentiate
the negative effects elicited by PQ. Overall, this work suggests
a proper balance of prooxidants and antioxidants are required
for normal neuronal homeostasis, and moderate levels of AB
shift the balance in favor of neuronal survival following PQ
exposure.

2. Materials and Methods

2.1. Cell Culture and Reagents. NG108-15 neuroblastoma
cells (ATCC #HB-12317) were cultured and maintained in
RPMI 1640 (Gibco #11875-093, Grand Island, NY) supple-
mented with 10% fetal bovine serum (Atlanta Biologicals
#S11150, Lawrenceville, GA) and 1% penicillin/streptomycin
(Gibco #15140-122, Grand Island, NY). As per manufac-
turer’s instructions for human consumption, the aronia berry
concentrate (Superberries/Mae’s Health and Wellness-Westin
Foods, Omaha, NE) was diluted to the drinking concentra-
tion (1:16 in culture media) prior to making serial working
dilutions. Paraquat (Sigma-Aldrich #36541, St. Louis, MO)
was diluted in double-distilled water and filter-sterilized prior
to use. Cells were plated (200,000 cells/60 mm dish) 24 hours
prior to counting or treatment at 0 hours. For AB + PQ
experiments, AB was started at 0 hours and PQ was started
at 24 hours; pretreatment was performed to examine the
protective effects of AB to PQ toxicity. Media were made fresh
and changed daily.

2.2. Growth Curves and Apoptosis Assays. For growth curve
analyses, cells were washed twice to remove unattached dead
cells. Remaininglive and attached cells were scrape harvested,
isolated by centrifugation, and counted using size exclusion
on a Beckman Coulter counter [20]. Apoptotic fraction of
live cells was performed on the same cell population using the
Alexa Fluor 488 annexin V/Dead Cell Apoptosis Kit (Molec-
ular Probes #V13241, Grand Island, NY) as per manufacturer’s
instructions [21]. Briefly, freshly isolated cells were incubated
with an Alexa Fluor 488-conjugated annexin V antibody
as well as propidium iodide (PI). Cells were analyzed on
a FACSCalibur flow cytometer (Becton Dickinson, Franklin
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Lakes, NJ) at 488 nm excitation and 535 and 610 emission
for annexin V and PI, respectively. Apoptotic fraction was
considered as cells that were annexin V positive, while
remaining are PI negative.

2.3. Superoxide Quantification. Cells were resuspended in
serum-free, phenol red-free RPMI 1640 (Gibco #11835-030,
Grand Island, NY) with 10 uM dihydroethidium (DHE; VWR
#101447-534, Chicago, IL) for measuring total cellular O,
levels or with 10 uM MitoSOX (Life Technologies #M36008,
Grand Island, NY) to measure mitochondrial-specific O,
levels and incubated for 30 min at 37°C. Following this, cells
were immediately centrifuged at 4°C and resuspended in ice-
cold serum-free, phenol red-free media. Cells were analyzed
immediately on a LSRII Green Laser flow cytometer (Becton
Dickinson, Franklin Lakes, NJ) at 488 nm excitation and
610 nm emission and quantified using FlowJo cytometric
analysis software (Tree Star, Ashland, OR) [20].

2.4. Hydrogen Peroxide (H,0,) Quantification. Replication-
deficient recombinant adenoviruses (Ad5-CMV) encod-
ing either HyPer Cyto (Cytoplasm-targeted HyPer con-
struct; Evrogen #FP941, Moscow, Russia) or HyPer-Mito
(Mitochondria-targeted HyPer construct, Evrogen #FP942,
Moscow, Russia) were purchased from the University of Iowa
Viral Vector Core Facility (Iowa City, IA). After plating, cells
were transduced with 100 multiplicity of infection (MOI;
transduction efficiency measured at 95.4% + 3.2% by flow
cytometry with negligible toxicity) of respective virus for 24
hours in serum-free media prior to treatment with AB or
PQ. Following treatment, cells were analyzed immediately
on a LSRII Green Laser flow cytometer at 488 nm excitation
and 509 nm emission and quantified using FlowJo cytometric
analysis software [22].

2.5. Western Blotting Analysis. Immunoblotting was per-
formed on whole cell lysates. Samples were separated on
10% denaturing gels, followed by a transfer to nitrocellulose
membranes. After blocking in 5% milk in Tris-Buffered Saline
and Tween 20, membranes were incubated with primary
antibody (copper/zinc superoxide dismutase, CuZnSOD,
1:1000 dilution, Santa Cruz Biotechnology, Santa Cruz, CA;
manganese superoxide dismutase, MnSOD, 1:1000 dilution,
Upstate Biotech/Millipore, Billerica, MA; catalase, 1:1000
dilution, Abcam, Cambridge, MA; NADPH oxidase 2, Nox2,
1:500 dilution, Santa Cruz Biotechnology, Santa Cruz, CA;
NADPH oxidase 4, Nox4, 1: 500 dilution, Novus Biologicals,
Littleton, CO; B-actin, 1:1000 dilution, Sigma-Aldrich, St.
Louis, MO) overnight at 4°C. Following washout of primary
antibody, membranes were incubated with secondary anti-
body (1:10,000, Thermo Scientific, Rockford, IL) for 1 hour
at room temperature. After addition of chemiluminescence
substrate (SuperSignal West Femto, Thermo Scientific, Rock-
ford, IL), images were acquired on a UVP Bioimaging System
(UVP LLC, Upland, CA) [23].

2.6. Antioxidant Activity Gels. Activity gels were run uti-
lizing whole cell lysates. Samples were separated on 12%
nondenaturing gels with ammonium persulfate used as
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the polymerization catalyst in the running gel and riboflavin-
light in the stacking gel. Gels were prerun for one hour
at 4°C prior to sample loading. For superoxide dismutase
activity, the gel was stained in a solution containing 2.43 mM
nitroblue tetrazolium, 28 mM tetramethylethylenediamine,
and 25 uM riboflavin-5'-phosphate for 20 minutes at room
temperature protected from light. Following this incuba-
tion, the gel was rinsed thrice with double-distilled water
and allowed to expose under fluorescent light. For catalase
activity, the gel was first allowed to incubate in a 0.003%
H, O, solution for 10 minutes prior to staining with 2% ferric
chloride and 2% potassium ferricyanide. Gel images were
obtained by scanning using a Brother MFC-8870DW scanner
[24].

2.7. Glutathione Assay. Oxidized (GSSG) as well as reduced
(GSH) glutathione was measured using the GSSG/GSH
Quantification kit (Dojindo Molecular Technologies #G257-
10, Rockville, MD) as per manufacturer’s instructions. Briefly,
the assay is based on the glutathione dependent reduc-
tion of 5,5'-dithiobis-2-nitrobenzoic acid to 5-mercapto-2-
nitrobenzoic acid (A,,,: 415 nm). Absorbance was measured
at 415nm using a SpectraMax M5 multimode plate reader
(Molecular Devices, Sunnyvale, CA) [25].

2.8. Statistics. Data are presented as mean + standard error of
the mean (SEM). For two group comparisons, Student’s ¢-test
was used. For multiple group comparisons, one-way ANOVA
followed by Newman-Keuls posttest was used. GraphPad
Prism 5.0 statistical and graphing software was used for all
analyses. Differences were considered significant at p < 0.05.

3. Results

3.1. AB Protects Neurons from PQ-Induced Cell Death. PQ
is a well-established neurotoxin known to induce neuron
cell death by ROS-mediated apoptosis [26]. To identify an
appropriate dose of PQ required to induce neurotoxicity in
our neuronal cell culture model, we performed growth curves
in the presence of increasing amounts of PQ and identified
the IC5, of PQ to be approximately 50 M (Figure 1(a)). Addi-
tionally, to understand if AB alone had any effects on cellular
viability we exposed cells to increasing concentrations of
AB in 10-fold serial dilutions (Figure 1(b)). Only the highest
dose tested (i.e., 1:10 AB) demonstrated significant toxicity
to the cells and thus was not used in further studies. Last,
to identify if AB had any effect on attenuating PQ-induced
neurotoxicity, we treated cells with various dilutions of AB
with 50 uM PQ (Figure 1(c), left panel). Interestingly, only
the lowest concentrations of AB (i.e., 1:1000 and 1:10000)
demonstrated significant rescuing effects on the PQ-treated
cells. In contrast, the highest concentration of AB (i.e,
1:100) potentiated the PQ-induced cell death at 72 hours.
Furthermore, low doses of AB decreased, while high doses of
AB exacerbated the apoptotic fraction of PQ-treated NG108-
15 cells (Figure 1(c), right panel). Taken together, these data
suggest that lower doses of AB have protective effects against
PQ-induced neurotoxicity.

3.2. PQ-Induced Increase in O,"" Levels Is Attenuated by Low-
Dose AB. The primary and direct ROS generated by PQ is
O,"". We first measured total cellular O, utilizing the O, -
sensitive probe DHE (Figure 2(a)). As expected, PQ alone
increased DHE oxidation roughly 2-fold. Interestingly, low-
dose AB significantly attenuated the PQ-induced increase in
O, levels, while high-dose AB exacerbated this response.
In addition, high-dose AB alone significantly increased DHE
oxidation in the absence of PQ. Next, because PQ is known
to play a role in the direct generation of mitochondrial-
localized O,", we measured mitochondrial-specific O,"
levels using MitoSOX Red (Figure 2(b)). Similar to what
we observed with total cellular O, levels, PQ alone also
significantly increased mitochondrial O, levels. Low-dose
AB moderately decreased these levels, but these differences
were not statistically significant. Additionally, high-dose AB
alone increased mitochondrial O," levels and once again
intensified PQ-induced mitochondrial O,". In summary,
these data suggest that low, but not high, doses of AB may
have antioxidant effects that reduce the PQ-induced increase
in neuronal O,"" levels.

3.3. AB Alters Steady-State Cellular H,O, Levels. O,"” is a
short lived species that is spontaneously and enzymatically
(by superoxide dismutases) converted to H,O, [27]. To assess
intracellular H,O, levels, we utilized fluorescent proteins
that increase in fluorescence when oxidized specifically by
H,0, (i.e., HyPer) [22]. First, using a cytoplasm-targeted
HyPer (HyPer Cyto) we observed a dose-dependent decrease
in cytoplasmic H,O, levels with increased concentration of
AB alone (Figure 3(a)). PQ treatment led to a small but
significant increase in cytoplasmic H,O, levels, and this
response was attenuated with increasing doses of AB. Neither
PQ nor AB had any effect on mitochondrial-localized H,O,
levels as measured by the mitochondrial-targeted HyPer
construct (Hyper Mito; Figure 3(b)). These data suggest
that AB has potent H,O, scavenging effects under both
normal, nonoxidative stress and PQ-induced oxidative stress
conditions.

3.4. AB Has a Minimal Effect on Prooxidant and Antioxidant
Enzyme and Activity Levels. The decrease in ROS observed
by the addition of AB may be due to direct scavenging of ROS
or by the alteration of endogenous antioxidant or prooxidant
enzyme systems. First, we performed western blot analyses
on whole cell lysates and observed no significant changes in
the protein levels of cytoplasmic CuZnSOD, mitochondrial
MnSOD, or the peroxisomal H,O, removing enzyme catalase
(Figure 4(a)). Because polyphenolic compounds like those
found in AB have been shown to activate the sirtuin class
of enzymes [28], which may alter the activity of endogenous
antioxidant enzymes [29], we further examined antioxidant
enzyme activities for both SOD and catalase and observed no
significant differences in any treatment group (Figure 4(b)).
In addition to exploring endogenous antioxidant systems,
we also investigated the prooxidant NADPH oxidase (Nox)
family of enzymes, which contribute to the production
and steady-state levels of cellular O,” and H,0, levels.
Examining the catalytic subunits of the two major Nox
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FIGURE 1: AB attenuates PQ-induced neurotoxicity. NG108-15 cells were treated with various doses of PQ, AB, or AB + PQ for 72 hours. (a)
Growth curve of NG108-15 cells with increasing doses of PQ. IC;, of PQ calculated at approximately 50 uM. N = 6. (b) Growth curve of
NG108-15 cells with increasing doses of AB. 1:10 AB demonstrated significant toxicity and thus was not used in further studies. N = 6. (¢)
Left panel, growth curve of NG108-15 cells with 50 uM of PQ along with various doses of AB. AB was added at 0 hours, while PQ was added at
24 hours after plating. N = 6. Right panel, analysis of apoptotic NG108-15 cells with 50 #uM of PQ along with various doses of AB. Apoptotic
fraction was defined as annexin V positive and propidium iodide (PI) negative. N = 4. *P < 0.05 versus No PQ or AB; ¥p < 0.05 versus

PQ-No AB.

enzymes found in neurons (i.e. Nox2 and Nox4) we observed
a substantial reduction in the amount of immunoreactivity
for Nox2 with high-dose AB independent of PQ treatment
(Figure 4(a)), but no changes were observed with lower doses.
Taken together, while high-dose AB appears to have an effect
on Nox2 levels, overall, AB does not appear to have a signif-
icant impact on the endogenous antioxidant or prooxidant
enzyme systems in our neuronal cell culture model.

3.5. PQ-Induced Oxidized Glutathione Is Significantly Reduced
with Low-Dose AB. In addition to antioxidant enzyme

systems, the cell is home to numerous small molecule
antioxidant systems. The most abundant small molecule
antioxidant system in the cell is glutathione, which may be
cycled between a reduced and oxidized state depending on
the redox environment of the cell and has shown incredible
importance in attenuating ROS-induced neurotoxicity [8,
30]. When examining GSH in our neuronal cell culture
model, we observed no significant changes in any treatment
group (Figure5(a)). In contrast, when measuring GSSG
we observed that PQ alone increased GSSG roughly 4-
fold compared to control neurons. Moreover, low-dose AB
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attenuated the PQ-elevated GSSG levels back to control levels,
while high-dose AB had no significant change on GSSG
levels in PQ-treated cells (Figure 5(b)). Overall, these findings
support our O, and H,0, data (Figures 2 and 3) and
together strongly suggest that low-dose AB decreases levels
of ROS, attenuates oxidative stress, and inhibits neurotoxicity
following PQ exposure.

4. Discussion

Of the neurodegenerative diseases, Parkinson’s disease is
highly associated with oxidative stress induced by environ-
mental factors such as herbicide (i.e., PQ) exposure [31].
While the exact cause of Parkinson’s disease remains elusive,
numerous studies have elucidated excess ROS production to
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FIGURE 4: High-dose AB decreases Nox2 expression but does not affect other cellular antioxidant or prooxidant enzyme systems. NG108-
15 cells were treated with 50 uM PQ with various doses of AB. AB was added 24 hours prior to PQ; cells were analyzed 48 hours after
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FIGURE 5: Low-dose AB rescues neurons from PQ-mediated increases in oxidized glutathione (GSSG). NG108-15 cells were treated with
50 uM PQ with various doses of AB. AB was added 24 hours prior to PQ; cells were analyzed 48 hours after PQ administration. (a) Relative
levels of reduced glutathione (GSH). N = 3. (b) Relative levels of oxidized glutathione (GSSG). N = 3. *p < 0.05 versus No AB; ¥p < 0.05

versus PQ-No AB.

be a potential mechanism in the loss of critical dopamin-
ergic neurons in the substantia nigra in the brain [32]. A
primary source of intraneuronal ROS, more specifically O,",
implicated to be involved in the disease is complex I of
mitochondria [33]. Complex I inhibitors (which are also
found in pesticides and herbicides) such as rotenone and 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) create a
backup of electrons in the mitochondrial respiratory chain,
which further leak onto molecular oxygen generating O,

and induce oxidative stress [34]. Interestingly, PQ possesses
a similar structure to MPTP and has also been demonstrated
to interact with complex I to generate reactive radical species
[35]. Herein, we confirm these findings by demonstrating
that mitochondrial O," is indeed increased in NGI108-15
cells treated with PQ. Intriguingly, we observed no change in
mitochondrial H, O, levels, which suggests a predominantly
1 electron transfer to generate primarily O,". Moreover,
low doses of AB were able to significantly attenuate this
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increase in mitochondrial oxidative stress, which translated
to a more reducing cellular environment as evidenced by
lower DHE oxidation as well as decreased levels of oxidized
glutathione. In contrast, high doses of AB could not rescue
the PQ-induced oxidative stress and exacerbated some of the
effects. These findings warrant examination into the specific
components of the AB concentrate to elucidate potential
molecules that could exacerbate redox cycling reactions in a
dose-dependent manner.

There are currently limited medical therapies for the
treatment of neurodegenerative diseases. On the contrary,
a breadth of evidence exists suggesting dietary intake of
polyphenols may have beneficial effects in counteracting
neurological disorders. For example, consumption of red
wine, which is known to possess high levels of polyphenols,
may reduce the incidence of neurological disorders [36, 37].
Other studies have demonstrated intake of polyphenol-rich
foods may preserve cognitive function, delay the onset, or
even reduce the risk of neurodegenerative diseases like age-
related dementia or Alzheimer’s disease [38-40]. However, it
remains controversial if the beneficial effects of polyphenol-
rich diets are actually acting in the brain, as it is not clear if
polyphenols cross the blood brain barrier [41]. Polyphenols
have been reported to be poorly absorbed by the intestines,
rapidly excreted, and exist in low concentrations in systemic
circulation [42, 43], which further argues for a potential
limited role in the brain. In contrast, several investigations
have concluded that low concentrations of polyphenols do in
fact cross the blood brain barrier under both experimental
in situ conditions and after in vivo dietary consumption
of polyphenol-rich foods [44-47]. In the present study, we
identified that only low concentrations of AB provided a
protective role against ROS-induced neuron cell death caused
by PQ. With the understanding that only small amounts of
polyphenols may reach the brain after dietary consumption
of polyphenol-rich foods, our data support a beneficial and
antioxidant effect of these molecules in low concentrations
and the possible protection against neuron cell death.

The use of antioxidants as therapeutics is controversial
due to an extensive list of failed clinical trials in an array of
diseases. Based on this, it is easy to conclude that antioxidants
are not sufficient in ameliorating disease, but numerous
variables must be taken into account when assessing the
efficacy of these trials. The first variable to consider is dosage.
It is commonly presumed in medicine that if a positive dose
response to a drug is achieved at low concentrations then
high concentrations will produce an even more favorable
outcome, but this is not always found to be true. For example,
in 2002 a phase II, double blind, randomized, and placebo
controlled clinical trial was performed on the potential
effectiveness of coenzyme Q, in slowing the progression of
Parkinson’s disease [48]. A negative correlation was observed
with increasing dose of coenzyme Q,, (ranging from 300
to 1200 mg/day) and progression of the disease, which thus
prompted researchers to investigate even higher doses of
coenzyme Q,, in Parkinson’s disease. In 2007, another phase
II, double blind, randomized, and placebo controlled study
was performed utilizing doses of coenzyme Q,, ranging from
2400 to 4000 mg/day and found no significant improvement

with any dose on the diminution of progression of Parkinson’s
disease [49]. The conclusion drawn from this study was that
coenzyme Q;, provided no benefit over placebo in Parkin-
son’s disease due to the fact that high doses could not replicate
what was seen in the lower dose clinical trial. Another
example of dosage discrepancies involves the use of vitamin
E for therapy in Alzheimer’s or Parkinson’s disease patients.
Three separate clinical trials utilizing vitamin E supplements
(ranging from 800 to 2000IU/day) found no significant
impact or even worsening of the severity of Alzheimer’s
or Parkinson’s disease progression [50-52]. However, three
separate studies utilizing vitamin E administration through
means of dietary intake (ranging from 5 to 15mg/day in
foods naturally containing higher levels of vitamin E) showed
positive benefits in slowing the progression of both diseases
[53-55]. Similar to what was observed with coenzyme Q,,
it appears that lower doses (and possibly vehicle of admin-
istration) are possibly more efficacious than higher doses
when examining the effects of antioxidants. In our study
presented here, we observe a similar phenomenon where only
low-dose AB ameliorated PQ-induced neurotoxicity, while
higher doses exacerbated the phenotype. This nonlinear
regression between antioxidant dosage and disease outcome
may explain the subjective failure of antioxidant clinical
trials and warrants further investigation into the potential
mechanisms leading to the nonmonotonic response.

Another significant variable in the outcome of antioxi-
dant therapy is the timing of administration. The majority
of clinical trials focus on the treatment of patients that
have already been diagnosed with a major disease, and as
such assessing the preventative capabilities of antioxidants
is already past due. Conversely, numerous retrospective
analyses have examined the potential for dietary intake of
antioxidants in altering the risk of developing neurodegener-
ative disorders like Alzheimer’s disease. For example, it has
been shown that diets rich in fruits and vegetables reduce
cognitive decline and the risk for Alzheimer’s disease later in
life [56, 57]. Additionally, in the aforementioned Rotterdam
study it was observed that intake of vitamin E in the form
of food (not supplements) also reduced the incidence of
dementia [54]. These studies suggest that antioxidants serve
as preventative measures as opposed to reactive measures
against neurological disorders. Herein, we present evidence
that supports this hypothesis as we show pretreatment of
neurons with AB for 24 hours prior to PQ administration
protects neurons from ROS-induced cell death. Performing
the converse experiment in which AB was administered at the
same time or 24 hours after PQ treatment did not produce
any observable beneficial response (data not shown). Taken
together, antioxidant supplementation through dietary intake
appears to play a greater role in the prevention of neurological
diseases as opposed to their treatment.

The last major variable to consider when assessing the
efficacy of antioxidants in the treatment of diseases is the
specific ROS that is being targeted. ROS are often considered
a homogenous group of substances that are harmful to the
cell, but this view overlooks the vast complexity of the
redox environment. ROS are diverse with some being free
radicals, possessing charges, or participating in one or two



electron oxidation/reduction reactions depending on the
structure of the specific species [58]. Additionally, not all
ROS cause “oxidative stress,” which is defined as irreversible
damage to cellular components, but many ROS participate in
controlled, regulated, and reversible modifications to cellular
constituents that lead to redox-mediated signaling pathways
[59]. For example, H,O, oxidizes reduced cysteines in pro-
teins creating reversible adducts that may alter the shape
and function of a protein, thus making the protein redox
responsive [60]. In contrast, O, is a poor oxidant but reacts
readily with iron-sulfur cluster containing enzymes reversibly
affecting their activity and contributing to redox-mediated
cellular signaling [61]. With the understanding that ROS-
mediated reactions are unique and diverse, it becomes clear
that the use of a generalized antioxidant that may scavenge
several ROS at once (or potentially a ROS that is not highly
relevant in the disease state) may not prove to be efficacious
or even deleterious. In our data set, we demonstrate that the
primary ROS produced by PQ is O,", and this has been
shown by others as well [26]. Low doses of AB demonstrated
the ability to significantly attenuate PQ-induced O," in neu-
rons, yet, high doses potentiated the production. Moreover,
high dose of AB appeared to significantly reduce the amount
of steady-state H,O, in neurons even in the absence of PQ
suggesting that high dosage of antioxidants altered normal
redox signaling within the cells or even created a reductive
stress upon the cells [62]. In summary, it appears that low,
but not high, dose of AB restores the homeostatic redox
environment and decreases cellular death caused by the PQ-
induced O, -mediated oxidative stress.

Next, we observed an interesting phenomenon that Nox2
protein was virtually absent in neurons treated with high
doses of AB (independent of PQ treatment). Polyphenols
have been demonstrated to attenuate Nox activity in various
models, but their role in regulating actual protein levels is
unclear [63-65]. Our data suggest that AB may be interfering
with the normal expression of Nox2, but it is unclear at this
time if this occurs at the transcriptional, posttranscriptional,
translational, or posttranslational level. Furthermore, the
Nox2 catalytic subunit of the Nox complex is also known as
gp9lphox due to the fact that the 55kDa protein becomes
heavily glycosylated causing it to run on a western blot at
approximately 91kDa [66]. Polyphenols have been shown
to interfere with and reduce the amount of advanced end
glycation products observed in several disease states [67-
69], which raises the question if these small molecules also
play a role in modifying normal cellular glycosylation of
proteins. Our data suggest AB plays a significant role in
the downregulation of Nox2, and further investigation is
warranted into the mechanism of this process.

Finally, our study does possess some potential limitations.
First, due to proprietary reasons we are limited in the under-
standing of the exact constituents and concentrations of the
commercially available AB concentrate. Additionally, while
the dilutions we utilized did produce favorable outcomes,
further biodistribution studies are needed to understand if
the optimal concentrations we observed translate in vivo.
Next, our use of a neuronal cell line may not perfectly mimic
the effects on primary neurons. However, NG108-15 cells

Oxidative Medicine and Cellular Longevity

divide and grow in a highly differentiated manner, which
increases their likelihood to react like primary neurons in
an in vitro setting. Lastly, treatment of neuronal cells in vitro
with AB does not take into account in vivo variables such
as absorption and biotransformation that may alter the AB
components and exposure to neurons in a living system.
Upon consumption, polyphenols may be oxidized by liver
enzymes and the digestive microbiota, which could ultimately
change the structure and function of these molecules once
they have reached a target organ. While our current studies
do notaddress the potential alterations digestion may have on
the AB, we believe the data presented herein show significant
preliminary promise for AB in the amelioration of ROS-
induced neurotoxicity. With these promising results, we are
currently investigating the ability of AB to attenuate neuro-
logical dysfunction in vivo utilizing various animal models
of neurodegeneration. These models will allow for a deeper
understanding regarding AB bioavailability to neurons of the
central nervous system, and if concentrations are able to
reach levels necessary for the attenuation of oxidative stress-
mediated neurological disease.

Abbreviations

PQ: Paraquat

0, Superoxide

ROS: Reactive oxygen species
AB: Aronia berry concentrate
DHE: Dihydroethidium

H,0,: Hydrogen peroxide

CuZnSOD: Copper/zinc superoxide dismutase

MnSOD:  Manganese superoxide dismutase
GSH: Reduced glutathione

GSSG: Oxidized glutathione

Nox: NADPH oxidase.

Conflict of Interests

No conflict of interests exists for all authors.

Authors’ Contribution

A.].Case, D. Agraz, and M. C. Zimmerman designed research;
A.J. Case, D. Agraz, and I. M. Ahmad conducted research; A.
J. Case, D. Agraz, and I. M. Ahmad analyzed data; A. J. Case
and M. C. Zimmerman wrote the paper; M. C. Zimmerman
had primary responsibility for final content. All authors read
and approved the final paper.

Acknowledgments

The authors thank Superberries/Mae’s Health and Wellness
LLC/Westin Foods for providing the aronia berry concen-
trate used for these studies. This work was supported by
institutional and departmental funds awarded to M. C.
Zimmerman.



Oxidative Medicine and Cellular Longevity

References

(1]

(8]

(10]

(13]

(14]

A. Xie, J. Gao, L. Xu, and D. Meng, “Shared mechanisms
of neurodegeneration in Alzheimer’s disease and Parkinson’s
disease,” BioMed Research International, vol. 2014, Article ID
648740, 8 pages, 2014.

M. T. Baltazar, R. J. Dinis-Oliveira, M. de Lourdes Bastos, A. M.
Tsatsakis, J. A. Duarte, and F. Carvalho, “Pesticides exposure as
etiological factors of Parkinson’s disease and other neurodegen-
erative diseases—a mechanistic approach,” Toxicology Letters,
vol. 230, no. 2, pp. 85-103, 2014.

C. Freire and S. Koifman, “Pesticide exposure and Parkinson’s
disease: epidemiological evidence of association,” NeuroToxicol-
0gy, vol. 33, no. 5, pp. 947-971, 2012.

C. M. Tanner, E Kame, G. W. Ross et al., “Rotenone, paraquat,
and Parkinson’s disease,” Environmental Health Perspectives, vol.
119, no. 6, pp. 866-872, 2011.

E Wang, R. Franco, M. Skotak, G. Hu, and N. Chandra,
“Mechanical stretch exacerbates the cell death in SH-SY5Y cells
exposed to paraquat: mitochondrial dysfunction and oxidative
stress,” NeuroToxicology, vol. 41, pp. 54-63, 2014.

B. Thrash, S. Uthayathas, S. S. Karuppagounder, V. Suppirama-
niam, and M. Dhanasekaran, “Paraquat and maneb induced
neurotoxicity;,” Proceedings of the Western Pharmacology Society,
vol. 50, pp. 31-42, 2007.

R. Franco, S. Li, H. Rodriguez-Rocha, M. Burns, and M.
I. Panayiotidis, “Molecular mechanisms of pesticide-induced
neurotoxicity: relevance to Parkinson’s disease,” Chemico-
Biological Interactions, vol. 188, no. 2, pp. 289-300, 2010.

W. Yang and E. Tiffany-Castiglioni, “The bipyridyl herbicide
paraquat produces oxidative stress-mediated toxicity in human
neuroblastoma SH-SY5Y cells: relevance to the dopaminergic
pathogenesis,” Journal of Toxicology and Environmental Health
Part A, vol. 68, no. 22, pp. 1939-1961, 2005.

W. Yang and E. Tiffany-Castiglioni, “Paraquat-induced apopto-
sis in human neuroblastoma SH-SY5Y cells: involvement of p53
and mitochondria,” Journal of Toxicology and Environmental
Health Part A, vol. 71, no. 4, pp. 289-299, 2008.

S. Medina-Leendertz, M. Paz, M. Mora et al., “Longterm mela-
tonin administration alleviates paraquat mediated oxidative
stress in Drosophila melanogaster,” Investigacion Clinica, vol. 55,
pp. 352-364, 2014.

I. Ahmad, S. Shukla, A. Kumar et al, “Biochemical and
molecular mechanisms of N-acetyl cysteine and silymarin-
mediated protection against maneb- and paraquat-induced
hepatotoxicity in rats,” Chemico-Biological Interactions, vol. 201,
no. 1-3, pp. 9-18, 2013.

Z. Wang, Y. Xiao, W. Chen, K. Tang, and L. Zhang, “Increased
vitamin C content accompanied by an enhanced recycling
pathway confers oxidative stress tolerance in Arabidopsis,”
Journal of Integrative Plant Biology, vol. 52, no. 4, pp. 400-409,
2010.

S. E. Kulling and H. M. Rawel, “Chokeberry (Aronia
melanocarpa)—a review on the characteristic components
and potential health effects,” Planta Medica, vol. 74, no. 13, pp.
1625-1634, 2008.

X. Wu, L. Gu, R. L. Prior, and S. McKay, “Characterization
of anthocyanins and proanthocyanidins in some cultivars of
Ribes, Aronia, and Sambucus and their antioxidant capacity,’
Journal of Agricultural and Food Chemistry, vol. 52, no. 26, pp.
7846-7856, 2004.

(15]

(16]

(18]

(20]

(21]

[26

[27]

(28]

[29]

X. Wu, G. R. Beecher, J. M. Holden, D. B. Haytowitz, S. E.
Gebhardt, and R. L. Prior, “Concentrations of anthocyanins in
common foods in the United States and estimation of normal
consumption,” Journal of Agricultural and Food Chemistry, vol.
54, no. 11, pp. 4069-4075, 2006.

D. Rugind, Z. Sconta, L. Leopold, A. Pintea, A. Bunea, and C.
Socaciu, “Antioxidant activities of chokeberry extracts and the
cytotoxic action of their anthocyanin fraction on hela human
cervical tumor cells,” Journal of Medicinal Food, vol. 15, no. 8,
pp. 700-706, 2012.

B. Kim, C. S. Ku, T. X. Pham et al, “Aronia melanocarpa
(chokeberry) polyphenol-rich extract improves antioxidant
function and reduces total plasma cholesterol in apolipoprotein
E knockout mice,” Nutrition Research, vol. 33, no. 5, pp. 406-413,
2013.

B.Qinand R. A. Anderson, “An extract of chokeberry attenuates
weight gain and modulates insulin, adipogenic and inflamma-
tory signalling pathways in epididymal adipose tissue of rats fed
afructose-rich diet,” The British Journal of Nutrition, vol. 108, no.
4, pp. 581-587, 2012.

K. Ohgami, I. Ilieva, K. Shiratori et al.,, “Anti-inflammatory
effects of aronia extract on rat endotoxin-induced uveitis,
Investigative Ophthalmology & Visual Science, vol. 46, no. 1, pp.
275-281, 2005.

A. J. Case and M. C. Zimmerman, “Redox-regulated sup-
pression of splenic T-lymphocyte activation in a model of
sympathoexcitation,” Hypertension, vol. 65, no. 4, pp. 916-923,
2015.

A.]. Case, J. L. McGill, L. T. Tygrett et al., “Elevated mitochon-
drial superoxide disrupts normal T cell development, impairing
adaptive immune responses to an influenza challenge,” Free
Radical Biology and Medicine, vol. 50, no. 3, pp. 448-458, 2011.

V. V. Belousov, A. E Fradkov, K. A. Lukyanov et al., “Genetically
encoded fluorescent indicator for intracellular hydrogen perox-
ide)” Nature Methods, vol. 3, no. 4, pp. 281-286, 2006.

A. J. Case, S. Li, U. Basu, J. Tian, and M. C. Zimmerman,
“Mitochondrial-localized NADPH oxidase 4 is a source of
superoxide in angiotensin II-stimulated neurons,” American
Journal of Physiology—Heart and Circulatory Physiology, vol.
305, no. 1, pp. H19-H28, 2013.

S.Li, A.J. Case, R.-E Yang, H. D. Schultz, and M. C. Zimmer-
man, “Over-expressed copper/zinc superoxide dismutase local-
izes to mitochondria in neurons inhibiting the angiotensin II-
mediated increase in mitochondrial superoxide,” Redox Biology,
vol. 2, no. 1, pp. 8-14, 2013.

I. M. Ahmad, M. Y. Abdalla, N. Aykin-Burns et al., “2-
Deoxyglucose combined with wild-type p53 overexpression
enhances cytotoxicity in human prostate cancer cells via oxida-
tive stress,” Free Radical Biology and Medicine, vol. 44, no. 5, pp.
826-834, 2008.

J. S. Bus and J. E. Gibson, “Paraquat: model for oxidant-initiated
toxicity, Environmental Health Perspectives, vol. 55, pp. 37-46,
1984.

I. Fridovich, “Superoxide dismutases,” Annual Review of Bio-
chemistry, vol. 44, pp. 147-159, 1975.

D. A. Sinclair and L. Guarente, “Small-molecule allosteric
activators of sirtuins,” Annual Review of Pharmacology and
Toxicology, vol. 54, pp. 363-380, 2014.

O. Ozden, S.-H. Park, H.-S. Kim et al., “Acetylation of MnSOD
directs enzymatic activity responding to cellular nutrient status
or oxidative stress,” Aging, vol. 3, no. 2, pp. 102-107, 2011.



10

(30]

(31]

(32]

(33]

[36]

(37

(38]

(39

(44]

J. S. Bains and C. A. Shaw, “Neurodegenerative disorders in
humans: the role of glutathione in oxidative stress-mediated
neuronal death,” Brain Research Reviews, vol. 25, no. 3, pp. 335-
358,1997.

J. Blesa, L. Trigo-Damas, A. Quiroga-Varela, and V. R. Jackson-
Lewis, “Oxidative stress and Parkinson’s disease,” Frontiers in
Neuroanatomy, vol. 9, article 91, 2015.

J. A. Obeso, M. C. Rodriguez-Oroz, C. G. Goetz et al., “Missing
pieces in the Parkinson’s disease puzzle,” Nature Medicine, vol.
16, no. 6, pp. 653-661, 2010.

A. H. Schapira, “Mitochondria in the aetiology and pathogene-
sis of Parkinson’s disease,” The Lancet Neurology, vol. 7, no. 1, pp.
97-109, 2008.

J. Blesa and S. Przedborski, “Parkinson’s disease: animal mod-
els and dopaminergic cell vulnerability, Frontiers in Neu-
roanatomy, vol. 8, article 155, 2014.

T. Fukushima, K. Yamada, A. Isobe, K. Shiwaku, and Y. Yamane,
“Mechanism of cytotoxicity of paraquat. . NADH oxidation
and paraquat radical formation via complex I,” Experimental
and Toxicologic Pathology, vol. 45, no. 5-6, pp. 345-349, 1993.
J.-M. Orgogozo, J.-E Dartigues, S. Lafont et al., “Wine con-
sumption and dementia in the elderly: a prospective community
study in the Bordeaux area,” Revue Neurologique, vol. 153, no. 3,
pp. 185-192, 1997.

T. Truelsen, D. Thudium, M. Gronbaek, and Copenhagen City
Heart Study, “Amount and type of alcohol and risk of dementia:
the Copenhagen City Heart Study,” Neurology, vol. 59, pp. 1313
1319, 2002.

D. Commenges, V. Scotet, S. Renaud, H. Jacqmin-Gadda, P.
Barberger-Gateau, and J.-F. Dartigues, “Intake of flavonoids and
risk of dementia,” European Journal of Epidemiology, vol. 16, no.
4, pp. 357-363, 2000.

L. Letenneur, C. Proust-Lima, A. Le Gouge, J. E. Dartigues, and
P. Barberger-Gateau, “Flavonoid intake and cognitive decline
over a 10-year period,” American Journal of Epidemiology, vol.
165, no. 12, pp. 1364-1371, 2007.

Q. Dai, A. R. Borenstein, Y. Wu, J. C. Jackson, and E. B. Larson,
“Fruit and vegetable juices and Alzheimer’s disease: the Kame
Project,” American Journal of Medicine, vol. 119, no. 9, pp. 751-
759, 2006.

S. Schaffer and B. Halliwell, “Do polyphenols enter the brain and
does it matter? Some theoretical and practical considerations,”
Genes & Nutrition, vol. 7, no. 2, pp. 99-109, 2012.

B. Halliwell, “Dietary polyphenols: good, bad, or indifferent for
your health?” Cardiovascular Research, vol. 73, no. 2, pp. 341-
347, 2007.

S. B. Lotito and B. Frei, “Consumption of flavonoid-rich foods
and increased plasma antioxidant capacity in humans: cause,
consequence, or epiphenomenon?” Free Radical Biology and
Medicine, vol. 41, no. 12, pp. 1727-1746, 2006.

K. A. Youdim, M. Z. Qaiser, D. J. Begley, C. A. Rice-Evans, and
N. J. Abbott, “Flavonoid permeability across an in situ model of
the blood-brain barrier;” Free Radical Biology and Medicine, vol.
36, no. 5, pp. 592-604, 2004.

S. Passamonti, U. Vrhovsek, A. Vanzo, and F. Mattivi, “Fast
access of some grape pigments to the brain,” Journal of Agricul-
tural and Food Chemistry, vol. 53, no. 18, pp. 7029-7034, 2005.
W. Kalt, J. B. Blumberg, J. E. McDonald et al., “Identification of
anthocyanins in the liver, eye, and brain of blueberry-fed pigs,”
Journal of Agricultural and Food Chemistry, vol. 56, no. 3, pp.
705-712, 2008.

(47]

[48]

(53]

(58]

[59]

[60]

(61]

(62]

(63]

Oxidative Medicine and Cellular Longevity

P. E. Milbury and W. Kalt, “Xenobiotic metabolism and berry
flavonoid transport across the blood-brain barrier,” Journal of
Agricultural and Food Chemistry, vol. 58, no. 7, pp. 3950-3956,
2010.

C. W. Shults, D. Oakes, K. Kieburtz et al., “Effects of coenzyme
QI0 in early Parkinson disease: evidence of slowing of the
functional decline,” Archives of Neurology, vol. 59, no. 10, pp.
1541-1550, 2002.

NINDS NET-PD Investigators, “A randomized clinical trial
of coenzyme QI0 and GPI-1485 in early Parkinson disease,”
Neurology, vol. 68, no. 1, pp. 20-28, 2007.

R. C. Petersen, R. G. Thomas, M. Grundman et al., “Vitamin E
and donepezil for the treatment of mild cognitive impairment;’
The New England Journal of Medicine, vol. 352, no. 23, pp. 2379-
2388, 2005.

L. Shoulson, S. Fahn, D. Oakes et al., “Effects of tocopherol and
deprenyl on the progression of disability in early Parkinson’s
disease,” The New England Journal of Medicine, vol. 328, no. 3,
pp. 176-183,1993.

A. Lloret, M.-C. Badia, N. J. Mora, E. V. Pallard6, M.-D. Alonso,
and J. Vifia, “Vitamin E paradox in Alzheimer’s disease: it does
not prevent loss of cognition and may even be detrimental,”
Journal of Alzheimer’s Disease, vol. 17, no. 1, pp. 143-149, 2009.
M. C. Morris, D. A. Evans, C. C. Tangney et al., “Relation of the
tocopherol forms to incident Alzheimer disease and to cognitive
change,” The American Journal of Clinical Nutrition, vol. 81, no.
2, pp. 508-514, 2005.

E. E. Devore, E Grodstein, E J. A. van Rooij et al., “Dietary
antioxidants and long-term risk of dementia,” Archives of
Neurology, vol. 67, no. 7, pp. 819-825, 2010.

M. C. de Rijk, M. M. B. Breteler, J. H. den Breeijen et al,
“Dietary antioxidants and Parkinson disease. The Rotterdam
Study;” Archives of Neurology, vol. 54, no. 6, pp. 762-765, 1997.
J. H. Kang, A. Ascherio, and F Grodstein, “Fruit and vegetable
consumption and cognitive decline in aging women,” Annals of
Neurology, vol. 57, no. 5, pp. 713-720, 2005.

M. C. Morris, D. A. Evans, C. C. Tangney, J. L. Bienias, and R. S.
Wilson, “Associations of vegetable and fruit consumption with
age-related cognitive change,” Neurology, vol. 67, no. 8, pp. 1370-
1376, 2006.

V.I. Lushchak, “Free radicals, reactive oxygen species, oxidative
stress and its classification,” Chemico-Biological Interactions, vol.
224, pp. 164-175, 2014.

M. Schieber and N. S. Chandel, “ROS function in redox
signaling and oxidative stress,” Current Biology, vol. 24, no. 10,
pp. R453-R462, 2014.

S. G. Rhee, “H,0,, a necessary evil for cell signaling,” Science,
vol. 312, no. 5782, pp. 1882-1883, 2006.

I. Fridovich, “Superoxide anion radical O;, superoxide dismu-
tases, and related matters,” The Journal of Biological Chemistry,
vol. 272, no. 30, pp. 18515-18517, 1997.

J. S. Teodoro, A. P. Rolo, and C. M. Palmeira, “The NAD ratio
redox paradox: why does too much reductive power cause
oxidative stress?” Toxicology Mechanisms and Methods, vol. 23,
no. 5, pp. 297-302, 2013.

N. A. Al-Awwadi, C. Araiz, A. Bornet et al., “Extracts enriched
in different polyphenolic families normalize increased cardiac
NADPH oxidase expression while having differential effects
on insulin resistance, hypertension, and cardiac hypertrophy
in high-fructose-fed rats,” Journal of Agricultural and Food
Chemistry, vol. 53, no. 1, pp. 151-157, 2005.



Oxidative Medicine and Cellular Longevity

[64]

N. Ryszawa, A. Kawczynska-Drdzdz, J. Pryjma et al., “Effects
of novel plant antioxidants on platelet superoxide production
and aggregation in atherosclerosis,” Journal of Physiology and
Pharmacology, vol. 57, no. 4, pp. 611-626, 2006.

L. K. Sarna, N. Wu, S.-Y. Hwang, Y. L. Siow, and O. Karmin,
“Berberine inhibits NADPH oxidase mediated superoxide
anion production in macrophages,” Canadian Journal of Physi-
ology and Pharmacology, vol. 88, no. 3, pp. 369-378, 2010.

E R. M. Laurindo, T. L. S. Araujo, and T. B. Abrahdo, “Nox
NADPH oxidases and the endoplasmic reticulum,” Antioxi-
dants & Redox Signaling, vol. 20, no. 17, pp. 2755-2775, 2014.

T. Yunoki, K. Deguchi, Y. Omote et al., “Anti-oxidative nutrient
rich diet protects against acute ischemic brain damage in rats,”
Brain Research, vol. 1587, no. 1, pp. 33-39, 2014.

I.-M. Liu, T.-E. Tzeng, S.-S. Liou, and C. J. Chang, “Angelica acu-
tiloba root alleviates advanced glycation end-product-mediated
renal injury in streptozotocin-diabetic rats,” Journal of Food
Science, vol. 76, no. 7, pp. H165-H174, 2011.

A. A. Maruf, H. Lip, H. Wong, and P. J. O’Brien, “Protective
effects of ferulic acid and related polyphenols against glyoxal-
or methylglyoxal-induced cytotoxicity and oxidative stress in
isolated rat hepatocytes,” Chemico-Biological Interactions, vol.
234, pp. 96-104, 2015.

1



Hindawi Publishing Corporation
Oxidative Medicine and Cellular Longevity
Volume 2016, Article ID 5692852, 13 pages
http://dx.doi.org/10.1155/2016/5692852

Review Article

Reviews on Mechanisms of In Vitro Antioxidant

Activity of Polysaccharides

Jungiao Wang, Shuzhen Hu, Shaoping Nie, Qiang Yu, and Mingyong Xie

State Key Laboratory of Food Science and Technology, Nanchang University, 235 Nanjing East Road, Nanchang, Jiangxi 330047, China
Correspondence should be addressed to Shaoping Nie; nie68@sina.com

Received 9 May 2015; Revised 29 July 2015; Accepted 6 August 2015

Academic Editor: Zhenquan Jia

Copyright © 2016 Jungiao Wang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

It is widely acknowledged that the excessive reactive oxygen species (ROS) or reactive nitrogen species (RNS) induced oxidative
stress will cause significant damage to cell structure and biomolecular function, directly or indirectly leading to a number of
diseases. The overproduction of ROS/RNS will be balanced by nonenzymatic antioxidants and antioxidant enzymes. Polysaccharide
or glycoconjugates derived from natural products are of considerable interest from the viewpoint of potent in vivo and in vitro
antioxidant activities recently. Particularly, with regard to the in vitro antioxidant systems, polysaccharides are considered as
effective free radical scavenger, reducing agent, and ferrous chelator in most of the reports. However, the underlying mechanisms
of these antioxidant actions have not been illustrated systematically and sometimes controversial results appeared among
various literatures. To address this issue, we summarized the latest discoveries and advancements in the study of antioxidative

polysaccharides and gave a detailed description of the possible mechanisms.

1. Introduction

Polysaccharide is a high molecular weight polymer, con-
sisting of at least ten monosaccharides mutually joined by
glycosidic linkages. The glycosyl moiety of hemiacetal or
hemiketal, together with the hydroxyl group of another
sugar unit, formed the glycosidic linkages [1]. Unlike protein
and nucleic acid, the structure of polysaccharide is far
more complicated based on the differences in composition
of monosaccharide residues, glycosidic linkages, sequence
of sugar units, degrees of polymerization, and branching
point. Apart from those, other factors, such as differences of
cultivars, origins, and batches, or even extraction methods
and fraction procedures are evidenced to have significant
influence on the physicochemical and structural properties of
polysaccharides. Owing to the rapid development of modern
analytical techniques, the identification of polysaccharide
structures is becoming more and more feasible and conve-
nient.

In recent years, researches have confirmed that polysac-
charides from natural products possess wide-ranging ben-
eficial therapeutic effects and health-promoting properties.

Specifically, seaweed-derived polysaccharides, such as algi-
nate, fucoidan, carrageenan, laminaran, and agar [2], are
widely distributed in biomedical and biological applications
[3-8], for example, tissue engineering, drug delivery, wound
healing, and biosensor due to their biocompatibility and
availability. Fungal polysaccharides, derived from G. fron-
dosa, L. edodes, oyster mushroom, as well as Ganoderma,
Flammulina, Cordyceps, Coriolus, and Pleurotus, and so
forth, are demonstrated to have multiple bioactivities [9-
15], including immunomodulating, anticancer, antimicro-
bial, hypocholesterolemic, and hypoglycemic effects. Bacte-
rial polysaccharides, including extracellular polysaccharides,
loosely associated with bacterium, capsular polysaccharides,
tightly bound to bacteria surface, and lipopolysaccharides,
always anchored to cell surface by lipid, are nontoxic natural
biopolymers and provide extensive applications in areas such
as pharmacology, nutraceutical, functional food, cosmeceuti-
cal, herbicides, and insecticides [16-18]. Consequently, there
is growing interest in further pursuing the potential bioactiv-
ities of diverse polysaccharides. In particular, most of these
polysaccharides emerged as an important agent of antioxi-
dants, both in vitro and in vivo. Recently, the polysaccharide
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is reported as a kind of effective free radical scavenger and
antioxidants, playing a critical role in protecting against oxi-
dation damage in living organisms. On the other hand, many
diseases, such as asthma, chronic obstructive pulmonary
disease, inflammation, diabetes, myocardial infarction, and
cardiovascular diseases, are reported to associate with oxida-
tive stress [19-23]. This paper aims to review the recent
advancements in analyzing antioxidative polysaccharides and
summarize the possible mechanisms so as to better utilize the
biopolymer.

2. Types of In Vitro Antioxidant Assays

Many different in vitro models have been introduced to eval-
uate the antioxidant activities so as to assess an antioxidant
that would be useful for food and biological system [24, 25].
Generally, methods for determining antioxidant activities
could be classified into two major groups: hydrogen atom
transfer (HAT) based methods and single electron transfer
(SET) based methods according to their reaction mecha-
nisms [26, 27]. The HAT based methods usually measure
the ability of quench free radical by hydrogen donation,
that is, oxygen radical absorbance capacity (ORAC), total
radical-trapping antioxidant parameter (TRAP), inhibition
of induced low-density lipoprotein (LDL) oxidation, total
oxyradical scavenging capacity assay, and so forth. On the
other hand, SET based methods detect the ability of trans-
ferring one electron to reduce any compound, including
metals, carbonyls, and radicals, and result in a change
in color when this compound is reduced, such as Trolox
equivalence antioxidant capacity (TEAC) assay, ferric ion
reducing antioxidant power (FRAP) assay, and 2,2-diphenyl-
1-picrylhydrazyl radical (DPPH) scavenging. Other assays,
for example, superoxide radical scavenging, hydrogen perox-
ide scavenging, and singlet oxygen quenching, evaluate the
scavenging ability for oxidants.

3. Factors That Influence the Antioxidant
Activity of Polysaccharides

Recently, natural materials are proved to be a highly promis-
ing source of antioxidants, since a wide range of bioactive
constituents derived from them, such as flavonoids, polyphe-
nols, sterols, peptides [28], polysaccharides, and others [29-
33], have been reported to possess strong antioxidant abilities.
Screening bioactive compounds from natural materials based
on antioxidant potentials is widely adopted at present. Ray
et al. [34] employed DPPH-scavenging-guided fractionation
with silica gel column chromatography to separate potent
fractions from methanolic extract of Aloe vera L. gel. Hossain
et al. [35] obtained three fractions with high activities from
the marjoram based on the results of DPPH and ferric ion
reducing antioxidant power assays.

Previously, polysaccharides and polysaccharide-complex
extracted from many natural sources, including higher plants,
fungi, marine flora, and fauna, are of considerable inter-
est from the viewpoint of multipharmacological activities
and potential advancement towards food, nutraceuticals,
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and pharmaceutical industry [9, 36-39]. However, despite
the great antioxidant potentials of polysaccharides exerted,
their underlying mechanism is not systematically elucidated.
As a result, the following sections summarize the cur-
rent understanding of possible antioxidant mechanisms of
polysaccharides.

3.1. Polysaccharide Conjugates. Natural polysaccharides do
not always exist singly but conjugate with other components,
such as amino acid, protein, lipids, and nucleic acids residues,
and sometimes the polysaccharide conjugates act as a whole
in isolation [40]. For example, cereal polysaccharides were
reported to be associated with a certain amount of phenolic
compounds [41] and tea polysaccharides were mostly gly-
coconjugates in which a protein carries carbohydrate chain
covalently linked with a polypeptide backbone [42]. The
formation of polysaccharide-polyphenol conjugates would be
mediated by either H-bonding or hydrophobic interactions,
and for polysaccharide-protein conjugates it may be by the
existence of hydrophobic cavities and crevasses [43].

Several studies have postulated that the protein or peptide
moiety in polysaccharide is responsible for part of radical
scavenging effect. As mentioned in a report by Liu et al. [44],
the content of protein in polysaccharide extracts appeared
to contribute a direct scavenging effect on superoxide and
hydroxyl radicals. Lentinan and Schizophyllum with only
trace amount of protein exhibited negligible scavenging effect
towards superoxide radicals, whereas polysaccharide-protein
complexes extracted from mushrooms such as Ganoderma
and Grifola, with lower polysaccharide/protein ratios, were
more favorable for the scavenging function. Similarly, Huang
et al. [45] demonstrated that the protein-free fractions (P s
and P, 5) separated from fermentation medium of Cordyceps
sinensis did not show any antioxidant properties, while
the fraction (P;) with high amount of protein exhibited
remarkable activity. In their previous study, TEAC value
was discovered to correlate with the protein content of
exopolysaccharide fractions as well [46]. Liu et al. [47] also
supposed that the superoxide radical scavenging effect of
crude polysaccharide from Athyrium multidentatum (Doll.)
Ching (CPA) depended on the amount of peptides pre-
sented as a form of polysaccharide-peptide complex in
CPA. Moreover, the antioxidant activity of polysaccharide-
protein complexes from three mushrooms, G. frondosa,
Coriolus versicolor, and L. edodes, attained by ultrasound-
assisted extraction was generally higher than conventional
hot-water method, which probably attributed to the fact
that ultrasound treatment resulted in an increase of pro-
tein content in polysaccharides [48]. Zhang et al. [49]
isolated three extracts (EXT-A, EXT-B, and EXT-C) from
paddlefish cartilage by single alkali method, microwave-
assisted alkali without or with deproteinization, respectively.
Result showed that EXT-B, containing predominantly protein
(87.9%), exhibited noticeable antioxidant potentials with
TEAC value of 118.5 yumol Trolox/g sample and FRAP value
of 107.7 umol Fe**/g sample, while EXT-C with total sugar
content of 99.0% showed little activity, indicating that the
protein constituents in the extracts play a dominant role.
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The further amino acid composition analysis showed that
EXB-1 was abundant in tyrosine, glycine, and glutamic
acid, and this investigation was performed to clarify the
speculation, since the antioxidant action of protein or peptide
molecules has been proved to be related to their amino
acids, such as tyrosine, methionine, histidine, lysine, and
tryptophan, which were capable of donating protons to
electron-deficient radicals [50-52].

On the contrary, in some cases, lack of correlation
between the protein content and the FRAP value was also
noticed, possibly attributing to the functional groups of
protein (such as -SH) which are less sensitive to FRAP assay
[46].

Phenolic compounds, especially phenolic acids, play an
important role in the overall radical scavenging ability of
xylans and xylooligosaccharides from the wheat bran [53,
54]. Hromadkova et al. [55] pointed out that both pro-
tein and phenolic compounds contributed to the radical
scavenging effects of xylans, and the protein-free fraction
displayed the highest hydroxyl radical scavenging ability
indicating the distinct role of phenolic acids. A study [56]
revealed that the antioxidant activities of all polysaccharide
fractions from three mushrooms (L. edodes, G. frondosa,
and T. versicolor) were significantly correlated with the
total phenolic and protein content according to three in
vitro assessments, including TEAC, FRAP, and ferrous ion
chelating activity assay. However, no significant correlation
was observed between the total sugar content and any of
tested antioxidant assays. The results were similar to a study
carried out by Wang et al. [57] that the neutral content was
not apparently correlated with DPPH and FRAP antioxidant
actions of polysaccharides from oolong tea. Furthermore,
purified polysaccharide fractions, free of phenolics and pro-
teins, hardly showed significant antioxidant activities. Indeed,
polysaccharide-polyphenol residues have been demonstrated
to have noticeable antioxidant functions in many reports. Li
etal. [58] found no statistical difference in scavenging linoleic
acid radicals between the polysaccharides from Lycium bar-
barum fruits and the positive control (BHT). The coupled oxi-
dation of 3-carotene and linoleic acid developed free radicals,
which oxidize unsaturated f3-carotene molecules, leading to
the discoloration of the system. In this model, the pro-
posed mechanism in hindering [3-carotene oxidation could
be attributed to the polyphenolic-associated polysaccharide
neutralizing the free radicals. In DPPH radical scavenging
assay, the polysaccharide showed pronounced antioxidant
ability as well, possibly attributing to polyphenolic-associated
polysaccharide fraction formed between high molecular
weight phenolics and polysaccharides.

However, not all the conjugated moiety of polysaccha-
rides was responsible for antioxidant power. After removing
polyphenols, the tea polysaccharide conjugate from low grade
green tea was found to possess strong antioxidant properties
based on the results of free radical scavenging and lipid
peroxidation inhibitory effect [59]. Likewise, Wang et al. [60]
evidenced that the DPPH radical scavenging effect of another
tea polysaccharide fraction (TPS1) was beyond 90%, close
to that of ascorbic acid, although both of the protein and
polyphenol content were relatively low in TPSI, suggesting

other factors such as carboxyl group other than polyphenol
compounds that are of concern. In order to determine the
molecular interactions between tea polyphenols and oat f3-
glucan, Wu et al. [61] prepared complex and physical mixture
of oat S-glucan and tea polyphenols, further using four
in vitro antioxidant evaluations (DPPH radical, hydroxyl
radical, superoxide radical, and reducing power) to compare
the activity among tea polyphenols, 3-glucan, their complex,
and physical mixture. Results showed that the complex
had the strongest effect against superoxide radical, whereas
the mixture had the strongest hydroxyl radical scavenging
effect in the concentration of 0.5-2.5mg/mL. With regard
to reducing power assay, no synergistic effect was found
between tea polyphenols and f3-glucan, but it was observed
in DPPH scavenging assay when f-glucan was combined
with tea polyphenols at low concentration (<0.05 mg/mL).
However, when tea polyphenol was used at a high concen-
tration (0.09 mg/mL), it was changed to antagonistic effect
in scavenging DPPH radical. The inconsistent antioxidant
outcomes of tea polyphenols and oat 3-glucan complex might
be dependent on its structure and provided dose, as well as the
strong hydrogen bonds between them.

Ferulic acid, a kind of phenolic acid and a strong
antioxidant, was shuttled to wall matrices via attachment to
structural polysaccharides. Feruloylation, in certain cases,
occurs on the arabinose or galactose side chains of pectin
polysaccharides and influences their chemical properties.
The attachment of ferulic acid is covalently via an ester
linkage formed between carboxylic acid group and the pri-
mary hydroxyl at carbon-5 position of «-L-arabinofuranosyl
residues [62, 63]. Some researchers [64, 65] obtained feruloyl
oligosaccharide (FH) released from wheat bran insoluble
dietary fiber by xylanases and found that FH could inhibit
91.7% of erythrocyte hemolysis induced by peroxyl radicals
and retard the hemolytic initiation for more than 120 min
under in vitro condition at a concentration of 4 mg/mL.

Therefore, the content of total phenolic or protein com-
pounds conjugated in the polysaccharide extracts might
explain their high antioxidant potentials.

3.2. Polysaccharide Mixture. In many reports, crude polysac-
charide extracts exhibited notable antioxidant activity, but
after further fractionation, the final purified polysaccharide
showed moderate or low activity. It seemed that other
antioxidant substances contained in the crude polysaccharide
extract, such as pigments, flavones, peptide, protein, and
polyphenol, might contribute to the antioxidant activity [13,
66]. Wang et al. [67] investigated the role of tea polyphenol
(EGCQG) in crude polysaccharide extracts from tea leaves
(TPS) in the view of antioxidant ability. Results showed
that the crude TPS exhibited strong antioxidant functions,
whereas the further purified TPS fractions were hardly
effective. But in the presence of EGCG, the reducing power
and DPPH radical scavenging ability of TPS fractions were
obviously enhanced. Meanwhile, the same results were also
observed in dextran-EGCG system, indicating EGCG caused
a synergistic increase in the antioxidant activity and tea
polyphenol was the major antioxidant in the crude TPS.



Mu et al. [68] illustrated the existence of protein and pig-
ment would influence the scavenging effect of both water-
soluble and alkali-soluble crude polysaccharides from Inono-
tus obliquus. Wei et al. [69] purified an acidic polysaccharide
from Prunella vulgaris Linn., of which scavenging abili-
ties against DPPH and hydroxyl radical were significantly
lower than crude polysaccharide, possibly ascribed to other
antioxidants, such as flavones and pigments contained in the
crude polysaccharide extracts. Lin et al. [70] compared the
antioxidant properties of different polysaccharide fractions
isolated from Lycium barbarum Linnaeus, including crude
polysaccharide (CP), crude extract of polysaccharide (CE),
deproteinated polysaccharide (DP), and deproteinated and
dialyzed polysaccharide (DDP), as well as four purified frac-
tions (one neutral and three acidic polysaccharides, named
as LBPN, LBPal, LBPa2, and LBPa3, resp.). In their study,
it was suggested that the inhibition effect of superoxide and
hydroxyl radical by hydroxyl groups in polysaccharides was
minor due to lacking phenolic-type structure which was
essential for scavenging free radicals. Many other factors,
such as molecular weight, galacturonic acid, and other
chemical components in polysaccharide fractions, were also
supposed to play a role in their antioxidant activities. Crude
and purified polysaccharide, obtained from G. atrum, was
compared in terms of DPPH scavenging ability and self-
oxidation of 1,2,3-phentriol. Although the high concen-
tration of purified polysaccharide, PSG-1, showed notice-
able antioxidant ability, it was much lower than the crude
polysaccharide, probably attributing to other constituents
contained in crude polysaccharides extracts, such as pro-
teins, amino acids, peptides, cellulose, phytosterol, ascorbic
acid, thiamine, nucleotide, nicotinic acid, organic acids, and
microelements [71].

3.3. Polysaccharide Chelating Metal. It is worth noting that
one mechanism of antioxidant activity is to inhibit the
generation of free radicals by chelating ions such as ferrous
and copper instead of directly scavenging them. Transition
metal ions could catalyze the generation of extremely reactive
hydroxyl radicals from superoxide and hydrogen peroxide,
known as Fenton reaction (Fe’* + H,0, — Fe’*OH™ +
OH’), especially ferrous ion, which is the most effective
prooxidant in the food system [72]. Two polysaccharide
fractions (GAPS-1 and SAPS-1) from A. barbadensis Miller
were isolated and purified. The hydroxyl radical scavenging
activity of GAPS-1 was significantly higher than SAPS-1.
Meanwhile, GAPS-1 had a higher chelating ability against
ferrous ion, indicating that the chelating effect might impart
polysaccharides capable of antioxidant potentials [73]. A sim-
ilar correlation was also revealed by Li et al. [74] investigating
an extracellular polysaccharide from N. commune.
Generally, the structure of compounds containing more
than one of the following functional groups, that is, -OH,
-SH, -COOH, -PO;H,, -C=0, -NR,, -S-, and -O-, is in favor
of chelating ability [75]. Therefore, presence of uronic acid
and sulfate groups appeared to be essential in demonstrating
the chelating ability of polysaccharides. Chang et al. [76]
illustrated that the larger the content of galacturonic acid
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in polysaccharide, the higher the ability of chelating fer-
rous ion. Fan et al. [66] fractionated four polysaccharides
from the leaves of Ilex latifolia Thunb. by DEAE cellulose-
52 chromatography (ILPSI, ILPS2, ILPS3, and ILPS4) with
ILPS4 having the highest contents of sulfuric radical (3.7%)
and uronic acid (23.2%). Results showed that IC;, of ferrous
chelating activity for ILPS4 was 1965 + 8.1 yg/mL, while for
other fractions the abilities were 4.7%, 11.3%, and 46.7%,
respectively. This observation confirmed that the chelating
effect might partly be due to the presence of functional
groups such as carboxyl group and sulfuric radical in the
polysaccharide structure. However, the ferrous ion chelating
effect of a carboxymethylated polysaccharide (C-GLP) from
G. lucidum was weak as compared to EDTA [77]. The reason
was probably attributed to its structural features unsuitability
for chelating metal ion, as the chelating ability of ferrous
was dependent upon hydroxyl numbers and the hydroxyl
substitution in the ortho position [78].

3.4. Metal Ions-Enriched Polysaccharide. Selenium (Se) is an
essential trace element for nutrition of a capital importance
in the human biology. Se does not directly act as a ROS/RNS
scavenger but is a cofactor of selenoprotein, for example,
glutathione peroxidase, which exerts various antioxidant
activities in vivo. Confirmed by FT-IR and NMR spectra,
the selenylation modification by H,SeO;/HNO,; method
predominantly happened at the C-6 position of polysaccha-
rides and a distinct decrease of molecular weight was also
induced due to the acid environment of selenized reaction.
Additionally, it was proposed that the combination of Se in
polysaccharides was possibly in the form of selenyl group
(-SeH) or selenoacid ester [79]. Wei et al. [80] synthesized a
series of selenylated polysaccharide from Radix hedysari (Se-
RHP), the content of Se ranging from 1.04 to 3.29 mg/g and
the molecular weight decreasing from 62.7 kDa to 27.7 kDa,
which showed better scavenging activity and reducing power
in contrast to the native RHP.

Likewise, Se-containing derivatives from Artemisia
sphaerocephala [81] and Potentilla anserina L. [82] have been
acknowledged to improve the antioxidant activity compared
to the native polysaccharides. The proposed mechanism
might be involved in changes of conformation structure
of polysaccharides and emerged the increasing amount of
hydroxyl group, resulting in an influence on the antioxidant
activity.

Further analysis on polysaccharide obtained from Se-
enriched materials confirmed the important role of Se in
enhancing the antioxidant potentials of polysaccharides. As
evidenced by the results of Yu et al. [83], polysaccharide from
Se-enriched green tea presented significant higher antioxi-
dant capacity than that from regular green tea. In addition, all
polysaccharides isolated from Se-enriched G. lucidum were
more effective on attenuating the production of superoxide
radicals [84]. Mao et al. [85] revealed that although there
was no significant difference of polysaccharide content and
molecular weight of each Se-enriched G. frondosa polysac-
charide (Se-GP) fraction and the corresponding GP, except
for the Se content, Se-GPs were a more effective scavenger
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(against DPPH, ABTS, and hydroxyl radicals), especially
for hydroxyl radical, reaching 71.32% at a concentration
of 2mg/mL. On the other hand, selenium-polysaccharide
synthesized by adding selenium chloride oxide (SeCl,0)
also exhibited a higher total antioxidant capacity, superoxide
radical, and hydroxyl radical scavenging effect as reported by
Guo et al. [86].

In addition to Se, iron was also evidenced to correlate
with the antioxidant actions of polysaccharides. Abu et al.
[87] found that ascophyllan and fucoidan naturally contain
certain amount of iron and other metal elements. After
treatment with EDTA and subsequent dialysis, most of the
metal elements except Mg were removed from these two
polysaccharides, especially more than 90% of ferrous ions.
EDTA treatment leads to a significant increase of ferrous
chelating efficiency for both of the two polysaccharides with
different extents and the effect may possibly depend on the
inherently existent Fe levels in the polysaccharides.

3.5. Chemical Modification. Chemical modifications, such
as sulfation, carboxymethylation, phosphorylation, benzoy-
lation, acetylation, and NalO, oxidation, are evidenced to
influence the antioxidant activity of polysaccharides to some
extent. It is widely accepted that chemical modifications
could enhance the antioxidant activity of polysaccharides,
for example, sulfated polysaccharide from fresh persim-
mon (Diospyros kaki L.) fruit [88], Tremella fuciformis
[89], acetylated, phosphorylated, and benzoylated levan-type
exopolysaccharide from Paenibacillus polymyxa EJS-3 [90],
phosphorylated polysaccharide from Radix hedysari [91], and
acetylated and benzoylated derivatives from Ulva pertusa
[92], which exhibited obviously stronger scavenging activity
and/or reducing power than the unmodified polysaccha-
rides. One mechanism is that the introduction of these
substitution groups into polysaccharide molecules leads to
weaker dissociation energy of hydrogen bond. Therefore,
the hydrogen donating ability of polysaccharide derivatives
was increased. Another mechanism is speculated to activate
the abstraction of the anomeric carbon. On the other hand,
the chemical modification is sometimes accompanied with a
decrease of molecular weight, hence improving the antiox-
idant potentials of polysaccharides. Among the derivatives,
the sulfate polysaccharide is commonly reported as a stronger
antioxidant, which is partly due to its ordered, extended
structure. The sulfated polysaccharide usually traps free
radicals in an electrostatic manner since the sulfate groups
usually generate a highly acidic environment and the sulfur
substitution may also weaken hydrogen bond interactions
between polysaccharides.

An algal sulfated polysaccharide, fucoidan, extracted
from Laminaria japonica has been fully studied on vari-
ous molecular modification derivatives. Six low molecular
fucoidan derivatives (sulfated DFPS, acetylated ADF, ben-
zoylated PHDE, phosphorylated PDF1 and PDF2, and ami-
nated NDF) were all exhibiting potent antioxidant potentials.
PHDF had the strongest radical scavenging abilities and
DFPS had the highest reducing power [93]. Feng et al.
[94] found unsulfated lentinan nearly detected antioxidant

capacity, but when it was sulfated by either conventional
heating or novel microwave radiation, the antioxidant effect
was considerably enhanced, indicating the positive corre-
lation between antioxidant effects and introduction of the
sulfate group. Chen et al. [95] prepared four phosphorylated
polysaccharides (POP1-p) from Portulaca oleracea L. and
compared the antioxidant activity with the native POPI.
They found that POP1-p had stronger scavenging effect on
hydroxide radical, superoxide radical, and DPPH radical, as
well as a higher ferrous ions chelating ability and reducing
power.

Types of substitution groups and degrees of substitution
(DS) appeared to have an effect on the physicochemical
properties and conformation of native polysaccharides, such
as molecular weight, polarity, solubility, and charge density.
DS may also affect the activity through interruption of inter-
and intramolecular hydrogen bonds. Chen et al. [96] found
that not only did the total sugar content of acetylated and car-
boxymethylated derivatives decrease significantly, but also its
molecular weight was reduced in contrast to native G. atrum
polysaccharide. Liu et al. [97] proved that sulfation effectively
improved the water solubility and bile acid-binding capacities
of a water-insoluble polysaccharide from G. lucidum (GLP).
Furthermore, '>C NMR results showed that C-2, C-4,and C-6
position might be partially substituted, and C-4 was the most
reactive. It was probably due to its special structure features
and the influence of steric hindrance.

A linear relationship between the degree of substitution
and antioxidant potentials was not always observed, suggest-
ing high DS was not necessary for antioxidant behavior. Xie
et al. [98] revealed that antioxidant activity of sulfated CP
with a highest DS of 0.55 was not as effective as derivatives
with middle DS (0.42 and 0.06). However, the influence of
DS was still disputable, as a high DS could enhance the
antioxidant activity evidenced in many reports. Yan et al.
[99] pointed out that the sulfation of exopolysaccharide,
produced by Cordyceps sinensis fungus (Cs-HKI), occurred
most frequently at hydroxyl groups of C-6 and caused a
conformation change from random coils or aggregates to
single helices in aqueous solution. The antioxidant activity of
the sulfated derivatives for hydroxyl radical and ABT'S radical
scavenging effect was significantly enhanced with increasing
DS and reducing molecular weight. Wang et al. [100] showed
that C-6 substitution was predominately in phosphorylated
derivatives of galactomannan (PGG) from guar gum accord-
ing to ">C NMR analysis and PGG with high DS achieved a
higher radical scavenging effect and stronger chelating ability
than PGG with lower DS. Jung et al. found that DPPH radical
scavenging ability of polysaccharide from Pleurotus eryngii
was improved with increasing degree of sulfation [101]. This
finding was also consistent with the report that high degree
of sulfated substitution (0.90) was more effective than that
of low DS (0.43) in scavenging DPPH [102]. Another study
also revealed a positive relationship between the degrees of
acetylated substitution and scavenging effects against DPPH
and superoxide radical, as well as reducing power [103].

It is worth pointing out that the reducing power of
polysaccharide was nearly lost after phosphorylated mod-
ification in some studies [104, 105]. This may be because



the negative charged phosphorylate groups were effective at
some specific sites of residues in certain polysaccharides, but
they were weakened at others.

3.6. Structural Features of Polysaccharide. Itis widely believed
that the bioactivity of polysaccharides is affected by their
structure characteristics, such as chemical composition,
molecular mass, types of glycosidic linkage, and conforma-
tion. Differences in origin materials, extraction procedures,
and even drying technologies that influence the physiochem-
ical properties, structure, or conformation of polysaccharides
will lead to differences in antioxidant activity, speculating
their possible relationships [106-109]. Specifically, a cor-
relation between molecular weight and radical scavenging
activity was well documented [48, 57] and a similar obser-
vation in uronic acid content was reported as well in several
reports [110, 111]. Additionally, it is suggested that the overall
radical scavenging ability was associated with the number of
hydroxyl or amino groups in polysaccharide molecules such
as chitosan [112].

Molecular weight was one of the most important struc-
tural features of polysaccharide. A number of reports sug-
gested that the antioxidant potency is mainly associated with
molecular weight of polysaccharides. It was supposed that
polysaccharides with low molecular weights would have more
reductive hydroxyl group terminals (on per unit mass basis)
to accept and eliminate the free radicals. Liu et al. [113]
obtained two low molecular weight polysaccharides (GLP; 1
and GLP; 2) from G. lucidum and investigated the antioxidant
activity of these two polysaccharides. Results showed that
both GLP; 1 and GLP;2 are effective radical scavenger and
ferrous chelator. Xing et al. [114] reported that scavenging
effect against superoxide radical of low molecular weight
chitosan (9kDa) was more potent than that of the high
molecular one (760 kDa). The possible mechanism may be
related to the structure characteristics of chitosan, which
contained two hydrogen groups and one amino group in
each monomer unit. High molecular weight chitosan has a
more compact structure, resulting in stronger intramolecular
hydrogen bond and thus making the hydrogen and amino
groups restricted. By a stepwise fractionated precipitation
with ethanol at a final concentration of 40%, 60%, and 80%,
Zha et al. [115] obtained three polysaccharides from rice
bran with a molecular weight ranging from 1.2 x 10° to 6.3
x 10°Da (PW1), 3.5 x 10* to 74 x 10* Da (PW2), and 5.3
x 10° to 2.3 x 10* Da (PW3), respectively. Results showed
that PW3 exhibited the best potentials of reducing power,
chelating metal ion, and scavenging abilities against DPPH
and ABTS radical among three fractions, revealing that a
relative low molecular weight fraction had high antioxidant
abilities. Likewise, similar findings were also reported on
other plant derived polysaccharides or extracellular polysac-
charides [116-119].

Many techniques and methods (physically, chemically,
or enzymatically) were used for degrading polysaccharides,
resulting in a reduction of molecular weight, proved to
influence the antioxidant activities as well. Feng et al. [120]
revealed that a y-ray treated chitosan had more pronounced

Oxidative Medicine and Cellular Longevity

antioxidant properties without changes in its backbone
structure except for a decrease of molecular weight. Two well-
known seaweeds polysaccharides, fucoidan and laminarin,
were shown to increase the DPPH radical scavenging activity
and reducing power after y-ray irradiation, which result in
the decrease of molecular weight and increase of carboxyl and
carbonyl groups and double bonds [121].

Ultrasonic treatment, another method for degradation
of polysaccharide, was also shown to enhance hydroxyl and
superoxide anion radical scavenging capacity, chelating iron
ion ability, and reducing power, possibly attributing to the
decreased molecular weight and increased sulfate groups
[122]. Zhang et al. [123] chemically degraded a polysaccharide
from Enteromorpha linza using combination of ascorbic acid
and H,O, in order to obtain a lower molecular weight
fraction, possessing higher hydroxyl scavenging effect and
reducing power. Sun et al. [124] investigated the microwave-
degraded polysaccharides from Porphyridium cruentum and
found that high molecular weight polysaccharides had no
obvious antioxidant activity, whereas the low molecular
weight fragments showed strong scavenging effect on free
radicals. And this microwave treatment did not apparently
change the chemical components of the polysaccharide con-
firmed by physicochemical analysis.

However, inconsistent findings were also described.
Cheng et al. [125] investigated the antioxidant potentials
of polysaccharides from Epimedium acuminatum. Fractions
with higher molecular weight displayed better antioxidant
actions with regard to hydroxyl radical, H,O,-induced
hemolysis inhibition, and lipid peroxidation. Additionally,
Kardo$ova and Machova [126] revealed the effect of molec-
ular weight was not significant based on similar antioxidant
levels of polysaccharides and oligosaccharides.

Generally, the acidic polysaccharides, which contained
a certain amount of uronic acid, were potent antioxidants
[127, 128]. Therefore, uronic acid is considered to be another
important indicator reflecting the antioxidant activity of the
polysaccharides. It is supposed that the presence of elec-
trophilic groups like keto or aldehyde in acidic polysaccharide
facilitates the liberation of hydrogen from O-H bond. Evalu-
ation of f-carotene linoleate emulsion ability, DPPH radical
scavenging effect, and FRAP on glucuronic acid, galacturonic
acid, and polygalacturonic acid was carried out in order to
conclusively confirm the role of uronic acid in antioxidant
potency [129]. Results showed that all the three kinds of
uronic acid exhibited strong antioxidant effect in the order of
polygalacturonic acid > glucuronic acid > galacturonic acid,
indicating degree/nature of polymerization may impart the
activity. But other compounds that also contained carboxylic
group, such as formic, acetic, propionic, butyric, succinic,
and citric acids, showed very low effect. The carbonyl group
in the above acid was in an open chain, while in phenolic
acid or uronic acid it was attached to a ring molecule. Li et
al. [130] reported that two polysaccharide fractions (ZSP3c
and ZSP4b) attained from Zizyphus Jujuba cv. Jinsixiaozao
with the higher uronic acid content (25.5% and 29.0%,
resp.) showed stronger free radical scavenging activities than
ZSPIb containing no uronic acid. Different drying methods,
such as hot air drying, vacuum drying, and freeze drying,
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will influence the antioxidant activity of polysaccharides.
Among them, freeze drying was an appropriated and effective
method to yield polysaccharides with higher free radical
scavenging ability, reducing power and Fe**-chelating ability,
and the different contents of uronic acid might partly be
involved in [131, 132]. Therefore, the antioxidant properties of
polysaccharides might due to, in part, the presence of uronic
acid.

Among various antioxidative molecules, sulfated polysac-
charides effectively scavenge free radicals, bind metal ion
catalysts to inhibit the continuous production of radicals, and
protect against lipid peroxidation. Polysaccharide obtained
from marine algae is a kind of native sulfated polysaccharide
displaying considerable antioxidant activities. Yang et al. [133]
compared the antioxidant activity of sulfated polysaccha-
ride from Corallina officinalis and its desulfated derivatives.
Results showed that the native sulfated polysaccharides
possessed more excellent radical scavenging activity and
reducing power than the desulfated fractions. The reduced
antioxidant capacity after desulfated treatment was also
evidenced on sulfated polysaccharides from Undaria pinnat-
ifida [134]. Apart from molecular modification treatment,
the native sulfated polysaccharide obtained from Laminaria
japonica was demonstrated to be an effective antioxidant,
partly related to the sulfate groups in the polysaccharide
although other factors, that is, molar ratio of sulfate/(fucose
or total sugar), molecular weight, could not be ignored as
well [135]. Analysis of four sulfated polysaccharide fractions
with different molecular weights prepared from Ulva pertusa
Kjellm. demonstrated that lower molecular weight polysac-
charide fractions, presented higher number of reducing and
nonreducing ends, showed the stronger reducing power
[136]. Pectic acids, known as polygalacturonic acids, showed
extremely the highest reducing power among the tested
polysaccharides, including chitosans and alginates with low
and high molecular weights. Consequently, certain structural
characteristics specific to the polysaccharides other than
molecular weight might be responsible for the reducing
power. Chitosan is a deacetylation product of chitin, which
was naturally existent in the shells of crabs, shrimp, and krill.
Both hydroxyl group and amino groups in chitosan backbone
affect its antioxidant ability [137].

Except for the polysaccharide with anionic or cationic
functional groups, such as chitosan, sulfated or phosphory-
lated glucans, most carbohydrates are not a class of potent
antioxidant, significantly weaker than the synthetic antioxi-
dants such as BHT, Trolox, and pyrrolidine dithiocarbamate.
Chen et al. [138] have demonstrated that only polysaccharide
in a polyelectrolyte form exhibited powerful antioxidant
activities, that is, agar with sulfate group and chitosan with
amino group, but not starch which only had hydroxyl group.
Rao and Muralikrishna [129] revealed that neither glucose
nor soluble starch, laminarin, showed any antioxidant activity
according to the results of emulsion assay, even at very high
concentration of 2mg/mL. f-glucans from yeast cell walls
appeared to exhibit a low antioxidant activity compared to
other cell wall fractions, that is, protein [139, 140]. Another
report [141] revealed that all yeast mannans (derived from
S. cerevisiae, C. dubliniensis, C. tropicalis, C. albicans ser A,

and C. albicans ser B) and commercial $-glucans (laminarin,
lichenan, and curdlan) were weak DPPH and hydroxyl radi-
cal scavenger and poor Fe**-chelator with the most effective
one chelated only about 13.1% of Fe**.

One proposed model for free radical scavenging effect
was to subtract the anomeric hydrogen from carbohydrates
by free radicals and combine it to form a neutral molecular
[142], and then the generated alkoxyl radical promoted the
intramolecular hydrogen abstraction reaction which triggers
spirocyclization reaction to terminate the reaction of radical
chain [143-145]. Further verification experiments to confirm
the model, however, are not conducted.

On the other hand, the definite role of monosaccharide or
glycosidic linkages in antioxidant activity of polysaccharide
remained confused. Lo et al. [146] investigated the rela-
tionship between antioxidant properties of polysaccharides
and monosaccharide or glycosyl linkages using four conven-
tional antioxidant models (conjugated diene, reducing power,
DPPH scavenging, and ferrous ions chelating) on multiple
linear regression analysis (MLRA). Results revealed that
compositions and ratios of monosaccharide as well as types
of glycosyl linkages would be of concern in modulating the
antioxidant properties. Specifically, rhamnose and mannose
showed positive coefficients in all the four MLRA models.
Meanwhile, glycosyl linkages, specifically arabinose 1 — 4 and
mannose 1 — 2 of the side chain, were significantly related to
the reducing power, whereas glucose 1 — 6 and arabinose 1 —
4 were closely in relation to DPPH radical scavenging effect.
Tsiapali et al. [147] pointed out that a portion of antioxidant
ability of the carbohydrate appeared to correlate with the
monosaccharide composition rather than types of intrachain
linkages, molecular weight, or degree of branching, since
either dextrose or mannose showed weaker free radical
scavenging ability than the polymer. It was interesting to find
that the polymer had better radical scavenging effect than
either of the monosaccharides, suggesting that the polymeric
structure conferred additional activity of the carbohydrates.
Meng et al. [148] adopted Pearson correlation analysis test
and linear regression analysis to explore the relationship
between the monosaccharide composition of polysaccharides
and the antioxidant activity. Results showed that the antiox-
idant activity was significantly correlated with the content
of mannose (P < 0.01) and glucose (P < 0.05), whereas
galactose was not correlated (P > 0.05). Furthermore,
both the contents of monosaccharide were observed to have
high correlation coeflicients concerning radical scavenging
activity with mannose the positive (r = 0.942) and glucose
the negative (r = —0.905).

4. Conclusion and Perspective

According to the extensive in vitro antioxidant studies, the
polysaccharide is indeed an effective antioxidant. The under-
lying mechanism is, however, uncertain as the relationships
between antioxidant activity and physicochemical properties
or structural features are not comprehensively elucidated and
confirmed. Besides, it is worth noting that conflicting results
are observed in comparison with a number of literatures,



since different sources, extraction methods, and even drying
procedures can influence the evaluated polysaccharides. On
the other hand, limited information is available on antiox-
idant activity of high-purity polysaccharides, and therefore
other antioxidant substances, for instance, protein, peptide,
and polyphenol, that may always be retained in polysac-
charides in a form of either conjugation or mixture should
be taken into account. Overall, the antioxidant potentials of
polysaccharides are not determined by a single factor but a
combination of several related factors.

In the future, more studies should be concentrated on
the exact mechanism of in vitro antioxidant activities of
polysaccharides themselves and design some experiments if
pure carbohydrates possess in vitro antioxidative capacity.
Based on the various antioxidant mechanisms, different
antioxidative evaluations, such as DPPH radical scaveng-
ing, hydroxyl radical scavenging, ABTS radical scavenging,
reducing power, and chelating ability, should be adopted
to assess the respective influences of carbohydrates, espe-
cially their structural features. With regard to the intensive
researches on natural antioxidants, the properties of polysac-
charides from natural products useful for the antioxidant
activity and healthy benefits should be clearly elucidated, and
more specific research, therefore, on this topic is imperative.
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Cardiovascular disease (CVD) causes an unparalleled proportion of the global burden of disease and will remain the main cause of
mortality for the near future. Oxidative stress plays a major role in the pathophysiology of cardiac disorders. Several studies have
highlighted the cardinal role played by the overproduction of reactive oxygen or nitrogen species in the pathogenesis of ischemic
myocardial damage and consequent cardiac dysfunction. Isothiocyanates (ITC) are sulfur-containing compounds that are broadly
distributed among cruciferous vegetables. Sulforaphane (SFN) is an ITC shown to possess anticancer activities by both in vivo and
epidemiological studies. Recent data have indicated that the beneficial effects of SEN in CVD are due to its antioxidant and anti-
inflammatory properties. SEN activates NF-E2-related factor 2 (Nrf2), a basic leucine zipper transcription factor that serves as a
defense mechanism against oxidative stress and electrophilic toxicants by inducing more than a hundred cytoprotective proteins,
including antioxidants and phase II detoxifying enzymes. This review will summarize the evidence from clinical studies and animal
experiments relating to the potential mechanisms by which SFN modulates Nrf2 activation and protects against CVD.

1. Introduction

Cardiovascular disease (CVD) is a class of diseases that
involve the heart or blood vessels, such as ischemic heart
disease, hypertensive heart disease, and peripheral artery dis-
ease. Generally, CVD is related to hypertension, atheroscle-
rosis, obesity, or diabetes [1]. CVD underlies an unparalleled
proportion of the global disease burden and it will remain
the main cause of mortality for the near future [2]. Although
our understanding of the pathobiology and treatment of
atherosclerosis and CVD has advanced considerably over the
past 100 years and therapies continue to evolve, the global
problem we face in alleviating the enormous burden of CVD
is complex and multidimensional [3]. CVD is now increas-
ingly prevalent in developing countries, as the increased
affluence of industrialized societies leads to abundant calorie-
dense food, access to labor-saving devices that reduce phys-
ical activity, and ready availability of tobacco products.
Traditional cultures based on consumption of grains, fruits,

and vegetables along with heavy physical activity and a
less stressful life are being replaced by more intense urban
cultures [4]. CVD is also the biggest killer in the western
world, despite significant advances in the understanding of
the relevant molecular mechanisms [5]. It is in the public
interest to identify effective approaches to reducing the
impact of CVD in both developed and developing regions [6].
Oxidative stress plays a major role in the pathophysiology of
cardiac disorders [7]. High levels of oxidative stress result-
ing from increased cardiac generation of reactive oxygen
species (ROS) are thought to contribute to contractile and
endothelial dysfunction, myocyte apoptosis and necrosis, and
extracellular matrix remodeling in the heart [8]. There are
two types of small molecular antioxidant involved in cellular
protection against oxidative and electrophile toxicities; direct
antioxidants are redox-active and short-lived, necessitating
replenishment or regeneration, and may also evoke prooxi-
dant effects, while indirect antioxidants may or may not be
redox-active, are not consumed, have long half-lives, and are
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FIGURE 1: Glucoraphanin is the major glucosinolate in broccoli.
Under neutral conditions, Grn is hydrolyzed by myrosinase to yield
glucose, sulfate, and sulforaphane (SEN).

unlikely to evoke prooxidant effects [9]. Therefore, current
research focuses on the characterization and validation of
health-promoting functional foods that specifically target
endogenous antioxidant defenses. Epidemiological studies
have indicated that cruciferous vegetable intake correlated
with a decreased risk for CVD. Because broccoli is a crucif-
erous vegetable and contains isothiocyanates (ITC), which
can produce the redox-regulated cardioprotective protein,
thioredoxin (Trx), it was reasoned that consumption of
broccoli could be beneficial to the heart [10]. Sulforaphane
(SEN) is by far the most widely studied and best characterized
ITC [11].

2. Structural Features and
Biological Activity of SFN

SEN [l-isothiocyanate-(4R)-(methylsulfinyl) butane] [12] is
the hydrolysis product of glucoraphanin (Grn), the main
glucosinolate (GLS) in broccoli [13, 14]. GLS (-thioglucose
N-hydroxysulfates) are relatively stable biosynthetic precur-
sors along with SFN [15]. GLS exist in association with
but structurally segregated from the myrosinase enzyme (f3-
thioglucoside glucohydrolase); this is released upon plant cell
injury (e.g., by chewing) and cleaves GLS to produce SEN,
sulfate, and glucose [16, 17] (Figure 1). Ahn et al. [18] showed
that 24 synthetic sulfoxythiocarbamate analogs that retained
the important structural features of SFN analogs, demon-
strating efficacy for phase II enzyme induction in a range of
cell lines. In order to eliminate chemicals, drug-metabolizing
enzymes initially metabolize the compounds (phase I reac-
tion) and then detoxify electrophiles and oxidants (phase
IT reaction). A group of heterogeneous enzymes carry out
the phase II reactions including glutathione-S-transferase
(GST), epoxide hydrolase, UDP-glucuronosyltransferase and
sulfotransferase, and NAD(P)H: quinone oxidoreductase 1
(NQOI1). The antioxidant systems of phase II reactions can
detoxify ROS directly [19, 20]. GST catalyzes the conjugation
of glutathione (GSH) with electrophilic compounds making
them more water soluble and facilitating their removal from
the body. It is well known that ITC-GSH conjugates are
exported out to extracellular. This continous conjugation
and efflux of the conjugate can cause intracellular GSH
level to drop. ITC can also induce GST scavenge ROS [21].
Shibata et al. examined the effect of sulthydryl molecules on
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cellular responses induced by 6-methylsulfinylhexyl isoth-
iocyanate (6-HITC), an analog of SFN isolated from broc-
coli. Significant induction of heme oxygenase-1 (HO-1) was
observed when cells were treated with 6-HITC, even in the
presence of GSH [22]. It was also demonstrated that the
main mechanism of action of SEN involves regulation of the
nuclear factor erythroid-derived 2- (NF-E2) related factor 2-
(Nrf2-) antioxidant response element (ARE) pathway; this
in turn upregulates the expression of a range of antioxidant
enzymes including HO-1, NQOI, GST, y-glutamyl cysteine
ligase (GCL), and glutathione reductase (GR) [23]. Therefore,
SEN has been considered to act as an indirect antioxidant
and a highly potent inducer of phase II cytoprotective
enzymes. The resultant detoxification of electrophiles and
oxidants can protect against carcinogens, oxidative stress, and
inflammation.

3. Nrf2 Signaling Pathway and
Antioxidant Mechanism

3.1. Nrf2-Kelch-Like Chicken Erythroid-Derived Cap “n” Collar
Homology (ECH) Factor-Associated Protein 1- (Keapl) ARE
Signaling Pathway. Nrf2, which belongs to the cap “n” collar
family of basic region-leucine zipper (bZIP) transcription
factors, plays a central role in the regulation of basal and
inducible expression of genes encoding phase II cytoprotec-
tive enzymes. Nrf2 has six highly conserved protein regions
called Nrf2-ECH domains, Nehl to Neh6. At its C terminus,
Nrf2 has a bZIP structure enabling dimerization with small
musculoaponeurotic fibrosarcoma virus (Maf) proteins and
for binding to the ARE. At its N terminus, Nrf2 has a Neh2
domain (amino acid residues 1-95) that is highly conserved
between species [24]. Neh3-5 contains residues important
for Nrf2 transcriptional activity. Neh6 functions as a degron
and mediates nuclear Nrf2 degradation [25]. In the absence
of oxidative stress, Nrf2 pathway activity is suppressed by
the sequestration and degradation of Nrf2 in the cytoplasm.
However, in the presence of oxidative stress, Nrf2 translocates
to the nucleus.

Keapl is a cysteine-rich negative regulator of Nrf2. McMa-
hon etal. reported that Keapl controlled the total cellular level
of Nrf2 protein in the RL34 nontransformed rat liver cell line.
In the absence of oxidative stress, Nrf2 interacts with Keapl
and induces more rapid proteasomal degradation than that
observed in the presence of oxidative stress. Keapl negatively
regulates Nrf2 function by controlling its subcellular location.
Specifically, Keapl sequesters the bZIP protein of Nrf2 in the
cytoplasm, leading to low expression of ARE-driven genes.
During oxidative stress, a signal that involves phosphoryla-
tion and/or redox modification is transduced to the Keapl-
Nrf2 complex leading to its disruption, facilitating nuclear
translocation of Nrf2 [26].

The Keapl protein consists of distinct structural domains
including the N terminal Broad complex, Tramtrack, and
bric-a-brac (BTB) domains, the central intervening region
(IVR), the double glycine repeat (DGR) domain where Nrf2
binding occurs, and the C terminal region [27]. Three impor-
tant cysteine residues have been identified within Keapl: C151,
within the BTB domain, and C273 and C288, within the
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IVR. C273 and C288 coordinate a zinc ion and are crucial
for maintaining the structural integrity required for Keapl to
associate with Nrf2. It is believed that oxidative modification
of these two cysteine residues releases the zinc ion and,
consequently, Nrf2 ubiquitination is abolished [28].

Keapl-Nrf2 interactions are mediated via the high affinity
ETGE motif “hinge” site within the Nrf2 Neh2 domain and
the lower affinity DLG motif “latch” site. Under normal
cellular conditions, Nrf2 first interacts with the Keapl dimer
through the ETGE hinge and subsequently with the cullin-
3- (Cul3) ring box 1 (Rbx1) complex via the DLG latch motif,
which leads to the ubiquitination and degradation of Nrf2.
During cellular stress or pharmacologic induction, the hinge
and the latch of Nrf2 may be disrupted by changes to Keapl
homodimer formation [49] (Figure 2). The available evidence
indicates that Nrf2 activators (such as SEN) may block Nrf2
ubiquitination by altering Keapl conformation by interacting
with the thiol groups of specific cysteine residues within
Keapl [49].

The ARE is a cis-acting enhancer sequence, also referred
to as the electrophile response element (EpRE), with a core
nucleotide sequence of 5'-RTGACNNNGC-3'; this element
regulates the basal and inducible expression of more than 200
genes [50]. Transcriptional activation of ARE-mediated genes
requires Nrf2 heterodimerization with other bZIP proteins,
including Jun (c-Jun, Jun-D, and Jun-B) and small Maf
(MafG, MafK, and MafF) proteins. In addition, the Nrf2
gene contains two ARE-like promoter sequences, indicating
that Nrf2 autoregulation could sustain ARE-mediated gene
expression [51]. Furthermore, ARE inducers can inactivate
Keapl by inducing a conformational rearrangement of this
protein; this facilitates Nrf2 nuclear translocation and further
activation of ARE-mediated transcription of protective genes,
in association with bZIP proteins.

3.2. Nrf2 Antioxidant Mechanism. Nrf2 plays pivotal roles
in coordinating the antioxidant response and maintaining
redox homeostasis. Nrf2 expression is normally suppressed
but is strikingly induced under conditions of oxidative stress.
Li et al. provided a mechanistic explanation for the transla-
tional control of Nrf2 by oxidative stress [52]. An internal-
ribosomal-entry site (IRES) was identified within the 5'-
untranslated region of human Nrf2 mRNA. The Nrf2-IRES
contains a highly conserved 18S rRNA binding site that is
required for internal initiation. This Nrf2-IRES also contains
a hairpin structured inhibitory element located upstream of
the rRNA binding site. Deletion of this inhibitory element
remarkably enhanced translation. Significantly, treatment of
cells with hydrogen peroxide and SEN further stimulated
IRES-mediated Nrf2 translation [52]. Thimmulappa et al. also
elucidated another mechanism underlying the translational
control of Nrf2 by comparing the transcriptional profiles
of small intestines from wild-type (Nrf2"/*) and knock-out
(Nrf2™/") mice treated orally with vehicle or SEN (9 uM/day)
for 1 week. This study identified numerous genes regulated
by Nrf2, including previously reported Nrf2-regulated genes
(NQO1, GST, UDP-glucuronosyltransferases, and epoxide
hydrolase) and a number of genes that were not previously

known to be regulated by Nrf2 [53]. Furthermore, Nioi et
al. characterized the NQO1 5'-upstream region in murine
Nrf2*/* and Nrf2™/~ embryonic fibroblasts and showed that
Nrf2 was essential for both the constitutive expression of
NQOI1 and its induction by SEN. Electrophoretic mobility-
shift and chromatin immunoprecipitation assays revealed
that low levels of Nrf2 were constitutively associated with the
NQOI1 ARE; following exposure to SEN, substantially greater
quantities of Nrf2 were recruited to the ARE as a heterodimer
with the small Maf protein [54]. These findings demonstrated
the key role played by Nrf2 in mediating detoxification and/or
antioxidant effects, thereby protecting cells from genotoxic
damage.

3.3. Nrf2 Nuclear Localization. Nrf2 is the key transcription
factor regulating the antioxidant response and its site of
action is within the nucleus. Li et al. identified a nuclear
localization signal (NLS) within the basic region of Nrf2 and
a nuclear exporting signal (NES) within the bZIP domain
[55]. They also characterized a new functional NES within the
transactivation (TA) domain of Nrf2. A variety of oxidants,
including SEN, effectively induced nuclear translocation of
a green fluorescent protein-tagged Nrf2 segment. The dis-
covery of multiple NLS/NES motifs in Nrf2 and the redox
sensitivity of NESTA imply that Nrf2 may transduce oxidative
signals into the nucleus, consequently initiating antioxidant
gene transcription [55]. Nrf2 is known to promote the
transcription of many cytoprotective genes and is a major
drug target for the prevention of cancers and other diseases.
Li et al. demonstrated that while the activation of Nrf2 by
prototypical chemical activators, including SFN, was medi-
ated solely by inhibition of its ubiquitination, such inhibition
occurred predominantly in the nucleus [56]. Pickering et al.
further proved that increasing the cellular capacity to degrade
oxidized proteins required increased cellular levels of Nrf2,
translocation of Nrf2 from the cytoplasm to the nucleus, and
maximal increases in proteolytic capacity [57].

We have previously employed immunofluorescent stain-
ing to identify SFN-stimulated nuclear translocation of
Nrf2 in diabetic cardiomyopathy (DCM), resulting in the
upregulation of the expression of Nrf2 and its downstream
genes [47]. Exogenous chemical activators of Nrf2 have
often been suggested to inhibit Nrf2 ubiquitination and
degradation, thereby increasing its nuclear translocation
[56]. These findings provided significant new insights into
Nrf2 activation. On the other hand, the oxidative stress or
antioxidants can also induce the expression of intracellular
kinases, such as mitogen-activated protein kinase (MAPK),
phosphatidylinositol 3-kinase (PI3K), and protein kinase
C (PKC); as a result, these kinases phosphorylate Nrf2 to
produce p-Nrf2, affecting nuclear-cytoplasmic trafficking of
Nrf2 or modulating Nrf2 protein stability [58]. Therefore, the
ability to adapt to acute oxidative stress by interrupting the
cytoplasmic degradation of Nrf2 and promoting its nuclear
translocation is an important component of cellular defense
mechanisms.
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FIGURE 2: The Kelch-like chicken erythroid-derived cap “n” collar homology factor-associated protein 1- (Keapl-) NF-E2-related factor 2-
(Nrf2) antioxidant response element (ARE) signaling pathway. (a) Keapl-Nrf2 interactions are mediated via the high affinity ETGE motif
“hinge” site and the lower affinity DLG motif “latch” site within the Nrf2 Neh2 domain. Under normal cellular conditions, Nrf2 first interacts
with the Keapl dimer through the ETGE hinge and subsequently with the cullin-3- (Cul3-) ring box 1 (Rbx1) complex via the DLG latch motif,
which leads to the ubiquitination and degradation of Nrf2. During cellular stress, the hinge and the latch of Nrf2 may be disrupted by changes
to Keapl homodimer formation and translocation to nucleus. (b) The structure of Nrf2, including Nehl-6 domains. (c) Keapl is composed of
distinct structural domains, including the N terminal region (NTR), Broad complex, Tramtrack, and bric-a-brac (BTB) domain, intervening
region (IVR), double glycine repeat (DGR; Nrf2 binding region), and C terminal region (CTR).

In summary, the Nrf2 Neh2 domain binds with the region
between the BTB and DGR Kelch repeat domains of actin-
bound Keapl. Exposure of cells to ARE inducers results in the
dissociation of Nrf2 from Keapl and facilitates translocation
of Nrf2 to the nucleus, where it heterodimerizes with a small

Maf protein and binds to ARE, resulting in the transcriptional
activation of target genes [59]. Therefore, the Keapl-Nrf2-
ARE pathway represents one of the most important cellular
defense mechanisms against oxidative stress and xenobiotic
damage. Transcriptional activation of ARE-regulated phase II
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FIGURE 3: Sulforaphane (SFN) activation of Nrf2 signaling. SFN activates three mitogen-activated protein kinases (MAPKs): extracellular
signal-regulated protein kinase (ERK), c-Jun N-terminal kinase (JNK), and p38; these may stimulate Nrf2 activation. SEN may also activate
protein kinase C (PKC), which directly phosphorylates Nrf2. Alternatively SEN activates Nrf2 through phosphatidylinositol 3-kinase (PI3K)
and protein kinase B (AKT). Ultimately, Nrf2 phosphorylation triggers nuclear translocation and induction of antioxidant-response element-

(ARE-) mediated gene transcription, reducing oxidative stress.

detoxification and antioxidant genes by Nrf2 is considered to
represent the prime mechanism involved in the antioxidant
effects of SFN.

4. SFN-Mediated Activation of
Nrf2 Signal Transduction Pathways

4.1. Direct Effects of SEN on Nrf2 via Related Signaling Path-
ways. As SFN induces Nrf2 accumulation due to inhibition
of proteasomal degradation of the bZIP protein [26], it has
attracted interest for the promotion of human health and
wellbeing [12]. SEN is an electrophile that can react with
protein thiols to form thionoacyl adducts; this is believed
to affect the critical Keapl cysteine residues and block
Nrf2 polyubiquitination and degradation, resulting in Nrf2-
Keapl-ARE signaling and translocation Nrf2 to nucleus. Our
research group also found that SFN induced significantly
higher Nrf2 levels expression levels in the cardiac cell nuclei
[47].

4.2. Indirect Effects of SFN on Nrf2 via Related Signaling
Pathways. The Nrf2-Keapl-ARE signaling pathway can be
modulated by several upstream kinases including MAPK,

PI3K, and PKC [60]. SFN may affect the activity of a
variety of intracellular kinases that phosphorylate Nrf2 to
produce p-Nrf2, altering nuclear-cytoplasmic trafficking of
Nrf2 or modulating Nrf2 protein stability [59, 60]. Previous
studies have reported that Nrf2 activation is potentiated by
its phosphorylation of Nrf2 serine 40 [15]. Leoncini et al.
used cultured rat cardiomyocytes to analyze the signaling
pathways involved in the protective effects of SEN. This study
investigated the ability of SEN to activate protein kinase
B (AKT) and extracellular signal-regulated kinases 1 and
2 signaling pathways; these are implicated in cardiac cell
survival and also increase Nrf2 phosphorylation and ARE
binding. Using specific inhibitors, this study demonstrated
that the PI3K/AKT pathway mediated the influence of SFN
on the expression and activity of GR, GST, Trx reductase,
and NQOIL (analyzed by western blot and spectrophotomet-
ric assay, resp.); these effects modulated Nrf2 binding and
phosphorylation, resulting in a cytoprotective effect against
oxidative damage [61] (Figure 3).

4.3. Long-Term SFN-Mediated Effects. Although absorbed
SEN is cleared from the body within a few hours, some
findings demonstrated that ingestion of broccoli or SFN



induced long-term protection against free radical-induced
damage. In order to explore the cause of this phenomenon,
Bergstrom et al. studied the kinetics of the SFN-induced
Nrf2 response in astrocytes, which is a cell type known to
be highly involved in the defense against oxidative stress in
the brain [62]. The results of this analysis showed that 4h
SEN exposure induced Nrf2-dependent increases in NQO1
and HO-1 mRNAs that persisted for 24h, and the levels
of the corresponding proteins remained elevated for over
48 h. In addition, peroxide-clearing activity and glutathione
levels were elevated for more than 20h, resulting in an
increased resistance to superoxide-induced cell damage [62].
In cultured rat neonatal cardiomyocytes, Angeloni et al. also
showed that SEN induced long-term decreases in intracellular
ROS production, increased cell viability, and decreased DNA
fragmentation, accompanied by the induction of antioxidants
and phase II enzymes [63]. Our research group has shown
that diabetic mice treated with SFN for three months showed
a reduced incidence of DCM at the end of the treatment (3
months) and also after 6 months [47]. These findings indicate
that short-term stimulation of the Nrf2 pathway by SFN
results in a long-term elevation of endogenous antioxidant
effects.

Taken together, these reports indicate that SFN can
induce phase II enzyme expression via either direct or
indirect activation of Nrf2-Keapl-ARE signaling, which is
very important for our understanding of the mechanisms
underlying the effects of SEN on Nrf2 activity.

5. SFN-Mediated Protection from
Hypertension

The prevalence of hypertension increases markedly with age.
It is one of the major causes of CVD, and prevention of
hypertension may play a crucial role in protesting against
CVD. Oxidative stress caused by reduced production of
nitric oxide and/or increased production of ROS (mainly
superoxide) may promote endothelial dysfunction. There-
fore, increased oxidative stress represents one possible driver
of the increased prevalence of hypertension [64]. Noyan-
Ashraf et al. demonstrated that a diet containing broccoli
sprouts high in Grn (Grn+) decreased oxidative stress and
associated problems in male spontaneously hypertensive
stroke-prone rats (SHRsp). As one of Grn key metabolites,
SEN was also found to improve blood pressure [30].

Females on a Grn+ diet also showed decreased oxidative
stress and associated problems, such as hypertension, as
compared with females administered a control diet. Oxidative
stress in pregnant female rats can affect fetal determinants of
adult health and the offspring of pregnant females admin-
istered the Grn+ diet also had lower blood pressure and
less tissue inflammation in adulthood; regardless of their
subsequent diet, offspring of mothers fed a Grn+ diet had the
best health outcomes [29].

Regarding the mechanism underlying SFN-mediated
protection from hypertension, there is evidence that SFN-
induced upregulation of phase II enzymes reduces the oxida-
tive stress experienced by the vascular smooth muscle cell
(VSMC), particularly in SHR. Wu and Juurlink found that, in
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the pathogenesis of hypertension, basal levels of cellular GSH,
GR, and glutathione peroxidase (GPX) were significantly
lower in SMC from SHRsp than in those from normotensive
Wistar-Kyoto rats. SEN (0.05-1 uM) induced significant and
concentration-dependent increases in the levels of GSH and
HO-1 protein, in the activities of GR and GPX, and in VSMC
from both rat strains [32]. In a subsequent study, Wu et
al. further demonstrated that SEN significantly increased
GSH content, decreased levels of oxidized GSH, decreased
protein nitrosylation, and increased activities of GR and
GPX; these changes correlated with improved endothelial-
dependent relaxation of the aorta and significantly lower
blood pressure [33]. Although these studies did not directly
measure Nrf2 expression and function, the observed effects
were most likely due to the upregulation of Nrf2 expression
and function induced by SFN.

6. SFN-Mediated Protection from
Atherosclerosis

Atherosclerosis is found in a range of CVD, including
myocardial infarction, stroke, and peripheral artery disease;
these remain major causes of morbidity and mortality glob-
ally [65, 66]. It is generally accepted that shear stress plays
a key role in the development of early atherosclerosis [67].
Atherosclerotic lesions are preferentially located at the outer
walls of the arterial branches and curvatures, where the local
flow is disturbed; steady laminar blood flow (s-flow) and
sustained high shear stress can modulate the expression of
genes and proteins that protect against atherosclerosis in
endothelial cells (EC) [68]. Dekker et al. identified Kriippel-
like factor 2 (KLF2) as a transcription factor specifically
induced by s-flow in EC. Nrf2 was identified as a shear-
induced transcription factor that is responsible for antioxi-
dant gene expression. It was also shown that both of these
transcription factors were induced in s-flow regions of the
vasculature in vivo. KLF2 increased the nuclear localization
of Nrf2 and the combined actions of these two factors
constituted about 70% of the s-flow-induced endothelial gene
expression [68]. Zakkar et al. also investigated whether Nrf2
regulated arterial EC activation. En face staining revealed that
Nrf2 was activated in EC at an atheroprotected region of the
murine aorta but was present in an inactive form in EC at
an atherosusceptible site. Treatment with SFN activated Nrf2
at the susceptible site in wild-type but not Nrf2™/~ animals,
indicating that it suppressed EC activation via Nrf2 [35].
Atherosclerosis is also associated with long-term inflam-
matory disease of the arterial wall. Increased expression
of cell adhesion molecules such as intercellular adhesion
molecule-1 (ICAM-1) and vascular cell adhesion molecule-
1 (VCAM-1) is associated with increased proliferation of
VSMC, leading to increased neointimal or atherosclerotic
lesion formation. Kim et al. investigated the effect of SFN
on the expression of VCAM-1 in cultured mouse VSMC.
Pretreatment of VSMC for 2h with SEN (1-5 ug/mL) dose-
dependently inhibited TNF-a-induced protein expression of
VCAM-1. SFN also suppressed TNF-a-induced production
of intracellular ROS [34]. Kwon et al. further investigated
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the effects of SFN on VSMC proliferation and neointimal
formation in a carotid artery injury model and found that
SEN inhibited TNF-a-induced VCAM-1 mRNA and protein
expression in VSMC [36]. These in vivo and in vitro animal
studies indicated that SFN had beneficial effects, suppressing
inflammation within the atherosclerotic lesion. To investigate
the effects of SFN on endothelial inflammatory gene expres-
sion in human aortic EC (HAEC), Chen et al. demonstrated
that TNF-a-induced VCAM-1 mRNA and protein levels in
HAEC were suppressed after treatment of HAEC with SFN
(1-4 uM) for 1 h, which suggested that SFN may be useful as a
therapeutic agent for the treatment of inflammatory diseases
[37].

In addition to these inflammatory mechanisms, endothe-
lial lipase (EL) is also involved in atherosclerosis-EL is a mem-
ber of the triacylglycerol lipase family and it decreases the lev-
els of high-density lipoprotein (HDL) cholesterol. Kiveld et al.
demonstrated that SFN inhibited TNF-«a-mediated induction
of EL in human umbilical vein EC (HUVEC), indicating that
SEN may have a beneficial effect on HDL cholesterol levels;
this would reduce the risk for atherosclerosis [38]. Oxidized
low-density lipoprotein (0xLDL) contributes to atherogenesis
through multiple mechanisms. Huang et al. reported that
treatment with SFN (0-10 uM) reversed oxLDL-induced ROS
production by inducing dose-dependent increases in HO-
1 levels, expression of GCL catalytic and modifier sub-
units, intracellular glutathione content, and ARE-luciferase
reporter activity [69]. Collectively, these results indicated that
SEN modified inflammation, EL activity, and oxLDL levels, all
of which play important roles in atherosclerosis.

Obesity is associated with metabolic disorder, which is
another risk factor for atherosclerosis and CVD. Choi et al.
investigated whether SFN prevented high-fat diet- (HFD-)
induced obesity in C57BL/6N mice [70]. Mice were fed with
anormal diet (ND), HFD, or HFD plus 0.1% SFN for 6 weeks.
Food efliciency ratios and body weights were lower in the
HFD-SFN-fed mice than in the HFD mice. SFN attenuated
HFD-induced visceral adiposity, adipocyte hypertrophy, and
fat accumulation in the liver. Serum total cholesterol and
leptin and liver triglyceride levels were lower in HFD-SFN
mice than in HFD mice. These results suggested that SEN may
induce antiobesity effects by inhibiting adipogenesis [70].

Platelet aggregation plays an important role in arterial
thrombosis, which leads to atherosclerosis and CVD. Chuang
et al. proved that SFN inhibited human platelet aggregation
and reduced thrombus formation under flow conditions [71].
Oh et al. also found that SEN inhibited platelet aggrega-
tion dose-dependently. A comparison of platelet activators
revealed that collagen was most inhibited by SEN, which
markedly decreased collagen-induced glycoprotein IIb/IIIa
activation and thromboxane A2 formation in vitro. SFN
also reduced collagen and epinephrine-induced pulmonary
embolism but did not affect prothrombin time in vivo; this
indicated that SFN might be a potential antithrombotic drug
(72, 73].

Taken together, the above animal and human studies
indicate that SFN-medicated activation of Nrf2 reduces
EC activation at atherosusceptible sites, regulates migration
and proliferation of VSMC, decreases the expression of

inflammatory factors, prevents HFD-induced obesity, and
has antithrombic effect. These findings indicate that SEN may
provide a potential therapeutic agent for the prevention of
atherosclerosis, thereby reducing the risk for CVD.

7. SEN Protects from Cardiac
Ischemia-Reperfusion (I/R) Injury

It has been demonstrated that I/R injury is crucial in the
pathology of major CVD, such as stroke and myocardial
infarction [74]. Mukherjee et al. [10, 75] fed a group of
rats with broccoli by oral gavage. After 30 days, the rats
were sacrificed and their isolated perfused hearts were
made ischemic for 30 min, followed by 2 h reperfusion.
Treatment with broccoli provided significant cardioprotec-
tion, as evidenced by improved postischemic ventricular
function, reduced myocardial infarct size, and decreased
cardiomyocyte apoptosis along with significant reduction of
cytochrome c¢ release and procaspase 3 activity. These pro-
tective effects were found to be associated with the enhanced
activity of Nrf2 [10, 75]. Similarly, subsequent studies showed
that SEN protected against cardiac I/R injury. They found
that SEN treatment attenuated I/R-induced decreases in Mn-
superoxide dismutase, catalase, and HO-1 levels [39, 76]. The
protective effects of SFN against I/R injury may be partly
mediated through the Nrf2-Keapl-ARE antioxidant pathway.

8. SEN Protects from Diabetes and
Diabetes-Induced Complications

8.1. SEN Protects from Diabetes. Diabetes has reached epi-
demic levels worldwide. Increased levels of ROS, mainly
produced by the NADPH oxidase family, have been identified
in the pathogenesis of experimental and clinical diabetes [77,
78]. Patients with diabetes are two to four times more likely
to develop CVD than those without diabetes; indeed CVD is
the leading cause of premature death and disability in patients
with diabetes [79]. de Souza et al. evaluated the effect of SFN
in streptozotocin- (STZ-) induced diabetes. Male Wistar rats
were given water or 0.1, 0.25, or 0.5 mg/kg SFN by oral gavage
before injection of STZ (80 mg/kg). Diabetic animals had
elevated levels of serum triacylglycerols, urea, and creatinine,
and all SFN doses were able to reverse these alterations
[40]. Pretreatment with SFN also blocked the development
of type 1 diabetes in STZ-treated mice and inhibited cytokine-
induced f-cell damage [41].

SEN protection against oxidative stress-induced f-cell
damage or death was also observed under other experimental
conditions. For instance, islet cell transplantation is often
limited by poor transplanted f-cell survival. SEFN was found
to significantly prolong the survival time of these cells by
protecting them against transplantation-induced oxidative
damage [80]. Based on the above studies, we can conclude
that SEN had protective effects on the pancreas and this
may have a potential clinical application in improving the
condition of this organ in hemodynamically unstable donors.



In view of the fact that the etiologic factors involved in
the development of type 2 diabetes are complicated and mul-
tifaceted, including obesity, systemic chronic inflammation,
hepatic steatosis, hyperlipidemia, and insulin resistance, Xu et
al. have investigated the role of Nrf2 in the prevention of hep-
atic steatosis, insulin resistance, obesity, and type 2 diabetes.
Obesity and lipid accumulation in white adipose tissue were
significantly decreased in HFD-treated Keapl-knockdown
mice, which showed increased Nrf2 expression and function,
as compared with C57Bl/6] wild-type mice [81]. In addition,
compared with the Lep(ob/ob) mice, a common model of
type 2 diabetes model, Lep(ob/ob)-Keapl-knockdown mice
had increased Nrf2 activity and decreased lipid accumulation,
smaller adipocytes, and reduced lipogenic gene expression
[81]. Adipocyte differentiation is triggered by adipocyte
hyperplasia, which leads to obesity. Choi et al. [31] demon-
strated that SFN decreased the accumulation of lipid droplets
and triglycerides in these adipocytes in 3T3-Ll1 cells and
also inhibited the proliferation of adipocytes. These results
suggested that insulin resistance, metabolic syndrome, and
diabetes could be prevented by SEN-mediated effects on Nrf2
expression and function.

8.2. SEN Protects against Diabetes-Induced Complications.
Diabetes complications are associated with micro- and
macrovascular complications, and the major complications
include nephropathy, retinopathy, neuropathy, DCM, and
accelerated atherosclerosis. Currently, high glucose-driven
production of ROS intermediates and inflammatory damage
are recognized contributors to complications of diabetes. A
systemic review stated that supplementation with broccoli
sprouts containing high levels of SFN increased plasma
total antioxidant capacity and decreased the oxidative stress
index, lipid peroxidation, serum triglycerides, oxLDL/LDL-
cholesterol ratio, serum insulin, insulin resistance, and serum
high-sensitive C-reactive protein in vivo. [82]. The patho-
logical state is defined as metabolic syndrome, which is a
risk factor for diabetes and the complications of diabetic
cardiac-cerebral vascular disease. Therefore, alleviation of
oxidative and inflammation status may protect from diabetes
and diabetes-induced complications.

Diabetic nephropathy is the most common cause of
end-stage kidney disease worldwide and is associated with
increased morbidity and mortality in patients with both type1
and type 2 diabetes [83]. Diabetic nephropathy results in pre-
mature death from accelerated CVD and various other com-
plications [79]. It was also shown that the dual antioxidant
and anti-inflammatory activities of SEN effectively activated
Nrf2 and reversed the various deficits observed in experimen-
tal diabetic neuropathy [44]. Zheng et al. studied Nrf2*/* and
Nrf2™/~ with STZ-induced diabetes. SFN was administered
2 weeks after STZ injection and metabolic indices and
renal structure and function were assessed at 18 weeks. SFN
significantly attenuated common symptoms of metabolic
disorder that are associated with diabetes in Nrf2*/* mice
but not in Nrf2”/~ mice, indicating that SEN operated via
specific activation of the Nrf2 pathway. Furthermore, SFN
improved renal performance and minimized pathological
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changes in the glomeruli of STZ-Nrf2*/* mice [42]. Cui et al.
also demonstrated that SEN injection (0.5 mg/kg daily for 3
months) prevented diabetic nephropathy in a type 1 diabetic
mouse model induced by multiple low doses of STZ [43].

Xue et al. assessed whether activation of Nrf2 by SFN
in human microvascular EC (HMEC-1) prevented metabolic
dysfunction in hyperglycemia. HMEC-1 cells were incubated
with media containing low and high glucose concentrations
(5 and 30 mM, resp.). SFN induced nuclear translocation
of Nrf2 and increased ARE-linked gene expression. Hyper-
glycemia increased the formation of ROS, an effect that
was linked to mitochondrial dysfunction and prevented by
SEN [45]. Miao et al. demonstrated significant increases in
oxidative stress and inflammation in the aorta in a type
1 STZ-induced diabetic model at both 3 and 6 months,
with fibrotic responses after 6 months of diabetes. SFN
completely prevented these pathogenic diabetic changes and
also significantly upregulated the expression of Nrf2 and its
downstream antioxidants [46].

Diabetes-induced cardiomyopathy is one of the major
types of CVD. Our research group investigated whether
SEN prevented DCM. Type 1 diabetes was induced in FVB
mice by multiple intraperitoneal injections of low doses of
STZ. Hyperglycemic and age-matched control mice were
treated with or without 0.5mg/kg SFN (Sigma, L-SEN,
2.8 ymol/kg) daily, five days/week for 3 months, and then
kept until 6 months after the induction of diabetes. At 3 and
6 months of diabetes, SFN significantly prevented diabetes-
induced hypertension and cardiac dysfunction and also
prevented diabetes-induced cardiac hypertrophy and fibrosis.
SEN almost completely prevented diabetes-induced cardiac
oxidative damage and inflammation. SFN upregulated Nrf2
expression and transcriptional activity, as evidenced by
increased Nrf2 nuclear accumulation and phosphorylation,
as well as increased mRNA and protein expression of
Nrf2 downstream antioxidants. These results suggested that
DCM could be prevented by SEN via upregulation of Nrf2
expression and transcriptional activity [47]. Zhang et al.
investigated the effects of SFN on type 2 diabetes-induced
cardiac lipid accumulation and, subsequently, DCM. SFN
treatment significantly attenuated cardiac remodeling and
dysfunction, significantly inhibited cardiac lipid accumula-
tion as measured by Oil Red O staining, and improved cardiac
inflammation, oxidative stress, and fibrosis [48].

Based on these improvements, SEN-induced activation of
Nrf2 counteracted glucose-induced ROS and inflammation,
protecting against diabetes and diabetic complications.

9. Prospects on the Clinical Application of
SEN in the Prevention of CVD

It has been shown that SFN produced protective effects
against CVD in vitro and animal studies [29, 34, 47, 75]. How-
ever, there are no systematic clinical studies in identifying the
optimal consumption level of SEN in humans. Herein, based
on the current results of the studies, the dose and application
form of SEN and its rationalities are discussed to provide basis
for further CVD prevention clinical trials.
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Since SEN can be found in brassicates like broccoli, it
will be reasonable to have a diet containing broccoli to
prevent CVD in the studied group. But what amounts of
SEN are contained in the brassicates? Saha et al. reported
that extraction of 100-200 mg broccoli powder using a series
of purification steps provided a reasonable dose of SFN
(23.5 umol) [84]. Cramer et al. showed that incubation in
water at room temperature for 24 h with the addition of 0.8 U
myrosinase fresh broccoli sprouts produced 1.69 ymol SEN/g
fresh weight on average, as determined by bench hydrolysis
[85].

As these were taken orally, the dose of SEN was also
influenced by its bioavailability in the body. SFN bioavail-
ability from dietary sources is a critical determinant of its
efficacy in humans. Atwell et al. evaluated SEN absorption
from a myrosinase-treated broccoli sprout extract. Subjects
consumed fresh broccoli sprouts or the extract, each provid-
ing 200 ymol SEN daily, as a single dose and as two 100 ymol
doses taken 12h apart. The study showed that 12h dosing
was associated with higher plasma SEN metabolite levels at
later time points than those achieved by 24 h dosing. This
indicated that the dietary form and dosing schedule of SFN
may influence its absorption and efficacy in human [86].

Then, what amount of SEN should be suggested to
consume in order to achieve the levels for prevention of CVD?
It has shown that 10 uM SFN can protect cardiomyocytes in
vitro and that 0.5mg/kg (2.8 yumol/kg) SFN could prevent
CVD in STZ induced diabetes mice. According to the
conversion formula between mice and human [87, 88], the
consumption of SFN in human is supposed to be 0.05 mg/kg
(0.28 umol/kg) per day. That is, if a man is with the body
weight of 70 kg, the dose of SFN will be 19.6 ymol per day, and
the consumption of fresh broccoli dose will be about 12 g per
day. It is much lower than the dose (150 ymol per day [89])
used in the cancer chemoprevention trial without showing
any toxic effects [90]. Therefore, it implies that SFN will be
much well-tolerated if it is used clinically in the prevention of
CVD.

Collectively, a diet containing SFN, such as brassicates,
could prevent CVD, and the required consumption of SFN
is easy to get and shows harmless. It is worthwhile to perform
clinical trials to study the effects and optimal dose of SFN in
prevention of CVD.

10. Conclusions

Oxidative stress plays a major role in the pathophysiology
of cardiac disorders. SFN found in cruciferous vegetables is
an indirect antioxidant that can activate Nrf2 and its down-
stream target genes to induce antioxidant effects. Animal
and human experiments have identified substantial SFN-
mediated protection from a range of CVD, including hyper-
tension, atherosclerosis, I/R injury, diabetes, and diabetic
complications (Table 1). The findings presented in this review
indicate that SFN, a phytochemical isolated from extracts
of an edible plant with a presumed low level of toxicity,
protects against CVD. SEN could therefore contribute to the
prevention of CVD.
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The objective is to assess the modulation of retinal and optic nerve degenerative events induced by the combination of «-lipoic
acid (ALA) and superoxide dismutase (SOD) in an animal model of ageing. For this study, 24 male Wistar-Harlan strain rats were
left to age for up to 24 months. One group of rats was subjected to a diet supplemented with ALA and SOD for 8 weeks, while
another group was used as a positive control and not subjected to any dietary treatment. To assess the cytoprotective effects of the
antioxidants, a morphological analysis was carried out on sections of retina and optic nerve head, stained with haematoxylin-eosin,
followed by an analysis of the modifications to nuclear DNA detected by the TUNEL technique. The lipid peroxidation assay was
used to assess the damage induced by oxidative stress at cell membrane level. The molecules involved in apoptosis mediated by
oxidative stress, such as caspase-3 and inducible nitric oxide synthase, were also assayed by immunolocalization and western blot.
ALA and SOD are able to counteract senile neurodegenerative deterioration to the retina and optic nerve. Indeed, the combination
of these antioxidant molecules can reduce oxidative stress levels and thus prevent both nuclear degradation and subsequent cell

death.

1. Introduction

The term oxidative stress was first coined in 1989 by Sies
who defined it as an imbalance between the production of
free radical species and antioxidant defence systems [1]. In
physiological conditions, the inside of the cell has a negative
charge owing to an array of enzymes and molecules that
counterbalance its production. Moreover, the cells of all
aerobic organisms produce most of their chemical energy
by consuming oxygen in their mitochondria. Mitochondria
are thus the main place where intracellular oxygen consump-
tion is the major source of reactive oxygen species (ROS)
formation [1, 2]. Alongside ROS, there is a family of free
radicals that affects the type of nitrogen known as reactive
nitrogen species (RNS), which includes nitric oxide (NO).
The enzyme responsible for the production of NO in cells
is nitric oxide synthase (NOS), present in three isoforms. It

is capable of catalysing the conversion of the amino acid L-
arginine into L-citrulline, with the release of NO [3]. Two
of the three isoforms of NOS, the constitutively expressed
brain and endothelial NOS, are dependent on concentrations
of calcium and calmodulin and generate limited amounts of
NO. The third isoform of NOS, also known as inducible nitric
oxide synthase (iNOS), is calcium independent, not found
in the tissues under normal conditions, and produces such
high amounts of NO that it induces cytotoxicity [3, 4]. The
expression of iNOS was detected in optic nerve astrocytes
in patients with glaucoma, a disease that causes increased
intraocular pressure (IOP) and ischaemia of the optic nerve
[3]. As the body grows older, in accordance with the theory
of ageing, normal antioxidant levels are no longer sufficient
to counteract the generation of free radicals (FR) [5]. The
increase in FR causes molecular damage, some of it being
irreversible that accumulates in tissues with age [5, 6]. Nohl
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and Hegner (1978) were the first to observe that there is
greater production of superoxide radical in the liver of 19-
month-old than in that of 6-month-old rats [7].

It has been shown that retinal tissue is particularly
susceptible to oxidative damage. Indeed, it is one of the most
metabolically active tissues in the body, contains an abundant
number of mitochondria, and is subjected to constant photo-
chemical stress [8]. For these reasons, ocular nerve cells are
able to produce high concentrations of radical species which,
if not sufficiently neutralized, can cause multiple incidents of
oxidative damage to the hydrocarbon chains of unsaturated
fatty acids, to the amino acid residues of proteins, to the
nitrogenous bases of nucleic acids, and to carbohydrates [8].

In extreme cases, all this can be followed by alteration and
functional impairment of all the structures, leading to cell
death. The death of a significant number of retinal ganglion
cells (RGCs) also leads to a reduction in the number of axons
forming the optic nerve. The evolution of this phenomenon
causes functional deterioration of the optic nerve, which
eventually results in neurosensory visual deficit [9].

To counteract this oxidative damage, the body has at its
disposal a series of antioxidants that, even at very low concen-
trations, are able to delay or inhibit oxidation of the substrate
[10]. One of the major enzyme systems involved in this
defence is superoxide dismutase (SOD), a ubiquitous enzyme
that plays a key role in the defence mechanisms against the
ROS and RNS produced during cellular metabolism [11].
Some foods containing SOD include melon, wheat sprouts,
maize, and soybeans. SOD catalyzes the dismutation of the
superoxide anion into hydrogen peroxide and molecular oxy-
gen. In mammals, there are three isoforms of SOD expressed
by cells: copper- and zinc-containing SOD (CuZnSOD or
SOD1) is a homodimer primarily localized to the cytoplasm;
manganese SOD (MnSOD or SOD2) is a homotetramer
localized exclusively in the mitochondrial matrix and is
found in multiple organisms; and extracellular SOD (ECSOD
or SOD3) shares significant amino acid homology with
CuZnSOD (40-60%) and contains both copper and zinc in its
active site but is localized to the extracellular region of the cell.
Each isoform is a product of distinct genes and with distinct
subcellular locations, but catalyses the same reaction [11].

Several studies using knockout mice have shown that
mitochondrial MnSOD (mitSOD) is essential for survival.
Indeed, mice lacking this isoform exhibit various symptoms
such as damage to the myocardium and liver, lipid peroxi-
dation, and mitochondrial dysfunction and do not survive
for more than three weeks. Conversely, where the cytosolic
Cu/ZnSOD isoform is missing, mice appear normal and
exhibit abnormalities only after trauma [12].

Conversely, increased SOD production in transgenic or
mutant strains of Caenorhabditis elegans and Drosophila
melanogaster leads to increased tolerance to oxidative stress
and therefore longevity [13, 14].

A second line of defence is also formed by endogenous
antioxidant compounds, including «-lipoic acid (ALA), a
water-fat-soluble vitamin derivative, isolated for the first time
in 1951 from bovine liver [15]. Humans can only synthesize
small amounts of ALA from fatty acids and cysteine, so they
need exogenous substances [16-18]. ALA is found primarily
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in animal sources such as liver, heart, muscle, and kidney. To a
lesser extent it is also present in fruits and vegetables: broccoli,
spinach, tomatoes, potatoes, and rice bran [16-18]. ALA is
regarded as a scavenger of free radicals; it has two oxidized
or reduced thiol groups and is able to neutralize various
reactive species of ROS and RNS. ALA also has the ability to
greatly increase intracellular glutathione (GSH) levels, as well
as hepatic levels of ascorbate, which conversely decline with
age [19, 20].

Based on these considerations, we decided to undertake
an experimental study to evaluate the ability of ALA and
SOD to modulate the physiological phenomena of ocular
neurodegeneration linked to ageing and caused in large part
by the damaging effects of the production and accumulation
of free radicals. To this end, the study used an experimental
animal model in order to reproduce the biochemical and
histopathological framework typical of cellular ageing.

2. Materials and Methods

2.1. Animals and Treatments. All experimental procedures
were in accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research, the guidelines
of the European Communities Council Directive of 24
November 1986 (86/609/EEC), Italian Health Ministry guide-
lines, and EU Directive 2010/63/EU for animal experiments.

Twenty-four male Wistar-Harlan rats, aged between 20
and 24 months (centenarian rats) with an average weight
of 300 to 350¢g, were divided into two groups. The first
group of rats was pretreated with the same diet for eight
weeks, supplemented with ALA and SOD, while the second
group was used as a positive control and was not subjected
to any supplementary treatment. The dosage of the product
per kilogram of body weight was equal to 8.57 mg/day for
ALA and 21U/day for SOD, that is, corresponding to the
human diet, equal to 600 mg/day of ALA and 140 IU/day
of SOD (ALA600 SOD, Alfa Wassermann, Bologna, Italy).
The negative control group was made up of 12 young male
rats of the same strain, aged between 4 and 6 months, and
with an average weight of 200 to 250 g, fed normally. The
animals were then sacrificed by carotid bleeding, after which
the eyeballs were removed.

2.2. Experimental Procedures. The degenerative process was
assessed using morphological techniques, immunohisto-
chemistry, western blot, and lipid peroxidation (LPO) assays.
The aim was to find morphological, nuclear, and cell mem-
brane damage both at retinal and at optic nerve level
Cytotoxicity and apoptotic markers were also assessed.

2.3. Molecular Analysis of Tissue Sections and of Retina Total
Protein Extracts: Morphology Techniques and Sample Prepa-
ration. The eyes were enucleated, the corneas were rapidly
cut vertically, and the crystalline lens and vitreous humour
were removed. We then carried out the following procedures
on the residual tissues: fixation in paraformaldehyde 4% for 6
hours at 4°C; rapid wash with 1X PBS pH 7.4; immersion in a
30% sucrose solution in 1X PBS pH 7.4 at 4°C overnight; and
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embedding in Killik embedding medium (Bio-Optica, Milan,
Italy) in order to perform the cryostat cut into 10 m sections,
horizontally, to allow longitudinal observation of the optic
nerve. The sections were placed on microscope slides and
stored at —20°C.

In order to observe their morphology, the samples
were stained with haematoxylin-eosin. The sections, left to
dry at room temperature, were subjected to the following
treatments: rehydration with decreasing alcohol (100°, 95,
and 75°) for 75 minutes; distilled water for 5 minutes;
haematoxylin 0.1% for 1 minute (to stain the chromatin);
running water for 10 minutes; distilled water for 2 minutes;
eosin for 45 seconds (to stain cytoplasmic components);
distilled water for 2 minutes; dehydration with increasing
alcohol (75°, 95°, and 100°) for 7.5 minutes; and mounting of
the slides with glycerol-PBS 1:3. Finally, the tissue sections
were observed under an optical microscope and photos taken
using computerized image acquisition.

2.4. TUNEL Assay. Tissue sections with a thickness of 10 ym
were subjected to TUNEL technique (Terminal deoxynu-
cleotidyl transferase mediated dUTP Nick End Labeling).
It consists of in situ labelling of DNA fragments by fluo-
resceinated nucleotide conjugation using terminal deoxynu-
cleotidyl transferase, iNOS, and caspase-3. At an advanced
stage of the apoptosis cascade, the cell presents extensive
DNA degradation which leads to the production of molecules
180-200 bp in length and their multiples.

The sections, left to dry at room temperature for 30 min,
were subjected to the following treatments: rehydration
through a descending alcohol series (100°, 95°, and 75°, 2 min
each); incubation with protease 20 yg/mL in Triton X-100 to
0.1% at 37°C for 30 min; washes with 1X PBS for 2 min; incu-
bation with the TUNEL reagent (In Situ Cell Death Detection
Kit, AP, ROCHE), containing 1/10 in volume of terminal
deoxynucleotidyl transferase and the remaining fraction of
nucleotides labelled with a fluorescent chromophore, 10 uL
per section at 37°C for 1h. On each slide, one of the sections
was always used as the negative control, that is, incubated only
with the nucleotides but without terminal transferase in order
to detect any nonspecific staining of the sections; washes with
1X PBS for 5 min; and mounting of the slides with Eukitt. The
observations were made under a fluorescence microscope
and pictures taken by computerized image acquisition.

2.5. Lipid Peroxidation (LPO) Assay. The LPO-586 assay
was used to assess the presence of oxidative stress at cell
membrane level. This technique is based on the reaction
of two molecules of the chromogenic reagent, N-methyl-2-
phenylindole (R1), with one molecule of malondialdehyde
(MDA) at 45° to form a stable chromophore with maximum
absorbance at 586 nm. LPO-586 is a detection kit distributed
by Bioxytech. Normally, in this kit there is an insert system
to avoid several experimental problems. The retinas were
collected from the enucleated eyes, weighed, transferred to
a glass tube with 230 uL of lysis buffer, and homogenized
in a glass-glass Potter homogenizer to carry out the LPO

assay. The samples were then subjected to three freeze-
thaw cycles and then added to 650 L of diluted Rl reagent
and then 150 uL of HCI (12N). Subsequently, the samples
were incubated at 45°C for 60 minutes and centrifuged at
15000 xg for 10 minutes. The supernatant was collected in a
cuvette to measure absorbance at 586 nm. The blank sample
was prepared in the same manner, but with the addition
of acetonitrile (75%) and diluent (25%) and not diluted
RI. Standard data were used to calculate the absorbance of
each sample by subtracting the blank value from the values
measured in the spectrophotometer at 586 nm. The MDA
concentration was calculated from the absorbance value by
linear regression analysis.

2.6. Fluorescence Immunolocalization. This method was used
to locate iNOS and caspase-3 in the retina and optic nerve
head. iNOS is one of the main molecules induced in the case
of tissue damage, while caspase-3 is the protease responsible
for the final stages of the apoptotic cascade. To detect iNOS
and caspase-3 expression we used primary polyclonal anti-
iNOS and anti-caspase-3 antibodies (Santa Cruz) produced
in rabbits (diluted to 1:50 and 1:100, resp.) while the sec-
ondary antibodies used were goat anti-rabbit IgG Alexa Fluor
antibodies (Molecular Probes) that are green-fluorescing. The
sections, left to dry at room temperature for 30 min, were
subjected to various treatments: washes in 1X PBS for 5 min;
postfixation with alcohol at increasing volumes (70°, 95°, and
100°) for 2 min; washes in 1X PBS for 5 min; block with serum
(NRS or NGS),10% in PBS, 1 h in a moist chamber; incubation
with the primary antibody diluted in 1X PBS and BSA 1%
for 1h; fast washes in 1X PBS; incubation with the secondary
antibody diluted 1:200 in 1X PBS and 1% of the serum of the
animal in which the antibody was produced, for 30 min at
room temperature; washes in 1X PBS for 5 min; and mounting
of the slides with Eukitt. The observations were made under a
fluorescence microscope and pictures taken by computerized
image acquisition.

2.7. Western Blotting and Immunodetection. Western blotting
was used for the identification and quantization of iNOS
and caspase-3 on retinal protein extracts. The results were
normalized by locating a-tubulin, constitutively expressed in
the cells. The Bradford assay was then used to extract protein
from animal tissues and to estimate their concentration, by
measuring the absorbance at 595.0 nm of IGg, at known
increasing concentrations, to which the Bradford reagent was
added. Measuring the absorbance of these standards provided
a calibration line, on which the protein sample concentration
was calculated. The proteins were then subjected to elec-
trophoretic separation on SDS-PAGE (SDS-Polyacrylamide
Gel Electrophoresis). After weighing the tissues, they were
immersed in lysis buffer, and the protein was extracted. The
test-tubes were kept for 10 min on ice both before and after
centrifugation, performed twice at 13000 rpm for 5 seconds.
Subsequently, the supernatant was collected to be used in the
study.

Solutions and Gels. Upper gel buffer 4x is as follows: Tris/Cl,
pH 6.8,0.5 M, and SDS 0.4%. Lower gel buffer 4x is as follows:



Tris/Cl, pH 8.8,1.5 M, and SDS 0.4%. Stacking gel is as follows:
upper gel buffer 2.5mL H,0O 6.6 mL, acrylamide solution
30% 1.1mL, APS (ammonium persulfate) 10% 100 L, and
TEMED (tetramethylethylenediamine) 10 L. Resolving gel
(12%) is as follows: lower gel buffer 2.5mL, H,O 4.1mlL,
acrylamide solution 30% 4.1 mL, APS10% 50 uL,and TEMED
5uL. Loading buffer (10 mL) is as follows: 18% glycerol, 2%
SDS, 2.5% bromophenol blue, 5% f-mercaptoethanol, 2.5 mL
stacking gel buffer 4x, and H, O to volume. Gel running buffer
Ix is as follows: 25mM Tris base (3g/L), 192mM glycine
(14.4 g/L), and 0.1% SDS, all titrated to pH 8.3.

2.8. Transfer of Proteins to Nitrocellulose. The transfer took
place by pressing the gel against a nitrocellulose filter in a con-
stant 300 mA electric field. The filter was then washed with T-
TBS 1X 0.1% and after saturation of nonspecific bonds (T-TBS
1X + milk 5%), the proteins were probed with the primary
antibody capable of specifically detecting those of interest.
The same antibodies were used as for the immunolocalization
of iNOS and caspase-3. Normalization was performed by
recognizing «-tubulin (goat, Santa Cruz) and the anti-tubulin
antibody was diluted 1:1000, while all others were diluted
1:500. During incubation, each antibody was added to a
solution of T-TBS and dry milk 5% for one hour. After
several washes with T-TBS, carried out following absorption
of the primary antibody, incubation with the secondary
antibody was performed. The secondary antibodies used for
caspase-3 and iNOS (anti-rabbit 1gG, Jackson) and «-tubulin
(anti-goat IgG, Jackson) were used at a dilution of 1:5000.
Finally, detection by electrochemiluminescence (ECL) was
performed.

Solutions and Products. Blotting buffer 1X is as follows: 25 mM
Tris base (3g/L), 192 mM glycine (14.4 g/L), 20% methanol.
T-TBS 1X 0.1%, 5 mM Tris/Cl pH 7.4, 15mM NaCl, and 0.1%
Tween 20. Blocking buffer 1x is as follows: T-TBS 1X 0.1% and
dry milk 5% final.

2.9. Statistical Analysis. All the experiments were repeated at
least four times. Statistical analysis of results was made by
the ANOVA test. Significativity of result was evaluated by
Student’s ¢-test. Followed by Student’s ¢-test, p values < 0.05
were considered significant.

3. Results

3.1. Morphology of the Retina and Optic Nerve Head. Cryostat
sections of experimental and control rat eyes were stained
with haematoxylin-eosin. Any changes in the astrocyte cells
were observed, as well as any morphological changes to the
retinal layers and changes to the nuclear chromatin.

Tissue sections from the eyes of young rats not subjected
to treatment showed no abnormalities (Figure 1(a)) but were
used to highlight the alterations in the optic nerve head of
aged rats.

In tissue sections from the eyes of control aged rats not
treated with antioxidants, there was a reduction in neural
tissue due to apoptosis of RGCs and loss of optic nerve axons
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and apoptosis of astrocytes (Figure 1(b)). The main alteration
it was possible to highlight was the thinning of the optic nerve
head following ageing.

In the tissue sections from aged rats treated with ALA-
and SOD-based antioxidants, a smaller papillary loss and a
good columnar shape typical of astrocyte cells were high-
lighted (Figure 1(c)).

3.2. Study of Modifications due to DNA Degradation (TUNEL
Assay). This technique labels the nucleus of cells in an
advanced stage of death, where endonucleases have frag-
mented the DNA. Nuclei with degraded DNA showed greater
fluorescence than nuclei in which the degenerative process
was absent, because the terminal transferase specifically
incorporates fluorescent nucleotides onto the free 3'OH ends
of fragmented DNA (Figures 2(a) and 2(b)). Indeed, in the
sections of guinea-pig eye pretreated with ALA and SOD
(Figure 2(c)), the assay was not very positive, due to reduced
degradation of DNA caused by the cytoprotective effect of the
antioxidants both on the astrocyte cells and on the RGCs.

3.3. Study of Modifications to Cell Membranes (LPO-586
Assay). 'The oxidative stress induced an increase in mem-
brane damage. The extent of membrane damage was assessed
by measuring the production of MDA, a widely recognized
marker of lipoperoxidation whose production occurs in cells
as a direct result of damage to the membrane structure
and function. Samples obtained from aged rats showed very
high cytoplasmic MDA concentrations with extensive lipop-
eroxidative damage. By contrast, treatment with ALA and
SOD reduced levels of all apoptosis markers, as well as
improving overall homeostatic response and limiting apop-
totic phenomena (Figure 3).

3.4. Immunolocalization of iNOS and Caspase-3. There was
no immunolocalization of iNOS in juvenile rats, while the
cells of normal-fed aged rats had high iNOS expression
(Figures 4(a) and 4(c"y). High cytotoxic levels of NO were
then detected. Conversely, immunofluorescence was reduced
in the sections of aged rats fed with ALA and SOD, indicating
reduced expression of iNOS (Figures 4(c) and 4(c")). This
would confirm that this enzyme is activated in the presence
of damage caused by ageing, as in our model (Figures 4(b),
4(c), 4(b"), and 4(c")).

Similarly, no significant activation of caspase-3 was
observed in juvenile rats (Figures 5(a) and 5(c")). Conversely,
significant expression of caspase-3 was found (indicating
suffering and therefore apoptotic activation and the conse-
quent cell death induced by ageing) in sections of eyes from
untreated aged rats (Figures 5(b) and 5(b")), whereas in rats
fed with ALA and SOD there was a marked decrease in the
expression of this protease (Figures 5(c) and 5(c).

3.5. Western Blot Analysis of iNOS and Caspase-3. The iNOS
band was less present, as confirmed by western blot in
aged rats pretreated with ALA and SOD (Figure 6), as seen
previously via immunolocalization. As expected, a decrease
in caspase-3 expression was also observed in retinal extracts
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FIGURE 1: Morphology of the retina and optic nerve head stained with haematoxylin-eosin. (a) Section of the optic nerve head of a young rat
with no obvious abnormalities (6 months, negative control). (b) Section of the optic nerve head of an untreated aged rat (24 months, positive
control). The main alteration it was possible to highlight was the increased excavation of the optic nerve head. (c) Section of the optic nerve
head of an aged rat after oral supplementation with a-lipoic acid (ALA) and superoxide dismutase (SOD) (24 months, positive control). Here,
a smaller papillary excavation and a good columnar shape typical of astrocyte cells were highlighted compared to the section in panel (b).

(a) (®) (0)

FIGURE 2: Modifications to nuclear DNA (TUNEL assay). (a) Section of the optic nerve head of a young rat with no obvious abnormalities (6
months, negative control). (b) Section of the optic nerve head of an untreated aged rat (24 months, positive control). Nuclei with degraded
DNA showed greater fluorescence than nuclei in which the degenerative process was absent. (c) Section of the optic nerve head of an aged rat
after oral supplementation with a-lipoic acid (ALA) and superoxide dismutase (SOD) (24 months, positive control). In this case, the assay
was not positive, due to reduced degradation of DNA caused by the cytoprotective effect of the antioxidants.



Oxidative Medicine and Cellular Longevity

TaBLE 1: The inducible nitric oxide synthase (iNOS) and caspase-3 bands in the different samples were subjected to quantization by
electrochemiluminescence (ECL) and the values obtained were expressed as a percentage.

Bands (A) Aged rats (B) Aged rats (C) Young rats (A)-(B) (B)-(C)
Untreated ALA + SOD treated Controls P

iNOS 100% 26 +4 6+2 <0.01"

Caspase-3 100% 23+3 8§+2 <0.01" <

Mean values + SD. Significativity of the results was considered with * p values < 0.05.

LPO
600

500 4455

400 -

300 A

MDA (uM)

212
200 A

100 +
21

Young rats Old rats

o Controls
m Positive rats
o Positive rats ALA and SOD

FIGURE 3: Level of membrane lipoperoxidation (LPO) in retina
samples and role of a-lipoic acid (ALA) and superoxide dismutase
(SOD) in the control of apoptosis. Bars report the level of malondi-
aldehyde (MDA) evaluated as indicated in the following legend for
each bar. The values represent mean + S.E.M. Controls = young rats
(untreated); positive rats = aged rats (untreated); positive rats ALA +
SOD = aged rats after treatment with ALA and SOD.

subjected to antioxidant treatment, indicating that the reduc-
tion in cell death was due to lower activation of the apoptotic
death programme (Figure 6). Normalization was performed
using the expression of a-tubulin, constitutively expressed
in the cells. In both cases, the bands obtained from the
different samples were subjected to quantization by ECL and
the values obtained were expressed as percentages (Figure 7
and Table 1).

4., Discussion

The primary aim of our work was to use an experimental
animal model to reproduce and assess the histological and
therefore biochemical phenomena of cell ageing. Secondarily,
we investigated the changes of antioxidant molecules, such as
ALA and SOD, on the harmful effect of the free radicals that
accumulate over the normal biological processes of life.
From the various parameters considered, we observed
that the antioxidant combination of ALA and SOD, admin-
istered for 8 weeks to aged rats, would be able to counteract
the degenerative events associated with ageing. In fact, our
assays seem to confirm that older and therefore damaged tis-
sues have significant iNOS expression. Once NO is produced,

it is capable of causing irreversible damage to tissues [21-23].
The toxicity of iNOS has been found in several inflammatory
and degenerative eye diseases such as multiple sclerosis,
Parkinson’s disease, and Alzheimer’s disease [22, 23]. Studies
of iNOS overexpression in mice have shown that increased
NO levels would be able to cause the apoptotic death of
retinal photoreceptors [24]. Furthermore, our study would
seem to highlight the fact that a reduction in NO, through
the use of antioxidants, could provide significant therapeutic
benefits against the retinal degeneration induced by oxidative
stress due to natural causes, such as ageing. Presumably,
the positive effect could also follow a cell degeneration with
various pathological causes such as inflammatory, traumatic,
or metabolic disorders [17, 18, 22, 25, 26].

Furthermore, the increased stability of mitochondrial
membranes, as demonstrated by the reduction in the LPO
reaction induced by free radicals, would help reduce the
release of proapoptotic factors responsible for inducing the
programmed cell death process.

Interestingly, in some studies, it has been found that
changes in mitochondrial membrane permeability can lead
to opening of transition pores (PTPs) in the liver and brain
of aged rats. This would lead to the subsequent release of
cytochrome ¢ [27]. Cytochrome ¢, when released into the
cytoplasm, interacts with Apaf-1 to form a protein complex
called the apoptosome, which promotes activation of caspase
and therefore of the apoptotic death cascade [28].

Going forward, Kokoszka et al. have shown that chronic
oxidative stress in mice leads to a partial deficiency in
MnSOD which would entail an increase in the sensitization of
mitochondrial PTPs and consequently induce apoptosis [29].
Indeed, SOD, as well as MnSOD in particular, plays a major
role in maintaining normal mitochondrial function and
structural integrity [30]. It has been found that mutant mice
totally lacking MnSOD suffer from severe mitochondrial
defects, mainly in the brain and heart [12, 31, 32].

Furthermore, differential expressions have been shown to
exist between the Bcl-2 family of proteins and the caspase
family during ageing in the rat brain [25, 33]. Data confirm
these studies, indicating that aged rats would show a marked
expression of caspase-3, an executioner protease known to
take part in the final stages of the apoptotic cascade [34].
Thus, the oral administration of ALA and SOD would also
reduce the activation of this protease, thereby preventing the
apoptotic death of retinal cells and the consequent loss of
axons forming the optic nerve.

ALA is regarded as one of the most important antiox-
idants and therefore has an equally significant therapeutic
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FIGURE 4: Inducible nitric oxide synthase (iNOS) immunolocalization in the sections of the optic nerve head (a/b/c) and in the retina @m'ih.
((a) and (a")) Young rat without iNOS immunolocalization (6 months, negative control). ((b) and b)) Aged rat fed normally with high iNOS
expression in cells. ((c) and (c")) Aged rat after oral supplementation of a-lipoic acid (ALA) and superoxide dismutase (SOD) with reduced

immunofluorescence, indicating lower iNOS expression.

value in pathological conditions related to the overproduc-
tion of radicals with oxidative capacity. Furthermore, its
reduced form, dihydrolipoic acid, reacts by neutralizing such
radicals as superoxide, hydroxyl radicals, hypochlorous acid,
peroxides, and singlet oxygen [35, 36].

Some Authors have observed that ALA reduces the
markers of apoptosis and oxidative stress more significantly
than SOD. But these effects seem particularly relevant when
treatment is administered concomitantly with ALA and SOD,
probably due to the presence of synergistic mechanisms of
action. Mainly, SOD acts in the extracellular environment,
and conversely ALA also acts in intracellular level [4, 14, 18,
26).

5. Conclusion

In summary, this study appears to show that, during the RGC
ageing process, axons in the optic nerve cells and astrocytes

are subjected to an array of degenerative damage, due
mainly to an increase in oxidative stress levels. The damage
would no longer be countered by the normal antioxidant
defence systems which, as is known, decline with age. Oral
administration of ALA and SOD would provide a number of
significant benefits against the retinal degeneration mediated
by oxidative stress. This is due to a reduction in DNA
fragmentation and iNOS expression caused by antioxidants’
ability to counteract the high levels of free radicals typical of
ageing. This would thus improve the condition of treated eye
nerve tissue compared with control cases. Furthermore, the
lower LPO assay obtained from the antioxidant combination
would improve membrane integrity, thus protecting retinal
cells and optic nerve fibres from tissue death.

Ultimately, further research will be required in order to
gain a better understanding of the different ways in which
antioxidants act, not only in advanced stages of life but also in
the course of pathological events with inflammatory, tumoral,
traumatic, and dystrophic causes.
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FIGURE 5: Caspase-3 immunolocalization in the sections of the optic nerve head (a/b/c) and in the retina (a’/b'/c"). ((a) and (a')) Young rat
without caspase-3 immunolocalization (6 months, negative control). ((b) and ®")) Aged rat fed normally with high caspase-3 expression. ((c)
and (¢')) Aged rat after oral supplementation of a-lipoic acid (ALA) and superoxide dismutase (SOD) with reduced immunofluorescence,
indicating lower caspase-3 expression.
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FIGURE 6: Western blot analysis of inducible nitric oxide synthase CuZnSOD or SODI: Copper- and zinc-containing SOD
(iNOS) and caspase-3. (1) Young rats. (2) Untreated aged rats: MnSOD or SOD2:  Manganese SOD
increased presence of iNOS and caspase-3 bands. (3) Treated aged ECSOD or SOD3:  Extracellular SOD

rats: INOS and caspase-3 bands are less frequent. mitSOD: Mitochondrial MnSOD
GSH: Glutathione
TUNEL: Terminal deoxynucleotidyl
. .. transferase mediated dUTP Nick End
Abbreviations Labeling
ALA: a-Lipoic acid RL: Methyl-2-phenylindole
SOD: Superoxide dismutase MDA: Malondialdehyde
LPO: Lipid peroxidation SDS-PAGE: SDS-polyacrylamide gel

iNOS: Inducible nitric oxide synthase electrophoresis
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FIGURE 7: Quantization of the inducible nitric oxide synthase
(iNOS) and caspase-3 bands obtained by western blot. The iNOS and
caspase-3 were less present in aged rats pretreated with antioxidants
indicating that the reduction in cell death was due to lower activation
of tissue damage and apoptotic death.
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Licochalcone A (Lico A) exhibits various biological properties, including anti-inflammatory and antioxidant activities. In this study,
we investigated the antioxidative potential and mechanisms of Lico A against tert-butyl hydroperoxide- (-BHP-) induced oxidative
damage in RAW 264.7 cells. Our results indicated that Lico A significantly inhibited t-BHP-induced cytotoxicity, apoptosis, and
reactive oxygen species (ROS) generation and reduced glutathione (GSH) depletion but increased the glutamate-cysteine ligase
modifier (GCLM) subunit and the glutamate-cysteine ligase catalytic (GCLC) subunit genes expression. Additionally, Lico A
dramatically upregulated the antioxidant enzyme heme oxygenase 1 (HO-1) and nuclear factor erythroid 2-related factor 2 (Nrf2),
which were associated with inducing Nrf2 nuclear translocation, decreasing Keapl protein expression and increasing antioxidant
response element (ARE) promoter activity. Lico A also obviously induced the activation of serine/threonine kinase (Akt) and
extracellular signal-regulated kinase (ERK), but PI3K/Akt and ERK inhibitors treatment displayed clearly decreased levels of LicoA-
induced Nrf2 nuclear translocation and HO-1 expression, respectively. Furthermore, Lico A treatment markedly attenuated ¢-BHP-
induced oxidative damage, which was reduced by treatment with PI3K/Akt, ERK, and HO-1 inhibitors. Therefore, Lico A might
have a protective role against -BHP-induced cytotoxicity by modulating HO-1 and by scavenging ROS via the activation of the
PI3K/Akt and ERK/Nrf2 signaling pathways.

1. Introduction Reduced glutathione (GSH) is not only the most abun-
dant thiol antioxidant in cells, but also a key intracellular

Various severe imbalances in the systems involved in gen-  aptioxidant in mammals, which involves in scavenging free

erating and scavenging reactive oxygen species (ROS) could
induce oxidative damage [1]. Moreover, oxidative stress plays
a vital role in the mechanisms of various diseases, includ-
ing aging, cancer, and inflammation [2]. Under oxidative
stress conditions, various cells, including macrophages, have
developed their own defensive mechanisms to counteract
ROS generation via the induction of intracellular phase II
enzymes, such as heme oxygenase-1 [3]. Increasing evidence
has shown that natural products such as dietary phytochem-
icals exert protective effects by not only scavenging ROS but
also inducing the de novo expression of antioxidant genes [4].

radicals, maintaining redox status, and inhibiting cell apop-
tosis and is regulated by glutamate-cysteine ligase (GCL) [5-
7]. GCL, a rate-limiting enzyme of GSH biosynthesis, is a
heterodimer which consisted of the glutamate-cysteine ligase
modifier (GCLM) subunit and the glutamate-cysteine ligase
catalytic (GCLC) subunit [8, 9]. In addition, heme oxygenase-
1 (HO-1), which is a significant antioxidant gene, plays a
crucial role in maintaining the cellular redox homeostasis
against oxidative stress [10]. Previous reports have shown that
HO-1 could catalyze the oxidative degradation of heme to
biliverdin, which is then reduced to produce bilirubin, which
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is a potent antioxidant [11]. Importantly, GCLC, GCLM,
and HO-1 genes expression are regulated by nuclear factor-
erythroid 2 related factor 2 (Nrf2). Nrf2 plays a critical
role in protecting cells against oxidative stress via regulating
antioxidant responses [12, 13]. Under normal conditions, the
inactive form of Nrf2 is bound to Keapl (Kelch-like ECH-
associated protein 1, also known as a repressor of Nrf2)
in the cytoplasm. Under stress conditions, Nrf2 dissociates
from Keapl, translocates into the nucleus, and binds to the
antioxidant response element (ARE), which results in the
expression of several antioxidant and detoxification genes,
including HO-1 [14]. Interestingly, the mechanism by which
Nrf2 is released from the Keapl-Nrf2 complex remains to be
demonstrated. However, recently it is reported that several
signal transduction pathways, which are protein kinase C
(PKC) [15, 16], phosphatidylinositol 3-kinase (PI3K) [17],
and mitogen-activated protein kinase (MAPK) pathways [18],
may also play a significant role in involving in the regulation
of Nrf2 nuclear translocation. Flavonoids, which are naturally
occurring bioactive compounds, are extensively distributed
in natural products such as vegetables, fruits, and many
medicinal plants [19]. Flavonoids, particularly flavonols,
possess a range of pharmaceutical activities, such as anti-
inflammatory, antioxidant, hepatoprotective, antiviral, and
anticarcinogenic activities [20, 21]. Licochalcone A (Lico A),
which is one of the primary flavonoids isolated from the root
of the Xinjiang licorice Glycyrrhiza inflate [22], has various
biological activities, including anti-inflammatory, antioxi-
dant, antitumorigenic, and antimicrobial activities [23, 24].
However, the cytoprotective effect of Lico A against oxidative
stress damage has not yet been demonstrated in RAW 264.7
cells. Accordingly, we investigated the cytoprotective effect of
Lico A and the mechanism related to oxidative stress in tert-
butyl hydroperoxide- (t-BHP-) induced RAW 264.7 cells.

2. Materials and Methods

2.1. Reagents and Chemical. Licochalcone A (Lico A), purity
>98%, used in the experiments was obtained from the
National Institute for the Control of Pharmaceutical and Bio-
logical Products (Beijing, China). 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), tert-butyl
hydroperoxide (t-BHP), dimethyl sulfoxide (DMSO), U0126,
SB203580, SP600125, and LY294002 (specific inhibitors of the
ERK1/2, p38, JNK1/2, and PI3K/Akt, resp.) were purchased
from Sigma-Aldrich (St. Louis, MO). Penicillin and strepto-
mycin, fetal bovine serum (FBS), and Dulbeccos modified
Eagle’s medium (DMEM) were purchased from Invitrogen-
Gibco (Grand Island, NY). Antibodies against Nrf2, HO-
1, Keapl, Akt, phospho-Akt, phospho-extracellular signal-
regulated kinase (ERK), ERK, phospho-c-Jun NH2-terminal
kinase (JNK), JNK, phospho-p38, p38, Lamin B, and f-
actin were purchased from Cell Signaling (Boston, MA,
USA) or Abcam (Cambridge, MA, USA). The horseradish
peroxidase- (HRP-) conjugated anti-rabbit or anti-mouse IgG
were obtained from Proteintech (Boston, MA, USA). Tin
protoporphyrin IX (SnPP IX, HO-1 inhibitor) was purchased
from Calbiochem (La Jolla, CA, USA). The control siRNA and
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Nrf2 siRNA were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Faststart Universal SYBR Green Mas-
ter was purchased from Roche (Basel, Switzerland). Prime-
Script RT-PCR kit was purchased from Takara (Dalian,
China). In addition, GSH test kit was obtained from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China).

2.2. Cell Culture and Cell Treatment. The RAW 264.7 mouse
macrophage cell line, purchased from the China Cell Line
Bank (Beijing China), was grown in DMEM medium sup-
plemented with 3 mM glutamine, 10% foetal bovine serum
(FBS), and 100 U/mL of penicillin and 100 U/mL of strep-
tomycin at 37°C in a humidified atmosphere containing 5%
CO,. In all experiments, cells were allowed to acclimate for
24 h before any treatments.

2.3. Cell Viability Assay. According to the manufacturer’s
instructions, cell viability was evaluated by MTT assay. RAW
264.7 cells were seeded in 96-well plates at the concentration
of 3 x 10* cells/well. After 24h, cells were treated with -
BHP only, Lico A and t-BHP, or Lico A, t-BHP, and selective
inhibitors at an indicated concentration and time. Then, the
cells were added with MTT (5mg/mL) and incubated for
another 4 h, the supernatant was removed, and DMSO was
added to each well to lyse the cells. The absorbance of MTT
was measured at 570 nm.

2.4. Quantification of Apoptotic and Necrosis Cells. RAW
264.7 cells were seeded into 12-well plates (5 x 10° cells/well)
for 24 h incubation, and then were exposed to various con-
centrations of Lico A for 18 h and subjected to t-BHP (10 M)
for additional 3 h. Subsequently, cells were washed twice with
ice-cold PBS, collected, and centrifuged at 1500 rpm/min for
5min, 4°C. Next, cells were subjected to Hoechst 33342 and
propidium iodide staining and the percentage of apoptosis
and necrosis were determined using flow cytometry (LSR II
Flow Cytometer; BD Biosciences, San Jose, CA, USA).

2.5. Detection of Intracellular ROS Levels. To measure intra-
cellular ROS production, RAW 264.7 cells were grown in
24-well plates (1 x 10 cells/well) for 24 h incubation and
then recovered in serum-free DMEM for 6 h; the cells were
then preincubated with various concentrations of Lico A
for 18 h. Next, the cells were stained with 50 uM of DCFH-
DA for 1h and subsequently incubated with ¢-BHP (10 M)
for 30 min to induce the ROS generation. DCF fluorescence
intensities were measured in a multidetection reader (Bio-Tek
Instruments Inc.) at an excitation and emission wavelength of
485nm and 535 nm, respectively.

2.6. Measurement of Intracellular GSH Levels. To measure
intracellular reduced glutathione (GSH) levels, RAW 264.7
cells were grown in 6-well plates (1 x 10° cells/well) for
24 h incubation, and then the cells were exposed to various
concentrations of Lico A for 18 h and subsequently subjected
to t-BHP (10 uM) for 3h. According to the manufacturer’s
instructions, the level of intracellular of GSH was quanti-
fied using a commercially available GSH test kit (Nanjing
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Jiancheng Bioengineering Institute, Nanjing, China). The
absorbance was measured at 405nm using a microplate
reader (Bio-Tek Instruments Inc.).

2.7. Total RNA Extraction and qPCR. Total RNA from cells
was isolated using Trizol reagent according to the procedure
described by the manufacturer. After the concentration of
RNA was determined by spectrophotometer, 1ug of RNA
was transformed into cDNA using Prime-Script RT-PCR
kit (Takara). The following PCR primer sequences (forward
and reverse, resp.) were used: GCLC: 5'-ACG GCT GCT
ACG ACA ACG GCC CTC-3' and 5'-ACC CAG CGG
TGC AAA CTC CGC GC-3'; GCLM: 5'-TCC TCT CGA
AGA GGG CGT GTC CAG-3' and 5'-AGG GAG G GA
AGG AAG GGA GGG AG-3'; -actin: 5'-TCT GTG TGG
ATT GTG GCT CTA-3' and 5'-CTG CTT GCT GAT CCA
CAT CTG-3'. PCR reactions were carried out using the
SYBR green working solution and quantitatively measured
with the Applied Biosystems 7300 real-time PCR system
and software (Applied Biosystems, Carlsbad, CA, USA). The
following thermal cycler parameters were used: 95°C for
10 min, followed by 40 cycles of 95°C for 10s, and 60°C
for 30s. Gene expression changes were calculated by the
comparative Ct method and the values were analyzed by
normalizing with $-actin mRNA expression.

2.8. Western Blot Analysis. The RAW 264.7 mouse macro-
phage cell line (1 x 10°cells/well in 6-well plate) was
washed twice with ice-cold PBS, collected, and centrifuged
at 6000 rpm/min for 5 min, 4°C. Then, the cells were lysed in
a RIPA with protease and phosphatase inhibitors for 30 min.
The protein concentrations were measured using a BCA
protein assay kit (Beyotime, China). An equal amount of
protein (40 ug) for each sample was resolved by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
using a 10% gel and then electrophoretically transferred onto
a polyvinylidene difluoride membranes (PVDF), which was
purchased from Bio-Rad (Hercules, CA). The membrane was
blocked with blocking solution (5% (w/v) nonfat dry milk)
for 2h and followed by an overnight incubation at 4°C with
specific primary antibody, including Keapl, Nrf2, HO-1, p-
Akt/Akt, p-JNK/JNK, p-ERK/ERK, p-p38/p38, Lamin B, and
B-actin. Next day, after thoroughly washing with TBST for
three times, the membrane was incubated for an additional
2h with a peroxidase conjugated secondary antibody at
room temperature and followed by ECL detection (Millipore
corporation, Billerca, MA, USA). -actin and Lamin B were
used as loading controls for whole, cytosolic, and nuclear
cell proteins, respectively. Band intensities were quantified
by using Image] gel analysis software. The experiments were
repeated three times for each experimental condition.

2.9. Preparation of Nuclear and Cytosolic Fractions. The
nuclear and the cytoplasmic extracts were prepared using
an NE-PER Nuclear and Cytoplasmic Extraction Reagents
kit (Pierce Biotechnology, Rockford, IL, USA), in accordance

with the manufacturer’s instructions. All steps were carried
out on ice or at 4°C unless stated otherwise.

2.10. Nrf2-siRNA Transfection. For Nrf2-siRNA transfec-
tion, RAW 264.7 cells were grown in 6-well plates (2 x
10° cells/well) until the confluence of cells reached approx-
imately 50%. Then, Nrf2-siRNA or Nrf2-negative control
siRNA was transiently transfected into the cells using siRNA
transfection reagent lipofectamine 2000 in accordance with
the manufacturer’s protocol (Santa Cruz Biotechnology,
Santa Cruz, CA). After 6 h, the transfected cells were treated
with Lico A for 18 h and followed by lysis buffer for Western
blot analysis.

2.11. ARE Promoter Activity. RAW 264.7 cells were grown
in 24-well plates (2 x 10° cells/well) until the confluence of
cells reached approximately 50%. According to the manu-
facturer’s protocol of Invitrogen (Carlsbad, CA, USA), pRL-
TK and pGL-ARE plasmids were transfected into cells using
Lipofectamine 2000. After Lico A (3.7 uM) treatment for
different periods, we used a dual-luciferase reporter assay
system (Dual-Glo Luciferase Assay System) for detecting and
analyzing ARE-driven promoter activity.

2.12. Statistical Analysis. All results were expressed as means
+ SEM of three independent experiments. Differences
between mean values of normally distributed data were ana-
lyzed using two-tailed Student’s ¢-test. Statistical significance
was accepted when P < 0.05 or P < 0.01.

3. Results

3.1. Lico A Protected against t-BHP-Induced Cytotoxicity and
Reduced Apoptosis Percentage in RAW 264.7 Cells. t-BHP
is commonly used to induce oxidative stress in biological
systems. The viability of RAW 264.7 cells decreased in a
dose-dependent manner after 24 h of incubation with t-BHP.
However, a significant difference between the control and ¢-
BHP-stimulated group was observed only at 10 uM t-BHP
(Figure 1(a)). Therefore, we chose 10 uM ¢-BHP as the treat-
ment dose to induce obvious oxidative injury. Moreover, the
RAW 264.7 cells were pretreated with various concentrations
of Lico A (1.85, 3.7 and 7.4 uM) for 18 h and subsequently
exposed to t-BHP (10 uM) for 3 h to investigate the protective
effects of Lico A on these cells. Our results suggested that
Lico A significantly protected these cells against t-BHP-
induced oxidative cytotoxicity (Figure 1(b)). Furthermore, t-
BHP also markedly induced cell death through increasing
the percentage of apoptosis and necrosis in total cells, and
Lico A effectively decreased t-BHP-induced cell apoptosis at
concentrations of 1.85, 3.7, and 7.4 uM, whereas Lico A could
not attenuate t-BHP-induced necrosis cells (Figure 1(c)).

3.2. Lico A Inhibited t-BHP-Induced ROS Production and
GSH Depletion and Enhanced GCLC and GCLM Expression
in RAW 264.7 Cells. Due to t-BHP elevating ROS genera-
tion to induce cell oxidative damage, we investigated that
Lico A protected against t-BHP-induced oxidative injury
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FIGURE 1: Effects of Lico A on t-BHP-induced RAW 264.7 cell cytotoxicity, apoptosis, and necrosis. (a) RAW 264.7 cells were treated by 0,
1, 2.5, 10, 25, 50, and 100 M t-BHP for 24 h. (b) Cells were pretreated with Lico A (1.85, 3.7 and 7.4 uM) for 18 h, subsequently exposed to
t-BHP (10 M) for 3 h. Cell viability after --BHP exposure was measured by MTT assay. (c) Cells were exposed to various concentrations of
Lico A for 18 h and subsequently subjected to ¢-BHP (10 uM) for 3 h. The percentage of cell apoptosis and necrosis were determined using
flow cytometry. (a and b) represent necrosis and apoptosis, respectively. All results were expressed as means + SEM of three independent
experiments. P < 0.05, **P < 0.01 versus the control group; “P < 0.05, *P < 0.01 versus the t-BHP group.
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FIGURE 2: Effects of Lico A on ¢t-BHP-induced ROS generation, GSH levels, and GCLM and GCLC genes expression in RAW 264.7 cells.
RAW 264.7 cells were pretreated with or without Lico A for 18 h and then were exposed to t-BHP for additional 3 h. (a) Effect of Lico A on
t-BHP-induced ROS generation in RAW 264.7 cells. The ROS generation was determined in accordance with the Experimental Section. (b)

Effect of Lico A on t-BHP-induced GSH depletion was determined usi
GCLC genes expression. Total RNA was extracted from RAW 264.7 cells
were expressed as means + SEM of three independent experiments. * P
versus the t-BHP group.

via inhibiting intracellular ROS production in RAW 264.7
cells. In this study, t-BHP treatment markedly increased
ROS production, which was inhibited by Lico A treatment
(Figure 2(a)). In addition, GSH is recognized to be a vital
antioxidant, which protects against t-BHP-induced oxidative
injury. In fact, GCLC and GCLM are closely associated with
the expression of GSH level. Hence, we examined GSH
contents as well as GCLC and GCLM expression in ¢t-BHP-
exposed cells pretreated with or without Lico A. Our results
showed that ¢-BHP treatment considerably enhanced GSH
depletion, whereas Lico A treatment significantly decreased
the depletion of GSH t-BHP-induced and increased the
expression of GCLC and GCLM (Figures 2(b) and 2(c)).

3.3. Lico A Upregulated HO-1 Protein Expression in RAW 264.7
Cells. Because HO-11is an essential component of the cellular

ng a commercial GSH test kit. (c) Effects of Lico A on GCLM and
and genes expression was quantified using real-time PCR. All results
< 0.05, **P < 0.01 versus the control group; “P < 0.05, P < 0.01

defense against oxidative stress, we examined whether Lico
A-induced HO-1 expression increased the resistance of RAW
264.7 cells to oxidative injury. RAW 264.7 cells were treated
with Lico A for 18 h to determine the most effective concen-
tration for increasing HO-1 protein expression (Figures 3(a)
and 3(b)). The cells were treated with Lico A (3.7 uM) for
different periods to determine the optimal exposure period
for enhancing HO-1 protein expression (Figures 3(c) and
3(d)). Our results showed that exposure to 3.7 uM Lico A
for 18 h dramatically upregulated HO-1 protein expression in
RAW 264.7 cells.

3.4. Lico A Enhanced Nrf2 Protein Expression and ARE
Activation and Increased Keapl Degradation in RAW 264.7
Cells. Nrf2 regulates the antioxidant responses via transcrip-
tionally activating the HO-1 gene expression. In addition,
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FIGURE 3: Effects of Lico A on HO-1 protein expression in RAW 264.7 cells. (a) Cells were treated with increasing doses of Lico A (1.85, 3.7,
and 7.4 uM) for 18 h, and (c) cells were treated with Lico A (3.7 uM) indicated time periods. Protein expression of HO-1 was determined by
Western blot analysis. (b and d) Quantification of HO-1 protein expression was performed by densitometric analysis and -actin acted as
an internal control. All results were expressed as means + SEM of three independent experiments. *P < 0.05, **P < 0.01 versus the control

group.

Keapl negatively regulates Nrf2 through inhibiting the Nrf2
activation. Consequently, we examined whether Lico A could
induce Nrf2 activation and Keapl degradation in association
with HO-1 upregulation. RAW 264.7 cells were treated with
Lico A (1.85, 3.7 and 7.4 uM) for 18 h, and then total protein
was extracted from the cells for Western blot analysis. The
results showed that 3.7 uM Lico A significantly increased the
total protein expression of Nrf2 and the degradation of Keapl
(Figures 4(a) and 4(b)). Thus, we furthermore examined
whether 3.7 uM Lico A could lead to a decrease in the
cytoplasmic levels and a concomitant increase in the nuclear
levels of Nrf2 in a time-dependent manner (Figures 4(c) and
4(d)). In addition, due to the increased Nrf2 expression in the
nucleus is required for ARE activation, the ARE-luciferase
plasmid was transiently transfected into the cells and then
were exposed to Lico A, as well as changes in luciferase
activity were used as a measure of ARE activation. The results
of this assay suggested that Lico A also markedly increased
ARE-driven luciferase activity in a time-dependent manner
(Figure 4(e)).

3.5. Lico A Increased Nrf2-Mediated HO-1 Protein Expres-
sion in RAW 264.7 Cells. Several previous reports showed
that Nrf2 is essential for HO-1 regulation. Accordingly, we
attempted to investigate whether the upregulation of HO-
1 expression is mediated by Nrf2. The role of Nrf2 in Lico
A-induced HO-1 expression was confirmed using siRNA to
knockdown Nrf2. Control or Nrf2 siRNA was transiently
transfected into RAW 264.7 cells, and then Nrf2 and HO-1
protein expression was measured by Western blot analysis.
The data demonstrated that Nrf2 siRNA markedly inhibited
total Nrf2 and HO-1 protein expression to a similar extent
when compared with the negative control (Figures 5(a) and
5(b)). Additionally, to further investigate whether Lico A-
induced HO-1 protein expression is mediated by Nrf2, we
measured HO-1 expression after Nrf2 siRNA transfection.
Our studies indicated that Lico A-increased HO-1 protein
expression significantly decreased in Nrf2 siRNA-transfected
cells, whereas the same amount of nonspecific control siRNA
did not affect HO-1 expression in RAW 264.7 cells (Figures
5(c) and 5(d)). These results further provided a support that
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FIGURE 4: Effects of Lico A on the Keapl/Nrf2/ARE signaling pathway in RAW264.7 cells. (a) Cells were treated with different concentration
of Lico A (1.85, 3.7 and 7.4 uM) for 18h, and the total protein were measured by Western blot analysis. (c) Cells were treated with Lico A
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indicated periods. ARE luciferase activity was detected by a dual-luciferase reporter assay system. All results were expressed as means + SEM
of three independent experiments. *P < 0.05, **P < 0.01 versus the control group.
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the Lico A group.

the upregulation of HO-1 expression is mediated primarily
through the transcriptional activator Nrf2.

3.6. Lico A Activated the PI3K/Akt and MAPK Pathways in
RAW 264.7 Cells. Recent reports have suggested that several
signal transduction pathways, such as the PI3K and MAPK
pathways are involved in the regulation of Nrf2 nuclear
translocation. ERK and c-Jun N-terminal kinase (JNK) pos-
itively regulate the Nrf2 pathway whereas p38 MAPK exerts
both positive and negative regulations [8, 25]. They all belong
to members of MAPK family. Therefore, we examined the
activation of PI3K/Akt and MAPK pathway in RAW 264.7
cells. RAW 264.7 cells were exposed to Lico A (1.85, 3.7, and
74 uM) for 18 h, and then total protein was extracted from
these cells for Western blot analysis using specific antibodies.

The results indicated that 3.7 uM Lico A clearly increased Akt
and ERK phosphorylation in RAW 264.7 cells. In contrast, the
phosphorylation of p38 and JNK was not activated at these
three concentrations of Lico A (Figure 6).

3.7 Lico A Modulated HO-1 Expression and Nrf2 Nuclear
Translocation via Akt and ERK Activation in RAW 264.7
Cells. To further determine the upstream signaling path-
way involved in Lico A-mediated Nrf2 activation and HO-
1 induction, we investigated the effects of LY294002 and
U0126, which are specific inhibitors of the PI3K/Akt and
ERK pathways, respectively, on Nrf2 nuclear translocation
and HO-1 protein expression. RAW 264.7 cells were treated
with either LY294002 (20 uM) or U0126 (10 uM) for 6h
and then exposed to Lico A (3.7uM) for 18h. We found



Oxidative Medicine and Cellular Longevity 9

1.5
Lico A (uM) S
Con 1.85 3.7 7.4 + 1.0 T
Z ki
D *
p-Akt mm— -.‘ % =
5 0.5+
o & T
T-Akt
0 T T T T
Con 1.85 3.7 7.4
Lico A (uM)
(a) (b)
1.5 -
Lico A (uM)
Con 1.85 3.7 7.4 % 10 o
=
e -1
% 1
o h— —
& 0.5 1
0 T T T T
Con 1.85 3.7 7.4
Lico A (uM)
© (d)
0.8
Lico A (uM) 0.6 - —|_ —|_
Con 1.85 3.7 7.4 N
&
E 04
N4
&
20 0.2 4
0 T T T T
Con 1.85 3.7 7.4
Lico A (uM)
(e) (f)
1.2
Lico A (uM)
Con 1.85 3.7 7.4 ® 084 T —_
2 T
g
o0
ppis N ——— oa
a, V44
T-p38
— | o—— 0 T T T T
Con 1.85 3.7 7.4
Lico A (uM)
() (h)

FIGURE 6: Effects of Lico A on the activation of the PI3K/Akt and MAPK pathways in RAW 264.7 cells. Cells were treated with increasing
doses of Lico A (1.85, 3.7 and 7.4 uM) for 18 h, and whole cell lysates were prepared and detected by Western blot analysis for phosphorylated
and total Akt, ERK, JNK, and p38 protein expression. (b, d, f, and h) Quantification of induction of PI3K/Akt and MAPKSs phosphorylation
were performed by densitometric analysis and its unphosphorylated forms acted as an internal control, respectively. All results were expressed
as means + SEM of three independent experiments. *P < 0.05, **P < 0.01 versus the control group.



10

Lico A (3.7 uM)
LY (10 M)

L ——
Bractin W
Nucl-Nrf2 =S ‘
Lamin ) " - — —

+

+

A

()

Lico A (3.7 uM) +

U (10uM) + +

o
Hot s D - —
factin [ S S
Nucl-Nrf2 = S —

+

Lamin B AEG—_—-_—— —

(©)

Relative density of protein (ratio)

Relative density of protein (ratio)

Oxidative Medicine and Cellular Longevity

1.2
*k
*k
k%
0.8
++
++
0.4 il‘ ++
0
Con Lico A LY LY + lico A
Il p-Akt/B-actin [J HO-1/B-actin
Il Nrf2/Lamin B
(b)
1.5 4
*k
*k
10 J *k
0.5 4 =+ o+
++
0 -
Con Lico A U U + Lico A

Il p-ERK/B-actin
Bl Nrf2/Lamin B

[ HO-1/B-actin

(d)

F1GURE 7: Effects of Lico A-induced Akt and ERK activation on HO-1 expression and Nrf2 nuclear translocation. Cells were pretreated with
LY294002 (10 uM) and U0126 (10 uM) for 6 h and then were exposed to Lico A (3.7 uM) for 18 h. The whole cells lysates were examined by
Western blot analysis with anti-HO-1 and anti- -actin antibodies, and nuclear extracts were subjected to Western blot analysis with anti-Nrf2
and anti-Lamin B antibodies. (b and d) The relative density of protein was performed by densitometric analysis; -actin and Lamin B acted as
an internal control, respectively. All results were expressed as means + SEM of three independent experiments. ** P < 0.01 versus the control

group; " P < 0.01 versus the Lico A group.

that Lico A-mediated Nrf2 activation and HO-1 induction
were dramatically inhibited by PI3K/Akt and ERK kinase
inhibitors, respectively (Figure 7). These investigations sug-
gested that Lico A modulated Nrf2 nuclear translocation and
HO-1 expression via the activation of PI3K/Akt and ERK
signaling in RAW 264.7 cells.

3.8. Lico A Alleviated Cellular Injury by Upregulating Nrf2
and HO-1 via Akt and ERK Activation in RAW 264.7 Cells.
Based on the above outcomes, we hypothesized that the

protective effects of Lico A against t-BHP-induced oxidative
stress result from the induction of antioxidant genes, such
as HO-1 and its transcription factor Nrf2. Furthermore,
we hypothesized that the PI3K/Akt and MAPK pathways,
which are upstream signaling pathways, are involved in
Lico A-mediated Nrf2 activation and HO-1 induction. Thus,
RAW 264.7 cells were pretreated with LY294002 (PI3K/Akt
inhibitor, 20 uM), U0126 (ERK inhibitor, 10 uM), SB203580
(p38 inhibitor, 10 uM), SP600125 (JNK inhibitor, 40 uM), or
SnPP (HO-1 inhibitor, 40 uM) for 6 h, respectively, and then
treated with Lico A (3.7 uM) for 18 h. Next, the cells were
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exposure was measured by MTT assay. All results were expressed as
means + SEM of three independent experiments. ** P < 0.01 versus
the control group; P < 0.01 versus the -BHP group; **P < 0.01
versus the Lico A (3.7 uM) + t-BHP group.

exposed to 10 uM t-BHP for 10 h to determine cell viability.
Our results suggested that Lico A pretreatment significantly
increased cell viability compared with that of ¢-BHP-treated
cells. In contrast, this effect was partially inhibited in the
presence of ERK, PI3K/Akt, and HO-1 inhibitors, whereas
JNK and p38 inhibitors could not inhibit this effect (Figure 8).
This result showed that Lico A induced HO-1 expression via
the activation of Akt, ERK, and Keapl/Nrf2/ARE signaling
pathways in RAW 264.7 cells.

4. Discussion and Conclusion

Excessive exposure to reactive oxygen species (ROS) causes
oxidative stress. Additionally, excessive ROS production
inflicts damage on essential cellular macromolecules includ-
ing lipids, proteins, and DNA; this damage results in several
human diseases, such as inflammation, cancer, atheroscle-
rosis, rheumatoid arthritis, and neurodegenerative diseases
[26]. Therefore, ROS clearance and oxidative stress inhibition
may play essential roles in preventing numerous diseases.
Various natural products, particularly flavonoids, possess
multiple cytoprotective effects through free radical scaveng-
ing activity [27]. Lico A, which is a flavonoid, possesses
radical-scavenging and antioxidant effects [24]. However, the
mechanism underlying the biological effects of Lico A in
RAW 264.7 cells remains unclear. Our present study aimed
to investigate whether Lico A has the ability to induce
GSH, GCLC, and GCLM enhancement, to modulate HO-
1 induction and Nrf2 nuclear translocation and to protect

1

against t-BHP-induced oxidative damage and cell death via
ERK and Akt activation in RAW 264.7 cells.

Previous reports suggested that t-BHP exposure could
not only lead to cell death via inducing apoptosis but also
result in oxidative stress via increasing ROS formation. ROS
are associated with cell damage and with chronic disease
development [28, 29]. Additionally, it is reported that the
overproduction of GCL, which comprised of GCLC and
GCLM, enhances total GSH contents and protects against
H,0,-induced cell death in human granulose tumour cells
[30]. On the other hand, GSH, which is a nonenzymatic
antioxidant, cofactor, or coenzyme, plays an essential role in
directly involving in the production and clearance of ROS
[31]. For example, previous reports showed that antcin C
reduced the depletion of GSH levels in the t-BHP-exposed
HepG2 cells and mice liver tissues [32]. Hence, the aim of this
study was to evaluate the ability of the antioxidant Lico A to
reduce oxidant-induced cellular damage in RAW 264.7 cells.
Our experimental results showed that t-BHP-induced RAW
264.7 cells displayed significantly decreased cell viability
in a dose-dependent manner; the viability of RAW 264.7
cells treated with 10 uM t-BHP decreased up to 36.72%
compared with the control group (Figure 1(a)). However,
Lico A pretreatment markedly enhanced cell viability and
inhibited t-BHP-induced cell apoptosis (Figures 1(b) and
1(c)). Furthermore, increased ROS production and decreased
GSH levels are closely associated with apoptosis [33]. In
present study, we found that Lico A significantly reduced ROS
formation and GSH depletion as well as enhanced GCLC and
GCLM genes expression in the t-BHP-stimulated RAW 264.7
cells (Figure 2).

Increasing evidence suggests that the cytoprotective
properties of antioxidants are generally related to their ability
to induce antioxidative enzymes, such as HO-1. HO-1, which
is an enzyme that is essential for heme degradation, has
been recognized as an important cellular defense mecha-
nism against various stresses, including oxidative stress [11,
34]. Our results indicated that different concentrations and
exposure periods of Lico A treatment markedly increased
HO-1 induction in RAW 264.7 cells (Figure 3). Furthermore,
Keapl/Nrf2/ARE signaling plays a crucial role in protecting
cells against endogenous and exogenous stresses [35]. The
transcriptional activation of Nrf2 is dependent on the rate
of nuclear translocation, followed by the disassociation of
Nrf2 from cytoplasmic Keapl, which leads to the induction
of some cytoprotective proteins, including HO-1, GCLC, and
GCLM [36, 37]. In this study, we found that Lico A treatment
increased Nrf2 protein expression and decreased Keapl pro-
tein expression in total cell lysates (Figures 4(a) and 4(b)). In
addition, Lico A treatment markedly promoted the nuclear
translocation of Nrf2, which was directly proportional to the
decrease in Nrf2 in the cytoplasm (Figures 4(c) and 4(d)).
Nrf2 is released from Keapl and is translocated to the nucleus,
where Nrf2 binds to ARE in the promoter region of its
target genes, thereby inducing many cytoprotective genes and
antioxidative enzymes [38]. As shown in Figure 4(e), Lico A
treatment significantly enhanced ARE luciferase activity in a
time-dependent manner, which indicated the inducing ability
of Lico A on various ARE-regulated genes, such as HO-1.
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However, transient transfection with Nrf2 siRNA partially
abolished Lico A-induced HO-1 expression (Figure 5), which
suggested that Lico A induced HO-1 protein expression via
the Keapl/Nrf2/ARE signaling pathway in RAW 264.7 cells.

Many previous reports have suggested that the PI3K/Akt
and MAPK pathways play a key role in regulating HO-
1 expression and Nrf2-dependent transcription [39, 40].
The aim of the present experiment was to investigate a
possible role, Lico A-induced HO-1 expression which was
the activation of the PI3K/Akt and MAPK pathways. Our
results showed that Lico A induced HO-1 expression via
activating the PI3K/Akt and ERK pathways, whereas JNK
and p38 MAPK signaling molecules did not affect HO-1
expression (Figure 6). Moreover, MAPK and PI3K/Akt are
candidate upstream signaling pathways for Nrf2-related HO-
1 regulation in RAW 264.7 cells [41]. This study used specific
inhibitors of the PI3K/Akt and ERK pathways to further
investigate whether the activation of the PI3K/Akt and ERK
MAPK signaling pathways was a required event for HO-
1 expression and Nrf2 nuclear translocation. As shown in
Figure 7, the addition of U0126 and LY294002 significantly
abolished Lico A-induced HO-1 protein expression and
Nrf2 nuclear translocation. These results indicated that the
PI3K/Akt and ERK pathways are important for Lico A-
induced HO-1 expression and Nrf2 nuclear translocation.
Furthermore, cell viability decreased significantly when Lico
A treatment was combined with PI3K/Akt, ERK, and HO-
1 inhibitors in t-BHP-induced RAW 264.7 cells (Figure 8).
These results suggested that Lico A induced HO-1 expression
via the activation of Akt, ERK, and Keapl/Nrf2/ARE signaling
in RAW 264.7 cells.

In conclusion, the present study demonstrated that Lico
A could protect RAW 264.7 cells via the suppression of t-
BHP-induced oxidative damage, apoptosis, ROS production,
and GSH depletion as well as the enhancement of GCLC
and GCLM genes expression. Furthermore, Lico A could not
only induce Nrf2 nuclear translocation, which is upstream of
Lico A-induced antioxidant gene expression, but also activate
Akt and ERK phosphorylation. Moreover, the PI3K/Akt and
ERK pathways are associated with Lico A-induced Nrf2
nuclear translocation, HO-1 expression, and cytoprotection.
This study provides biological evidence supporting the appli-
cation of Lico A in the treatment of oxidative stress-induced
disorders.
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