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Plant-derived antioxidants are a large group of natural prod-
ucts with reducing or radical-scavenging capacity. Due to
their potent preventive, as well as therapeutic actions, these
compounds receive a great deal of attention by not only
scientists but also pharmacologists and physicians.

Maintenance of redox homeostasis plays a central role in
health and disease prevention. Oxidative stress is generated
by unbalance between reactive oxygen species (ROS) and
antioxidants. Excess of ROS leads to degradation of lipids,
proteins and nucleic acids and thus may lead to oxidative
damage of cells and in a consequence to overexpression of
oncogenes, mutagens formation, induction of atherogenic
activity, or inflammation. Oxidative stress is suggested to play
a major role in pathogenesis of cardiovascular diseases, neu-
rodegeneration, cancers, immune disorders, diabetes, aging,
and others. Plants, especially dietary fruits and vegetables, are
a rich source of antioxidants. It is postulated that antioxidants
show health benefits through direct reduction of oxidative
stress. In the body, antioxidant network works in concert
through several different mechanisms: ROS scavenging, ter-
mination of lipid peroxidation, or chelating ofmetals. Despite
the fact that broad knowledge of antioxidant structures,
properties, and biological actions has been gathered, many
aspects required clarification and further studies. Relatively
little is known about cellular mechanisms of their therapeutic
potential, interactions with other compounds, appropriate
dosage, and effectiveness of a treatment (especially their effect
in randomized clinical trials). Furthermore, the bioactiveness
of a large number of natural compounds remains unknown.

Well-known antioxidants, as well as those newly discovered,
raise hopes for their use in the prevention and treatment of
the above-mentioned diseases.

In this special issue, an attempt has been made to gather
articles that update our understanding about the role of plant-
derived antioxidants in disease prevention. These reports
filled the gaps in the field of antioxidants research, allow
better understanding of their action, and facilitate their future
usage in diseases prevention and treatment. The special issue
complies sixteen (16) excellent articles including four (4)
reviews, eleven (11) research papers, and one (1) clinical
study, which show current and recent developments in plant-
derived antioxidant research.

The review by S. Perrone et al. summarizes the latest
knowledge about the role of plant-derived xanthophyll,
lutein, as an antioxidant and anti-inflammatory agent in
animal model and human, with special focus on new-
borns. An interesting review by Y. Zhao et al. describes
mechanism of action and the clinical status of ligustrazine
(tetramethylpyrazine), a natural compound from Ligusticum
wallichii, which is extensively used in Chinese medicine for
treatment of such diseases as cardiovascular disorders, dia-
betes, cancers, or liver injury. S. Ojha et al.’s review is focused
on the role on plant-derived compounds for counteracting
cisplatin-induced nephrotoxicity. Cisplatin is a commonly
used chemotherapeutic, which very often induces organ
toxicity, in particular of kidneys and ears. Thus, the authors
describe the most suitable plant-originated compounds that
are able to combat cisplatin-induced nephrotoxicity. A nice
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“methodological” review provided by A. M. Pisoschi et al.
gathers the information about analytical methods which can
be applied for measurements of antioxidants and antioxidant
capacity of plant-derived products. This article describes the
antioxidant extraction procedures and discusses advantages
and disadvantages of commonly used analytical methods for
antioxidant detection.

ROS play a major role in pathogenesis of numerous dis-
eases. It is believed that application of exogenous antioxidants
is a promising strategy to suppress oxidative stress associ-
ated with those disorders or via other still not recognized
mechanisms. In this special issue most of research articles
show that plant-derived compounds (or their extracts) acts
successfully as suppressors of oxidation and can be used
in the future as therapeutic agents. The published papers
show data obtained either on (1) cell lines or (2) on the
animal models. The research article by P.-H. Li et al. shows
that ethyl acetate and dichloromethane extracts of medicinal
plant Equisetum ramosissimum inhibit the growth of human
malignant melanomas. Authors in in vitro experiments tried
also to explain themechanism of their action, which probably
is connected with caspase induction. Likewise, J. Ferreira
Campos et al. evaluated the chemical profile of ethanol
extract of Senna velutina leaves and showed its cytotoxic effect
against leukemic cells. Next, Plinia peruviana (Jaboticaba)
fruit peels, which is a rich source of phenolic compounds and
well-known antioxidant, were examined by H. S. Pitz et al.’s
group. They have reported that a hydroalcoholic extract of
this Brazilian plant has a positive potential during the wound
healing. In turn, B. Zhou et al. have explored the effect of soy
oligopeptides in UVB-induced acute photodamage of human
skin. Topically applied soy oligopeptides showed protective
effects by increased Bcl-2 protein expression and decreased
CDPs-positive cells, sunburn cells, apoptotic cells, p53, and
Bax proteins expression in epidermis layer of UVB-irradiated
foreskin.

R. H. Oliveira Lopes et al. conducted the research on
animal models. They treated hyperlipidemic Wistar rats
with hydroethanolic extract of Curatella americana leaves.
They have demonstrated that, as compared to the control,
this extract contains compounds that have ability to lower
cholesterol and triglycerides levels in tested rats. The study
of M. Xu et al. showed prophylactic effect of resveratrol
on the incidence of portal vein system thrombosis in rat
fibrosis model. The protective effects of resveratrol, among
others, were connected with decrease in platelet aggregation,
ROS production, and increase of nitric oxide synthesis. P. P.
de Toledo Espinodola et al. group have also evaluated the
antihyperlipidemic effects of plant extract. They tested root
water extract of guavira (Campomanesia adamantium) on
lipid profile of hyperlipidemic Wistar rats. The extract, rich
in phenolic compounds (mostly gallic and ellagic acids), had
ability to lower lipid peroxidation and improve lipid serum
level in animals. R. M. Perez-Gutierrez et al. isolated six
novel flavonoids from the bark of Eysenhardtia polystachya.
They tested their activity on streptozotocin-induced diabetic
mice and found that newly discovered phenolics are potent
antioxidants and can have therapeutic effects in diabetes.
M. Kluknavsky et al. examined the effect of (−)-epicatechin

on locomotor activity and hypertension in commonly used
animal model of hypertension, spontaneously hypertensive
rats. (−)-Epicatechin treatment prevented from hypertension
and reduced locomotor hyperactivity which was, among
others, the results of increase of nitric oxide synthase and total
antioxidants capacity in the blood. H. Li et al. studied the pro-
tective effect of astragalan, an acidic polysaccharide isolated
from medicinal plant, Astragalus membranaceus, against
neurotoxin 6-hydroxydopamine that can cause parkinson-
ism. Experiments, which were performed on Caenorhabditis
elegans models, have shown that Astragalus polysaccharide
shows a great therapeutic potential in neurodegeneration
treatment. R. C. L. Affonso et al. investigated whether
aqueous extract of coffee bean residual press cake improved
the skin wound healing. They found that coffee extracts
significantly reduced wound area size on the inflammatory
phase.

The article provided by X. Li et al. describes the results
of clinical trial combined with preclinical studies on rat
model. A clinical trial experiments confirmed the association
of oxidants/antioxidants unbalance with coronary chronic
total occlusion. They examined 399 patients at age of 80–
89. The preclinical studies encompass rat treatment with a
polysaccharide isolated from endothelium corneum gigeriae
galli. In both cases the authors have measured the level
of superoxide dismutase 3, nitric oxide, endothelial nitric
oxide synthase, and malondialdehyde. The obtained results
have shown that the tested polysaccharide could be used
as a potential therapeutic agent for coronary chronic total
occlusion in very old patients.

Taken altogether, the data presented in this special issue
cover a series of topics addressing the role of plant-derived
antioxidants in different oxidative stress-related diseases pre-
vention. We believed that the papers published in this special
issue enrich our understanding of a physiological action of
natural products but also provide promising perspectives on
their future usage as therapeutic agents. We are sure that
all the information provided in this issue will be of broad
interest.
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The present paper aims at reviewing and commenting on the analytical methods applied to antioxidant and antioxidant capacity
assessment in plant-derived products. Aspects related to oxidative stress, reactive oxidative species’ influence on key biomolecules,
and antioxidant benefits and modalities of action are discussed. Also, the oxidant-antioxidant balance is critically discussed. The
conventional and nonconventional extraction procedures applied prior to analysis are also presented, as the extraction step is of
pivotal importance for isolation and concentration of the compound(s) of interest before analysis. Then, the chromatographic,
spectrometric, and electrochemical methods for antioxidant and antioxidant capacity determination in plant-derived products are
detailed with respect to their principles, characteristics, and specific applications. Peculiarities related to the matrix characteristics
and other factors influencing themethod’s performances are discussed.Health benefits of plants and derived products are described,
as indicated in the original source. Finally, critical and conclusive aspects are given when it comes to the choice of a particular
extraction procedure and detection method, which should consider the nature of the sample, prevalent antioxidant/antioxidant
class, and the mechanism underlying each technique. Advantages and disadvantages are discussed for each method.

1. Introduction

Metabolism implies oxidative processes vital in cell survival.
In the course of molecular oxygen stepwise reduction, a
series of reactive oxygenated species occur [1–3]. Reactive
species may be oxygenated/nitrogenated free radicals defined
as chemical species possessing an unpaired electron in the
valence shell (superoxide anion radical O2

∙−, hydroxyl HO∙,
hydroperoxyl HO2

∙, peroxyl ROO∙, alkoxyl RO∙, nitric oxide
NO∙, peroxynitrite ONOO−, and nitrogen dioxide NO2) or
neutral molecules (H2O2 or HClO) [4–7].

Free radicals generated in aerobic metabolism are
involved in a series of regulatory processes such as cell prolif-
eration, apoptosis, and gene expression. When generated in
excess, free radicals can counteract the defense capability of
the antioxidant system, impairing the essential biomolecules
in the cell by oxidizing membrane lipids, cell proteins,
carbohydrates, DNA, and enzymes. Oxidative stress results

in cytotoxic compounds occurrence (malonyl dialdehyde, 4-
hydroxynonenal) and alters the oxidant-antioxidant balance
(redox homeostasis) that characterizes normal cell function-
ing [2–4].

With respect to alteration in the protein structure, amino
acid oxidation, free radical-induced cleavage, and cross-
linking due to reaction with lipid peroxidation products
may occur [8]. In nucleic acids, structural alterations imply
generation of base-free sites, deletions, oxidation of bases,
frame shifts, strand breaks, DNA-protein cross-links, and
chromosomal arrangements. The peroxyl radicals and the
Fenton-generated OH radicals can induce the oxidation
not only of purine and pyrimidine bases but also of the
deoxyribose moiety [9, 10]. Regarding influences that involve
sugar chemistry, oxygenated free radicals which resulted in
early glycation stages have been proven to be contributors
to glycoxidative damage: glycolaldehyde that results in the
initial stages of nonenzymatic glycosylation is noncyclizable
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and may undergo tautomerization, yielding enediols that
are easily subject to autooxidation. This step is initiated
and propagated by superoxide radical. 𝛼- and 𝛽-dicarbonyls
may also result during this glycolaldehyde autooxidation [11].
Peroxidation of lipids means primarily the attack to the fatty
acid’s chain by a radical, which abstracts a hydrogen atom
from a methylene group, with polyunsaturated fatty acids
being the most susceptible to undergo this process. OH∙, as
one of the most active radical species, and HO2

∙ attack lipid
substrates (L-H), yielding the corresponding lipid radicals L∙.
The attack on polyunsaturated fatty acids by singlet oxygen
can yield lipid peroxides [12, 13].

In recent studies, it has been repeatedly asserted that
oxidative stress not only is not limited to free radical-induced
damage on biomolecules but also involves perturbation of
cellular redox status, which has been described as “a disrup-
tion in redox signaling and control”; hence the antioxidant
system implies more than mere free radical capture [14–17].

Oxidative stress-induced pathology includes cancer [18,
19], cardiovascular disease [20], neural disorders [21],
Alzheimer’s disease [22], mild cognitive impairment [23],
Parkinson’s disease [24], alcohol induced liver disease [25],
ulcerative colitis [26], atherosclerosis [27], and aging [28].

The antioxidant action mechanism cannot be under-
stood without describing the model lipid peroxidation in
cell membranes or foodstuffs, a radical mechanism that
these biomolecules undergo,with initiation, propagation, and
chain termination stages, which is promoted by heat, light,
and ionizing radiation or by metal ions or metalloproteins
[29–31].

Initiation:

LH + R∙ → L∙ + RH (1)

LH is the lipid substrate, R∙ is the initiating oxidizing radical,
and L∙ is the allyl radical endowed with high reactivity.

Propagation:

L∙ +O2 → LOO∙

LOO∙ + LH → L∙ + LOOH
(2)

So, during this step, the lipid peroxyl radicals LOO∙ act as
chain carriers, further oxidizing the lipid substrate and gen-
erating lipid hydroperoxides (LOOH), which can decompose
into alcohols, aldehydes, alkyl formates, ketones, hydrocar-
bons, and radicals such as lipid alkoxyl radical LO∙ [3, 32].

Branching:

LOOH → LO∙ +HO∙

2LOOH → LOO∙ + LO∙ +H2O
(3)

The decay of lipid hydroperoxides often takes place in the
presence of transition metal ions, generating lipid peroxyl
and lipid alkoxyl radicals:

LOOH +M𝑛+ +H+ → LO∙ +M(𝑛+1)+ +H2O

LOOH +M(𝑛+1)+ +OH− → LOO∙ +M𝑛+ +H2O
(4)

Termination implies the combination of radicals to form
nonradical chemical species:

LO∙ + LO∙ → nonradical products

LOO∙ + LOO∙ → nonradical products

LO∙ + LOO∙ → nonradical products

(5)

Antioxidants can act as chain breakers, scavenging chain
initiating radicals like hydroxyl, alkoxyl, or peroxyl, quench-
ing singlet oxygen, decomposing hydroperoxides, and chelat-
ing prooxidative metal ions [13, 33]. Epidemiological studies
confirm that the incidence of oxidative stress-related condi-
tions is lowered by the consumption of fruits and vegetables
rich in compounds possessing high antioxidant activity
[18, 34–37]. Foods containing antioxidants and antioxidant
nutrients play an important role in prevention.

Chain breaking antioxidants able to scavenge radical
species are called primary antioxidants. Secondary antioxi-
dants are singlet oxygen quenchers, peroxide decomposers
that yield nonradical species, oxidative enzyme (e.g., lipoxy-
genase) inhibitors, UV radiation absorbers, or compounds
that act by metal chelating [38–40].

Natural antioxidants constitute the essential part in the
cell’s defense mechanisms and they can be endogenous or
exogenous.

Endogenous antioxidants can be nonenzymatic, such as
glutathione, alpha-lipoic acid, coenzyme Q, ferritin, uric
acid, bilirubin, metallothionein, l-carnitine, melatonin, albu-
min, and antioxidant enzyme cofactors, or enzymatic, such
as superoxide dismutase, catalase, glutathione peroxidases,
thioredoxins, and peroxiredoxins. Peroxiredoxins regulate
cytokine-induced peroxide levels and mediate cell signal
transduction [41].

Enzymatic antioxidants at their turn are grouped within
the primary and secondary defence systems. The primary
defence is formed by three crucial enzymes capable of
preventing the occurrence or neutralizing free radicals: glu-
tathione peroxidase, which donates two electrons that reduce
peroxides, catalase that decomposes hydrogen peroxide into
water and molecular oxygen, and superoxide dismutase that
turns superoxide anions into hydrogen peroxide [13, 41]. The
secondary enzymatic defense comprises glutathione reduc-
tase and glucose-6-phosphate dehydrogenase. Glutathione
reductase turns glutathione into its reduced form, thus recy-
cling it. Glucose-6-phosphate reforms reductiveNADPH [42,
43]. Although these two enzymes do not directly neutralize
free radicals, they promote the endogenous antioxidants’
activity [13]. It has been assessed that enzymatic antioxidants
act by decomposing free radicals and in this case damaging
oxidative species are converted into hydrogen peroxide and
water, while nonenzymatic antioxidants are mainly chain
breakers. For instance, it has been reported that tocopherol
disrupts a radical oxidation chain after five reactions [44].

Apart from the endogenous, enzymatic, and nonenzy-
matic antioxidants previously discussed, there are also exoge-
nous, diet-sourced antioxidants [40, 43], represented by
carotenoids, tocopherols, vitamin D, phenolic acids, flavon-
oids, or ascorbic acid, as well as high-molecular weight
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metabolites such as tannins. For this second category, the
source is represented by foodstuffs, pharmaceuticals, and
food supplements. They are important in counteracting the
reactive oxygenated species, when the endogenous com-
pounds are not able to ensure thorough protection [40, 43,
45–47].

The intake of antioxidants from diet is always meant
to counterpart the organism’s antioxidant defense. Enzymic
natural antioxidants in food (superoxide dismutase, glu-
tathione peroxidase, and catalase) can be inactivated during
processing.

Particularly plant-sourced low-molecular weight antiox-
idants such as glutathione and ascorbate are synthesized
within the chloroplast stroma and the cytosol in the presence
of reduced coenzymemolecules (NADPH) acting as the final
electron source [48]. These low-molecular weight antioxi-
dants, the cell’s redox buffer, are involved in plant growth and
development, as they are able to modulate processes from
mitosis and cell elongation to senescence and death [49, 50].
Commercial synthetic antioxidants with phenolic structure
such as BHA, BHT, and TBHQ are added to foodstuffs to
prevent lipid rancidity [51] and the difference in structure
transduces itself in antioxidant capacity difference [38].

Although review papers have been previously published
on antioxidant activity in plants, the present paper provides a
novel way of gathering and also critically and comparatively
presenting these aspects. The section devoted to critical
and conclusive aspects provides the reader with an original
discussion over extraction techniques and their comparison,
as well as methods’ performances (in a way that has not
been systematized until now), with the following aspects con-
cerned: sample, mechanism underlying the method, working
parameters, and detection.

2. Antioxidant Extraction Procedures

Extraction techniques aim not only at extracting the active
biocompounds from the plant sample but also at imparting
selectivity and optimizing sensitivity of the applied analytical
methodology due to the increase of the concentration of
the compound of interest. The biocompound is more easily
detected and separated from other matrix components, and
the assay becomes independent on the variable matrix char-
acteristics [52].

Classical extraction techniques are based on the extrac-
tive potential of various solvents, using heating or mixing.
The main shortcomings of conventional extraction are long
extraction times, the need for high purity expensive solvents,
evaporation of solvents in significant amounts, reduced
selectivity, and, finally, the thermal decomposition in the
case of thermolabile substances [53]. These problems can
be solved by nonconventional extraction techniques that are
mainly regarded as “green techniques,” as they use less toxic
chemicals, safer solvents, which are characterized by better
energy efficiency and minimum by-product amounts [54].

An important goal is represented by high extraction
efficiency and efficacy. Efficiency was defined as the yield of
extraction, whereas efficacy represents the potential to induce
bioactivity and the ability to produce an effect. Therefore,

a selection of the most appropriate extraction method is
required in each case, as it was proven that various techniques
applied on the same plant material employing the same
solvent can lead to different extraction efficiencies. Moreover,
it has been confirmed that the most convenient method in
this regard requires standardization to attain reproducibility
[55].

2.1. Conventional Techniques. Soxhlet extraction was first
applied only for lipid extraction, but its use has been extended
for extracting active principles. The solvent is heated, vapor-
ized, and condensed and extracts the interest compound(s)
by contact with the sample-containing thimble. When the
solvent in the extraction chamber reaches the overflow level,
the solution in the thimble-holder is aspirated by a siphon
and returns in the distillation flask. Significant extraction
yields can be reached, with a small solvent amount. It can be
applied in batch at small scale, but it can be converted into a
continuous extraction set-up on medium or large scale [56].

Maceration is applied to obtain essential oils and bioactive
compounds. The plant material is ground to improve the
surface area. The solvent is then added and allowed to stand
at ambient temperature for several days, and the mixture is
subject to frequent stirring until dissolution. The damped
material is then pressed and then the liquid is purified by
filtration or decantation [54, 56].

Hydrodistillation (as water, water/steam, and direct steam
distillation) is applied to the extraction of bioactive com-
pounds and essential oils from plants, generally prior to
dehydration, and does not imply the use of organic solvents
[57]. Hot water and steam isolate the bioactive compounds
from the plant tissue. Consequently, cool water condenses the
vapor mix of water and oil. The condensed mixture reaches
the separator, where oil and biocompounds are isolated
from water [58]. Hydrodistillation involves three main steps,
hydrodiffusion, hydrolysis, and thermal decomposition, with
the risk being represented by the decay of thermolabile
substances [54, 56].

Infusions are prepared by shortly macerating the raw
plant material with either cold or boiling water. It is often
mentioned that concentrated infusions are the result of a
modified percolation or maceration procedure [56].

Percolation is a recognized procedure applied for the
preparation of tinctures and fluid extracts and makes use
of a cone-shaped vessel opened at both ends (percolator).
The solid material is moistened with an adequate amount of
the appropriate solvent (menstruum) and left for about 4 h.
Solvent amount is necessary, until the percolate represents
about three-quarters of the quantity corresponding to the
final product. The marc is then pressed and the eliminated
liquid is added to the percolate. Solvent is again added to get
the required volume, and the liquid mixture is clarified by
filtration or by decanting [56].

In the decoction process, the crude plant material is
subject to boiling in an appropriate water amount, for a
well-defined period, followed by cooling and then straining
or filtering. This approach is adequate for the extraction of
hydrosoluble, thermostable components, being popular for
obtaining Ayurvedic extracts [56].
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Cold pressing or expression consists in pressing or grinding
fruits or seeds by using a press. Oil release is possible due
to crushing or breaking of essential oil glands in the peel.
Olive, peanut, sunflower, and citrus oils are obtained through
cold pressing, which results in preserving flavor, aroma, and
nutritional value.

Aqueous Alcoholic Extraction by Fermentation. The formed
ethanol enables extraction of the active principles from the
material and also contributes to preserving the product’s
qualities. In Ayurveda, this method is not standardized, but,
with progresses in the fermentation technology, standardiza-
tion would be of use for obtaining herbal drug extracts [56].

Vortex apparatus is commonly used to mix the interest
plant sample with the dilutant. It is applied for dissolution,
namely, in aqueous environment and polar solvents, of
samples of plants to yield a fluid and homogeneous solution
subject to analysis. As in the case of other techniques like
shaking or sonication, it can be followed by centrifugation,
with use of the supernatant.

2.2. Nonconventional (Modern) Techniques
Supercritical Fluid Extraction (SFE). Critical point was
defined as the temperature and pressure above which dis-
tinction between gas and liquid phases does not exist [59].
In supercritical state, gas and liquid properties are not indi-
vidualized, and supercritical fluid properties are tunable by
temperature and pressure modification. Supercritical fluids
(SCFs) possess both gas-like properties (diffusion, viscosity,
and surface tension) and liquid-like density and solvation
power [60]. The advantages are constituted by reduction of
extraction time when compared to conventional methods,
complete extraction by repeatable refluxes, better selectivity
in comparison to common liquid solvents due to solvation
power, enhanced transport properties exhibited near the
critical point, and hence high extraction yields [55]. CO2 use
does not imply high costs. It operates at room temperature,
so it is adequate for thermosensitive compounds; smaller
samples can be extracted comparedwith conventional solvent
extraction. It is characterized by facility of coupling with
chromatographic procedures and reutilization of SCF [54,
56]. Disadvantagesmay be represented by polarity limitations
of carbon dioxide, which can be minimized by the use of
organic solvents, or inert gases (Ar) [56].

Solid Phase Microextraction (SPME). SPME employs a sor-
bent, which usually coats the surface of small fibers, for
the isolation and concentration of target compounds from
the sample and is applied to quantitative assay of analytes
(essentially flavor compounds) in aqueous or gaseous phase.

Microwave-Assisted Extraction (MAE). Microwaves interact
with the dipoles of polar and polarizable matrixes [61, 62]. As
the forces of electric and magnetic field components swiftly
modify their orientation, polar molecules also adopt orien-
tation in the changing field direction, and heat is generated.
So, ionic conduction and dipole rotation are the mechanisms
underlying the conversion of electromagnetic energy to heat
[54, 63]. The components of the sample absorb microwave

energy in conformity with their dielectric constants [64].
When the plant material is found in a solvent transparent
to microwaves, the elevated vapour pressure causes rupture
of the cell wall of the substrate and frees the content into
solvent [55]. Separation of solute molecules from the sample
matrix at increased temperature and pressure is followed by
diffusion of solvent molecules across the sample matrix and
transfer of solute molecules from the sample matrix to the
solvent. Microwave-assisted extraction is characterized by
rapid heating to reach the temperature required for extracting
bioactive principles [65], enhanced extraction yields, very
good recovery and selectivity, and minimum equipment size
and solvent use [54, 66].

Ultrasound-Assisted Extraction (UAE). Ultrasound waves
with frequencies comprised between 20 kHz and 100MHz
induce compression and expansion as they pass through the
extractable plant matrix, producing cavitation. The energy
produced can promote the conversion of kinetic energy into
thermal one, inducing heating of the bubble contents. In
solid plant samples, ultrasounds enable compound leaching
from the plant materials [67]. The mechanism implies wave
diffusion across the cell wall and rinsing of the cell’s content
after breaking the walls [68]. The physical, chemical, and
mechanical forces induced by the collapse of bubbles result
in the disruption of membranes to enable the release of
extractable compounds and to facilitate penetration of the
solvent into cell material [69, 70]. Rapidity, intensified mass
transfer, low solvent amounts, high extraction yields and
throughput, and reduced temperature gradients characterize
this technique [54]. Nevertheless, high ultrasound energy
may result in cell membrane impairment due to free radical
generation, but the deletions can be resealed by aggregation
of lipid vesicles [71].

Pulsed-Electric Field (PEF) Extraction. Living cells are sus-
pended in an electric field, and an applied potential crosses
the membrane.The electric potential induces molecule sepa-
ration according to the molecular charge. At values greater
than 1V for the transmembrane potential, the electrostatic
repulsion between the charged molecules results in pore
generation in the membrane and produces dramatic per-
meability increase, and yield is optimized [54, 72]. The
efficacy of the pulsed-electric field extraction depends on
field strength, energy input, pulse number, temperature, and
matrix characteristics [73]. Pulsed-electric field extraction is
also appliable as pretreatment before carrying out traditional
extraction [74]. It can be employed before grape skins macer-
ation, minimizing maceration time and imparting stability to
anthocyanins and polyphenols [75].

Enzymatic Treatment. Enzymes used are cellulase, 𝛼-amylase,
and pectinase, which act by breaking the cellular wall,
with subsequent hydrolysis of the structural polysaccharides
and lipids [76, 77]. Enzyme-assisted aqueous extraction
and enzyme-assisted cold pressing are the main techniques
applied [78]. Enzyme amount, particle size of the material,
solid to moisture ratio, and hydrolysis time influence the
performances [79]. Enzyme-assisted cold pressing is the
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most proper for extracting biocompounds from oilseeds
as nontoxic procedure, which does not involve flammable
liquids. The oils extracted are richer in fatty acids and
phosphorus than hexane-extracted ones [80]. The enzyme-
assisted aqueous extraction is environmental-friendly [81].
In enzyme-assisted cold pressing, biocatalysts hydrolyse the
seed cell wall, because the polysaccharide-protein colloid
is not present, as happens in the enzyme-assisted aqueous
extraction [82].

Pressurized Liquid Extraction (PLE). PLE implies exerting
an elevated pressure to the remaining liquid solvent above
the boiling point. High pressure values favor the extraction
process, which is easily prone to automation. Pressurized
liquid extraction benefits much shorter extraction times and
lower solvent requirements, when compared to conventional
Soxhlet extraction. At elevated temperatures and pressures,
the extraction performances are improved by the increased
analyte solubility and mass transfer rate, as well as by the
diminished viscosity and low surface tension of solvents [54,
83].

3. Analytical Methods Applied to
Antioxidant Content and Antioxidant
Capacity Assessment in Plant Extracts:
Classification and Principles

The investigation of performant analytical methods aiming
to assess the antioxidant capacity in plants and plant extracts
remains a constant goal and a series of classifications have
been proposed. Antioxidant measurement techniques were
classified as methods based on the inhibition of low-density
lipoprotein oxidation estimation and the ones relying on the
quantification of the free radical scavenging capacity [84].

Considering the mechanism underlying the antioxidant–
oxidant reaction, the methods were also divided in hydrogen
atom transfer (HAT) and single electron transfer (SET)
techniques. HAT-based methods measure the capacity of an
antioxidant to trap free radicals by hydrogen donation, while
SET methods rely on the one electron transfer reductive
ability of an antioxidant compound versus a radical species
[85]. ORAC, TRAP, and chemiluminescence are hydrogen
atom transfer-based methods, whereas FRAP and CUPRAC
are single electron transfer methods [85]. DPPH and TEAC
methods were regarded as methods using both hydrogen
and single electron transfer, as the radicals in these cases
can be scavenged by either electron reduction or radical
quenching that involves hydrogen transfer [85, 86]. DPPH
scavenging, TEAC assay, ferric reducing antioxidant power,
OH∙ scavenging, the phosphomolybdenum method, and
beta-carotene linoleate bleaching are applied in vitro, while
the lipid peroxidase, catalase, and glutathione peroxidase
activity assays are techniques used in vivo [18]. The analytical
response is also recorded as per reference to a standard
antioxidant: Trolox, gallic acid, ascorbic acid, caffeic acid, and
so forth.

The main chemical processes underlying antioxidant
activity assay (a–d) and lipid oxidation status evaluation (e)
are detailed in Table 1. The latter are presented, as they can

constitute the basis for antioxidant screening: the assays can
be performed by following the prevention of peroxidation
products generation in the presence of antioxidants, mea-
sured against a control. The determinations may involve
hydroperoxide, conjugated diene, or thiobarbituric acid reac-
tive substances assay. The antioxidant effect is expressed
as percent of lipid peroxidation inhibition. The group of
techniques involving low-density lipoprotein peroxidation
inhibition by antioxidants is also classified as belonging
to HAT methods, as the reaction between the antioxidant
and the peroxyl radicals (such as AAPH-initiated) involves
hydrogen transfer.

In Table 2, the methods are classified following the detec-
tion mode, with principle description for each technique.

4. Significant Analytical Applications to
Plant and Plant Extracts

4.1. Chromatography
4.1.1. Planar Techniques. Thin layer chromatograms of the
methanolic extract of Bergia suffruticosa (used as bone and
sore healer) proved antiradical activity by bleaching DPPH∙.
This free radical scavenging activity was assigned to the high
tannin and phenolic amounts [90]. A recently developed
TLC–DPPH∙ assay allowed for the swift detection of the
antioxidant potential of nine out of ten tested polyphenols
(except for apigenin 7-O-glucoside), present in five analysed
plant species: Hypericum perforatum L., Matricaria recutita
L.,AchilleamillefoliumL.,Thymus vulgaris L., and Salvia offic-
inalis L. By LC–MS, the presence of compounds previously
identified by TLC was confirmed. Four other compounds
(caffeic acid and apigenin in St. John wort and apigenin and
apigenin 7-O-glucoside in sage) have been identified. Their
presence was not revealed by TLC and it has been stated
that their low level in the plant samples could be the reason
[91].

Sonneratia caseolaris (astringent and antiseptic) extracts
were tested for their antioxidant composition: column chro-
matography with a Diaion HP-20 column and successive
elution with methanol and acetone was first applied. The
chlorophyll-free eluate was separated into 5 fractions by
C18 column chromatography, with methanol and acetone
for elution. The methanol-eluted fraction containing DPPH
positive spots was then applied to a silica gel presqualene
column with n-hexane-acetone–methanol eluents, resulting
in eight fractions. The first compound was obtained after
precipitation from the fraction corresponding to the n-
hexane-acetone 1 : 1 eluate. One acetone-eluted fraction also
yielded a precipitate, which after washing with methanol
resulted in the second compound. The structures of the
isolated compounds were assessed by one-dimensional and
two-dimensional NMR and mass spectroscopy. Moreover,
both showed positive (discolored) spots with a reddish
purple background on the thin layer chromatogram, using a
0.02% (w/v) methanolic solution of DPPH as spray reagent.
Luteolin and luteolin-7-O-𝛽-glucoside were identified as the
two bioactive antioxidant and anti-inflammatory compounds
[92].
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Table 1: The main chemical mechanisms underlying antioxidant activity (a–d) and lipid oxidation (e).
(a) Hydrogen atom transfer (HAT)

Corresponding method of assay Mechanistic description
TRAP (Total Radical Trapping Antioxidant
Parameter) assay
ORAC (Oxygen Radical Absorbance Capacity)
assay
Beta carotene/crocin bleaching method
Inhibition of induced low-density lipoprotein
peroxidation assay
Chemiluminescence quenching, due to
luminol-derived radicals scavenging by
antioxidants

ArOH + X∙ → ArO∙ + XH
An antioxidant (e.g., phenolic compound ArOH) directly interacts with a free
radical (X∙), yielding a phenolic radical species derived from the antioxidant

molecule ArO∙, and a neutral species XH. The antioxidant facility to follow HAT
mechanism is correlated with low bond-dissociation enthalpy [117]. The presence of
dihydroxy functionality imparts good hydrogen donation abilities, correlatable with

low bond-dissociation enthalpy values [118].

(b) Single electron transfer (SET)

Corresponding method of assay Mechanistic description
DMPD (N,N-dimethyl-p-phenylenediamine)
method
FRAP (ferric reducing antioxidant power) assay
CUPRAC (cupric reducing antioxidant capacity)
method
PFRAP (potassium ferricyanide reducing power)
method

ArOH + X∙ → ArOH∙+ + X−
SET assays rely on the capacity of an antioxidant ArOH to reduce the radical species
X∙ by electron donation, which is accompanied by the color change of the radical
solution. Low adiabatic ionization potentials are correlated with good electron

transfer abilities [117]. Extended delocalization and electron conjugation result in
low ionization potentials [118]. Also, pH increase (deprotonation) favors electron

transfer.
(c) Mixed HAT and SET

Corresponding method Mechanistic description

DPPH (2,2-diphenyl-1-picrylhydrazyl) scavenging
method

Hydrogen atom transfer and sequential proton-loss electron transfer (SPLET), also
designated proton-coupled electron transfer (PCET) [119, 120], were both

confirmed as being thermodynamically favorable.
A SPLET mechanism involving the antioxidant ArOH and the radical ROO∙ was

represented as [121]
ArOH → ArO− + H+

ArO− + ROO∙ → ArO∙ + ROO−

ROO− + H+ → ROOH
or coupling the second and third steps as [122]

TEAC (Trolox Equivalent Antioxidant Capacity)
method

ArOH → ArO− + H+

ArO− + X∙ + H+ → ArO∙ + XH
During the first step the phenolic antioxidant dissociates into its corresponding

anion ArO− and a proton, and subsequently the ions which resulted in the first step
react with the free radical, yielding a radical form of the phenolic antioxidant ArO∙

and a neutral molecule XH [122].
Proton transfer can also occur following electron transfer, as in single electron

transfer-proton transfer mechanism (SET-PT) [122]:
ArOH + X∙ → ArOH∙+ + X−

ArOH∙+ → ArO∙ + H+

During the first step a phenolic antioxidant reacts with the free radical X∙, yielding a
cationic radical ArOH∙+ derived from the phenolic compound and the anionic form
of the radical X−. This first step has been reported as thermodynamically significant

step. In the second step the cationic radical form of the antioxidant ArOH∙+
decomposes into a phenolic radical ArO∙ and a proton [122].

(d) Chelation power of antioxidants

Corresponding method Mechanistic description

Tetramethylmurexide (TMM) assay
Free Cu(II) or Zn(II) which is not complexed by phenolics (e.g., tannins) is bound

to tetramethylmurexide (TMM). The complexation with TMM is assessed at
482 nm for Cu(II) and at 462 nm for Zn(II) [123].
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(d) Continued.

Corresponding method Mechanistic description

Ferrozine assay Free Fe(II) that is not complexed by phenolics (e.g., tannins) is bound to ferrozine.
The complexation of divalent iron with ferrozine is assessed at 562 nm [123].
(e) Oxidation of lipids

Corresponding method Mechanistic description

Peroxide value assessment Lipid autoxidation results in generation of hydroperoxides, determined
iodometrically or colorimetrically [119].

Conjugated diene assay Fatty acids autoxidation yields conjugated dienes, assessed by UV absorbance at
234 nm [119].

Anisidine assay
Secondary lipid oxidation yields p-anisidine-reactive aldehydes (alkenals,

alkadienals, and malondialdehyde), the resulted Schiff base being determined at
350 nm [119].

Thiobarbituric acid reactive substances
Malondialdehyde and unsaturated aldehydes (alkenals and alkadienals) react with
thiobarbituric acid; the reaction product is determined photocolorimetrically at

532 nm [119].

High performance thin layer chromatography combined
with densitometry was applied for caffeic acid quantitation
in Plantago lanceolata. The best eluent composition was
determined: in first step of development, the mobile phase
contained hexane, diisopropyl ether, and formic acid 90%
(6.0 : 4.0 : 0.5) v/v. In the second and third steps, a mix-
ture of hexane, diisopropyl ether, dichloromethane, formic
acid 90%, and propan-2-ol (6.0 : 4.0 : 2.0 : 1.0 : 0.1) v/v was
employed. The application of this HPTLC technique with
area measurements at 320 nm led to a caffeic acid amount
equal to 99.3 𝜇g/g of dried plant, with RSD of 3.19%
[93].

HPTLC [94] was also used for the screening and quan-
titation of phytochemicals present in Scoparia dulcis, known
for many health benefits [95] (see Table 3). After application
of the anisaldehyde-sulphuric acid visualization reagent, the
spotted plate was exposed to UV radiation (254 and 366 nm)
and multicolored bands at various intensities were noticed.
On the TLC plates, the presence of phenolics (flavonoids) and
terpenoids has been revealed [94].

The antioxidant capacity of essential oils obtained from
the seed and whole plant of Coriandrum sativum was
assessed, and HPTLC was applied to assess significant phy-
tomarkers. The in vitro determined antioxidant capacity was
greater than the one corresponding to various extracts of
this Ayurvedic plant. The chromatographic profile showed
linalool and geranyl acetate as main phytoconstituents of the
analysed samples. The HPTLC system was based on a TLC
scanner, an autosampler connected to a nitrogen cylinder,
a UV scanner, and visualizer. The limits of detection and
quantification were obtained as 0.4 and 1.2 ng/mL for linalool
and 0.6 and 1.4 ng/mL for geranyl acetate, revealing sensitiv-
ity. The precision was proven by the result of minimum six
replicate analyses, with a coefficient of variability of 0.07%
[96].

4.1.2. Column Techniques

(1) Gas Chromatography. The composition of various extracts
ofMerremia borneensiswas assessed by GC-MS, showing the
presence of flavonoids, terpenoids, alkaloids, and glycosides

in the analysed organic crude extracts [97]. The qualitative
analysis of bioactive compounds present in Datura metel was
performed in crude extracts by GC/MS, revealing abundancy
of high-molecular weight components such as polyphenols,
flavonoids, triterpenoids, and hydrocarbons. The phenolic
level was expressed as gallic acid equivalents, with chloroform
having the best extractive potential, followed by methanol,
butanol, ethyl acetate, and hexane. It has been concluded
that the chloroform crude extract had the highest phenolics
amount and its potential as antibiotic has been stated [98].

Essential oils from the aerial parts of Ajuga bracteosa
and Lavandula dentata obtained by hydrodistillation were
analysed by GC and GC/MS. 47 and 48 biocomponents were
identified for the two analysed plants, respectively. The oils
contained high amounts of oxygenated monoterpenes (34 to
51%). Borneol (20.8%) and hexadecanoic acid (16.0%) were
themajor compounds present in the oil ofA. bracteosa, which
also contained aliphatic acids (30.3%). Camphor (12.4%),
trans-pinocarveol (7.5%), and 𝛽-eudesmol (7.1%) were preva-
lent in Lavandula dentata oil. The antioxidant activity of the
oil extracts was confirmed by DPPH∙ scavenging assay [99].

(2) Liquid Chromatography. The rapid and resolution-high
determination of six bioactive flavonoids present in the
pericarp ofCitri reticulatahas been performed by liquid chro-
matography/electrospray ionization coupled with mass spec-
trometry. The chromatographic system used a C18 column
and a 0.1% formic acid/acetonitrile mobile phase with a gra-
dient elution. Naringin, hesperidin, nobiletin, 3,5,6,7,8,3,4-
heptamethoxyflavone, tangeritin, and 5-hydroxy-6,7,8,3,4-
pentamethoxyflavone were assessed by the above-mentioned
chromatographic technique and were also investigated for
their antiproliferative activities by Cell Counting Kit-8
Assay. In the cultivars analysed, hesperidin presented the
highest content, ranging from 50.137 to 100.525mg/g. The
levels of nobiletin, tangeritin, and 5-hydroxy-6,7,8,3,4-
pentamethoxyflavone were higher in the peel of Citrus
reticulata “Chachi” than in other cultivars. With respect to
the antiproliferative activity against A549 and HepG2 cells,
5-hydroxy-6,7,8,3,4-pentamethoxyflavone has been proven
to be the most effective [100].
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Table 2: Illustration of the main principles and detection mechanisms in antioxidant activity measurement.

Method for antioxidant
capacity assay Principles underlying the analytical techniques Detection modes Ref.

Chromatographic techniques

Thin layer chromatography

The stationary phase is a thin layer of silica gel,
aluminium oxide, or cellulose which covers a
support of glass, plastic, or aluminium foil. The

mobile phase moves by capillarity.

Migration of analytes takes place at
different rates due to various repartition

coefficients
[91]

High performance thin
layer chromatography

It relies on the same principle as conventional
TLC but uses a stationary phase with smaller

particle size.

Separation performed with improved
resolution versus TLC [93, 94]

Gas chromatography Separation is based on the repartition between a
liquid stationary phase and a gas mobile phase.

Flame ionization, thermal conductivity,
or mass spectrometry detection [124]

Liquid chromatography Separation is based on the repartition between a
solid stationary phase and a liquid mobile. phase

Mass spectrometry or electrochemical
detection [106]

High performance liquid
chromatography

Separation is based on the repartition between a
solid stationary phase and a liquid mobile phase
with distinct polarities at high flow rate and

pressure of the mobile phase.

UV-VIS (diode array), fluorescence, mass
spectrometry, or electrochemical

detection
[108]

Spectrometric techniques
DPPH (2,2-diphenyl-1-
picrylhydrazyl) scavenging
method

Antioxidant reaction with the nitrogenated
radical, followed by absorbance diminution at

515–518 nm.
Photocolorimetry [125, 126]

TEAC (Trolox Equivalent
Antioxidant Capacity)
method

Antioxidant reaction with ABTS∙+ (2,2-azino-
bis(3-ethylbenzothiazoline-6-sulphonic acid

cation radical) generated by K2S2O8, followed by
blue solution absorbance diminution at 734 nm.

Photocolorimetry [127]

DMPD (N,N-dimethyl-p-
phenylenediamine)
method

Reduction of DMPD∙+ by antioxidants, in the
presence of FeCl3, with subsequent absorbance

decrease at 505 nm.
Photocolorimetry [128]

FRAP (ferric reducing
antioxidant power) method

Reduction of the Fe3+-TPTZ
(2,4,6-tripyridyl-s-triazine) complex, by sample
antioxidants, with absorbance taken at 593 nm.

Photocolorimetry [129]

PFRAP (potassium
ferricyanide reducing
power) method

Reduction of potassium ferricyanide by
antioxidants, yielding potassium ferrocyanide.
The latter reacts with ferric trichloride, and the
resulted ferric ferrocyanide blue colored complex
is measured at maximum absorbance of 700 nm.

Photocolorimetry [130]

CUPRAC (cupric reducing
antioxidant capacity)
method

Cu(II)-neocuproine complex reduction to Cu(I) –
bis (neocuproine) chelate, with absorbance

recorded at 450 nm.
Photocolorimetry [131, 132]

Phosphomolybdenum
assay

Mo (VI) is reduced Mo (V) by the antioxidants in
the sample with generation of a green

phosphate/Mo (V) complex at acidic pH,
determined at 695 nm.

Photocolorimetry [133]

Lipid peroxidation activity
assay

Antioxidants delay lipid hydroperoxide
generation caused by lipoxygenase. The
absorbance is measured at 234 nm.

UV absorbance [106, 134]

Antioxidants delay radical-induced malonyl
dialdehyde generation, as decomposition product
of endoperoxides of unsaturated fatty acids, in the
presence of thiobarbituric acid. The absorbance is

measured at 535 nm.

Photocolorimetry [106, 135]

Antioxidants delay conjugated dienes generation
as a result of peroxidation of lipid components.

The absorbance is measured at 234 nm.
UV absorbance [85]
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Table 2: Continued.

Method for antioxidant
capacity assay Principles underlying the analytical techniques Detection modes Ref.

Superoxide radical
scavenging activity assay

Antioxidants are subject to reaction with a
substrate solution containing xanthine sodium
salt and 2-(4-iodophenyl)-3-(4-nitrophenol)-5-
phenyltetrazolium chloride. Xanthine oxidase is
used as biocatalyst and the absorbance increase

was monitored at 505 nm.

Photocolorimetry [136]

Superoxide anions are generated in a solution
containing nitroblue tetrazolium, NADH and

phenazine methosulfate. The absorbance taken at
560 nm decreases in the presence of antioxidants,
pointing towards superoxide anion scavenging

activity.

Photocolorimetry [137]

Beta carotene bleaching
method

Linoleic acid is oxidized by reactive oxygen
species. The generated oxidation products such as
lipid peroxyl radicals initiate 𝛽-carotene oxidation

and, consequently, its decolorization.
Antioxidants delay the discoloration rate, with

absorbance measured at 434 nm.

Photocolorimetry [138, 139]

Xanthine oxidase
inhibition assay

Xanthine is used as substrate that yields uric acid
as product of XOD-catalyzed reaction.

Allopurinol is used as xanthine oxidase inhibitor.
Absorbance is measured at 293 nm.

Photocolorimetry [140]

Superoxide dismutase
method

It is assessed in an erythrocyte lysate in the
presence of pyrogallol. The enzyme inhibits the
autooxidation of the hydroxylated compound,

with absorbance read at 420 nm.

Photocolorimetry [141]

Catalase activity assay
It is measured in an erythrocyte lysate in the

presence of H2O2. The rate of H2O2
decomposition is assessed at 240 nm.

Photocolorimetry [142]

Ferrous ion chelating
activity assay

Antioxidants react with ferrous salt (e.g., FeCl2).
Ferrozine as Fe(II) chelator yields a violet complex
with absorbance read at 562 nm.The reaction is
hindered in the presence of antioxidants that act
by chelation, and the result is a decrease of the
color of the ferrozine-Fe2+ complex, as chelators
other than ferrozine act as competing agents for

the metal ion.

Photocolorimetry [143, 144]

ORAC (Oxygen Radical
Absorbance Capacity) assay

Antioxidants scavenge the peroxyl radicals,
induced by 2,2-azobis-(2-amidino-propane)

dihydrochloride (AAPH) decomposition, slowing
the fluorescent decay of fluorescein or

phycoerythrin.

Fluorimetry [145–147]

HORAC (Hydroxyl Radical
Antioxidant Capacity)
assay

Antioxidants quench OH radicals formed in a
Fenton-like system. Fluorimetry [148]

TRAP (Total Radical
Trapping Antioxidant
Parameter) assay

The rate of peroxyl radical generation by
2,2-diazobis-2-amidinopropane dihydrochloride
(ABAP) is quantified through the fluorescence
diminution of the protein R-phycoerythrin.

Fluorescence [149, 150]

Horseradish peroxidase-
luminol-hydrogen peroxide
chemiluminescent assay

Horseradish peroxidase catalyses luminol
oxidation by H2O2 with light emission. Light

emission is quenched by antioxidants.
Chemiluminescence [151]

Electrochemical techniques

Cyclic voltammetry The potential is linearly swept in a triangular
waveform.

The analytical signal is represented by the
intensity of the cathodic/anodic peak [152, 153]

Differential pulse
voltammetry

Potential voltage pulses are superimposed on the
potential scan, which is performed linearly or

stairstep-wise.

First current sampling before applying
the pulse and the second towards the end

of the pulse period
[154, 155]
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Table 2: Continued.

Method for antioxidant
capacity assay Principles underlying the analytical techniques Detection modes Ref.

Square-wave voltammetry A square wave is superimposed on the potential
staircase sweep.

Current intensity recorded at the end of
each potential change [155, 156]

Amperometry
The potential of the working electrode is
maintained at a constant value versus the

reference electrode.

Current intensity generated by the
oxidation/reduction of an electroactive

analyte
[157]

Biamperometry

The reaction of the antioxidant with the oxidized
form of a reversible indicating redox couple in an
electrochemical cell containing two identical

electrodes.

The current flowing between two
identical working electrodes at a constant

small applied potential difference
[158–160]

Potentiometry

The analytical signal represented by the potential
change is the result of the variation of an ionic

species concentration. The antioxidants react with
the oxidized form of a redox couple, altering the
concentration ratio between the oxidized form

and the reduced form.

Potential change after reaction of
antioxidants with an indicating redox

couple
[161]

Chromatography followed by electrochemical detection
proved its viability in the assessment of onion (Allium
cepa), parsley (Petroselinum crispum) roots and leaves, cel-
ery (Apium graveolens) roots, and leaves of dill (Anethum
graveolens) extracts, relying on the antioxidant compounds’
specific oxidation. It has been confirmed that the method
is characterized by sensitivity and simplicity of detection,
since no additional instrumentation (reagent pump or sec-
ondary detector) is necessary. In comparison to the results
obtained using reversed-phase chromatographic separation
with online postcolumnDPPH scavenging detection, HPLC-
ED provided much richer chromatographic profiling of
celery leaves extracts. At elevated electrooxidation potential
values higher than 700mV, compounds that are electroactive
contribute to HPLC-ED detection but are missed in the
postcolumn DPPH scavenging [101].

The HPLC chromatograms of Carissa opaca various
fractions proved the presence of orientin, isoquercetin,
myricetin, and apigenin endowed with antioxidant activity.
The antibacterial, antitumoral, and anticarcinogenic potential
of these flavonoid-rich fractions of Carissa opaca has also
been confirmed in this study [102].

Eleven Algerian medicinal plants were subject to analysis
for their antioxidant capacity and phenolic profile.TheHPLC
results revealed that the hydroxycinnamic acid derivatives
were the predominant phenolics of the extracts endowedwith
best antioxidant activity (Anthemis arvensis and Artemisia
campestris). Nevertheless, it was stated that in this case
the correlation between the antioxidant activity of analysed
extracts and their phenolic composition is very difficult
to be described by statistical tools. It was assumed that
this difficulty may result not only from the fact that total
phenolics do not include all the antioxidants but also from the
synergism and structure interaction among the antioxidants,
which does not always involve concentration influence. For
instance, samples such asArtemisia arborescens andOudneya
africana, with close concentration values of total phenolics,
exhibited varying antioxidant activity. On the whole, the
antioxidant activity and flavonoids concentration did not

correlate significantly in comparison to hydroxycinnamic
acids and hydroxybenzoic acids. Artemisia campestris was
assessed as the most powerful inhibitor of radical-induced
red blood cells hemolysis, more active than caffeic acid, more
than three times more active than ascorbic acid, and two
times more active than 𝛼-tocopherol. The UV spectra were
obtained in the range of 220–600 nm and the amounts of
phenolics in the extracts were assessed from the calibration
curves developed at the absorption maxima of each phenolic
class [103].

Methanolic extracts of the leaves of Rosmarinus officinalis
were assessed by HPLC for their radical scavenging antioxi-
dant activities. The identified compounds, namely, carnosol,
carnosic acid, and rosmarinic acid, varied as depending on
the geographical regions and season. The chromatographic
system involved a C18 column and a mobile phase composed
of methanol and acetic acid/acetonitrile, with gradient elu-
tion.The highest content of carnosic acid was obtained in the
samples harvested from Mersin; the highest rosmarinic acid
level was assigned to Canakkale-originating samples (14.0–
30.4mg/g). For all extracts, the carnosol content ranged from
5.4 to 25.5mg/g, and the carnosic acid level ranged from 3.8
to 115.8mg/g [104].

The phenolic ingredients in samples of 24 cereal grains
were analysed by HPLC, relying on the peak area of max-
imum absorption wavelength. The chromatographic setup
was comprised of a C18 column, a mobile phase with an
elution gradient between solution A (acetic acid-water and
methanol) and solution B (methanol and acetic acid-water
solution), and a photodiode array detector. Gallic acid,
kaempferol, quercetin, galangin, and cyanidin 3-glucoside
were found in high amounts in these cereals [105].

HPLC was also applied along with LC-MS for the
estimation of polyphenolic compounds from bitter cumin.
The amount of phenolic compounds (𝜇g/g dry weight) was
estimated by comparing the peak areas (at 254 nm) of the
samples with that of standards, proving the prevalence of
caffeic acid: 500.0 𝜇g/g dry weight [106].
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Table 3: Significant examples of total antioxidant capacity assessment in plants.

Number Analysed products
(extracts) Compounds determined Applied analytical

technique
Health benefits as they
appear in the cited studies Ref.

(1)

Leaves from cherry tree,
peach tree, plum tree, olive
tree, pear tree, apple tree,
pistachio, and chestnut

(i) Total phenols
(ii) Nonflavonoids phenol
(iii) Total antioxidant
capacity

(i) DPPH assay
(ii) FRAP assay

Used in pharmaceutical
purposes and also act as
natural pesticides and
beverage ingredients

[162]

(2) Leaf extracts from six Vitis
vinifera L. varieties

(i) Total phenols
(ii) Flavonoids,
nonflavonoids, and
flavanols
(iii) Total antioxidant
capacity

(i) HPLC
(ii) DPPH assay
(iii) FRAP assay

Antimicrobial activity [163]

(3)
Tropical herbs:Momordica
charantia, Centella asiatica,

andMorinda citrifolia

(i) Catechin
(ii) Total antioxidant
capacity

(i) HPLC
(ii) DPPH assay
(iii) FRAP assay

Inhibitors of pancreatic
lipase activity [164]

(4)
Edible and medicinal

Acacia albida organs (leaves
and bark)

(i) Polyphenols
(ii) Total antioxidant
capacity

(i) HPLC
(ii) DPPH assay
(iii) ABTS assay

Traditionally used to treat
colds, flu, fever, tooth
decay, vomiting, diarrhea,
urinary disorders, malaria,
and inflammation

[165]

(5) Citrus fruits Total antioxidant capacity

(i) HPLC free radical
scavenging detection
(ii) DPPH assay
(iii) ABTS assay

[166]

(6) Salvia sp. and Plantago sp.
(i) Total phenolic content
(ii) Total antioxidant
capacity

(i) UV-Vis fingerprint
(ii) DPPH assay

Helpful in preventing
different diseases [167]

(7) Ajuga iva (leaf extracts)

(i) Total phenolic content
(ii) Total flavonoids
(iii) Total antioxidant
capacity

(i) DPPH assay
(ii) FRAP assay

Diuretic, cardiac tonic, and
hypoglycemic [168]

(8) Filipendula vulgaris
(i) Total phenolic content
(ii) Total antioxidant
capacity

(i) DPPH assay
(ii) ABTS assay

(i) Antibacterial activity
(ii) Fights against
inflammatory diseases,
rheumatoid arthritis, and
gout

[169]

(9) Asphodelus aestivus Brot. Total antioxidant capacity
(i) FRAP assay
(ii) DPPH assay
(iii) ABTS assay

(i) Are used against
hemorrhoids, nephritis,
burns, and wounds
(ii) Gastroprotective effect
against ethanol-induced
lesions

[170]

(10) Melia azedarach
(Chinaberry) (bark extract) Total antioxidant capacity DPPH assay Antimicrobial agents in

various infectious diseases [171]

(11) Bitter bean, Parkia speciosa

(i) Total phenolic
constituents
(ii) Total antioxidant
capacity

(i) HPLC
(ii) Folin-Ciocalteu method
(iii) DPPH assay
(iv) ABTS assay

(i) Antibacterial effects on
kidney, ureter, and urinary
bladder
(ii) Diuretic and relaxing
properties
(iii) Seed extracts were
reported to possess
hypoglycemic, anticancer,
and antiangiogenic
activities

[172]

(12) Brassica oleracea L.

(i) Glucosinolates
(ii) Total phenolic
constituents
(iii) Ascorbic acid
(iv) Total antioxidant
capacity

(i) HPLC
(ii) Folin-Ciocalteu method
(iii) DPPH assay

(i) Neutralizes carcinogens
(ii) Attenuates cancer cell
division
(iii) Accelerates the atrophy
of cancer cells with
damaged DNA

[116]
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Table 3: Continued.

Number Analysed products
(extracts) Compounds determined Applied analytical

technique
Health benefits as they
appear in the cited studies Ref.

(13) Grape pomace seed and
skin extracts

(i) Total phenols
(ii) Total anthocyanins
(iii) Total tannins
(iv) Total antioxidant
capacity

(i) HPLC MS
(ii) DPPH assay
(iii) TEAC assay
(iv) ABTS assay
(v) Folin-Ciocalteu method

Limit the oxidation of
nucleic acids, proteins, and
lipids, which may initiate
degenerative diseases

[173]

(14)

Diplotaxis simplex
(Brassicaceae)

(flower, leaf, and stem
extracts)

(i) Total phenols,
flavonoids, and
proanthocyanidins
(ii) Total antioxidant
capacity

ORAC assay Anti-inflammatory activity [174]

(15) Cereal grains (24 cereal
grains from China)

(i) Total phenolic
constituents
(ii) Total antioxidant
capacity

(i) FRAP assay
(ii) TEAC assay
(iii) HPLC
(iv) Folin-Ciocalteu
method

Reduces the risk of
cardiovascular diseases and
reduces type II diabetes,
ischemic stroke, and some
cancers

[105]

(16) Some cereals and legumes

(i) Total phenolic
constituents
(ii) Total antioxidant
capacity

(i) Folin-Ciocalteu method
(ii) DPPH assay
(iii) FRAP assay

(i) Reduces the incidence of
age-related chronic diseases
(ii) Reduces heart diseases
and some types of cancer

[175]

(17)
Clusia fluminensis Planch.

& Triana
(i) Flavonoids content
(ii) Total antioxidant
capacity

(i) Photometric
assay based on aluminum
chloride complex
formation
(ii) DPPH assay

(i) Antifungicidal activity
(ii) Protection against
cardiovascular diseases

[176]

(18) Bitter cumin (Cuminum
nigrum L.)

(i) Total phenolic
constituents
(ii) Total antioxidant
capacity

(i) HPLC
(ii) DPPH assay

(i) Antibacterial activity
(ii) Reduces risk of cancer
and cardiovascular diseases

[106]

(19)
Essential oils of

Cynanchum chinense and
Ligustrum compactum

Total antioxidant capacity (i) DPPH assay
(ii) ABTS assay

(i) Anticonvulsant
(ii) Antitumor
(iii) Antimicrobial

[177]

(20)
Caspicum annum L.
grossum sendt.;

Rosmarinus officinalis

(i) Total phenolic
constituents
(ii) Total antioxidant
capacity

(i) Folin-Ciocalteu method
(ii) ABTS assay [178]

(21) Diospyros bipindensis
(Gürke)

(i) Plumbagin,
canaliculatin, ismailin,
betulinic acid, and
4-hydroxy-5-methyl-
coumarin
(ii) Total antioxidant
capacity

(i) HPLC, NMR, and MS
analyses
(ii) DPPH assay
(iii) ABTS assay
(iv) ORAC assay

Anti-inflammatory and
antimicrobial activities [179]

(22) Carissa opaca fruits Total flavonoids content HPLC
(i) Antibacterial activity
(ii) Anticancer activity
(iii) Antitumoral activity

[102]

(23) Artemisia capillaris herba

(i) Total phenolic
constituents
(ii) Total antioxidant
capacity

(i) HPLC MS
(ii) DPPH assay
(iii) 𝛽-carotene bleaching
method

(i) Cholagogic, antipyretic,
anti-inflammatory, and
diuretic in jaundice
(ii) Used against
inflammation of the liver
and cholecyst

[114]

(24)
Lantana camara (various
parts: leaf, root, fruit, and

flower)

(i) Total phenolic
constituents
(ii) Total antioxidant
capacity

(i) DPPH assay
(ii) Folin-Ciocalteu method

Used against itches, cuts,
ulcers, rheumatism,
eczema, malaria, tetanus,
and bilious fever

[180]
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Table 3: Continued.

Number Analysed products
(extracts) Compounds determined Applied analytical

technique
Health benefits as they
appear in the cited studies Ref.

(25) Grape extracts

(i) Total phenolic
constituents
(ii) Total anthocyanins
(iii) Tannins
(iv) Total antioxidant
capacity

(i) Folin-Ciocalteu method
(ii) Binding with
polyvinylpyrrolidone
(iii) ABTS assay

[181]

(26) Scutellaria baicalensis radix Total antioxidant capacity DPPH assay

Used in hepatitis and
inflammation of the
respiratory and
gastrointestinal tract

[182]

(27) Lycium species

(i) Total phenolic
constituents
(ii) Total antioxidant
capacity

(i) HPLC
(ii) DPPH assay

Diuretic, antipyretic, tonic,
aphrodisiac, hypnotic,
hepatoprotective, and
emmenagogic

[107]

(28)
Dried fruits consumed in
Algeria (prunes, apricots,

figs, and raisins)

(i) Total phenolic
constituents
(ii) Total anthocyanins
(iii) Total antioxidant
capacity

(i) Folin-Ciocalteu method
(ii) DPPH assay
(iii) Phosphomolybdenum
method

Reduce the risk of cancer
and heart disease [183]

(29)
Rubus grandifolius Lowe
(leaves, flowers, and

berries)

(i) Total antioxidant
capacity
(ii) Total phenolic
constituents

(i) DPPH assay
(i) ABTS assay
(iii) FRAP assay
(iv) HPLC

Acts as astringent and as
remedy for diabetes and is
depurative and diuretic and
relieves sore throat

[184]

(30) Red pitaya (Hylocereus
polyrhizus) seed

(i) Total antioxidant
capacity
(ii) Total phenolic
constituents
(iii) Flavonoids content

(i) DPPH assay
(ii) Folin-Ciocalteu method
(iii) HPLC

[185]

(31)
Cornelian cherry, Japanese
persimmon, and cherry

laurel

(i) Total phenolic content
(ii) Total flavonoids content
(iii) Total antioxidant
capacity

(i) Folin-Ciocalteu method
(ii) DPPH assay
(iii) FRAP assay
(iv) CUPRAC assay

Able to provide prevention
of diseases [186]

(32) Inula crithmoides L.
(i) Total phenolic content
(ii) Total antioxidant
capacity

(i) Folin-Ciocalteu method
(ii) DPPH assay

Antibacterial, antifungal,
and cytotoxic [187]

(33) Lycium intricatum Boiss.
(i) Total phenolic content
(ii) Total antioxidant
capacity

(i) Folin-Ciocalteu method
(ii) HPLC
(iii) DPPH assay
(iv) ABTS assay
(v) FRAP assay

Decreases the risk of
diseases such as cancer,
neurodegenerative
disorders, and
cardiovascular diseases

[188]

(34)
Millingtonia hortensis Linn.
parts (leaves, stem, root,

and flower)

(i) Total phenolic content
(ii) Total antioxidant
capacity

(i) Folin-Ciocalteu method
(ii) DPPH assay

Reduces risks of diabetes,
cancer, and cardiovascular
diseases

[189]

(35) Ononis natrix
(i) Total phenolic content
(ii) Total antioxidant
capacity

(i) Folin-Ciocalteu method
(ii) DPPH assay Antimicrobial activities [190]

(36) Citrus grandis Osbeck Total antioxidant capacity DPPH assay [191]

(37)
Sorbus torminalis (L.)

Crantz (wild service tree)
fruits

(i) Total phenolic content
(ii) Total flavonoids content
(iii) Total antioxidant
capacity

(i) Folin-Ciocalteu method
(ii) ABTS assay
(iii) DPPH assay

Used in treatment of
cardiac diseases and
Alzheimer’s disease

[192]
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Table 3: Continued.

Number Analysed products
(extracts) Compounds determined Applied analytical

technique
Health benefits as they
appear in the cited studies Ref.

(38) Rosmarinus officinalis
(i) Total phenolic content
(ii) Total antioxidant
capacity

(i) HPLC
(ii) DPPH assay
(iii) TEAC assay

[104]

(39) Sapindus mukorossi Gaertn.
(i) Total phenolic content
(ii) Total antioxidant
capacity

(i) Folin-Ciocalteu method
(ii) DPPH assay

Fights against heart disease,
aging, diabetes mellitus,
and cancer

[193]

(40) 11 medicinal Algerian plants
(i) Total phenolic content
(ii) Total antioxidant
capacity

(i) Folin-Ciocalteu method
(ii) HPLC
(iii) ABTS assay
(iv) TEAC assay

Antitumoral, anticancer,
analgesic, diuretic,
analgesic, and so forth

[103]

(41) Six Teucrium arduini L.
populations

(i) Total phenolic content
(ii) Total antioxidant
capacity

(i) Folin-Ciocalteu method
(ii) FRAP assay
(iii) ABTS assay
(iv) DPPH assay

Hypoglycemic, antipyretic,
antiulcerative, and
antibacterial

[194]

(42) Vitex agnus-castus (Vitex
AC) Total antioxidant capacity

(i) ABTS assay
(ii) DPPH assay
(iii) FRAP assay
(iv) CUPRAC assay

Cytotoxic activities against
various types of cancer cells [195]

(43) Andrographis paniculata

(i) Total antioxidant
capacity
(ii) Total phenolic content
(iii) Total andrographolides
concentration

(i) DPPH assay
(ii) FRAP assay
(iii) CUPRAC assay
(iv) HPLC-DAD
(v) LC-MS/MS
(vi) GC-MS

(i) Treats dyspepsia,
influenza, dysentery,
malaria and respiratory
infections
(ii) Antidote for snakebites
and poisonous stings
(iii) Active in cytotoxicity
tests against cancer cell
lines

[111]

(44)

Hypericum perforatum L.,
Matricaria recutita L.,
Achillea millefolium L.,
Thymus vulgaris L., and

Salvia officinalis L.

(i) Total antioxidant
capacity
(ii) Total phenolic content

(i) Thin layer
chromatography
(ii) LC MS
(iii) DPPH assay

Anti-inflammatory,
antiviral, antimicrobial,
antiallergic, anticancer,
antiulcer, and antidiarrheal

[91]

(45) Celastrus paniculatusWilld. Total antioxidant capacity

(i) DPPH assay
(ii) FRAP assay
(iii) TEAC assay
(iv) GC MS

Calmant [196]

(46) Cerrado Brazilian fruits
(i) Total phenolic content
(ii) Total antioxidant
capacity

(i) Folin-Ciocalteu method
(ii) ABTS assay

Chemopreventive effects [197]

(47) Buckwheat (Fagopyrum
esculentumMoench)

(i) Total phenolic content
(ii) Total antioxidant
capacity

(i) HPLC
(ii) DPPH assay [198]

(48)
Green and black tea

infusions, herbal infusions,
and fresh fruit extracts

Total antioxidant capacity Potentiometric and flow
injection [161]

(49) Cocoa beans (raw,
preroasted, and roasted)

(i) Total phenolic content
(ii) Total antioxidant
capacity

(i) Folin-Ciocalteu method
(ii) DPPH assay
(iii) ABTS assay

[199]

(50) Rapeseed and its products
(i) Total phenolic content
(ii) Total antioxidant
capacity

(i) Silver
nanoparticle-based method
(ii) Folin-Ciocalteu method
(iii) DPPH assay
(iv) FRAP assay

[200]
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Table 3: Continued.

Number Analysed products
(extracts) Compounds determined Applied analytical

technique
Health benefits as they
appear in the cited studies Ref.

(51)
Edible plants (broccoli,
cauliflower, strawberry,
tomato, potato, and corn)

Total antioxidant capacity Cyclic voltammetry [201]

(52) Herb extracts from the
Labiatae family Total antioxidant capacity (i) DPPH assay

(ii) Amperometric
Antioxidant in food
industry [202]

(53)

Indian mushrooms
(Agaricus bisporus,

Hypsizygus ulmarius, and
Calocybe indica)

(i) Total phenolic content
(ii) Total antioxidant
capacity

(i) DPPH assay
(ii) FRAP assay
(iii) Folin-Ciocalteu
method
(iv) Cyclic voltammetry

Provides health benefits
and protection against
degenerative diseases

[203]

(54)

Three types of algae:
Spirulina subsalsa and

Selenastrum capricornutum
(both cultivated) and
(powdered) Spirulina

maxima

Total antioxidant capacity

(i) Amperometric using the
enzymatic biosensor with
superoxide dismutase
(ii) Cyclic voltammetry

Antiaging potential [204]

(55)

Buckwheat sprouts (roots
obtained from dark- and

light-grown) Total antioxidant capacity (i) TEAC assay
(ii) Cyclic voltammetry [205]

(56) Tea infusions
(i) Total phenolic content
(ii) Total antioxidant
capacity

(i) HPLC
(ii) Cyclic voltammetry

Reduce blood glucose level [206]

(57) Coriandrum sativum Antioxidant terpenes HPTLC

digestive,
anti-inflammatory,
antimicrobial,
hypolipidemic,
antimutagenic, and
anticarcinogenic

[96]

(58) Scoparia dulcis Flavonoids and terpenoids HPTLC

Antibacterial, antifungal,
antiherpetic,
anti-inflammatory,
antiseptic, antispasmodic,
antiviral, cytotoxic,
emmenagogic, emollient,
febrifuge, and hypotensive

[95]

(59) Acacia confusa
(i) Total phenolic content
(ii) Total antioxidant
capacity

(i) Folin-Ciocalteu method
(ii) DPPH assay

Used for wound healing
and antiblood stasis [207]

(60) Teas and herbal infusions
(i) Total phenolic content
(ii) Total antioxidant
capacity

(i) Folin-Ciocalteu method
(ii) DPPH assay
(iii) FRAP assay
(iv) ABTS assay
(v) Polarographic

[208]

(61) Extra virgin oils Total phenolic content Voltammetric [209]

(62) Selected wines
(i) Total phenolic content
(ii) Total antioxidant
capacity

(i) Folin-Ciocalteu method
(ii) DPPH assay
(iii) Differential pulse
voltammetry

[210]

(63)

Fruits (raspberry,
strawberry, and berry fruit)

and vegetables (carrot,
tomato, and rhubarb)

Antioxidant capacity Differential pulse
voltammetry [211]
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The profile and quantitative analysis of compounds
present in Lycium species was performed using HPLC with
diode array detection: p-coumaric acid, chlorogenic acid, and
rutin were identified by their retention times and UV spectra
versus those of the standards. Other benzoic and hydroxycin-
namic acids, flavonoids, and anthocyanin derivatives were
identified by UV spectra and quantified by using gallic acid,
p-coumaric acid, rutin, and cyanidin-3-glycoside, respec-
tively, as standards. Phenolic acid derivatives confirmed
their prevalence and presence in the highest amounts in all
analysed extracts. Butanolic extracts of Lycium barbarum and
Lycium ruthenicum were characterized by the highest level
of benzoic and hydroxycinnamic acid derivatives, which was
in accordance with the most enhanced antiradical activity of
these extracts [107].

HPLC with diode array detection and ion trap MS
was applied to assess dose response and metabolism of
anthocyanins present in strawberry. Pelargonidin 3-glucoside
was the main anthocyanin present in strawberry, and
this anthocyanin and three of its metabolites (detected as
monoglucuronides) were excreted and assessed in urine
after ingestion. One prevalent monoglucuronide form was
detected in urine in masses 10-fold higher than the other two
monoglucuronide forms. It was assessed that anthocyanins
from strawberries present a linear dose response over ranges
of 15–60mmol. The 24 h urinary recoveries were much
more elevated than those reported for most of the other
anthocyanins and it has been concluded that pelargonidin-
based anthocyanins may be more efficiently absorbed than
other anthocyanins [108].

18 phenolic compounds have been analysed by HPLC-
MS in harvested and commercial 50%methanolic extracts of
Ocimum basilicum. In the extracts obtained from harvested
samples, rutin (665.052mg/100 g dried plant) and caftaric
acid (1595.322mg/100 g dried plant) were determined in the
largest amount. Commercial samples contained hydroxycin-
namic acid derivates, dihydroxybenzoic acid, flavonols, and
flavonoid glycosides [109].

The determination of rosmarinic acid content of Salvia
maxima and Salvia verdewas carried out byHPLC.Methanol
was employed for the extraction of the Salvia samples; then
filtration (on a 0.45mm PTFE filter) was performed before
injection in the LC-DAD-ESI/MS setup. The mobile phase
was comprised of 0.1% (v/v) formic acid and acetonitrile, with
the application of linear gradient. The content of phenolics
in the analysed samples was assessed through interpolation
of the peak area using the calibration curve developed per
reference to the rosmarinic acid peak and retention time.
The results obtained, as rosmarinic acid equivalent content,
ranged from 103± 2 𝜇g/g freshmaterial for S.maxima to 174±
2 𝜇g/g freshmaterial for Salvia verde, with a limit of detection
of 3.4 × 10−7mol L−1 [110].

The application of a series of chromatographic techniques
(HPLC-DAD, LC-MS/MS, and GC-MS) led to the successful
detection of antioxidant purine alkaloids (caffeine, theo-
bromine, and theophylline) and indole alkaloids (harmine,
harmane, harmol, yohimbine, brucine, and strychnine) in
Andrographis paniculata and in dietary supplements con-
taining this plant. This Ayurveda plant is used for healing

purposes (see Table 2), hence the interest in structure and
potential toxicity elucidation. Purine and indole alkaloids
assessment byHPLC-DAD, LC-MS/MS, andGC-MS showed
lower concentration of these components in roots of 50.71 ±
0.36mg/g d.m. in comparison to the leaves of 78.71 ±
0.48mg/g d.m. In addition, three bioactive diterpenoids were
determined by HPLC-DAD and GC-MS methods with good
selectivity, accuracy (recovery > 91.5%), and precision (RSD
< 5.0%) [111].

The analysis of phenolic synthetic antioxidants BHA,
BHT, and TBHQ in edible oils was carried out by HPLC
with UV-VIS detection at 280 nm on the basis of peak area
ratios. The mobile phase was composed of methanol and
0.01mol L−1 monosodium phosphate, with gradient elution.
BHA content ranged between 20.1 𝜇g g−1 in rapeseed oil and
55.9 𝜇g g−1 in sesame oil. BHT was only found in blend
oil at a level of 21.4 𝜇g g−1. TBHQ amount ranged between
25.4 𝜇g g−1 in rapeseed oil and 47.2 𝜇g g−1 in corn oil [112].

A number of 19 phenolic compounds were determined
by HPLC, during the ripening of cumin seeds. The phenolic
compounds were analysed by Reversed-Phase High Perfor-
mance Liquid Chromatography with an UV-VIS multiwave-
length detection.The separationwas performed on aHypersil
ODS C18 column at ambient temperature. The mobile phase
comprised acetonitrile and water with 0.2% H2SO4. The flow
rate was established at 0.5mL/min and gradient elution was
applied. Rosmarinic acid was themain phenolic acid found in
the unripe seeds.Then, p-coumaric acid was confirmed as the
prevalent phenolic in half ripe and full ripe seeds [113]. HPLC
analysis of Artemisia capillaris extracts proved that the main
compounds imparting antioxidant capacity were chlorogenic
acid, 3,5-dicaffeoylquinic acid, and 3,4-dicaffeoylquinic acid
[114].

The HPLC profile of methanolic extracts of Spathodea
campanulata revealed antioxidant potential of this tradition-
ally used plant against malaria and inflammation due to
the presence of bioactive compounds such as verminoside
(10.33%) and 1-O-(E)-caffeoyl-beta-gentiobiose (6.58%) [115].
Glucosinolates from broccoli were analysed by HPLC
after enzymatic desulfation. The HPLC system included
a Spherisorb ODS-2 column, and the water/acetonitrile
mixture was used for gradient elution of samples. Gluco-
raphanin, precursor of the most active antioxidant glucosi-
nolate found in broccoli, was assessed as the prevalent com-
pound: 14.06 to 24.17 𝜇mol/g [116]. HPLC chromatographic
assay of the methanolic extract of Bambusa textilis McClure
indicated active antiradical fractions, as presented in Figure 1
[87].

4.2. Spectrometric Techniques
4.2.1. Studies Based on Nonenzyme Assays. The antioxidant
activity of Acacia confusa bark extracts was determined by
free radical scavenging against DPPH. The total pheno-
lic content was assessed according to the Folin-Ciocalteu
method, using gallic acid as a standard. The scavenging
activity exhibited against the DPPH free radical diminished
in the following order: 3,4,5-trihydroxybenzoic acid = 3,4-
dihydroxybenzoic acid = 3,4-dihydroxybenzoic acid ethyl
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Figure 1: HPLC chromatogram (at 330 nm) of the methanolic
extract of Bambusa, with illustration of the antioxidant fractions F1,
F2, F9, and F11 [87].

ester > 4-hydroxy-3-methoxybenzoic acid > 3-hydroxy-4-
methoxybenzoic acid > 4-hydroxybenzoic acid = benzoic
acid. It has been stipulated that this trend is due to the
presence of catechol moieties in 3,4,5-trihydroxybenzoic
acid, 3,4-dihydroxybenzoic acid, and 3,4-dihydroxybenzoic
acid ethyl ester, which impart antioxidant activity [207].

Fruits of Lycium species were subject to sequential
extraction with petroleum ether, ethyl acetate, methanol, n-
butanol, and water in a Soxhlet extractor. All the extracts
were analysed for their scavenging potential towards the
free DPPH∙ radical by in vitro method. The composition
of each extract was also studied for the Folin-Ciocalteu
reactive species. It was stressed out that the butanol extracts
of both species (Lycium barbarum and Lycium ruthenicum)
were endowedwith the highest scavenging potential (smallest
IC50). A linear relationship (correlation) was established
between the total phenol content (Folin-Ciocalteu assay) and
the radical scavenging potential [107].

A research dedicated to the antioxidant composition
investigation and antioxidant capacity determination in Oci-
mum basilicum showed that the scavenging effect against the
DPPH radical was proportional to the phenolic content, to
which flavonoids and caffeic acid derivatives contribute. The
DPPH scavenging activity proper to harvested samples (26.55
and 22.43%, resp.) was greater than the one obtained for
commercial ones (12.05 and 11.24%), considering the one of
BHT as 94.77% [109].

Six spice plant samples, namely, onion (Allium cepa),
parsley (Petroselinum crispum) roots and leaves, celery
(Apium graveolens) roots and leaves, and leaves of dill (An-
ethum graveolens), were subject to analysis for the total phe-
nolic amount and the antioxidant activity assessed by DPPH
scavenging. The celery leaves exhibited the highest total phe-
nolic content, namely, 1637.1mg gallic acid equivalents/100 g,
and the highest radical scavenging activity against DPPH
[101].

The antioxidant properties of methanol extracts of 15
broccoli samples were estimated by DPPH∙ and OH∙ radical
inhibition. These activities ranged from 1.49 𝜇mol Trolox/
gDW to 3.34 𝜇mol Trolox/gDW. The sample endowed with

the highest DPPH∙ radical scavenging activity also possessed
the highest phenolic and glucosinolate contents, including
glucoraphanin [116].

In another study, the antioxidant activity of Clusia flumi-
nensis extracts was assessed, exploiting the scavenging of the
stable free radical DPPH. The flavones and flavonols content
was also determined in order to test the potential correlation
with the antioxidant capacity. No significant differences were
revealed between the total flavonoid contents of Clusia flu-
minensis in acetone and methanol extracts, respectively. The
acetone extract was endowed with the highest antioxidant
activity (with almost 2 times smaller EC50 value than the
one proper to methanol extract) and highest flavonoid level.
Hence, it has been asserted that acetone is an efficient solvent
for antioxidant extraction. It has been also suggested that the
substances with best antioxidant activity in Clusiaceae fruits
possess intermediate polarity [176].

The antioxidant activity of 52 wine samples was assessed
spectrophotometrically and expressed as the amount of wine
able to engender 50% decolorization of the DPPH radical
solution per reference to the control (EC50). The obtained
average values of EC50 were 20.1𝜇L for red and 98.4 𝜇L for
white dry wines. The highest EC50 of red dry wines, 26.9 𝜇L
(illustrating the lowest antioxidant capacity), was inferior
to the one proper to white wines with the most reduced
antioxidant capacity, 56.4 𝜇L. It was inferred that, regarding
DPPH radical scavenging, red wines are around 5 times
stronger than white wines, despite the absence of statistically
significant differences between the grape varieties studied, as
well as among different wine regions [210].

The total phenolic amount and antioxidant potential
expressed by the IC50 values (concentration causing a 50%
DPPH inhibition) were assessed in the seeds of cumin
at different ripening stages. At full ripening stage, for
which the highest level of total phenolics was determined
(17.74 and 25.15mgGAE/gDW), the antioxidant capacity also
attained its peak, with the smallest values of IC50, 6.24
and 42.16 𝜇g/mL, respectively, for maceration and Soxhlet
methods applied for extraction [113].

Another study was performed to assess the antioxidant
and antimicrobial potential of methanol (100 and 80%)
aqueous extracts of pumelo fruits albedo (Citrus grandis
Osbeck). The antioxidant and antibacterial activity of both
crude extracts and isolated compounds were determined
using DPPH scavenging and paper disc diffusion method.
The 100% methanol extract was steeped in water at different
pH values and subject to partitioning with ethyl acetate
yielding basic, acidic, neutral, and phenolic fractions. The
neutral fraction revealed the highest antioxidant potential
and antibacterial efficacy [191].

The antioxidant activities of Artemisia capillaris extracts
in different organic solvents (n-hexane, ethyl acetate, acetone,
and methanol) were tested. Methanol extracts of Artemisia
capillaris herba possessed the highest phenolic content and
were endowed with the strongest antioxidant power, when
compared to the other solvent extracts; namely, the scaveng-
ing potential of three extracts exhibited against the DPPH
radical varied as follows: ethyl acetate extracts < acetone
extracts <methanol extracts, corresponding to the inhibition
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Figure 2: DPPH radical scavenging activity of Sonchus asper
extracts in different solvents at various concentrations. Each value
stands for the mean ± SD (𝑛 = 3) of hexan, ethyl acetate, chloroform,
and methanol crude extracts of the whole plant and ascorbic acid
[88].

percentages of 35.2, 57.1 and 91.1% at a dose of 200 ppm,
respectively. The scavenging potential of 100 ppm methanol
extract (90.8%) equaled the one proper to 100 ppm BHT
(90.5%) and was very close to the one of 𝛼-tocopherol
(92.3%). The methanolic extract also exhibited the strongest
antioxidant activity in the 𝛽-carotene bleaching system
[114].

The antioxidant potential of nonpolar (hexane, ethyl
acetate, and chloroform) and polar (methanol) Sonchus asper
crude extracts was assessed by DPPH radical scavenging.
Methanol extract showed the highest scavenging potential
(smallest IC50) followed by chloroform, ethyl acetate, and
hexane extracts, as revealed in Figure 2 [88].

The antiradicalic activity against DPPH and the super-
oxide anion scavenging activity (in a riboflavin-light-nitro
blue tetrazolium chloride system) were determined in the
case of methanolic extracts of Bergia suffruticosa, bone, and
sore healer. The whole plant extracts proved dose-increasing
scavenging activities versus DPPH∙ and superoxide, with
EC50 values of 13.1 𝜇g and 139.4 𝜇g, respectively. The Fe3+ to
Fe2+ reducing ability was also proven to be dose-dependent,
reaching a maximum for 300𝜇g extract [90].

In another paper, the antioxidant profiling and antiox-
idant activities of dried fruits have been assessed, namely,
prunes, apricots, raisins, and figs [183]. The highest concen-
tration of carotenoids was present in apricots and figs (10.7
and 10.8mg 𝛽 carotene equivalents/100 g). Raisins possessed
the highest total phenolic concentration (1.18 g gallic acid
equivalents/100 g) and proanthocyanidins (17.53mg cyani-
din equivalents/100 g). Figs presented the highest flavonoid
(105.6mg quercetin equivalents/100 g) and anthocyanin
(5.9mg/100 g) amount. The antioxidant activities were also
assessed. The apricot aqueous extract had the best reducing
power, Agen prune presented the highest antioxidant activity
furnished by the phosphomolybdenum method, and the
raisin extract in ethanol showed the best DPPH∙ quenching
capacity [183].

A study based on ABTS scavenging ability proves that
rosemary extract exhibits an antioxidant capacity equivalent
to the one of BHA and superior to the one proven by
BHT. The chile ancho extract exhibits a lower antioxidant
capacity when compared to rosemary and both BHT and
BHA. In the case of rosemary, due to the preponderance of
ethanol in the extraction mixture, the polyphenol amount
increases, being the most elevated for an ethanol : water ratio
of 75 : 25. The rosemary extract is rich in rosmarinic acid,
carnosic acid, and carnosol. In the case of chile ancho, the
maximum extracted polyphenol amount is obtained for an
ethanol : water ratio of 50 : 50.The chile ancho extract contains
flavonoids (luteolin, quercetin), carotenoids, ascorbic acid,
and capsaicinoids [178].

The phenolic content and antioxidant activity of Vitis
vinifera extracts were followed under different storage con-
ditions. The total phenolic content was determined by Folin-
Ciocalteu method and the antioxidant capacity by the scav-
enging ability versus the ABTS cation radical. The extract
proved stable for up to one year at storage in darkness as a
hydroalcoholic solution at 4∘C or as a freeze-dried powder
at 25∘C. The total phenolic content was found constant
at different pH values (3.0, 5.0, 7.0, and 9.0) for up to
400 days, while the antioxidant capacity diminished at pH
values greater than 5.0. The thermal treatment (at 121∘C
for 15 minutes, at different pH values) neither decreased
nor increased the ABTS radical cation-scavenging activity.
Nevertheless, it was found that the total phenolic content
increased after heating at all pH values tested [181].

Another study was dedicated to the assessment of the
antioxidant potency of phenolic substances from wild Alge-
rian medicinal plants by chemical and biological methods.
Anthemis arvensis and Artemisia campestris had the highest
phenolics amounts (115.2 and 103.4mg/gDW, resp.) and
the most enhanced antioxidant power assessed by ABTS∙+
decolorization (0.726 and 0.573mmol TEAC/g DW, resp.).
They also promoted an enhanced delay of free radical-
induced red blood cells hemolysis, even when compared to
caffeic acid, the reference antioxidant endowed with the most
effective inhibition capacity [103].

Both lipophilic and hydrophilic components of 24 cereal
grains fromChina were spectrophotometrically assessed. For
water-soluble fractions of the analysed grains, the FRAP
values varied from 0.87 ± 0.08 to 114.69 ± 2.15 𝜇mol Fe(II)/g
DW. Black rice exhibited the highest FRAP value, followed by
organic black rice, purple rice, and organic black millet. With
respect to the fat-soluble fractions, the FRAP values ranged
between 4.27 ± 0.19 and 21.91 ± 1.27𝜇mol Fe(II)/g, with red
rice, buckwheat, organic black rice, and brown rice exhibiting
the most elevated FRAP values. The TEAC values (relying
on the ability of antioxidants to scavenge ABTS∙+) ranged
between 0.18 ± 0.01 and 25.28 ± 1.07 𝜇mol Trolox/gDW for
the water-soluble fractions, with black rice, organic black
rice, buckwheat, and red glutinous rice exhibiting the highest
values. For fat-soluble fractions, the TEAC values varied from
0.06 ± 0.04 to 5.22 ± 0.29 𝜇mol Trolox/g. The antioxidant
capacities of cereals showed a significant correlation between
the FRAP value and the TEAC values. A strong correlation
between antioxidant capacity and total phenolic content
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(Folin-Ciocalteu) was also obtained, indicating that phenolic
compoundsmainly contribute to the antioxidant capacities of
these cereals [105].

The total antioxidant capacity and phenolic content were
assessed for 70 medicinal plant infusions. Melissae folium
infusions exhibited a ferric reducing antioxidant power
greater than 20mmole Fe(II)/L and a phenol antioxidant
coefficient greater than 3.The DPPH radical scavenging abil-
ity ofMelissae folium phenolics was close to that of catechin.
With respect to ABTS radical cation scavenging, Melissae
folium phenolics exhibited superior efficacy in comparison to
Trolox and vitamin C [212].

Species belonging to Malvaceae family (Sidastrum mi-
cranthum (A. St.-Hil.) Fryxell,Wissadula periplocifolia (L.) C.
Presl, Sida rhombifolia (L.) E. H. L., and Herissantia crispa L.
(Brizicky)) were investigated for the total phenolic content,
DPPH radical scavenging activity, and Trolox equivalent
antioxidant capacity. The antioxidant activity of the crude
extract, aqueous and organic phases and isolated flavonoids,
kaempferol 3,7-di-O-𝛼-L-rhamnopyranoside (lespedin), and
kaempferol 3-O-𝛽-D-(6-E-p-coumaroyl) glucopyranoside
(tiliroside) was assessed. A firm correlation was noticed
between total polyphenol content and antioxidant activity of
the crude extract of Sidastrum micranthum and Wissadula
periplocifolia; this was not the case for Sida rhombifolia and
Herissantia crispa. The ethyl acetate phase exhibited the
best total phenolics content, as well as antioxidant capacity
in DPPH and TEAC assays, followed by the chloroform
phase. To lespedin, present in the ethyl acetate phase of W.
periplocifolia andH. crispa, no significant antioxidant activity
has been ascribed (IC50: DPPH: 1,019.92 ± 68.99mg/mL;
TEAC: 52.70 ± 0.47mg/mL); tiliroside, isolated from W.
periplocifolia, H. crispa, and S. micranthum, had small IC50
(1.63 ± 0.86mg/mL), proving better antioxidant capacity as
provided by TEAC method [213].

The antioxidant properties of Diospyros bipindensis
(Gürke, used in Baka traditionalmedicine against respiratory
diseases) stembark were assessed by ABTS, DPPH, and
ORAC assays. The antioxidant properties that contribute to
the bioactivity of the plant extract were mainly imparted by
ismailin [179].

During the investigation of the antioxidant poten-
tials of some cereals and pseudocereals, polyphenol dry
matter extracts from seeds of buckwheat, rice, soybean,
amaranth, and quinoa (obtained with 1.2M HCl in 50%
methanol/water) showed better inhibition of lipid peroxi-
dation than the ones extracted with 50% methanol/water
and were close to the antioxidant activity of BHT at con-
centration of 0.2mg/mL. The antioxidant activities of seed
extracts determined by DPPH∙, ABTS∙+ scavenging, and 𝛽-
carotene bleaching proved strong correlation with the total
polyphenols assessed by Folin-Ciocalteu assay. It has been
concluded that proteins do not significantly contribute to the
samples’ antioxidant activity and that buckwheat followed by
quinoa and amaranth are themost proper as cereal substitutes
[214].

A series of foods usually consumed in Italy were analysed
for their antioxidant capacity, by TEAC, TRAP (relying on
the protective action of antioxidants, over the fluorescence

diminution of R-phycoerythrin in a monitored peroxida-
tion reaction), and FRAP. Among vegetables, spinach had
the highest antioxidant capacity in the TEAC and FRAP
assays, followed by peppers, while asparagus had the greatest
antioxidant capacity in the TRAP assay. Among fruits, berries
(blackberry, redcurrant, and raspberry) possessed the highest
antioxidant capacity in all assays. With respect to beverages,
coffee had the greatest total antioxidant activity regardless of
the technique, followed by citrus juices. As for oils, soybean
oil had the highest antioxidant capacity, followed by extra
virgin olive oil, whereas peanut oil proved less effective [215].

The in vitro antioxidant activity of wines has been
investigated by a series of determinations such as ORAC,
ABTS,DPPH, andDMPDquenching.Also, the total phenolic
index was assessed for the 41 samples subject to analysis.
Red wines necessitated solid phase extraction to discriminate
three main fractions. ABTS, DPPH, and ORAC provided the
same reactivity ranking of the analysed fractions: fraction
2 (flavan-3-ol and anthocyanins) showed the best activity
followed by fractions 1 (phenolic acids) and 3 (flavonols).
Nevertheless, a much reduced reactivity of fraction 2 com-
ponents (anthocyanins and flavanols) towards DMPD∙+ was
noticed which is consistent with the lower correlation with
the total phenolic index and the smaller difference (red versus
white wines) in comparison to the other methods’ results
[216].

4.2.2. Studies Relying on Both Enzyme-Based and Nonenzyme
Assays. The antioxidant activity of the ethyl acetate and n-
butanol extracts, along with that of seven flavonol glyco-
sides isolated from Dorycnium hirsutum aerial parts, was
assessed using the DPPHmethod and the lipoxygenase assay.
With respect to the inhibition activity towards the DPPH
radical, kaempferol 3-O-𝛼-L-rhamnopyranoside possessed
the highest antioxidant activity (1.226 Trolox equivalents).
The lipoxygenase assay has been also performed, in the
presence of linoleic acid and commercial lipoxygenase at pH
= 6.80, and the hydroperoxide generation was monitored at
235 nm. It was proven that kaempferol 3-(4-O-acetyl)-O-𝛼-
L-rhamnopyranoside-7-O-𝛼-L-rhamnopyranoside exhibited
the best antioxidant protection activity in the lipid peroxida-
tion system.The butanolic extract proved less active than the
ethyl acetate residue, which confirmed the higher flavonoid
level assessed in the latter [217].

The scavenging properties of the DPPH radical and the
xanthine oxidase inhibition activity were determined for
methanol extracts of Lantana camara obtained from different
plant parts.The absorbance diminution of theDPPH solution
was measured at 517 nm, and the XO inhibition assay was
based on uric acid production estimated according to the
absorbance increase at 290 nm. Allopurinol (XO inhibitor)
was used as positive control. The DPPH assay showed that
the leaf extract had the best antioxidant activity, and the
highest phenolic content was also found in the leaves: 245.50
± 3.54mg gallic acid/g [180].

The in vitro antioxidant capacities of methanolic extracts
(80%) prepared from Cornus mas L., Diospyros kaki L., and
Laurocerasus officinalisRoemwere tested by a series of recog-
nizedmethods: DPPH, superoxide radical scavenging, FRAP,
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CUPRAC, metal-chelating capacity, 𝛽-carotene bleaching
test in a linoleic acid emulsion system, and TEAC [186].
For the superoxide radical scavenging, the extract was
subject to reaction with a substrate solution containing
sodium xanthine and 2-(4-iodophenyl)-3-(4-nitrophenol)-5-
phenyltetrazolium chloride. Xanthine oxidase was used as
biocatalyst and the absorbance increase was monitored at
505 nm. Gallic acid was used as reference phenolic [143, 186].
The Folin-Ciocalteu assay of total phenolic content involves
sample reaction with a mixture of phosphomolybdate and
phosphotungstate in the presence of sodium carbonate 20%.
Absorbance readings of the blue molybdenum-tungsten
complex formed in the presence of reducing phenolics are
taken at 765 nm after incubation, with gallic acid as [218].
Diospyros kaki yielded the best results, except for the 𝛽-
carotene bleaching assay. Also, good correlationwas obtained
between the phenolic profile and antioxidant activity. No
metal-chelating activity was shown [186].

The isolation and characterization of bioactive poly-
phenolic compounds from bitter cumin (condiment and
also stimulant, carminative, and astringent in traditional
Ayurvedic medicine) were performed, by various spec-
trophotometric determinations, to assess their scavenging
activities. The bitter cumin seed extract showed enhanced
antioxidant activity at 𝜇g amounts, trapping effectively
DPPH∙, lipid peroxyl, hydroxyl, and superoxide anion
radicals. Superoxide anions were generated in the sam-
ples containing nitroblue tetrazolium, nicotinamide adenine
dinucleotide-reduced, and phenazine methosulphate. The
absorbance taken at 560 nm decreased in the presence of
cumin extracts, pointing towards superoxide anion scaveng-
ing activity.Themeasurement of lipid peroxidation activity in
rat liver microsomes was performed incubating microsomal
protein with ferrous sulphate and ascorbic acid, yielding
malonyl dialdehyde, which led to the assessment of TBARS
in the presence of thiobarbituric acid with readings taken
at 535 nm. The presence of cumin antioxidants led to the
decrease of microsomal lipid peroxidation, assessed in the
presence of soybean lipoxygenase and linoleic acid. The
absorbance due to lipid hydroperoxides was measured at
234 nm. Cumin phenolics decreased lipid peroxidation and
proved radical scavenging ability in Fenton OH-initiated
DNA damage [106].

Twelve methanolic extracts from rosemary leaves har-
vested from different locations of Turkey at four different
times of the year were analysed for their radical scavenging
capacities and antioxidant activities by applying different
techniques: DPPH radical scavenging activity, Trolox equiv-
alent antioxidant capacity, and reversing H2O2-induced ery-
throcyte membrane lipid peroxidation. Human erythrocyte
superoxide dismutase and catalase activities, after in vitro
incubation with the extracts, were also tested in order to
check altered enzymatic efficiency. Rosmarinus officinalis
samples were collected from three different locations, namely,
Canakkale (southern Marmara region, the coolest climate),
Izmir (Aegean region, moderately hot), and Mersin (Eastern
Mediterranean region, the hottest), on four different intervals
as follows: December 2003 (denoted as C-S1, I-S1, and M-S1,
resp.), March (C-S2, I-S2, and M-S2), June (C-S3, I-S3, and

M-S3), and September 2004 (C-S4, I-S4, and M-S4). TEAC
values ranged between 11.7 and 5.3mmol Trolox/kg FW,
with Canakkale–March samples having the highest value
(11.7mmol/kg). With respect to the H2O2-forced human ery-
throcyte membrane lipid peroxidation test, most of rosemary
extracts acted efficiently except for C-S2, I-S1, IS2, I-S3, and
I-S4. I-S2 and I-S3 even exhibited prooxidant activity and
caused an increase of MDA. The M series together with C-
S4 have been proven to be the most active antioxidants in the
in vitro test. M-S4 extract showed closest effect to the three
reference antioxidants: BHT, vitamin C/vitamin E mixture,
and quercetin. All extracts caused significant increases in
SOD activity, except C-S1, I-S1, I-S4, and M-S4. M series
extracts did not affect CAT activity, while C and I series
significantly decreased CAT activity.

All extracts proved high ability to quench the free rad-
icals (DPPH and ABTS) and to inhibit malonyl dialdehyde
formation. On the whole, the obtained results revealed that
the plants harvested in September possess higher levels of
active constituents and superior antioxidant activities in
comparison to those harvested in other year seasons. Plants
harvested from the Izmir region had lower total phenol
and active constituent levels and hence smaller antioxidant
activity. These differences were assigned to the various
compositions in bioactive compounds characterizing the
plants harvested from different locations and in various
year seasons: the rosmarinic acid contents in the Izmir and
Mersin samples increased in summer, with a maximum
in September (30.4mg g−1), and decreased in December,
attaining aminimum inMarch (0.4mg g−1). In theCanakkale
samples, the rosmarinic acid level raised progressively from
December to September. As in the case of rosmarinic acid, the
levels of carnosol peaked in September and then diminished
stepwise, attaining a minimum in March. For carnosic acid,
seasonal differences were not as significant as for rosmarinic
acid and carnosol: all September samples possessed higher
levels of carnosic acid. Mersin samples exhibited the highest
and lowest carnosic acid levels in September and March,
respectively [104].

111 samples of yerba mate from three (Southeast, South
Central, and Metropolitan Area of Curitiba) regions of the
Brazilian state of Parana were subject to analysis of the total
phenolic content (TPC) by near infrared spectroscopy.Multi-
variate calibration models were developed to assess the TPC
from the NIR spectra using partial least squares regression.
Namely, the characteristic spectral signal of phenolic groups
(4.670 cm−1) led to the development of multivariate models
for quantifying total phenolics. The reference experimental
results and those predicted by the partial least squares
regressionmodel obtained for the 26 samples ranged between
27.28 and 44.55mg g−1 [219].

In another study, the antioxidant action of different fla-
vonoids (quercetin, glabridin, red clover extract, and the
isoflavones mixture Isoflavin Beta) was investigated to assess
the appropriateness as topical formulation against free radi-
cals-induced damage.Horseradish peroxidase catalyses lumi-
nol oxidation to 3-aminophthalate byH2O2, followed by light
emission at 428 nm, at pH 7.40, in 0.1M phosphate buffer.
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The reduction of chemiluminescent signal in the presence of
antioxidants takes account on their antioxidant potential. All
samples proved their capacity to inhibit oxidative damage, as
depending on quercetin and beta isoflavin level. The highest
chemiluminescence inhibition was noticed for glabridin and
dry red clover extract [220].

4.3. Electrochemical Techniques
4.3.1. Linear Sweep Techniques: Cyclic Voltammetry. The anti-
oxidant capacity of dry extracts of green tea, black tea, rose-
mary, and coffee, acerola and açàı, was assessed voltammet-
rically at a glassy carbon electrode. Methanol proved better
efficacy in extracting antioxidant principles. The antioxidant
capacities given by anodic area on the voltammogram and
expressed as mg ascorbic acid equivalents ranked as follows:
green tea > black tea > rosemary > arabica coffee > herb tea
> acerola > quality tea > açàı [221].

A cyclic voltammetric study of the electrooxidation of
phenolic compounds present in wine revealed a pivotal
influence of the structure on the propensity to undergo oxi-
dation. Compounds with an orthodiphenol group (catechin,
epicatechin, quercetin, and gallic, caffeic, and tannic acids)
and morin possess the greatest antioxidant potential and are
oxidized at lowpotentials at about 400mV. Ferulic acid, trans-
resveratrol, and malvin as well as vanillic and p-coumaric
acids that have a solitary phenolmoiety inmany cases close to
a methoxy function are less electrooxidizable. Anthocyanins
determine the existence of a peak at 650mV. It was also
assessed that phenolics that imparted a first peak in the
370–470mV range on the voltammogram can be secondly
oxidized at around 800mV: catechin and epicatechin by
reason of the meta-diphenol groups on the A-ring, quercetin
owing to the -OH group on the C-ring, and gallic acid due to
the third -OH group placed next to the orthodiphenolmoiety
oxidized during the first wave [222].

A voltammetric electronic tongue system composed of
an array of modified graphite-epoxy composites and a gold
microelectrodewas applied in the qualitative and quantitative
analysis of polyphenols in wine. Samples were analysed by
cyclic voltammetry and did not necessitate sample pretreat-
ment. The analytical responses were processed by discrete
wavelet transform in order to compress and extract the
essential features of the voltammetric analytical responses.
External test subset samples results correlated well with
the ones furnished by the Folin-Ciocalteu assay and UV
absorbance polyphenol index (I280) for amounts from 50 to
2400mg L−1 gallic acid equivalents [223].

BHA, BHT, andTBHQ in edible oil samples were assessed
by first derivative voltammetry at glassy carbon electrode
modified with gold nanoparticles. First derivative pretreat-
ment was applied to the linear sweep voltammetric signals,
aiming at minimizing noise influence. The values of the peak
potentials of 0.273, 0.502, and 0.622V allowed discrimination
between TBHQ, BHA, and BHT with detection limits as low
as 0.039, 0.080, and 0.079 𝜇gmL−1 for the three aforemen-
tioned analytes. BHA content ranged between 19.3 𝜇g g−1 in
rapeseed oil and 56.6 𝜇g g−1 in sesame oil. BHT was only
found in blend oil at a level of 20.7 𝜇g g−1. TBHQ level

ranged between 26.8 𝜇g g−1 in rapeseed oil and 48.4 𝜇g g−1 in
corn oil. Interference studies indicated that the determination
of all three compounds in commercial edible oil samples
was not significantly affected by the common interferents,
2-fold ascorbic acid and 10-fold vitamin E; phthalate and
citric acid concentrations exerted no significant influence on
the peak currents of the three synthetic food antioxidants:
ascorbic acid peak appeared at 0.437V and did not hinder
the analytical signals of the three analytes. Vitamin E and
phthalate and citric acid did not show peaks in the potential
range of 0.10–0.80V. Metal ions (K+, Na+, Ca2+, Fe2+, Mg2+,
and Zn2+) and some of the most significant anions (Cl−, I−,
SO3
2−, SO4

2−, NO3
−, CO3

2−, PO4
3−, and CH3COO−) did not

interfere also up to a 100-fold increase in their concentrations
[112].

4.3.2. Differential Pulse Voltammetry. Sesamol and lignans
contents in sesame, tahina, and halva were assessed by
polarography and stripping voltammetry. Differential pulse
polarography used a capillary hanging mercury drop elec-
trode. In cathodic stripping, sesamol reacts forming a
reduced derivative, which is oxidized, yielding a cyclic
voltammetric peak. The cathodic stripping voltammetric
assessment involved preconcentration (when sesamol accu-
mulates to the electrode-surface at −1650mV) and scanning
(when analyte stripping takes place in the potential range
of −1650mV to −2250mV). Using these electrochemical
methods, sesamol was assessed at levels of 0.26–0.32mg/100 g
oil in three varieties of sesame, 10.98–12.33mg/100 g oil in
tahina, and 4.97–9.12mg/100 g oil in halva [224].

The antioxidant activity of flavonoids (catechin, querce-
tin, dihydroquercetin, and rutin) was voltammetrically
assessed at a glassy carbon working electrode, and the meas-
ured redox potentials were correlated to the antioxidant
activity results. Differential pulse measurements relied on
molecular oxygen cathodic reduction, at 50mV s−1, in the 0–
800mV potential range and for an optimal pulse amplitude
of 10mV. The antioxidant activity coefficient was assessed
considering O2 reduction current in the presence of added
antioxidants and the limiting O2 current in the absence of
antioxidants. To check reversibility and electrooxidation
mechanism, cyclic voltammetric assay was performed for
the tested flavonoids (1–10 𝜇mol L−1 in phosphate buffer
0.025M, pH = 6.86) in the potential range of 0–1000mV, at
50mV s−1. All flavonoids presented reversible peaks in the
range of 300mV–400mV. The intensity of the CV oxidation
peak (assigned to the deprotonation of the catechol moiety,
namely, of the 3-OH electron-donating group) increases
with the dihydroquercetin concentration. The peak intensity
also depended linearly on the square root of the scan rate,
so it was concluded that the oxidation of this flavonoid was
limited bymass transfer. Both the easiness of electron transfer
reflected by the redox potentials (in CV) and the antioxidant
activity (assessed byDPV) correlatedwith the following trend
of increase: rutin–dihydroquercetin–catechin–quercetin
[225].

A DNA-modified carbon paste voltammetric biosensor
functioned on the basis of DNA layer oxidative insults,
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Figure 3: Differential pulse voltammograms at a Pt working
electrode for different ascorbic acid concentrations (mM): 20 (1),
15 (2), 10 (3), 5 (4), 2.5 (5), 1.25 (6), 0.625 (7), and 0.31 (8); pulse
amplitude, 75mV, pulse period, 125ms, and potential scan rate,
50mV/s [89].

induced by Fenton OH∙ radicals. The electrooxidation of the
left unimpaired adenine bases can give an oxidation product
able to catalyse NADH oxidation [226, 227]. Antioxidants
scavenged hydroxyl radicals and the current which emerged
from NADH oxidation increased as a result of a larger
number of unoxidized adenine molecules [226]. Ascorbic
acid has been proven to be the most effective antioxidant,
as it determined the most significant electrocatalytic current
increase. Among the analysed beverages, the greatest antiox-
idant capacity value was exhibited by lemon flavour, namely,
480 ± 20𝜇M, calculated as per reference to ascorbic acid
standard [226].

Differential pulse voltammetry a Pt working electrode
allowed for ascorbic acid quantitation in fruit juices, based
on its electrooxidation, as presented in Figure 3 [89].

4.3.3. Square Wave Voltammetry. Square wave voltammetry
at disposable screen-printed carbon electrodeswas developed
for the polyphenol antioxidant screening in freshly squeezed
blackcurrant and strawberry juices from various cultivars
and at different maturity stages. Prior to the electrochemical
assessment, the anthocyanins and nonanthocyanins were
separated by solid phase extraction. It was proven that the
charges passing to 500 and 1000mV correlated well with
the antioxidant activity, as well as with anthocyanin and
ascorbate levels.The use of disposable screen-printed sensors
was able to surpass the shortcoming of electrode deactivation
due to fouling by the polymeric film formed through coupling
of phenoxyl radicals during electrooxidation. Nevertheless,
it was asserted that phenolics other than anthocyanins, with
low formal oxidation potentials, should be quantified on the

basis of sensor cumulative responses at 300mV. Blackcurrant
juices possessed high oxidation peaks at low potentials
(<400mV) and so enhanced antioxidant capacities [228].

The phenolic content of extra virgin olive oils was
assessed by an array of 12 voltammetric electrodes: five lan-
thanide bis-phthalocyanines-based sensors, six polypyrrole-
based sensors, and one unmodified carbon paste electrode.
Apart from the peaks related to phthalocyanine, a peak
due to the redox process associated with the polyphenolic
fraction was also present as a shoulder in the domain
of 300–500mV (assigned as first peak). The oxidation of
lanthanide bis-phthalocyanines complexes occurs at 0.55V
in KCl electrolyte and at 0.66V in the oil extract, so the
antioxidant features of polyphenols render the oxidation of
phthalocyanine more difficult.The electrocatalytic efficacy of
phthalocyanines enables a more facile oxidation of phenols:
for the extract with the highest polyphenol content, when
using a bare carbon paste electrode, the peak assigned to
polyphenols appeared at 0.68V and at 0.5 V when using a
praseodymium bis-phthalocyanine electrode. The polyphe-
nol content of the extracts ranged between 403.06mg kg−1
and 990.25mg kg−1 [209].

Square wave voltammetry and cyclic voltammetry at dif-
ferent pH values was performed to investigate the antioxidant
capacity of cashew nut shell liquid components, such as
cardol, cardanol, and tert-butylcardanol which were char-
acterized by lower oxidation potentials in comparison to
BHT (Epa = 0.989V). Cardol possessed the smallest Epa
(0.665V) and hence best antioxidant potential among the
tested compounds, followed by tert-butylcardanol (Epa =
0.682V) and cardanol (Epa = 0.989V). A linear shift of the
peak potential to more negative values with the pH increase
was noted for all antioxidant compounds. Increasing the pH
of the electrolyte resulted in a nonlinear decrease of the peak
currents, so the highest values were obtained at pH = 2.0
[229].

4.3.4. Stripping Voltammetry. Adsorptive stripping voltam-
metry has been applied for the determination of caffeic acid
at a Pb film electrode. The working electrode was obtained
in situ on a glassy carbon basis. The analyte accumulates by
adsorption on the lead film electrode and is subsequently
electrooxidized during the stripping step. The analytical
signal depended linearly on caffeic acid concentration in the
range of 1 × 10−8 to 5 ×10−7M with a detection limit of 4 ×
10−9M in acetate buffer pH = 4.0. By operating in the square
wave voltammetric mode, this technique proved viable in
the determination of caffeic acid in the herbs of Plantago
lanceolata.The caffeic acid amount obtained by the developed
voltammetric method was 107.4𝜇g/g of dried plant with RSD
of 2.95% [93].

4.3.5. Hydrodynamic Techniques: Amperometry. The deter-
mination of flavonoids and ascorbic acid in grapefruit (Citrus
paradisi, antioxidant, antiallergic, and anticarcinogenic) peel
and juice has been performed by capillary electrophoresis
with electrochemical detection.Hydrodynamic voltammetric
measurements aimed at optimizing operational parameters.
An applied potential of +0.95V (versus SCE) was chosen



Oxidative Medicine and Cellular Longevity 23

for an optimum signal to noise ratio and a pH of the
running buffer of 9.0, because at this value a rapid and
efficient separation was obtained between the five flavonoids.
60mM was the best buffer concentration, with higher val-
ues negatively influencing the detection limit. Hesperidin,
naringin, hesperidin, naringenin, rutin, and ascorbic acid
were separated and quantified in grapefruit juice by capillary
electrophoresis with electrochemical detection, comparing
the migration times with those of the standards. Hesperidin,
naringin, and ascorbic acid were assessed in grapefruit peel
extract, with good peak repeatabilities and recoveries [230].

A sequential injection method with amperometric detec-
tion was developed for the total antioxidant capacity assess-
ment in commercial instant ginger infusion beverages. The
method relied on the decrease of the cathodic current of
ABTS∙+ at a glassy carbon electrode in phosphate buffer, pH
= 7.0, after reaction with antioxidants in the sample.The total
antioxidant capacity ranged between 0.326 ± 0.025 and 1.201
± 0.023mg gallic acid equivalents/g sample [231].

A laccase-based amperometric biosensor allowed for the
optimized determination of phenolic content in tea infusions.
The enzyme from Trametes versicolor was immobilized by
entrapment within polyvinyl alcohol photopolymer fixed
onto disposable graphite screen-printed electrodes. An oxi-
dation peak was noticed at 270mV only in the presence
of hydroquinone, the enzyme substrate. The amperometric
responses of the biosensor were registered for three tested
diphenols under the optimal experimental conditions, 0.1M
acetate buffer at pH 4.70, 30∘C, and −300mV. The highest
sensitivity was obtained for catechol 18.82 ± 0.76 nA 𝜇M−1,
whereas the lowest one was obtained for resorcinol 0.110
± 0.002 nA 𝜇M−1. The equivalent phenol content was com-
prised between 4.0 and 109.2mg caffeic acid equivalents/L
sample for orange leaves and palo azul infusion, respectively
[232].

A laccase-based biosensor aimed at polyphenols deter-
mination from in vitro Salvia cultures. The biosensor was
developed by drop casting 3mL of laccase solution and
stabilization with 0.1% Nafion solution on a screen-printed
carbon electrode. Chronoamperometric measurements were
performed in 0.1M phosphate buffer, pH 4.50, at −30mV
versus an Ag/AgCl reference. The results, as rosmarinic
acid equivalent content (chosen as standard, as it has been
identified as the major phenolic in the samples analysed,
by chromatography and MS screening), ranged from 97.8 ±
8.2 𝜇g/g fresh material for Salvia maxima to 162.2 ± 11.3 𝜇g/g
fresh material for Salvia verde, with a limit of detection of 4.2
× 10−7M. The biosensor retains more than 85% of its initial
analytical response up to 90 days. The Michaelis-Menten
kinetic apparent constant of 8.3× 10−6Mrevealed the enzyme
affinity for the substrate [110].

A tyrosinase-based biosensor was prepared by enzyme
immobilization on single wall carbon nanotubes screen-
printed electrodes modified with iron(II) phthalocyanine.
The electrochemical behavior of the biosensor was studied
with optimization of the parameters: the cyclic voltammo-
grams in catechin solution do not present peaks related
to phthalocyanine but exhibit only the peak related to the

reduction of the o-quinone that resulted from tyrosinase-
catalysed catechin oxidation.This peak points to the retaining
of the catalytic activity of tyrosinase after immobilization.The
maximum analytical response was obtained at 0.15 V, pH =
7.0, in phosphate buffer solution. The amperometric signal
at increasing catechin concentrations was registered, with a
sensitivity of 0.937 𝜇A 𝜇M−1 and a 0.89 𝜇M detection limit.
The polyphenol content of green tea samples, as mg catechin,
ranged from 19 ± 1.45 to 98 ± 3.86 [233].

A superoxide dismutase-based biosensor allowed for the
amperometric antioxidant activity determination in aromatic
herbs, olives, and fruits. Superoxide dismutase was immo-
bilized between a cellulose acetate membrane and a dialysis
membrane. Enzymic xanthine oxidation yields superoxide
radical anion and the disproportionation of the latter by
superoxide dismutase results inmolecular oxygen and hydro-
gen peroxide occurrence [234]:

xanthine +H2O +O2 → uric acid + 2H+ +O2
∙−

2O2
∙− + 2H+ → H2O2 +O2

(6)

Finally, the electrochemical response correlatable to the
superoxide radical concentration is imparted by H2O2 oxi-
dation at the Pt anode and 650mV. As the electroactive
superoxide anion radicals are trapped by antioxidants in the
sample, the amperometric signal diminishes. The highest
antioxidant capacity was exhibited by sage as herb and by
medlar, among analysed fruits [234].

4.3.6. Biamperometry. This method relies on recording at
a small potential difference, the current intensity between
two identical working electrodes, found in a solution where
a reversible redox couple (Fe3+/Fe2+, I2/I

−, Fe(CN)6
3−/

Fe(CN)6
4−) is present. The analyte reacts with the indicating

redox couple: the selectivity of the technique depending on
the specificity of the reaction involving the oxidized form of
the redox pair and the antioxidant [158].

Particularly in DPPH∙/DPPH biamperometry, antioxi-
dants react with DPPH∙ (radical form) decreasing its concen-
tration and generating DPPH (reduced form). The DPPH∙
reduction at one electrode gives rise to a cathodic current
proportional with the concentration of the radical form,
whereas the oxidation of DPPH at the other electrode yields
an anodic current proportional with the molecular form
concentration. When employed working conditions are as
such, for the radical form concentration to be smaller than the
one proper to the molecular form, cathodic current is limited
by the lower concentration of DPPH∙ radical in the indicating
mixture. DPPH∙/DPPH biamperometry was employed in the
analysis of tea, wine, and coffee using glassy carbon elec-
trodes [158]. ABTS∙+/ABTS biamperometry enables analysis
of juices, tea, and wine [159], as well as wines and spirits with
excellent sensitivity, 0.165 nA/𝜇M Trolox [160].

Samples of Brazilian woods and oak (Quercus sp.)
extracts were subject to ceric reducing antioxidant capacity
(CRAC) analysis at a boron-doped diamond film electrode,
relying on Ce4+/Ce3+ redox couple. Chronoamperometric
determinations enabled quantification of the decrease of
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Ce4+ concentration, which was caused by its reduction by
antioxidants present in the sample. The following variation
of the antioxidant activity of analysed extracts was observed:
oak (Quercus sp.) (1.73) > cabreuva-vermelha (Myroxylon
balsamum) (1.05) > cabreuva (Myrocarpus frondosus) (0.90)
> imbuia (Octea porosa) (0.71) > pequi (Caryocar brasiliense)
(0.31) [235].

The ceric reducing antioxidant capacity assay was also
exploited given its direct electron transfer facility for deter-
mining the antioxidant capacity of eight antioxidant com-
pounds. The developed technique was based on observing
the decrease of Ce4+ concentration after its reaction with
antioxidants. The following trend of variation of antioxi-
dant capacities resulted from this comparative investigation,
which relied on chronoamperometric measurements: tannic
acid > quercetin > rutin > gallic acid ≈ catechin > ascorbic
acid > butylated hydroxyanisole > Trolox. The results were
consistent with those furnished by the applied conventional
FRAP assay [236].

Vitamin C assessment relied on the oxidation of the
analyte at acidic pH by I2/I

− employed as oxidizing agent.The
biamperometric detection of the amount of iodine consumed
allowed for the assessment of vitamin C with a linear range
of analytical response comprised between 5 × 10−5 and 5 ×
10−4M: a 1.08% RSD (𝑛 = 10; 𝑐 = 2.5 × 10−4M) and high
throughput of 60 samples h−1 [237].

4.3.7. Potentiometric Assay. The analytical signal represented
by the potential change is the result of the variation of an
ionic species concentration. A flow injection potentiometric
method was developed to rapidly and reproducibly evalu-
ate the antioxidative ability characteristic for several aque-
ous plant extracts. This potentiometric technique relies on
recording the potential shift in the ferricyanide/ferrocyanide
mediator system in the presence of antioxidants, which react
with the oxidized form of the redox pair, modifying the
concentration ratio between the oxidized and reduced forms.
The developed potentiometric method used as detector a
Pt electrode transducer based on logarithmic dependence,
which provided the antioxidant activity of several hydrosol-
uble antioxidants (ascorbic acid, pyrocatechol, pyrogallol,
caffeic acid, chlorogenic acid, gallic acid, tannic acid, uric
acid, l-cysteine, and Trolox). The total antioxidant activity of
aqueous fruit extracts was comprised between 0.066 ± 0.002
ascorbic acid equivalents (for lemon) and 0.490 ± 0.001 (for
orange). The tea infusions’ values ranged between 3.60 ± 0.1
ascorbic acid equivalents for Dolche vita and 18.0 ± 0.2 for
Sweet osman [161].

A linear potentiometric response versus ascorbic acid at
an iodine-modified platinumelectrodewas obtained between
1.0 × 10−5 and 1.0 × 10−3M in model solutions. The study
also assessed the contribution of ascorbic acid to the total
antioxidant capacity of aqueous extracts of hips, hop cones,
and lemon juice, namely, 26.0, 0.16, and 15%, respectively
[238].

In Table 3, a synoptic view of relevant examples of total
antioxidant capacity assessment in plants is given.

5. Critical Perspective and Conclusive Aspects
Regarding Performances of Extraction and
Detection Mode

As previously discussed in this review, the first step is
represented by the choice of the adequate extraction method
and solvent, and here the nature of the sample and contained
active principles, as well as the analytical technology subse-
quently applied, should be considered. Detailed discussions
devoted to the choice of the proper solvent as well as to the
extraction methodology are given in specific cases.

Ethanol, methanol, and water, due to their polarity,
favor the extraction of polar substances such as phenolics
and flavonoids. Owing to its low toxicity and being an
organic solvent, ethanol is employed with high frequency.
Methanol toxicity hinders somehow its use. Nonpolar sol-
vents like ether, as well as solvents endowed with low polarity
(chloroform, ester, acetone, etc.), are proper for particular
cases and have limited availability [18]. Phenolic compounds
from M. pubescens were extracted by maceration employing
comparatively solvents with various polarities. It has been
revealed that the use of aqueous methanol (50%), aqueous
ethanol (50%), and aqueous acetone (50%) imparted the
highest antioxidant capacity values. The aqueous methanol
(50%) and the aqueous ethanol (50%) extracts possessed the
highest polyphenol content [239]. The differences between
two techniques applied to phenolic extraction from Ouratea
lucens and Acomastylis rossii, namely, conventional sonica-
tion (shaker) bath and homogenizer method, revealed a
better performance of the latter. Sonication efficacy depends
on the cell wall disruption during grinding, and the better
homogenizer performances were attributed to efficacious cell
wall breakdown [240].

Three genotypes of horseradish roots were subject to
extraction employing conventional solvent, as well as Soxhlet
extraction. The solvents endowed with the most potent
extractive power were ethanol and ethanol/water mixture.
The total phenolic content obtained in Soxhlet extracts
proved superior to the one obtained by conventional solvent
extraction. Nevertheless, the DPPH∙ scavenging potential
was not increased. So, in this case, by applying Soxhlet
extraction, compounds other than antioxidants can take
part in the extraction [241]. Soxhlet extraction performances
were compared to those of maceration in the case of cumin
seeds, and it was concluded that the greatest polyphenols
and flavonoid contents were obtained following Soxhlet
extraction, whereas employing maceration resulted in better
antiradical activity [113].

Vortex extraction led to superior performances when
compared to sonication and shaking, for phenolics extraction
from oregano leaves, as proved by the results of total phe-
nolic content assay and scavenging activity determination by
DPPH∙. Its efficacy has been proven to be solvent dependent,
with best performances being obtained with acetone : water
[242].

The comparative analysis of both conventional and non-
conventional extraction techniques applied on the same plant
material (Quercus infectoria extract) revealed that the super-
critical CO2 extraction resulted in lower extraction yield
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in comparison to Soxhlet conventional technique, though
the antioxidant capacity and selectivity with respect to total
phenolics given by supercritical CO2 extraction has been
proven to be higher than the one imparted by Soxhlet
extraction [243].

Various extraction methods (refluxing, sonication bath,
ultrasonic homogenizer, and microwave) were applied to
the aerial roots of Rhaphidophora aurea. The ultrasonic
and microwave assisted extraction gave maximum efficiency
reduced the costs and the time, limited solvent use, and
resulted in a good yield compared to the other investigated
techniques. It has been concluded from this comparative
investigation that the ultrasonic homogenizer extraction
method can be regarded as standard technique for ethyl
acetate and ethanol extraction, whereas microwave assisted
extraction has been proven to be the most appropriate when
water is used as solvent [244].

Grape resveratrol extraction performances were inves-
tigated by liquid-liquid extraction, solid-liquid extraction,
pressurized liquid extraction-solid phase extraction, and
supercritical carbon dioxide extraction and in all situations
the yield can be improved by postharvest ultrasonication,
fungal pathogens, in vitro AlCl3 treatment, and UV-C radi-
ation [245].

The health benefits of plant-derived products have been
already stated: the lipid oxidation delaying ability led to pre-
venting the occurrence of mutagenic and carcinogenic lipid
peroxides and aldehydes. Moreover, spices and herbs have
been used for years for flavour, aroma, and color preserving
[246]. Dried fruits constitute a rich source of antioxidant phy-
tochemicals (namely, phenolics and carotenoids) and have
been recently incorporated in fruit-based functional foods.
Nevertheless, elaborated studies are still required for the val-
idation of dried fruits benefits [247]. Investigating improved
ways for isolation of active phytocompounds, and employing
chemometrics in establishing the effective combinations of
spices or herb-sourced antioxidants is an increasing trend,
in view of the steady high quality requirements that led to
constant optimization of analytical techniques [246].

With respect to the analytical methodology, the devel-
opment of experimental conditions of the working protocols
(that should be tuned to the nature of the sample/target com-
pound(s)) and also the interpretation of the results should be
carefully considered. A plethora of analytical methods were
applied to total antioxidant capacity in plant extracts, yet
difficulties may arise when it comes to choosing the most
adequate method. It was stressed out that conditions, nature
of substrate, and concentration of analysed antioxidants
should be as close as possible to those encountered in food
or biological media [248]. So, the term antioxidant activity is
tightly related to the context of particular reaction conditions
[44].

In the case of the radical scavenging antioxidants, the
antioxidant-radical reactivity (both rate constant and sto-
ichiometry), antioxidant localization, mobility in reaction
media, stability of the antioxidant-derived radical, interre-
lation with other antioxidants, and metabolism should be
measured to thoroughly understand their dynamic action
as antioxidants. For instance, vitamin E has been proven

to be an efficacious radical scavenger, but it was asserted
that it possesses weak activity against lipid peroxidation
by lipoxygenase. Carotenoids are not efficient in radical
trapping but they inhibit single oxygen-induced oxidation
[249]. In the presence of transition metal ions, phenolic
radical scavengers can even induce oxidative damage to
lipids, acting as prooxidants through the aryloxy radical. The
latter is formed during the reaction of the phenolics with
Cu(II) and can attack the lipid substrate [44], following a
radicalicmechanism similar to the one described in Section 1.

The choice of the appropriatemethod should be grounded
on the biomolecules targeted during the oxidation process
(lipids, proteins, and nucleic acids). A viable antioxidant
protocol necessitates the quantification of more than one
property relevant to either foods or biological systems.
Antioxidant standardization is required to diminish the dis-
crepancies that may result from only one technique applied
to antioxidant assessment [250].

A comparative discussion of the detection mechanism
should consider the following aspects. Gas chromatography
allows separation and determination of a precise amount
of certain antioxidants in different media. HPLC as well as
gas chromatography coupled to various detectors also results
in detecting individual, particular antioxidant compounds
(ascorbic acid, tocopherols, flavonoids, phenolic acids, etc.).
These methods require qualification; they are laborious but
benefit from most accurate and efficacious separation and
quantitation [13, 251]. HPLC can provide limits of detection
and quantification of 0.4 and 1.2 ng/mL such as for the case of
linalool, 0.6 and 1.4 ng/mL, and geranyl acetate, respectively
[96].

With respect to the methods relying on optical detection,
the antioxidant activity is exerted by various mechanisms,
so the results furnished by a technique that relies solely
on one mechanism may not take account on the actual
antioxidant activity value. There are assays referring to var-
ious oxygenated/nitrogenated species, methods appliable to
both lipophilic and hydrophilic antioxidants, and techniques
relying on either hydrogen transfer or single electron transfer
[248]. It has been assessed that the ones involving peroxyl
radical trapping are the most extensively applied (TRAP,
ORAC, beta-carotene bleaching, and chemiluminescence) as
this radical species is prevalent in biologicalmedia.Neverthe-
less, thesemethods relying on hydrogen atom transfer should
be corroboratedwith assays relying on single electron transfer
(such asABTS quenching).On the other hand, single electron
transfer-based methods rely on slow reactions that are sensi-
tive to ascorbic acid, uric acid, and polyphenols. Secondary
reactions are likely to occur, which may lead to interferences
[85, 252]. Among the spectrometric in vitro methods, their
frequency of application decreases in the order: DPPH scav-
enging> hydroxyl radical scavenging> superoxide dismutase
activity > beta-carotene linoleate bleaching. Recently, reliable
results have been obtained by combining in vitro method
(DPPHassay)with high performance liquid chromatography.
Such a DPPH-HPLC online assay especially for natural-
sourced antioxidants requires minimum sample preparation
[253]. Moreover, it allows hampering of the drawbacks of
the simple DPPH technique that uses offline colorimetric
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detection and for which the small changes in absorbance
cannot be quantified [254]. With respect to the in vivo tech-
niques, the lipid peroxidase assay is the most frequently used,
followed by catalase and glutathione peroxidase [18, 251].The
in vivo antioxidant capacity assay uses biological media [255],
so the antioxidants usually undergo absorption, transport,
distribution, and retention in the biological fluids, cells, and
tissues. As during these stepsmany alterations can occur (e.g.,
biotransformation during enzymatic conjugation), the exper-
imental protocol has to be cautiously carried out [256, 257].
The discussion in vivo versus in vitro is of vital importance in
these types of assays, as the antioxidant capacity of plants and
phytocompounds is influenced by various parameters in vivo,
such as gut absorption, metabolism, bioavailability, and the
presence of other antioxidants or transition metal ions [50],
and screening by in vitro assays should be complemented by
in vivo efficacy testing [258]. Moreover, it has been stressed
out that once the efficacy of a phytocompound is proven in
vivo, the mechanisms of action should be subject to analysis
in vitro to avoid discrepancies thatmay occurwhen validating
in vitro confirmed methods in vivo [50].

When it comes to the chemiluminescent assay, the major
shortcoming is represented by light emission from other
sources [13, 251]. The ORAC technique with fluorescent
detection relies on a mechanism regarded as biologically
pertinent, as it takes account on the contribution of both
lipophilic and hydrophilic antioxidants [85].

Nevertheless, inORACassay, only the antioxidant activity
against peroxyl radicals is measured, disregarding the other
reactive oxygenated species. It has been also asserted that
antioxidant molecules present in foodstuffs exert numerous
functions, some not related to the capacity to trap free radi-
cals. Also, it has been considered that the values of antioxidant
capacity do not give account on all the effects of particular
bioactive principles [259]. The values of antioxidant capacity
furnished by in vitro studies cannot be extrapolated to in
vivo effects, and the clinical trials testing benefits of dietary
antioxidants may result in mixed results. Moreover, it was
mentioned that ORAC values expressed as Trolox equivalents
give account on both the inhibition time and the extent
of oxidation inhibition. Novel versions of the ORAC assay
have been developed, which use other substrates as reference
(e.g., gallic acid), which makes data comparison not an easy
task. These considerations led to ORAC withdrawal from the
online catalog of United States Department of Agriculture
[259]. So, if ORAC assay is applied as a complementary
assay instrument in connection with other analytical tech-
niques, data comparison has to be performed using the
same standard, clearly defined units of expressing the results,
distinguishing between dried and fresh foods and juices
or other processed foods. Measuring in vitro antioxidant
properties remains useful, as far as the benefits are also related
to what happens outside human body.

The type of the prevalent antioxidant class present or
the reference antioxidant chosen plays important roles with
respect to the correlation of results obtained by different
spectrometric methods: in the case of guava fruit methanol
extract, the ABTS, DPPH, FRAP, and ORAC methods gave
close results. The antioxidant activity of methanol extract

exhibited good correlation with ascorbic acid or total phe-
nolics, with best correlation being shown by FRAP results
with both ascorbic acid and total phenolic content. On the
other hand, ABTS, DPPH, and FRAP results for methanolic
extracts were negatively correlated with total carotenoids.
The antioxidant capacity of dichloromethane extract (that
took account on lipophilic antioxidants) was low, compared
to antioxidant activity of methanol extract. So, hydrophilic
ascorbic acid and phenolics have been proven to be the main
contributors to antioxidant capacity of guava fruit [260].
In Folin-Ciocalteu total phenol assay, it has been assessed
that some nonphenolic compounds (e.g., ascorbic acid) that
can transfer electrons to phosphomolybdic/phosphotungstic
complex in alkaline media may interfere with the results.
This shortcoming can be minimized by extraction with 95%
methanol applied to plant tissue [261].

Several correlations have been reported between the
results obtained at the application of DPPH∙, ABTS∙+, and
FRAP and total polyphenol content assays as follows: posi-
tive correlation between TPC-DPPH∙ (0.8277), TPC-ABTS∙+
(0.8835), and TPC-FRAP (0.9153) [262]. Also, correlations
have been established between the antioxidant capacity val-
ues reported to different standard antioxidants: the ABTS∙+
antioxidant capacities of basil in 57% ethanol extract were
47.27 ± 2.16mg Trolox equivalents/g DW or 31.17 ± 1.42mg
ascorbic acid equivalents/gDW(white holy basil) and 65.86±
5.51mg Trolox equivalents/g DW or 43.43 ± 3.63mg ascorbic
acid equivalents/g DW (red holy basil). The DPPH∙ values
of 57% ethanol extract of basil were also expressed as per
reference to different standards: 5.41 ± 0.04mg Trolox equiv-
alents/g DW or 4.59 ± 0.03mg ascorbic equivalents/g DW
(white holy basil) and 6.23 ± 0.19mg Trolox equivalents/g
DW or 5.28 ± 0.16mg ascorbic equivalents/g DW (red holy
basil) [263]. The higher values furnished by ABTS∙+ assay
were explained by the fact that compounds which have
ABTS∙+ scavenging activitymay not be endowedwithDPPH∙
scavenging potential [264]. Moreover, it was found that some
products of ABTS∙+ scavenging reaction may exert a higher
antioxidant capacity than the antioxidants initially present in
the reaction medium and can react with ABTS∙+ [265].

The results of total antioxidant capacity assay of yerba
mate (Ilex paraguariensis) ethanol extracts evaluated by
DPPH∙ method were expressed as ascorbic acid equivalents
or Trolox equivalents (in mass percentage, g% dry matter),
trying to facilitate a comparative assessment: 12.8–23.1 g
Trolox equivalents % dry matter and 9.1–16.4 g ascorbic acid
equivalents % dry matter [266].

Rapidity, lower cost, simpler instrumentation, and oxi-
dation potential value of each particular sample component
evaluated with the same accuracy (irrespective of the antioxi-
dant potency, in conditions of efficient peak separation) are
reported advantages of electroanalysis versus spectropho-
tometry. It was asserted that, in DPPH∙ photometry, the
absorbance variations can be subject to more inaccuracy,
whereas in voltammetry deviations in the peak potential
value smaller than ±3mV were noticed. Therefore, in pho-
tocolorimetry, at low antioxidant capacity values, the results
may be prone to a greater uncertainty [267]. Moreover, in
such spectrophotometric assays, there can be compounds
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other than antioxidants that can contribute to the measured
analytical signal at the respective wavelength.

Nevertheless, in the case of samples rich in various
phenolic classes and possessing different electrooxidation
potentials (e.g., wines), 𝑄500 value as analytical signal does
not give account on less oxidizable components, such as
phenolics with more elevated oxidation potentials (e.g.,
800mV) [268, 269]. Step voltammetric methods like dif-
ferential pulse or square wave voltammetry have improved
resolution versus linear sweepingmethods (cyclic technique),
as charging current is minimized [269]. In differential pulse
voltammetric polyphenol assessment, the results exhibited
a tight correlation with the antioxidant activities furnished
by photocolorimetry [154]. Excellent sensitivity is obtained
at caffeic acid stripping voltammetric assessment operating
in square wave mode: a detection limit of 4 × 10−9mol/L
in acetate buffer, pH = 4.0 [93]. Amperometric biosen-
sors have the advantage of enzyme specificity, accuracy,
and fastness imparted by electrochemical detection. The
drawback of difficultly electrooxidizing high molecular mass
antioxidants at fixed potential can be solved by changing
the biocatalyst or by the use of mediators that diminish
the working potential [269, 270]. Biamperometric techniques
provide enhanced selectivity that depends on the specificity
of the reaction involving the antioxidant and the oxidized
form of the redox couple [158, 271]. The potential value
imposed should be strictly controlled, since an increase of the
latter could lead to interference of electroactive compounds
other than antioxidants that might react at the electrode
[272].

Employing minimum two analytical techniques (rely-
ing on different mechanisms) and applying three sample
dilutions are generally recommended [273, 274]. Hence, a
rigorous evaluation of antioxidant capacity should not be
restricted to a simple antioxidant test and should consider the
variability factors that influence the final value: for instance,
the consistency between phenolic content and antioxidant
capacity assessed, aswell as the techniques’ performances, has
been proven to be dependent on the nature of the sample,
its composition and pH (the latter imparting the existence
of protonated or deprotonated form of biocompounds),
extraction, and analytical method applied. It was concluded
that several test procedures may be necessary to ensure viable
antioxidant activity results [3].

Researches focusing on free radicals, plant extracts, plant-
derived antioxidants in foodstuffs, and biological media
should be accompanied by validation of biological markers
meant to define the efficacy of antioxidant compounds in diet
[275]. The comparative evaluation of antioxidant potentials
reported by different laboratories should consider the signifi-
cant differences in sample pretreatment, extraction, and final
value expression mode [276].
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[14] C. López-Alarcón and A. Denicola, “Evaluating the antioxidant
capacity of natural products: a review on chemical and cellular-
based assays,” Analytica Chimica Acta, vol. 763, pp. 1–10, 2013.

[15] D. P. Jones, “Redefining oxidative stress,” Antioxidants and
Redox Signaling, vol. 8, no. 9-10, pp. 1865–1879, 2006.

[16] J.W. Finley, A.-N. Kong, K. J. Hintze, E. H. Jeffery, L. L. Ji, and X.
G. Lei, “Antioxidants in foods: state of the science important to
the food industry,” Journal of Agricultural and Food Chemistry,
vol. 59, no. 13, pp. 6837–6846, 2011.

[17] A. M. Pisoschi and A. Pop, “The role of antioxidants in the
chemistry of oxidative stress: a review,” European Journal of
Medicinal Chemistry, vol. 97, pp. 55–74, 2015.



28 Oxidative Medicine and Cellular Longevity

[18] M. N. Alam, N. J. Bristi, and M. Rafiquzzaman, “Review on in
vivo and in vitro methods evaluation of antioxidant activity,”
Saudi Pharmaceutical Journal, vol. 21, no. 2, pp. 143–152, 2013.

[19] V. L. Kinnula and J. D. Crapo, “Superoxide dismutases in
malignant cells and human tumors,” Free Radical Biology and
Medicine, vol. 36, no. 6, pp. 718–744, 2004.

[20] U. Singh and I. Jialal, “Oxidative stress and atherosclerosis,”
Pathophysiology, vol. 13, no. 3, pp. 129–142, 2006.

[21] K. Sas, H. Robotka, J. Toldi, and L. Vécsei, “Mitochondria,
metabolic disturbances, oxidative stress and the kynurenine
system, with focus on neurodegenerative disorders,” Journal of
the Neurological Sciences, vol. 257, no. 1-2, pp. 221–239, 2007.

[22] M. A. Smith, C. A. Rottkamp, A. Nunomura, A. K. Raina, and
G. Perry, “Oxidative stress in Alzheimer’s disease,” Biochimica et
Biophysica Acta, vol. 1502, no. 1, pp. 139–144, 2000.

[23] I. Guidi, D. Galimberti, S. Lonati et al., “Oxidative imbalance
in patients with mild cognitive impairment and Alzheimer’s
disease,”Neurobiology of Aging, vol. 27, no. 2, pp. 262–269, 2006.

[24] J. L. Bolton, M. A. Trush, T. M. Penning, G. Dryhurst, and T. J.
Monks, “Role of quinones in toxicology,” Chemical Research in
Toxicology, vol. 13, no. 3, pp. 135–160, 2000.

[25] G. E. Arteel, “Oxidants and antioxidants in alcohol-induced
liver disease,” Gastroenterology, vol. 124, no. 3, pp. 778–790,
2003.

[26] B. S. Ramakrishna, R. Varghese, S. Jayakumar, M. Mathan, and
K. A. Balasubramanian, “Circulating antioxidants in ulcerative
colitis and their relationship to disease severity and activity,”
Journal of Gastroenterology and Hepatology, vol. 12, no. 7, pp.
490–494, 1997.

[27] J.M.Upston, L. Kritharides, andR. Stocker, “The role of vitamin
E in atherosclerosis,”Progress in Lipid Research, vol. 42, no. 5, pp.
405–422, 2003.

[28] D.-H. Hyun, J. O. Hernandez, M. P. Mattson, and R. de Cabo,
“The plasmamembrane redox system in aging,”Ageing Research
Reviews, vol. 5, no. 2, pp. 209–220, 2006.

[29] H. Yin, L. Xu, and N. A. Porter, “Free radical lipid peroxidation:
Mechanisms and analysis,”Chemical Reviews, vol. 111, no. 10, pp.
5944–5972, 2011.

[30] R. J. Hamilton, “The chemistry of rancid foods,” in Rancidity in
Foods, J. C. Allen and R. J. Hamilton, Eds., pp. 1–20, Applied
Science Publishers, London, UK, 1983.

[31] J. Kanner, J. B. German, and J. E. Kinsella, “Initiation of lipid
peroxidation in biological systems,” Critical Reviews in Food
Science and Nutrition, vol. 25, no. 4, pp. 317–364, 1987.

[32] K. H. Cheeseman and T. F. Slater, “An introduction to free
radical biochemistry,” British Medical Bulletin, vol. 49, no. 3, pp.
481–493, 1993.

[33] D.Martysiak-Zurowska. andW.Wenta, “A comparison of ABTS
and DPPHmethods for assessing the total antioxidant capacity
of human milk,” Acta Scientiarum Polonorum Technologia
Alimentaria, vol. 11, no. 1, pp. 83–89, 2012.

[34] E. B. Rimm, A. Ascherio, E. Giovannucci, D. Spiegelman, M. J.
Stampfer, and W. C. Willett, “Vegetable, fruit, and cereal fiber
intake and risk of coronary heart disease among men,” Journal
of the AmericanMedical Association, vol. 275, no. 6, pp. 447–451,
1996.

[35] E. B. Rimm, M. B. Katan, A. Ascherio, M. J. Stampfer, and W.
C. Willett, “Relation between intake of flavonoids and risk for
coronary heart disease in male health professionals,” Annals of
Internal Medicine, vol. 125, no. 5, pp. 384–389, 1996.

[36] M. V. Eberhardt, C. Y. Lee, and R. H. Liu, “Antioxidant activity
of fresh apples,” Nature, vol. 405, no. 6789, pp. 903–904, 2000.

[37] K. Ganesan, K. S. Kumar, and P. V. S. Rao, “Comparative
assessment of antioxidant activity in three edible species of
green seaweed, Enteromorpha from Okha, northwest coast of
India,” Innovative Food Science and Emerging Technologies, vol.
12, no. 1, pp. 73–78, 2011.

[38] A. M. Pisoschi, Food Additives and Ingredients-Structures, Prop-
erties, Uses, Elisavaros Edition, Bucharest, Romania, 2012.

[39] R. Stan, Food Additives—Natural and Synthetic Products, Print-
ech, Bucharest, Romania, 2007.

[40] E. A. Shalaby and S. M. M. Shanab, “Antioxidant compounds,
assays of determination and mode of action,” African Journal of
Pharmacy and Pharmacology, vol. 7, no. 10, pp. 528–539, 2013.

[41] K. Rahman, “Studies on free radicals, antioxidants and co-
factors,” Clinical Invervention in Aging, vol. 2, pp. 219–236, 2007.

[42] P. E. Gamble and J. J. Burke, “Effect of water stress on the
chloroplast antioxidant system,” Plant Physiology, vol. 76, no. 3,
pp. 615–621, 1984.

[43] D. V. Ratnam, D. D. Ankola, V. Bhardwaj, D. K. Sahana, and
M. N. V. R. Kumar, “Role of antioxidants in prophylaxis and
therapy: a pharmaceutical perspective,” Journal of Controlled
Release, vol. 113, no. 3, pp. 189–207, 2006.

[44] D. Gupta, “Methods for determination of antioxidant capacity,
a review,” International Journal of Pharmaceutical Sciences and
Research, vol. 6, pp. 546–566, 2015.

[45] P. Rajendran, N. Nandakumar, T. Rengarajan et al., “Antioxi-
dants and human diseases,” Clinica Chimica Acta, vol. 436, pp.
332–347, 2014.

[46] S. Chand and R. Dave, “In vitro models for antioxidant activ-
ity evaluation and some medicinal plants possessing antioxi-
dant properties: an overview,” African Journal of Microbiology
Research, vol. 3, pp. 981–996, 2009.

[47] S. Ahmad, M. A. Arshad, S. Ijaz, U. Khurshid, F. Rashid, and
R. Azam, “Review on methods used to determine antioxidant
activity,” International Journal of Multidisciplinary Research and
Development, vol. 1, pp. 35–40, 2014.

[48] R. G. Alscher, J. L. Donahue, and C. L. Cramer, “Reactive
oxygen species and antioxidants: relationships in green cells,”
Physiologia Plantarum, vol. 100, no. 2, pp. 224–233, 1997.

[49] C.H. Foyer andG.Noctor, “Redox homeostasis and antioxidant
signaling: a metabolic interface between stress perception and
physiological responses,”The Plant Cell, vol. 17, no. 7, pp. 1866–
1875, 2005.

[50] D. M. Kasote, S. S. Katyare, M. V. Hegde, and H. Bae, “Sig-
nificance of antioxidant potential of plants and its relevance
to therapeutic applications,” International Journal of Biological
Sciences, vol. 11, no. 8, pp. 982–991, 2015.

[51] M.-H. Yang, H.-J. Lin, and Y.-M. Choong, “A rapid gas chro-
matographic method for direct determination of BHA, BHT
and TBHQ in edible oils and fats,” Food Research International,
vol. 35, no. 7, pp. 627–633, 2002.

[52] R.M. Smith, “Before the injection—modernmethods of sample
preparation for separation techniques,” Journal of Chromatogra-
phy A, vol. 1000, no. 1-2, pp. 3–27, 2003.

[53] M. D. Luque de Castro and L. E. Garćıa-Ayuso, “Soxhlet
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pretreatment on rose-hip oil extraction: hydrolysis and pressing
conditions,” Journal of the American Oil Chemists’ Society, vol.
81, no. 6, pp. 549–552, 2004.
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[154] M. Šeruga, I. Novak, and L. Jakobek, “Determination of
polyphenols content and antioxidant activity of some red wines
by differential pulse voltammetry, HPLC and spectrophotomet-
ricmethods,” FoodChemistry, vol. 124, no. 3, pp. 1208–1216, 2011.

[155] S. P. Kounaves, “Voltammetric techniques,” in Handbook of
Instrumental Techniques for Analytical Chemistry, F. A. Settle,
Ed., chapter 37, Prentice Hall, Upper Saddle River, NJ, USA,
1997.

[156] J. Sochor, J. Dobes, O. Krystofova et al., “Electrochemistry as a
tool for studying antioxidant properties,” International Journal
of Electrochemical Science, vol. 8, no. 6, pp. 8464–8489, 2013.

[157] P. Jakubec, M. Bancirova, V. Halouzka et al., “Electrochemical
sensing of total antioxidant capacity and polyphenol content in
wine samples using amperometry online-coupled with micro-
dialysis,” Journal of Agricultural and Food Chemistry, vol. 60, no.
32, pp. 7836–7843, 2012.

[158] S. Milardovic, D. Ivekovic, V. Rumenjak, and B. S. Grabaric,
“Use of DPPH∙/DPPH redox couple for biamperometric deter-
mination of antioxidant activity,” Electroanalysis, vol. 17, pp.
1847–1853, 2005.

[159] S. Milardovic, I. Kereković, R. Derrico, and V. Rumenjak, “A
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[232] P. Ibarra-Escutia, J. J. Gómez, C. Calas-Blanchard, J. L. Marty,
and M. T. Ramı́rez-Silva, “Amperometric biosensor based on a
high resolution photopolymer deposited onto a screen-printed
electrode for phenolic compoundsmonitoring in tea infusions,”
Talanta, vol. 81, no. 4-5, pp. 1636–1642, 2010.

[233] I. M. Apetrei, G. Bahrim, and M. L. Rodriguez-Mendez, “Elec-
trochemical study of poliphenols with amperometric tyrosinase
based biosensors,”Romanian Biotechnological Letters, vol. 17, pp.
7684–7693, 2012.

[234] L. Campanella, A. Bonanni, G. Favero, and M. Tomassetti,
“Determination of antioxidant properties of aromatic herbs,
olives and fresh fruit using an enzymatic sensor,”Analytical and
Bioanalytical Chemistry, vol. 375, no. 8, pp. 1011–1016, 2003.

[235] R. de Queiroz and L. A. Ferreira, “Electrochemical determina-
tion of the antioxidant capacity of Brazilianwoods as alternative
materials for the aging of cachaça,” Brazilian Journal of Food
Technology, pp. 27–33, VII BMCFB, 2009.

[236] R. D. Q. Ferreira and L. A. Avaca, “Electrochemical determina-
tion of the antioxidant capacity: the ceric reducing/antioxidant



Oxidative Medicine and Cellular Longevity 35

capacity (CRAC) assay,” Electroanalysis, vol. 20, no. 12, pp. 1323–
1329, 2008.

[237] M. Cheregi and A. F. Danet, “Flow injection determination of
L-ascorbic acid in natural juice with biamperometric detection,”
Analytical Letters, vol. 30, no. 14, pp. 2625–2640, 1997.

[238] I. F. Abdullin, E. N. Turova, G. K. Ziyatdinova, and G. K.
Budnikov, “Potentiometric determination of ascorbic acid:
estimation of its contribution to the total antioxidant capacity
of plant materials,” Journal of Analytical Chemistry, vol. 57, pp.
353–355, 2002, (Translated from Zhurnal Analiticheskoi Khimii,
vol. 57, no. 4, pp. 418–421, 2002).

[239] H. Metrouh-Amir, C. M. M. Duarte, and F. Maiza, “Solvent
effect on total phenolic contents, antioxidant, and antibacterial
activities of Matricaria pubescens,” Industrial Crops and Prod-
ucts, vol. 67, pp. 249–256, 2015.

[240] S. D. Torti, M. D. Dearing, and T. A. Kursar, “Extraction
of phenolic compounds from fresh leaves: a comparison of
methods,” Journal of Chemical Ecology, vol. 21, no. 2, pp. 117–125,
1995.

[241] L. Tomsone, Z. Kruma, and R. Galoburda, “Comparison of dif-
ferent solvents and extraction methods for isolation of phenolic
compounds from horseradish roots (Armoracia rusticana),”
International Journal of Biological, Biomolecular, Agricultural,
Food and Biotechnological Engineering, vol. 6, pp. 903–908, 2012.

[242] A. Karimi, B. Min, C. Brownmiller, and S.-O. Lee, “Effects of
extraction techniques on total phenolic content and antioxidant
capacities of two oregano leaves,” Journal of Food Research, vol.
4, no. 1, pp. 112–123, 2015.

[243] M. N. Hasmida, A. R. Nur Syukriah, M. S. Liza, and C. Y.
Mohd Azizi, “Effect of different extraction techniques on total
phenolic content and antioxidant activity of quercus infectoria
galls,” International Food Research Journal, vol. 21, no. 3, pp.
1039–1043, 2014.

[244] P. Arulpriya and P. Lalitha, “Evaluation of different extraction
methods for optimization of extraction of aerial roots of
Rhaphidophora aurea entwined over two diverse host trees,”
International Journal of ChemTech Research, vol. 5, no. 5, pp.
2173–2176, 2013.

[245] A. Frum, “Resveratrol extraction and analysis methods from
different plant parts,” Journal of Agroalimentary Processes and
Technologies, vol. 21, pp. 95–101, 2015.

[246] M. E. Embuscado, “Spices and herbs: natural sources of
antioxidants—a mini review,” Journal of Functional Foods, vol.
18, pp. 811–819, 2015.

[247] S. K. Chang, C.Alasalvar, and F. Shahidi, “Reviewof dried fruits:
phytochemicals, antioxidant efficacies, and health benefits,”
Journal of Functional Foods, vol. 21, pp. 113–132, 2016.

[248] A. Karadag, B. Ozcelik, and S. Saner, “Review of methods to
determine antioxidant capacities,” FoodAnalyticalMethods, vol.
2, no. 1, pp. 41–60, 2009.

[249] E. Niki and N. Noguchi, “Evaluation of antioxidant capacity.
What capacity is being measured by which method?” IUBMB
Life, vol. 50, no. 4-5, pp. 323–329, 2000.

[250] E. N. Frankel and A. S. Meyer, “The problems of using one-
dimensional methods to evaluate multifunctional food and
biological antioxidants,” Journal of the Science of Food and
Agriculture, vol. 80, no. 13, pp. 1925–1941, 2000.

[251] J. M. C. Gutteridge, “Lipid peroxidation and antioxidants as
biomarkers of tissue damage,” Clinical Chemistry, vol. 41, no. 12,
pp. 1819–1828, 1995.

[252] V. Sartor, P. T. Henderson, and G. B. Schuster, “Radical cation
transport and reaction in RNA/DNA hybrid duplexes: effect of
global structure on reactivity,” Journal of the American Chemical
Society, vol. 121, no. 48, pp. 11027–11033, 1999.

[253] X. Dai, Q. Huang, B. Zhou, Z. Gong, Z. Liu, and S. Shi, “Prepar-
ative isolation and purification of sevenmain antioxidants from
Eucommia ulmoides Oliv. (Du-zhong) leaves using HSCCC
guided by DPPH-HPLC experiment,” Food Chemistry, vol. 139,
no. 1–4, pp. 563–570, 2013.

[254] L.-Q. Sun, X.-P. Ding, J. Qi et al., “Antioxidant anthocyanins
screening through spectrum-effect relationships and DPPH-
HPLC-DAD analysis on nine cultivars of introduced rabbiteye
blueberry inChina,”FoodChemistry, vol. 132, no. 2, pp. 759–765,
2012.

[255] J. Liu, L. Jia, J. Kan, and C.-H. Jin, “In vitro and in vivo antiox-
idant activity of ethanolic extract of white button mushroom
(Agaricus bisporus),” Food and Chemical Toxicology, vol. 51, no.
1, pp. 310–316, 2013.

[256] E. Niki, “Assessment of antioxidant capacity in vitro and in vivo,”
Free Radical Biology and Medicine, vol. 49, no. 4, pp. 503–515,
2010.

[257] M. Oroian and I. Escriche, “Antioxidants: characterization,
natural sources, extraction and analysis,” Food Research Inter-
national, vol. 74, pp. 10–36, 2015.

[258] D. Krishnaiah, R. Sarbatly, and R. Nithyanandam, “A review of
the antioxidant potential of medicinal plant species,” Food and
Bioproducts Processing, vol. 89, no. 3, pp. 217–233, 2011.

[259] http://www.ars.usda.gov/services/docs.htm?docid=15866.
[260] K. Thaipong, U. Boonprakob, K. Crosby, L. Cisneros-Zevallos,

and D. Hawkins Byrne, “Comparison of ABTS, DPPH, FRAP,
andORACassays for estimating antioxidant activity fromguava
fruit extracts,” Journal of Food Composition and Analysis, vol. 19,
no. 6-7, pp. 669–675, 2006.

[261] E. A. Ainsworth and K. M. Gillespie, “Estimation of total
phenolic content and other oxidation substrates in plant tissues
using Folin-Ciocalteu reagent,” Nature Protocols, vol. 2, no. 4,
pp. 875–877, 2007.
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of yerba maté extracts,” Ciencia e Tecnologia de Alimentos, vol.
32, no. 1, pp. 126–133, 2012.

[267] J. F. Arteaga, M. Ruiz-Montoya, A. Palma, G. Alonso-Garrido,
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Unbalanced oxidant and antioxidant status played an important role in myocardial infarction.The present study was a clinical trial
combined preclinically with targeted agent against cardiovascular injuries and ischemia in vivo model. We tried to confirm the
association of unbalanced oxidant and antioxidant status with coronary chronic total occlusion (CTO) in 399 very old patients
(80∼89 years) and investigated the potential therapeutic value of purified polysaccharide from endothelium corneum gigeriae galli
(PECGGp). We analyzed levels of circulating superoxide dismutase 3 (SOD3), nitric oxide (NO), endothelial nitric oxide synthase
(eNOS), and malondialdehyde (MDA) in very old patients with coronary CTO. Levels of SOD3, NO, eNOS, and MDA in the
cardiac tissue were measured in myocardial infarction rats. Levels of SOD3, eNOS, and NO were lowered (𝑝 < 0.001) and levels of
MDA were increased (𝑝 < 0.001). PECGGp treatment increased levels of SOD3, eNOS, and NO (𝑝 < 0.01) in cardiac tissue, while
decreasing levels of MDA (𝑝 < 0.01). PECGGp may suppress unbalanced oxidant and antioxidant status in infarcted myocardium
by inhibiting levels of MDA and elevating NO, eNOS, and SOD3 levels. PECGGp could be considered as a potential therapeutic
agent for coronary CTO in very old patients.

1. Introduction

The relationship between impairment of nitric oxide (NO)
signaling pathway and myocardial infarction risk has been
identified [1–3]. Decreased NO bioactivity and elevated
reactive oxygen species levels contributed to impairment
of coronary arteries [4]. Thus, NO regulation can be a
novel therapeutic target for protecting against myocardial
infarction and congestive heart failure [5, 6].

The genetic deficiency of NOS can cause heart failure
[5]. Enhanced external counterpulsation treatment for coro-
nary heart disease patients inhibited the development of
atherosclerotic lesions by stimulating NOS and NO signaling
pathways [7, 8]. NOS in the myocardium had displayed
novelmolecular targets bywhichNO regulated nitroso-redox
balance. NOS could be a treatment option in patients with
heart diseases [9, 10].

Intervention via suppression of reactive oxygen species
generation or enhancement of endogenous antioxidant

enzymes may limit the infarct size and attenuate myocardial
dysfunction [11–13]. Elevating MDA levels in patients with
coronary heart disease impaired NO production and MDA
levels were remarkably elevated in congestive heart failure
patients [14–17]. The studies suggested MDA concentra-
tions were associated with thin-cap fibroatheroma, complex
atherosclerotic plaque, and atherosclerotic plaque instability
and they are the main cause of myocardial infarction. Anti-
MDA could be useful for developing potential antiatheroscle-
rosis vaccine [18].

Superoxide dismutase (SOD) can regulate reactive oxy-
gen species levels and significantly increase in the NO
bioactivity under oxidative stress. The expression of the
antioxidant enzyme SOD reduced cardiovascular injury and
played a vital role in antisuperoxide formation, antioxidative
stress damage, and artery angiogenesis. Oxidative stress
by elevating reactive oxygen species had been involved in
atherosclerosis and heart failure by inhibiting bioactivity
of NO in the vascular walls [19–22]. SOD was a major
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antioxidative enzyme in the walls of arteries and heavily
damaged in coronary heart disease patients. The decreasing
activity of SOD contributed to a reduction in NO bioavail-
ability and led to high levels of oxidative stress in coronary
heart disease patients.The decreased NO bioavailability may
promote development of coronary artery atherosclerosis [23,
24]. Gene transfer of SOD promoted aortic endothelial repair
and prevented atherogenesis. SOD had been considered as a
mainmodulator ofNObioactivity andmay have the potential
therapeutic effects in preventing or reversing cardiovascular
damage and ischemic heart failure. However, a novel natural
SOD activator under oxidative stress is even more worthy
[25, 26].

Patients with coronary heart disease who underwent pri-
mary percutaneous coronary intervention were more often
of older age. The Occluded Artery Trial and The Synergy
between Percutaneous Coronary Intervention With Taxus
and Cardiac Surgery (SYNTAX) trial have demonstrated
that primary percutaneous coronary intervention does not
decrease the incidence of major adverse cardiac events
and may lead to ischemic injury to the myocardium with
increasing the rates of recurrent myocardial infarction and
repeating coronary revascularizations in the patients with
coronary chronic total occlusion (CTO). Coronary artery
bypass graft surgery was more invasive than primary per-
cutaneous coronary intervention and was executed in older
patients with more severe coronary heart disease [27–30].

Our findings suggested that intracoronary infusion of
human umbilical cord mesenchymal stem cells ameliorated
left ventricular ejection fraction and decreased infarct size
remarkably in very old patients with coronary CTO [31,
32]. However, primary percutaneous coronary intervention
procedures took longer and had the risks of radiation
skin injury and acute kidney injury. Primary percutaneous
coronary intervention procedures of coronary CTO involved
major risk factors for artery dissection and perforation
of artery dissection and cardiac tamponade was a serious
complication of primary percutaneous coronary intervention
[28]. Therefore, further studies are needed to evaluate the
potential novel noninvasive therapy for coronaryCTO in very
old patients. The present study aimed to demonstrate the
association of unbalanced oxidant and antioxidant statuswith
coronary CTO in very old patients and investigate potential
therapeutic and preventive values of purified polysaccharide
from endothelium corneum gigeriae galli (PECGGp).

2. Subjects and Methods

2.1. Study Population. The study was approved by Xuzhou
Medical University and University Affiliated Hospital Ethical
Review Board according to the Chinese law and regulations,
and informed consent was obtained from the participants
according to the Declaration of Helsinki. We studied 399
consecutive very old patients who underwent coronary
angiography (232 men; 84.7 ± 5.10 years) from 1 January
2003 to 31 December 2011. The inclusion criteria included
(1) age ≥ 80 years, (2) at least single vessel disease or one
coronary CTO, and (3) symptomatic angina and/or ischemic
heart disease.

Exclusion criteria were (1) recent use of antioxidant sup-
plement, (2) uncontrolled hypertension, (3) acutemyocardial
infarction, (4) cardiopulmonary resuscitation, (5) severe
ventricular arrhythmias, (6) acute coronary syndrome, (7)
cardiogenic shock, (8) atrial fibrillation, (9) acute heart
failure, (10) stroke, (11) immune-mediated diseases, (12) acute
and chronic liver diseases, (13) hematologic disorders, (14)
malignant tumours, (15) severe renal impairment, (16) acute
and chronic inflammatory diseases, (17) severe iodinated
contrast material reactions, (18) hyperthyroidism, (19) severe
obstructive lung disease, (20) dialysis, (21) serious anemia,
and (22) severe peripheral arterial disease.

2.2. Study Protocol. The patients were categorized as having
control (CON) group (𝑛 = 65), single vessel disease (SVD)
group (𝑛 = 114), multivessel disease (MVD) without CTO
group (𝑛 = 93), MVD with one CTO group (𝑛 = 71), and
MVD with multiple CTO group (𝑛 = 56). Coronary artery
lesion with a diameter stenosis of <50%was included in CON
group. SVD was defined as just one coronary artery stenosis
≥70%. MVD was defined as > one major coronary artery,
stenosis of ≥70% or left main stenosis of ≥50%.The diagnosis
ofCTOwas based on a total occlusion in a non-infarct-related
artery, collateralization of the distal vessel, 100% luminal
diameter stenosis with thrombolysis in myocardial infarction
flow grade 0, and duration of obstruction for ≥3 months.The
stump of the CTO can be defined as tapered. The duration
was estimated from the last showing CTO in very old patients
who underwent coronary angiograms,myocardial infarction,
or acute coronary syndrome, or exertional angina and the
presence of coronary collateral vessels on angiography [30,
33]. The left ventricular ejection fraction data were collected
from 2-dimensional echocardiogram. The left ventricular
ejection fraction was classified as follows: grade I (≥55%);
grade II (40% to 54%); grade III (30% to 39%); and grade IV
(<30%) [34].

2.3. Coronary Artery Angiography and Echocardiographic
Studies. The patients received 300mg aspirin loading dose
along with 600mg clopidogrel after the collection of blood
samples. Coronary angiography was done through the
femoral and or radial arteries by antegrade approach.Angiog-
raphy of bilateral arteries was performed in some patients.
Coronary angiographic analyses were performed with the
dedicated coronary bifurcation computer system (Qangio�
XA, 7.3,MEDIS,Medical Imaging SystemBV, Leiden,Nether-
lands).The bifurcation lesions were divided into 4 fragments:
the central bifurcation segment, the distal segment of main
vessel, the proximal segment main vessel, and the side
branch [35–37]. Coronary artery angiograms were analyzed
quantitatively by 2 independent cardiologists with experience
and blind to the identities and clinical characteristics of
all subjects. Discrepancies were resolved by consensus of
a third cardiologist. According to the American Society of
Echocardiography Standards, a complete Doppler echocar-
diography study was carried out with electrocardiograms
synchronized by two independent cardiologists who were
blinded to the clinical trial data of all subjects as described
[31].
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2.4. Measures of Plasma NO and eNOS. The patients’ blood
was drawn into the heparinized test tubes, centrifuged
(1000×g for 10min at 4∘C), and stored at −70∘C.The nitrates
were reduced to nitrites by nitrate reductase and the plasma
levels of NO were quantified using UV spectrophotometry
(545 nm) followed by a PicoGreen measurement. The results
were expressed as 𝜇mol/L [38].

eNOS levelswere expressed as pg/mL and the range of this
assay was 0.156 to 1000 pg/mL. EDTA-anticoagulated blood
samples were obtained at fasting. The blood samples were
centrifuged at 1200 rpm for 10 minutes at 4∘C and stored at
−80∘C for assays. Each blood sample was analyzed dupli-
cately, and the overall intra-assay coefficient of variation was
best calculated to be 3.6%. All blood samples were measured
in the central laboratory and the plasma concentrations of
eNOS were assayed by Sigma’s Sandwich ELISA kit according
to the manufactures’ instructions [39].

2.5. Determination of MDA and SOD3 Levels. Plasma MDA
concentrations were determined by a high performance
liquid chromatography system with fluorometric detection
(Shimadzu, Japan) and excitation was performed at 532 nm.
MDA in the samples was reacted with a solution of 2-
thiobarbituric acid by incubating for two hours at 60∘C.
Plasma MDA levels were expressed as nmol/L [40]. The
blood samples for SOD3 assays were centrifuged at 3000 rpm
for 15 minutes. The plasma SOD3 activity was determined
by using enzyme-linked immunosorbent assay according to
the manufacturer’s instructions. The assay kit for SOD3 was
provided by RANSOD-Randox, UK. The results from the
assay were expressed as U/mL [41].

2.6. Preparation and Purification of Polysaccharide from
Endothelium Corneum Gigeriae Galli. Endothelium corne-
um gigeriae galli was prepared and purified according to
our published procedures [42]. Briefly, endothelium corneum
gigeriae galli was grinded into powders and the powders
were defatted to form pretreated powders. The pretreated
powders of 10 g were drawn out using distilled water and the
supernatants were deproteinated and centrifugated to afford
water solution endothelium corneum gigeriae galli. The
endothelium corneum gigeriae galli was purifiedwith diethy-
laminoethyl cellulose 52 chromatography and Sephadex� G-
100. The water solution of endothelium corneum gigeriae
galli was added to column of diethylaminoethyl cellulose 52.
The carbohydrates eluting from the column were determined
using the phenol-sulfuric acid method. One water polysac-
charide fraction was collected and further purified to obtain
purified polysaccharide from endothelium corneum gigeriae
galli (PECGGp).

2.7. Evaluation of Cardioprotective Activities of PECGGp.
According to our published procedures [42], adultmale Spra-
gue-Dawley rats were randomized into 5 groups (each 𝑛 =
10): Group A (control group), Group B (PECGGp-untreated
model group), Group C (positive control group), Group D
(PECGGp low-dose group), and Group E (PECGGp high-
dose group). Group A was administrated gastric gavage of
0.9% NaCl (25mL/per kg body weight) every day. Group

B was given gastric gavage of 0.9% NaCl (25mL/per kg
body weight) every day. Group C was treated by gastric
gavage with propranolol 30mg/kg/day. Group D and E were
given gastric gavage with daily doses of PECGGp (80 and
240mg/kg), respectively. After 14 days, all rats were treated
subcutaneously with isoproterenol (5mg/kg/day) for two
consecutive days to develop myocardial infarction. Left ven-
tricular ejection fractionwas assessed using nuclearmagnetic
resonance imaging.

2.8. Immunohistochemistry Assessments of SOD3, NO,
eNOS, MDA, Syndecan-1, and Nuclear Factor Erythroid-2-
Related Factor 2 (Nrf2) in Postinfarct Rat Myocardium. The
homogenate of rat myocardium was dissociated in ice cold
homogenization buffer (Phosphate buffer, 0.05M pH 7.4)
by laboratory homogenate machine. NO and MDA levels
were determined by the reduction of nitrate and colorimetric
methods using thiobarbituric acid. eNOS and SOD3
activities were assessed with xanthine oxidase and chemical
chromatometry methods according to the manufacturer’s
instructions [42]. Cardiac tissue cyclic GMP levels were
measured by an enzyme immunoassay test-system (R&D
Systems, Inc. Minneapolis, MN). Myocardium samples
were reacted with a rabbit Nrf2 polyclonal antibody (1 : 100;
Santa Cruz Biotechnology, Inc). Immunohistochemistry for
syndecan-1 was performed on myocardium sections and the
sections were stained with antibodies specific to syndecan-1
(BD Bioscience).

2.9. Statistical Analysis. All data were expressed quantita-
tively as the mean ± standard deviation. Paired Student’s t-
test for each pair of data and one-way analysis of variance was
applied to compare the means. The 𝑃 value of less than 0.05
was considered statistically significant. A statistical program
for analysis (SPSS 13.0, SPSS Inc, Chicago, Illinois, USA) was
used for all statistical analyses.

3. Results

3.1. Basic Clinical Characteristics of Patients. The basic clini-
cal characteristics of patients were similar in very old patients
(Table 1). 76 patients experienced heart failure of New
York Heart Association Functional Class III-IV. The medical
histories were similar and consistent with respect to the very
old patients. The very old patients were discharged from
the hospital on aspirin, clopidogrel, long-acting oral nitrates,
ACEI/AT II blockers, beta blockers, and statins.

3.2. Plasma Levels of Circulating NO, eNOS, MDA, and SOD3
in Very Old Patients with Coronary Stenosis. The plasma
levels of NO, eNOS, and SOD3 were decreased markedly
in MVD with one CTO group when compared with MVD
without CTO group and further reduced in MVD with
multiple CTO group when compared with MVD with one
CTO group (𝑃 < 0.001). Plasma levels of circulating MDA
were significantly elevated in MVD with one CTO group
compared toMVDwithout CTOgroup and further increased
inMVDwithmultiple CTOwhen compared withMVDwith
one CTO group (𝑃 < 0.001) (Table 2).
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Table 1: Baseline characteristics of very old patients with coronary stenosis.

CON SVD MVD without CTO MVD with one CTO MVD with multiple CTO
𝑛 = 65 𝑛 = 114 𝑛 = 93 𝑛 = 71 𝑛 = 56

Age, years 85.9 ± 4.1 83.1 ± 3.1 86.2 ± 5.8 85.7 ± 5.1 87.7 ± 4.0

Male/ female 36/29 64/50 57/36 41/30 34/22
Hypertension 39/26 59/55 61/32 45/26 37/19
Hyperlipidemia 35/30 60/54 52/41 34/37 30/26
Smoking 55/10 72/42 82/11 64/7 50/6
Diabetes mellitus 45/20 70/44 53/40 43/28 36/20
Myocardial infarction 0/0 0/0 0/0 50/21 44/12
Smoker 48/17 90/24 82/11 61/10 50/6
Heart failure 0/0 0/0 7/3 23/10 25/8
Medications

Aspirin 12/8 64/50 57/36 41/30 34/22
Beta blockers 0/0 67/47 59/34 45/26 37/19
ACEI/AT II blockers 0/0 65/49 57/36 41/30 34/22
Clopidogrel 0/0 63/51 60/33 50/21 36/20
Long-acting oral nitrates 0/0 69/45 59/34 41/30 34/22
Statins 0/0 64/50 57/36 40/31 36/20

CON: control; CTO: chronic total occlusion; MVD: multivessel disease; SVD: single vessel disease.

Table 2: Levels of Circulating NO, eNOS, MDA, and SOD3 in very old patients with coronary stenosis.

CON SVD MVD without CTO MVD with one CTO MVD with multiple CTO
NO (𝜇mol/L) 61.2 ± 16.3 60.7 ± 17.1 51.4 ± 16.0 39.8 ± 15.9∗ 19.6 ± 14.2∗∗

eNOS (pg/mL) 70.3 ± 25.1 71.5 ± 24.9 59.2 ± 22.4 42.6 ± 21.3∗ 30.0 ± 19.6∗∗

MDA (nmol/L) 2.3 ± 1.4 2.0 ± 1.5 4.3 ± 1.7 6.1 ± 2.0∗ 9.9 ± 2.9∗∗

SOD3 (U/mL) 19 ± 3.2 18.9 ± 4.1 15.2 ± 2.4 12.0 ± 2.1∗ 6.1 ± 1.9∗∗

MDA: malondialdehyde; NO: nitric oxide; eNOS: endothelial nitric oxide synthase; SOD3: superoxide dismutase 3.
∗
𝑃 < 0.001 (MVD without CTO/MVD with one CTO). ∗∗𝑃 < 0.001 (MVD with one CTO/MVD with multiple CTO).

3.3. Levels of NO, eNOS, MDA, SOD3, and New York Heart
Association Functional Class of The Patients. The plasma
levels of NO, eNOS, and SOD3 were decreased markedly in
III group when compared with II group and further reduced
in IV group when compared with III group (𝑃 < 0.001).
Plasma levels of circulating MDA were significantly elevated
in III group compared to II group and further increased in IV
group when compared with III group (𝑃 < 0.001) (Table 3).

3.4. Levels of NO, eNOS, MDA, SOD3, and Left Ventricular
Ejection Fraction of the Patients. The plasma levels of NO,
eNOS, and SOD3 were decreasedmarkedly in left ventricular
ejection fraction group (30–39%) when compared with left
ventricular ejection fraction group (40–55%) (𝑃 < 0.001)
and further reduced in left ventricular ejection fraction
group (<30%) when compared with left ventricular ejection
fraction group (30–39%) (𝑃 < 0.001). Plasma levels of
circulatingMDAwere significantly elevated in left ventricular
ejection fraction group (30–39%) compared to left ventricular
ejection fraction group (40–55%) and further increased in left
ventricular ejection fraction group (<30%) when compared
with left ventricular ejection fraction group (30–39%) (𝑃 <
0.001) (Table 4).

3.5. Effects of PECGGp on NO, eNOS, SOD3, MDA Syndecan-
1, and Nrf2 Levels in Rat Cardiac Tissue of InfarctedMyocardi-
um. In the rats with PECGGp-untreated model group, levels
of NO, eNOS, and SOD3 in the cardiac muscle tissue were
markedly decreased when compared with control group (𝑃 <
0.01), whereas levels of MDA in the cardiac muscle tissue
were markedly elevated when compared with control group.
Left ventricular ejection fraction was decreased significantly
in Group B when compared with control group (𝑃 < 0.001).

The levels of NO, eNOS, and SOD3 were increased
markedly in Group D when compared with Group B (𝑃 <
0.05, 0.01) and further increased in Group E when compared
with Group D (𝑃 < 0.01). The levels of MDA were
significantly declined in Group D compared to Group B and
further decreased in Group E when compared with Group D
(𝑃 < 0.01). Left ventricular ejection fraction was increased
markedly in Group D when compared with Group B (𝑃 <
0.05) and further increased in Group E when compared with
Group D (𝑃 < 0.01) (Table 5). The results indicated that
PECGGp treatment had an effect of antioxidative damage
and restored the antioxidative capacity in cardiac tissue of
infarcted myocardium and the patient completely recovered
from heart failure.
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Table 3: Levels of NO, eNOS, MDA, SOD3, and New York Heart Association Functional Class of The Patients.

I II III IV
NO (𝜇mol/L) 50.9 ± 16.3 52.0 ± 18.0 33.4 ± 15.7∗ 18.1 ± 13.5∗∗

eNOS (pg/mL) 63.1 ± 27.8 60.9 ± 23.7 41.2 ± 19.5∗ 22.7 ± 11.3∗∗

MDA (nmol/L) 2.9 ± 1.8 2.8 ± 1.9 5.1 ± 2.0∗ 8.0 ± 2.7∗∗

SOD3 (U/mL) 20 ± 3.9 19.1 ± 4.0 11.9 ± 2.9∗ 7.0 ± 2.3∗∗

MDA: malondialdehyde; NO: nitric oxide; eNOS: endothelial nitric oxide synthase; SOD3: superoxide dismutase 3.
∗
𝑃 < 0.001 (II/III). ∗∗𝑃 < 0.001 (III/IV).

Table 4: Levels of NO, eNOS, MDA, SOD3, and LVEF of the patients.

LVEF (%) ≥55 40–55 30–39 <30
NO (𝜇mol/L) 59.8 ± 16.9 57.0 ± 14.1 30.7 ± 12.5∗ 17.0 ± 10.0∗∗

eNOS (pg/mL) 69.1 ± 25.1 67.0 ± 23.8 47.2 ± 20.1∗ 26.7 ± 17.6∗∗

MDA (nmol/L) 2.7 ± 1.9 2.9 ± 2.0 6.0 ± 2.3∗ 8.9 ± 2.8∗∗

SOD3 (U/mL) 21.1 ± 3.9 19.9 ± 3.7 10.1 ± 3.1∗ 6.2 ± 2.9∗∗

LVEF: left ventricular ejection fraction; MDA: malondialdehyde; NO: nitric oxide; eNOS: endothelial nitric oxide synthase; SOD3: superoxide dismutase 3.
∗
𝑃 < 0.001 (40–55%/30–39%). ∗∗𝑃 < 0.001 (30–39%/<30%).

Cyclic GMP levels were significantly (𝑃 < 0.001) high-
er in PECGGp-treated group (2.7 ± 0.13 pmol/mg) com-
pared to PECGGp-untreated group (0.53 ± 0.41 pmol/mg).
The analysis showed higher expression of Nrf2 protein in
PECGGp-treated group (35%, 17.40 ± 12.31) compared to
PECGGp-untreated group (11%, 4.92 ± 4.57) (𝑃 < 0.001).
Shedding of syndecan-1 was found to significantly increase
in PECGGp-untreated groupwhen comparedwith PECGGp-
treated group (𝑃 < 0.001).

4. Discussion

Study showed that CTO was a frequent finding in very old
patients, and primary percutaneous coronary intervention
and coronary artery bypass graft surgery were used to
treat CTO [43, 44]. The coronary artery disease patients
who underwent primary percutaneous coronary intervention
were mainly older adults. Results of the trials showed that
primary percutaneous coronary intervention did not reduce
the rate of major adverse cardiovascular events and may
result in myocardial ischemic injury with elevating the rates
of myocardial infarction recurrence and repeating coronary
artery revascularizations in CTO patients. Coronary artery
bypass graft surgery was more expensive and more invasive
than primary percutaneous coronary intervention and per-
formed in older patients with more severe coronary heart
disease [27–30].The results demonstrated that the long-term
risk of cardiovascular death and adverse clinical outcome
after coronary artery bypass grafting surgery were worse in
older patients than in young patients [44]. Coronary angio-
plasty procedures took longer and had the risks of radiation-
induced skin injury and acute renal failure. Coronary angio-
plasty procedures of coronary CTO involved important risk
factors for coronary artery dissection and coronary perfora-
tion and pericardial tamponade [28]. Therefore, our study
evaluated the strong potential as novel noninvasive therapy
in very old patients with coronary CTO. It investigated the
association of oxidant/antioxidant imbalance with coronary

CTO in very old patients and demonstrated PECGGp as
potential preventive and therapeutic agent.

The study showed that dysfunction of the NO signaling
pathway increased risk of myocardial infarction. Increased
reactive oxygen species levels inhibited NO bioactivity and
production and led to coronary arterial injury. Cardiovascu-
lar disease often suppressed NO signaling pathway and aug-
mentedmyocardial infarction risk [1–5]. Upregulation of NO
levels can be a potential novel therapeutic target for inhibiting
cardiac infarction and chronic congestive heart failure [5, 6].
The findings showed that reactive oxygen species inhibited
the eNOS expression and activity in myocardium and the
absence of eNOS led to myocardial infarction. Endothelial
and myocyte overexpression of eNOS decreased atheroscle-
rosis and influenced the pathophysiology of postmyocardial
infarction. Cardiac myocyte-specific eNOS transgenic over-
expression decreased oxidative stress and infarct area and
improved cardiac function after coronary artery ligation.The
clinical translation of potential regulator of eNOS expression
may offer a potential new therapy for preventing myocyte
imbalance between production and clearance of reactive
oxygen species [9].

Our study has suggested that the levels of NO and eNOS
were decreased markedly in MVD with one CTO group and
further reduced in MVD with multiple CTO group. In the
rats with PECGGp-untreated model group, levels of NO,
eNOS, and SOD3 in cardiac tissue of infarcted myocardium
were markedly decreased, whereas levels of MDA in the
cardiac muscle tissue were markedly elevated. PECGGp
increased the levels of NO and eNOS in cardiac tissue of
infarcted myocardium and restored left ventricular ejection
fraction, indicating key protective roles of NO and eNOS in
myocardial infarction and heart failure. Our data showed that
PECGGp had the potential for the prevention and therapy of
coronary CTO in very old patients with heart failure.

Increased MDA levels contributed to enhancing the
production of free radical and reduced the antioxidant activ-
ity. The suppression of reactive oxygen species generation
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Table 5: Assessments of NO, eNOS, MDA, SOD3, and LVEF in postinfarct rat myocardium.

Group A Group B Group C Group D Group E

LVEF (%) 55 ± 5.1 30 ± 3.0 56 ± 5.3 41 ± 4.9∗ 57 ± 5.8∗∗∗

NO (nmol/mg prot) 20.5 ± 1.0 14.0 ± 0.3 21.3 ± 1.1 15.9 ± 0.5∗∗ 18.7 ± 0.8∗∗∗

eNOS (U/mg prot) 15.3 ± 0.7 13.2 ± 0.1 16.1 ± 0.9 14.8 ± 0.6∗∗ 16.0 ± 0.7∗∗∗

MDA(nmol/mg prot) 30.7 ± 23.8 60.3 ± 16.1 29.5 ± 12.9 49.9 ± 15.9∗ 29.8 ± 14.1∗∗∗

SOD3 (U/mg prot) 50.9 ± 26.4 20.3 ± 14.7 51.7 ± 15.9 40.2 ± 15.0∗ 53.1 ± 16.0∗∗∗

MDA: malondialdehyde; NO: nitric oxide; eNOS: endothelial nitric oxide synthase; SOD3: superoxide dismutase 3.
∗
𝑃 <0.01 (Group B/Group D). ∗∗𝑃 < 0.05 (Group B/Group D). ∗∗∗𝑃 < 0.01 (Group D/Group E).

or enhancement of endogenous antioxidant enzymes may
decrease myocardial infarct size and improve myocardial
dysfunction [11–14]. Several studies demonstrated that SOD3
was the most powerful antioxidant enzyme that defended
the ischemic myocardium by inhibiting reactive oxygen
species. The vascular SOD3 activity was severely reduced
in coronary artery segments with stenoses of patients with
coronary artery disease and SOD expression and activity
being reduced in coronary atherosclerotic plaque. Further
researches may lead to a novel antioxidant agent able either
to increase SOD levels or to decrease MDA levels for
myocardial infarction and chronic heart failure [19, 23–26].
Wediscovered thatMVDwith oneCTOsignificantly elevated
plasma levels of MDA and decreased SOD levels, and MVD
with multiple CTO further increased MDA and reduced
SOD levels. The MDA levels were significantly increased and
levels of SOD were decreased markedly in cardiac tissue
of infarcted myocardium and left ventricular dysfunction.
PECGGp markedly increased levels of SOD and decreased
MDA levels in cardiac tissue of infarcted myocardium and
improved left ventricular ejection fraction.

It was concluded that expression of SOD3 in vivo did
not directly affect atherosclerosis development. SOD3 was a
key regulator of NO bioavailability in the blood vessel wall.
Low vascular SOD3 expression played an important role in
stenosis remodeling after injury, promoting oxidant stress
and reduction in eNOS-derived NO bioavailability.

Increased MDA levels contributed to enhancing the pro-
duction of free radical and reduced the antioxidant activity
and elevating MDA levels were the main cause of myocardial
infarction [8]. Atherosclerosis was associated with decreased
NO bioactivity after MDA-mediated inhibition of the eNOS
and SOD3 being critical in protecting NO from degradation.
eNOS was a positive regulator for SOD3 expression and the
reduction of eNOS contributed to decreased expression of
SOD3 [9]. Our observations showed that the levels of NO,
eNOS, and SOD3 were significantly decreased and MDA
levels weremarkedly elevated inMVDpatients with oneCTO
and further reduced and increased in MVD patients with
multiple CTO. In the rats, levels of NO, eNOS, and SOD3
in cardiac tissue of infarcted myocardium were markedly
decreased, whereas levels ofMDA in the cardiacmuscle tissue
were markedly elevated. PECGGp restored the activities of
antioxidant enzymes (eNOS and SOD3) and antioxidant
(NO) and inhibited MDA in cardiomyocytes. NO generated

within myocardium by the eNOS played a pivotal role in
reduction of myocardial infarct size. SOD3 was the most
powerful antioxidant enzyme that defended the myocar-
dial infarction by inhibiting reactive oxygen species. The
protective effects of PECGGp against oxidative injury were
likely to be attributed to the upregulation of the endogenous
cellular antioxidant system andMDAscavenging activity.The
present study suggested that PECGGp had cardioprotective
effects against myocardial infarction and heart failure, and
the cardioprotective effects may be associated with increment
of endogenous antioxidants, sustained antioxidant status in
myocardial infarction, elevation of NO, eNOS, and SOD3
levels, and reduction in MDA levels.

Previous reports have shown that SOD3 derived car-
diovascular injury recovery by increasing mitogenic signal
transduction and reducing inflammation and apoptosis. The
present reports have shown that SOD3 derives cardiovascular
injury recovery by reducing inflammation and apoptosis.

Cardiovascular disease often suppressed NO signal-
ing pathway and augmented myocardial infarction risk.
Increased reactive oxygen species levels inhibited NO bioac-
tivity and production and led to coronary arterial injury.
The dysfunction of the NO signaling pathway increased risk
of myocardial infarction. Upregulation of NO levels can be
a potential novel therapeutic target for inhibiting cardiac
infarction and chronic congestive heart failure [16, 17].
Endothelial and myocyte overexpression of eNOS decreased
atherosclerosis and influenced the pathophysiology of post-
myocardial infarction. The vascular SOD3 activity was
severely reduced in coronary artery segments with stenoses
of patients with coronary artery disease and SOD3 expres-
sion and activity were reduced in coronary atherosclerotic
plaque. SOD3was themost powerful antioxidant enzyme that
defended the ischemic myocardium by inhibiting reactive
oxygen species. Further researches may lead to a novel
antioxidant agent able either to increase SOD3 levels or to
decrease MDA levels for myocardial infarction and chronic
heart failure [18–22]. PECGGp increased the levels of NO
and eNOS in cardiac tissue of infarcted myocardium and
restored left ventricular ejection fraction, indicating key
protective roles of NO and eNOS in myocardial infarction
and heart failure. PECGGp markedly increased levels of
SOD3 and decreasedMDA levels in cardiac tissue of infarcted
myocardium and improved left ventricular ejection fraction.
It was known that Ras-Erk pathway and G protein coupled
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receptor signal transduction increased SOD3 expression
that then increased the healing of the injuries. Our results
suggested that PECGGp may suppress unbalanced oxidant
and antioxidant status in infarcted myocardium, coronary
arteries damage, atherosclerotic plaque, and heart failure
development by inhibiting levels of MDA and elevating
NO, eNOS, and SOD3 levels. Ras-Erk mitogenic pathway
and G protein coupled receptor signal transduction play
significant roles in increasing SOD3 expression and further
explain our observations of SOD3-mediated effects in injuries
[45, 46].

The activation of the signaling pathway molecules up-
stream and downstream of SOD3 has been studied. The
messenger molecule NO exerted its effects by the stim-
ulation of NO sensitive guanylyl cyclase which led to
enhanced production of the intracellular messenger cyclic
GMP. Cyclic GMP protected endothelial progenitors from
oxidative stress. Cyclic GMP levels were significantly elevated
in PECGGp-treated group, thus providing evidence that
PECGGp markedly increased levels of SOD3 and SOD3
expression elevated cyclic GMP levels in cardiac tissue
of infarcted myocardium. The involvement of NO/cyclic
GMP pathway in infarcted myocardium was confirmed
[47, 48].

The nuclear factor erythroid 2-related factor (Nrf2) as
the upstream regulator of SOD3 expression was a major
antioxidant transcription factor to mediate the expression
of antioxidant genes. Our results suggested that MDA can
act via Nrf2 to regulate antioxidant defence gene expression.
Nrf2 acted as a molecular sensor of cellular redox home-
ostasis disturbance and represented a powerful tool in SOD3
expression. SOD3 was regulated by the Nrf2 transcription
factor and Nrf2 elevated SOD3 expression in cardiac tissue
of infarcted myocardium. MDA affected the stability and the
transcriptional functions of Nrf2. Notably, it was suggested
that PECGGp activated SOD3 expression via Nrf2 pathway,
protecting rat hearts against oxidative damage by decreasing
MDA levels [49].

It has also been found that the loss of SOD3 may
promote syndecan-1 vulnerable to oxidative stress and lead
to syndecan-1 shedding and SOD3 inhibits oxidant-induced
shedding of syndecan-1. Our results showed that the SOD3
decreased and shedding of syndecan-1 increased in car-
diac tissue of infarcted myocardium. More importantly,
The present study demonstrated that MDA contributed to
syndecan-1 shedding in infarcted myocardium and that
SOD3 protected the hearts against oxidative damage by
limiting MDA-induced shedding of syndecan-1 [50].

Our results suggested that PECGGpmay suppress unbal-
anced oxidant and antioxidant status in infarcted myo-
cardium, coronary arteries damage, atherosclerotic plaque
and heart failure development by inhibiting levels of MDA
and elevating NO, eNOS, and SOD3 levels. These findings
suggested that PECGGp may offer a potential new ther-
apy for preventing and treating imbalance between pro-
duction and clearance of reactive oxygen species in very
old patients with MVD, with multiple CTO and heart
failure.

5. Conclusion

The present study suggested that PECGGp had cardioprotec-
tive effects against myocardial infarction and heart failure,
and the cardioprotective effects may be associated with
increment of endogenous antioxidants, sustained antioxidant
status in myocardial infarction, elevation of NO, eNOS, and
SOD3 levels, and reduction in MDA. Therefore, PECGGp
might be considered a potential therapeutic agent for pre-
venting or treating CTO and heart failure in very old patients.
However, more research is needed to study the clinical
efficacy of PECGGp in prevention or treatment of CTO and
heart failure, which may provide clinical evidence for a novel
strategy in the prevention and therapy of unbalanced oxidant
and antioxidant status and CTO in very old patients with
heart failure.
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The world coffee consumption has been growing for its appreciated taste and its beneficial effects on health. The residual biomass
of coffee, originated in the food industry after oil extraction from coffee beans, called coffee beans residual press cake, has attracted
interest as a source of compounds with antioxidant activity.This study investigated the chemical composition of aqueous extracts of
coffee beans residual press cake (AE), their antioxidant activity, and the effect of topical application on the skin wound healing, in
animalmodel, of hydrogels containing theAE, chlorogenic acid (CGA), allantoin (positive control), and carbopol (negative control).
The treatments’ performance was compared by measuring the reduction of the wound area, with superior result (𝑝 < 0.05) for the
green coffee AE (78.20%) with respect to roasted coffee AE (53.71%), allantoin (70.83%), and carbopol (23.56%). CGA hydrogels
reduced significantly the wound area size on the inflammatory phase, which may be associated with the well known antioxidant
and anti-inflammatory actions of that compound. The topic use of the coffee AE studied improved the skin wound healing and
points to an interesting biotechnological application of the coffee bean residual press cake.

1. Introduction

The imbalance between the production of reactive oxidizing
agents and the ability of a biological system to counteract the
reactive intermediates results in oxidative stress. The reactive
oxidizing agents are formedduring normal physiological pro-
cesses or under stress conditions that can damage biological
system [1].

The coffee (Coffea arabicaL.) beans press cake is a residual
biomass from the coffee beans oil extraction process, claimed
to be rich in bioactive compounds of interest for human
health and cosmetics. There is considerable emphasis on the
recovery of plant biomass originating from the food industry
in order to target it to other industries [2], adding value and
reducing eventual environmental damage. In this sense, the

large amount ofC. arabica beans produced in Brazil gives rise
to certain amounts of biomass not acceptable by the beverage
market, but with an important potential for the development
of other products such as cosmetics.

Coffee has been claimed as a functional beverage being
an important source of antioxidants in human diet, especially
due to the high amounts of phenolic compounds and caffeine.
The chemical constituents of arabica coffee involve phenolic
compounds and their derivatives (such as chlorogenic acids),
alkaloids (specially caffeine), diterpenoid alcohols (such as
cafestol and kahweol), carbohydrates, lipids, and volatile and
heterocyclic compounds [3]. Chlorogenic acids (CGA) are
esters of the trans-cinnamic acids [4] whose amounts in
green coffees are significantly reduced during the roasting
process [5]. In the past decades, polyphenolic compounds
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have been proposed as one of the most effective functional
ingredients in foods and beverages, with antiaging properties
and able to neutralize the effects of oxidative damage to
the skin, for example, [6]. Studies with C. arabica extracts
have revealed a set of important biological activities, for
example, antibacterial [7], antiviral [8], anti-inflammatory
[9, 10], suppressive activity of metalloproteinase expression
[11], and reduction of oxidative damage to macromolecules
[12]. Besides phenolic compounds, coffee is well recognized
as a rich source of the alkaloids, especially caffeine. Such
secondary metabolites have presented relevant biological
activities as, for instance, stimulation of the central nervous
system, diuretic, and peripheral vasoconstriction [13]. Caf-
feine is the major alkaloid present in coffee beans and its
content is correlated with the quality of the beverage, also
contributing to the brew bitterness [14].

Skin serves as a protective barrier against the environ-
ment and also plays a fundamental role in the homeostasis
maintenance [15]. The loss of the skin integrity results in
injury that can lead to serious commitments to the body if
not repaired.The tissue lesions trigger intracellular responses
that coordinate the restoration of tissue’s integrity and home-
ostasis. The ability to respond to the injury and tissue repair
is a fundamental property for multicellular organisms. The
cutaneous tissue repair occurs via tissue regeneration, with
the recovery of tissue functionality, or the healing, and the
restoration of tissue homeostasis [16].

The wound healing is a complex biological process after
an injury. This process can be understood into three classic
stages: inflammation, proliferation, and remodeling. The
inflammatory stage begins immediately after injury of the
tissue and lasts for around 3 days with inflammation. Subse-
quently, there are cellular proliferation, migration of different
cell types, angiogenesis, and extracellular matrix components
production, especially collagen. The proliferation stage may
last from 2 to 10 days and is characterized by the migration
and differentiation of various cell types, being themost abun-
dant fibroblasts. The remodeling stage is the third and last
stage of repair. It begins 2 to 3 weeks after the injury and lasts
for about a year or more. The majority of endothelial cells,
myofibroblasts, and macrophages are destroyed by apoptosis
and these changes result in wound contraction and scar
formation [16]. Inflammation and oxidative stress are closely
related at the wound site considering the influx of neutrophils
and macrophages producing reactive oxygen and nitrogen.
Reactive oxygen and nitrogen species are involved in the
redox regulation of cell functions and increasingly viewed
as a major upstream component in the signalling cascade
involved in inflammatory responses and the stimulation of
adhesion molecule and chemoattractant production [15].
Testing by oxygen radical absorbance capacity assay of the
coffee berry outperforms common antioxidants such as green
tea extract, pomegranate extract, vitamin C, and vitamin E.
Polymerase chain reaction microarray analysis on human
cultured fibroblasts treated with multiple doses of 0.001%
coffee berry revealed upregulation of gene expression for
several collagens and connective tissue growth factor and
downregulation for metalloproteinases [17].

It is known that the effect of aging causes a temporal
delay in wound healing, but not an actual impairment in
terms of the quality of healing [18, 19]. Delayed wound
healing in the aged is associated with an altered inflammatory
response, such as delayed T-cell infiltration into the wound
area with alterations in chemokine production and reduced
macrophage phagocytic capacity [20]. Retarded reepithelial-
ization, collagen synthesis, and angiogenesis have also been
observed in aged mice as compared with young ones [21].

The topical administration of antioxidant compounds
on the skin is gaining prominence among dermatologists
because of their anti-inflammatory and anticarcinogenic
activity [22]. In this context, it has been claimed that wound
repair process could be helped by topically administrating
antioxidant molecules that may control the oxidative stress
[23]. Phenolic compounds have been showed to be active
on skin tissues through hampering collagen destruction and
collagenase activation [24]. Indeed, CGA has been shown to
accelerate the skin wound healing and burn healing due to
its antioxidant, free radical scavenging, anti-inflammatory,
radioprotective, antiulcerogenic, and analgesic properties [10,
25–29]. Importantly, the effectiveness of polyphenols in the
repair of cutaneous tissue is initially determined by their
physicochemical properties and the ability to overcome the
epidermal barrier to achieve appropriate receptors [6].

In this sense, the working hypothesis of this study is based
on the assumption that a biologically compatible extract, that
is, the AE of coffee beans residual press cake, is a rich source
of polyphenolic compounds that topically administrated on
the damaged cutaneous tissue would ameliorate the wound
healing process. Thus, the phytochemical profile and the
antioxidant activity of the AE of coffee beans (C. arabica L.)
residual press cake were determined. In a second approach,
the in vivo effect of topically administrated hydrogels contain-
ing AE and chlorogenic acid on the wound healing process
was investigated using a skin excision wound model in Swiss
albino mice.

2. Material and Methods

2.1. Coffee Samples, Chemicals, and Cell Lines. Samples of
green (i.e., nonroasted beans) and roasted coffee beans press
cake residual were supplied by Cooxupé (Regional Coopera-
tive of Coffee Growers Ltda, at Guaxupé, Minas Gerais State,
southeastern Brazil). Green and roasted coffee bean press
cake samples were obtained after mechanically pressing the
beans for the extraction of the oil fraction. After extraction,
the residual biomass was packed in polyethylene bags, with
silica sachets, and stored at −20∘C for further analysis. Ana-
lytical grade methanol, ethanol, hydrochloric acid, sodium
chloride, and hydrogen peroxide were purchased from Vetec
(Rio de Janeiro, Brazil). The Folin-Ciocalteu reagent, sodium
dodecyl sulphate (SDS), dimethyl sulfoxide (DMSO), 2,2-
diphenyl-1-picrylhydrazyl (DPPH), (±)-6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox), potassium
phosphate buffer (TPK), Tween� 20, Bradford reagent, bovine
serum albumin (BSA), methionine, riboflavin, nitrote-
trazolium blue chloride (NBT), neutral red (NR), and
the analytical reference standards (chlorogenic acid, gallic
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acid, p-hydroxybenzoic acid, ferulic acid, caffeic acid,
syringic acid, p-coumaric acid, caffeine, theophylline, theo-
bromine, trigonelline, and allantoin) were purchased from
Sigma-Aldrich (Missouri, USA). Carbopol 940 NF poly-
mer, disodium ethylenediaminetetraacetic acid (EDTA), and
aminomethyl propanol (AMP) were obtained from Pharma
Nostra (Campinas, Brazil). Mouse fibroblasts L929 cell line
was purchased from Rio de Janeiro Cell Bank (BCRJ), as
Dulbecco’s modified eagle’s medium (DMEM), fetal bovine
serum (FBS), penicillin, and streptomycin were obtained
from Sigma-Aldrich (Missouri, USA).

2.2. Preparation of the Aqueous Extracts of Green and
Roasted Coffee Bean Residual Press Cake. AE extracts of
the biomasses in study were obtained according to the cold
extraction method from the Brazilian Pharmacopoeia [30],
with modifications. Samples (4 g, dry weight) were added
of 100mL EtOH solution 70% (v/v) at room temperature,
followed by magnetic stirring during 1 h, protected from
the light, and kept 18 h under refrigeration (2–8∘C). The
extracts were recovered by filtration on cellulose support
under reduced pressure, followed by concentration in a
rotatory evaporator (60∘C, 82 rpm). Dried extracts were
resuspended in 10mL distilled-deionized water, centrifuge
(10min, 4000 rpm, 13.7 cm rotor radius), and the supernatant
collected for further analysis.

2.3. Preparation of the Treatments for Topical Application
on the Skin Wound Healing. Carbopol hydrogel was pre-
pared containing 1% (w/v) carbopol 940, 0.1% (w/v) EDTA,
0.5% (w/v) aminomethyl propanol, and water (60mL). The
carbopol hydrogels were used as a vehicle base and the
treatments were prepared as follows: (1) carbopol base plus
10% AE (v/v) green coffee, (2) carbopol base plus 10%
AE (v/v) roasted coffee, (3) carbopol base plus 3% (v/w)
chlorogenic acid, (4) carbopol base plus 1% (v/w) allantoin-
positive control, and (5) carbopol base-negative control. The
chlorogenic acid concentration in the hydrogel (3%, w/v) was
chosen according to the content of this compound in the AE
of green coffee press cake previously determined by HPLC
analysis.

2.4. Determination of Total Phenolic Contents. The total
phenolic contents of the AE were determined using the
Folin-Ciocalteu reagent, according to Randhir et al. [31]. For
that, 1mL AE was diluted in 9mL distilled-deionized water.
The diluted sample (40 𝜇L) was added to 3.16mL distilled-
deionized water and 200 𝜇L Folin-Ciocalteau reagent, vor-
texed, stirring for 1min, after which 600 𝜇L of sodium
carbonate solutionwas added (20%,w/v), vortexed, and incu-
bated for 2 h. The blank solution was prepared as described
above, by replacing the test sample by distilled-deionized
water. The absorbance was measured at 750 𝜂m using a UV
spectrophotometer (BEL LGS 53, BEL Engineering, Monza,
Italy) and the analysis was carried out in triplicate.The results
were expressed asmean (mg equivalent gallic acid/g biomass)± standard error of the mean (sem), based on a calibration
curve of gallic acid (100–700𝜇g⋅mL−1, 𝑟2 = 0.983, 𝑦 =0.001𝑥).

Table 1

Time (min) Eluent A (%, v/v) Eluent B (%, v/v)
0–5 85 15
5–45 0 100
45–50 85 15

2.5. RP-HPLC Analysis of Phenolic Acids and Alkaloids.
The RP-HPLC analysis was adapted from Rodrigues and
Bragagnolo [32] that propose simultaneous determination
of caffeine and chlorogenic acids. AE aliquots (60 𝜇L) were
injected into a liquid chromatograph (HPLC Thermo Scien-
tific UltiMate 3000 RSDual System) equipped with a reverse-
phase column (Thermo Scientific C18, 250mm × 4.6mm, Ø
0.5 𝜇m particle, 35∘C) and a diode array detector operating
at 240 nm, 260 nm, 280 nm, and 320 nm. The alkaloids and
phenolic compounds were quantified at 280 nm and 320 nm,
respectively, according to previous records.Themobile phase
consisted of HCl acidified Milli-Q water (pH 2.3-Eluent A)
and methanol (Eluent B). The chromatographic conditions
for the gradient were as shown in Table 1.

A flow rate at 1mL/min and a run time of 50min were
used. Besides, the AE was solubilized in 10mL 80%methanol
and diluted 9 : 1 (v/v) previously to injection. The quantifica-
tion of phenolic compounds was based on the integration of
the peak areas and a calibration curve of chlorogenic acid
(detection range 10–400𝜇g⋅mL−1, 𝑟2 = 0.99, 𝑦 = 0.707𝑥).
Similarly, the amounts of alkaloids were determined based
on the integration of the peak areas and calibration curve of
caffeine (detection range 100–1000𝜇g⋅mL−1, 𝑟2 = 0.99, 𝑦 =0.842𝑥). The analysis was carried out in triplicate. The results
were expressed as mean (mg⋅g−1) ± standard deviation (sd).

2.6. DPPH Radical Scavenging Activity Assay. The AE was
firstly freeze-dried, weighted, and resuspended in 95%
methanol (v/v) for a final concentration at 10mg/mL AE
dried mass. Antioxidant activity of the green and roasted
coffee AE was determined by measuring their scaveng-
ing capacity of the 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical as previously described and adapted by Molyneux
[33]. The (±)-6-hydroxy-2,5,7,8-tetramethylchroman-2-car-
boxylic acid (Trolox) was used as positive control and
methanol as the negative one. The amount of 28𝜇L DPPH
methanolic solution (70𝜇M) was incubated with 972 𝜇L
sample test (from 1 to 30 𝜇g/mL), for 20min, at 25∘C (n
= 3). DPPH scavenging activity, which manifests itself as a
decrease in absorbance, was measured at 517 nm with a UV-
Vis spectrophotometer (UV-2000 Instruterm). The DPPH
radical scavenging activity (%) was calculated as follows:

Radical scavenging activity%

= 100 − [Abs sample ∗ 100
Abs negative control

] . (1)

The experiment was carried out in triplicate and data are
expressed as mean ± standard deviation (sd).
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2.7. In Vitro Cell Viability. The effect of the AE on the cell
viability was determined in vitro according to the proto-
col established by ICCVAM [34], with modifications. The
method is based on the assessment of cell viability in vitro
after exposure to the AE, measuring the lysosome’s uptake
of neutral red dye. For that, mouse L929 fibroblasts were
plated in 96-well plates (1 × 104 cells/well) and incubated
during 24 h (37∘C, 95% humidity, and 5% CO2). After this
period, cells were washed with phosphate buffered saline
(PBS) and treatedwith increasing concentrations of coffeeAE
(3, 10, 30, 100, 300, 1000, 3000, and 10000𝜇g/mL), during 24 h
(37∘C, 95% humidity, and 5% CO2). The protein denaturing
agent SDS, in the same concentrations of the coffee AE, was
used as positive control. With the treatment period elapsing,
cells were washed with PBS and incubated in the presence
of neutral red dye (25 𝜇g/mL DMEM) for 3 h (37∘C, 95%
humidity, and 5% CO2). Subsequently, cells were washed
with PBS and neutral red dye destaining solution was added
(1% acetic acid : 50% ethanol : 49% distilled water, v/v/v).
Absorbance was measured at 540 nm using a microplate
reader (SpectraMax ParadigmMulti-ModeMicroplateReader,
Molecular Devices, Sunnyvale, USA). Cell viability was
expressed as percentage of growth based on the control
cells and concentration of test samples which showed 50%
inhibition of cell grow (IC50), expressing the results in mg
AE/mL.The results were calculated according to the equation
below:

[(𝐶V) = [ (𝐶me − 𝐵𝑚)(Ctr𝑚 − 𝐵𝑚)] ∗ 100] , (2)

where 𝐶V is the cell viability (%), 𝐶me is the mean absorbance
of each concentration of the sample, 𝐵𝑚 is the mean
absorbance of the blank, and Ctr𝑚 is the mean absorbance
of control.

2.8. In Vivo Skin Wound Healing Assays. Swiss albino male
mice (Mus musculus), 40–60 g, 9 months old (assay 1), and
2 months old (assay 2), from the Central Biotery of the
Federal University of Santa Catarina (Florianópolis, Santa
Catarina State, southern Brazil) were adapted to the labo-
ratory conditions prior to the assay, having free access to
food and water. The animals were anesthetized using an
intraperitoneal injection of 10% ketamine (75mg/kg) and
2% xylazine (10mg/kg). The excisional wound model was
realized according to Frank and Kämpfer [35]. Briefly, the
dorsal surface of the thoracic region was trichotomized and
cleaned up with iodized alcohol. A 10mm diameter skin
wound was made with a scissor aid under aseptic conditions.
Hydrogels (0.1 g/animal) were applied topically and daily.
Carbopol hydrogel (1%, w/v) was used as negative control, as
carbopol hydrogel containing allantoin (1%, w/v) was chosen
as positive control, because of the recognized antiseptic
action and ability to promote cell proliferation and wound
healing of that compound [36]. The wound contraction
was evaluated and the wound area measured at the end of
the experimental period, that is, day 14. The experimental
protocol was approved by the Ethics Committee on the use
of animals (Federal University of Santa Catarina, PP0957).

2.8.1. Evaluation of Wound Healing 1: Treatment with Hydro-
gels Containing Green and Roasted Coffee Bean AE. The aim
of this experiment was to determine the effect of the topical
treatment with AE of green and roasted coffee beans press
cake on the skin wound healing. This investigation adopted
an in vivo assay with 9-month-old mice, in order to verify
the wound healing potential of the AE in an animal group
with delayedmetabolismdue to the advanced age. Initially, 24
male, 40–60 g Swiss albinomicewere used, randomly divided
into 4 groups (𝑛 = 6) according to the treatments with
hydrogel enriched with (1) AE green coffee, (2) AE roasted
coffee, (3) allantoin (positive control), and (4) carbopol gel
(negative control). Animalswere kept in individual cages over
a 14-day-long experimental period. Lesions located in the
back of the animals were observed and treated daily after
the initial surgical procedure to check the reepithelialization
process. The wound healing and the efficacy of a treatment
were evaluated by assessing the percentage of wound area
reduction along the experimental period. The wound area
was measured using a digital caliper at the beginning and
at the end of the experimental period, calculating the injury
reduction percentage. The wound area was recorded and
expressed as the percentage reduction in the original wound
area according to the equation:

[(𝑊cp) = (𝑊𝑑0 −𝑊𝑑𝑛)𝑊𝑑0 ∗ 100] , (3)

where𝑊cp is the wound contraction percentage (%),𝑊𝑑0 the
wound area on day “0,” and𝑊𝑑𝑛 the wound area on day “𝑛.”
2.8.2. Evaluation of Wound Healing 2: Treatment with Hydro-
gels Containing Chlorogenic Acid and Green Coffee Bean AE.
In a second experimental approach, the effectiveness of the
topical administration of hydrogels containing chlorogenic
acid or AE of green coffee was determined on the skin wound
healing, using Swiss albino mice 2 months old. A total of 96
male, 40–60 g Swiss albino mice were randomly divided into
3 groups (𝑛 = 32); considering different sampling times (3, 7,
and 15 days). Subsequently, each time group was separated
into 4 groups (𝑛 = 8) according to the treatments with
hydrogel as follows: (1)AE green coffee, (2)CGA, (3) allantoin
(positive control), and (4) carbopol gel (negative control).
Animals were kept in individual cages over a 15-day-long
experimental period. Lesions were observed and treated daily
after the initial surgical procedure to check the reepithelial-
ization process. The skin wound was photographed using a
digital camera placed in a standard distance from the lesion,
immediately after surgery, and at 3rd, 7th, and 15th days. The
wound healing process was evaluated by assessing the size of
wound reduction in each sampling time.Thewound area was
measured through scanned photographic images using the
software ImageJ�. The results were recorded and expressed as
measurement of wound area. Data are presented as means of
wound area (cm2) ±mean standard error (sem).

2.9. Determination of Oxidative Stress Markers. Skin wound
samples of the second experimental approach were collected
for biochemical analyses following the protocols of Bagdas
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et al. [37] and Pereira [38]. Skin wound samples were
collected and the animals sacrificed immediately. Samples
were washed in 0.9% (w/v) NaCl and immediately frozen
at −80∘C until use. Tissue samples were cut into pieces
and homogenized (ULTRA-TURRAX homogenizer) in a
2mL potassium phosphate buffer solution (20mM, pH 7.4)
with TWEEN�20 (1%) and NaCl (150mM). The samples
were vortexed for 10 s and centrifuged (4000 rpm, 15min,
4∘C) and the supernatants recovered for further analysis.
Protein contents were determined according to the Bradford
method [39]. The catalase (CAT) activity was measured
spectrophotometrically (𝜆 = 240 nm), following the method
described by Pereira [38]. For the test, 25 𝜇L of supernatant
was added to 240𝜇L of potassium phosphate buffer (50mM,
pH 7.0), supplemented with hydrogen peroxide solution
(10mM). The decomposition rate of hydrogen peroxide was
measured sequentially in intervals of 20 s, until 10min. The
resultswere expressed asmmol⋅min−1/mgprotein.The super-
oxide dismutase (SOD) activity was assessed based on the
method of Giannopolitis and Ries [40]. The determination
considers the enzyme’s ability to inhibit the photoreduction
of nitrotetrazolium blue chloride (NBT). The activity was
determined adding 25 𝜇L sample to 240𝜇L work solution in
96-well microplates. The work solution was prepared with
13mM methionine, 75𝜇M NBT, 100 nM EDTA, and 2mM
riboflavin in potassium phosphate buffer (50mM, pH 7.8).
The reaction was started by lighting the microplate in a
chamber composed of fluorescent tubes (15W), at room
temperature. After 5min incubation, the end of catalysis was
forced by the interruption of light. The content of the blue
compound (formazan) formed by the photoreduction ofNBT
was measured spectrophotometrically at 560 nm. The same
reaction was prepared and protected from the light. One unit
of SOD is defined as the enzyme activity required for 50%
inhibition of NBT photoreduction. To calculate the specific
activity of the enzyme, it was considered as the percentage
of enzymatic inhibition obtained, the sample volume, and
the sample protein concentration (𝜇g protein). The results
were expressed as U/𝜇g protein. The enzymatic experiments
were realized in triplicate and the data expressed as means ±
standard deviation (sd).

2.10. Statistical Analysis. Data were collected and summa-
rized following statistical analysis using one-way ANOVA
and Tukey’s test. The results were considered statistically
significant when 𝑝 < 0.05.The values were expressed asmean± sd or mean ± sem, as indicated in tables subtitles.

3. Results and Discussions

In this study, AE of residual biomasses from the green and
roasted coffee oil industry were chemically characterized and
further investigated to determine the effectiveness of hydro-
gels containing AE and chlorogenic acid on the cutaneous
tissue repair process.

3.1. Total Phenolic Contents. Table 2 provides the total phe-
nolic contents of AE of green and roasted coffee press cake
showing appreciable and statistically different (𝑝 < 0.05)

Table 2: Contents of total phenolic compounds (mg gallic acid
equivalents⋅g−1 biomass, dry weight) of the AE of green and roasted
coffee beans press cake.

Samples Total phenolic compounds (mg gallic acid
equivalent⋅g−1 biomass, dry weight)

Green coffee 35.39 ± 3.69 a
Roasted coffee 24.13 ± 1.45 b
Mean of extractions in triplicate ± sem. Distinct letters denote significative
difference. Tukey’s test, 𝑝 < 0.05.

amounts of that secondary metabolite in the samples. The
highest concentration of phenolic compounds was detected
in the green coffee AE. Thus, one could speculate that the
extraction of the apolar fraction of the green coffee beans
press cake (i.e., oil fraction) allows obtaining a high yield
of phenolic compounds in the AE of the residual biomass.
It is well known that the phenolic content in coffee beans
may vary largely according to the species, variety, degree of
maturation, postharvest processing, and roasting. After the
harvest and along the coffee bean processing, some phenolic
compounds can be isomerized, hydrolyzed, or degraded into
low molecular weight compounds. The high temperatures
of coffee roasting process degrade part of the phenolic
compounds [41]. Indeed, lower amounts (𝑝 < 0.05) of
phenolic compounds were found in the AE of roasted coffee
bean sample comparatively to the nonroasted one, proving
the negative effect of the roasting process on the contents of
those bioactive compounds.

3.2. Quantitation of Phenolic Acids and Alkaloids. The use
of the liquid chromatography with a gradient elution system
containing acidified water and methanol as mobile phase
is often in the analysis of phenolic compounds [42]. How-
ever, the method adapted in this assay, for simultaneous
determination of phenolics and alkaloids, allowed identifying
analytes for both groups of compounds. The results revealed
chlorogenic acid (11.11mg⋅g−1) and caffeine (4.5mg⋅g−1) are
the majors compounds in the AE of green coffee samples
(Table 3). This finding is consistent with previous results for
coffee beans as mentioned by several authors [41, 43–45].
Again, considering that phenolic acids and their derivatives
can be degraded under high temperatures, one could specu-
late that the lowest concentration of these acids in the roasted
coffee press cake samples results from the thermal treatment
of that biomass during the roasting process.The alkaloid con-
tents revealed important amounts of caffeine and trigonelline
in both samples, but low concentration of theophylline. The
roasted coffee sample showed superior caffeine amounts
comparatively to the other studied sample.Theobromine was
not detected. Besides, the studied samples seemed to be quite
discrepant in their alkaloid contents, suggesting different
potentials regarding their biological effects.The large amount
of caffeine in the coffee extracts is responsible for several
biological activities [46].

3.3. Antioxidant Potential: DPPH Assay. Reactive oxygen
species (ROS), reactive nitrogen species (RNS), and reactive
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Table 3: Concentrations (mg⋅g−1 biomass, dry weight) of phenolic
acids and alkaloids of the green and roasted AE of coffee beans
determined by RP-HPLC analysis.

∗Phenolic acid and
alkaloids (mg⋅g−1) Samples

Green coffee Roasted coffee
280 nm

Chlorogenic acid 11.11 ± 0.28 a 1.95 ± 0.31 b
Syringic acid 0.96 ± 0.04 d 0.84 ± 0.08 c
Ferulic acid 1.40 ± 0.29 d 0.92 ± 0.16 c
Protocatechuic acid 1.20 ± 0.003 d 0.21 ± 0.02 d
Hydroxybenzoic acid 0.08 ± 4.1 e 0.05 ± 1.05 d
Caffeine 4.5 ± 0.06 b 5.60 ± 0.08 a

320 nm
Caffeic acid 0.01 ± 0.002 e n.a.
Theophylline 0.01 ± 0.003 e n.a.
Trigonelline 1.55 ± 0.51 c 1.02 ± 0.14 c
∗Mean of injections in triplicate ± sd. Distinct letters in the column are
significantly different. Tukey’s test, 𝑝 < 0.05. n.a. = not available.

Table 4: Maximum activity of DPPH radical scavenging of AE
of green and roasted coffee beans press cake and Trolox (positive
control).

Sample (30 𝜇g⋅𝜇L−1) Maximum activity (%)∗
AE green coffee bean press cake 96.21 ± 1.26
AE roasted coffee beans press cake 95.35 ± 2.20
Trolox 96.36 ± 0.33
∗Values are shown as mean ± standard deviation.

sulfur species (RSS) might react with lipid, protein, and DNA
to cause inflammation, cancer, and ischemia, for instance.
DPPH is a stable free radical by virtue of the delocalization
of the spare electron over the molecule as a whole, so that
the molecules do not dimerise, as would be the case of most
of the free radicals. DPPH radical, which shows absorption
at 517 nm, has been used as a convenient tool for the radical
scavenge assay, which is independent of any enzyme activity
[33]. The DPPH radical scavenging activity (%) of the AE
in study, calculated after 20min of incubation, revealed a
maximum activity achieved with 30 𝜇gAE/mL, similar to the
positive control (Trolox) activity (Table 4). The quantitation
of phenolic compounds and alkaloids in samples revealed the
presence of secondary metabolites related to the antioxidant
capacity, for example, caffeine and chlorogenic acids. It is
long known that the roasting process degrades phenolic com-
pounds; however the alkaloids are more resistant and stable,
and caffeine has been shown to present expressive antioxi-
dant activity [47]. It is important to note that the method
herein used for measuring total phenolic compounds, that
is, Folin-Ciocalteau, is based on a redox reaction as it can
be considered an evaluation of the antioxidant activity [48].
The oxidative balance in physiological systems is regulated
by endogenous and exogenous mechanisms in which the
excess of free radicals is related to many diseases [49, 50].
The control of the excess of oxidative molecules includes the

intake or topical application of exogenous antioxidants or
even molecules that can stimulate the endogenous antioxi-
dant [12].Thus, the antioxidant activity of coffee bean extracts
is related to the presence of several natural constituents and
compounds formed during processing, for example, caffeine
[51], chlorogenic and hydroxycinnamic acids [52–55], and
Maillard reaction products such as melanoidins [54, 55].

3.4. Cell Viability Profile. The cell viability decrease was
only detected in cells treated with the roasted coffee AE
at 3mg⋅mL−1, with an IC50 value of 4.88mg⋅mL−1 and a
LD50 = 2482.00mg⋅kg−1 as showed in Figure 1. Although
cell viability decreased totally at 10mg⋅mL−1, the LD50 value
characterized the AE as nontoxic, because the cytotoxicity
is considered for LD50 values lower than 2000mg⋅kg−1.
Besides, green coffee AE led to no reduction in cell via-
bility in concentrations equal to or lower than 10mg/mL.
Traditionally, in vitro determination of cell viability profile
and toxic effect of compounds is the first biological assay to
perform aiming at a further application in human health, for
instance. If the toxicity of the molecule is not proved, it can
proceed to the next step, in vivo assay. Experimentally, this
has been performed by counting viable cells after staining
them with a vital dye. The neutral red assay system is a
means of measuring living cells through the uptake of the
vital neutral red dye [56] as adopted in this study. As noted
by Triglia et al. (1991), the neutral red dye passes through the
intact cellmembrane and becomes concentrated in lysosomes
of viable cells. Test agents that damage the cell surface and
lysosomal membrane inhibit the incorporation of the red
dye and the amount taken up by the cells is, therefore,
proportional to the number of viable ones. The neutral red
assay was developed by Borenfreund and Puerner [57] and
has been utilized extensively to study the toxic effect of
a number of compounds on different cell types grown in
monolayer cultures, as L929 cells used in this study. Though
cell viability reduction showed the roasted coffee extract, all
the extracts concentrations tested in this assay showed being
noncytotoxic.

3.5. Effect of AE of Green and Roasted Coffee Beans Press
Cake on the Wound Healing. The hydrogel containing AE of
green coffee showed the best result on the wound reduction
(78.20%), being similar to the positive control (70.83%), as
can be noted in Figure 2. In its turn, the roasted coffee
hydrogel appeared to be less effective in ameliorating the
wound healing (53.71%) comparatively to the green coffee
AE. A negligible reduction of the wound area was detected
for the negative control (23.56%), statistically differing from
the other treatments. Thus, it can be assumed that hydrogels
enriched with AE of coffee beans press cake improved the
wound healing process, revealing the positive effects on
the cutaneous tissue regeneration. Indeed, one could argue
that the superior performance of the hydrogel containing
green coffee extract in the wound healing results from its
highest concentration of phenolic compounds according to
the phytochemical analysis. Previous in vivo assays in mice
on the effect of coffee extracts in the skin wound healing
process were not found in literature so far. In the present
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Figure 1: In vitro cell viability after 24 h exposure to the AE of
roasted coffee press cake. Important reductions of cell viability were
detected at AE concentration of 3mg/mL or higher, as determined
through the NRU assay. Results are expressed as mean ± standard
deviation (sd).
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Figure 2: Reduction of thewound area (%) after 14 days of treatment
with hydrogels applied daily in mice 9 months old. NC (negative
control = 23.56% c), PC (positive control = 70.83% ab), PPGC
(postpressing green coffee = 78.20% a), and PPRC (postpressing
roasted coffee = 53.71% b). Data are presented as mean ± sem.
Distinct letters denote significant differences at 𝑝 < 0.05 (Tukey’s
test).

study, it is worthmentioning that by using 9-month-old adult
mice, typically differing from other experimental approaches
where younger animals have been used [58], the elapsing
time of 14 days was not enough to achieve full wound
healing, although all treatments significantly decreased the
wound area comparatively to negative control. In fact, there
are substantial differences in the wound healing response
between young and adult subjects, generally lasting longer

in adults. The adverse effects of aging on wound repair are
well known and were offset by treatments that accelerated
the wound closure [59, 60]. Previous study by Bagdas et
al. [25] reported that systematical CGA application in skin
flap surgeries can accelerate healing and flap survival in
animal of wound healing delay by diabetic condition. It
has been also suggested that topically CGA ointment has
a potent wound healing effect on nondiabetics rats [26].
Thus, our results are consistent with previous reports in
literature. In this sense, the findings are relevant since it can
be assumed that even for adult individuals the treatment
of skin lesions with coffee bean press cake extracts is truly
efficient to increase the physiological response, ameliorating
the cutaneous regeneration process significantly.

3.6. Effect of Chlorogenic Acid on the Wound Healing. The
chlorogenic acid hydrogel daily applied on the skin wound
appeared to reduce significantly the wound area size in the
inflammatory phase (e.g., day 3) which can be associated
with its antioxidant and anti-inflammatory activities. Indeed,
hydrogel containing CGA resulted (0.57 cm2 ± 0.06 sem) in
a similar effect regarding the positive control (0.55 cm2 ±
0.06 sem) as can be noted in Table 5. Contrarily, the post-
pressing green coffee AE assayed under the same conditions
did not show the same performance (0.75 cm2 ± 0.06 sem)
at the third day, especially taking into consideration that
the wound area at the beginning of the experiment was
0.72 cm2 ± 0.02 sem. All the treatments achieved similar
performance after 7 days, and 15 days was enough to achieve
full wound healing. It can be assumed that the physiological
responses in young mice are decisive for full wound healing
considering the elapsing time of 15 days. The significant
differences at the third day can be attributed to the influence
of the treatments on the inflammatory response that begins
immediately after injury of the tissue and lasts around 3
days. The inflammation helps wound heal with activation of
immune system cellular components, the blood coagulation
cascade, cytokines, and the oxidative stress [16]. Studies of
Moreira et al. [9] showed that AE of green coffee has anti-
inflammatory effect due to the presence of anti-inflammatory
and antioxidant compounds. The use of chlorogenic acid
improving skin wound healing may be derived from its
influence on the inflammatory mediators involved in this
response and its antioxidant capacity.

3.7. Oxidative StressMarkers. The antioxidant defense system
has been developed by the organism as a protective mech-
anism against ROS formation. Among the most reported
endogenous antioxidant systems are the activity of the
enzymes SOD and CAT. Wound healing needs a fine balance
between the antioxidants activities because ROS are harmful
to cells and tissues in cutaneous injury [60]. It is interesting
to note the significant increasing of CAT activity in the
healed tissues when compared to the unhealed ones (Table 6).
Besides, the CAT activity was increased on the tissue treated
in all treatment groups along the wound healing process.
Probably, the increase can be attributed to the higher ROS
levels on the wound bed resulting from the inflammatory
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Table 5:Wound area size (cm2) in the elapsing time of 15 days, with daily application of green coffee press cake and chlorogenic acid hydrogels.

Groups (𝑛 = 8) Day 0 Day 3 Day 7 Day 15
GC 0.70 ± 0.02 a 0.75 ± 0.06 ab 0.42 ± 0.04 a 0.002 ± 0.02 a
CGA 0.70 ± 0.02 a 0.57 ± 0.02 a 0.41 ± 0.02 a 0.002 ± 0.02 a
PC 0.72 ± 0.02 a 0.55 ± 0.06 a 0.31 ± 0.04 a 0.00 ± 0.01 a
NC 0.74 ± 0.02 a 0.85 ± 0.06 b 0.42 ± 0.04 a 0.002 ± 0.02 a
Data are presented as means ± sem. Distinct letters in the column denote significant differences (Tukey test, 𝑝 < 0.05). GC = green coffee, CGA = chlorogenic
acid, PC = positive control, and CN = negative control.

Table 6: Activity of catalase (CAT) and superoxide dismutase (SOD) in the epithelial tissue of Swiss albino mice according to the treatment
with AE of green coffee bean press cake and chlorogenic acid related to controls groups.

Day/treatment GC CGA PC NC
CAT (mmol⋅min−1/mg protein)

Day 0∗ 164.1 ± 12.6 164.1 ± 12.6 164.1 ± 12.6 164.1 ± 12.6
Day 3 597.5 ± 12.4 b 360.6 ± 12.6 c 909.35 ± 5.8 a 174.7 ± 2.1 d
Day 7 260.7 ± 11.9 d 399.5 ± 19.4 c 846.6 ± 20.1 a 683.7 ± 4.1 b
Day 15 1005.0 ± 16.5 a 506.6 ± 10.7 b 408.7 ± 1.8 c 300.0 ± 12.8 d

SOD (U/mg protein)
Day 0∗ 0.45 ± 0.02 0.45 ± 0.02 0.45 ± 0.02 0.45 ± 0.02
Day 3 1.05 ± 0.08 b 1.07 ± 0.04 b 0.25 ± 0.01 c 2.33 ± 0.02 a
Day 7 0.52 ± 0.02 a 0.29 ± 0.03 b 0.26 ± 0.02 b 0.20 ± 0.03 c
Day 15 0.12 ± 0.01 b 0.17 ± 0.03 b 0.21 ± 0.02 a 0.25 ± 0.05 a
Data are presented as means ± sd. Different letters in the line denote significant differences (Tukey test, 𝑝 < 0.05). ∗Day 0 = enzymatic activity on the
undamaged tissue. GC = green coffee, CGA = chlorogenic acid, PC = positive control, and CN = negative control.

response, cellular signaling pathways to avoid the infection,
recruiting different kinds of cells, and promoting cells divi-
sions. The increase in the CAT enzymatic activity upon
the green coffee AE and hydrogel containing CGA treat-
ments appeared to be increased on day 3 (inflammation
stage), following a reduction at the 7th day during the cell
proliferation stage, with a strong augment again until day
15. Interestingly, the positive control group also showed a
similar profile of CAT activity, except at the end of the
experimental period, on day 15. Importantly, regardless of the
treatment the results revealed a superior CAT activity along
the wound healing process in comparison to the basal level
(day 0), suggesting that CAT activity is positively modulated
in damaged cutaneous tissues. Finally,meaningful differences
(𝑝 < 0.05) were detected for each sampling time in all
treatments, suggesting that a typical standard of CAT activity
seems not to occur.

The SOD assay showed higher activity in the early stage
of healing (day 3) for the green coffee AE- and CGA-treated
groups, followed by a gradual reduction. Furthermore, con-
trary toCATactivity, SODdecreased bellow the baseline in all
experimental groups at the end of the experiment, suggesting
that such an enzymatic response to the oxidative stress seems
not to be relevant to the cutaneous cells upon regeneration.

4. Conclusions

The chemical analysis revealed the green coffee is a raw
material richer in chlorogenic acid than the roasted one.

The present study shows that the daily topical application of
chlorogenic acid and coffee beans press cake AE enhanced
the skin wound healing in mice model, especially the later
one that reduced more quickly the wound area. Taking
into consideration that the experiments were performed
with plant extracts, that is, chemically complex matrices,
it is assumed that the effects herein described eventually
result from the synergistic action of their components. We
suggest that the highest amount of CGA and caffeine in
the extracts of coffee press cake presents beneficial effects
on wound repair by its antioxidant potential, enhancing the
physiological responses to achieve the wound closure. The
formation of reactive oxygen radical species (ROS) can play
an important role in delayed wound healing. Antioxidants
can help controlling wound oxidative stress related to ROS
generation and thus accelerate wound repair.

Finally, to the best of our knowledge, this is the first study
investigating the effect of AE of coffee beans press cake on
the skin wound healing, showing beneficial effects on wound
repair. Antioxidant and radical scavenger activities of coffee
beans press cake AE and CGA can improve wound healing
to control overexposure of oxidative stress in the wound bed.
The coffee beans press cake has shown a lower commercial
value; however it might gain value as thought of as a valuable
biomass source of bioactive compounds interesting for the
human health usage. Indeed, the residual coffee biomasses
studied are able to improve the regeneration of damage skin
tissue, allowing new product development in the cosmetical
and pharmaceutical industries.
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Astragalus membranaceus is a medicinal plant traditionally used in China for a variety of conditions, including inflammatory and
neural diseases. Astragalus polysaccharides are shown to reduce the adverse effect of levodopa which is used to treat Parkinson’s
disease (PD).However, the neuroprotective effect ofAstragalus polysaccharides per se in PD is lacking. UsingCaenorhabditis elegans
models, we investigated the protective effect of astragalan, an acidic polysaccharide isolated from A. membranaceus, against the
neurotoxicity of 6-hydroxydopamine (6-OHDA), a neurotoxin that can induce parkinsonism. We show that 6-OHDA is able
to degenerate dopaminergic neurons and lead to the deficiency of food-sensing behavior and a shorter lifespan in C. elegans.
Interestingly, these degenerative symptoms can be attenuated by astragalan treatment. Astragalan is also shown to alleviate oxidative
stress through reducing reactive oxygen species level and malondialdehyde content and increasing superoxide dismutase and
glutathione peroxidase activities and reduce the expression of proapoptotic gene egl-1 in 6-OHDA-intoxicated nematodes. Further
studies reveal that astragalan is capable of elevating the decreased acetylcholinesterase activity induced by 6-OHDA. Together, our
results demonstrate that the protective effect of astragalan against 6-OHDA neurotoxicity is likely due to the alleviation of oxidative
stress and regulation of apoptosis pathway and cholinergic system and thus provide an important insight into the therapeutic
potential of Astragalus polysaccharide in neurodegeneration.

1. Introduction

Parkinson’s disease (PD) is one of the most prevalent neu-
rodegenerative disorders characterized by progressive loss
of dopaminergic neurons in substantia nigra of the mid-
brain.The dopaminergic neurodegeneration results in severe
dopamine depletion and thus leads to a variety of motor
complications, includingmuscle rigidity, tremors, bradykine-
sia, and postural instability [1]. In the advanced stages of PD,
the emerged cognitive and mental problems, such as demen-
tia, depression, and anxiety, further reduce life quality and
increase cost burden [2]. Evidences from clinical and epi-
demiological investigations have demonstrated that the onset

and progression of PD is closely associated with aging
process. For instance, PD affects approximately 7–10 million
people worldwide, and its annualized incidence rate dramat-
ically increases from 0.041% in individuals of 40–49 years
old to 0.428%–1.903% in people above 60 years old [3, 4].
Given the detrimental consequences of PD, development of
promising therapeutics represents an urgent social and med-
ical need.

A number of studies have revealed that the cause of PD
correlates with certain genetic and environmental risk fac-
tors, such as mutations in specific genes and toxin exposure
[5]. For example, 6-hydroxydopamine (6-OHDA), a toxic
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oxidation metabolite of dopamine, is detected in the brains
and urine of patients with PD [6]. This neurotoxin can
selectively enter dopaminergic neurons through dopamine or
noradrenaline transporter (DAT and NAT, resp.) and then
stimulate overproduction of reactive oxygen species (ROS)
via enzymatic oxidation and autooxidation [7]. Increased
ROS level elicited by 6-OHDA damages cellular proteins
and nucleus, leading to dopaminergic neuron death and
dysfunction in PD patients [7]. In experimental models, the
administration of 6-OHDA is also able to induce a variety of
physiological events including neuronal death and behavioral
deficit similar to PD.

Caenorhabditis elegans is a relatively simple but powerful
animal model in neurobiology field [8]. It has a well-chara-
cterized nervous system consisting of 302 neurons, and the
neuronal signalling processes such as neurotransmitter for-
mation and release are well conserved. Moreover, exogenous
neurotoxin-induced alterations in C. elegans are also similar
with those in more complex systems. For example, 6-OHDA
is capable of degenerating dopaminergic neurons via DAT in
both human and C. elegans [9]. In addition, genetic manipu-
lationwith fluorescent reporter allows for visual inspection of
neuronal viability and behavioral performance in the nema-
todes.

Astragalus membranaceus is a well-known Chinese medi-
cinewith antiaging functions recorded in ShenNong’s Classic
of Materia Medica (∼110 BC). It is widely used against mental
and emotional stress, anorexia, fatigue, and general weakness
[10]. A number of studies have revealed that the neuropro-
tective effect of A. membranaceus is associated with its poly-
saccharide fraction. For instance, we have recently found
that astragalan, an acidic polysaccharide isolated from A.
membranaceus, is able to reduce the neurotoxicity of polyg-
lutamine, the critical pathogenic protein in Huntington’s dis-
ease [11]. Astragalus polysaccharide is also shown to protect
rat astrocyte cultures against oxidative damage induced by
levodopa, which is widely used in PD treatment but shows
adverse effects [12], suggesting a neuroprotective potential of
the polysaccharide. However, studies on the underpinning
mechanisms of neuroprotection of Astragalus polysaccha-
rides in PDmodels are lacking.Therefore, we investigated the
protective effect of the Astragalus polysaccharide astragalan
against 6-OHDA neurotoxicity using C. elegans models and
attempted to unravel the underlying mechanisms, including
its effects on lifespan, ROS and lipid peroxidation levels,
antioxidant enzyme activities, apoptosis-related gene expres-
sion, and acetylcholinesterase activity.

2. Materials and Methods

2.1. Preparation of Polysaccharides. The dry roots of Astra-
galus membranaceus (Fisch.) Bunge were purchased from
Tongrentang Group (Bozhou, China). The polysaccharide
astragalan was prepared essentially as described previously
[11]. Briefly, the sliced roots were refluxed in ethanol, and the
materials were used for isolation of Astragalus polysaccha-
rides. The polysaccharides were then fractionated by anion-
exchange chromatography on a DEAE-Sepharose Fast Flow
(GE Healthcare, Uppsala, Sweden) column eluted with water

followed by 0.5M NaCl solution, and the yield of the acidic
polysaccharide obtained fromNaCl eluate was 1.56%. Further
fractionation of the acidic polysaccharide by gel filtration on
a Sepharose 6 Fast Flow column exhibited a distinct single
peak (data not shown), indicating the homogeneity of the
polysaccharide. Thus, the acidic polysaccharide was used
as astragalan in the following experiments. The molecular
weight of astragalan was measured using high-performance
gel permeation chromatography [13], and its number-average
molecular weight (Mn) and weight-averagemolecular weight
(Mw) were 427,906Da and 482,372Da, respectively. The
polydispersity, a ratio of Mw to Mn, of astragalan was ∼1.1,
indicating a relatively narrow molecular weight distribution
of astragalan. Glycosyl composition of astragalan was mea-
sured by gas chromatography after methanolysis [14], and
the molar composition of monosaccharides in astragalan
was 19.2% arabinose, 6.9% rhamnose, 16.0% galactose, 28.8%
glucose, and 29.1% galacturonic acid.

2.2. Nematode and Bacterial Strains. All Caenorhabditis ele-
gans and Escherichia coli strains were obtained from the
Caenorhabditis Genetics Centre (University of Minnesota,
Minneapolis,MN,USA).TheBZ555 (Pdat-1:GFP) nematodes
were maintained at 20∘C on NGM agar plates with E. coli
OP50 as food. Synchronization was performed using the
standard alkaline hypochlorite method as described [15].

2.3. 6-OHDA Exposure and Astragalan Treatment. 6-OHDA
(Sigma, St. Louis, MO, USA) was used to induce selective
degeneration of dopaminergic neurons in BZ555 nematodes
as described previously [16]. Briefly, synchronized L3 larvae
were incubated with 50mM 6-OHDA and 10mM ascorbic
acid in S. medium supplemented with E. coli NA22 for 1 h
at 20∘C. After treatment, the nematodes were washed three
times with M9 buffer and then incubated with astragalan
at the indicated concentrations in S. medium containing E.
coli NA22 for 24 h. Then 75 𝜇g/mL 5-fluoro-2-deoxyuridine
was added to inhibit reproduction. After further incuba-
tion for 48 h, the nematodes were used for various assays.
In dopaminergic neurodegeneration, food-sensing behavior,
and survival assays, epigallocatechin-3-gallate (EGCG) (final
concentration of 0.05mM) was used as a positive control.

2.4. Dopaminergic Neurodegeneration Assay. The nematode
dopaminergic neurodegenerationwas examined as described
previously [16]. In brief, after treatment with 6-OHDA and
astragalan, the nematodes were washed with M9 buffer,
paralyzed by 50mM sodium azide, and then mounted onto
a 2% agar pad on a glass slide. About 30 nematodes were ran-
domly selected in each treatment, and the GFP fluorescence
was imaged using an IX51 inverted fluorescence microscope
(Olympus, Tokyo, Japan). The fluorescence intensity in head
region was estimated using Image Pro Plus 6.0 software
(Media Cybernetics, Rockville, MD, USA).

2.5. Food-Sensing Behavior Assay. The food-sensing behavior
was carried out as described [16]. Briefly, a 9 cm NGM agar
plate was spread with E. coliOP50 overnight at 37∘C in a ring
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with an inner diameter of 1 cm and an outer diameter of 8 cm.
After treatment with 6-OHDA and astragalan, the nematodes
were washed with M9 buffer and transferred to the center of
the NGM agar plate with or without bacterial lawn in a drop
of M9 buffer, allowed to sit for 5min, and then the number of
body bends of each nematode was counted microscopically
for 1min. The slowing rate was calculated as follows: slowing
rate = (𝑁control − 𝑁food)/𝑁control, where 𝑁food and 𝑁control
represent the numbers of body bends in the plates with and
without bacteria lawn, respectively. At least 15 nematodes
were scored in each treatment.

2.6. Survival Assay. The survival of C. eleganswas performed
using liquid culture at 20∘C as described previously [11].
In brief, the nematodes were treated with 6-OHDA and
astragalan as above and further incubated in S. medium
containingE. coliNA22 (initial OD570 of∼0.6) and 100𝜇g/mL
ampicillin for 24 h.The nematodes were then transferred into
96-well plates (about 10 nematodes per well). The day of
nematode transfer was set as Day 0 in this assay.The numbers
of live and dead nematodes were counted microscopically
every 2 days based on their movements.

2.7. Determination of ROS Level. The ROS level in C. ele-
gans was determined using 2,7-dichlorofluorescin diacetate
(DCFH-DA) (Sigma, St. Louis, MO, USA) as previously
described [17]. Briefly, approximately 1000 nematodes treated
with 6-OHDA and astragalan were collected, washed, and
homogenized in 350 𝜇L of PBS (50mM, pH 7.8) with 0.1%
Tween 20 on ice. The supernatant was collected by cen-
trifugation, and its protein content was determined by BCA
assay kit (Thermo Fisher, Waltham, MA, USA). Then 50 𝜇L
of the supernatant was transferred into a black 96-well
plate and incubated with 50 𝜇L of 100 𝜇M DCFH-DA. The
DCF fluorescence was determined in a Fluoroskan Ascent
FL microplate reader (Thermo, Waltham, MA, USA) every
10min for 2 h at an excitation of 485 nm and an emission of
535 nm.TheROS levelwas calculated as theDCFfluorescence
per 𝜇g proteins.

2.8. Determination of Antioxidant Enzyme Activity and Mal-
ondialdehyde Content. Theantioxidant enzyme activities and
malondialdehyde (MDA) content were determined as previ-
ously described [17]. Briefly, about 2,000 nematodes treated
with 6-OHDA and astragalan were collected, washed with
M9 buffer, and homogenized in 150𝜇L of PBS (50mM, pH
7.8) with 1% Triton X-100 and 1mM PMSF on ice. The
supernatant was collected by centrifugation and then used
to determine superoxide dismutase (SOD) activity, catalase
(CAT) activity, glutathione peroxidase (GPx) activity, and
MDA content by the assay kits (Beyotime, Shanghai, China).
The protein content of the supernatant was determined by
BCA assay kit.The SOD and GPx activities were expressed as
U/mg proteins, CAT activity was expressed as U/𝜇g proteins,
and MDA content was expressed as nM/mg proteins.

2.9. Quantitative Real-Time PCR. Total RNA of the nema-
todes with or without 2.0mg/mL of astragalan treatment

was isolated using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA). After reverse transcription, relative quantification
of cDNA by real-time PCR was performed using SYBR
Green I (BioRad, Hercules, CA, USA) andMyiQ�2 real-time
detection system (BioRad, Hercules, CA, USA) as described
previously [11]. Data were normalized to BZ555 nematodes
without 6-OHDA exposure and astragalan treatment using
the geometric mean of cdc-42, pmp-3, and Y45F10D.4 as the
reference genes. The primers for PCR analysis are listed in
Table 1.

2.10. Determination of Acetylcholinesterase Activity. The
acetylcholinesterase (AChE) activity of C. elegans was deter-
mined as previously described [18]. Briefly, approximately
3,000 nematodes with or without 2.0mg/mL of astragalan
treatment were washed twice with M9 buffer and then
homogenized in PBS (50mM, pH 7.8) on ice. The lysate
supernatant was collected by centrifugation and then used for
determination of AChE activity by the assay kit (Jiancheng
Institute of Biotechnology, Nanjing, China). The protein
content was determined by BCA assay kit. The AChE activity
was expressed as U/mg proteins.

2.11. Statistical Analysis. The statistical analysis was per-
formed primarily by GraphPad Prism 5.01 for Windows
(GraphPad Software, SanDiego, CA, USA). Statistical signifi-
cance was determined by Student’s 𝑡-test or one-way ANOVA
followed by Tukey’s post hoc test. The survival data were
analyzed by Kaplan-Meier method and Peto’s log-rank test
using SPSS 17.0 for Windows (SPSS, Chicago, IL, USA). A
probability value of𝑝 < 0.05was considered to be statistically
significant. All experiments were performed at least three
times.

3. Results and Discussion

3.1. Astragalan Alleviates 6-OHDA-Induced Neurodegenera-
tion in C. elegans. It is well characterized that C. elegans
contains eight dopaminergic neurons, including two anterior
deirid (ADE) neurons and four cephalic (CEP) neurons in
the head and two posterior deirid (PDE) neurons in the
posterior lateral position [19]. The transgenic C. elegans
strain BZ555 constitutively expresses GFP in dopaminergic
neurons, and the GFP fluorescence intensity indicates the
neuronal viability. Previous studies have shown that 6-OHDA
exposure reduces theGFP fluorescencemarkedly inADE and
CEP neurons and weakly in other dopaminergic neurons of
C. elegans [20]. Therefore, we used this transgenic model to
investigate whether the Astragalus polysaccharide astragalan
was able to inhibit 6-OHDA-mediated neurodegeneration.
As shown in Figure 1, in 6-OHDA-exposedBZ555 nematodes,
the GFP fluorescence intensity of ADE and CEP neurons was
decreased to 46.8% of the unexposed nematodes (𝑝 < 0.05),
demonstrating the capability of 6-OHDA to impair dopamin-
ergic neurons. When the 6-OHDA-intoxicated nematodes
were treated with astragalan at the indicated concentrations
(1.0, 2.0, or 4.0mg/mL), theGFPfluorescence intensities were
increased to 77.1%, 84.6%, and 82.9%, respectively (𝑝 < 0.05),
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Table 1: List of primers used for quantitative real-time PCR.

Forward (5 → 3) Reverse (5 → 3)
Apoptosis-related genes

egl-1 CTAGCAGCAATGTGCGATGAC GGAAGCATGGGCCGAGTAG
ced-9 TGCTCAGGACTTGCCATCAC TTGACTCTCCGATGGACATTCTT
ced-4 AAGTCGAGGATTAGTCGGTGTTG AGAGCCATTGCGAGTGACTTG
ced-3 TCAACGCGGCAAATGCT GCCTGCACAAAAACGATTTTC

Reference genes
cdc-42 CTGCTGGACAGGAAGATTACG CTCGGACATTCTCGAATGAAG
pmp-3 GTTCCCGTGTTCATCACTCAT ACACCGTCGAGAAGCTGTAGA
Y45F10D.4 GTCGCTTCAAATCAGTTCAGC GTTCTTGTCAAGTGATCCGACA
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Figure 1: Effect of astragalan on 6-OHDA-induced degeneration of dopaminergic neurons in C. elegans. (a) Representative fluorescence
images of Pdat-1::GFP in dopaminergic neurons were taken from the transgenic C. elegans strain BZ555. The nematodes were exposed to
50mM 6-OHDA for 1 h prior to treatment with astragalan (2.0mg/mL) or EGCG (0.05mM). Scale bars, 20 𝜇m. (b) Graphical presentation
for fluorescence intensity of Pdat-1::GFP in dopaminergic neurons of the nematodes treated with or without astragalan at the indicated
concentrations (0.5–4.0mg/mL). Results are presented asmean± SEMof three independent experiments. ∗𝑝 < 0.05 versus 6-OHDA-exposed
nematodes.
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Figure 2: Effect of astragalan on food-sensing behavior in C. elegans. (a) The body bends of BZ555 nematodes treated with or without
astragalan (1.0–4.0mg/mL) after 6-OHDA exposure were counted, and the slowing rate was defined as the rate decrease of body bends in
the plates with bacteria lawn compared with those without bacteria lawn. (b) The body bends of BZ555 nematodes treated with or without
astragalan (1.0–4.0mg/mL) were counted and used to calculate the slowing rate. Results are presented as mean ± SEM of three independent
experiments. ∗𝑝 < 0.05 versus 6-OHDA-exposed nematodes.

which are comparable with the action of the positive control
EGCG (74.7% at 0.05mM), a green tea polyphenol reported
to prevent 6-OHDA neurotoxicity [21].These results demon-
strate that astragalan is capable of alleviating 6-OHDA-medi-
ated dopaminergic neurodegeneration in C. elegansmodel.

3.2. Astragalan Attenuates 6-OHDA-Induced Food-Sensing
Deficit in C. elegans. Under normal conditions, C. elegans
moves slowly to sense and consume food. Since the dopa-
minemediated neural circuit regulates the basal slowing
response of C. elegans to food [16], a reduced dopamine
level caused by the dopaminergic neurodegeneration makes
the nematodes defective in this food-sensing behavior. Since
astragalan is able to suppress 6-OHDA-induced dopaminer-
gic neurodegeneration as shown above, we tested whether it
could rescue the deficit of food-sensing performance under
6-OHDA exposure. As shown in Figure 2(a), the slowing
rate of BZ555 nematodes was 0.73, while 6-OHDA exposure
significantly decreased the slowing rate to 0.35 (𝑝 < 0.05),
indicating a deficit of food-sensing behavior due to dopa-
minergic neuronal dysfunction. When treated with astra-
galan at the indicated concentrations (1.0, 2.0, or 4.0mg/mL),
the slowing rate of 6-OHDA-intoxicated nematodes was
significantly increased to 0.57, 0.66, and 0.64, respectively
(𝑝 < 0.05). As a control, treatment with EGCG also increased
the slowing rate to 0.63 under 6-OHDA exposure. However,
treatment with astragalan (1.0–4.0mg/mL) alone had almost
no effect on the slowing rate of BZ555 nematodes (Fig-
ure 2(b)), indicating that astragalan per se did not affect the
viability of dopaminergic neurons under normal condition.
Together, these data demonstrate that astragalan is able to
rescue dopaminergic neuronal dysfunction mediated by 6-
OHDA.

It is known that Astragalus polysaccharide has antitumor
effect against human tumor cells [22]. Interestingly, however,
studies have also shown that Astragalus polysaccharide has

protective effects on neuronal cells [11, 12]. This paradox is
likely due to the distinct but also overlapping mechanisms
regulated by the polysaccharide under different disease and
stress contexts. The anticancer effect of Astragalus polysac-
charide is most likely due to its immunomodulatory effect
rather than direct cytocidal action [23, 24]. For instance,
Astragalus polysaccharide has shown therapeutic effect by
promoting the secretion of proinflammatory cytokines inc-
luding interleukin and tumornecrosis factor in S180 sarcoma-
bearing mice [23]. On the other hand, the polysaccharide
can also protect microglial cells against lipopolysaccharide-
stimulated inflammation through suppression of nuclear
factor-𝜅B and protein kinase B signalling pathways [25].
Interestingly, recent studies have shown that immunotherapy
not only is a successful strategy that mediates tumor regres-
sion in patients with metastatic cancer but also holds the
promise to treat neurodegenerative diseases [26]. Therefore,
the specific roles ofAstragalus polysaccharide in neurons and
cancer cells may depend on different cellular and physiologi-
cal environment.

3.3. Astragalan Increases the Lifespan of 6-OHDA-Intoxicated
C. elegans. It is known that aging contributes to the devel-
opment of late-onset neurodegenerative diseases, and age-
dependent neurodegenerative changes are usually associated
with a shortened life expectancy [27]. Therefore, we inves-
tigated the effect of astragalan on the lifespan of BZ555
nematodes under 6-OHDA intoxication. As shown in Fig-
ure 3, 6-OHDA-exposed nematodes exhibited a shortermean
lifespan (16.8 ± 0.35 d) as compared to that of the unexposed
nematodes (19.3 ± 0.48 d) (𝑝 < 0.05), suggesting the toxic
effect of 6-OHDA to accelerate senescence. When the 6-
OHDA-exposed nematodes were treated with astragalan at
2.0mg/mL, the mean lifespan was significantly increased to
19.4 ± 0.64 d (𝑝 < 0.05), which is similar to the action of
EGCG (18.1 ± 0.51 d), indicating the capacity of astragalan
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Table 2: Effect of astragalan on ROS level, antioxidant enzyme activities and malondialdehyde content in C. elegans.

Treatment ROS levela MDA contentb Antioxidant enzyme activity
SODc CATd GPxc

BZ555 4.55 ± 0.20 12.52 ± 2.63 69.35 ± 2.65 1.53 ± 0.09 17.19 ± 0.24

Astragalan 3.60 ± 0.01e 9.64 ± 0.90 72.02 ± 6.56 1.48 ± 0.10 19.15 ± 1.29

6-OHDA 7.97 ± 0.55e 16.21 ± 4.43e 43.90 ± 3.12e 1.34 ± 0.07 12.32 ± 0.33e

6-OHDA/Astragalan 4.70 ± 0.10f 14.39 ± 2.25f 69.33 ± 2.46f 1.45 ± 0.10 16.44 ± 0.99f

aROS level, DCF fluorescence/𝜇g proteins; bMDA content, nM/mg proteins; cSOD and GPx activities, U/mg proteins; dCAT activity, U/𝜇g proteins; e𝑝 < 0.05
versus BZ555 nematodes without 6-OHDA exposure and astragalan treatment; f𝑝 < 0.05 versus 6-OHDA-exposed BZ555 nematodes.
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Figure 3: Effect of astragalan on the lifespan of 6-OHDA-
intoxicated C. elegans. The BZ555 nematodes were treated with or
without 2.0mg/mL of astragalan after exposure to 6-OHDA, and
the survival rates were scored every 2 days from the beginning of
adulthood until all dead. A representative Kaplan-Meier survival
curve from at least three independent experiments is presented.

to delay 6-OHDA-induced senescence. We have previously
found that astragalan is able to extend the lifespan of
wild-type and transgenic polyglutamine C. elegans, and its
antiaging activity is associated with the modulation of DAF-
16, a major downstream component of the insulin/insulin-
like growth factor 1 (IGF-1) signalling pathway related to both
lifespan regulation and stress resistance [11]. Recent studies
have revealed that manipulation of insulin-related signalling
pathways can resist 6-OHDA-mediated neurotoxicity. For
example, ginsenoside Rg1 alleviates dopaminergic neuronal
injury in 6-OHDA-lesioned rats through IGF-1 receptor,
while IGF-1 receptor antagonist JB-1 reduces the neuropro-
tective effects of ginsenoside Rg1 [28]. Together, these results
suggest that regulation of DAF-16 may contribute to the
protective effect of astragalan against 6-OHDAneurotoxicity.

3.4. Astragalan Reduces ROS Level and MDA Content
and Enhances Antioxidant Enzyme Activities in 6-OHDA-
Intoxicated C. elegans. Oxidative stress is known to play an
important role in the pathological process of age-related

neurodegenerative diseases. For example, the increase of ROS
level and oxidized lipids and proteins was observed in the
brains of both sporadic and familial PD patients [29]. The
oxidation of 6-OHDA generates cytotoxic hydrogen peroxide
and other reactive species, leading to dopaminergic neu-
ronal apoptosis [7]. Therefore, antioxidant intake represents
a promising strategy against age-related neurodegenerative
disorders [30]. Here we tested whether astragalan was able
to reduce ROS level in C. elegans under 6-OHDA exposure
using the DCFmethod. As shown in Table 2, the ROS level of
6-OHDA-exposed nematodes was significantly increased as
compared to that of unexposed nematodes (𝑝 < 0.05). When
the nematodes were cotreated with 6-OHDA and 2.0mg/mL
of astragalan, the ROS level was reduced compared with that
of the nematodes exposed to 6-OHDA alone (𝑝 < 0.05).
When BZ555 nematodes were treated with 2.0mg/mL of
astragalan, the ROS level was also reduced (𝑝 < 0.05). We
then further examined the effect of astragalan on the content
of MDA, a toxic lipid peroxidation product. As shown in
Table 2, 6-OHDA exposure increased the MDA content in
BZ555 nematodes, while astragalan was able to reduce the
increased MDA content in 6-OHDA-intoxicated nematodes
(𝑝 < 0.05), indicating its ability to inhibit lipid peroxidation.
Together, these data demonstrate the antioxidant capacity
of astragalan against 6-OHDA intoxication. Since PD is
closely associated with oxidative stress, our results suggest
an involvement of antioxidant activity in the neuroprotective
effect of astragalan. This is supported by previous studies; for
instance, a combination of antioxidant creatine and coen-
zyme Q10 can delay cognitive function decline and reduce
plasma phospholipid level in PD patients [31].

The endogenous antioxidant system, including antioxi-
dant enzymes and nonenzymatic antioxidants, is known to
scavenge excessive ROS and maintain cellular redox balance.
For example, SOD converts superoxide radicals to hydrogen
peroxide and oxygen, while CAT and GPx detoxify hydrogen
peroxide to water [32]. Inherited and acquired deficiencies of
antioxidant system such as a defect in antioxidant enzyme
activity lead to an imbalance of cellular redox environment
and thus promote a variety of disorders including PD. For
example, inhibition of Cu/Zn-SOD expression and activ-
ity aggravates 6-OHDA-mediated neuronal apoptosis [33].
Therefore, enhancing antioxidant system function is helpful
to reduce oxidative damage in neurodegenerative diseases. In
this study, we examined the effect of astragalan on antioxidant
enzyme activities and found that 6-OHDA exposure caused a
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significant decrease of both SOD and GPx activities in BZ555
nematodes (𝑝 < 0.05). However, 2.0mg/mL of astragalan
was able to increase SOD and GPx activities in the nema-
todes with 6-OHDA exposure (𝑝 < 0.05). It also slightly
enhanced CAT activity in 6-OHDA-intoxicated nematodes
(Table 2). Interestingly, Astragalus polysaccharides are pre-
viously shown to scavenge various ROS species in vitro and
increase the level of nonenzymatic antioxidant glutathione
in porcine circovirus type 2 infected cells [34, 35]. Together,
these findings indicate thatAstragalus polysaccharide is capa-
ble of enhancing antioxidant system function, and this ability
may provide protections against 6-OHDA-induced damage.

3.5. Astragalan Suppresses the Proapoptotic Gene egl-1 Expres-
sion in 6-OHDA-Intoxicated C. elegans. In C. elegans, several
proteins, including CED-4, CED-3, CED-9, and EGL-1, play a
critical role in programmed cell death.ThemammalianApaf-
1 counterpart CED-4 promotes the proteolytic activation of
CED-3, which is the mammalian caspase-1 homolog and acts
as the executor in apoptosis process. This activation process
can be inhibited byCED-9, a homolog of themammalian Bcl-
2 and Bcl-XL antiapoptotic proteins. The BH3-only domain
protein EGL-1 is a nematode counterpart of proapoptotic Bcl-
2 family members. It interacts with CED-9-CED-4 complex
and promotes the release of CED-4, resulting in the activation
of CED-3 [36]. Previous reports have shown that 6-OHDA
exposure induces apoptosis-like changes, such as condensed
chromatin structures and shrunken cell morphologies, in
dopaminergic neurons of C. elegans [37]. To investigate
whether the aforementioned apoptosis-related proteins were
involved in the actions of 6-OHDA and astragalan, we exam-
ined the mRNA levels of ced-4, ced-3, ced-9, and egl-1 using
quantitative real-time PCR. As shown in Figure 4, unexpect-
edly, 6-OHDAexposure did not influence the transcript levels
of ced-4, ced-3, ced-9, and egl-1 in BZ555 nematodes, suggest-
ing that these gene expressions may be not involved in 6-
OHDA-mediated neuronal apoptosis in C. elegans. Interest-
ingly, another neurotoxin 1-methyl-4-phenylpyridnium ion
(MPP+) that can trigger parkinsonismalso destroysC. elegans
dopaminergic neurons independent of ced-4 pathway [38].
However, a recent study has shown that 6-OHDA activates
the mitochondrial apoptosis pathway including the release of
cytochrome c to cytosol and the activation of caspase-3 in rat
adrenal phaeochromocytoma PC12 cells [39], indicating that
other mechanisms may contribute to 6-OHDA-induced neu-
ronal apoptosis. On the other hand, in 6-OHDA-intoxicated
nematodes, treatmentwith 2.0mg/mLof astragalan exhibited
negligible effects on themRNA levels of ced-4, ced-3, and ced-
9 but significantly reduced the mRNA level of egl-1 as com-
pared to those in the nematodes exposed to 6-OHDA alone,
indicating a potential of astragalan in regulating apoptotic
pathway.

A large body of evidence has shown that modulation of
apoptotic pathway holds promise to delay aging and treat
aging-related neurodegenerative disorders. For instance, a
decrease of ced-3 expression by overexpression of the mam-
malian KIF11 homolog bmk-1 extends the lifespan of wild-
type C. elegans [40].The BH3-only domain protein Bim plays
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Figure 4: Effect of astragalan on the transcript levels of apoptosis-
related genes in C. elegans. The mRNA levels of ced-3, ced-4, ced-9,
and egl-1 of BZ555 nematodes with or without 2.0mg/mL of astra-
galan treatment under 6-OHDA exposure were performed using
quantitative real-time PCR. Data are normalized to the nematodes
without 6-OHDAand astragalan treatment and presented asmean±
SEM of three independent experiments. ∗𝑝 < 0.05 versus 6-OHDA-
exposed nematodes.

a pivotal role inmouse cerebrovascular degeneration induced
by 𝛽-amyloid peptide, the main component of amyloid
plaques in patients with Alzheimer’s disease, while a decrease
of Bim expression attenuates the death of cerebral endothelial
cells [41]. Therefore, our data suggest that the regulation of
proapoptotic gene egl-1 expressionmay contribute to the pro-
tective effects of astragalan in C. elegans. In addition, a num-
ber of signalling pathways play important roles in free radical-
mediated cell death [42, 43]. Among these pathways that
respond to stresses, the MAPK family, including p38, ERK,
and JNK, are important regulators in cell survival and death.
Recent studies have shown that MAPKs are involved in the
antioxidant and antiapoptotic effects of Astragalus polysac-
charides. For example, Astragalus polysaccharides amelio-
rate doxorubicin-induced oxidative stress and apoptosis by
inhibiting p38 MAPK pathway in cultured primary neonatal
rat ventricular myocytes [44]. Thus, the MAPK pathway is
likely associated with the protective function of astragalan in
6-OHDA-intoxicated C. elegans. Nevertheless, other stress-
response signalling pathwaysmay also be involved. For exam-
ple, a sulfated polysaccharide isolated from sea cucumber
Stichopus japonicus prevents 6-OHDA cytotoxicity through
activation of PI3K/Akt signalling pathway in human neurob-
lastoma SH-SY5Y cells [45]. However, the exact signalling
mechanisms underlying the neuroprotective effect of astra-
galan need further investigation.

3.6. Astragalan Increases Acetylcholinesterase Activity in 6-
OHDA-Intoxicated C. elegans. Although PD is characterized
bymotor impairment and psychiatric disturbancemainly due
to nigrostriatal dopaminergic denervation, increasing evi-
dences reveal that a varying degree of degeneration in the
cholinergic, serotonergic, and noradrenergic systems also
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Figure 5: Effect of astragalan on the acetylcholinesterase activity in
C. elegans. The 6-OHDA-exposed or unexposed BZ555 nematodes
were treated with 2.0mg/mL of astragalan and then used to deter-
mine the acetylcholinesterase activities. Results are presented as
mean ± SEM of three independent experiments. ∗𝑝 < 0.05 versus
6-OHDA-exposed nematodes.

contributes to motor and nonmotor abnormalities [46, 47].
For example, the nigrostriatal dopamine depletion trig-
gers excessive release of excitatory neurotransmitter acetyl-
choline, leading to dysfunction of the corticobasal ganglia-
thalamocortical loop circuits in PD patients [46]. In C.
elegans, acetylcholine plays an important role in the control
of various behaviors, including locomotion, feeding, mating,
and egg laying, whereas acetylcholinesterase (AChE) is able
to hydrolyze acetylcholine at neuronal junctions [48]. The
administration of 6-OHDA has been reported to decrease
AChE activity in animalmodels such asC. elegans and rats [7,
18, 49].Thus, targeting AChE, an indirect indicator of cholin-
ergic system function, provides a helpful strategy to alleviate
the behavioral deficit in PD progression. In the present study,
we tested whether astragalan regulated AChE activity in
BZ555 nematodes. As shown in Figure 5, AChE activity was
decreased in BZ555 nematodes after being exposed to 6-
OHDA (𝑝 < 0.05). When the nematodes were cotreated with
6-OHDA and 2.0mg/mL of astragalan, the decreased AChE
activity was significantly elevated (𝑝 < 0.05). Interestingly, a
previous study has shown that Astragalus polysaccharide was
able to attenuate homocysteine-mediated inhibition of vaso-
relaxation to acetylcholine [50], suggesting its potential to
influence cholinergic system. Together, our results suggest
that the restoration of cholinergic system function may be
associated with the protective effect of astragalan against 6-
OHDA-mediated neuronal dysfunction.

4. Conclusions

In this study, we reveal that A. membranaceus polysaccha-
ride astragalan not only attenuates the degeneration of dopa-
minergic neurons and the deficiency of food-sensing behav-
ior but also increases the lifespan of 6-OHDA-exposed nema-
todes. We also demonstrate that astragalan is capable of
reducing ROS level and inhibiting lipid peroxidation as well
as increasing SOD andGPx activities in 6-OHDA-intoxicated

nematodes. Further studies indicate that astragalan is able
to reduce the transcript level of proapoptotic gene egl-1 and
increase AChE activity in 6-OHDA-exposed nematodes.
Together, these findings suggest that the Astragalus polysac-
charide astragalan can suppress 6-OHDA neurotoxicity
through reducing oxidative stress, regulating apoptosis path-
way and restoring cholinergic system function.
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elegans EGL-1 disrupts the interaction of CED-9 with CED-
4 and promotes CED-3 activation,” The Journal of Biological
Chemistry, vol. 273, no. 50, pp. 33495–33500, 1998.

[37] R. Nass, D. H. Hall, D. M. Miller III, and R. D. Blakely, “Neuro-
toxin-induced degeneration of dopamine neurons in Caenor-
habditis elegans,” Proceedings of the National Academy of Sci-
ences of the United States of America, vol. 99, no. 5, pp. 3264–
3269, 2002.

[38] P. Pu and W. Le, “Dopamine neuron degeneration induced
by MPP+ is independent of CED-4 pathway in Caenorhabditis
elegans,” Cell Research, vol. 18, no. 9, pp. 978–981, 2008.

[39] O. J. Olatunji, Y. Feng, O. O. Olatunji, J. Tang, Z. Ouyang, and
Z. Su, “Cordycepin protects PC12 cells against 6-hydroxydopa-
mine induced neurotoxicity via its antioxidant properties,” Bio-
medicine & Pharmacotherapy, vol. 81, pp. 7–14, 2016.

[40] H. Qian, X. Xu, and L. E. Niklason, “Bmk-1 regulates lifespan in
Caenorhabditis elegans by activating hsp-16,” Oncotarget, vol. 6,
no. 22, pp. 18790–18799, 2015.



10 Oxidative Medicine and Cellular Longevity

[41] K.-J. Yin, C. Y. Hsu, X.-Y. Hu et al., “Protein phosphatase 2A
regulates bim expression via the Akt/FKHRL1 signaling path-
way in amyloid-𝛽 peptide-induced cerebrovascular endothelial
cell death,”The Journal of Neuroscience, vol. 26, no. 8, pp. 2290–
2299, 2006.

[42] M. Genestra, “Oxyl radicals, redox-sensitive signalling cascades
and antioxidants,” Cellular Signalling, vol. 19, no. 9, pp. 1807–
1819, 2007.

[43] Y. Son, S. Kim, H.-T. Chung, and H.-O. Pae, “Reactive oxygen
species in the activation of MAP kinases,”Methods in Enzymol-
ogy, vol. 528, pp. 27–48, 2013.

[44] Y. Cao, Y. Ruan, T. Shen et al., “Astragalus polysaccharide sup-
presses doxorubicin-induced cardiotoxicity by regulating the
PI3k/Akt and p38MAPK pathways,” Oxidative Medicine and
Cellular Longevity, vol. 2014, Article ID 674219, 12 pages, 2014.

[45] C. Cui, N. Cui, P. Wang, S. Song, H. Liang, and A. Ji,
“Neuroprotective effect of sulfated polysaccharide isolated from
sea cucumber Stichopus japonicus on 6-OHDA-induced death
in SH-SY5Y through inhibition of MAPK and NF-𝜅B and
activation of PI3K/Akt signaling pathways,” Biochemical and
Biophysical Research Communications, vol. 470, no. 2, pp. 375–
383, 2016.

[46] T. Aosaki, M. Miura, T. Suzuki, K. Nishimura, and M. Masuda,
“Acetylcholine-dopamine balance hypothesis in the striatum:
an update,” Geriatrics & Gerontology International, vol. 10,
supplement 1, pp. S148–S157, 2010.

[47] N. I. Bohnen and R. L. Albin, “The cholinergic system and
Parkinson disease,” Behavioural Brain Research, vol. 221, no. 2,
pp. 564–573, 2011.

[48] M. Jospin, Y. B. Qi, T. M. Stawicki et al., “A neuronal acetyl-
choline receptor regulates the balance of muscle excitation and
inhibition inCaenorhabditis elegans,”PLoS Biology, vol. 7, no. 12,
article e1000265, 2009.

[49] T. A. Slotkin, I. T. Ryde, N. Wrench, J. A. Card, and F. J.
Seidler, “Nonenzymatic role of acetylcholinesterase in neuritic
sprouting: regional changes in acetylcholinesterase and choline
acetyltransferase after neonatal 6-hydroxydopamine lesions,”
Neurotoxicology and Teratology, vol. 31, no. 3, pp. 183–186, 2009.

[50] B.-Q. Zhang, S.-J. Hu, L.-H. Qiu et al., “Effects of Astragalus
membranaceus and its main components on the acute phase
endothelial dysfunction induced by homocysteine,” Vascular
Pharmacology, vol. 46, no. 4, pp. 278–285, 2007.



Research Article
(−)-Epicatechin Prevents Blood Pressure Increase and
Reduces Locomotor Hyperactivity in Young Spontaneously
Hypertensive Rats

M. Kluknavsky,1 P. Balis,1 A. Puzserova,1 J. Radosinska,2,3 A. Berenyiova,1

M. Drobna,1 S. Lukac,4 J. Muchova,5 and I. Bernatova1

1 Institute of Normal and Pathological Physiology, Centre of Excellence for Examination of Regulatory Role of Nitric Oxide
in Civilization Diseases, Slovak Academy of Sciences, Bratislava, Slovakia
2Institute of Physiology, Faculty of Medicine, Comenius University, Bratislava, Slovakia
3Institute for Heart Research, Slovak Academy of Sciences, Bratislava, Slovakia
4Institute ofMedical Physics, Biophysics, Informatics and Telemedicine, Faculty ofMedicine, Comenius University, Bratislava, Slovakia
5Institute of Medical Chemistry, Biochemistry and Clinical Biochemistry, Faculty of Medicine, Comenius University,
Bratislava, Slovakia

Correspondence should be addressed to I. Bernatova; iveta.bernatova@savba.sk

Received 30 May 2016; Revised 8 September 2016; Accepted 4 October 2016

Academic Editor: Renata Szymanska

Copyright © 2016 M. Kluknavsky 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.

This study investigated the effects of subchronic (−)-epicatechin (Epi) treatment on locomotor activity and hypertension
development in young spontaneously hypertensive rats (SHR). Epi was administered in drinkingwater (100mg/kg/day) for 2 weeks.
Epi significantly prevented the development of hypertension (138 ± 2 versus 169 ± 5mmHg, 𝑝 < 0.001) and reduced total distance
traveled in the open-field test (22 ± 2 versus 35 ± 4m, 𝑝 < 0.01). In blood, Epi significantly enhanced erythrocyte deformability,
increased total antioxidant capacity, and decreased nitrotyrosine concentration. In the aorta, Epi significantly increased nitric
oxide (NO) synthase (NOS) activity and elevated the NO-dependent vasorelaxation. In the left heart ventricle, Epi increased
NOS activity without altering gene expressions of nNOS, iNOS, and eNOS. Moreover, Epi reduced superoxide production in
the left heart ventricle and the aorta. In the brain, Epi increased nNOS gene expression (in the brainstem and cerebellum) and
eNOS expression (in the cerebellum) but had no effect on overall NOS activity. In conclusion, Epi prevented the development
of hypertension and reduced locomotor hyperactivity in young SHR. These effects resulted from improved cardiovascular NO
bioavailability concurrently with increased erythrocyte deformability, without changes in NO production in the brain.

1. Introduction

Arterial hypertension is a frequent health problem world-
wide. Primary hypertension is detectable in children and
adolescents and is increasing in prevalence [1]. Attention
deficit hyperactivity disorder (ADHD) is one of the most
common developmental disorders that affects approximately
5–7% of children and adolescents [2]. The rate of learning
disabilities, including ADHD, is significantly higher for
childrenwith sustained primary hypertension as compared to
children without hypertension [3]. Arterial hypertension, in
addition to other mechanisms, was associated with reduced

deformability of erythrocytes, which may participate in the
development of both arterial hypertension [4] and behavioral
changes.

Spontaneously hypertensive rats (SHR) are a commonly
used model of human essential hypertension. SHR also serve
as an experimental model of ADHD due to their locomotor
hyperactivity and reduced anxiety [5, 6]. However, it is not
clear whether the pathways involved in the development of
hypertension overlap with those involved in the modulation
of locomotor activity. Notably, NO serves as vasodilator in
the cardiovascular system (CVS) and as neurotransmitter
and neuromodulator in the central and peripheral nervous
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systems. Therefore, alterations in NO production affect both
blood pressure (BP) and behavior. Indeed, neuronal nitric
oxide synthase (nNOS) was shown to be involved in various
behavioral abnormalities, including ADHD [7, 8].

Oxidative stress is the excessive formation of reactive
oxygen species (ROS), especially superoxide (O

2

∙−), to a
level exceeding the maximal capacity of the antioxidant
defense mechanisms of the organism. Oxidative stress has
been found to be involved in many disease states, includ-
ing hypertension and behavioral/mental disorders, in both
rodents and humans [9–11]. Superoxide is produced by var-
ious physiological aerobic metabolic processes as well as by
several enzymatic pathways. One of the main sources of O

2

∙−

in living organisms is nicotinamide adenine dinucleotide
phosphate oxidase (NADPH oxidase); however, uncoupled
nitric oxide synthase (NOS) may also be a significant source
of ROS [9]. Furthermore, increased O

2

∙− production may
lead to formation of peroxynitrite, a strong prooxidant, which
causes peroxynitrite-related cellular damage [12], observed in
various cardiovascular disorders [13, 14].

Over the past two decades, there has been increasing
interest in the potential health benefits associated with the
consumption of flavanol-containing foods [15, 16]. Several
studies have reported that the consumption of flavanol-
containing foods was associated with a lower prevalence
of cardiovascular diseases [17, 18]. Furthermore, several
meta-analyses have confirmed a BP-lowering capacity and
antihypertensive effect of flavanol-rich foods derived from
cocoa [19, 20]. BP-lowering effect of cocoa-derived products
depended on the dose of ingested (−)-epicatechin (Epi) [21].

Epi is absorbed well from the gastrointestinal tract in
both humans and rats, detectable in plasma approximately
30min after ingestion. Epi concentrations peak 2-3 h after
ingestion and return to baseline by 6–8 h [22, 23], suggesting
that the continuous intake of Epi-containing food is needed
tomaintain elevated circulation levels.TheBP-reducing effect
of Epi was shown in models of L-NAME-induced [24],
fructose-induced [25], andDOCA-salt hypertension [26].We
have previously observed that Epi reduces BP and improves
endothelium-dependent vasorelaxation in adult SHR with
fully developed hypertension via improved vascular NO
bioavailability [27].

Regarding the role of Epi in the central nervous system
(CNS), recent studies have demonstrated that Epi can cross
the blood-brain barrier (BBB) and enter the brain [28, 29],
which may result in altered CNS function. Studies have also
shown that prolonged cocoa flavanol consumption improves
cognitive function, blood pressure control, and metabolic
profile in elderly subjects [30]. Although the underlying
mechanism responsible for the observed effects of cocoa-
derived foods on the CNS remains unknown, it may be
associated with improved NO bioavailability, vascular func-
tion, and/or increased erythrocyte deformability, which all
together may improve organ perfusion.

Therefore, the aim of this studywas to investigate whether
the subchronic treatment of peripubertal SHR with Epi may
prevent the development of hypertension and locomotor
hyperactivity in this genetic model of hypertension and
ADHD. To elucidate the mechanism(s) of Epi action, we

investigated superoxide and NO production as well as the
gene expression of the p22phox subunit of NADPH oxidase
and individual NOS isoforms in the CVS and selected regions
of the brain, total antioxidant capacity of plasma, nitrosative
damage, the deformability of erythrocytes, and vascular
function.

2. Material and Methods

2.1. Animals and Treatment. Young 5-week-old SHR males
(𝑛 = 18) were used. All rats were born in our certified
animal facility (Institute of Normal and Pathological Phys-
iology SAS) in order to maintain the same environmental
background for all animals. The rats were housed two per
cage at constant temperature 22–24∘C and humidity (45–
60%) with a 12 : 12 h light-dark cycle (lights on from 06.00
a.m. to 06.00 p.m.) and fed a standard pellet diet with tap
water ad libitum. At the beginning of the experiment (Basal,
B), rats were randomly assigned to the control group (Cont,
𝑛 = 8) or a group treated with Epi (Epi, 𝑛 = 10). Epi was
administered to rats diluted in the appropriate daily volume
of water, in concentration that resulted in a final daily dose
of Epi approximately 100mg/kg body weight/day, for two
weeks. Daily volume of water was assessed for each cage
of rats prior to starting the experiment and adjusted daily.
Average daily drinking volume of rats was 17 ± 0.8 mL/100 g
of body weight and Epi did not influence it. Concentrated Epi
solution (100mg/mL) was prepared fresh every day before
administration to rats by dilution of Epi in tap water (85∘C,
3min, in water bath). Calculated volume of concentrated
Epi solution was added to assessed volume of fresh tap
water in the bottles of rats to reach the dose 100mg/kg
body weight/day after drinking out all liquid during 24 h
period. Concentration of Epi in bottles was approximately
0.58mg/mL. If rats drank the given volume of liquid earlier,
fresh water was added to the bottle to prevent thirst and/or
stress from the lack of water. Epi solutions (both concentrated
and diluted in bottles) were protected against the light. Fresh
Epi was administered to rats at the end of the light period,
as the majority of drinking activity of rodents occurs in the
dark (active) period [31]; thus approximately 80% of solution
was drunk during the dark period and the rest in the light
period.Thermal and time-dependent stability of Epi in water
has been shown previously [32].

At the end of the 2-week treatment, the rats were exposed
to brief CO

2
anesthesia. Rats were subsequently killed by

decapitation, and trunk blood was collected to evaluate
erythrocyte deformability, nitrotyrosine concentration, and
total antioxidant capacity. Wet mass of the left heart ven-
tricle (LHV) was determined to calculate relative weight
(LHV/body weight) in order to ascertain the degree of LHV
hypertrophy.

All procedures were performed in accordance with the
institutional guidelines and approved by the Department of
Animal Wellness, State Veterinary and Food Administration
of the Slovak Republic.

2.2. Blood Pressure and Heart Rate. Systolic blood pressure and
heart rate (HR)weremeasured in preconditioned, conscious rats
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by noninvasive tail-cuff plethysmography between 08:00 a.m.
and 11:00 a.m. as described in detail previously [33]. Each
value was calculated as the average of five measurements.
BP values were measured repeatedly at the beginning of the
experiment (B) and after the seventh, tenth, and fourteenth
day of treatment. Body weight (BW) was determined on the
same days.

2.3. Open-Field Test. Rat motor activity and anxiety level
were measured using the open-field test (OF) between 07:30
a.m. and 10:00 a.m. The open-field apparatus comprised a
100 × 100 cm area with a black floor and black walls (50 cm
high) with a virtual central zone (55 × 55 cm) and corners
(12.5 × 12.5 cm). The OF was illuminated by warmwhite
light at 150 lx. Rats were placed in the centre of the OF;
motor activity was recorded and evaluated by ANY-maze
video-tracking software (Stoelting, USA) during 10 min
trials. The OF area was cleaned with soapy water and dried
with paper towels after each trial. The following behavioral
parameters were determined: total distance traveled, total
time of immobility, central zone distance traveled, and time
spent in the central zone and in the corners. Average speed
was calculated as the ratio of total distance traveled to time of
mobility for a given rat. As anxiety markers, relative central
zone distance (calculated as the percentage of central zone
distance with respect to total distance traveled) and relative
central zone time (calculated as the percentage of time spent
in the central zone with respect to total mobility time) were
determined [34].

All rats were tested one day before the beginning of the
experiment to determine baseline measurements (B) in 5-
week-old rats. Rats were randomly assigned to the control
or Epi-treated group and tested again two days before the
end of the experiment (∼7 weeks of age). Thus, OF behavior
was determined one day prior to BP measurement to avoid
the effect of the OF test on BP level. All cages with rats were
placed into a test room with the lighting and environmental
conditions described above, approximately 12 h before the
test.

2.4. Erythrocyte Deformability, Total Antioxidant Capacity of
Plasma, and Nitrotyrosine Concentration. Trunk blood sam-
ples were collected in heparinized test tubes and immediately
thereafter centrifuged at 850×g for 10min at 4∘C to obtain
plasma and erythrocytes. Plasma was separated, aliquoted,
and stored at −80∘C until the time of analysis.

After removing the plasma, the buffy coat and upper
20% of packed red blood cells were removed by aspira-
tion. The remaining erythrocytes were washed three times
in manufacturer-formulated Cellpack solution (diluent for
Sysmex blood analyser, Sysmex F–820, Japan). The washed
erythrocytes were diluted in Cellpack solution (1 : 1, v : v) and
adjusted to 30–40% hematocrit. The diluted suspension of
erythrocytes was filtered by centrifugation through mem-
brane filters with pores of 5𝜇m in diameter (Ultra-free-
MC SV Centrifugal Filter, Millipore, Germany) at 1400 rpm
(Hettich MIKRO 120 centrifuge). Erythrocyte deformability
was calculated as the percentage of filtered erythrocytes
with respect to the number of erythrocytes counted before
centrifugation [35].

The total antioxidant capacity (TAC) of plasma was
measured by determining the trolox equivalent antioxidant
capacity as described previously by [36]. Quantification was
performed using the dose-response curve for the reference
antioxidant trolox, which is a water-soluble form of vitamin
E. The results are presented as mmol of trolox/L. TAC was
determined in six control and six Epi-treated rats.

Concentration of nitrotyrosine in plasma was detected by
ELISA using commercially available kit (HK501-02, Hycult
Biotech, Uden, Netherlands) according to the manufacturer’s
protocol. Absorbance of the plasma samples was measured
at 450 nm. The nitrotyrosine concentration of samples was
determined from the standard curve and expressed in
nmol/L.

2.5. Superoxide Production. The production of superoxide
(O
2

∙−) was measured in tissue samples of the LHV and
thoracic aorta (15–20mg) by lucigenin-enhanced chemi-
luminescence (50𝜇mol/L) using a TriCarb 2910TR liquid
scintillation analyser (Perkin Elmer), as described previously
[37]. The results are expressed as counts per minute per
milligram of tissue (cpm/mg).

2.6. Nitric Oxide Synthase Activity. Total NOS activity was
measured in the 20% tissue homogenates of the LHV, aorta,
brainstem, and cerebellum by determining [3H]-L-citrulline
formation from [3H]-L-arginine (MP Biomedicals, USA) as
described previously [33] and expressed as pmol/min/mg of
tissue proteins as determined using the Lowry method. NOS
activity was determined in six control and eight Epi-treated
rats.

2.7. Vascular Function. The vascular reactivity of the aorta
was investigated as described previously [38]. Endothelium-
dependent vasorelaxant responses were examined in rings
precontracted with phenylephrine (3 𝜇mol/L) to produce a
stable plateau of contraction. After a contraction plateau
had been reached, increasing concentrations of acetylcholine
(ACh, 0.001–10𝜇mol/L) were added cumulatively. When
the ACh-induced concentration-relaxation curve was com-
pleted, the drugs were washed out (20min), and the same
experiment was repeated after 25min preincubation with
NO synthase inhibitor NG-nitro-L-arginine methyl ester (L-
NAME, 300 𝜇mol/L). After this procedure and a 30 min
washout period, the NO donor sodium nitroprusside (SNP,
0.001–10 𝜇mol/L) was added cumulatively to the 3 𝜇mol/L
phenylephrine precontracted aortae.The extent of vasorelax-
ation was expressed as the percentage change with respect to
stable phenylephrine-induced contraction.

NO-independent component of endothelium-dependent
ACh-induced relaxation was determined as the rest of relax-
ation present after inhibition of vascular NO production with
L-NAME and expressed as the area under the concentration-
response curve (AUC), in arbitrary units (a.u.). Endothelium-
dependent ACh-induced relaxation mediated by NO (i.e.,
NO-dependent component) was calculated as the difference
in the AUC before L-NAME pretreatment (i.e., total ACh-
induced relaxation) and after L-NAME pretreatment (i.e.,
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Table 1: Primer pairs used to amplify selected genes.

Genes Forward (sense) primer Reverse (antisense) primer Temp
eNOS CCC ACA GTC TGG TTG CT TCA CCG TGC CCA TGA GT 57∘C
iNOS TGG AGG TGC TGG AAG AGT T GGA GGA GCT GAT GGA GTA GT 57∘C
nNOS CGC TAC GCG GGC TAC AAG CA GCA CGT CGA AGC GGC CTC TT 60∘C
𝛽-actin AAT CGT GCG TGA CAT CAA AG ATG CCA CAG GAT TCC ATA CC 57∘C
p22phox CAG GCA TAT ACC CGC TAC CT TCT GTC ACC CTG TGC TTG AC 60∘C

NO-independent relaxation). AUCwas calculated from indi-
vidual concentration-response curves, as it was described in
detail previously [33].

2.8. Gene Expression. Expression levels of neuronal NOS
(nNOS), inducible NOS (iNOS), and endothelial NOS
(eNOS) as well as p22phox (a transmembrane subunit of
NADPH oxidase) were investigated by real-time quantitative
polymerase chain reaction (RT-qPCR) using a CFX96 Real-
Time PCR detection system (Bio–Rad, USA). Total RNA
from the brainstem, cerebellum, and LHV samples was
isolated using TRIsure reagent (Bioline, United Kingdom)
according to themanufacturer’s protocol.The amount of total
RNA isolated was quantified spectrophotometrically at 260/
280 nm using a NanoDrop spectrophotometer (Thermo Sci-
entific, USA).

For reverse transcription (Eppendorf Mastercycler, Ger-
many), 1 𝜇g of total RNA was added to 20 𝜇L of reaction
medium using a SensiFAST� cDNA Synthesis Kit (Bioline,
UK) according to the manufacturer’s protocol.

The primer pair specifications used to amplify the
genes studied (nNOS, iNOS, eNOS, and p22phox, resp.) as
well as a housekeeping gene (𝛽-actin) are listed in Table 1.
The PCR mixture contained 1.5 𝜇L of template cDNA
diluted tenfold, 10 𝜇L SensiFAST mix (SensiFAST SYBR No–
ROX kit, Bioline, UK), 1.5 𝜇L of both forward and reverse
primers (Metabion, Germany, 4𝜇mol/L), and 5.5 𝜇L diethyl-
pyrocarbonate-treated water (Sigma–Aldrich, Germany) in
a final volume of 20𝜇L. The thermal cycling conditions
were as follows: (1) 50∘C for 2min, (2) 95∘C for 2min, (3)
39 cycles consisting of (a) 95∘C for 5 sec, (b) an optimal
annealing temperature (depending on the selected primer,
see Table 1) for 10 sec, and (c) 72∘C for 5 sec for PCR product
elongation, and (4) 72∘C for 1.5min. Finally, melt curves for
amplicon analyses were constructed at 50–99∘C, 10 sec/1∘C.
Samples were measured using Bio–Rad CFX Manager soft-
ware (version 2.0) and 𝛽-actin as the housekeeping gene.
Gene expression was determined in six control and eight Epi-
treated rats and expressed as the ratio of gene expression with
respect to 𝛽-actin levels.

All chemicals used in this study were purchased from
Sigma–Aldrich (Germany) and Merck Chemicals (Ger-
many), if not stated differently. Epiwas purchased fromSigma
(Germany, Cat. no. E1753).

2.9. Statistical Analysis. Results were analysed by unpaired
Student t-test or one-way analysis of variance (ANOVA)

where appropriate. BP, HR, and BW were analysed by two-
way ANOVA (treatment × time). Vascular function was
analysed by two-way ANOVA (treatment × ACh concentra-
tion). All ANOVA analyses were followed by the Bonferroni
post hoc test. Values were considered to differ significantly
when 𝑝 < 0.05. Data are presented as mean ± standard
error of the mean (SEM). Correlations between variables
were determined using Pearson’s correlation coefficient (r).
GraphPad Prism 5.0 (GraphPad Software, Inc., USA) and
Statistica 7 (Stat Soft, Inc., USA) were used for the statistical
analyses.

3. Results

Two-week Epi treatment had no effect on the increase in BW
controlled for age (data not shown). Relative weight of the
LHV was similar in the Epi (2.21 ± 0.07mg/g) and control
(2.31 ± 0.06mg/g) groups. BP was reduced by approximately
18% in Epi-treated rats as compared to controls at the end of
treatment (Figure 1(a)). Epi treatment reduced heart rate only
on the 10th day of treatment (571.8±17 bpm in control versus
524.8 ± 8.2 bpm in Epi, 𝑝 < 0.05) while only nonsignificant
difference (540±19 bpm versus 530±9 bpm)was observed on
day 14. In addition, Epi increased erythrocyte deformability
by approximately 8% (𝑝 < 0.05), increased the TAC (𝑝 <
0.05), and reduced nitrotyrosine concentration in plasma
(𝑝 < 0.05) versus controls (Figures 1(b), 1(c), and 1(d)).

Regarding rat behavior, repeated testing in the open-field
at the end of experiment led to habituation of locomotor
activity detected as reduction of total distance traveled
and increase of total immobility compared to Basal values
(Figures 2(a) and 2(b)). Epi administration led to a significant
decrease in locomotor activity as represented by total distance
traveled (Figure 2(a)), increased immobility (Figure 2(b)),
and reduced the average speed of movement (Figure 2(g))
in treated animals as compared to age-matched controls. Epi
decreased the distance traveled (Figure 2(c)) and time spent
in the central zone (Figure 2(d)). In addition, Epi reduced
both relative distance traveled and relative time spent in
the central zone (Figures 2(e) and 2(f)). Epi treatment also
significantly elevated time spent in the corners (Figure 2(h))
in treated animals as compared to controls.

Epi significantly reduced O
2

∙− production and increased
NOS activity in the LHV (Figures 3(a) and 3(b)). However,
Epi failed to affect gene expression levels for individual NOS
isoforms (Figures 3(c)–3(e)) and p22phox (Figure 3(f)) in the
LHV.



Oxidative Medicine and Cellular Longevity 5

Cont
Epi

∗

∗ ∗

100

120

140

160

180
Sy

sto
lic

 b
lo

od
 p

re
ss

ur
e (

m
m

H
g)

Basal 14107

Day of treatment

(a)

Cont Epi

∗

60

65

70

75

80

D
ef

or
m

ab
ili

ty
 o

f e
ry

th
ro

cy
te

s (
%

)

(b)

Cont Epi

∗

10

11

12

13

A
nt

io
xi

da
nt

 ca
pa

ci
ty

 (m
m

ol
 o

f t
ro

lo
x/

L)

(c)

Cont Epi

∗

8

10

12

14

16

N
itr

ot
yr

os
in

e (
nm

ol
/L

)

(d)

Figure 1: Effect of (−)-epicatechin on systolic blood pressure (a), deformability of erythrocytes (b), total antioxidant capacity of plasma (c),
and plasma nitrotyrosine concentration (d) in spontaneously hypertensive rats. ∗𝑝 < 0.05 versus Cont group. Values represent mean ± SEM;
𝑛 = 6–8 for Cont and 𝑛 = 6–10 for Epi. Abbreviations: Cont: control group and Epi: (−)-epicatechin-treated group.

In the aorta, Epi significantly reduced O
2

∙− production
and increased NOS activity (Figures 4(a) and 4(b)). Neither
endothelium-independent relaxation responses induced by
SNP nor overall endothelium-dependent relaxation induced
by ACh differed significantly in the aortae of control as
compared to Epi-treated rats (Figures 4(c) and 4(d)). Acute L-
NAME pretreatment, which inhibited NO-dependent relax-
ation, inhibited relaxationmore strongly in Epi-treated rats as
compared to controls (Figure 4(e)). Calculation of the AUC
revealed that Epi significantly increased endothelial NO-
dependent relaxation by approximately 26% versus control
and concurrently decreased endothelial NO-independent
relaxation in the aorta (Figure 4(f)).

NOS activity was unaffected by Epi in both brain regions
investigated (brainstem and cerebellum) (Figures 5(a) and
6(a)). Interestingly, NOS activity in the brainstem and cere-
bellum correlated positively with total distance traveled (as
shown in Figures 5(b) and 6(b)) as well as with central zone
distance traveled in the OF (𝑟 = 0.53, 𝑝 < 0.05, 𝑛 = 14 for
brainstem; 𝑟 = 0.62, 𝑝 < 0.02, 𝑛 = 14 for cerebellum).

Gene expression levels of nNOS increased (Figures 5(c)
and 6(c)) while iNOS levels remained the same in both brain
regions investigated in Epi-treated rats (Figures 5(d) and
6(d)). Interestingly, eNOS and p22phox gene expression were
increased in the cerebellum of Epi-treated rats as compared
with controls (Figures 6(e) and 6(f)). This effect was not
observed in the brainstem.

4. Discussion

This study investigates the effect of subchronic treatmentwith
Epi in young SHR rats, at the peripubertal age, which is a
critical developmental period when BP increases rapidly in
SHR [39, 40]. We show that continuous Epi treatment during
this period significantly prevented BP increase and reduced
spontaneous locomotor hyperactivity in SHR. In addition,
we show here for the first time that Epi treatment increased
erythrocyte deformability in SHR.

In this study, Epi was administered continuously in tap
water. It is known that Epi is subject to partial degradation in
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Figure 2: Effect of (−)-epicatechin treatment on open-field behavior of spontaneously hypertensive rats. Total distance traveled (a), total
immobility (b), distance traveled in the central zone (c), time spent in the central zone (d), relative central zone distance (e), relative central
zone time (f), average speed (g), and time spent in the corners (h). Values represent mean ± SEM; 𝑛 = 18 for Basal, 𝑛 = 8 for Cont, and 𝑛 = 10
for Epi. x𝑝 < 0.05 versus Basal values; ∗𝑝 < 0.05 versus Cont group. Abbreviations: Cont: control group and Epi: (−)-epicatechin-treated
group.
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Figure 3: Effect of (−)-epicatechin treatment on superoxide production (a), nitric oxide synthase (NOS) activity (b), gene expression
of neuronal NOS (nNOS, c), inducible NOS (iNOS, d), endothelial NOS (eNOS, e), and the p22phox subunit of nicotinamide adenine
dinucleotide phosphate oxidase (f) in the left heart ventricle of spontaneously hypertensive rats. Values represent mean ± SEM; 𝑛 = 6–8
for Cont and 𝑛 = 8–10 for Epi. ∗𝑝 < 0.05 versus Cont group. Abbreviations: Cont: control group and Epi: (−)-epicatechin-treated group.

water and further metabolism after ingestion. The presence
of Epi and/or its metabolites (e.g., 3-O-methyl epicatechin
and 4-O-methyl epicatechin) in plasma as well as in the
brain was detected previously after administration of the
same dose of Epi as used in this study [41]. However, despite
the fact that biologically active substance(s) may differ from
Epi itself, this study demonstrates the significant biological
effects of orally administered Epi. We used the given dose
of Epi (100mg/kg/day), as we were interested in possible
central effects of Epi, despite the fact that BP-lowering
effect can be reached by lower doses. As the relatively
high dose of Epi was used in this study, we determined
creatinine, uric acid, and urea in plasma at the end of Epi
treatment to reveal whether the given dose of Epi is safe
or if it produces adverse side effects to kidneys. No signs

of renal toxicity of the given dose of Epi were observed in
our study (see Supplementary Materials available online at
http://dx.doi.org/10.1155/2016/6949020).

The Epi-mediated prevention of hypertension develop-
ment was associated with elevated plasma TAC and reduced
superoxide production in the LHV and aortae of Epi-
treated rats. However, these findings were not associated with
changes in the gene expression of the p22phox subunit of
NADPH oxidase, one of themain sources of O

2

∙− in the CVS.
These findings support other studies in which the antioxidant
capacity of Epi was associated either with activation of the
enzymes involved in the antioxidant defense system [42] in
the heart or with radical-scavenging properties in endothelial
cells without affecting NADPH oxidase activity in vitro [43,
44]. On the other hand, short-term Epi cotreatment reduced

http://dx.doi.org/10.1155/2016/6949020
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Figure 4: Effect of (−)-epicatechin treatment on superoxide production (a), NOS activity (b), endothelium-dependent relaxation induced by
acetylcholine (c), endothelium-independent relaxation induced by SNP (d), inhibitory effect of L-NAMEpretreatment (300𝜇mol/L) onACh-
induced relaxation (e), andNO-dependent andNO-independent components of relaxation (f) in the aorta of spontaneously hypertensive rats.
Values represent mean ± SEM; 𝑛 = 6–8 for Cont and 𝑛 = 6–10 for Epi. ∗𝑝 < 0.05 versus Cont group. Abbreviations: ACh: acetylcholine, AUC:
area under the curve, a.u.: arbitrary units, Cont: control group, Epi: (−)-epicatechin-treated group, L-NAME: NG-nitro-L-arginine methyl
ester, NO: nitric oxide, NOS: nitric oxide synthase, and SNP: sodium nitroprusside.

protein expression levels of the p47phox subunit of NADPH
oxidase in the hearts of rats with L-NAME-induced hyperten-
sion [24] and in the renal cortex in fructose-fed rats [45], in
contrast to our findings in a genetic model of hypertension.
Regarding nitrosative damage, in vitro studies revealed that

Epi protected cells against peroxynitrite-induced damage [46,
47] similarly as we observed in vivo in blood.

In addition to the reduction in superoxide production
and increased NOS activity in the aorta and LHV as well as
reduced plasma nitrotyrosine concentration, increased aortic
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Figure 5: Effect of (−)-epicatechin treatment on nitric oxide synthase activity (a), correlation between total distance traveled in the open-
field and nitric oxide synthase activity (b) and gene expression of nNOS (c), iNOS (d), eNOS (e), and the p22phox (f) in the brainstem
of spontaneously hypertensive rats. Values represent mean ± SEM; 𝑛 = 6 for Cont and 𝑛 = 8–10 for Epi. ∗𝑝 < 0.05 versus Cont group.
Abbreviations: Cont: control group, Epi: (−)-epicatechin-treated group, NOS: nitric oxide synthase, eNOS: endothelial NOS, iNOS: inducible
NOS, nNOS: neuronal NOS, and p22phox: subunit of nicotinamide adenine dinucleotide phosphate oxidase.

endothelial NO-dependent relaxation also proofs better NO
bioavailability in the CVS. Interestingly, no effect of Epi on
e/i/nNOS gene expression in the LHVwas found in this study,
suggesting that Epi influences the catalytic properties of NOS
but not its gene expression in the CVS. A similar mechanism
was demonstrated previously in cultured endothelial cells
[48] as well as in the cardiac tissue of L-NAME-treated rats
[24]. Therefore, our study in a genetic model of spontaneous
hypertension confirms the ability of Epi to increase the

CVS capacity for NO production resulting in elevated NO
bioavailability; however, the involvement of individual NOS
isoforms remains to be clarified.

Regarding vascular function, acute Epi administration
induces both endothelium-dependent and endothelium-
independent relaxation in the isolated arteries of nor-
motensive rats and in human arteries [49–51]. The Epi-
induced endothelium-dependent relaxation in normotensive
rats was primarily mediated by NO [49, 50]. Recent study
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Figure 6: Effect of (−)-epicatechin treatment on nitric oxide synthase (NOS) activity (a), correlation between total distance traveled in the
open-field and NOS activity (b) and gene expression of nNOS (c), iNOS (d), eNOS (e), and p22phox (f) in the cerebellum of spontaneously
hypertensive rats. Values represent mean ± SEM; 𝑛 = 6 for Cont and 𝑛 = 8–10 for Epi. ∗𝑝 < 0.05 versus Cont group. Abbreviations:
Cont: control group, Epi: (−)-epicatechin-treated group, eNOS: endothelial NOS, iNOS: inducible NOS, nNOS: neuronal NOS, and p22phox:
subunit of nicotinamide adenine dinucleotide phosphate oxidase.

of Moreno-Ulloa et al. has suggested G protein-coupled
estrogen receptor (GPER) as a potential mediator of Epi
effects in vasculature, which was associated with elevated
phosphorylation of eNOS in Wistar rats [52]. We have
shown recently that relatively short-term (10-day) dietary
administration of Epi reversed endothelial dysfunction in the
femoral artery of adult SHR by enhancing the NO-dependent

component of relaxation [27]. Similarly, in people with never-
treated essential hypertension, administering flavanol-rich
dark chocolate (which has a high concentration of Epi)
for two weeks normalized the NO-mediated endothelium-
dependent relaxation in the brachial artery [53]. In this study,
Epi elevated NOS activity in the aorta and enhanced the NO-
dependent component of ACh-induced relaxation but failed
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to affect overall relaxation in peripubertal SHR. Yet despite
the lack of an effect on overall relaxation in the aorta, the
improvements in vascular NO bioavailability and the NO-
dependent component of relaxation observed in Epi-treated
rats in this studymay prevent vascular remodeling and reduce
vascular wall stiffness [54], both of which are observed in
hypertension [55–57].

Furthermore, the increased level of erythrocyte deforma-
bility observed in this study suggests improvements in blood
flow as well as oxygenation in individual organs, similarly as
has been recently observed in humans after two-week cocoa
flavanol intake [58]. As erythrocytes contain functional eNOS
and NO increases their deformability [59], it is plausible that
the positive health effects of Epi are associated with the NO-
related modulation of red blood cell properties [60]. Collec-
tively, these observations in various experimental conditions
both in vitro and in vivo suggest multiple mechanisms for
the cardioprotective effects of Epi that are associated with
improved NO bioavailability in the heart and vasculature as
well as with enhancement of mechanical properties of the red
blood cells.

In addition to the cardiovascular effects of Epi, our study
pointed also to possible central effects. As mentioned above,
Epi can cross the BBB [28, 29, 41]. Moreover, BBB was shown
to be damaged in hypertension, specifically, in the brainstem
and cerebellum [56, 61]. We chose these areas of the brain to
focus on because the cerebellum integrates the neural control
of movement and plays a role in the pathogenesis of ADHD
[62]. The brainstem was selected as it is a part of the brain
involved in the control of bodily motor function, in addition
to the regulation of cardiac and respiratory functions.

In humans, the consumption of natural polyphenols,
including cocoa flavanols, results in an acute improvement in
visual and cognitive functions [63, 64], whichmay be relevant
in the treatment of ADHD. Indeed, Pycnogenol�, a polyphe-
nol extract from the bark of the French maritime pine,
significantly reduces hyperactivity and improves attention,
visual-motor coordination, and concentration in children
with ADHD [65]. However, to our knowledge, the effect of
Epi on ADHD symptoms has not yet been investigated in
humans. Several studies in rodents have demonstrated the
variable effects of flavanols on behavior. In Wistar rats, a
single dose of cacao mass showed anxiolytic effects, but 2-
week consumption did not reduce anxiety-related behavior.
Locomotor activity in the OF was unaffected in those rats
[66]. Two-week cocoa polyphenolic extract treatment had an
antidepressant-like effect in Wistar-Unilever rats subjected
to a forced-swim test without accompanying changes in
locomotion in the OF [67]. In adult C57BL/6 mice, Epi
had an anxiolytic effect as represented by an elevated ratio
of distance traveled and time spent in the central zone
of the OF compared to periphery [68]. However, it has
to be noted that all of these studies were performed in
normotensive rodents. We used SHR, which are known to be
locomotor hyperactive with high levels of exploratory activity
and reduced levels of anxiety compared to normotensive rat
strains [5, 69, 70]. In our study, Epi administration attenuated
locomotor hyperactivity as determined by decreases in the

total distance traveled and the average speed of movement as
well as by increases in total immobility. Epi also deceptively
elevated anxiety in the OF, as suggested by reductions in total
distance traveled and time spent in the central zone (in both
absolute and relative values) and increased time spent in the
corners. However, considering the innate hyperactivity and
low anxiety levels of control SHR, Epi, in fact, corrected their
behavioral abnormalities. These alterations were not associ-
ated with changes in NOS activity in the selected brain areas.
However, in contrast to our findings in the LHV, we observed
increased nNOS gene expression in both areas of the brain
investigated here; eNOS gene expression increased only in
the cerebellum. Interestingly, NOS activity in the brainstem
and cerebellum correlated positively with locomotor activity
and negatively with anxiety level (determined as a reduction
in the central zone distance traveled) in the OF. These
correlations were stronger in the cerebellum, suggesting that
cerebellar NO-dependent mechanisms are more significantly
involved in modulation of locomotor activity in young SHR.
Yet, the studies performed to date in rats and in humans
have demonstrated the considerable variability of findings
on the role of NO in the modulation of behavior as well
as the varying effects of NO in different neuroanatomical
structures of the brain, which might even be antagonistic on
the behavioral level [8, 34].

It is of interest that gene expression levels for the p22phox
subunit of NADPH oxidase were increased in the cerebellum
following Epi treatment, which is in contrast to the findings
reported for the CVS in different animal models of hyper-
tension [24–26]. If the Epi-induced upregulation of NADPH
oxidase gene expressionwas to be followed by translation into
functional enzyme, the abovementioned antioxidant effects
of Epi could still maintain ROS at physiological levels. Our
review of the literature did not reveal any study that has inves-
tigated the effect of subchronic Epi treatment on e/i/nNOS or
p22phoxNADPH oxidase subunit gene expression or activity
in the CVS or brain of SHR. Yet our findings suggest that Epi
exerts tissue-specific effects on the expression of individual
NOS isoforms and NADPH oxidase subunits in SHR. These
effects may not correlate with enzyme activity levels in the
corresponding tissue [71].

The simultaneous prevention of BP increase and reduced
hyperactivity of SHR observed in this study suggest the pos-
sibility of a commonmechanism(s) underlying both patholo-
gies. One possiblemechanism is a reduction in noradrenergic
neurotransmission, which is elevated in SHR and associated
with high blood pressure and locomotor hyperactivity [62,
72]. In Epi-treated SHR rats, noradrenergic hyperfunction
may be diminished by presynaptic 𝛼

2
-autoreceptor-mediated

feedback [62, 73], the improvement of calcium signaling
[62, 74], and/or increases in bioavailability of NO [75]. These
effects may prevent hypertension development and decrease
locomotion in young SHR. Another plausible mechanism
is the improvement of regional cerebral blood flow, as its
alterations were observed in SHR and children with ADHD
[62, 76] and flavanol-rich cocoa consumption improved it in
older healthy volunteers [77].

Although our study brought interesting results related
to simultaneous prevention of hypertension and reduction
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of behavioral hyperactivity in juvenescent rats, there are
certain limitations of this study. Firstly, NO production, gene
expressions, and vascular function were determined in the
aorta. These parameters may differ in smaller arteries, so
the effect of Epi, especially in the small resistance arteries,
needs to be investigated. Secondly, we did not determine Epi
and/or Epimetabolites levels in blood,NOSphosphorylation,
and involvement of GPER receptors.Thus, further studies are
needed to elucidate the exact bioactive substance(s) and the
exact site(s) of action of orally administered Epi in preventing
and treating hypertension and behavioral hyperactivity in
young subjects.

5. Conclusion

In conclusion, the results presented here showed that oral Epi
treatment significantly prevented BP increase and reduced
behavioral hyperactivity in young SHR. The mechanism
underlying the positive effects of Epi observed in this study
was related to improved cardiovascular NO bioavailability,
due to elevated NOS activity and reduced O

2

∙− levels in
the CVS concurrently with elevations in plasma antioxidant
capacity as well as red blood cell deformability. Altogether,
these beneficial alterations could result in reduced sympa-
thetic tone and improved cerebrovascular blood flow and
tissue oxygenation, resulting in the prevention of hyper-
tension and the reduction of locomotor hyperactivity. The
results of this study may be relevant in pharmacological
approaches to the prevention and treatment of hypertension
and ADHD comorbidity in young subjects with a significant
family history of hypertension. Our data also suggest tissue-
specific influences of Epi in SHR that should be taken into
account in evaluating the overall effects of Epi-containing
foods.
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[39] J. Zicha and J. Kuneš, “Ontogenetic aspects of hypertension
development: analysis in the rat,” Physiological Reviews, vol. 79,
no. 4, pp. 1227–1282, 1999.

[40] M. Cebova and F. Kristek, “Age-dependent ultrastructural
changes of coronary artery in spontaneously hypertensive rats,”
General Physiology and Biophysics, vol. 30, no. 4, pp. 364–372,
2011.

[41] M. M. Abd El Mohsen, G. Kuhnle, A. R. Rechner et al., “Uptake
and metabolism of epicatechin and its access to the brain after
oral ingestion,” Free Radical Biology and Medicine, vol. 33, no.
12, pp. 1693–1702, 2002.

[42] S. D. Quine and P. S. Raghu, “Effects of (−)-epicatechin, a
flavonoid on lipid peroxidation and antioxidants in strepto-
zotocin-induced diabetic liver, kidney and heart,” Pharmacolog-
ical Reports, vol. 57, no. 5, pp. 610–615, 2005.

[43] Y. Steffen, C. Gruber, T. Schewe, and H. Sies, “Mono-O-meth-
ylated flavanols and other flavonoids as inhibitors of endothelial
NADPH oxidase,” Archives of Biochemistry and Biophysics, vol.
469, no. 2, pp. 209–219, 2008.

[44] E. J. B. Ruijters, A. R. Weseler, C. Kicken, G. R. M. M. Haenen,
and A. Bast, “The flavanol (−)-epicatechin and its metabolites
protect against oxidative stress in primary endothelial cells via
a direct antioxidant effect,” European Journal of Pharmacology,
vol. 715, no. 1–3, pp. 147–153, 2013.

[45] P. D. Prince, C. R. Lanzi, J. E. Toblli et al., “Dietary (–)-
epicatechin mitigates oxidative stress, NO metabolism alter-
ations, and inflammation in renal cortex from fructose-fed rats,”
Free Radical Biology and Medicine, vol. 90, pp. 35–46, 2016.

[46] P. Schroeder, L.-O. Klotz, and H. Sies, “Amphiphilic properties
of (−)-epicatechin and their significance for protection of cells
against peroxynitrite,” Biochemical and Biophysical Research
Communications, vol. 307, no. 1, pp. 69–73, 2003.

[47] P. Schroeder, L.-O. Klotz, D. P. Buchczyk, C.D. Sadik, T. Schewe,
and H. Sies, “Epicatechin selectively prevents nitration but not
oxidation reactions of peroxynitrite,” Biochemical and Biophysi-
cal Research Communications, vol. 285, no. 3, pp. 782–787, 2001.

[48] I. Ramirez-Sanchez, L. Maya, G. Ceballos, and F. Villarreal,
“(−)-Epicatechin activation of endothelial cell endothelial nitric
oxide synthase, nitric oxide, and related signaling pathways,”
Hypertension, vol. 55, no. 6, pp. 1398–1405, 2010.

[49] Y. Huang, N. W. K. Chan, C. W. Lau, X. Q. Yao, F. L. Chan,
and Z. Y. Chen, “Involvement of endothelium/nitric oxide in



14 Oxidative Medicine and Cellular Longevity

vasorelaxation induced by purified green tea (−)epicatechin,”
Biochimica et Biophysica Acta—General Subjects, vol. 1427, no.
2, pp. 322–328, 1999.

[50] A. Aggio, D. Grassi, E. Onori et al., “Endothelium/nitric oxide
mechanism mediates vasorelaxation and counteracts vasocon-
striction induced by low concentration of flavanols,” European
Journal of Nutrition, vol. 52, no. 1, pp. 263–272, 2013.

[51] A. Novakovic, M. Marinko, A. Vranic et al., “Mechanisms
underlying the vasorelaxation of human internal mammary
artery induced by (−)-epicatechin,” European Journal of Phar-
macology, vol. 762, pp. 306–312, 2015.

[52] A. Moreno-Ulloa, D. Mendez-Luna, E. Beltran-Partida et al.,
“The effects of (−)-epicatechin on endothelial cells involve the
G protein-coupled estrogen receptor (GPER),” Pharmacological
Research, vol. 100, pp. 309–320, 2015.

[53] D. Grassi, S. Necozione, C. Lippi et al., “Cocoa reduces blood
pressure and insulin resistance and improves endothelium-
dependent vasodilation in hypertensives,”Hypertension, vol. 46,
no. 2, pp. 398–405, 2005.

[54] D. Grassi, G. Desideri, S. Necozione et al., “Cocoa consumption
dose-dependently improves flow-mediated dilation and arterial
stiffness decreasing blood pressure in healthy individuals,”
Journal of Hypertension, vol. 33, no. 2, pp. 294–303, 2015.

[55] M. Safar, P. Chamiot-Clerc, G. Dagher, and J. F. Renaud, “Pulse
pressure, endothelium function, and arterial stiffness in sponta-
neously hypertensive rats,”Hypertension, vol. 38, no. 6, pp. 1416–
1421, 2001.

[56] P.W. Pires, C.M.D. Ramos,N.Matin, andA.M.Dorrance, “The
effects of hypertension on the cerebral circulation,” American
Journal of Physiology—Heart and Circulatory Physiology, vol.
304, no. 12, pp. H1598–H1614, 2013.

[57] E. N. T. P. Bakker, G. Groma, L. J. A. Spijkers et al., “Hetero-
geneity in arterial remodeling among sublines of spontaneously
hypertensive rats,” PLoS ONE, vol. 9, no. 9, article e107998, 2014.

[58] C. Heiss, R. Sansone, H. Karimi et al., “Impact of cocoa flavanol
intake on age-dependent vascular stiffness in healthy men: a
randomized, controlled, double-masked trial,” Age, vol. 37, no.
3, article 56, 2015.

[59] P. Kleinbongard, R. Schulz, T. Rassaf et al., “Red blood cells
express a functional endothelial nitric oxide synthase,” Blood,
vol. 107, no. 7, pp. 2943–2951, 2006.

[60] O. Schnorr, T. Brossette, T. Y. Momma et al., “Cocoa flavanols
lower vascular arginase activity in human endothelial cells in
vitro and in erythrocytes in vivo,” Archives of Biochemistry and
Biophysics, vol. 476, no. 2, pp. 211–215, 2008.

[61] W. G. Mayhan, F. M. Faraci, and D. D. Heistad, “Disruption
of the blood-brain barrier in cerebrum and brain stem during
acute hypertension,” American Journal of Physiology-Heart and
Circulatory Physiology, vol. 251, no. 6, pp. H1171–H1175, 1986.

[62] V. A. Russell, “Neurobiology of animal models of attention-
deficit hyperactivity disorder,” Journal of Neuroscience Methods,
vol. 161, no. 2, pp. 185–198, 2007.

[63] D. T. Field, C. M. Williams, and L. T. Butler, “Consumption of
cocoa flavanols results in an acute improvement in visual and
cognitive functions,” Physiology & Behavior, vol. 103, no. 3-4,
pp. 255–260, 2011.

[64] F. Jagla and O. Pechanova, “Age-related cognitive impairment
as a sign of geriatric neurocardiovascular interactions: may
polyphenols play a protective role?” Oxidative Medicine and
Cellular Longevity, vol. 2015, Article ID 721514, 8 pages, 2015.
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Natural products can be a source of biomolecules with antioxidant activity which are able to prevent oxidative stress-induced
diseases and show antitumor activity, making them important sources of new anticancer drug prototypes. In this context, this
study aimed to analyze the chemical composition of an ethanol extract of Senna velutina leaves and to assess its antioxidant and
cytotoxic activities in leukemic cells. The antioxidant properties were evaluated using a DPPH free radical scavenging assay and
by examining the extract’s inhibition of AAPH-induced lipid peroxidation in human erythrocytes. Its cytotoxicity and possible
mechanisms of action were assessed in Jurkat and K562 leukemic cell lines. The ethanol extract contained flavonoids, such as
epigallocatechin, epicatechin, kaempferol heteroside, rutin, and dimeric and trimeric proanthocyanidin derivatives. The extract
exhibited antioxidant activity by scavenging free radicals and antihemolytic action, and it decreased malondialdehyde content in
human erythrocytes. Furthermore, the extract also induced leukemic cell death by activating intracellular calcium and caspase-
3, decreasing mitochondrial membrane potential, and arresting the cell cycle in S and G2 phases. Hence, S. velutina leaf extract
contains antioxidant and antileukemic biomolecules with potential applications in diseases associated with oxidative stress and in
the inhibition of tumor cell proliferation.

1. Introduction

Several diseases, including cancer, diabetes, atherosclerosis,
inflammatory diseases, and premature aging, are related to
oxidative stress [1]. Oxidative stress stems from excess of free
radicals in the body and low antioxidant activity, resulting
in damage to essential biomolecules such as nucleic acids,
proteins, and lipids [2].

Cancer is an oxidative stress-related disease that causes
high rates ofmorbidity andmortality in the global population
[3]. Leukemias are cancers that affect the cells of the hema-
topoietic system; depending on their cellular origin and
maturity stage, leukemias can be classified as either myeloid
or lymphoid and as acute or chronic [4]. Surgery, radio-
therapy, and chemotherapy [5] are among the main types of
treatment for these cancers.

Hindawi Publishing Corporation
Oxidative Medicine and Cellular Longevity
Volume 2016, Article ID 8405957, 12 pages
http://dx.doi.org/10.1155/2016/8405957

http://dx.doi.org/10.1155/2016/8405957


2 Oxidative Medicine and Cellular Longevity

Biomolecules with anticancer activity at low therapeutic
doses and with reduced side effects have been increasingly
sought in recent decades [6]. Between 1940 and 2014, 49% of
the 174 anticancer drugs that weremade available on themar-
ket were either natural products or their derivatives [7].Thus,
there is a trend among the general population and themedical
community to regard medicinal plants as alternative sources
of antitumor drugs, provided that the therapeutic properties
of such plants have been scientifically researched and proven
[8]. The discoveries of paclitaxel [9], an anticancer drug, and
of homoharringtonine [10], which is used in the treatment of
acute and chronic myeloid leukemia, are examples of suc-
cessful cases in the development of medicinal plant-derived
drugs.

The search for newmoleculeswith therapeutic properties,
including antioxidant and anticarcinogenic activities, is facil-
itated by the vast biodiversity and bioprospecting potential in
Brazil. Senna genus has been used in Brazilian folk medicine
for its antioxidant, antimicrobial [11], anti-inflammatory [12],
antidiabetic [13], and antitumor [14] activities, among other
uses.

Taxonomically, some species have been transferred from
Cassia genus to Senna genus [15]. This taxon currently com-
prises 500–600 species [14, 16], of which many have not been
yet characterized with respect to their chemical compositions
and biological properties as the arboreal species Senna
velutina (Vogel) H. S. Irwin & Barneby (Fabaceae, Cae-
salpinioideae). In this context, the aim of the present study
was to determine the chemical composition of an ethanol
extract of S. velutina leaves and to evaluate its antioxidant and
antileukemic activities.

2. Materials and Methods

2.1. Plant Material and Extract Preparation. S. velutina leaves
were collected following the identification of the plant
and authorization of the SISBIO (Sistema de Autorização
e Informação em Biodiversidade, permit number 54470-1)
in Dourados, Mato Grosso do Sul (S 22∘05545 and W
055∘20746), Brazil, oven-dried with the air circulation at a
temperature of 45±5∘C, and then ground in aWilly-type knife
mill. An exsiccated samplewas deposited in theHerbariumof
the Federal University of Grande Dourados, Mato Grosso do
Sul, Brazil, with registration number 4665.

The extract was then prepared by macerating the plant
material in an ethanol 95% mixture at room temperature in
the dark for 7 days. Then, the extract was filtered, and the
residue was further extracted twice using the same process.
After 21 days, the filtrate was concentrated in a rotary vacuum
evaporator (Gehaka, São Paulo, SP, Brazil) to obtain the
ethanol extract of S. velutina leaves (ESV). The dry extract
yieldwas 29%, calculated using the following formula: extrac-
tion yield (%) = (weight of the freeze-dried extract × 100)/
(weight of the original sample). The ESV was stored at −20∘C
protected from light.

2.2. Chemical Analysis. The extract was analyzed by Ultra
Fast Liquid Chromatography (UFLC) (Shimadzu) coupled
to Diode Array Detector (DAD) (240–800 nm, Shimadzu)

and electrospray ionization time-of-flight (ESI-QTOF-
micrOTOF QII) (operating in positive and negative mode,
120–1200Da, Bruker Daltonics). A C-18 column was used
(Kinetex, 2.6 𝜇m, 150 × 2.2mm, Phenomenex) protected
by a guard column of the same material. The mobile phase
was as follows: water (solvent A) and acetonitrile (solvent B)
both with 0.1% of formic acid in a gradient of 0–2min 3%
B, 2–25min 3–25% B, and 25–40min 25–80% B followed
by washing and reconditioning of the column (8 minutes).
The flow rate was 0.3mL/min and 1 𝜇L (1mg/mL) of extract
was injected. The other micrOTOF-QII parameters were as
follows: temperature, 200∘C;N
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drying gas flow rate, 9 L/min;

Nebulizer, 4.0 bar; capillary voltage, −3500V (negative) and
+4500V (positive); and internal calibration with TFA-NA
injected at the end of the chromatographic analysis.The rutin
and epicatechin standardswere obtained fromSigma-Aldrich
with a purity of ≥95%.

2.3. Antioxidant Activity

2.3.1. DPPH Free Radical Scavenging Activity. The 2,2-
diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activ-
ity of ESV was evaluated as described in D. Gupta and R. K.
Gupta [17], withmodifications. In this assay, 0.2mL of ESV at
different concentrations (1–1000𝜇g/mL) was added to 1.8mL
ofDPPH solution (0.11mM) in 80% ethanol.Themixture was
incubated for 30 minutes at room temperature in the dark.
Absorbance at 517 nm was then measured spectrophotomet-
rically. Ascorbic acid and butylhydroxytoluene (BHT) were
used as reference antioxidants. As a control, 0.2mL of solvent
used to dilute the extract was added to 1.8mL of DPPH
solution (0.11mM) in 80% ethanol. Two independent experi-
mentswere performed in triplicate.Thepercentage inhibition
was calculated relative to the control using the following
equation:

inhibition of DPPH radical (%)
= (1 − Abssample

Abscontrol
) × 100. (1)

2.3.2. Inhibition of Lipid Peroxidation in Human Erythrocytes

(1) Preparation of Erythrocyte Suspension. After approval
by the Research Ethics Committee (Comitê de Ética em
Pesquisa, CEP) of the University Center of Grande Dourados
(UNIGRAN, Brazil (CEP process number: 123/12)), periph-
eral blood from healthy donors was collected into tubes con-
taining sodium citrate which were then centrifuged at 400×g
for 10min. The plasma and leukocyte layer were discarded,
and the erythrocytes were washed 3 times with 0.9% sodium
chloride solution (NaCl) and centrifuged. Finally, 10% ery-
throcyte suspension was prepared in 0.9% NaCl solution to
attain a 2.5% final concentration for further analysis.

(2) Hemolytic Activity and Inhibition of Oxidative Hemolysis.
The ability of ESV to protect against lipid peroxidation was
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evaluated using an antihemolytic assay in human erythro-
cytes that were incubated with the oxidant 2,2-azobis-
(2-amidinopropane) dihydrochloride (AAPH), a thermoin-
ducible initiator of lipid peroxidation, as described by Cam-
pos et al. [18]. To evaluate hemolytic activity and inhibition
of oxidative hemolysis, erythrocytes were preincubated with
either ESVor ascorbic acid (25–125𝜇g/mL) at 37∘C for 30min
before the addition of 0.5mL of either 0.9% NaCl or 50mM
AAPH (dissolved in 0.9% NaCl). In the assay, 1% ethanol was
used as a solvent control, while 0.9% NaCl was used as the
baseline hemolysis control. Total hemolysis was induced by
incubating erythrocytes with distilled water. Samples were
incubated at 37∘C with regular stirring. The extent of hemol-
ysis was determined at 60-minute intervals for an incubation
period of 5 h. Tubes were centrifuged at 700×g for 5 minutes;
0.2mL of the supernatant was collected and added to 1.8mL
of 0.9% NaCl for spectrophotometric reading at 540 nm.
The hemolysis percentage was calculated using the formula𝐴/𝐵 × 100, where 𝐴 is the sample absorbance and 𝐵 is the
absorbance of the total hemolysis sample.Three independent
experiments were performed in triplicate.

(3) Malondialdehyde (MDA)Measurements.The inhibition of
malondialdehyde (MDA) production, which is a byproduct
of lipid peroxidation, was evaluated according to the method
described by Campos et al. [18]. Erythrocytes were preincu-
bated at 37∘C for 30minwith either ESV or ascorbic acid (25–
125 𝜇g/mL) before the addition of 0.5mL of 50mM AAPH
solution. The mixtures were incubated at 37∘C with regular
stirring; 1% ethanol was used as a negative control.TheMDA
concentration was determined at 60-minute intervals for a
total of 5 h. To determine the MDA concentration, samples
were centrifuged at 700×g for 5min; 0.5mL of each super-
natant was collected and transferred to a tube containing
1mL of 10 nM thiobarbituric acid (TBA), dissolved in 75mM
monobasic potassium phosphate buffer at pH 2.5. The stan-
dard controls used were 500 𝜇L of a 20mM MDA solution
and 1mL of TBA. Samples were incubated at 96∘C for 45min
and allowed to cool before adding 4mLof n-butyl alcohol and
centrifuging at 1600×g for 5min. The resulting supernatant
was read at 532 nm in a spectrophotometer. Two independent
experiments were performed in triplicate. Sample MDA
levels were expressed in nM/mL, according to the following
formula:

MDA = Abssample × (20 × 220.32Absstandard
) . (2)

2.4. Cytotoxic Activity
2.4.1. Cell Culture. Leukemia human cell lines Jurkat and
K562 were cultivated in RPMI 1640 (Sigma-Aldrich, Ger-
many) culture medium, supplemented with 10% fetal bovine
serum, 100U/mL penicillin (Sigma-Aldrich, Germany), and
100 𝜇g/mL streptomycin (Sigma-Aldrich, Germany). Cells
were cultured in a humidified incubator containing 5% CO

2

at 37∘C.

2.4.2. Cytotoxicity and Cell Death Profile. Cytotoxic activity
and the cell death profile were evaluated according to the

method described by Paredes-Gamero et al. [19]. Leukemic
cells were seeded at 105 cells/mL in 96-well microplates and
treated with ESV (0–100𝜇g/mL) for 24 h.Then, the cells were
centrifuged 600×g for 6min and resuspended in binding
buffer (0.14M NaCl, 2.5mM CaCl

2
, 0.01M HEPES, and pH

7.4) and incubated at room temperature with 1 𝜇L of Annexin
V-FITC (BD Biosciences, San Diego, CA, USA) and 5 𝜇g/mL
propidium iodide (PI) Becton Dickinson, USA for 20min.
Sample analysis was performed usingAccuri C6 flow cytome-
ter (Becton Dickinson, San Diego, CA, USA), with acquisi-
tion of 3,000 events.

2.4.3. Measurement of Mitochondrial Membrane Potential.
To evaluate the possible effects of ESV on mitochondrial
membrane potential, leukemic cells were incubated with
the fluorescent marker JC-1 (5,5,6,6-tetrachloro-1,1,3,3-
tetraethylbenzimidazolylcarbocyanine iodide; Molecular
Probes, Eugene, OR, USA) according to the method
described by Moraes et al. [20]. JC-1 probe accumulates in
mitochondria in a potential-dependent manner. Viable cells
with highmitochondrial membrane potential are stained red.
Upon reduction of the mitochondrial membrane potential,
cells appear green. In this assay, cells were seeded into
24-well plates (105 cells/mL) containing supplemented media
and were then incubated with 27.6𝜇g/mL (Jurkat cells) or
67.5 𝜇g/mL (K562 cells) ESV for 24 h. The cells were then
centrifuged and incubated with JC-1 (1 𝜇g/mL) for 15min at
room temperature. Fluorescence readings were performed
in a FACSCalibur flow cytometer using CellQuest software
(Becton Dickinson, San Diego, CA, USA). A total of 10,000
events were collected per sample.

2.4.4. Caspase-3 Activity. Caspase-3 activity was assessed
according to the method described by Moraes et al. [20],
with minor modifications. Caspase activity was measured by
flow cytometer. Leukemic lineages were treated with ESV
(27.6𝜇g/mL) in 24-well microplates (105 cells/mL) for 24 h.
Then the cells were fixed with 2% paraformaldehyde in PBS
for 30min and permeabilized with 0.01% saponin for 15min
at room temperature. Next, the cells were incubated for 1 h
at 37∘C with anti-cleaved-caspase 3-FITC antibody (Becton
Dickinson, USA). After incubation for 40min, the fluores-
cence was analyzed by Accuri C6 flow cytometer (Becton
Dickinson, USA). A total of 10,000 events were acquired.

2.4.5. Intracellular Calcium and Pan-Caspase Inhibitors. The
roles of intracellular calcium and caspases in ESV-promoted
cytotoxicity were evaluated according to Bechara et al. [21],
with minor modifications. Jurkat cells were pretreated for
1 h at 37∘C under a 5% CO

2
atmosphere with either the

intracelullar calcium chelator BAPTA-AMor the pan-caspase
inhibitor Z-VAD-FMK; ESV (27.6𝜇g/mL) was then added to
the cells and allowed to incubate for 24 h. Control and treated
cells were resuspended in culture medium containing 0.05%
trypan blue and were counted in a hemocytometer chamber
to determine cell viability (trypan blue exclusion assay).

2.4.6. Cell Cycle Phases. Distribution of cell cycle was deter-
mined by PI staining and flow cytometry analysis. Leukemic
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lineages (105 cells/mL) were treated with ESV (27.6𝜇g/mL)
for 24 h and then were fixed and permeabilized as previously
described and treated with 4mg/mL RNase (Sigma-Aldrich,
Germany) for 45min at 37∘C. For DNA labeling, cells were
incubatedwith 5𝜇g/mLof PI (SigmaAldrich,Germany). Per-
centages of cells within cell cycle compartments (G1, S, and
G2/M) were determined by Accuri C6 flow cytometer (Bec-
ton Dickinson, USA). A total of 10,000 events were acquired.

2.5. Statistical Analyses. The data are shown as the mean ±
standard error of the mean (SEM) and were analyzed for
statistical significant differences between the groups using
Student’s t-test for comparison between two groups and one-
way analysis of variance (ANOVA) followed by Dunnett’s
test for comparison of more than two groups using Prism 5
GraphPad Software. The results were considered significant
when 𝑃 < 0.05.
3. Results

3.1. Chemical Composition of ESV. The metabolites in ESV
were identified by interpreting the UV absorption and mass
spectra and comparing them with data in the literature.
When available, compounds were compared with authentic
standards for confirmation.

The identification of compound 2, withm/z 305.0660 [M-
H]−, was based on the fragmentation pattern of epigallo-
catechin proposed by Dou et al. [22], namely, m/z 261 [M-
CO
2
]−, m/z 219 [M-C

4
H
6
O
2
]−, m/z 179 [M-C

6
H
6
O
3
]−, m/z

167 [M-C
7
H
6
O
3
]−, and m/z 165 [M-C

7
H
8
O
3
]−, and also on

the detection of UV absorption at 270 nm.
Compounds 4, 8, and 9 showed UV absorption patterns

that were characteristic of flavonols (270 and 340 nm). Their
fragmentation patterns were consistent with those of hetero-
side derivatives of kaempferol, whose main fragment consists
ofm/z 285 [C

15
H
9
O
6
]−. Several compounds of this class have

been described in Senna genus [23, 24].
Dimeric (compounds 6, 7, and 10–14) and trimeric (com-

pounds 15–22) proanthocyanidins, comprising cassiaflavan,
afzelechin, epicatechin, epigallocatechin, and naringenin
subunits, were also observed.These derivatives, although rare
in nature, are often reported in Senna genus; some authors
consider them to be chemical markers for the genus [25–27].
The UV absorption maxima at 280 nm and the increase in
reverse-phase retention time concomitant with decreased
hydroxyl group content or increased degree of polymeriza-
tion are in agreement with the study by Callemien and Collin
[28]. Fragmentation patterns obtained by retro-Diels-Alder
(RDA) fission, heterocyclic ring fission (HRF), and quinone
methide (QM) can be used to characterize the subunits that
make up proanthocyanidins [29]. A complete discussion on
the elucidation of this class of compounds may be found
in the literature [29, 30]. Thus, based on retention times,
fragmentation profiles, and comparisons with previously
published data, 22 compounds in ESV were characterized
(Figure 1 and Table 1).

3.2. DPPH Free Radical Scavenging Activity. ESV was able to
scavenge the DPPH free radical, with a 2.5-fold higher IC

50

and maximum activity values relative to ascorbic acid; how-
ever, these values were lower than those obtained with BHT
(Table 2).

3.3. Hemolytic Activity and Inhibition of Oxidative Hemolysis.
Over the range of tested concentrations, ESV showed no
hemolytic activity in human erythrocytes, as no hemolysis
was observed after up to 5 h of incubation (Figure 2(a)).

The control antioxidant, ascorbic acid, was able to protect
erythrocytes from hemolysis for up to 4 h of incubation when
they were exposed to the oxidant AAPH (data not shown).
ESV was able to protect erythrocytes for 5 h over the tested
50–125𝜇g/mL concentration range (Figure 2(b)), demon-
strating its powerful antihemolytic activity.

3.4. MDAMeasurements. Thedegree of protection conferred
by ESV against AAPH-induced lipid peroxidation in human
erythrocytes was evaluated by measuring MDA levels. At
ESV concentrations of 100 and 125 𝜇g/mL, the MDA levels
were decreased throughout the course of the assay (data not
shown) and after 5 h of incubation (Figure 2(c)).

3.5. Cytotoxic Activity and Cell Death Profile. ESV promoted
cell death in both tested cell lines. IC

50
values indicated

that ESV was more effective in Jurkat cells than in the ery-
throleukemic cell line K562 (IC

50
= 27.6𝜇g/mL and 67.5𝜇g/

mL, resp.) (Figures 3(a) and 3(b)). ESV treatment promoted
double staining in both cell lines. This type of death was
evident in 71.9 ± 5.7% of Jurkat cells and 30.1 ± 2.8% of
K562 cells after treatment with 40 and 80𝜇g/mL of extract,
respectively (Figures 4(a) and 4(b)).

3.6. Mitochondrial Membrane Potential. The mitochondrial
membrane potentials of Jurkat and K562 leukemic cells
decreased after 24 h of incubation with ESV, as evidenced
by a decrease in red fluorescence and an increase in green
fluorescence compared to untreated cells. The mitochondrial
membrane potential was reduced by 91.0±4.3% in Jurkat cells
and by 74.7± 7.3% in K562 cells after treatment with 27.6 and
67.5 𝜇g/mL of extract, respectively (Figures 5(a) and 5(b)).

3.7. Caspase-3 Activity. The Jurkat cell line, which was more
sensitive to ESV activity, was used to investigate ESV-pro-
moted cell death mechanisms. The fluorescence histogram
(Figure 6(a)) showed a rightward shift (greater fluorescence
values), indicating the activation of the apoptosis-inducing
enzyme caspase-3. Cleaved caspase-3 levels increased 4.5-fold
in ESV-treated cells relative to untreated cells (Figure 6(b)).

3.8. Pan-Caspase Inhibition and Intracellular Calcium Chela-
tion. Jurkat cells were preincubated with the pan-caspase
inhibitor Z-VAD-FMK to assess whether ESV cytotoxicity
was mainly mediated by caspase activation. Z-VAD-FMK
pretreatment did not decrease ESV-induced cell death (Fig-
ure 7). However, the intracellular Ca2+ chelator BAPTA-AM
partially inhibited ESV-induced death in Jurkat cells (Fig-
ure 7).
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Figure 1: UFLC-DAD-ESI-QTOF-micrOTOFQII chemical profiling (negativemode) of an ethanol extract of S. velutina leaves. (a) Base peak
chromatograms (BPC). (b) Extract ion chromatogram (EIC) of m/z 305. (c) EIC of m/z 289. (d) EIC of m/z 593. (e) EIC of m/z 609. (f) EIC
ofm/z 545. (g) EIC ofm/z 529. (h) EIC ofm/z 513. (i) EIC ofm/z 785. (j) EIC ofm/z 769.
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Figure 2: Hemolysis and MDA content in human erythrocytes incubated for 5 hours with ascorbic acid (AA) and ESV (50–125 𝜇g/mL).
(a) Hemolytic activity of ESV in the absence of AAPH. (b) Antihemolytic activity after addition of AAPH. (c) Malondialdehyde (MDA)
concentration (nM/mL) after addition of the oxidizing agent. ∗𝑃 < 0.05 compared to the AAPH-only control (erythrocytes incubated with
oxidant only).
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Figure 3: Viability of leukemic Jurkat (a) and K562 (b) cells after treatment with different concentrations of ESV. ∗𝑃 < 0.05 compared to the
untreated control group.

3.9. Cell Cycle Phases. Histograms were used to show the
distributions of cell cycle phases in control and ESV-treated
Jurkat cells after 24 h of incubation (Figure 8(a)). The results
show a decreased portion of cells inG0/G1 phase (17.4±0.6%)

and increased portions of cells in S and G2/M phases (30.7 ±1.8% and 26.5 ± 1.9%, resp.) (Figure 8(b)). These results
indicate that ESV inhibits the progression of cell cycle
transitions.
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Figure 4: Cell death profiles of ESV-treated Jurkat (a) and K562 (b) cells. Anx−/PI−, viable cells; Anx+/PI−, apoptotic cells; Anx−/PI+, necrotic
cells; and Anx+/PI+, late apoptotic cells. ∗𝑃 < 0.05 compared to the respective control groups.
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Figure 5: Mitochondrial membrane potential of leukemic Jurkat (a) and K562 (b) cells treated with different ESV concentrations. ∗∗∗𝑃 <0.0001 compared to the untreated control group.
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Figure 6: Histogram (a) and representative graph (b) of caspase-3 activation in ESV-treated Jurkat cells. ∗∗∗𝑃 < 0.0001 compared to the
untreated control group.

Table 2: IC
50

and maximal DPPH radical scavenging activity of
standard antioxidants and of ESV.

Sample IC
50
(𝜇g/mL) Maximal inhibition

% 𝜇g/mL
Ascorbic acid 2.6 ± 0.8 90.9 ± 1.6 10
BHT 21.3 ± 1.2 92.4 ± 1.2 250
ESV 6.3 ± 1.3 92.4 ± 0.4 25
Values are means ± SEM.
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Figure 7: Involvement of caspases (via the pan-caspase inhibitor Z-
VAD-FMK) and intracellular calcium (using the chelator BAPTA-
AM) in ESV-induced Jurkat cell cytotoxicity. ∗𝑃 < 0.05 compared to
the untreated control group. #𝑃 < 0.05 compared to the ESV group.

4. Discussion

Brazilian biodiversity is rich in active compounds with high
potential for development of new therapeutic drugs, particu-
larly antioxidants and anticancer agents. Several plant species
found in Brazil have been characterized for their antioxidant
and cytotoxic activities in several tumor cell lines [31–33].

In the present study, an ethanol extract of S. velutina
leaves exhibited antioxidant activity and showed cytotoxic
effects against two leukemic cell lines, Jurkat and K562. The
antioxidant activity of ESV was demonstrated in AAPH-
incubated human erythrocytes; DPPH free radical scaveng-
ing and inhibition of lipid peroxidation led to decreases in
oxidative hemolysis and malondialdehyde production. This
activity of ESV is likely related to the presence of flavone
derivatives with antioxidant activity, such as epigallocatechin,
epicatechin, rutin, kaempferol glycosides, and dimeric and
trimeric proanthocyanidins, in the leaves [34–37].

Flavonoids can donate hydrogen atoms to radicals, pro-
tecting against lipid peroxidation, and this ability is associated
with the presence of a dihydroxylated B-ring [38]. Similar
to other phenolic compounds, the antioxidant activity of
flavonoids is ascribed to the presence of free hydroxyl groups
in themolecule, and the level of antioxidant activity increases
concomitantly with the number of hydroxyl groups [39].

Excess free radicals in the body can promote not only lipid
peroxidation but also oxidative DNA damage, leading to the
development of early stages of mutagenesis and carcinogen-
esis [40, 41]. Thus, compounds with antioxidant properties
have fundamental roles in preventing diseases such as cancer.

The cytotoxic activity of ESV against leukemic lines was
evaluated with an Annexin/PI-stain cell death assay. Further-
more, activation of caspase-3 was observed but was not con-
firmed to be a main mechanism of cell death when the pan-
caspase inhibitor Z-VAD-FMK was used. Different extracts
can promote several different death mechanisms simultane-
ously because of their different compositions. This fact com-
plicates the analysis and identification of specific cell death
pathways.

The ESV-induced decrease in mitochondrial membrane
potential is consistent with the observed cytotoxic effect of
ESV against leukemic cells.The changes in potential are likely
due to increased mitochondrial membrane permeability



10 Oxidative Medicine and Cellular Longevity

G1 S

G2

G1 S

G258.26% 17.66%

22.93%

48.03% 23%

28.96%

Control ESV

0

100

200

300

C
ou

nt

400

0

50

C
ou

nt

100

150

0 400K 600K200K
PI (DNA content)

0 400K 600K200K
PI (DNA content)

(a)

∗
∗∗

∗∗

S G2/MG0/G1
Control

S G2/MG0/G1
ESV

0

20

40

60

80

100

C
ell

 cy
cle

 p
ha

se
s (

%
)

(b)

Figure 8: Histogram (a) and representative graph (b) of cell cycle distribution after 24 h of treatment with ESV. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.001
compared to the untreated control group.

arising from an increase in intracellular calcium levels, a
characteristic of necrotic cell death [42, 43].

The present study demonstrated the involvement of
calcium in cell death, as the reduced cell viability of extract-
treated cells was reversed by incubation with the calcium
chelator BAPTA-AM. High calcium levels promote the open-
ing of mitochondrial permeability transition pores; these
pores are nonselective and thus release the contents of the
intermembrane space of the mitochondrion [44].

Another mechanism of the ESV-induced cytotoxicity
against Jurkat cells consists of cell cycle arrest. ESV promoted
a decrease in the number of cells in G0/G1 phase and an
increase in the number of cells in S andG2phases. Established
anticancer drugs, such as cisplatin and doxorubicin, exert a
similar profile change in the tumor cell cycle [14, 45]. Mueller
et al. [46] observed that cisplatin is likely to be active in G2/M
phases because cells in these phases are more sensitive to

DNAdamage, as DNA repairmechanisms are less active than
in G1/S phases. Flavonoids are phytochemicals that are
known to induce cell cycle arrest by decreasing cellular levels
of cyclin B and cyclin-dependent kinase 1, which are respon-
sible for controlling cell cycle progression between S and M
stages [47]. Furthermore, one of the major anticancer mech-
anisms ascribed to flavonoids is their ability to induce cell
cycle changes in tumor cell lines [48].Thus, cyclin-dependent
kinase inhibitors (CDKIs) have generated great interest for
their ability to arrest the tumor cell cycle and prevent tumor
cell proliferation; such cell cycle arrestmay be themainmech-
anism through which ESV operates [49]. However, plant
extracts are natural products with complex chemical compo-
sition, and biologically active compounds in extracts may act
alone or synergistically through different pathways.

In conclusion, an ethanol extract of S. velutina leaves
exhibited antioxidant activity and showed cytotoxic effects
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on leukemic cells by activating intracellular calcium and
caspase-3, decreasing mitochondrial membrane potential,
and arresting the cell cycle in S and G2 phases.
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M. Sosada, and G. Swierczek-Zieba, “Structure and antioxidant
activity of polyphenols derived from propolis,” Molecules, vol.
19, no. 1, pp. 78–101, 2014.

[40] B. Frei, “Reactive oxygen species and antioxidant vitamins:
mechanisms of action,” The American Journal of Medicine, vol.
97, no. 3, pp. 5–13, 1994.

[41] M. Valko, D. Leibfritz, J. Moncol, M. T. D. Cronin, M. Mazur,
and J. Telser, “Free radicals and antioxidants in normal physio-
logical functions and human disease,”The International Journal
of Biochemistry & Cell Biology, vol. 39, no. 1, pp. 44–84, 2007.

[42] J. J. Lemasters, T. Qian, C. A. Bradham et al., “Mitochondrial
dysfunction in the pathogenesis of necrotic and apoptotic cell
death,” Journal of Bioenergetics and Biomembranes, vol. 31, no.
4, pp. 305–319, 1999.

[43] N. Festjens, T. Vanden Berghe, and P. Vandenabeele, “Necrosis,
a well-orchestrated form of cell demise: signalling cascades,
important mediators and concomitant immune response,”
Biochimica et Biophysica Acta (BBA)—Bioenergetics, vol. 1757,
no. 9-10, pp. 1371–1387, 2006.

[44] K. W. Kinnally, P. M. Peixoto, S.-Y. Ryu, and L. M. Dejean,
“Is mPTP the gatekeeper for necrosis, apoptosis, or both?”
Biochimica et Biophysica Acta—Molecular Cell Research, vol.
1813, no. 4, pp. 616–622, 2011.

[45] W. Wang, K. Chen, Q. Liu et al., “Suppression of tumor growth
by Pleurotus ferulae ethanol extract through induction of cell
apoptosis, and inhibition of cell proliferation and migration,”
PLoS ONE, vol. 9, no. 7, Article ID e102673, pp. 1–14, 2014.

[46] S. Mueller, M. Schittenhelm, F. Honecker et al., “Cell-cycle
progression and response of germ cell tumors to cisplatin in
vitro,” International Journal of Oncology, vol. 29, no. 2, pp. 471–
479, 2006.

[47] M. Carocho and I. C. F. R. Ferreira, “The role of phenolic
compounds in the fight against cancer—a review,” Anti-Cancer
Agents inMedicinal Chemistry, vol. 13, no. 8, pp. 1236–1258, 2013.

[48] R. P. Singh and R. Agarwal, “Natural flavonoids targeting
deregulated cell cycle progression in cancer cells,” Current Drug
Targets, vol. 7, no. 3, pp. 345–354, 2006.

[49] G. K. Schwartz and M. A. Shah, “Targeting the cell cycle: a
new approach to cancer therapy,” Journal of Clinical Oncology—
Biology of Neoplasia, vol. 23, no. 36, pp. 9408–9421, 2005.



Review Article
Plant-Derived Agents for Counteracting
Cisplatin-Induced Nephrotoxicity

Shreesh Ojha,1 Balaji Venkataraman,1 Amani Kurdi,2 Eglal Mahgoub,1

Bassem Sadek,1 and Mohanraj Rajesh1

1Department of Pharmacology andTherapeutics, College of Medicine and Health Sciences, United Arab Emirates University,
Al Ain 17666, UAE
2Department of Pharmacology andTherapeutics, Beirut Arab University, Beirut, Lebanon

Correspondence should be addressed to Mohanraj Rajesh; rajm@uaeu.ac.ae

Received 8 June 2016; Accepted 23 August 2016

Academic Editor: Renata Szymanska

Copyright © 2016 Shreesh Ojha 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.

Cisplatin (CSP) is a chemotherapeutic agent commonly used to treat a variety of malignancies. The major setback with CSP
treatment is that its clinical efficacy is compromised by its induction of organ toxicity, particular to the kidneys and ears. Despite
the significant strides that have been made in understanding the mechanisms underlying CSP-induced renal toxicity, advances in
developing renoprotective strategies are still lacking. In addition, the renoprotective approaches described in the literature reveal
partial amelioration of CSP-induced renal toxicity, stressing the need to develop potent combinatorial/synergistic agents for the
mitigation of renal toxicity. However, the ideal renoprotective adjuvant should not interfere with the anticancer efficacy of CSP.
In this review, we have discussed the progress made in utilizing plant-derived agents (phytochemicals) to combat CSP-induced
nephrotoxicity in preclinical studies. Furthermore, we have also presented strategies to utilize phytochemicals as prototypes for the
development of novel renoprotective agents for counteracting chemotherapy-induced renal damage.

1. Introduction

Cisplatin (CSP), chemically known as cis-diamminedichloro-
platinum-II, is an anticancer agent used in the treatment of
testicular, head and neck, ovarian, cervical, and non-small-
cell lung cancers [1].Themajor issues limiting the clinical use
of CSP are its tendency to induce profound nephrotoxicity
and ototoxicity [1].The first occurrence of nephrotoxicity was
documented in the clinical trial that evaluated the anticancer
effects of CSP. It is estimated that 30% of patients treated
with CSP could exhibit elevated serum creatinine levels and
reduced glomerular filtration rate, reflecting the development
of nephrotoxicity. In addition, these symptoms could occur
as early as 10 days after the initiation of CSP chemotherapy.
Moreover, nephrotoxicity is considered a determinant side
effect of the use of anticancer medications. It is pertinent to
note that approximately 50–60% of patients undergoing can-
cer chemotherapy acquire nosocomial acute kidney injury,

which is associated with increased morbidity and mortality
rates [1, 2].

The pathophysiological mechanisms purported to under-
lie CSP-induced nephrotoxicity have been extensively stud-
ied, and several hypotheses have been forwarded. To date,
oxidative stress, inflammation, and apoptosis pathways have
been widely considered as key pathomechanisms involved in
the CSP-induced nephrotoxicity [3]. The identified scenario
is that the accumulation of CSP in renal tissues results in
massive oxidative stress that causes inflammatory damage to
the tubular epithelium, which spreads to the renal microvas-
culature, impedes the blood flow by evoking ischemic injury,
and decreases the glomerular filtration rate. These pheno-
typic events culminate in acute renal failure. To circumvent
the CSP-induced nephrotoxicity, several analogs have been
developed, which are expected to be less nephrotoxic. In
addition, several clinical trials have examined the efficacy of
mannitol and furosemide (osmotic and loop diuretics, resp.)
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in reducing the renal retention of CSP and, thereby, mini-
mizing the noxious effects on naı̈ve tissue [4]. However, this
approach has met with limited clinical success; while the
induced nephrotoxicity has beenmilder, it has not been com-
pletely averted. Therefore, there is an urgent need to develop
agents that confer renoprotection without compromising the
anticancer activity of CSP [1, 5].

2. Phytochemicals as Leads for Attenuating
CSP-Induced Nephrotoxicity

Phytochemicals are compounds that are distributed in var-
ious plant tissues and are responsible for imparting charac-
teristics such as color and smell but do not possess nutri-
tional value. Importantly, phytochemicals have been used in
traditional medicine for several centuries for treating various
ailments. There is considerable evidence from in vitro pre-
clinical studies that phytochemicals extracted from various
plant sources may retard tumor growth and elicit antioxidant
and anti-inflammatory effects [6]. Most importantly, the
anticancer agent Taxol (paclitaxel) is a phytochemical that
was originally identified, extracted, and purified from the
bark of the Pacific yew tree (Taxus brevifolia) [7]. Currently,
most developed drugs are not from plants but are rather
chemically synthesized. Recently there is a renewed interest
in tapping into the potential of medicinal plants in drug
discovery, since phytochemicals are chemically diverse in
nature and a considerable receptacle of pharmacophores.
This enthusiasm has led to significant research strides in
the identification of several potential phytochemicals that
are being investigated for their renoprotective actions in
preclinical studies.

Extensive investigations over the past decade have pro-
vided significant insights into the pathophysiology of CSP-
induced nephrotoxicity. A plethora of biochemical pathways
and mechanisms have been purported to mediate CSP-
elicited nephrotoxicity, including those involved in oxida-
tive/nitrative stress, mitochondrial malfunction, inflamma-
tion, and cell death (reviewed in [8–10]). Recently, the
involvement of endocannabinoid system has been implicated
in the pathogenesis of CSP-induced nephrotoxicity [11, 12].

In this context, we have discussed the developmentsmade
with the use of phytochemicals to attenuate the development
CSP-induced nephrotoxicity in experimental models. The
summary of the effects of phytochemicals in preclinical or
ex vivo studies or both is provided in Table 1. The chem-
ical structures of phytochemicals that have been tested for
potential renoprotective actions against CSP-induced renal
toxicity are presented in Table 2. Next, various biochemical
pathways recruited by CSP in eliciting renal toxicity and the
attenuation of these effects by phytochemicals are illustrated
in Figure 1. Furthermore, in the following section, we sys-
tematically discussed the effects of various phytochemicals
investigated for their potential renoprotection against CSP-
induced nephrotoxicity.

2.1. 23-Hydroxytormentic Acid (23-HTA) and Niga-ichigoside
F1 (NIF1). 23-Hydroxytormentic acid (23-HTA), an aglycone

of the triterpenoid glycoside niga-ichigoside F
1
(NIF
1
), has

been isolated from the unripe fruit of Rubus coreanus, a
perennial shrub found in southern parts of Korea [13]. Kim
et al. [13] and Sohn et al. [14] have demonstrated that
23-HTA and NIF

1
attenuated CSP-induced nephrotoxicity

by mitigating oxidative stress and inflammation in renal
tissues. However, further mechanistic studies are required
to confirm their renoprotective effects against CSP-induced
renal toxicity.

2.2. 6-Gingerol. 6-Gingerol is a pungent ingredient of gin-
ger (Zingiber officinale), which has demonstrated anti-
inflammatory, analgesic, antipyretic, antitumor, and antipro-
liferative properties [15, 16]. Kuhad et al. [17] reported that
gingerol inhibited CSP-induced nephrotoxicity by suppress-
ing oxidative stress. Similarly, another study reported that
gingerol elicited renoprotective action by mitigating renal
oxidative stress and inflammation [18]. However, further
studies are warranted to delineate the precise molecular
mechanisms of their renoprotective actions.

2.3. 6-Hydroxy-1-methylindole-3-acetonitrile (6-HMA). 6-
HMA is a phytochemical present in Brassica rapa roots. In
traditional medicine, B. rapa has been used to treat a variety
of conditions such as hepatitis, jaundice, furuncle, and sore
throats [19]. 6-HMA has been demonstrated to improve
renal function, augment endogenous antioxidant defenses,
and protect kidneys from the noxious effects of CSP. Further,
6-HMA also inhibited CSP-induced death of LLC-PK1 cells
(renal proximal tubular epithelial cells derived from porcine
kidneys) [19].

2.4. 𝛽-Caryophyllene (BCP). 𝛽-Caryophyllene (BCP) is a
natural sesquiterpene found in several essential oils of spices
such as cinnamon, oregano, black pepper, basil, cloves,
and other condiments [20]. BCP has been shown to elicit
anti-inflammatory [20] and antioxidant effects [21, 22].
Horváth et al. [23] demonstrated that BCP attenuated CSP-
induced nephrotoxicity by decreasing oxidative/nitrative
stress, inflammation, and cell death pathway activation.
Further, mechanistic studies revealed that the renoprotective
actions of BCP against CSP-induced renal toxicity were
mediated via activation of cannabinoid receptor-2 (CB

2
). It

is pertinent to note that previous studies have also demon-
strated the renoprotective role of CB

2
receptor activation

[24]. In addition, several studies have documented the anti-
inflammatory phenotype induced byCB

2
receptors activation

in preclinical studies [25]. Considering the good safety
and tolerability profile of BCP in human subjects, this has
excellent prospects for further pharmaceutical development
as a renoprotective agent.

2.5. Berberine. Berberine, an isoquinoline alkaloid present in
the rhizome, root, and stem bark of several plant species, is
especially highly concentrated in berries (Berberis vulgaris)
[26]. Berberine has been documented to possess antioxidant,
anti-inflammatory, and anticancer activities [26]. Berberine
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Table 1: Phytochemicals investigated for renoprotective actions against cisplatin- (CSP-) induced nephrotoxicity.

Phytochemical
Dose, duration, and

route of
administration

Animal model
Cisplatin dose and

route of
administration

Key findings Reference

NIF
1
and 23-

hydroxytormentic
acid

10mg/kg/day, orally
(PO) for 14 days

intraperitoneally (i.p.)

Sprague Dawley
(SD) rats 7mg/kg, i.p.

↓ BUN and serum creatinine
↓MDA production and GSH

depletion
[14]

6-Gingerol
12.5, 25, and 50mg/kg
for 5 days (before and
after treatment), i.p.

Wistar rats 5mg/kg, i.p. ↓ oxidative stress [17]

6-Hydroxy-1-
methylindole-3-
acetonitrile

5 and 10mg/kg, single
dose, PO

LLC-PK1 cells and
SD rats 7mg/kg, i.p.

↓ BUN, creatinine, and
urinary LDH

↑HO-1 expression, activities
of SOD, CAT, GR, MDA, and

GSH

[19]

𝛽-Caryophyllene 1–10mg/kg, i.p. single
dose C57BL/6J mice 25mg/kg, i.p.

↓ inflammation and
dysfunction

↓ NOX-2 and NOX-4
expression, 4-HNE, 3-NT

accumulation, and cell death

[23]

Berberine 1–3mg/kg, single
dose, i.p. BALB/cN mice 13mg/kg, i.p.

↓ BUN, creatinine, and
oxidative/nitrosative stress
↓ NF-𝜅B, TNF-𝛼, COX-2,

iNOS, and histopathological
changes

↓ p53 and active caspase-3

[27]

Bixin 2.5 and 5mg/kg
for 3 days, i.p. Wistar rats 5mg/kg, i.p.

↓ lipid peroxidation and renal
glutathione depletion
↓ chromosome aberrations

[29, 30]

C-Phycocyanin 5–50mg/kg, i.p. C57BL/6J and CD1
mice

12–18mg/kg,
i.p.

↓ BUN, creatinine, oxidative
stress, and apoptosis
↓ p-ERK, p-JNK, and p-p38

expression and Bax, caspase-9,
and caspase-3 activation

[31, 32]

Caffeic acid
phenethyl ester

10 𝜇M/kg, single dose,
i.p. Wistar Albino rats 7mg/kg, i.p.

↓ BUN, tubular damage, and
oxidative tissue damage
↑ antioxidant enzymes

[33]

Cannabidiol
2.5–10mg/kg, i.p.
(before and after

treatment)
C57BL/6J mice 20mg/kg, i.p.

↓ BUN, creatinine, ROS
formation, and 3-NT

↓ PARP, caspase-3/7, and DNA
fragmentation

↓mRNA of TNF-𝛼 and IL1
and iNOS and protein

expression

[36]

Capsaicin
5 and 10mg/kg, PO

for 6 days, i.p. SD rats 5mg/kg, i.p. ↓ BUN, creatinine, MDA, and
renal damage [38]

2.5, 5, and 10mg/kg
for 5 days, i.p. C57BL/6 mice 5mg/kg, i.p. ↑HO-1 expression [39]

Cardamonin 10 and 30mg/kg, PO
for 2 weeks Albino rats 7mg/kg, i.p.

↑ SOD, GSH
↓ NOX-1, caspase-3

expression, and Bax/Bcl-2
ratio

[41]

Carnosic acid 100mg/kg, PO for 10
days Wistar rats 7.5mg/kg, i.p.

↓ BUN, creatinine, and MDA
↑ GSH levels, catalase, SOD,
GST, GPx, and GR activities
↓ caspase-3 activity, apoptosis,

and renal damage

[45]

Chrysin 25 or 50mg/kg
14 days, i.p. Wistar rats 7.5mg/kg, i.p. ↓ oxidative stress and

apoptosis [47]
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Table 1: Continued.

Phytochemical
Dose, duration, and

route of
administration

Animal model
Cisplatin dose and

route of
administration

Key findings Reference

Cinnamic acid
(CA) and
cinnamaldehyde
(CD)

CA, 50mg/kg
CD, 40mg/kg, PO for

7 days
SD rats 5mg/kg, i.p.

↓ urea, creatinine, and MDA
content

↑ GSH levels, SOD, CAT, and
GPx activities

[49]

Curcumin

100mg/kg
10 days, i.p. Wistar rats 7mg/kg, i.p.

↓MDA
↑ NAMPT, SIRT1, SIRT3, and

SIRT4 levels
[56]

100mg/kg, i.p. C57BL/6J mice 20mg/kg, i.p. ↓ renal TNF-𝛼, MCP-1, and
ICAM-1 mRNA expression [54]

8mg/kg Wistar rats 5mg/kg, i.p. ↓ creatinine, TBARS, and
MDA [51]

Cyanidin 10, 20, and 40 𝜇g/mL HK-2 cells 8𝜇g/mL

↓ BUN, creatinine, MDA,
renal index, and IL-6
↓ GRP78, p-ERK, caspase-12,

and PARP cleavage
↓ apoptosis, DNA damage,
ERK activation, and AKT

inhibition

[58]

Decursin 20–80 mM Primary HRCs 20–80mM

↑ catalase, SOD, and GPx
activities

↓ caspases 3 and 9, PARP,
DNA fragmentation, and

apoptosis

[59]

10–40mg/kg
3 days, i.p. SD rats 5.2mg/kg, i.p. ↓ BUN and creatinine [60]

Ellagic acid

10 and 30mg/kg
9 days, i.p. SD rats 6mg/kg, i.p.

↓ creatinine, urea, and kidney
injury

↑ total antioxidant status and
GSH

[63]

10mg/kg
10 days, i.p. SD rats 7mg/kg, i.p.

↓MDA levels and improved
antioxidant enzymes

↓ tubular necrosis and tubular
dilatation

[65]

Emodin 10mg/kg for 9 days,
i.p. Wistar rats 6mg/kg, i.p.

↑ GSH, TAC, GST, GPx, GR,
SOD, and CAT

↓ NAG, creatinine, and urea
concentration

[69]

Epigallocatechin-3-
gallate

l00mg orally, 2 days Wistar rats 7mg/kg, i.p. ↑ SOD, CAT, GPx, and GSH
↓ NF-𝜅B and 4HNE [72]

100mg/kg i.p., single
dose C57BL/6 mice 20mg/kg, i.p. ↓ p-ERK, GRP78, caspase-12,

Fas-L, BAX, and apoptosis [75, 76]

Genistein 10mg/kg 3 days
25 𝜇g/L

C57BL/6 mice
HK-2 cells

20mg/kg, i.p.
1 𝜇g/mL

↓ BUN, creatinine, ROS
production, tubular damage,

and necrosis score
↓ ICAM-1 and MCP-1
expression and NF-𝜅B

activation
↓ apoptosis and p53 induction

[77]

Ginsenosides 10–60𝜇g/mL LLC-PK1 cells 25 and 500 𝜇M ↓ LDH leakage, renal damage,
and apoptosis [78–80]

Glycyrrhizic acid 75 and 150mg/kg for
7 days, i.p.

BALB/c and Swiss
Albino mice 7mg/kg, i.p.

↑ GSH, GR, GST, catalase, and
GPx activities

↓ BUN and creatinine
[82, 84]

Hesperidin 100 and 200mg/kg
10 days, i.p. Wistar rats 7.5mg/kg, i.p.

↓ BUN, creatinine, and DNA
degradation

↑ SOD, GPx, GST, GR, GSH,
and catalase activities and

vitamin C levels
↓ renal TNF-𝛼 levels

[85, 86]
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Table 1: Continued.

Phytochemical
Dose, duration, and

route of
administration

Animal model
Cisplatin dose and

route of
administration

Key findings Reference

Isoliquiritigenin 1mg/kg for
15 days, i.p. BALB/c mice 5mg/kg, i.p. ↓ BUN, creatinine, nitrite, and

tissue MDA and ROS [87]

Licochalcone A 1mg/kg for
15 days, i.p. BALB/c mice 5mg/kg, i.p. ↓ BUN, creatinine, nitrite, and

MDA [89]

Ligustrazine 50 and 100mg/kg, 7
days, i.p. SD rats 8mg/kg, i.p.

↓ urinary protein excretion,
NAG excretion, creatinine,

and BUN
↑ GSH levels, SOD, and GST

activities
↓ tubular cell apoptosis

[90]

Luteolin
10mg/kg
3 days, i.p. BALB/cN mice 10 and 20mg/kg, i.p.

↓ renal dysfunction, tubular
injury, oxidative stress, BUN,

and creatinine
↑ GSH, SOD, and catalase
↓ p53 activation and PUMA-𝛼

protein expression

[92]

50mg/kg
3 days, i.p. C57BL/6J mice 20mg/kg, i.p.

↓ CYP2E1, Bcl-2, 4-HNE,
3-NT, NF-𝜅B, and caspase-3
↓MRP4 and MRP2 expression

[93]

Lycopene

6mg/kg
10 days, i.p. Wistar rats 7mg/kg, i.p.

↓ urea and creatinine and
MRP2 and MRP4 expression
↑ OAT1, OAT3, OCT1, OCT2,
Nrf2, and Bcl-2 expression

[96, 97]

4mg/kg
5 days, i.p. SD and Wistar rats

↑ catalase, GPx, and SOD
activities

↓ NF-𝜅B, HSP 60 and HSP 70,
and Bax expression

[98]

Naringenin 20mg ⋅ kg−1 ⋅ day−1,
PO for 10 days Wistar Albino rats 7mg/kg, intravenous

(i.v.)

↓ urea, creatinine, sodium
excretion, and renal lipid

peroxides
↑ GST activity and renal
antioxidant enzymes

[101]

Paeonol 20mg/kg
3 days, i.p. BALB/c mice 10–30mg/kg I.P. ↓ creatinine, BUN, TNF-𝛼,

and IL-1𝛽 [102]

Penta-O-galloyl-𝛽-
D-glucose 20–80 𝜇M Primary HRC 40 𝜇M

↓ cytotoxicity, apoptosis,
PARP cleavage, Bax, and

caspase-3
↓ cytochrome C translocation

and ROS production

[106]

Platycodin D 0.1, 1, and 5mg/kg for
3 days, i.p. ICR mice 20mg/kg, i.p.

↓ BUN, creatinine, TBARS,
NF-𝜅B activation,
↑ GSH, GPx, and SOD

[108]

Quercetin

100mg/kg
30 days Albino rats 12mg/kg i.p.

↑ GSH, GPX, SOD, CAT, GR,
XO, TOS, and TAC
↓ BUN, creatinine, LPO,
H
2
O
2
, and tubular cell
necrosis

[110]

50mg/kg
3 days Wistar rats 5mg/kg, i.p.

↓ Na and K excretion, NAG,
LDH, ALP, GGT, and KIM-1
↓ GSH/GSSG ratio, NF𝜅B,

iNOS, ICAM-1, VCAM-1, and
renal MPO

[111]

50 and 100mg/kg
9 days, i.p. Fischer-F344 rats 7.5mg/kg, i.p. ↓ caspase-3/7 activity and

DNA fragmentation [148]
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Table 1: Continued.

Phytochemical
Dose, duration, and

route of
administration

Animal model
Cisplatin dose and

route of
administration

Key findings Reference

Resveratrol

25mg/kg
single dose, i.p. Albino mice 5mg/kg, i.p. ↓ creatinine, MDA, and LDH

leakage [115]

10mg/kg, 7 days C57BL/6 mice and 20mg/kg, i.p. ↓ inflammation and necrosis [116]

30 𝜇g/mL, i.p. Fischer rat kidney
in vitro 7.5/15 𝜇g/mL, i.p. ↓ acetylation of p53 and SIRT1 [117]

Rosmarinic acid 1, 2, and 5mg/kg
2 days, i.p. BALB/cN mice 13mg/kg, i.p.

↓ creatinine and BUN
↓ CYP2E1, HO-1, and 4-HNE

expression
↓ NF𝜅B and cleaved caspase-3

expression

[120]

Rutin
75 and 150mg/kg

21 days Wistar rats 7mg/kg, i.p.
↓ BUN, creatinine, H

2
O
2
,

LDH, caspase-3, NF𝜅B, and
TNF-𝛼 level

[122]

30mg/kg
14 days SD rats 5mg/kg, i.p. ↑membrane integrity, GSH,

XO, and GGT [86]

Schizandrin and
schizandrin B

10, 25, 50mg/kg
15 days, i.p. BALB/c mice 10mg/kg, i.p. ↓ NF𝜅B activation and p53

activation [124]

Silibinin 200mg/kg
single dose, i.p. Wistar rats 5mg/kg, i.p.

↑ creatinine clearance
↑ glomerular and proximal

tubular function
[127, 128]

Sulforaphane
500 𝜇g/kg/day i.v. for

3 days Wistar rats 7.5mg/kg, i.p.
↓ p38 MAPK and renal
adhesion molecule

expressions
[130]

500 𝜇g/kg/day i.p. for
3 days Wistar rats 10mg/kg, i.p. ↓ inflammatory cell

infiltration [131]

Tannic acid 40 and 80mg/kg
7 days, i.p. Swiss Albino mice 7mg/kg, i.p.

↓ BUN, creatinine, p38 MAPK
phosphorylation, and PARP

cleavage
↓ XOR and LPO; ↑ G6PD, QR,

and catalase activities

[136]

Thymoquinone 50mg/L in drinking
water for 5 days

Wistar Albino rats
and Swiss Albino

mice

5, 7, and 14mg/kg
i.v. in rats
i.p. in mice

↓ urea, creatinine, MDA,
8-isoprostane, MRP2, and

MRP4
↑ OAT1, OAT3, OCT1, and
OCT2 and survival rate of

animals

[139]

Xanthorrhizol 100 and 200mg/kg
for 4 days, i.p. ICR mice 45mg/kg, i.p. ↓ BUN, creatinine, and lipid

peroxides [143]

inhibited CSP-induced nephrotoxicity by reducing oxida-
tive stress/nitrative stress, nuclear factor kappa-light-chain-
enhancer of activated B-cells (NF𝜅B) activation, and proin-
flammatory cytokine expression. In addition, berberine also
inhibited apoptosis and diminished the cytochrome P450
(CYP) 2E1 expression in CSP-treated kidneys. CYP2E1 is
the primary enzyme involved in the biotransformation of
cisplatin, and previous studies have also demonstrated that
genetic ablation of CYP2E1 imparted renoprotection against
CSP-induce toxicity [27, 28].

2.6. Bixin. Bixin is the main carotenoid found in species of
the tropical plant Annatto (Bixa orellana). Bixin inhibited
CSP-induced nephrotoxicity by inhibiting lipid peroxidation
and augmenting endogenous antioxidant defenses [29, 30].

However, further mechanistic studies are required to under-
stand its renoprotective properties.

2.7. C-Phycocyanin (C-PC). C-Phycocyanin (C-PC) is a pig-
ment from the blue-green algae, Spirulinamaxima [31]. C-PC
has been shown to mitigate CSP-induced nephrotoxicity via
inhibition of oxidative stress, inflammation, and apoptosis.
Furthermore,mechanistic studies revealed that C-PCblunted
CSP-induced proapoptotic mitogen-activated protein kinase
(MAPK) kinase (MEK), B-cell lymphoma 2- (Bcl2-) asso-
ciated X protein (Bax)/Bcl2 ratio alterations, and caspase-3
activation in renal tissues [31, 32].

2.8. Caffeic Acid Phenethyl Ester (CAPE). Caffeic acid
phenethyl ester (CAPE) is an active phenolic compound
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Figure 1: Scheme showing various pathways mediating cisplatin- (CSP-) induced nephrotoxicity and mitigation of this cascade by
phytochemicals.

extracted from honeybee propolis [33]. CAPE treatment
inhibitedCSP-induced renal toxicity by suppressing oxidative
stress, inflammation, and apoptosis. Further, CAPE also
blunted CYP2E1 activation, thereby inhibiting the biotrans-
formation of CSP [33, 34]. However, further studies are
required to investigate whether CAPE provides renoprotec-
tion without compromising the anticancer effects of CSP.

2.9. Cannabidiol (CBD). Cannabidiol (CBD) is a pheno-
lic compound and phytocannabinoid extracted from the

Cannabis sativa (marijuana) plant, and it elicits anti-inflam-
matory, immunomodulatory, and analgesic effects [35].
CBD attenuated CSP-induced nephrotoxicity by suppressing
oxidative stress, inflammation, and apoptosis. It is also
pertinent to note that CBD reversed the CSP-induced kidney
injury when administered after the onset of renal tissue
injury [36]. Furthermore, it is noteworthy that CBD is devoid
of psychoactive properties since it does not bind to major
cannabinoid receptors and has an excellent safety profile
in human subjects. Recently, CBD was approved for the
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treatment of childhood epilepsy [25], and it could also be
considered as a potent candidate for further development to
counteract CSP-induced renal toxicity.

2.10. Capsaicin. Capsaicin is the major pungent ingredient in
red peppers and has been used in pain sensation studies based
on its stimulation of vanilloid receptor-1, an ion channel
protein expressed by nociceptive primary afferent neurons
[37]. Capsaicin has been demonstrated to inhibit oxidative
stress, inflammation, and apoptosis in the renal tissues of
CSP-treated animals. The renoprotective effects were in part
due to the activation of heme oxygenase-1 (HO-1) [38, 39].

2.11. Cardamonin. Cardamonin is a flavone found in Alpinia
plants and has been shown to affect cell-signaling pathways
and to possess anticancer and anti-inflammatory properties
[40]. Cardamonin increased endogenous antioxidants and
decreased oxidative stress and inflammation [41–44].

2.12. Carnosic Acid. Carnosic acid is a naturally occurring
polyphenolic diterpenoidmolecule present in rosemary (Ros-
marinus officinalis) [45]. Carnosic acid suppressed CSP-
induced nephrotoxicity by mitigating oxidative stress and
apoptosis in renal tissues [45]. However, additional studies
are required to understand the molecular mechanisms pur-
ported to mediate its renoprotective actions.

2.13. Chrysin. Chrysin (5,7-dihydroxyflavone) is a flavonoid
extracted fromhoneybee propolis. Chrysin has been reported
to be a potent inhibitor of aromatase and anticancer prop-
erties [46]. Sultana et al. demonstrated that treatment of
chrysin effectively diminished CSP-induced oxidative stress
by improving antioxidant enzyme status and restored mem-
brane integrity of tubular epithelial cells [47]. Furthermore,
Khan et al. [48] reported that chrysin attenuated CSP-renal
toxicity by inhibiting oxidative stress, p53 expression, DNA
damage, and apoptosis.

2.14. Cinnamic Acid andCinnamaldehyde. Theessential oil of
cinnamon contains both cinnamic acid (CA) and cinnamal-
dehyde (CD). These phytochemicals have been documented
to possess antioxidant, antibacterial, and anti-inflammatory
effects [49]. CA and CD administration to rodents restored
kidney function, suppressed oxidative stress, and mitigated
the histopathological degeneration induced by CSP [49].
However, additional studies are required to understand the
precise molecular mechanism underlying the renoprotective
actions of CA and CD.

2.15. Curcumin. Curcumin is a principle curcuminoid (phe-
nolic terpene compound) derived from the Indian curry
spice turmeric (Curcuma longa) [50]. Curcumin treatment
restored CSP-induced depletion of endogenous antioxidants
[51–53] and reduced inflammation by suppressing NF𝜅B
activation, expression of proinflammatory cytokines, and
adhesion molecules [54, 55]. Furthermore, curcumin has
been reported to ameliorate CSP-induced renal toxicity by
augmenting silent mating type information regulation 2
homolog-1 (SIRT-1) and nuclear factor erythroid-derived 2

(Nrf2), which enhanced endogenous antioxidant defenses
and mitochondrial biogenesis [55, 56].

2.16. Cyanidin. Proanthocyanidins are polyphenol deriva-
tives of flavan-3-ol flavonoids derived from grape seed.
Proanthocyanidins are reported to possess antioxidant, anti-
inflammatory, and antitumor activities [57]. Cyanidin treat-
ment of rodents suppressed CSP-induced renal reactive
oxygen species (ROS) generation and enhanced the acti-
vation of prosurvival kinases such as extracellular signal-
regulated kinase (ERK) and Akt. Furthermore, cyanidin also
suppressedCSP-induced renal apoptosis by blunting caspase-
3/12 expression, the Bax/Bcl-2 ratio, p53 phosphorylation,
and poly adenosine diphosphate (ADP) ribose polymerase
(PARP) activation. In addition, cyanidin also suppressed
CSP-induced endoplasmic reticulum stress in renal tissues
[58]. Collectively these results suggest that cyanidin recruited
several prosurvival pathways to counteract CSP-induced
renal damage.

2.17. Decursin. Decursin is a natural pyranocoumarin com-
pound isolated from the Korean herb Angelica gigas and
is reported to possess anticancer activity [59]. Decursin
treatment reduced CSP-induced renal toxicity by attenuating
oxidative stress, inflammation, and apoptosis pathways in
renal cancer cell lines and rodents [59, 60]. Recently, dose
escalation studies were conducted to determine the pharma-
cokinetic profile of decursin in human subjects. From this
study, it was inferred that decursin was well tolerated in
both sexes and reached a peak plasma concentration in 8–
12 h. These observations indicate the efficacy, safety, tissue
distribution, and pharmacodynamic properties of decursin in
human subjects [61].

2.18. Ellagic Acid. Ellagic acid is a naturally occurring pheno-
lic compound found in fruits such as raspberries, strawber-
ries, and pomegranates [62]. Ellagic acid treatment amelio-
rated CSP-induced renal toxicity by suppressing the kidney
injury molecule (KIM-1) and clusterin protein expression
(considered as early indicators of kidney injury) [63]. Fur-
thermore, ellagic acid enhanced the glomerular filtration rate,
which corroborated its reduction of inflammatory mediators
and apoptotic markers in renal tissues [64]. These findings
were correlatedwith the amelioration ofCSP-induced tubular
necrosis, degeneration, karyomegaly, and tubular dilatation
[65].

2.19. Emodin. Emodin is the most abundant bioactive
anthraquinone extracted from the Chinese culinary herb,
Rhubarb (Rheumpalmatum), and it possesses anticancer [66]
and antioxidant activities [67]. Emodin treatment increased
the cell viability after CSP treatment of normal human renal
tubular epithelial cells [68]. In addition, emodin attenuated
CSP-induced renal damage by suppressing the activity of
N-acetyl-beta-D-glucosaminidase (NAG) [69], which is a
lysosomal enzyme that is constitutively expressed in the
proximal kidney tubule. Owing to its high molecular weight,
under physiological conditions, NAG does not void via the
kidneys because of its negligible glomerular filtration [70].
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However, damage to the renal tubules causes the release of
NAG in higher amounts than usual and, hence, it is excreted
in the urine, and its serum accumulation is increased [70].
In a separate study, Liu et al. [71] demonstrated that emodin
ameliorates CSP-induced apoptosis of rat renal tubular cells
in vitro by modulating adenosine monophosphate-activated
protein kinase (AMPK)/mechanistic target of rapamycin
(mTOR) signaling pathways and activating autophagy and in
vivo by suppressing caspase-3 activity and apoptosis in renal
tissues.

2.20. Epigallocatechin-3-Gallate (EGCG). Epigallocatechin-
3-gallate (EGCG) is a phenolic compound present in green
tea [72] and is an effective ROS scavenger in vitro and
in vivo [73, 74]. EGCG mitigated CSP-induced nephrotox-
icity by inducing the expression of Nrf-2 and HO-1 and
decreasing that of NF𝜅B and proinflammatory cytokines
[72]. Furthermore, EGCG also inhibited endoplasmic retic-
ulum (ER) stress-induced apoptosis through the suppression
of phosphorylated (p)-ERK, glucose-regulated protein 78
(GRP78), and the caspase-12 pathway [75]. Furthermore,
EGCG inhibited the ligand of death receptor Fas (Fas-L);
apoptosis regulator, Bax; and the tumor-suppressor protein,
p53, while it increased the expression of Bcl-2 and, thereby,
inhibited the extrinsic pathways of renal cell apoptosis [76].
All these studies collectively established the renoprotective
actions of EGCG.

2.21. Genistein. Genistein is a polyphenol nonsteroidal isofla-
vonoid phytoestrogen extracted from soybean. Genistein
treatment counteracted CSP-induced ROS generation and
suppressed NF𝜅B activation, proinflammatory cytokines
expression, and apoptosis [77].

2.22. Ginsenosides Rh
4
and Rk

3
. Ginseng is the root of Panax

ginseng and is one of the most widely recommended and
intensively studied herbal medicines. Ginsenosides are the
secondary metabolites and unique constituents of Panax
plants. Baek et al. [78] demonstrated that ginsenosides
increased cell viability and prevented lactate dehydrogenase
(LDH) leakage induced by CSP in normal renal proximal
tubular epithelial cells. Furthermore, ginsenosides amelio-
rated CSP-induced renal damage by mitigating inflammation
and apoptosis, which was evidenced by the suppression of
DNA damage-induced apoptosis biomarkers such as phos-
phorylated c-Jun N-terminal kinase (JNK), p53, and cleaved
caspase-3 expressions [79, 80].

2.23. Glycyrrhizic Acid. Glycyrrhizin and its aglycone gly-
cyrrhetic acid (GA) are used for various therapeutic purposes
in Chinese traditional medicine practice [81]. GA is the
hydrophilic part of glycyrrhizin, an active compound found
in licorice (Glycyrrhiza glabra), which is a conjugate of
two molecules of glucuronic acid and GA. It is used as
a flavoring agent in candies, pharmaceuticals, and tobacco
products [82]. Furthermore, it has been reported to elicit
anti-inflammatory, antioxidant, and antitumor activities [83].
GA treatment restored the antioxidant status and improved

kidney function, as evidenced by diminished DNA frag-
mentation [82]. In addition, the renoprotective effects of
GA were also associated with the upregulation of Nrf2 and
downregulation of NF𝜅B expression, resulting in decreased
kidney damage [84].

2.24. Hesperidin. Hesperidin is a pharmacologically active
bioflavonoid found in citrus fruits [85]. Hesperidin atten-
uated CSP-induced renal toxicity by ameliorating oxidative
stress, inflammation, and apoptosis [85, 86]. However, addi-
tional studies are required to understand the exact molecular
mechanism mediating the renoprotection induced by hes-
peridin.

2.25. Isoliquiritigenin (ISL). Isoliquiritigenin (ISL) is a flavon-
oidwith a chalconemoiety extracted from severalGlycyrrhiza
species [87]. ISL has been shown to exert a variety of
biological activities such as antiplatelet aggregation, antioxi-
dant, and anti-inflammatory [88]. ISL exerted a remarkable
renoprotective effect against CSP-induced renal toxicity by
abrogating oxidative stress and apoptosis [87]. However, the
precise molecular mechanisms purported to mediate the
renoprotective activity of ISL needs to be explored.

2.26. Licochalcone A (LCA). Licochalcone A (LCA) is a spe-
cies-specific phenolic constituent of Glycyrrhiza inflata. LCA
administration to CSP-treated animals restored kidney func-
tion markers and decreased oxidative stress [89]. However,
the exact mechanism underlying the renoprotection induced
by LCA needs to be investigated.

2.27. Ligustrazine. Ligustrazine (tetramethylpyrazine) is an
alkaloidcompoundextracted from theChinese herbChuanx-
iong (Ligusticum chuanxiong Hort) [90] and is extensively
used inChina for themanagement ofmyocardial and cerebral
infarction [91]. Ligustrazine significantly diminished CSP-
induced urinary NAG excretion and renal tubular injury in a
dose-dependent manner. Furthermore, ligustrazine also sup-
pressed renal oxidative stress, inflammation, and apoptosis by
restoring the Bax/Bcl-2 ratio [90].

2.28. Luteolin. Luteolin is a flavone present in high concen-
trations in celery, green pepper, and chamomile, and it has
been reported to display anti-inflammatory, antioxidant, and
anticarcinogenic activities [92, 93]. Luteolin treatment signif-
icantly reduced the pathophysiological changes induced by
CSP in the kidneys by the suppression of oxidative/nitrative
stress, inflammation, and apoptosis [92]. Moreover, luteolin
also ameliorated tubular necrosis, whichwas confirmed using
a terminal deoxynucleotidyl transferase (TdT) deoxyuridine
5-triphosphate (dUTP) nick-end labeling (TUNEL) assay,
and it diminished p53 activation and PUMA-𝛼 expression, as
well as altering the Bax/Bcl-2 ratio [93].

2.29. Lycopene. Lycopene is a carotenoid pigment found
in tomato [94]. Lycopene from dietary sources has been
shown to reduce the risk of some chronic diseases including
cancer and cardiovascular disorders [95].The administration
of lycopene significantly normalized the kidney function
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and antioxidant status of CSP-treated animals. Furthermore,
lycopene also increased the expression of the organic anion
and cation transporters (OAT and OCT, resp.) including
OAT1, OAT3, OCT1, and OCT2 in the renal tissues [96–98].
In addition, lycopene also decreased the renal efflux trans-
porters (multidrug resistance-associated protein [MRP]-2
and MRP4) levels and induced Nrf2 activation, which acti-
vated the antioxidant defense system [99]. Furthermore,
lycopene protected against CSP-induced renal injury bymod-
ulating proapoptotic Bax and antiapoptotic Bcl-2 expressions
and enhancing heat shock protein (HSP) expression [97].

2.30. Naringenin (NAR). Citrus fruits (such as oranges and
grapefruits) are rich in the flavanone naringenin (NAR,
aglycone) [100]. NAR diminished the extent of CSP-induced
nephrotoxicity by improving renal function and antioxidant
enzyme activity and diminishing lipid peroxidation [101].
However, the detailed molecular mechanism of the renopro-
tective action of NAR against CSP-induced renal tissue injury
is still unknown and requires further investigation.

2.31. Paeonol. Paeonol is a major phenolic component of
Moutan cortex [102]. In traditional medicine practice, pae-
onol is used to treat various diseases including atheroscle-
rosis, infections, and other chronic inflammatory disorders
[103]. Paeonol improved kidney function and suppressed
the levels of proinflammatory cytokines, which attenuated
the renal tissue injury induced by CSP [102]. However,
additional mechanistic studies are warranted to understand
the renoprotective activity of paeonol.

2.32. 1,2,3,4,6-Penta-O-galloyl-𝛽-D-glucose (PGG). 1,2,3,4,6-
Penta-O-galloyl-𝛽-D-glucose (PGG) is a polyphenol and
water-soluble gallotannin isolated from the Chinese herb
Rhus chinensis [104]. PGG significantly blocked cytotoxic-
ity and reduced the sub-G1 accumulation of human renal
proximal tubular epithelial cells induced by CSP [105]. In
addition, PGG suppressed PARP cleavage, caspase-3 activa-
tion, cytochrome c release, and upregulation of Bax and p53
expression, which diminished apoptosis in the renal tissues
[106].

2.33. Platycodin D (PD). Triterpenoid saponins extracted
from the roots of Platycodon grandiflorum exhibit a vari-
ety of pharmacological activities such as anti-inflammatory,
anticancer, and immune-enhancing effects. The saponins
in P. grandiflorum inhibited inducible nitric oxide syn-
thase (iNOS) and cyclooxygenase-2 (COX-2) expressions by
mitigating NF𝜅B activation in CSP-treated kidneys [107].
Furthermore, PD also ameliorated CSP-induced renal injury
as revealed by the decreased intraluminal cast formation and
diminished epithelial desquamation.These effectsweremedi-
ated in part by quenching ROS generation and suppressing
the apoptosis cascade [108].

2.34. Quercetin. Quercetin is one of the most abundant
flavonoids found in several plant species and exerts numerous
beneficial effects on health including cardioprotection, anti-
inflammatory, anti-proliferative, and anticancer activities

[109]. Quercetin ameliorated CSP-induced nephrotoxicity
by mitigating oxidative stress, inflammation, and cell death
pathways. Specifically, quercetin diminished renal lipid per-
oxidation, MAPK, and NF𝜅B activation, proinflammatory
cytokine expression, and caspase activation, as well as
decreasing apoptosis. The improvements in the molecular
pathology induced by quercetin corroborated the improved
renal function in CSP-treated animals [110–113].

2.35. Resveratrol. Resveratrol is a phenolic compound
present in several botanical species such as mulberries, pean-
uts, red grapes, cranberries, and blueberries [114]. Resveratrol
attenuated CSP-induced nephrotoxicity by augmenting the
endogenous antioxidant defense system via SIRT1 and Nrf2
activation. Furthermore, it inhibited inflammatory cytokine
production by blunting NF𝜅B activation and immune
cell infiltration in renal tissues. In addition, resveratrol
also inhibited CSP-induced renal apoptosis by downreg-
ulating p53 expression and restoring the Bax/Bcl-2 ratio.
Furthermore, resveratrol enhanced the chemosensitivity of
CSP without compromising its antitumor activity [115–118].

2.36. Rosmarinic Acid. Rosmarinic acid is an ester of caffeic
acid that is abundantly present in rosemary (Rosmarinus
officinalis) [119]. Rosmarinic acid treatment diminished the
CSP-induced renal toxicity by attenuating oxidative stress,
and this effect was characterized by decreased accumulation
of 4-hydroxynonenal (4-HNE) formation with improvement
in superoxide dismutase (SOD) activity and glutathione
(GSH) levels. The beneficial effects of rosmarinic acid, in
part, were mediated by its inhibition of the expression and
activity of CYP2E1. In addition, rosmarinic acid inhibited
CSP-induced inflammation by blunting NF𝜅B activation and
apoptosis by reducing p53 activation and DNA damage
[120].

2.37. Rutin. Rutin is a glycone of quercetin, which has been
extracted from various citrus fruits [121]. The mechanism
of the renoprotection induced by rutin against CSP toxicity
is mediated by the suppression of oxidative stress, NF𝜅B
activation, inflammatory cytokine expression, and apoptosis
[86, 122].

2.38. Schizandrin and Schizandrin B. Schizandrin is a lignan
found in the Chinese berry (Schisandra chinensis) [123].
Giridharan et al. [124] documented that schizandrin B inhib-
ited CSP-induced oxidative stress, inflammation, and apop-
tosis by attenuating NF𝜅B, p53 accumulation, and cleaved
caspase-3 expression. Furthermore, schizandrin B induced
the activation of Nrf2 and its downstream target genes such
as HO-1 and gamma-glutamylcysteine synthetase (GGCS),
which is the rate-limiting enzyme involved in GSH synthe-
sis. Furthermore, schizandrin B also inhibited CSP-induced
nicotinamide adenine dinucleotide phosphate (NAD[P]H)
dehydrogenase [quinone] 1 (NQO1) enzymatic activity. It
is pertinent to note that NQO1 is involved in the one-
electron reduction of quinones which produces superoxide
and, thereby, propagates oxidative stress [125].
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2.39. Silibinin. Silibinin is a flavonoid extracted from Sily-
bum marianum, popularly known as the milk thistle [126].
Gaedeke et al. [127] demonstrated that silibinin inhibited
CSP-renal damage by preserving the proximal tubular func-
tion and ameliorating proteinuria. However, the precise
molecular mechanism underlying this action was not inves-
tigated. In another study, silibinin protected the kidneys
against CSP-induced renal toxicity without compromising
the antitumor activity of CSP in rodents [128].

2.40. Sulforaphane. Sulforaphane is an isothiocyanate
present in cruciferous vegetables such as broccoli, Brussels
sprout, and cabbage [129]. Sulforaphane inhibited CSP-
induced renal dysfunction, structural damage, oxidative/
nitrative stress, inflammation, and apoptosis. Mechanisti-
cally, sulforaphane attenuated MAPK and NF𝜅B activation
and stimulated Nrf2 activation [130, 131]. In addition,
several synthetic analogs of sulforaphane also exerted
renoprotective activity against CSP-induced nephrotoxicity
by the aforementioned mechanisms [132].

2.41. Tannic Acid. Tannins belong to the class of polyphe-
nols and have been shown to possess multiple biological
activities including anticancer [133], antioxidant, and antimi-
crobial activities [134]. Yokozawa et al. [135] demonstrated
that tannic acid administration restored antioxidant levels,
decreased lipid peroxidation, and improve renal function.
Tannic acid also decreased CSP-induced DNA fragmentation
by diminishing p53 activation [136]. Furthermore, green tea
tannin has been reported to restore the kidney function and
synergistically enhance the cell death of ovarian cancer cells
by CSP [137]. In addition, Tikoo et al. [138] reported that
tannic acid decreased PARP cleavage, phosphorylation of
p38, and hypoacetylation of histone H4, which diminished
kidney injury, indicating the efficacy of tannic acid as a
therapeutic drug for CSP-induced nephrotoxicity.

2.42. Thymoquinone. Thymoquinone is a bioactive com-
pound derived from Nigella sativa popularly known as black
seed oil. Thymoquinone has been shown to exert anti-
inflammatory, antioxidant, and antineoplastic effects in both
in vitro and in vivo studies [139]. Thymoquinone was shown
to improve kidney function, diminish lipid peroxidation, and
augment endogenous antioxidants [139]. In addition, thy-
moquinone has also been shown to increase the expression
of various organic anion and cation transporters such as
OAT1, OAT3, OCT1, and OCT2, which are necessary for
the renal clearance of xenobiotic agents including toxins and
commonly used drugs [140, 141].

2.43. Xanthorrhizol. Xanthorrhizol is one of the major con-
stituents from the rhizomes of Curcuma xanthorrhiza, a
medicinal plant native to Indonesia [142]. Kim et al. [143]
demonstrated the renoprotective action of xanthorrhizol
against CSP-induced nephrotoxicity mediated by inhibiting
NF𝜅B and activator protein-1 (AP-1) activation, proinflam-
matory cytokine expression, immune cell infiltration, and
apoptosis. Furthermore, mechanistic studies revealed that

xanthorrhizol suppressedCSP-induced phosphorylation of c-
JunN-terminal kinase (JNK) and p53, as well as the shutdown
of the mitochondria-mediated apoptosis pathway [144].

2.44. Renoprotective Actions of Phytochemicals in Human
Studies. The review of the published literature revealed that
several preclinical studies reported the renoprotective prop-
erties of phytochemicals. Currently, there is no significant
evidence from clinical trials indicating that phytochemicals
show renoprotective efficacy in human subjects undergoing
CSP chemotherapy. However, a recent open-labeled ran-
domized clinical trial undertaken in a small patient popula-
tion suggested that treatment with cystone (a herbomineral
ayurvedic formulation) in combinationwith CSP chemother-
apy improved renal function without compromising the anti-
tumor effects of CSP. However, long-term follow-up data and
survival rates were not presented in this study and, therefore,
more stringent, well-designed, and controlled clinical trials
are warranted to establish the clinical efficacy of cystone in
combating CSP-induced nephrotoxicity [145].

3. Conclusion

The analysis of literature suggests that plant-derived agents
(phytochemicals) arewidely used to prevent theCSP-induced
renal toxicity, and it is evident that these compounds
exhibited potentially effective renal protection in preclinical
studies. However, the major impediment to the clinical
translation of these compounds for further pharmaceutical
development pertains to the lack of convincing evidence of
their bioavailability in human subjects [146, 147]. In addi-
tion, the therapeutic indexes for various phytochemicals are
presently unknown. Therefore, future studies should inves-
tigate the analogs and derivatives of phytochemicals with
demonstrable bioavailability in human subjects, and these
molecules should be thoroughly investigated in preclinical
models for further pharmaceutical development. In addition,
most studies reported in the literature demonstrated the
prophylactic action of phytochemicals in combating CSP-
induced renal tissue injury. However, this approach hasmajor
limitations because clinically patients require treatment after
and not before the onset of kidney damage. Therefore, future
studies should essentially investigate the therapeutic effect
of phytochemicals against CSP-induced nephrotoxicity in
preclinical models. Specifically, studies must report the effect
of phytochemical administration after the establishment of
renal tissue injury and present the survival rate of the animal
models. Finally, to establish the renoprotective actions of
phytochemicals, studies need to be conducted in rodents
harboring tumors that are sensitive to CSP. This is to
ascertain that the beneficial effects of the phytochemicals do
not compromise or interfere with the antitumor activity of
CSP.
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Lutein may have important antioxidant actions in free-radical-mediated diseases, in addition to its well-known antioxidant
and cytoprotective effects on macula and photoreceptors. The peculiar perinatal susceptibility to oxidative stress indicates that
prophylactic use of antioxidants as lutein could help to prevent or at least to reduce oxidative stress related diseases in newborns.
Since lutein is not synthesized by humans, the intake primarily depends on diet or supplementation. Newborns receive lutein
exclusively from breast milk. Lutein supplementation in term newborns has been reported to reduce oxidative stress and increase
antioxidant capacities in the first days of life. Innovative frontiers concerning lutein supplementation are orientated toward
cardiometabolic health improvement and cognitive benefits. The safety of lutein as an antioxidant agent has been confirmed in
experimental and clinical studies, but its routine use is not recommended in perinatal period. This review summarizes what is
known about the role of lutein as an antioxidant and anti-inflammatory agent in animal model and humans.

1. Structure and Location of Lutein

Lutein is a fat-soluble pigment, belonging to the family
of carotenoids, which encompasses about 700 members in
nature. Carotenoids are divided into two classes according to
their chemical structure: the carotenes (hydrocarbons, such
as 𝛽-carotene and lycopene) and the xanthophylls (polar
compounds including oxygen atoms in their structure, such
as lutein and its structural isomer zeaxanthin) [1]. Since
xanthophyll biosynthesis occurs exclusively in plants, algae,
bacteria, and certain fungi [2], the primary intake of lutein
depends on diet or supplementation. Lutein and zeaxanthin
can be found in yellow-orange food, such as egg yolk and
corn [3], but especially in dark green vegetables such as
turnip greens, kale, parsley, spinach, and broccoli [4]. Lutein
intake fromdietary sources is strongly associatedwith plasma
concentrations [5]. Indeed, it has been shown that in humans
every 10% increase in dietary lutein corresponds to a 2,4%
increase in serum lutein concentration [6]. In human body
lutein is stored in the eye (retina, rod outer segments, and

lens) [7, 8] and other places in human body including skin
[9], cervix, brain, and breasts.

The chemical structure of lutein (C
40
H
56
O
2
) consists of

40-carbon, hence known as tetraterpenoids, with alternating
single and double carbon-carbon bonds with attachedmethyl
side groups. The presence of a hydroxyl group at both ends
of the molecule distinguishes lutein and zeaxanthin from
other carotenoids and it is responsible for the high chem-
ical reactivity with singlet oxygen [10–12]. The presence of
electrons localized over the entire length of the hydrocarbon
chainmolecules allows the neutralization of free radicals (FR)
[13]. Due to its modest aqueous solubility, lutein is usually
localized in the inner core of the cell membranes or bound
to proteins [14]. Since cell membranes are the first structures
attacked by FR, the anchor of lutein guarantees protection.
Lutein also crosses the blood-brain barrier and the pla-
centa; its presence is three times higher in breast milk and
colostrum, compared to those of other carotenoids, as a result
of an active secretion from the bloodstream.Theplasma levels
of lutein in the mother correlate with carotenoid status in
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Figure 1: Schematic representation of anti-inflammatory and
antioxidant effects of lutein.

the newborn [15]. In the neonatal period, fresh human milk
is the main source of lutein [16]. Mature human milk can
be stored safely in a freezer and heated in a microwave
oven without loss of carotenoids [17]. Lutein-enriched infant
formulas are now available. Oral supplementation represents
an alternative source that has been demonstrated to decrease
oxidative stress (OS) biomarkers and increase biological
antioxidant potential in the first days of human life [18, 19].

2. Antioxidant, Anti-Inflammatory, and
Neuroprotective Properties

Several antioxidant activities have been ascribed to lutein:
inhibition of membrane lipids peroxidation, particularly in
photoreceptors, which have plenty of polyunsaturated fatty
acids; direct antioxidant action; and anti-inflammatory and
immunomodulatory properties.

In a rat model of endotoxin-induced uveitis lutein blocks
the degradation of inhibitory kB-a from the cytosolic fraction
and prevents NF-kappa-B (NF-𝜅B) translocation, decreasing
inducible gene transcription and synthesis of inflammatory
mediators (Figure 1) [20, 21].

Paraquat and hydrogen peroxide-induced apoptosis are
neutralized by lutein in cultured retina photoreceptors pro-
moting survival and differentiation [22]. Lutein also avoids
the photooxidation of phosphatidyl-pyridinium bisretinoid
(A2-PE), which may activate a cascade of events leading to
the formation of reactive species in retinal pigment epithe-
lial cells [23]. Moreover, lutein supplementation in retinal
pigment epithelial cells prevents the proteasome inactivation
in response to photooxidation and modulates inflammation-
related genes [24].

In lipopolysaccharide- (LPS-) stimulated macrophages
line, lutein has been found to decrease intracellular hydrogen

peroxide (H
2
O
2
) accumulation by scavenging superoxide

anion and H
2
O
2
[25]. In the same study, lutein has been

found to inhibit the expression of proinflammatory genes by
suppressing nuclear factor NF-𝜅B translocation and reducing
LPS-induced secretion of tumor necrosis factor- (TNF-) 𝛼
and interleukin-1𝛽. Similar anti-inflammatory mechanisms
have been observed in vitro in both models of gastric epithe-
lial cells [26] and microglia [27]. Lutein also significantly
reduces skin inflammatory responses in ultraviolet-irradiated
keratinocytes [28].

Moreover, lutein acts as a competitive inhibitor of cytoso-
lic calcium-dependent phospholipase A

2
inhibiting arachi-

donic acid release from a macrophage cell line [29]. In
vascular smooth muscle cells, platelet-derived growth factor
and extracellular H

2
O
2
stimulation induce FR production,

which is attenuated by lutein [30].
The protective effects of lutein against protein oxidation,

lipid peroxidation, and DNA damage induced by OS have
been reported also in human lens epithelial cells where lutein
supplementation increased reduced glutathione (GSH) levels
and reduced/oxidized GSH ratio [31].

Supplementation with lutein has anti-inflammatory, neu-
roprotective, and antiangiogenic properties. In mice receiv-
ing three-month lutein supplementation, the outer nuclear
layer thickness histopathologically examined was signif-
icantly greater than in the nonsupplemented group. In
the same cohort, retinal expression of proinflammatory
mediators such as inducible nitric oxide synthase, TNF-𝛼,
cyclooxygenase-2, IL-1𝛽, and vascular endothelial growth
factor was significantly lower in supplemented mice [32].

The administration of lutein affords neuroprotective
effect against transient cerebral ischemic injury in mice since
it is able to significantly increase reduced/oxidized GSH
ratio as well as activities of antioxidant enzymes (superoxide
dismutase, GSH peroxidase, and catalase) [33].

Lutein suppresses STAT3 activation by inflammatory
cytokines and extracellular signal-regulated kinase activa-
tion, slowing DNA damage and preserving a-wave electror-
etinogram amplitude in mouse models [34]. Lutein plays
a neuroprotective role in retinal ganglion cells against N-
methyl-D-aspartate-induced retinal damage in rats [35].

Lastly, lutein treatment significantly decreased OS in
rat model of skeletal ischemia/reperfusion injury by down-
regulating oxidative stress and inflammatory mechanisms
[36].

3. Lutein and Cognitive Function

Recent papers report how lutein, predominantly accumu-
lating in the brain, is positively associated with improved
cognitive function in the elderly [37]. Macular pigment
optical density, which is a stable measure of lutein and
zeaxanthin in the retina, is consistent with better global
cognition, verbal learning and fluency, and processing and
perceptual speed in old people [38–40]. Moreover, lutein
improves cognitive scores after 4-month supplementation in
old women [41] and ameliorates visual processing speed and
visual motor behavior in young subjects [42].
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Due to the encouraging findings of a positive impact
of lutein on brain function, growing interest focuses on
identifying possible lutein functions in neurodegenerative
diseases such as Parkinson disease (PD) and Alzheimer
disease (AD). It has been suggested that lutein offers benefits
against neuronal damage occurring in AD by virtue of
its mitochondrial protective, antioxidant, and antiapoptotic
properties. In a randomized, double-blind clinical trial,
AD patients were daily supplemented for six months with
macular carotenoids (10mg meso-zeaxanthin, 10mg lutein,
and 2mg zeaxanthin) [43]. The authors found significant
improvements in visual function and increase ofmacular pig-
ment density in patients with AD after lutein supplementa-
tion while cognitive function was not influenced. In PD-mice
model, lutein has been found to protect nigral dopaminergic
neurons by enhancing antioxidant defense mechanisms and
diminishing mitochondrial dysfunction and apoptotic death
[44]. Lutein reversed the loss of nigral dopaminergic neurons
by inhibiting the activation of proapoptoticmarkers (Bax and
caspases 3, 8, and 9) and enhancing antiapoptotic marker
(Bcl-2) expressions, with significant reduction in motor
abnormalities. These findings pave the way to a beneficial
employment of lutein for neurodegenerative therapy even
if its potential protective function against these diseases
remains to be explored.

4. Lutein and the Eye

In human eye macular pigment is composed of three
carotenoids including lutein in equal concentrations to zeax-
anthin and meso-zeaxanthin [45–47]. The macula lutea is
a yellow, circular area 5-6mm in diameter, located in the
central and posterior portion of the primate retina. The
macula includes the majority of photoreceptors and it is
responsible for central vision and high-resolution visual
acuity. Neuronal lipid bilayer membranes in the retina are
especially vulnerable to oxidative damage because of expo-
sure to high oxygen concentration. Since lutein is soluble in
polyunsaturated phospholipid membrane domains, it plays
a pivotal role against OS in retinal tissues. Retinal vulner-
ability to hypoxia-ischemia is evident especially as a result
of photochemical damage, primarily located in the outer
layers of the central region of the retina, regarding both
photoreceptors and retinal pigment epithelium [48]. Labo-
ratory studies have suggested that photochemical damage is
triggered by oxidative events leading to retinal cells apoptosis
[49]. In particular, ocular exposure to sunlight, UV, and
short blue light-emitting lamps may lead to cataract and
retinal degeneration through a photooxidation reaction. In
photooxidation reactions, phototoxic chromophores in the
eye are able to absorb light but they subsequently turn to
an unstable state (singlet and then a triplet state) producing
FR [49]. Antioxidant quenchers as lutein can prevent the
phototoxic reactions damage. In fact, due to its chemical
structures with extensive conjugated bonds, lutein is able
to absorb light of the blue range wavelength (400–500 nm)
preventing light-induced retinal damage [50, 51]. Moreover,
lutein acts as an effective quencher of singlet molecular

oxygen (1O
2
) in the retina during OS conditions, preventing

lipid peroxidation and the accumulation of FR responsible
for photoreceptor apoptosis [11, 12, 52]. OS also occurs in
the inner part of the retina, particularly within axons of
retinal ganglion cells which are rich in mitochondria and
consequently sensitive to FR harmful effects compared to
neuron soma [53].

OS is themain consequence of retinal ischemiawhichwas
found to underlie diabetic retinopathy (DR) and retinopathy
of prematurity (ROP) [54]. In both DR and ROP early
ischemia due to abnormal retinal blood supply leads to
abnormal neovascularization and subsequent hemorrhages
and blindness. In preterm babies the hypoxic injury is
caused by an imbalance between an increased metabolic
demand and delayed retinal vascular development due to
the suppression of growth factor in a hyperoxic environment
[55]. DR hyperglycemia and decrease in blood flow produce
retinal ischemia [56]. Hyperglycemia induces several changes
including leukostasis, vasoconstriction, and a proinflamma-
tory state that also cause hypoxia in the retina. The early
proinflammatory changes can directly provoke hypoxia in the
retina.

Furthermore, lutein is well known to be protective against
senile cataract by influencing changes in glutathione oxi-
dation, which is responsible for the increased susceptibility
of the nucleus to oxidative damage in older lenses [57].
Protective effects of lutein have been also demonstrated in
age-related macular degeneration (AMD). AMD is a major
cause of visual impairment and blindness among people 65
years or older. It is due to the decrease in naturally protective
antioxidant systems and the increase in UV and visible
light-absorbing endogenous phototoxic chromophores that
produce reactive oxygen species [58]. Lutein counteracts
stress-induced changes in the retinal pigment epithelium
promoting tight junction repair and suppresses inflammation
both by direct scavenging and by induction of endogenous
antioxidant enzymes.

Sustained supplementation of lutein, zeaxanthin, and
meso-zeaxanthinwas demonstrated to be effective in increas-
ingmacular pigment, contrast sensitivity, and visual function
in early AMD [59]. These three carotenoids showed also
beneficial effects on visual performance in various retinal
diseases [60].

In a large multicenter double-masked clinical trial called
Age-Related Eye Disease Study 2 (AREDS2), participants
were randomly assigned to receive four different treat-
ments: (1) 10mg lutein + 2mg zeaxanthin; (2) fish oil con-
taining eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA); (3) lutein + zeaxanthin + DHA + EPA; and
(4) placebo. Lutein + zeaxanthin formulation significantly
decreased the progression to advanced AMD [61].

Interestingly, lutein, meso-zeaxanthin, and zeaxanthin
supplementation has been reported to be effective in ame-
liorating contrast sensitivity in healthy population (free of
retinal disease) by increasing retinal concentrations of these
carotenoids [62]. A recent meta-analysis by Ma et al. reports
that lutein, zeaxanthin, and meso-zeaxanthin supplementa-
tion improves macular pigment optical density in both AMD
and healthy subjects with a dose-response relationship [63].
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5. Lutein and Cardiometabolic Health

Due to its antioxidant and anti-inflammatory capacity, lutein
has been shown to exert a positive influence in promoting
cardiovascular health and decreasing the risk of Coronary
Artery Disease (CAD). Animal studies show that lutein
contributes to prevention of atherosclerosis development
by decreasing malondialdehyde and oxidized low-density
lipoprotein levels and reducing inflammatory cytokines such
as interleukin- (IL-) 10 [64]. Furthermore, in ApoE-deficient
mice supplemented with lutein for 24 weeks NADPH oxidase
was inhibited and peroxisome proliferator-activated receptor
expressionwas increased by lutein, protecting against high fat
diet-induced atherosclerosis [65].

The possible beneficial cardiovascular effect of a lutein-
rich diet in humans, particularly in preventing arterial
plaque formation, has been reported in the Atherosclerosis
Risk in Communities (ARIC) and the Carotid Ultrasound
Disease Assessment (CUDAS) studies [66, 67]. An inverse
association between plasmatic lutein and atherosclerosis is
also shown in the Los Angeles Atherosclerosis Study [68].
While the benefits regarding hypertension are uncertain
[69], lutein has been reported to counteract OS produced
aftermyocardial ischemia/reperfusion damage [70, 71]. Upon
reperfusion, neutrophils accumulate and produce an inflam-
matory response with increased generation of highly reactive
oxygen species, which are responsible for myocytes apoptosis
[70]. Consequently, limiting myocardial injury may prevent
contractile dysfunction, reducing morbidity and mortality
associated with CAD [72].

A recent meta-analysis also showed a lower risk of coro-
nary heart disease, stroke, and metabolic syndrome in high-
lutein blood concentration subjects or lutein-supplemented
subjects [73].

6. Lutein and Oxidative Stress in
Perinatal Period

Oxidative stress is defined as an imbalance between free
radicals, such as nitric oxide (NO∙), superoxide anion
(O
2

∙−), and H
2
O
2
, and antioxidants, promoting overabun-

dance of FR. The newborn is particularly susceptible to OS
due to the sudden transition from uterine life, relatively
hypoxic, to extrauterine environment, with significantly
higher oxygen concentrations. Other predisposing factors
are the rapid tissue growth and perinatal conditions char-
acterized by increased concentrations of FR and free iron,
such as chorioamnionitis, placental hypoperfusion, neonatal
hypoxic-ischemic events, inflammation, or fetal-placental
transfusion.

Several preterm newborn’s diseases, such as retinopa-
thy of prematurity (ROP), bronchopulmonary dysplasia,
intraventricular hemorrhage, periventricular leukomalacia,
necrotizing enterocolitis, oxidative hemolysis, and renal fail-
ure [74–78], recognize in OS a pathogenetic role. These
pathological conditions were grouped into a larger entity
defined as “FR disease of the newborn” [79].

Therefore one of the goals of modern neonatology is to
protect the infant fromoxidative damage by reducing the pro-
duction of FR or promoting the development of antioxidant
systems. Vitamins, FR inhibitors, and scavengers have been
used as antioxidant drugs in clinical and experimental studies
with uncertain results. Among them, lutein represents one
of the antioxidant strategies with clinical application in the
perinatal period [80]. Newborns receive lutein from breast
milk: lutein is the predominant carotenoid in mature breast
milk [81, 82]. Breast-feeding infants intake of lutein depends
on multiple factors such as maternal lutein intake, alcohol
consuming, smoking [83], and maternal body mass index;
for example, breast milk of obese mothers was found to have
lower lutein content [84]. A recent paper by Vishwanathan
et al. shows that lutein is the prevalent carotenoid in the
developing infant brain and its concentration is lower in
preterms compared to term neonates perhaps for lack of
supplementation [85].

Few data are currently available about the effects of lutein
supplementation in newborns. Lutein may play a role in
visual development, being involved in cell maturation in
the developing macula [86]. Moreover, a recent clinical trial
showed that lutein supplementation may improve neuroreti-
nal health (assessed through electroretinography recording
the voltage change across the retina after light stimulus)
in preterm newborn infants [87]. Although oral lutein is
well absorbed by preterm babies [88], it has not yet been
verified whether dietary lutein enhances visual development
in infants [89] and the mechanisms remain largely not
understood.

Since ROP is OS-related disease, a striking interest has
been focused on the possible role of lutein in preventing
it [90, 91]. ROP is a two-phase disease affecting preterm
infants. At first, the hyperoxic stimulus during oxygen sup-
plementation downregulates the vascular endothelial growth
factor with subsequent interruption of retinal vessel growth.
Afterwards, the condition of relative hypoxia of the retina,
occurring when the babies stop oxygen therapy, leads to the
abnormal proliferation of vessels (neovascularization) and
consequently OS [92].

Data regarding the possible benefits of lutein supplemen-
tation in preventing ROP are scarce and no consensus has
been achieved yet. In a multicenter, randomized-controlled
trial, the incidence of ROP in very low birth weight infants
was found not to decrease after lutein supplementation.
Similar findings were described also in another randomized-
controlled trial by Dani et al. [93]. Romagnoli et al. showed
a strong antioxidant capacity of lutein, which significantly
increased the biological antioxidant potential but not efficacy
to reduce the occurrence/severity of ROP [94]. Although a
significant linear correlation was reported between plasma
lutein concentration and total antioxidant status, supplemen-
tation with lutein orally was ineffective in enhancing biolog-
ical antioxidant capacity in preterm babies [95]. Conversely,
clinical trials in term healthy newborns indicated that orally
supplemented lutein was effective in enhancing biological
antioxidant potential and reducing lipid peroxidation [18,
19]. As demonstrated so far, lutein has a well-ascertained
antioxidant and anti-inflammatory role, while the capacity
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preventing OS-related newborn diseases remains uncertain,
probably due to the multifactorial nature of the pathological
processes or the need for higher daily doses.

Further clinical trials are needed to evaluate therapeutic
effects of lutein on preterm and term infant morbidity, par-
ticularly the free-radical-mediated diseases of the newborn.

7. Conclusions

Due to its antioxidant anti-inflammatory properties and
safety, lutein has been considered as a promising molecule
in several fields of application. Neonatal age is a vulnerable
period regarding the threatening effects of OS on the devel-
oping tissues. Neonates, especially if preterm, are defenseless
against the oxidative cellular injury because of both several
prooxidant events, such as the exposition to a relatively
hyperoxic environment with enhanced generation of FR, and
deficient antioxidant systems. Additional neonatal conditions
(inflammation, hypoxia, ischemia, and free iron release) may
also worsen OS damage. As a consequence, a great deal of
interest has been focused on antioxidant treatments. The
efficacy of lutein in counteracting oxidative damage has been
tested in human adult diseases, such as atherosclerosis, AMD,
and senile cataract.This evidence calls for a further investiga-
tion in infants. Since humans do not synthesize lutein, lutein
supplementation should be undertaken in maternal diet and
in all non-lutein-enriched formula fed newborns, lacking an
adequate dietary intake.
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Tetramethylpyrazine, a natural compound from Ligusticum wallichii (Chuan Xiong), has been extensively used in China for
cardiovascular and cerebrovascular diseases for about 40 years. Because of its effectiveness in multisystems, especially in
cardiovascular, its pharmacological action, clinical application, and the structural modification have attracted broad attention. In
this paper its mechanisms of action, the clinical status, and synthetic derivatives will be reviewed briefly.

1. Introduction

Tetramethylpyrazine (ligustrazine, TMP) is a natural com-
pound isolated from Chinese herbal medicine Ligusticum
wallichii (Chuan Xiong), which has been extensively used
for medicinal purpose for more than 2000 years. TMP was
firstly isolated in 1957 and has been increasingly studied
for its action on myocardial and cerebral infarction since
1970s [1]. In the past decades, researchers explored other
pharmacological capabilities of TMP in various diseases, such
as coronary heart disease, diabetes, cancers, and liver injury.
Accordingly, laboratory study verified the regulation ability
of this agent in multiple molecular targets, such as anti-
inflammation, antioxidant, antiplatelet, and antiapoptosis.
The pharmacology of TMP has been well reviewed in the past
[2–4].This paper will briefly summarize the pharmacological
mechanisms and its clinical application status; moreover
research about TMP derivatives, also a highly popular topic
due to its inherent low bioavailability, will then be discussed
[5] (see Figure 1).

2. Medicinal Use of TMP

2.1. Cardiovascular System. The cardiovascular pharmaco-
logical effects of TMP aroused widespread interest among
researchers in recent years [2, 4]. There are considerable
documents supporting the view that this monomer can be a
promising botanical remedy for cardiovascular diseases. The
possible mechanism of its action might include modulating
ion channels, stimulating the release of NO production,
inhibiting vascular smooth muscle cell proliferation and
migration, scavenging ROS, regulating inflammation and
apoptosis, and preventing platelet aggregation (see Figure 2).

2.1.1. Regulation of Cardiac Inotropic and Vascular Functions
(1) Ion Channels. TMP was described as “calcium antagonist”
[6] and produced a vasodilation effect via inhibiting Ca2+
influx and the release of intracellular Ca2+ at first [7]. Tsai
et al. [8] introduced the cultured vascular smooth muscle
(A7r5) to prove that TMP can affect the calcium influx,
at least partly, by mediating the opening of potassium
channel. Moreover, Kim et al. [9] verified that TMP-induced
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Figure 1: Illustration of Ligusticum wallichii (Chuan Xiong) plant (a) and chemical structure of ligustrazine (b).
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Figure 2: Putative mechanisms underlying cardiovascular protective effects of TMP.

vasorelaxation in isolated rat aortic rings was determined by
ATP-dependent potassium channels. TMP was also reported
to have a direct effect on L-type calcium current (𝐼Ca-L),
since it can reduce calcium transient in a dose-dependent
manner when applied to rabbit ventricular myocyte [10].
The combination of tetramethylpyrazine phosphate (TMPP)
and Ginsenoside-Rb1 (Rb1) in cTnTR141W mouse model
also obtained some benefit; the downregulated level of
calmodulin 1 and calcium/calmodulin-dependent protein
kinase II𝛽 (Camk2b) indicated that TMP might regulate
Ca2+/CaM/CaMKII [11]. However, current evidence is quite
preliminary; the specific link between TMP and ion channels
still needs to be thoroughly investigated. Despite the poten-
tially involved ions which had been listed in the publications,
the corresponding pathways, genes, or cytokines that might
be responsible for the activation of ion channels are barely
understood.

(2) Nitric Oxide Pathway. TMP can stimulate NO production
in pulmonary arteries of rat [12]; Lv et al. [13] demonstrated
that Akt and the endothelial isoform of nitric oxide synthase

(eNOS) phosphorylation were significantly upregulated after
TMP pretreatment in vivo; this effect could be blocked byNO
synthase (NOS) inhibitor consequently. PI3K/Akt pathway
might play a pivotal role in activating eNOS and increasing
NO production. Numerous researches verified the result
of TMP on NO production; they believed that there are
certain kinds of relationship between TMP andAkt, while the
result remains controversial. Some reported TMP exerts an
inhibition role in phosphorylation of Akt in N9 microglial
cells [14], although others claimed that TMP can activate
Akt in vascular endothelial cells [15]. Despite different cell
phenotypes involved in these experiments, the relationship
between TMP and Akt pathway requires further exploration.
Besides, there is no clear and standard therapeutic dosages
of TMP, which makes the antioxidative effect of TMP not as
evident as proposed.

(3) Smooth Muscle Cell Proliferation and Migration. TMP can
suppress the proliferation of VSMC in rabbit aortic vascular
[16]. Additionally, there is a study which intended to investi-
gate the effect of TMP on the airway smooth muscle; their
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data indicate that TMP might suppress the airway smooth
cells proliferation via ERK1/2 signaling pathway, as the level
of PDGF and p-ERK 1/2 proteins has decreased significantly
in the TMP group [17]. Recently, another researcher [18]
pointed out that TMP can inhibit PDGF-BB induced pro-
liferation of VSMC, and results expressed that differentiated
VSMC can be reversed by TMP and ERK and p38 MAPK
might be involved in this process. Interestingly, most studies
emphasized inhibitory effect on proliferation when TMP
was administered before proliferation occurs, although few
related mechanism or targets were identified.

2.1.2. Resistance of Cell Damage

(1) Oxidative Stress. Clinical and laboratory studies on herbal
medicine draw special attention to ROS-pathway-mediated
injury in CVDs [19]. The scavenging ROS function of TMP
on hypoxia induced pulmonary vascular leakage had been
explored [20], and H

2
O
2
-induced human umbilical vein

endothelial cells (HUVECs) were also employed to evaluate
protective effect of TMP on oxidative stress, as well as its
antiapoptotic properties [21]. By testing its effect on C2C12
myotube, Gao and his coworkers [22] reported that TMP
could restrain mitochondrial ROS generation and upregulate
the expression of PGC1, NRF1, and Tfam, which reflects
mitochondrial biogenesis. TMP also exerts an endothelium
protective property via downregulating the expression of
ICAM-1 andHSP60 [23]. Considering the precisemechanism
is still not clearly clarified, further studies focusing on the
specific roles of TMP should be emphasized.

(2) Apoptosis. TMP can decrease the ANP mRNA expres-
sion in cardiomyocyte hypertrophy rat model and sup-
press the level of pJAK2, pJAK1, or pSTAT3, demonstrat-
ing that TMP can inhibit JAK-STAT signal transduction
[24]. Researchers evaluated the effect of tetramethylpyrazine
phosphate (TMPP) on the dilated cardiomyopathy (DCM)
and reported that TMPP can prevent the progressive LV
dilation and systolic dysfunction, as well as the collagen
deposition and gene expression reduction of procollagens
COL1A1 andCOL3A1 [25].Moreover, the upregulated level of
Bcl-2 and the reduction of Caspase-3 also had been observed
in apoptosis myocyte after TMP intervention [26]. TMP can
exert antiapoptosis ability by inhibiting macrophage COX-
2 [27]. Recently, a piece of work [28] successfully tested the
protective effect of TMP in H9c2 cardiomyoblasts; the result
is consistent with previous report from Zheng et al. [29].

(3) Inflammation. TMP can restrain LPS-induced IL-8 over-
expression in HUVECs at both the protein andmRNA levels,
which is possibly due to blocking the activation of theNF-kB-
dependent pathway; the involvement of ERK and p38MAPK
signaling pathway has also been observed [30]. Hepcidin
has emerged as a positive regulator of atherosclerotic plaque
destabilization since 2007 by Sullivan [31]; its expression
might be regulated by TMP [32]. SD rats with high-fat diet
for 8 weeks were employed in the study; TMP group was
injected with TMP at 40mg/(kg⋅d), while hepcidin group
was injected with heparin at 5mg/(kg⋅d). After treatment,

relevant markers such as blood lipid, hepcidin, ET-1, ROS,
MDA, and SODwere detected.The results supported that the
protective effect of TMP on endothelium might be related to
inhibiting overexpressed level of hepcidin. However, direct
pathways involved in regulating hepcidin need to be inves-
tigated in the future.

2.1.3. Antiplatelet. Platelet aggregation plays a key role in
the pathogenesis of atherothrombosis, and a variety of
Chinese herbals have been examined for their antiplatelet
property [33]. TMP has been commonly reported on its
effect of antiplatelet since the 1980s [34]; stimulating cAMP
production and inhibiting intracellular calciummobilization
were assumed to be the potential mechanism [35]. There is
plenty of evidence for the suppression of platelet aggregation,
although few publications were related to the platelet release
reaction. A piece of research was conducted on patients
who were diagnosed with acute coronary syndrome and
received percutaneous coronary intervention. After TMP
treatment, the level of CD63, an indicator of platelet activa-
tion, decreased significantly [36]. TMP might have an effect
on inhibition of platelet release, although no experimental
study is conducted to verify the role of TMP in platelet release
reaction.

2.2. Protection on Cerebra and Spinal Cord Injury. The
application of TMP in the treatment of ischemic stroke has
been well documented for ages [37]. Tsai and Liang [38]
directly evaluated its ability to penetrate blood brain barrier
by using microdialysis technique that provides evidence for
the following studies on central effect of TMP. Its neuro-
protective property is partly due to modulating thioredoxin
transcription [39] and downregulating the expression of
neuronal isoform of NO synthase (nNOS) [40]. TMP also
could attenuate the inflammation associated with ischemia
by regulating the expression of NF-E2-related factor 2 (Nrf2)
and heme oxygenase-1 (HO-1), which plays a role against
ischemic reperfusion brain injury [40, 41]. Researchers also
claimed that TMP can protect mitochondrial function and
enzymatic antioxidants [42]; nevertheless sufficient evidence
is needed. Recently, there is a piece of evidence for TMP on
functional recovery and dendritic plasticity after ischemia
[43]. The neuroprotective effects of TMP have also been
tested on spinal cord injury [44, 45]. Moreover, other
researchers [46] explored anti-inflammatory properties of
TMP in Alzheimer’s disease. Considering there is limited
publications currently in this field, rigorous experiments can
be warranted.

2.3. Cancer. Liu et al. [47] firstly investigated TMP for lym-
phocytes proliferation response. Later on, it has been tested
on various cancers, such as leukemia [48, 49], lung cancer
[50, 51], ovarian carcinoma [52], liver cancer [53], glioma
[54], osteosarcoma [55], chemotherapy-resistant breast can-
cer [56], and prostate cancer [57]; the probable mechanism
includes anti-inflammatory and promoting apoptosis. Stud-
ies intended to examine the effect of TMP derivatives like
tetramethylpyrazine hydrochloride (TMPH) had yielded a
similar conclusion. Large quantities of agents are currently
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reported as an anticarcinogen via numerous pathways, as
determined in experimental environments, while few display
the same effects in clinic. How to apply the laboratory finding
in the clinical practice is a critical issue that remains to be
settled.

2.4. Diabetes. As there is abundant evidence for the vascular
protective action of TMP, Lee andhis colleagues hypothesized
to investigate this characteristic on the diabetic model at
the outset. Streptozotocin-induced diabetic mice model was
adopted to test lipid peroxidation level, which is one of
marked pathological changes in diabetes, and the result
indicated that TMP can effectively alleviate glucose and
blood urea nitrogen concentration (BUN) [58]. Later on,
researchers also attempt to conduct similar experiments
on streptozotocin-induced diabetic nephropathy rat model;
their result was consistent with the previous one on the
mice model. Moreover, they demonstrated that the level of
insulin, angiotensin II, and P-selectin also decreased [58, 59].
Additionally, there is a piece of study reporting protective role
of TMP regarding this disorder [60].

2.5. Liver Injury. Liu et al. [61] detected hepatoprotective
effect of TMP on acute econazole-induced liver injury. The
probable explanation for this action includes inhibition of
membrane lipid peroxidation [62] and oxidative stress [63].
Likewise, recent evidence indicated that TMP exerts a pro-
tective property on sepsis-induced acute liver injury mainly
by ameliorating the aquaporin 8 expression [64]. Besides,
there are also publications related to its inhibitory effect on
hepatic fibrosis, PI3/AKT, and ERK pathways, and NLRP3
inflammasome pathway might be engaged [65, 66].

2.6. Renal Injury. TMP can attenuate the Cisplatin-induced
nephrotoxicity in rats; antioxidative stress might be one of
the proposed mechanisms [67, 68]. Similar effect had also
been tested in rat renal tubular cells [69]. Its therapeutic effect
on hepatic/renal ischemia-reperfusion injury in rats [70], as
well as the fibrosis of renal interstitial, had been verified
[71, 72]. Moreover, TMP can protect rat renal tubular cells
from adriamycin-induced apoptosis [73, 74]; this action, to
some extent, is due to the inhibition of p38MAPK and FoxO1
pathways [75].

2.7. Others. Since TMPwas reported to possess a broad spec-
trum of pharmacological effects, such as antioxidant, anti-
inflammatory, antifibrosis effects, diseases, such as asthma
and colitis, suffered from such pathological changes and
had been further investigated [76–80]. However, the precise
mechanism still needs to be further explored.

3. Current Status of Therapeutic Uses of TMP

The injection solution of TMP has been broadly used
especially in China to treat ischemic stroke [81], coronary
heart disease [36], diabetic nephropathy [82], and knee
osteoarthritis [83]. Large amount of research is about the
efficacy of TMP injection. For example, in a systematic review,

they evaluated the efficacy of 22 Chinese patent medicines
for stroke; there are 11 randomized controlled trials with 1652
patients related to TMP injection [84]. Although, it seems
that lots of evidence have stated the efficacy, the reliability
of these trials is doubtful. Few of the studies report the
adverse events [82, 85, 86]; the poor methodology makes
the problem even worse. Even for the treatment of the same
disease, the dosage of TMP injection is quite different. Similar
problem was confronted when talking about the treatment
course. What is more, there are lots of combination uses of
other herbal injections during the treatment, which might be
difficult to figure out the interactions. Due to the low quality
of clinical trials in this field, the safety concerns about the
herbal injection have long been a major dispute [87].

4. Approaches to Improve
the Bioavailability of TMP

4.1. Problems Associated with Drug Delivery. Early pharma-
cokinetic research has determined the metabolism rate of
TMP and verified its in-vivo short half-life of 𝑇

1/2
= 2.89 h.

Besides, the accumulated toxicity is another potential threat
to the patients for keeping an effective concentration via
frequently administration [88, 89]. Considering the drug
delivery deficiency of TMP [90], enormous experiments were
conducted to improve its pharmacological activity since the
1990s. There are two primary approaches which can improve
the biological activity.

4.2. Improvement of Dosage Form. The conventional TMP
dosage forms include injection, oral tablet, and capsule. Con-
ventionally, the oral administration, is the most preferable
route for chronic diseases. However, this form might not be
suitable, considering that hepatic first-pass metabolism can
probably result in a lower bioavailability [5]. However, the
intravenous injection does not help; drug concentration of
injection form was peaked within 20min but was undetected
after 120min [38]. A great deal of formulations had been
proposed to solve the deficiency during drug delivery, such
as porosity osmotic pump, microemulsions, ethosomes, and
transdermal patch. The administration route has changed
accordingly; transdermal, intranasal, intraperitoneal injec-
tion, and ocular delivery were introduced [5, 91, 92]. It is of
importance to quantify the drug concentration in different
sites (such as brain, liver, and skin). Research related to in
vitro drug release, in vivo distribution, and the optimum
dosage is urgently needed. Another unsatisfactory situation
is that most of the newly designed forms were conducted at
laboratory level, and extensive clinical evidence needs to be
layed out to validate the clinical effect accordingly.

4.3. Structural Modification of TMP. The structural for-
mula of TMP shows that pyrazine largely determined
its pharmacodynamics, while the side chain might be
mainly responsible for its pharmacokinetics. Given its inher-
ent characteristics, the structure modification to improve
the bioavailability has been broadly investigated, which
opened new perspective for drug discovery. During the
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Figure 3: Primary intermediates of TMP.

past decades, over 300 novel TMP derivatives had been
designed and synthesized [93]. In general, most of the
modifications were derived from 4 primary intermediates
of TMP. They are 2-bromomethyl-3,5,6-trimethylpyrazine
(TMP-Br), 3,5,6-trimethylpyrazine-2-yl (TMP-OH), 3,5,6-
trimethylpyrazine-2-carboxylic acid (TMP-COOH), and 2,5-
dimethylol-3,6-dimethylpyrazine (OH-TMP-OH) (Figure 3).
The first step of the structural modification is the synthesis
of these four fundamental compounds. With the obtained
intermediates, we can easily link other reactive groups with
TMP. Not only can small chemical groups be used for
structural modification, but considerable herbal compounds
were also introduced into synthesis process, for example,
TMP-ferulic acid derivatives that combined TMP and ferulic
acid, another active ingredient of Ligusticum wallichii, as
precursors. Both TMP and ferulic acid had been extensively
reported because of their antiplatelet aggregation effect [94].
Given the structural properties, calcium antagonists also
could be combined with pyrazine to form new derivatives.
Further study should be conducted, enabling a better under-
standing of the pharmacokinetics of these derivatives. After
modification, further experiment is needed to demonstrate
the biological activities and pharmacological characteristics
of original derivatives. After 21 new derivatives had been
developed, Li and his coworkers conducted experiment to
evaluate the protective effect of newly designed derivatives
on the HUVECs. The data proved that some of the new
compounds had better protective effect compared with the
reference drug [95]. Most of the results seem preferable,
which reported a better effect over TMP. Although the
interaction and toxicity of new derivatives have not been
studied comprehensively, the active parts of the new drugs, as
well as their metabolism parameters, and signal transmission
might be different from TMP, which also needs to be further
confirmed.

5. Conclusion

As an effective and multitarget product, TMP is promising
and worthy of further investigation. Large amount of trials
had been conducted to assess its clinical efficacy; their results
seem too good to be true. So far, there is no clear evidence
that gives us the standard dosage, treatment course, as well
as the reporting of adverse events which is necessary for
clinical trials. It would be more helpful if standardized usage
for TMP was established. In that case, the results of clinical
trial would be more persuasive, providing reliable evidence
for decision making in practice. Despite enormous interests
in the clinical uses, there is still a great deal of challenge facing
the academics, such as the effectiveness, pharmacological
effect, and toxicity. Nowadays, the action and mechanism
of TMP have been investigated in multisystems and multi-
diseases, and the involved pathways and targets seem quite
complex. With advances in the technique of laboratory, such
as genomic, proteomic data, as well as spectrometric analysis,
our understanding of herbal compounds like TMP will be
more systematic. As our knowledge about its mechanism as
well as disease pathophysiology has been expanded, TMP can
be used more extensively and more targeted. In the future,
more preclinical studies to determine its mechanisms and
potential toxic effects and to answer questions related to
absorption and metabolism are needed. After this preclinical
work has been completed, well-designed clinical studies can
be conducted. In summary, multifunction and the structural
advantagemakeTMPapromising candidate for further study
to achieve maximum therapeutic efficacy and minimum
toxicity.
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“The rapeutic effects and mechanisms of tetramethylpyrazine
on streptozocin-induced-nephropathy in type 2 diabetic rats,”
Chinese Pharmaceutical Journal, vol. 47, no. 22, pp. 1807–1812,
2012.

[60] Q.-H. Yang, Y. Liang, Q. Xu, Y. Zhang, L. Xiao, and L.-Y. Si,
“Protective effect of tetramethylpyrazine isolated from Ligus-
ticum chuanxiong on nephropathy in rats with streptozotocin-
induced diabetes,” Phytomedicine, vol. 18, no. 13, pp. 1148–1152,
2011.

[61] C.-F. Liu, C.-C. Lin, L.-T. Ng, and S.-C. Lin, “Hepatoprotec-
tive and therapeutic effects of tetramethylpyrazine on acute
econazole-induced liver injury,” Planta Medica, vol. 68, no. 6,
pp. 510–514, 2002.

[62] E. C. So, K.-L. Wong, T.-C. Huang, S.-C. C. Tasi, and C.-F.
Liu, “Tetramethylpyrazine protectsmice against thioacetamide-
induced acute hepatotoxicity,” Journal of Biomedical Science, vol.
9, no. 5, pp. 410–414, 2002.

[63] C. Lu, Y. Jiang, F. Zhang et al., “Tetramethylpyrazine prevents
ethanol-induced hepatocyte injury via activation of nuclear
factor erythroid 2-related factor 2,”Life Sciences, vol. 141, pp. 119–
127, 2015.

[64] J.-Q. Wang, L. Zhang, X.-G. Tao et al., “Tetramethylpyrazine
upregulates the aquaporin 8 expression of hepatocellular mito-
chondria in septic rats,” Journal of Surgical Research, vol. 185, no.
1, pp. 286–293, 2013.

[65] F. Zhang, Z. Zhang, D. Kong et al., “Tetramethylpyrazine
reduces glucose and insulin-induced activation of hepatic
stellate cells by inhibiting insulin receptor-mediated PI3K/AKT
and ERK pathways,”Molecular and Cellular Endocrinology, vol.
382, no. 1, pp. 197–204, 2014.

[66] X. Wu, F. Zhang, X. Xiong et al., “Tetramethylpyrazine
reduces inflammation in liver fibrosis and inhibits inflamma-
tory cytokine expression in hepatic stellate cells by modulating
NLRP3 inflammasome pathway,” IUBMB Life, vol. 67, no. 4, pp.
312–321, 2015.

[67] B. H. Ali, M. Al-Moundhri, M. T. Eldin, A. Nemmar, S. Al-
Siyabi, and K. Annamalai, “Amelioration of cisplatin-induced
nephrotoxicity in rats by tetramethylpyrazine, a major con-
stituent of the chinese herb ligusticum wallichi,” Experimental
Biology and Medicine, vol. 233, no. 7, pp. 891–896, 2008.

[68] Z. Lan, K. S. Bi, and X. H. Chen, “Ligustrazine attenuates
elevated levels of indoxyl sulfate, kidney injury molecule-1 and
clusterin in rats exposed to cadmium,” Food and Chemical
Toxicology, vol. 63, pp. 62–68, 2014.

[69] Y.-M. Sue, C.-F. Cheng, C.-C. Chang, Y. Chou, C.-H. Chen,
and S.-H. Juan, “Antioxidation and anti-inflammation by haem
oxygenase-1 contribute to protection by tetramethylpyrazine
against gentamicin-induced apoptosis in murine renal tubular
cells,” Nephrology Dialysis Transplantation, vol. 24, no. 3, pp.
769–777, 2009.

[70] J.-L. Chen, T. Zhou, W.-X. Chen et al., “Effect of tetram-
ethylpyrazine on P-selectin and hepatic/renal ischemia and
reperfusion injury in rats,” World Journal of Gastroenterology,
vol. 9, no. 7, pp. 1563–1566, 2003.

[71] X.-P. Yuan, L.-S. Liu, Q. Fu, and C.-X. Wang, “Effects of ligus-
trazine on ureteral obstruction-induced renal tubulointerstitial
fibrosis,”Phytotherapy Research, vol. 26, no. 5, pp. 697–703, 2012.

[72] J. Li, J. Yu, Y. Liu et al., “Expression of the matrix metallopro-
teinases and the tissue inhibitor of metalloproteinase factors are
affected by tetramethylpyrazine treatment in a renal interstitial
fibrosis rat model,” Journal of Hard Tissue Biology, vol. 23, no. 3,
pp. 309–316, 2014.

[73] C.-Y. Cheng, Y.-M. Sue, C.-H. Chen et al., “Tetramethylpyrazine
attenuates adriamycin-induced apoptotic injury in rat renal
tubular cells NRK-52E,” Planta Medica, vol. 72, no. 10, pp. 888–
893, 2006.

[74] S.-H. Juan, C.-H. Chen, Y.-H. Hsu et al., “Tetramethylpyrazine
protects rat renal tubular cell apoptosis induced by gentamicin,”
Nephrology Dialysis Transplantation, vol. 22, no. 3, pp. 732–739,
2007.

[75] X. Gong, Q. Wang, X. Tang et al., “Tetramethylpyrazine pre-
vents contrast-induced nephropathy by inhibiting p38 MAPK
and FoxO1 signaling pathways,” American Journal of Nephrol-
ogy, vol. 37, no. 3, pp. 199–207, 2013.

[76] X.-W. Che, Y. Zhang, H. Wang, and W. Wang, “Effect of
ligustrazine injection on levels of interleukin-4 and interferon-𝛾
in patientswith bronchial asthma,”Chinese Journal of Integrative
Medicine, vol. 14, no. 3, pp. 217–220, 2008.

[77] N.-F. Ji, Y.-C. Xie, M.-S. Zhang et al., “Ligustrazine corrects
Th1/Th2 and Treg/Th17 imbalance in a mouse asthma model,”
International Immunopharmacology, vol. 21, no. 1, pp. 76–81,
2014.

[78] X. Y. Xu, L. Ye, G. Chen, J. D. Feng, W. H. Chen, and Y. Y.
Hu, “Effect of tetramethylpyrazine on expression of vascular
cell adhesion molecule-1 in mice with ulcerative colitis,” China
Journal of Chinese Materia Medica, vol. 31, no. 19, pp. 1608–1611,
2006.

[79] X. He, Z. Zheng, X. Yang, Y. Lu, N. Chen, and W. Chen,
“Tetramethylpyrazine attenuates PPAR-𝛾 antagonist-
deteriorated oxazolone-induced colitis in mice,” Molecular
Medicine Reports, vol. 5, no. 3, pp. 645–650, 2012.

[80] Y. Lu, M. Zhu, W. Chen et al., “Tetramethylpyrazine improves
oxazolone-induced colitis by Inhibiting the NF-𝜅B pathway,”
Clinical & Investigative Medicine, vol. 37, no. 1, pp. E1–E9, 2014.

[81] X. Ni, S. Liu, and X. Guo, “Medium- and long-term efficacy of
ligustrazine plus conventional medication on ischemic stroke:
a systematic review and meta-analysis,” Journal of Traditional
Chinese Medicine, vol. 33, no. 6, pp. 715–720, 2013.

[82] B. Wang, Q. Ni, X. Wang, and L. Lin, “Meta-analysis of the
clinical effect of ligustrazine on diabetic nephropathy,” The
American Journal of Chinese Medicine, vol. 40, no. 1, pp. 25–37,
2012.



Oxidative Medicine and Cellular Longevity 9

[83] J.-Z. Hu, C.-Y. Luo, M. Kang, H.-B. Lü, G.-H. Lei, and Z. Dai,
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Six new flavonoids 2,4-dihydroxychalcone-6-O-𝛽-d-glucopyranoside (1), 𝛼,3,2,4-tetrahydroxy-4-methoxy-dihydrochalcone-
3-C-𝛽-glucopyranosy-6-O-𝛽-d-glucopyranoside (2), 7-hydroxy-5,8-dimethoxy-6𝛼-l-rhamnopyranosyl-8-(3-phenyl-trans-
acryloyl)-1-benzopyran-2-one (3), 67-dihydroxy-5,8-dimethoxy-8(3-phenyl-trans-acryloyl)-1-benzopyran-2-one (4), 9-hydroxy-
3,8-dimethoxy-4-prenylpterocarpan (5), and 𝛼,4,4-trihydroxydihydrochalcone-2-O-𝛽-d-glucopyranoside (6) were isolated from
bark of Eysenhardtia polystachya. Antidiabetic activity of compounds 1–5 in terms of their cellular antioxidant and free radical
scavenging and also in streptozotocin- (STZ-) induced diabetic mice was evaluated on liver transaminases, lipid peroxidation, total
bilirubin, total protein, superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (CSH-Px), and glutathione reductase
(GSH). Results indicated that 1–5 scavenged 2,2-diphenyl-1-picrylhydrazyl (DPPH), hydroxyl (∙OH), nitric oxide radicals (NO∙),
superoxide anion radical (O

2

∙−), radical cation (ABTS∙+), and hydrogen peroxide (H
2
O
2
) radical, and protection against H

2
O
2

induced BSA damage was also observed. Furthermore, 1–5 showed ability to decrease the oxidative stress in H9c2 cell. Diabetic
mice present high levels of lipid peroxide, total protein, SGPT, SGOT, ALP, and TB. However, treatment of STZ-induced diabetes in
mice with 1–5 reduced levels of these enzymes leading to protector effect of liver. In addition, with treatment with 1–5, increases in
radical scavenging enzymes of CSH-Px, SOD, GSH, and CAT have also been observed in diabetic mice.The antioxidant properties
of compounds 1–5 are a promising strategy for ameliorating therapeutic effects by avoiding disorders in the normal redox reactions
in healthy cells which consequently could alleviate complications of diabetes.

1. Introduction

Oxidative stress is a consequence of the increased reactive
oxygen species (ROS) production and/or a decrease in
their elimination. ROS such as hydrogen peroxide (H

2
O
2
),

superoxide anion (O
2

∙−), hydroxyl radical (OH), nitrogen
oxide (NO), and lipid peroxides are formed in aerobic
metabolism as normal products but also are produced under
pathophysiological conditions in elevated rates. ROS can be
responsible for the attack to biological macromolecules such

as nucleic acids, proteins, membrane lipids, and carbohy-
drates, causing damage in the cell, which has been impli-
cated in cardiovascular diseases, cancer, neurodegenerative
disorders, and diabetes [1]. Natural antioxidants present in
the majority of plants help in preventing mutagenesis, aging,
and carcinogenesis and reduce oxidative damage due to their
radical scavenging effect [2].

The tree Eysenhardtia polystachya (Ortega) Sarg, belong-
ing to the Leguminosae family, is known as “palo azul” and
has widely been used as antirheumatic, for the treatment of
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nephrolithiasis and bladder disorders developed in diabetes
[3]. Phytochemical studies indicate that E. polystachya con-
tains polyphenols [4]. In another study, isoflavones displayed
moderate cytotoxic activity against KB cell lines [5]. In
previous studies, methanol-water extract from the bark of
E. polystachya was evaluated in in vitro assays, showing
antioxidant potential, hypoglycemic, and AGEs inhibition
capacity [6]. In this study, we investigated the antioxidant
properties and protective activity of 5 flavonoids isolates from
the bark of E. polystachya in in vitro and in vivo assays.

2. Materials and Methods

2.1. General Experimental Procedures. IR spectra were deter-
mined on a Perkin-Elmer 1720 FTIR. lH-lH, l3C, DEPT,
ID, DQF-COSY, TOCSY, and HMBC experiments were
recorded on a Bruker DRX-300 NMR spectrometer, operat-
ing at 599.19MHz for 1H and 150.86MHz for l3C, using the
UXNMR software package; chemical shifts are expressed in 𝛿
(ppm) using TMS as an internal standard [7]. HREIMS were
recorded on a JEOLHX 110mass spectrometer (JEOL, Tokyo,
Japan). TLC and column chromatography were carried out
using precoated TLC silica gel 60 F254 aluminium sheets
from Sigma-Aldrich (St. Louis, USA) and silica gel 60 (230–
400mesh, Merck Co., New Jersey, USA); solvents used as
eluents were purchased from Fermont (California, USA).
DCFH-DAwere purchased fromDegussa (Cincinnati, USA).
All other reagents were obtained from Sigma-Aldrich (St.
Louis, USA).

2.2. Plant Material. Bark of E. polystachya was collected
in October 2014 near Tula, State of Mexico. A voucher
specimen (number 49584) is deposited at the Herbarium of
Universidad Autonoma Metropolitana-Xochimilco, Mexico.

2.3. Extraction and Isolation. The dried bark E. polystachya
(5 kg) was milled and macerated with distilled water and
methanol (1 : 1) for 15 days. The extract was evaporated
under reduced pressure at 40∘C, affording 400 g which was
partitioned sequentially with n-hexane, CHCl

3
, and MeOH.

The methanol extract was adsorbed on 50 g of silica gel 60
(70−230-mesh ASTM), loaded onto a column of silica gel of
50 cm length and 7 cm diameter, 300 g silica gel, and then
eluted with CH

2
Cl
2
/EtOAc 9 : 2 to yield 9 subfractions (PA-

1 to PA-9). The elutions were examined by TLC and each
one of them was determined as antioxidant activity. The
fractions having antioxidant activity were PA-5 and PA-7. PA-
5 was subjected to silica gel column chromatography eluted
with EtOAc/hexane 7 : 2 to yield 7 subfractions (PA5-1 to
PA5-7). Subfractions PA5-2 and PA5-7 were subjected to gel
filtration over Sephadex LH-20 eluted with CHCl

3
/MeOH

(6 : 1), and this led to the isolation of compounds 7–13 which
were combined and further purified by repeated prepara-
tive thin layer chromatography (PTLC) eluting with ethyl
ether/acetone/methanol (1.5/3/0.5) gradient system. This led
to the isolation of compounds 7 (65.0mg), 8 (13.5mg),
9 (76.4mg), 10 (15.8mg), 11 (49.2mg), 12 (29.37mg), and
13 (48.5mg). PA-7 was subjected to silica gel column
chromatography eluted with EtOAc/hexane 9 : 3 to yield 6

subfractions (PA7-1 to PA7-6). Fractions PA7-4 and PA7-5
were combined and further crude mixture was subjected to
preparative thin layer chromatography (PTLC) eluting with
ethyl ether/acetone/methanol (4/2/1.0) gradient system. Sub-
fractions 1–3were purified by gel filtration over Sephadex LH-
20 eluted with CH

2
Cl
2
-CH
3
OH 1 : 1 increasing concentration

of MeOH yielding compounds 1 (67.1mg), 2 (85.4mg), 3
(72.8mg), 4 (96.7mg), 5 (90.2mg), and 6 (42.9mg).

2.4. Antioxidant Activity In Vitro

2.4.1. Scavenging Effects on DPPH Radicals. 1mL solution
of 2,2-diphenyl-1-picrylhydrazyl (DPPH, 0.2mmol/L) in
methanol was added to 4mL of sample. The mixture was
shaken vigorously and was allowed to stand at room temper-
ature for 30min. Absorbance of the resulting solution was
measured at 517 nm using a spectrophotometer (UV-1800,
Shimadzu, Kyoto, Japan) [8].

2.5. Chelating Activity on Metal Ions. 40 𝜇mol/L FeCl
2
was

reacted with flavonoids for 5min. Then ferrozine (200 𝜇mol/
L) was added and the mixture was left to stand for another
10min. The absorbance at 562 nm was determined spec-
trophotometrically (UV-1800, Shimadzu, Kyoto, Japan) [8].

2.6. Trolox Equivalent Antioxidant Capacity (TEAC) Assay.
2mmol/L H

2
O
2
alone in 30mmol/L acetate buffer with pH

3.6 was incubated for 30min at room temperature producing
10mmol/L of ABTS radical cation (ABTS∙+). 80 𝜇L of this
solution was added to 0.4mol/L acetate buffer (pH 5.8,
800 𝜇L) and to 20 𝜇L of the sample solutions; after exactly
5min the absorbance was read at 734 nm. A dose-response
curve was plotted for Trolox and antioxidant ability was
expressed as TEAC value [9].

2.7. Scavenging Effects on Nitrite Oxide (NO). In the test
tubes to 0.1mLof sodiumnitroprusside solution (25mmol/L)
was added 150 𝜇g/mL of the sample; then the tubes were
incubated for 150min at room temperature. Griess reagent
(0.3mL of 1 g/L naphthylethyl-enediamine dihydrochloride
and 0.3mL of 10 g/L sulfanilamide in 5% H

3
PO
4
) was added

to the incubation solution. The absorbance was immediately
read at 570 nm and referred to the absorbance of standard
solutions of sodium nitrite salt treated in the same way with
Griess reagent [10].

2.8. Effects on the Oxidation of BSA Induced by H
2
O
2
. 0.2mL

of samples was incubated with 1mL BSA (40mg/mL), 0.4mL
H
2
O
2
(20mmol/L), and 0.4mL of 20mmol/L phosphate

buffer (pH 7.4), for 2 h at 37∘C. 5,5-Dithio-bis(2-nitrobenzoic
acid) (DTNB, 1mL, 2mmol/L) was then added and the
mixture was left to stand for another 30min.The absorbance
was measured at 410 nm. The free thiol concentration of
samples was calculated based on the standard curve prepared
by using various concentrations of l-cysteine.

2.9. Superoxide Radical Scavenging Activity (O2
∙−). The reac-

tionmixture is carried out in final volume of 3mL containing
6mM EDTA, 20 𝜇M riboflavin, 58mM phosphate buffer at
pH 7.6, and 50 𝜇M of nitroblue tetrazolium chloride (NBT).
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The reaction mixture is exposed for 15min to 40V under
fluorescence lamp to initiate the reaction.The absorbancewas
determined at 560 nm [11].

2.10. Hydroxyl Radical Scavenging Activity. The reactionmix-
ture contained phosphate buffer (0.1mM, pH 7.4), 2-deoxy-2-
ribose (2.8mM), ferric chloride (20𝜇M), hydrogen peroxide
(500𝜇M), ascorbic acid (100 𝜇M), and EDTA (100 𝜇M) and
test sample (10–1000 𝜇g/mL−1) in a final volume of 1mL.The
mixture was incubated at 37∘C for 1 h. Then 0.8mL of the
mixture was added to 2.8% of trichloroacetic acid (TCA)
solution (1.5mL), followed by sodium dodecyl sulphate
(0.2mL) and a thiobarbituric acid (TBA) solution (1mL of
50mM at 1% in sodium hydroxide). The mixture was heated
(90∘C for 20min) to develop the colour. After cooling, the
absorbance was determined at 532 nm [12].

2.11. Hydrogen Peroxide Radical Scavenging Activity. Com-
pounds at concentrations of 1mg/mL were dissolved in
3.4mL of a 0.1M phosphate buffer (pH 7.4) solution and
then were mixed with 600𝜇L of a 43mM solution of H

2
O
2

prepared in the same buffer and their concentration was
measured by reading absorbance values at 230 nm of the
reaction mixtures [13].

2.12. Cellular Oxidative Stress Inhibition. The intracellular
accumulation of ROS in the H9c2 rat cardiomyoblast cell
line was determined with carboxy-2,7-dichloro-dihydro-
fluorescein diacetate (DCFHDA)method [14]. Cells H9c2 rat
heart-derived embryonic myocytes are obtained from Amer-
ican Type Culture Collection, Manassas, VA, USA (CRL-
1446), which was cultured with DMEM/F12 supplemented
with 100U/mL penicillin G, 10% (v/v) foetal bovine serum,
2mM/L-glutamine, and 100mg/mL streptomycin. Cells were
incubated using 5% CO

2
and 95% air at 37∘C, after the cells

were plated in 35-mm culture dishes at 5.0 × 10−4 cells/cm2.
Then, the medium is changed with a new one. Cells seeded
on 96-well plates were incubated with DCFHDA probe for
40min. At the end of this period, medium was removed and
cells were exposed to the flavonoids under investigation at
a concentration of 10, 50, and 100 𝜇g/mL. After incubating
exposed cells at 37∘C for 24 h, fluorescence was measured at
488 nm (excitation) and 535 nm (emission) wavelengths on a
microplate reader (Molecular Devices Spectra MAX Gemini
X).

2.13. Evaluation of Oxidative Stress Markers In Vivo

2.13.1. Animals Care Conditions. The study was conducted in
male CD1 mice, weighing about 25–30 g. Before and during
the experiment, animals were fed a standard laboratory
diet (Mouse Chow 5015, Purina) with free access to water.
Mice were procured from the bioterium of ENCB and were
housed in microloan boxes in a controlled environment
(temperature 25 ± 2∘C). Animals were acclimatized for a
period of three days in their new environment before the
initiation of experiment. Litter in cages was renewed three
times a week to ensure hygiene and maximum comfort
for animals. The experiments reported in this study were

following the guidelines stated in Principles of Laboratory
Animal Care (NIH publication 85-23, revised 1985) and
the Mexican Official Normativity (NOM-062-Z00-1999). All
animals procedures were performed in accordance with the
recommendations for the care and use of laboratory animals
(756/lab/ENCB).

2.14. Induction of Mild Diabetes (MD). Mild diabetes type 2
was induced in overnight fasted mice by a single intraperi-
toneal injection of 45mg/kg streptozotocin (STZ) dissolved
in 0.1mol/L cold citrate buffer (pH 4.5), 15min after the
intraperitoneal administration of 120mg/kg nicotinamide.
The STZ treated animals were allowed to drink 5% glucose
solution overnight to overcome drug induced hypoglycemia.
After 7 days of development of diabetes, mice with moderate
diabetes having persistent hyperglycaemia with more than
200mg/dL were used for further experimentation [15].

2.15. Experimental Design. Eight groups (𝑛 = 10) of diabetic
mice were used to determine the chronic effect of 1–5. Each
group was submitted to a specific treatment, as follows.
Normal control and mild diabetic rats groups were fed with
normal diet and drinking water ad libitum and were given
saline by gastric gavage Mice with mild diabetes daily treated
with the compounds isolated by an oral gavage at doses
of 20mg/kg of weight. The flavonoids were dissolved in
distilled water and administered orally as a daily dose for four
weeks. Mice were fasted overnight and sacrificed by cervical
dislocation. Blood samples were collected in EDTA coated
tubes. Livers, kidney, and pancreas were removed, washed
with cold saline, and stored at −80∘C.

2.16. Antioxidant Parameters Levels in Serum, Liver, Pan-
creas, and Kidney. Activities of superoxide dismutase (SOD),
serum catalase (CAT), glutathione peroxidase (CSH-Px),
and glutathione reductase (GSH) were measured by assay
kits purchased from Cayman Chemical (Michigan, USA),
and the procedures were according to the kits instructions.
The protein concentration was determined by the Bradford
method [16] as described in the Bio-Rad protein assay kit.
Lipid peroxidation (LPO) is used as an indicator of the
oxidative stress in tissues and was estimated by the method
of Fraga et al. [17], expressed as 𝜇M/g of liver and kidney tis-
sue. Malondialdehyde (MDA) as thiobarbituric acid reactive
substance was measured at 532 nm spectrophotometrically
[18]. Serum glutamate oxaloacetate transaminase (SGOT),
glutamate pyruvate transaminase (SGPT), serum alkaline
phosphatase (SALP), total bilirubin (TB), and total protein
were determined by using a commercial Diagnostic Kit
Biocompare, BioVision, Biocompare, and Thermo Scientific,
respectively.

3. Results and Discussion

3.1. Characterization of the Isolated Compounds. The MeOH
extract was subjected to multiple chromatographic purifica-
tions to afford dihydrochalcones 1–13 (Figures 1 and 3). The
spectral data of the six new compounds isolated (1–6) are
presented as follows.
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Figure 1: New compounds isolated from Eysenhardtia polystachya.

2,4-Dihydroxychalcone-6-O-𝛽-d-glucopyranoside (1)
was isolated as dark yellow amorphous powder, mp 138–
140∘C; UV 𝜆max 362, 301, and 238 nm; IR (KBr) cm−1: 3341,
2957, 2761, 1611, 1597, 1506, and 1463; and HRESIMS m/z
418.1270 calc. For C

21
H
22
O
9
, 418.1264, and 1H and 13C NMR

data see Table 1.
Compound 1 was isolated from ethanol-water 1 : 1 extract

of bark of Eysenhardtia polystachya after purification through
silica gel column chromatography. Compound 1 showed
a molecular ion at m/z 418.1270 in its HREIMS and the
presence of 21 carbons on the 13C NMR spectrum suggested
a molecular formula C

21
H
22
O
9
. DEPT experiments classified

the protonated carbon signals into one methylene, fourteen
methines, and six quaternary carbons. The IR spectrum of
1 showed absorption bands at ]max 3341, 2957, 2761, 1597,
1506, 1463, and 1611 cm−1 showing the presence of hydroxy,
aromatic, and carbonyl groups. The 1H NMR spectrum
showed the presence of unsubstituted ring B (𝛿H 7.12, 2H,
m, H-2, 6, 7.46, 3H, m, H-3, 4, 5), and it showed a pair of
doublets of 𝛿H 8.24 (H-𝛽) and 𝛿H 7.50 (H-𝛼) with the vicinal
coupling constant 3𝐽 = 15.8Hz due to trans-𝛼,𝛽-unsaturated
ketone protons. Its ketone carbonyl was confirmed with the
signal at 𝛿C 202.69, C-𝛼 (𝛿C 141.31), and C-𝛽 (𝛿C 130.60) in
the 13C NMR being indicative of chalcone skeleton. NMR
spectrum showed signals for one chelated hydroxyl group 𝛿H
13.2 (1H, s, OH-2) and one singlet at 𝛿H 6.81 assigned to OH-
4. In addition 1H NMR spectrum showed the presence of
two aromatic protons in ring A (Table 1). These were placed
at C-3 and C-5 based on correlation of NOESY and HMBC
spectrum (Figure 2). In the HMBC spectrum the long range
correlation ofH-3 withC-1 (𝛿C 103.79) andC-4

 (𝛿C 148.36),
H-5 with C-1 (𝛿C 103.79), C-3 (𝛿C 114.82), C-4 (𝛿C 148.36),
andC-6 (𝛿C 161.21), andH-1 withC-6 (𝛿C 130.60), C-2

 (𝛿C
78.36), and C-5 (𝛿C 71.17) was observed. Thus, the structure

of compound 1 was established as 2,4-dihydroxychalcone-
6-O-𝛽-d-glucopyranoside (Figure 1).
𝛼,3,2,4-Tetrahydroxy-4-methoxy-dihydrochalcone-

3-C-𝛽-glucopyranosy-6-O-𝛽-d-glucopyranoside (2) was
isolated as dark yellow amorphous powder, mp 150–152∘C;
UV 𝜆max 235, 264, 302, and 312 nm; IR (KBr) cm−1: 3339,
1621, 1598, 1510, and 1460; and HRESIMS m/z 644.1936 calc.
For C

28
H
36
O
17
, 644.1952, and 1H and 13C NMR data see

Table 1.
Compound 2 was also isolated as dark yellow amorphous

powder. The aliphatic hydroxyl group of compound 3 has 𝛼
position similarly to 2. The singlet at 𝛿H 3.85 was assigned
to an aromatic methoxyl group which showed long range
correlation with C-4 (𝛿C 145.05) in the HMBC spectrum
indicated to be linked at position C-4, whereas the doublets at
𝛿H 4.85 and 𝛿H 5.01 were attributed to two 𝛽-glucopyranose
moieties on the basis of the coupling constant (7.5 and 7.3Hz).
In the HMBC spectrum of 2, the long range correlations of
anomeric protonH-1 (𝛿H 4.85)withC-2 (𝛿c 164.13), C-3

 (𝛿c
107.88), C-4 (𝛿c 165.34), C-2

 (𝛿c 74.73), C-3
 (𝛿c 78.85), and

C-5 (𝛿c 77.32) were observed. These signals suggested that
glucose unit should be directly linked at position C-3. Also
the anomeric protonH-1 (𝛿H 5.01) correlation with C-6 (𝛿c
164.04), C-2 (𝛿

𝛿C
78.65), and C-5 (𝛿c 78.01) indicated that

the other glucose unit should be linked to C-6 through a gly-
cosidic bond (Table 1). 1HNMR spectrum showed the typical
pattern of a 2,3,4,6-tetrasubstituted and 3,4-disubstituted
chalcone with a singlet for one proton at 𝛿H 6.68 could be
assigned to the C-5 indicating that this position is free.
Analysis of the HMBC andCOSY spectra of 3 allowed for the
complete assignment of all protons and carbons (Figure 2).
Consequently, the structure of compound 3 was elucidated
as 𝛼,3,2,4-tetrahydroxy-4-methoxy-dihydrochalcone-3-C-
𝛽-glucopyranosy-6-O-𝛽-d-glucopyranoside (Figure 1).
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Table 1: 1H NMR and 13C NMR spectral data for compounds 1–4 (𝛿 in ppm, 𝐽 in Hz).

1 2 3 4
𝛿
𝐻

𝛿
𝐶 𝛿

𝐻
𝛿
𝐶 𝛿

𝐻
𝛿
𝐶 𝛿

𝐻
𝛿
𝐶

𝛼
7.50 (1H, d,

15.8) 141.31 4.70, d, (1H,
7.5) 78.65 4.72, d, (1H,

7.5) 78.85 — —

𝛽
8.24 (1H, d,

15.8) 130.60 2.99, dd, (1H,
16.7, 3.0) 41.00 3.02, dd, (1H,

16.7, 3.0) 41.00 — —

𝛽 — — 2.81, dd, (1H,
16.7, 13.2) — 2.82, dd, (1H,

16.7, 13.2) — — —

C=O — 202.69 — 204.20 — 204.20 — —
1 — 142.55 — 128.49 — 128.82 — —

2 7.12 (2H, m,
H-2, 6) 128.43 7.22 (1H, dt,

8.5, 2.0) 131.38 7.26 (1H, d,
2.0) 114.81 — 198.21

3 126.57 6.71 (1H, dt,
8.5, 2.0) 116.27 — 144.61 7.97, d (1H,

10.1) 143.48

4 7.46 (3H, m,
H-3, 4, 5) 126.46 — 164.03 — 145.05 7.70, d (1H,

10.1) 126.71

4a — — — — — — — 105.97

5 128.57 6.51 (1H, dd,
8.5, 1.9) 114.86 7.0 (1H, d,

8.0) 114.59 — 143.48

6 130.60 7.26 (1H, dd,
8.5, 2.0) 130.16 7.67 (1H, dd,

8.0, 2.0) 146.64 6.47, s 106.82

7 — 163.17
8 105.07
8a 159.82
1 — 103.79 — 120.52 — 104.76 — 204.21

2 6.92 (1H, s,
OH-2) 157.57 — 164.03 — 164.13 7.32, d (1H,

15.4) 142.53

3 6.52 (1H, d, 𝐽
= 2.4) 114.82 6.68, s 111.30 — 107.88 7.47, d (1H,

15.4) 132.26

4 6.81 (1H, s,
OH-4) 148.36 — 144.59 — 165.34 — 132.68

5 6.42 (1H, dd,
8.6, 2.4) 107.52 6.44 (1H, d,

8.9) 108.67 6.68, s 162.45 6.27, 1H, m 107.14

6 — 161.21 7.71 (1H, d,
8.9) 131.78 — 164.04 — 163.56

7 6.32 (1H, dd,
1.7, 1.7) 106.29

8 — 166.12
9 6.40, 1H, m 101.23

1 Glc-6: 5.02
(1H, d, 7.4) 106.19 Glc-2: 5.02

(1H, d, 7.3) 106.12 Glc-3: 4.85
(1H, d, 7.5) 106.07 Rham-1: 5.05,

brs 100.8

2 3.51 (1H, m,
H-2, 3) 78.36 3.53 (1H, m,

H-2, 3) 78.84 3.79 (1H, t,
11.0) 74.73 3.89, m 71.50

3 75.59 74.02 3.55 (1H, m) 78.85 3.12, m 71.62

4 3.43 (1H, m,
H-4, 5) 71.82 3.44 (1H, m,

H-4, 5) 71.81 3.5 (1H, m) 70.27 3.12, m 72.76

5 71.17 71.23 3.43 (1H, m) 77.32 3.89, m 68.32

6 3.88 (2H, dd,
2.0, 12 H-6) 66.11 3.78 (2H, dd,

2.0, 12 H-6) 61.33 4.30 (2H, dd,
2.0, 12 H-6) 61.33 1.15 (3H, d,

7.0) 17.98

1 Glc-6: 5.01
(1H, d, 7.3) 104.75

2 3.52 (1H, m,
H-2, 3) 78.65
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Table 1: Continued.

1 2 3 4
𝛿
𝐻

𝛿
𝐶 𝛿

𝐻
𝛿
𝐶 𝛿

𝐻
𝛿
𝐶 𝛿

𝐻
𝛿
𝐶

3 74.03

4 3.44 (1H, m,
H-4, 5) 71.25

5 78.01

6 3.88 (2H, dd,
2.0, 12 H-6) 62.16

OMe 3.85, s 56.78 3.39, s, 3.46, s 60.69, 55.79
OH-4 9.10, s
OH-2 13.2, s
OH-4 6.81, s
OH-7 13.59, s
OH-7 14.15, s

1 2 3

4 5 6

O

O

O

OH

HO

HO

HO

HO

O

OH

HO

O
OHO

HO

OH
OH

OH

OOH

OH
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O

O
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HO OH

O
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HO

HO
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O
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O
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H

H
OH

O O
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O
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Figure 2: Correlation of 1H-1H-COSY and HMBC compounds 1–6.

7-Hydroxy-5,8-dimethoxy-6𝛼-l-rhamnopyranosyl-8-
(3-phenyl-trans-acryloyl)-1-benzopyran-2-one (3) was iso-
lated as dark yellow amorphous powder, mp 142–144∘C;
UV 𝜆max 249 and 381 nm; IR (KBr) cm−1: 3439, 1659, 1619,
1521, and 1443; HRESIMS m/z 514.1483 calc. For C

26
H
26
O
11
,

514.1475, and 1H and 13C NMR data see Table 1.
Compound 3 was isolated as dark yellow amorphous

powder. Its molecular formula was assigned as C
26
H
26
O
11

on the basis of HRESIMS and 13C NMR data. The IR

spectrum showed characteristic signals for OH (3439 cm−1),
aromatic ring (1521 and 1443 cm−1), and 𝛼,𝛽-unsaturated
ketone (1659 and 1619 cm−1). The UV spectrum at 249 and
381 nm confirmed the existence of unsaturated functional
groups. The 1H NMR spectrum showed one single proton
at 𝛿H 14.15 (1H, s, 7-OH) and two methoxyl groups at 𝛿H
3.39 (3H, s) and 𝛿H 3.46 (3H, s), while the resonances of two
trans-coupled olefinic protons were recorded at 𝛿H 7.32 (1H,
d, 𝐽 = 15.4Hz, H-2) and 7.32 (1H, d, 𝐽 = 15.4Hz, H-3)
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Figure 3: Known compounds isolated from Eysenhardtia polystachya.

as well as two olefinic protons 𝛿H 6.58 (1H, d, 𝐽 = 10.1Hz,
H-3) and 𝛿H 7.50 (1H, d, 𝐽 = 10.1Hz, H-4). In addition
1H NMR spectrum showed aromatic signals of 4H at 6.32–
6.47 and also exhibited signals due to 𝛼-l-rhamnopyranosyl
at 𝛿H 5.05 (1H, brs, H-1) and 𝛿H 1.15 (3H, d, 7.0Hz, H-
6). 13C NMR and DEPT spectra (Table 1) indicated signals
corresponding to 26 carbons which were classified into three
CH
3
groups, thirteen groups, and ten quaternary carbons.

The attachment of the rhamnopyranosyl moiety was deduced
to be at C-6, by the HMBC spectrum in which the anomeric
proton of the rhamnopyranosyl moiety at 𝛿H 5.05 (1H, brs,
H-1) showed long range correlation with C-6 at 𝛿C 163.56.
13C NMR data, with the corresponding literature, suggested
that 3 exhibited the skeletons of a neoflavone and a chalcone
[19, 20]. The HBMC correlation of H-3 at 𝛿H 6.58 with C-
2 (𝛿C 168.21) and C-4a (𝛿C 105.97) and H-4 with C-3 (𝛿C
143.48) revealed the existence of the neoflavone skeleton.
The HMBC relationship of the double bond group (𝛿H
7.97 and 𝛿H 7.70) indicated a fragment of O@CAC@CAC,
showing the skeleton of a chalcone. Compound 3 possesses
a methoxyl group at C-5 suggested by a 13C-1H long range
coupling from OCH

3
-5 (𝛿H 3.39) to C-5 (𝛿C 143.48) and

another methoxyl group in C-8 indicated by correlations
observed in OCH

3
-8 (𝛿H 3.46) to C-8 (𝛿C 166.12) in the

HMBC spectrum (Figure 2). This was confirmed by NOE
correlation between OMe-5 to H-6 and OMe-8 with H-
9. On the basis of these data the structure is proposed
as 7-hydroxy-5,8-dimethoxy-6𝛼-l-rhamnopyranosyl-8-(3-
phenyl-trans-acryloyl)-1-benzopyran-2-one (Figure 1).

67-Dihydroxy-5,8-dimethoxy-8(3-phenyl-trans-acryl-
oyl)-1-benzopyran-2-one (4) was isolated as yellow amor-
phous powder, mp 156–158∘C; UV 𝜆max 228 and 349 nm; and
HRESIMS m/z 396.0863 (calcd C

20
H
16
O
7
). For 1H and 13C

NMR data, see Table 2.
The NMR spectra of compound 4 showed similarities to

those of 3 indicating a close structure. The C-6 rhamno-
pyranosyl moiety of 3 is replaced with a hydroxyl group
at 𝛿
𝐶

168.38 as revealed by the spectra of HMBC and
COSY showing the corresponding correlations (Figure 2).
On the basis of these data the structure is proposed as
67-dihydroxy-5,8-dimethoxy-8(3-phenyl-trans-acryloyl)-1-
benzopyran-2-one (Figure 1).

9-Hydroxy-3,8-dimethoxy-4-prenylpterocarpan (5) was
isolated as dark yellow amorphous powder, mp 142–134∘C;
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Table 2: 1H NMR and 13C NMR spectral data for compounds 5-6 (𝛿 in ppm, 𝐽 in Hz).

5 6
𝛿
𝐻

𝛿
𝐶

𝛿
𝐻

𝛿
𝐶

1 — 7.15, d (1H, 8.5) 128.72
2 — 198.16 6.52, d (1H, 8.5) 110.83
3 7.96, d (1H, 10.1) 143.48 — 147.76
4 7.71, d (1H, 10.1) 126.69 — 115.84
4a — 105.95 — 154.59
5 143.41 — —
6𝛼 6.41, s 105.82 3.59, t (1H, 10.2) 69.37
6𝛽 — — 4.31, dd (1H, 4.9, 10.2) 69.55
6a — — 3.50, (1H, m, 10.2, 7.0, 5.0) 40.48
6b — — — 116.56
7 168.38 6.73, s 108.07
8 105.08 — 152.51
8a 159.81 — —
9 — 163.17
10 6.49, s 99.01
10a — 154.59
11a 5.20, d (1H, 7.0) 77.75
11b — 112.23
1 204.19 3.43, d (2H, 8) 24.61
2 7.31, d (1H, 15.4) 142.54 5.29, d (1H, 8) 121.62
3 7.47, d (1H, 15.4) 132.26 — 137.49
4 — 132.68 1.81, 3H, s 18.75
5 6.26, 1H, m 108.31 1.70, 3H, s 24.61
6 — 166.38 — —
7 6.32 (1H, dd, 1.7, 1.7) 105.79
8 — 166.12
9 6.40, 1H, m 101.24
OMe-3 — — 3.11, s 55.57
OMe-8 — — 3.35, s 60.64
OH-9 — — 8.12, s —

UV 𝜆max 212, 292, and 344 nm; IR (KBr) cm−1: 3389, 1619,
1547, 1483, and 1429; and HRESIMS m/z 368.1641 calc. For
C
22
H
24
O
5
, 368.1624, and 1H and 13C NMR data see Table 2.

Compound 5 was isolated as yellow amorphous powder.
Its molecular formula was assigned as C

22
H
24
O
5
on the

basis of HRESIMS and 13C NMR data. In IR spectrum were
observed absorption bands for hydroxyl groups at 3389 cm−1
and aromatic groups at 1619, 1547, 1483, and 1429 cm−1. Its
molecular formula was established by HRESIMS and 13C
NMR data as C

22
H
24
O
5
. 13CNMR andDEPT spectrum indi-

cated that it contains 22 carbons, including four methyls, two
methylenes, seven methines, and nine quaternary carbons. A
pterocarpan structure was indicated to 1HMR spectrum due
to the splitting pattern of the protons at 𝛿H 4.31 (dd, 𝐽 = 4.9,
10.2Hz, H-6𝛽), 𝛿H 3.59, (t, 𝐽 = 10.2, H-6𝛼), 𝛿H 3.50 (m, H-
6a), and 𝛿H 5.20 (d, 𝐽 = 7.2, 11a) related to the protons of
the heterocyclic ring B. The HMQC spectrum suggested the
presence of two OCH

3
groups at 𝛿H 3.11 (3H, s, OMe-3) and

𝛿H 3.35 (3H, s, OMe-8), confirming its presence in the 13C

NMR with signals to 𝛿
𝐶
55.57 (OMe-3) and 𝛿

𝐶
60.64 (OMe-

8). HMBC spectrum shows the relations between 3.11 (3H,
s, OMe-3) and 𝛿

𝐶
147.76 (s, C-3) and between 3.77 (3H, s,

OMe-8) and 𝛿
𝐶
152.51 (s, C-8) show two -OMe that joined

with C-3 and C-8 and the relations between OH 𝛿H 8.12 (br,
s, HO-) and 𝛿

𝐶
99.01 (C-10) and between 𝛿

𝐶
163.17 (s, C-9)

and 𝛿
𝐶
152.51 (s, C-8) indicate that hydroxyl group is at C-9.

The proton doublets at 𝛿H 7.15 and 𝛿H 6.52 suggested ortho-
coupled position. The correlation of H-1 (𝛿H 3.43) with C-4
(𝛿
𝐶
115.84), C-4a (𝛿

𝐶
154.59), and C-3 (𝛿

𝐶
147.76) in HMBC

spectrum indicated that prenyl group was located at C-4 of
A ring.The HMBC spectra (Figure 2) show correlation of H-
11a (𝛿H 5.20) with C-1 (𝛿

𝐶
77.75), C-6a (𝛿

𝐶
40.48), and C-11b

(𝛿
𝐶
77.75) and H-6a (𝛿H 3.50) with C-6a (𝛿

𝐶
69.37), C-11a (𝛿

𝐶

77.75), and C-6b (𝛿
𝐶
116.56) (Figure 2). NOESY correlation

of the 11a proton (𝛿H 5.20) with H-1 (𝛿H 7.15) suggested that
H-11a is equatorially oriented cis-ring fusion between rings
B and C. The cisconfiguration of 6a and 11a was confirmed
based on the evidence from the chemical shift and J value
(7.0 Hz) compared with values reported in the literature for
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Table 3: Scavenging effects of 1–5 on different in vitro assays.

Assay Scavenging effects (IC
50
𝜇g/mL)

1 2 3 4 5 Reference compounds

DPPH radical 39.39 ± 2.57 83.43 ± 5.11 12.49 ± 3.98 10.21 ± 4.23 15.45 ± 7.51
Ascorbic acid
54.14 ± 2.87
Gallic acid
3.76 ± 0.82

NO radical 48.69 ± 6.27 85.04 ± 4.83 30.29 ± 3.48 25.47 ± 4.70 31.52 ± 2.93
Ascorbic acid
31.27 ± 5.21
Quercetin
17.30 ± 1.98

O
2

∙− 8.87 ± 1.05 18.86 ± 2.19 6.03 ± 0.39 5.76 ± 0.73 7.21 ± 3.22 Ascorbic acid
5.11 ± 0.48

Hydroxyl radical 44.13 ± 4.28 62.34 ± 3.78 37.45 ± 2.58 33.17 ± 6.83 36.52 ± 5.40 Ascorbic acid
30.29 ± 6.17

Hydrogen peroxide 91.81 ± 4.57 143.13 ± 7.55 80.73 ± 6.76 87.68 ± 9.43 101.03 ± 10.88 Ascorbic acid
443.76 ± 7.66

Scavenging effects (%)

Chelating activity 50 𝜇g/mL 76 43 89 84 85 Ascorbic acid
91

Peroxidationof BSA Ascorbic acid
94

100 𝜇g/mL 30 25 36 38 32
200 𝜇g/mL 55 48 60 64 59
300 𝜇g/mL 83 65 90 97 92

TEAC (nM)

TEAC: ABTS 28.11 ± 2.48 49.51 ± 4.15 19.38 ± 3.29 16.23 ± 2.15 20.34 ± 2.17 Curcumin
12.04 ± 4.19

The data represent the means ± SD of three determinations. IC
50
: concentration required to inhibit 50% of the activity; DPPH: 2,2-diphenyl-1-

picrylhydrazyl; O
2

∙−: superoxide radical; TEAC: ABTS (2,2-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) radical scavenging capacity in Trolox
equivalence (nanomoles); BSA: bovine serum albumin; Trolox: 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid.

cis (6.6Hz) and trans (13.4) [21]. Key correlations in 5 are
shown in Figure 2. Therefore, the structure of compound 6
is 9-hydroxy-3,8-dimethoxy-4-prenylpterocarpan (Figure 1).
𝛼,4,4-Trihydroxydihydrochalcone-2-O-𝛽-d-glucopyra-

noside (6) was isolated as dark yellow amorphous powder,
mp 146-147∘C; UV 𝜆max 263, 293, and 328 nm; IR (KBr) cm−1:
3341, 2957, 2761, 1611, 1597, 1506, and 1463; and HRESIMS
m/z 418.1270 calc. For C

21
H
22
O
9
, 418.1264, and 1H and 13C

NMR data see Table 1.
Compound 6 was isolated as dark yellow amorphous

powder. The positive HREIMS analysis showed an ion peak
at m/z 436.1374 which corresponded to the molecular for-
mula C

21
H
24
O
10
. The IR showed absorption of hydroxyl

(3341 cm−1) and aromatic rings (1647 and 1489 cm−1) func-
tions. Aliphatic proton was assigned to ABX system at 𝛿H
4.70 (1H, d, 7.5Hz, H-𝛼), 𝛿H 2.99 (1H, 16.7, 3.0Hz, H-𝛽),
and 𝛿H 2.81 (1H, 16.7, 3.2Hz, H-𝛽) suggesting the presence
of -CO-CH (OH)-CH2– moiety. Compound 6 showed the
presence of a glucopyranosyl moiety which was linked to C-
3 according to the HSQC correlation of anomeric proton
at 𝛿H 5.02 (br, d, 𝐽 = 7.3Hz, H-1) with C-3 (𝛿

𝐶

164.03). The anomeric configuration was assigned as 𝛽 for
the glucopyranosyl group from their coupling constants. The
downfield shift of C-4 at 𝛿

𝐶
144.59 was indicative that it has

a hydroxy group. Aromatic protons H-3 (𝛿H 6.68), H-5 (𝛿H

6.44), and H-6 (𝛿H 7.71) suggested a 2,4-dioxygenation in
a trisubstituted ring, which is corroborated by the NOESY
and theHMBC spectrum (Figure 2).TheAAXX spin system
(𝛿H 6.71, 7.22) of A ring indicates 1,4-disubstitution, whereas
the chemical shift of C-4 (𝛿

𝐶
164.03) reveals hydroxyl group

at this position. Therefore, the structure of compound 6
was identified as 𝛼,4,4-trihydroxydihydrochalcone-2-O-𝛽-
d-glucopyranoside (Figure 1).

In addition, seven known compounds were also isolated
(Figure 3) by comparing the spectroscopic data with litera-
ture and were identified as 5,4-dihydroxy-7,2-dimethoxyl-
isoflavone (7) [22], (3R)-5,7-2,4-tetrahydroxyl-3-meth-
oxyl-isoflavanone (8) [23], flemichapparin C (9) [24], neo-
hesperidin dihydrochalcone (10) [25], hesperetin dihydro-
chalcone glucoside (11) [26], aspalathin (12) [27], and sand-
wicensis (13) [28].

3.2. Antioxidant Activity. Radical scavenging capacities of
compounds 1–5 isolated from E. polystachya are given in
Table 3. However, compound 6 displayed lower scavenging
value and the data are not presented here. Chalcones 4, 3,
5, and 1 showed significant scavenging activity in DPPH
radical with IC

50
values of 10.21 to 19.39 𝜇g/mL. These

results suggested that these compounds showed the highest
hydrogen-donating capacity towards the DPPH radical.
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Hydroxyl radicals are found in living systems that react
with almost all biomolecules as they are high oxidant. The
orders of reactivity of the flavonoids were similar to that
of DPPH. Compound 4 (33.17 𝜇g/mL) was found to exhibit
the highest hydroxyl radical scavenging effect followed by
5 (36.52 𝜇g/mL) and 3 (37.45 𝜇g/mL). Scavenging of hydro-
gen peroxide by the isolated compound was found to be
better compared to the ascorbic acid (IC

50
443.76 𝜇g/mL).

Among the tested flavonoids, the best scavenging of hydrogen
peroxide activity was presented by 3 (IC

50
80.73 𝜇g/mL), 4

(IC
50

87.68𝜇g/mL), and 1 (IC
50

91.13 𝜇g/mL). The presence
in the –OH group in ring A and -OCH3 in ring B showed
good antioxidant activity on scavenging of hydrogenperoxide
activity compared to electron-withdrawing substituents at
paraposition.

Superoxide radical is a free radical harmful to cellular
components, precursor for many reactive oxygen species.
Superoxide radical scavenging capacity followed an activity
order of chalcones 4, 3, and 5.

As evident from Table 3, the isolated compound exerted
nitric oxide scavenging activities with values of IC

50
of

25.47 to 75.04𝜇g/mL. Compound 4 showed the highest
scavenging effects on nitric oxide, followed by 3, 5, and
1. Reactive nitrogen species (N

2
O
4
, NO
3
, N
3
O
4
, NO, and

NO
2
) are formed during the reaction with superoxides or

oxygen which are responsible for altering the functional and
structural cellular components.

The ability to chelate and deactivate transitionmetals is an
importantmechanism of antioxidant activity, which catalyzes
Fenton-type reactions and hydroperoxide decomposition.
Therefore, it was considered of importance to study chelating
ability of the isolated compoundwith themetal.The chelating
activity of flavonoids to suppress the formation of ferrozine-
Fe2+ complex decreased in the order of 4 > 5 > 3 > 1 > 2.

Chalcones 4 and 3 and pterocarpan 5 also showed good
significant scavenging activities of Trolox (16.23 to 20.34 nM)
indicating their good antioxidant effect.

The inhibition of the isolated compound on the oxidation
of BSA induced by H

2
O
2
was also determined. Exposure of

H
2
O
2
to BSA produced a decrease of free thiol groups level.

Results are shown in Table 3; the isolated compound signifi-
cantly inhibited the oxidation of BSA induced by H

2
O
2
in a

dose-dependent manner. Among the five compounds tested,
4 showed the strongest antioxidant activity at a concentration
of 300mg/mL preventing the 97% of the depletion of protein
thiol groups. These results indicated that hydrophilic antiox-
idant moiety in the compounds has the ability to scavenge
H
2
O
2
reducing thiol groups oxidation in BSA.

The antioxidant activity in all tested assays indicates
that the compound with chalcone skeleton showed the best
inhibitory activity when the dihydrochalcone as in com-
pounds 4, 3, and 1 indicated that chalcones having electron
donor group in the phenyl ring A in orthoposition to car-
bonyl moiety showed better antioxidant activity. Moreover,
the activity decreasing obviously with glycosidation such
as only 1 showed a moderate inhibitory activity, and the
other glycoside 2 showed a low inhibitory effect. However,
pterocarpan showed a good antioxidant activity in various
oxidation systems.

Table 4: Effect of 1–5 on cellular oxidation stress reduction activity.

Group DCF fluorescence (%)
Blank 0.7 ± 0.004
Control 89.2 ± 3.32
1
10𝜇g/mL 79.4 ± 5.32
50 𝜇g/mL 64.3 ± 1.83
100𝜇g/mL 44.6 ± 4.39

2
10𝜇g/mL 86.5 ± 6.17
50 𝜇g/mL 68.4 ± 5.38
100𝜇g/mL 55.2 ± 7.35

3
10𝜇g/mL 72.3 ± 7.09
50 𝜇g/mL 60.8 ± 4.21
100𝜇g/mL 39.6 ± 3.19

4
10𝜇g/mL 69.8 ± 3.26
50 𝜇g/ml 52.1 ± 2.99
100𝜇g/mL 35.1 ± 2.67

5
10𝜇g/mL 73.4 ± 5.16
50 𝜇g/mL 58.5 ± 6.43
100𝜇g/mL 38.3 ± 4.29

Ascorbic acid 25 𝜇g/mL 19.1 ± 1.46
Fluorescence (488 nm (excitation) and 535 nm (emission)) was finally quan-
tified after 24 h incubation. Data is shown as mean ± SD of the experiments
(3 replicates each).

Antioxidants compounds have been shown to delay,
inhibit, and prevent the oxidation, possibly through the
mechanisms interacting with biological systems as scaveng-
ing free radicals, absorbing oxygen radicals, and chelating of
the metal ions [29].

3.3. Flavonoids Prevent Palmitate-Induced ROS Production
and Oxidative Stress in H9c2 Cells. The ability of 1–5 to
decrease the oxidative stress in cells was determined. It is well
known that concentrations of palmitate at 500 𝜇m increase
oxidative stress and stimulate ROS production in H9c2 cell.
H
2
O
2
model has been used to determine the oxidative stress

because it can generate superoxide anion radical. Pretreat-
ment with flavonoids for 1 hr at 20 𝜇Msignificantly decreased
ROS production preventing oxidative stress in H9c2 cell
and palmitate-induced ROS production using DCFH-HA
(for H

2
O
2

−) and DHE (for O
2

−) test. The oxidative stress
reduction potential of 1–5 is given in Table 4. The capacity
of 10, 50, and 100 𝜇g/mL flavonoids to reduce the oxidative
stress was compared with that of 25 𝜇g/mL of ascorbic acid.
The values of the mean fluorescent intensity indicated that
the isolated compound significantly reduces the increase of
ROS in palmitate-induced cells.The antioxidant effectiveness
in vitro of the isolated compound can be possibly due to their
ability to act as free radical scavengers, quenchers of singlet
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Table 5: Antioxidative status of mice and biochemical parameters at the end of the experimental period.

Organ Group SOD CAT CSH-Px GSH MDA
(U/min−1) (U/s−1) (U/mL−1) (U/mL−1) (nmol/mL−1)

Kidney

N 2.2 ± 0.34a 0.74 ± 0.005b 68.65 ± 2.43a 25.27 ± 4.31a 29.12 ± 3.57a

MD 2.8 ± 0.26b 0.59 ± 0.002c 56.41 ± 5.19b 5.29 ± 1.84c 25.60 ± 5.16b

MD + 1 3.6 ± 0.34c 0.79 ± 0.005b 71.65 ± 6.73c 16.21 ± 1.53b 27.93 ± 4.52a

MD + 2 3.1 ± 0.39b 0.76 ± 0.006a 67.62 ± 4.10a 13.07 ± 3.76a 26.62 ± 1.47a

MD + 3 3.7 ± 0.39c 0.82 ± 0.006a 73.80 ± 6.14b 17.23 ± 1.95b 28.18 ± 3.52c

MD + 4 3.8 ± 0.42c 0.84 ± 0.009a 79.37 ± 4.42a 19.87 ± 2.25c 29.14 ± 5.32c

MD + 5 3.7 ± 0.39c 0.82 ± 0.004a 74.26 ± 5.28a 19.01 ± 4.78c 28.01 ± 4.11c

Liver

N 6.5 ± 0.18a 0.82 ± 0.011a 99.41 ± 6.16a 48.76 ± 4.84a 26.35 ± 4.25a

MD 5.8 ± 0.13b 0.58 ± 0.005c 39.34 ± 5.63c 26.48 ± 2.60b 23.78 ± 2.17b

MD + 1 6.2 ± 0.72a 0.71 ± 0.006b 79.59 ± 3.54a 40.63 ± 3.62c 25.77 ± 2.83a

MD + 2 6.0 ± 0.28a 0.65 ± 0.004a 51.24 ± 6.10a 35.89 ± 4.29c 24.21 ± 4.76a

MD + 3 6.3 ± 0.51a 0.73 ± 0.003b 90.21 ± 3.29b 44.21 ± 7.36a 26.53 ± 2.80a

MD + 4 6.4 ± 0.73a 0.79 ± 0.005a 93.26 ± 5.17b 47.02 ± 5.42c 27.91 ± 5.52a

MD + 5 6.1 ± 0.45a 0.76 ± 0.002a 89.38 ± 6.35b 44.32 ± 6.15a 27.22 ± 5.16a

Pancreas

N 4.03 ± 0.37a 0.74 ± 0.007a 359.56 ± 4.67a 51.26 ± 3.35a 28.56 ± 5.42a

MD 2.90 ± 0.67c 0.65 ± 0.003c 325.39 ± 6.23b 19.48 ± 1.84b 24.21 ± 3.43b

MD + 1 3.70 ± 0.49b 0.72 ± 0.004b 342.29 ± 4.67c 43.17 ± 3.27c 26.55 ± 2.67ac

MD + 2 3.06 ± 0.30a 0.69 ± 0.005a 330.56 ± 7.52b 30.84 ± 5.63d 25.19 ± 6.54a

MD + 3 3.80 ± 0.59b 0.73 ± 0.005b 346.99 ± 6.43c 45.80 ± 3.52c 26.56 ± 2.90ac

MD + 4 3.89 ± 0.47b 0.75 ± 0.008a 350.48 ± 5.39a 47.22 ± 5.42d 27.84 ± 4.53a

MD + 5 3.12 ± 0.62c 0.76 ± 0.009a 349.14 ± 5.84d 45.74 ± 6.21d 27.18 ± 5.84a

Each value represents the mean ± SEM from 6 rats. Values within columns bearing the same lower case letters (a, b, c, and d) are not different at 𝑝 < 0.05 and
are not in any particular order. Normal control (N) and diabetic control (MD).

Table 6: Effects of 1–5 on serum enzyme levels in hyperglycaemic and normal mice.

Group Glucose SGOT SGPT ALP TB Total protein
(mg/dL) (IU/L) (IU/L) (KA units) (mg/dL) (g/dL)

Normal control 99.4 ± 5.67 140.18 ± 8.15 99.31 ± 4.59 30.17 ± 3.52 0.65 ± 0.07 8.1 ± 2.14
Control diabetic MD 256.7 ± 8.43a 234.23 ± 5.71a 200.06 ± 7.34a 71.86 ± 5.48a 0.46 ± 0.06a 5.1 ± 1.6a

MD + 1 — 168.87 ± 5.15b 135.61 ± 6.82b 54.78 ± 1.98b 0.51 ± 0.07b 6.3 ± 1.84b

MD + 2 — 182.04 ± 4.17b 145.71 ± 6.04b 63.62 ± 4.26b 0.49 ± 0.04b 5.9 ± 0.98b

MD + 3 — 163.61 ± 7.48b 129.72 ± 4.48b 50.09 ± 3.56b 0.55 ± 0.05b 6.8 ± 2.74b

MD + 4 — 150.29 ± 6.41b 122.27 ± 5.67b 45.30 ± 2.92b 0.58 ± 0.03b 7.1 ± 2.31b

MD + 5 — 156.52 ± 5.42b 128.30 ± 7.03b 48.41 ± 2.68b 0.56 ± 0.08b 6.9 ± 1.95b

Each value represents the mean ± SEM (𝑛 = 6 rats). a𝑝 < 0.001 compared with normal control group and b
𝑝 < 0.001 compared with MD control group. ALP:

alkaline phosphatase; SGOT: serum glutamate oxaloacetate transaminase; SGPT: serum glutamate; TB: total bilirubin.

O
2
formation, to complex with prooxidant metal ions and

reducing agents [30].

3.4. Effects of Flavonoids on Oxidative Stress Markers and
Aminotransferases Activities. There were no changes of blood
glucose level after 30 days of administration of 1–5.There was
a significant increase of lipid peroxide in the liver, kidney,
and pancreas in diabetes mice. However, the administration
of 1–5 improved these levels in the treated groups with
respect to the diabetic control group as shown in Table 5.The
production of ROS including hydroxyl, superoxide anions
and hydrogen peroxide, nitric oxide, DPPH, ABTS radicals,
protein oxidation, and lipid peroxidation can be enhanced
by treatment with isolated 1–5, and increases in radical

scavenging enzymes of CSH-Px, SOD, GSH, and CAT have
also been observed in liver, pancreas, and kidney in the group
of diabetic animals treated.

Elevation of serum biomarker enzymes such as total
protein, SGPT, SGOT, ALP, and TB was observed in diabetic
mice indicating deterioration in liver function (Table 6)
which may be because STZ produced liver damage causing
leakage of these enzymes into the blood [31]. However,
treatment of STZ-induced diabetes in mice with 1–5 reduced
levels of these enzymes leading to hepatoprotective effect.

3.5. Effects of Flavonoids on TBARS Levels. In diabetic mice,
elevated levels of oxidative stress are due to protein glyca-
tion, autoxidation of glucose, low activities of antioxidant
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Table 7: Effect of 1–5 on malondialdehyde concentration in liver
and kidney of normal and diabetic mice.

Groups
(mg/kg)

TBARS (𝜇M/g)
Liver Kidney

Normal control 0.99 ± 0.08 1.9 ± 0.04
MD control 1.60 ± 0.09a 2.7 ± 0.06a

MD + 1 1.07 ± 0.06b 2.0 ± 0.09b

MD + 2 1.21 ± 0.02b 2.3 ± 0.07b

MD + 3 0.99 ± 0.07b 1.9 ± 0.08b

MD + 4 0.97 ± 0.03b 1.8 ± 0.04b

MD + 5 0.95 ± 0.05b 1.6 ± 0.06b

All values are expressed as mean ± SEM, 𝑛 = 10. a𝑝 < 0.05 when compared
to normal control group. b

𝑝 < 0.01 when compared to diabetic control
group.

enzymes, and lipid peroxidation [32]. Consistent with this
finding, decreased activities of antioxidant enzymes, such as
GSH, SOD, GST, and GPx, and a marked increase in the
concentration of TBARS indicate increase lipid peroxidation
leading to decrease of the antioxidant defense mechanisms
to avoid overproduction of ROS which leads to tissue injury
[33]. Supplementation to diabeticmice with the isolated com-
pound resulted in a significant (𝑝 < 0.05) diminution in lipid
peroxidation levels, in liver and kidney compared with dia-
betic control, and the observed reduction of TBARS towards
normal levels (Table 7). These results suggest a marked inhi-
bition of the isolated compound on ROS generation in STZ-
induced diabeticmice. TBARS levels are an index of oxidative
stress and endogenous lipid peroxidation which intensifies
with increasing free radicals production. Therefore, in dia-
betic patients measurement of TBA-reactive substance levels
is used to determine the level of oxidative stress. In addition,
increased lipid peroxidation in diabetic mice might be due to
stimulation of hepatic triglyceride synthesis [34].

4. Conclusion

In this study were isolated and characterized five biologically
active compounds from bark of Eysenhardtia polystachya.
The flavonoids were found to be 2,4-dihydroxychalcone-6-
O-𝛽-d-glucopyranoside (1), 𝛼,3,2,4-tetrahydroxy-4-meth-
oxy-dihydrochalcone-3-C-𝛽-glucopyranosy-6-O-𝛽-d-glu-
copyranoside (2), 7-hydroxy-5,8-dimethoxy-6𝛼-l-rhamno-
pyranosyl-8-(3-phenyl-trans-acryloyl)-1-benzopyran-2-one
(3), 67-dihydroxy-5,8-dimethoxy-8(3-phenyl-trans-acryl-
oyl)-1-benzopyran-2-one (4), and 9-hydroxy-3,8-dimethoxy-
4-prenylpterocarpan (5). The isolated compounds were
evaluated for their antioxidant potentials in in vitro and
in vivo assay finding that compound 4 is the most potent
antioxidant. Our data indicates that isolated 1–5 from the
bark of Eysenhardtia polystachya have an ability to reduce
oxidative stress under diabetic conditions, prevent and/or
delay the onset renal, pancreatic, and hepatic damage through
decreasing of lipid peroxidation, antioxidant properties, and
increasing radical scavenging enzymes activity, also reduce
intracellular reactive oxygen species, and they consequently

could alleviate complications of diabetes. In addition, the
antioxidant properties of compounds 1–5 are a promising
strategy for ameliorating therapeutic effects by avoiding dis-
orders in the normal redox reactions in healthy cells.
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[21] L. Jiménez-González, M. Álvarez-Corral, M. Muñoz-Dorado,
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Jaboticaba is a fruit from a native tree to Brazil, Plinia peruviana. Jaboticaba peels are an important source of antioxidant molecules
such as phenolic compounds. This study aimed to evaluate in vitro the activity of a hydroalcoholic extract of jaboticaba fruit peels
(HEJFP) in wound healing processes and antioxidant activity in murine fibroblasts (L929 cell line). HEJFP concentrations (0.5, 1, 5,
10, 25, 50, 100, and 200 𝜇g/mL) were tested inMTT assay and cell proliferation was verified at 100 𝜇g/mL after 24 h and at 25, 50, and
100 𝜇g/mL after 48 h of extract exposure. Evaluation of antioxidant activity was performed at 0.5, 5, 25, 50, and 100𝜇g/mL HEJFP
concentrations. Cell treatment with HEJFP at 25, 50, and 100 𝜇g/mL for 24 h followed by H

2
O
2
exposure for 3 h showed a strong

cytoprotective effect. In vitro scratch wound healing assay indicated that none of tested HEJFP concentrations (0.5, 5, 25, 50, and
100 𝜇g/mL) were capable of increasing migration rate after 12 h of incubation. These results demonstrate a positive effect of HEJFP
on the wound healing process on L929 fibroblasts cell line, probably due to the antioxidant activity exhibited by phytochemicals in
the extract.

1. Introduction

Wound healing is a process divided into three interactive
and overlapping phases classified as inflammation, tissue
formation, and tissue remodeling [1]. During inflammation,
neutrophils and monocytes invade the injury tissue and start
to secrete proteolytic enzymes, proinflammatory cytokines,
and growth factors. Besides, these cells also secrete reactive
oxygen species (ROS), important molecules that defend the
body against bacteria and microorganism invasion [2].

The next phase known as tissue formation is charac-
terized by proliferation and migration of fibroblasts and
keratinocytes from the wound edge to the wound bed [3].
Angiogenesis is triggered and leads to the formation of granu-
lation tissue, which is important to support the nutrients and
oxygen supply in injured tissue [4–6]. In this tissue, fibrob-
lasts become myofibroblasts which synthesize and deposit

extracellular matrix (ECM) compounds, especially collagen.
Besides, these cells are responsible for wound contraction and
maturation of the granulation tissue [7].

At remodeling phase, there is a reduction on cellularity
due to the apoptosis of myofibroblasts, endothelial cells, and
inflammatory cells. The synthesis of ECM is reduced and
ECM’s components are modified as the matrix is remodeled
[8].

Impaired wound healing is a problem that may be caused
by uncontrolled inflammatory and immune responses,
microbial infection, and excessive ROS production [9].
Excessive amounts of ROSmay modify and/or degrade ECM
proteins and damage dermal fibroblasts and keratinocytes
functions. Besides, ROS-mediated transcription causes the
maintained proinflammatory cytokines secretion and induc-
tion of matrix metalloproteases [10].
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Jaboticaba is a fruit from a native tree to Brazil, that is,
Plinia peruviana. Studies have shown important biological
properties of anthocyanins, mainly those related to anti-
inflammatory activity and antioxidative stress [11]. Jaboticaba
fruit peels are the main source of anthocyanins in the
fruit and it has been used in traditional medicine to treat
diarrhea, skin irritation, hemoptysis, and asthma [12–14].
This study aimed to evaluate the antioxidant activity of a
HEJFP and its role in wound healing processes as migration
and proliferation of murine fibroblasts (L929 cell line).

2. Materials and Methods

2.1. Plant Material Collection and Extraction. Fruits of P.
peruviana were collected from a backyard format planting
system during the harvest season (spring, 2014) in Guaxupé,
Minas Gerais, Brazil. The plant was authenticated by Dr.
Marcos Sobral and a voucher specimen (FLOR 55902) was
preserved at FLOR herbarium (Department of Botany, Fed-
eral University of Santa Catarina, Florianópolis, southern
Brazil).

The fruit peels of jaboticaba were lyophilized and pow-
dered by an electric grinder.The dried and powdered biomass
was added to 50% ethanol solution (v/v), pH 3.6 (1 : 10 w/v).
The mixture was microwaved (three pulses of five seconds
with 60 seconds of interval between each of the pulses) to
extract the compounds of interest. The HEJFP was recovered
by filtration on cellulose membranes under vacuum.

2.2. Determination of Total Phenolic Content. The total phe-
nolic content of HEJFP was measured spectrophotomet-
rically [15]. For that, HEJFP was diluted in 50% ethanol
solution, pH 3.6 (1 : 10 v/v). Subsequently, 1mL of HEJFP
previously diluted was added to 5mL 95%methanol solution.
After this second dilution, sample (1mL) was added to 1mL
95% ethanol solution, 5mL distilled water, and 0.5mL Folin-
Ciocalteu’s reagent and incubated for 7min.

After incubation, 1mL 5% sodium carbonate solutionwas
added and kept in the darkness at room temperature for 1 h. A
blank solution was prepared as described above replacing the
sample by 50% of ethanol solution, pH 3.6. The absorbance
was measured at 725 nm, using a UV-Vis spectrophotometer
(BEL LGS 53, BEL Engineering, Monza, Italy).

The total phenolic compounds were quantified using a
standard curve of gallic acid.The results were expressed asmg
gallic acid equivalents/g dry weight of jaboticaba biomass.

2.3. Determination of the Total Flavonoid Content. The deter-
mination of total flavonoids was based on aluminum chloride
colorimetric method [16].

Previously, HEJFP was diluted in 50% ethanol solution,
pH 3.6 (1 : 10 v/v). 0.5mL of diluted HEJFP was added to
2.5mL ethanol and 0.5mL 2% aluminum chloride diluted
in methanol and incubated for 1 h. A blank solution was
prepared as described above replacing the sample by 50%
of ethanol solution, pH 3.6. The absorbance was measured
at 420 nm in a UV-Vis spectrophotometer (BEL LGS 53,
BEL Engineering, Monza, Italy). The quantification of total
flavonoids was carried out using a quercetin standard curve.

The results were expressed as mg quercetin equivalents/g dry
weight of jaboticaba biomass.

2.4. Antioxidant Activity (DPPH Assay). The 2,2-diphenyl-
2-picrylhydrazyl (DPPH) assay is a chemical method that
measures the capacity of a compound to scavenge free
radicals based on the decrease in absorbance during the
reaction [17]. A stock solution of 0,0079 g of DPPH was
diluted in 2.5mLmethanol.This solution was further diluted
in a concentration of 1 : 100 (v/v) in 80% methanol (v/v). The
absorbance of this DPPH solution should be around 0.5 and
0.6. The HEJFP, previously diluted in 50% ethanol, pH 3.6,
at 1 : 100 (v/v), was added to DPPH/80% methanol solution
(1 : 30 v/v). The capacity of the HEJFP to inhibit DPPH
radicals was measured spectrophotometrically at 515 nm,
after incubation for 5, 10, 20, 30, 40, and 50min in the dark,
at room temperature. The same procedure described above
was used to test the 50% ethanol, pH 3.6, solution to ensure
that the solvent was not reacting with DPPH/80% methanol
solution. The percentage of inhibition of DPPH radicals was
calculated by the following formula (Abs. = absorbance):

inhibition DPPH (%)

=
Abs. DPPH/80% methanol solution − Abs. HEJFP

Abs. DPPH/80% methanol solution

× 100.

(1)

2.5. Cell Proliferation and Viability Assay Using L929 Fibrob-
last. L929 mouse fibroblast cells were seeded at a density
of 5 × 103 cells/well into a 96-well plate in DMEM culture
medium supplemented with 10% FBS and incubated at 37∘C,
in a humidified 5% CO

2
atmosphere overnight. After incu-

bation, DMEM was replaced by DMEM 10% FBS containing
0.5, 1, 5, 10, 25, 50, 100, and 200 𝜇g/mL (dry weight) of
HEJFP, except in control, where the culture medium was
replaced by fresh DMEM. Cells were incubated for 24 h
and 48 h, at 37∘C, in a humidified 5% CO

2
atmosphere.

Afterwards, the culture medium was replaced by 100 𝜇L of
fresh DMEM along with 10 𝜇L 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) solution (5mg/mL
in PBS) per well and incubated in the dark, for 3 h, at 37∘C, in
a humidified 5%CO

2
atmosphere. A negative control without

cells with 100 𝜇L of DMEM and 10 𝜇L of MTT solution
was required. Subsequently, 85𝜇L of culture medium was
removed and 50 𝜇L of DMSO was added onto each well
and incubated for more 10min, at 37∘C, in a humidified
5% CO

2
atmosphere. After homogenizing formazan crystals,

the absorbance at 540 nm was determined by an ELISA
plate reader.The percentage of cell proliferation/viability was
calculated and compared to control (100% of viability).

2.6. Hydrogen Peroxide-Induced Oxidative Stress in L929
Fibroblast Cells and Evaluation of Cell Survival. Hydrogen
peroxide was used for induction of oxidative stress as
described by Balekar et al. [18] and Ponnusamy et al. [19].
The L929 fibroblast cells were seeded at a density of 5 × 103
cells/well into a 96-well plate in DMEM supplemented with
10% FBS and incubated at 37∘C, in a humidified 5% CO

2
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atmosphere overnight. A curve with H
2
O
2
concentrations

(0.0625, 0.125, 0.25, 0.5, and 1.0mM) was built to determine
H
2
O
2
dose which decreases cell viability by 80% after 24 h

of exposure using MTT assay. The chosen concentration was
1.0mM of H

2
O
2
. Subsequently, L929 fibroblast cells were

seeded at a density of 5 × 103 cells/well into a 96-well plate
containing DMEM culture medium supplemented with 10%
FBS and incubated overnight at 37∘C, in a humidified 5%CO

2

atmosphere. After incubation, DMEMwith 10% FBS contain-
ing 0.5, 5, 25, 50, and 100 𝜇g/mL (dry weight) of HEJFP was
used to treat cells in different times as follows: (1) cells were
treated for 24 h followed by 1.0mM of H

2
O
2
exposure for 3 h,

(2) cells were exposed concomitantly to HEJFP and 1.0mM
of H
2
O
2
for 24 h, and (3) cells were exposed to 1.0mM of

H
2
O
2
for 3 h followed by cells treatment with HEJFP for 24 h.

Evaluation of cell survival was performed using MTT assay
as described above.

2.7. Scratch Assay. The stimulatory effect of HEJFP onmigra-
tion of L929 cells was determined as described by Balekar
et al. [18]. The L929 fibroblast cells were seeded at a density

of 5 × 105 cells/well into a 24-well plate containing DMEM
culture medium supplemented with 10% FBS and incubated
overnight at 37∘C, in a humidified 5% CO

2
atmosphere. After

incubation, DMEM was completely removed and the adher-
ent cell layer was scratched with a sterile yellow pipette tip.
Cellular debris was removed by washing off with phosphate
buffer saline (PBS). The cells were treated with DMEM with
10% FBS containing 0.5, 5, 25, 50, and 100 𝜇g/mL (dry weight)
of HEJFP. Controls received only fresh DMEM. To avoid
proliferation of cells, mitomycin C (10 𝜇g/mL) was added in
each well along with control and HEJFP-treated cells; this
way only migration was evaluated. The cells were incubated
(at 37∘C in humidified 5% CO

2
atmosphere for 12 h) and

then the recording of images of the scratch area was carried
out in two different points, using a built-in camera in the
microscope (40x magnification) at 0 h (just after scratching
cells) and at 12 h after incubation with HEJFP and control.
Data were analyzed with ImageJ 1.42q imaging software
(National Institutes for Health, US) in order to determine the
width of the scratch and thus to calculate the rate ofmigration
of cells by the following formula:

migration rate (%) = distance within scratch (0 h) − distance within scratch (12 h)
distance within scratch (0 h)

× 100. (2)

2.8. Statistical Analysis. Data were collected and summa-
rized, followed by statistical analysis using one-way ANOVA
and Tukey’s test. 𝑃 values lower than 0.05 were considered to
be statistically significant.The values were expressed as mean
± SD or median as indicated in figures’ captions.

3. Results

3.1. Total Phenolic and Flavonoid Contents of the Hydroal-
coholic Extract. The total phenol and flavonoid contents of
HEJFP were 92,2 ± 9,75mg gallic acid equivalent/g and 6,43
± 0,49mg quercetin equivalent/g, respectively.

3.2. Antioxidant Activity. DPPH radical scavenging ofHEJFP
was measured in different times to determine the peak
of antioxidant capacity. After 5min of incubation, HEJFP
inhibited 83.6% of DPPH radicals, showing an excellent
antioxidant activity in few minutes of reaction. At 30min
of incubation, 91% scavenging activity was achieved and it
remained until 50 minutes of reaction (Table 1).

3.3. Cell Proliferation and Viability. The effect of HEJFP on
both cell proliferation and viability was evaluated in L929
murine fibroblasts cell line in different concentrations after
24 h and 48 h, using MTT assay.

HEJFPwas able to promote cell proliferation at 100𝜇g/mL
after 24 h and at 25, 50, and 100 𝜇g/mL after 48 h. The
concentration of 200𝜇g/mL was shown to be cytotoxic in
both times of exposure, decreasing significantly cell viability.
For the other concentrations assayed, the cell viability was
higher than 80% (Figure 1).

3.4. Hydrogen Peroxide-Induced Oxidative Stress and Cell
Survival. L929 fibroblast cells were treated with 1.0mM
H
2
O
2
as a model study of oxidative stress and resulted in

decrease of cell viability by 90% after 24 h of exposure. The
antioxidant potential of the HEJFP was tested before and
afterH

2
O
2
exposure for 3 h and concomitantly withH

2
O
2
for

24 h. The HEJFP was not effective in protecting cells against
oxidative stress before or concomitantly with exposure to
H
2
O
2
, resulting in low rate of cell survival. However, when

cells were first treated with HEJFP for 24 h, followed by H
2
O
2

exposure for 3 h, the tested concentrations of 25, 50, and
100 𝜇g/mL protected the cells against adverse effects caused
by H
2
O
2
-induced oxidative stress and maintained the cell

viability (Figure 2).

3.5. Scratch Assay. L929 murine fibroblasts cell line was
tested through the scratch assay to determine the capacity
of these cells to migrate under HEJFP stimulus (Figure 3).
L929 cells have a fast migration rate; then the time to evaluate
the cell migration was determined as 12 h upon exposure to
HEJFP. At 24 h, scratch is almost closed, making it difficult to
analyze images.

Although concentrations of 0.5 and 100𝜇g/mL increased
the cell migration rate after 12 h, the effect was not significant
when compared to control (Table 2).

4. Discussion

Plant extracts can be efficient in helping the wound healing
process if they contain phytochemicals with antimicrobial
and antioxidant activities and free radical scavengers and
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Table 1: Antioxidant activity of HEJFP determined by the DPPH
assay.

Incubation time (min) % inhibition of DPPH radical
5 83.6 ± 1.83
10 88.09 ± 1.52
20 90.18 ± 1.02
30 91.01 ± 0.42
40 91.36 ± 1.01
50 91.88 ± 1.28
Values are mean ± SD (𝑛 = 3).
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Figure 1: Percentage of survival of L929 fibroblast cells treated with
HEJFP after 24 h and 48 h. Data are expressed as a mean ± SD (𝑛 =
18).∗ indicates𝑃 < 0.01 against control for 24 h; # indicates𝑃 < 0.01
and ## indicates 𝑃 < 0.05 against control for 48 h.

Table 2: Scratch length (𝜇m) and cell migration rate (%) of L929
murine fibroblasts treated with HEJFP determined by the scratch
assay.

Length within the scratch (𝜇m) % migration rate
Time 0 859.97 ± 113.9 0
Control 246.73 ± 62.84 71.31 ± 7.3
0.5 𝜇g/mL 157.56 ± 53.58 81.68 ± 6.23
5 𝜇g/mL 261.91 ± 99.32 69.54 ± 11.55
25 𝜇g/mL 263.36 ± 73.4 71.42 ± 8.53
50 𝜇g/mL 245.79 ± 138.65 69.37 ± 16.12
100 𝜇g/mL 183.31 ± 91.15 78.57 ± 10.6
Values are mean ± SD (𝑛 = 8).

active compounds that enhancemitogenic activity, angiogen-
esis, collagen production, and DNA synthesis [20].

Jaboticaba fruit peel has a promising potential as a
wound healing enhancer duo to its biomass rich in phenolic
compounds. Indeed, those secondarymetabolites have awell-
known antioxidant activity that prevents tissue damage and
stimulates wound healing [11, 21].

The evaluation of the effectiveness of HEJFP in wound
healing process was performed in vitro using L929 murine

fibroblasts cell line. Nowadays, cell culture is a popular and
effective method to test the sensitivity of cells to selected
groups present in the microenvironment. Fibroblasts cell
cultures have been proposed as a method for testing wound
healing activity in vitro [22].

Hydrogen peroxide-induced oxidative stress is an alterna-
tive to evaluate extract’s antioxidant activity in cells. H

2
O
2
is

an importantmolecule inwound healing process, the effect of
which shall be under control of amolecular antioxidant appa-
ratus such as SOD, GPx, and phospholipid hydroperoxide
glutathione peroxidase [23]. A cytoprotective effect of HEJFP
was detected when oxidative stress was induced to cells after
the treatment with the extract. In this sense, a plausible
assumption takes into account the fact that the protective
effect of the extract could be related to the antioxidant activity
thereof, corroborated by the results obtained through DPPH
assay.

Xu et al. [11] also found a protective effect against hydro-
gen peroxide-induced oxidative stress in keratinocytes and
fibroblasts of black soybean seed coat extract. The authors
assigned this effect to the antioxidant activity of antho-
cyanins, metabolites that belong to phenolic group and are
found in abundance in jaboticaba fruit peels.

Cell proliferation and migration are two extremely
important features during the tissue formation phase in the
wound healing. Scratch assay is a form to mimic a wound
in vitro and evaluate the cell migration rate. Once the cell
monolayer is disrupted, the loss of cell-cell interaction results
in increasing concentration of growth factors and cytokines
at the wound edge, initiating migration and proliferation of
cells [24]. Interestingly, although the HEJFP was not able
to increase cell migration rate, the extracts at 25, 50, and
100 𝜇g/mL promoted fibroblasts proliferation.Thismitogenic
effect is a positive event for wound healing process because
fibroblasts are important cells involved in wound contraction
and ECM production [18].

5. Conclusion

HEJFP has been shown to be in vitro a potential plant extract,
enhancing the wound healing process. The cytoprotective
effect of HEJFP in fibroblasts against hydrogen peroxide-
induced oxidative stress can be assigned to its phenolic
compounds, which have been proven to be strong antioxi-
dants. Besides, HEJFP induced mitogenic activity of fibrob-
lasts, an important feature in the wound healing process.
Further investigations are necessary to isolate and identify
the compounds responsible for these activities, as previous
findings refer to the ellagic acid as a major compound
in the HEJFP (unpublished data). Besides, in vitro studies
measuring antioxidant enzymes will help understand the
mechanisms underlying the effects described herein for the
wound healing process.
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Figure 2: Viability (%) of cells treated with HEJFP after H
2
O
2
exposure (a) and before H

2
O
2
exposure (b) and concomitantly with H

2
O
2
(c).

Data are expressed as a median (𝑛 = 16). ∗ indicates 𝑃 < 0.01 against 1.0mM H
2
O
2
control.

(a) (b) (c) (d)

(e) (f) (g)

Figure 3: Microscopy images of L929 fibroblast cells migration after scratch ((a)—time 0) and after 12 h of HEJFP treatment. (b) Control, (c)
0.5 𝜇g/mL, (d) 5 𝜇g/mL, (e) 25𝜇g/mL, (f) 50 𝜇g/mL, and (g) 100 𝜇g/mL.
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Campomanesia adamantium O. Berg, popularly known as guavira, has been used in Brazilian traditional medicine for
reduction of serum lipid. The present study was carried out to investigate the antioxidant and antihyperlipidemic effects of
Campomanesia adamantium root aqueous extract (ExCA). Phenolic compounds were quantified in the ExCA and gallic and
ellagic acids were identified by HPLC. ExCA showed efficiency in 2,2-diphenyl-1-picrylhydrazyl free radical scavenging, with
IC
50
similar to butylhydroxytoluene control, and protected the erythrocytes against lipid peroxidation induced by 2,2-azobis(2-

methylpropionamidine) dihydrochloride, reducing generatedmalondialdehyde. HyperlipidemicWistar rats treated daily by gavage
during eight weekswith ExCA (200mg/kg of bodyweight) showed reduced serum level of total cholesterol and triglycerides, similar
to normolipidemic rats and hyperlipidemic rats treated with simvastatin (30mg/kg of body weight) and ciprofibrate (2mg/kg of
body weight). Moreover, the treatment with ExCA also decreased malondialdehyde serum level in the hyperlipidemic rats. The
body weight and organ mass were unmodified by ExCA in hyperlipidemic rats, except an increase of liver mass; however, the
hepatic enzymes, alanine aminotransferase and aspartate aminotransferase, were unchanged. Together, these results confirm the
potential value of Campomanesia adamantium root for lowering lipid peroxidation and lipid serum level, improving risk factors
for cardiometabolic diseases development.

1. Introduction

Dyslipidemia is characterized by higher serum level of total
cholesterol and triglycerides, accompanied by reduction of
high-density lipoprotein (HDL). In 2008, more than 17.3
million people died from cardiovascular diseases [1], such
as atherosclerosis, which can lead to stroke and myocardial
infarction [2].

Concomitant with increased serum lipid level, decreasing
of antioxidant capacity of the organism has been observed,
which contributes to endothelial dysfunction present in
atherosclerosis and connects this alteration with modified
metabolic state [3]. Reactive species formation occurs con-
tinuously in the body especially in consequence of oxida-
tive metabolic process for energy generation. In lower

concentration, these molecules have physiological function
in cellular signalization and proliferation. However, in higher
concentration it reactive species lead oxidative damage to
protein, lipid, and nucleic acid, affecting key cellular struc-
tures [4].

The body has endogenous mechanisms, enzymatic and
nonenzymatic, for neutralizing the excess of reactive species
and decreasing possible cell damages [5]. The excess of oxi-
dants agents which are not neutralized defines the oxidative
stress present in dyslipidemia, obesity, and atherosclerosis
[6].

Medical plants, rich in vitamins and secondary metabo-
lites, have been source of inhibitors of the endogenous
synthesis of cholesterol, as well as natural antioxidants [7, 8].
In Brazil, the fruit of Campomanesia adamantium O. Berg
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(Myrtaceae) is used for nutrition and, in the traditional
medicine, the leaves and root are used for treatment of dia-
betes and dyslipidemia. Similar effects have been described
for other species of the genus such as hypolipidemic and
antiplatelet effects [7, 9], antiulcerogenic effects [10], reducing
body weight [11], and antidiabetic effects [12]. Additionally,
phytochemical studies have showed phenol and flavonoids
in the leaves of Campomanesia adamantium, which has been
described as molecules with high potential antioxidant [13].

In this context, this study was carried out to investigate
the antioxidant and antihyperlipidemic effects of the root
aqueous extract of Campomanesia adamantium in rats with
high fructose diet-induced hyperlipidemia (HFD).

2. Materials and Methods

2.1. Botanical Material and Obtaining Extract. Campomane-
sia adamantium O. Berg roots were collected in Dourados,
MS, under coordinates S 22∘0247.9 W 055∘0814.3. They
were sanitized, dried in an oven with air circulation at 45∘C,
and ground in a Willy-type knife mill. A voucher specimen
was deposited in the herbariumDDMS/UFGD number 4108.

The extract was prepared by repeat extractions of the
pulverizedmaterial using accelerated solvent extractor (ASE�
150-Dionex).The samples were placed in a cell of 100mL and
extracted with distilled water at a temperature of 125∘C in
static two cycles of 5min each time, with 80% of the volume
of washing and 60-second purge.The extracts were combined
in an aqueousmedium and then lyophilized to obtain the dry
extract, yield 6%.

2.2. High Performance Liquid Chromatography Coupled with
Diode Array Detector (HPLC-DAD). ExCA chemical profile
was determined by HPLC-DAD (Shimadzu SPD-M20A,
Japan) using a reversed phase column C-18 (250mm ×
4.6mm, 5.0𝜇m, Shimadzu, Japan) mobile phase water (A)
and acetonitrile (B), both with 1% acetic acid. The elution
gradient was 5% of eluent B over 3min and 3–60% of eluent
B over 3–27min and another 6 min to return the initial
condition and restabilize the column. The flow rate was
1.0mL/min and the injected volume was 20 𝜇L. Compounds
were quantified at 270 nm in triplicate analysis. The quantifi-
cation was performed using a regression curve of five points,
0.5–50𝜇g/mL for gallic acid (Sigma-Aldrich, USA) and 2.5–
100 𝜇g/mL for ellagic acid (Sigma-Aldrich, USA). Analyzed
tracks were linear (detector response/concentration). Peak
areas were correlated with the concentration according to the
calibration curve and the correlation coefficient (𝑟) > 0.9998
for both compounds.

2.3. 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Free Radical
Scavenging. The activity of 2,2-diphenyl-1-picrylhydrazyl
(DPPH) free radical scavenging was available according to D.
Gupta and R. K. Gupta [14] method. Briefly, 200𝜇L of extract
(0.1–2000𝜇L) was mixed with 1.8mL of DPPH 0.11mM in
80% ethanol solution. The mixture was homogenized and
incubated at room temperature in the dark for 30min. The
reading was performed in a spectrophotometer at 517 nm.

Ascorbic acid and butylhydroxytoluene (BHT) were used as
reference antioxidants. The tests were performed in triplicate
in three independent experiments. The percentage of inhibi-
tion was calculated relative to the control (ascorbic acid and
BHT) using the following equation:

inhibition activity (%)

= (1 −

absorbance of sample
absorbance of control

) × 100.

(1)

2.4. Protection against 2,2-Azobis(2-Methylpropionamidine)
dihydrochloride (AAPH) Induced Hemolysis. The antioxidant
activity of the extract was determined by erythrocytes pro-
tection capacity against hemolysis induced by peroxyl radi-
cals generated by thermal decomposition of the hydrochlo-
ride 2,2-azobis(2-methylpropionamidine) dihydrochloride
(AAPH), following themethodology described by Campos et
al. [15]. For this, peripheral blood of healthy donors was col-
lected into tubes containing anticoagulant (approved by the
ethics committee of the Federal University of Grande Doura-
dos under protocol number 123/12). Then, the blood sample
was centrifuged at 1500 rpm for 10min. After centrifugation,
the plasma cell and the upper layer containing leukocytes
were removed, preserving only the lower layer comprising
red cells. The erythrocytes were washed three times with the
addition of approximately 4mL of saline and centrifuged at
2000 rpm for 10min. After washing, a suspension of 10%
erythrocytes was prepared. The Campomanesia adamantium
extract was solubilized in 0.9% NaCl at concentrations of 50,
75, 100, and 125 𝜇g/mL. The same procedure was carried out
with ascorbic acid (an antioxidant standard).

In 250𝜇L of 10% erythrocyte sample, 250 𝜇L aliquots
were added at their respective concentrations analysis (50, 75,
100, and 125 𝜇g/mL); this mixture was incubated at 37∘C for
30min, and then 500 𝜇L of AAPH (0.406 g of AAPH diluted
with 15mL of 0.9% NaCl) was added. The material remained
incubated at 37∘C under gentle mixing for up to 180min.
Aliquots of 200 𝜇L samples were removed and diluted in
1800 𝜇L of 0.9% NaCl for analysis in a spectrophotometer
at 540 nm at 60min intervals. The percentage hemolysis was
determined by measuring the absorbance of the supernatant
(A) and compared to the total hemolysis (B), using the
following equation:

hemolysis (%) = 𝐴
𝐵

× 100. (2)

2.5. Lipid Peroxidation of Erythrocytes Induced by 2,2-
Azobis(2-Methylpropionamidine) (AAPH) dihydrochloride.
We collected 5mL of healthy blood donor for the preparation
of the erythrocytes solution (H) 20%. The malondialdehyde
(MDA), a product of lipid peroxidation of the erythrocyte,
was performed as described by Campos et al. [15]. Samples
of H (2.5%), H+AAPH, H+AAPH+ascorbic acid, and
H+AAPH+ExCA were incubated for 180min at 37∘C.
Concentrations available were 50, 75, 100, 125, 250, and
500𝜇g/mL of ascorbic acid and ExCA was added to an
aliquot of 0.5mL of each sample and 0.5mL of 20%
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trichloroacetic acid. An aliquot of 0.5mL was removed
from this mixture and added to tubes containing 1mL of
the reagent thiobarbituric acid (TBA) 10 nM incubated at
94∘C for 45min. After this period, the samples were kept
at room temperature for 15min, followed by addition of
3mL of butanol, followed by agitation and centrifugation
at 3000 rpm. The supernatant absorbance was read in a
spectrophotometer at 532 nm, and three independent assays
were performed in triplicate.

2.6. High-Fructose Diet-Induced Hyperlipidemia. High-
fructose diet was prepared by mixing 330 g of commercial
rodent chow (Labina) and 660 g of fructose and presented
caloric value of 377 ± 4 kcal/100 g of chow. Commercial
rodent chow (Labina) with caloric value of 332 ± 1 kcal/100 g
of chow was used as control.

2.7. Experimental Design
2.7.1. Animals. All procedures with animals were performed
in accordance with the ethical principles of animal exper-
imentation adopted by the National Council of Animal
Experimentation Control (CONCEA) and were approved by
the Ethics Committee on Animal Use (CEUA) of the Federal
University of Grande Dourados (UFGD) under the protocol
number 025/2012.

Wistar rats with about 60 days weighing between 140 and
150 g of body weight (BW) were pretreated with ad libitum
diet rich in fructose for 16 weeks to induce hyperlipidemia,
which was confirmed by the serum levels of total cholesterol,
79.0 ± 2.9 to 128.0 ± 14.5mg/dL, and triglyceride levels of
137.3 ± 23.0 to 243.3 ± 32.4mg/dL. After this assessment,
the animals continue receiving the diet rich in fructose and
were randomly divided into four experimental groups (𝑛 =
8 per group) as follows: HFD (high-fructose diet + 300 𝜇L
of water), HFD-S (HFD + 30mg of simvastatin by kg of
BW), HFD-C (HFD + 2mg ciprofibrate by kg of BW), and
HFD-ExCA (HFD + 200mg of Campomanesia adamantium
root aqueous extract by kg of BW). For in vivo treatment,
the lyophilized extract, ciprofibrate, and simvastatin were
dissolved in distilled water daily before use and administered
by gavage.

Animals fed with standard rodent commercial chow and
300 𝜇L of water by gavage (𝑛 = 8 per group) formed the CT
group and they were considered normolipidemic.

2.7.2. Organs and Tissues Available and Biochemical Analy-
sis. After euthanasia the liver, heart, lung, kidney, spleen,
soleus, and extensor digitorum longus (EDL) muscle were
isolated and weighed. The collected blood was centrifuged at
3000 rpm for 10min and the serumwas used tomeasure total
cholesterol, HDL cholesterol, triglycerides, and aminotrans-
ferases (AST and ALT) with support of equipment Integra
400 Plus (Roche�).

2.7.3. Dosage of Malondialdehyde (MDA). The concentration
of MDA as index of lipid peroxidation was determined by
incubating 200𝜇L of serum from the animal of the groups
HFD and HFD-ExCA for 45min at 93∘C with 1mL of

Table 1: Antioxidant activity: IC
50

and percentage of maximum
activity of DPPH free radical scavenging ofCampomanesia adaman-
tium root aqueous extract (ExCA) compared to standard antioxi-
dant, ascorbic acid, and BHT.

Sample IC
50
(𝜇g/mL) 𝑁

Maximum activity
% 𝜇g/mL

Ascorbic acid 2.5 ± 0.6 (4) 98 25
BHT 36.1 ± 9.1 (4) 93 500
ExCA 37.3 ± 4.1 (4) 96 250
Values are expressed as mean ± SEM.

10 nmol TBA. After this period, the samples were kept at
room temperature for 15min and added to 3mL of butanol
with subsequent agitation and centrifugation for 5min at
3000 rpm. The supernatant absorbance was performed at
532 nm [15].

2.7.4. Liver Lipids. Quantification of total lipids in the liver
was performed in lyophilized sample subjected to extraction
with chloroform and methanol (2 : 1) according to Associa-
tion of Official Analytical Chemists, 1970.

2.8. Statistical Analysis. Data are shown as the mean ±
standard error of the mean and were submitted to one-
way analysis of variance (ANOVA) followed by Student-
Newman-Keuls posttest. The results were considered signifi-
cant when 𝑃 < 0.05.

3. Results

3.1. Chemical Profile. The chemical profile of the extract
showed the presence of gallic acid in 6.5min and ellagic
acid in 18.38min and other metabolites containing the same
chromophore of the ellagic acid (Figure 1).The concentration
of gallic acid and ellagic acid was 2.83 ± 0.01 and 15.48 ±
0.50 𝜇g/mg of ExCA, respectively.

3.2. AntioxidantActivity. Considering the presence of antiox-
idants, gallic acid, and ellagic acid in the extract, we inves-
tigated the DPPH free radical scavenging activity in order
to determine the in vitro antioxidant activity. From the
various concentrations tested, the half-maximal inhibitory
concentration (IC

50
) ofDPPH free radical scavenging and the

maximum activity of ExCAwere calculated, which are shown
in Table 1. IC

50
of ExCA was similar to BHT but was about 15

times higher than that of ascorbic acid.
After checking the DPPH free radical capture capability,

we investigated the antioxidant activity of ExCA in in vitro
cellular model. The ExCA protected the human erythrocyte
of the hemolysis induced by AAPH until 180min at all
concentrations evaluated similarly to ascorbic acid, except in
the concentration of 50mg/mL (Figure 2).

The ability of the ExCA to protect against AAPH-induced
lipid peroxidation of human erythrocytes was evaluated
through the dosage of MDA. ExCA provided concentration-
dependent reduction in the generation of MDA similar to
ascorbic acid (Figure 3).
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Figure 1: Identification of compounds in the aqueous extract of Campomanesia adamantium roots by HPLC-DAD (270 nm).
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Figure 2: Hemolysis assessment at (a) 60, (b) 120, and (c) 180min
after addition of AAPH in 2.5% erythrocytes (H) incubated with
different concentrations (50–125𝜇g/mL) of ascorbic acid and Cam-
pomanesia adamantium root aqueous extract (ExCA). ∗∗∗𝑃 < 0.001
versus H+AAPH.
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Figure 3: Malondialdehyde (MDA) content at 180min after addi-
tion of the AAPH hemolysis inducer in 2.5% erythrocytes (H)
incubated with different concentrations (50–500𝜇g/mL) of ascorbic
acid and Campomanesia adamantium root aqueous extract (ExCA).
∗
𝑃 < 0.001 versus H+AAPH.

3.3. Hypolipidemic Activity. During the eight weeks of treat-
ment, the evolution of body weight was similar between all
the animals fed with HFD (Figure 4(a)) and higher than
CT group. However, a reduction in caloric intake of animals
in HFD groups was observed, compared to the CT group
(Figure 4(b)).

The assessment of organ weights reveals that HFD-
ExCA and HFD-C groups showed recovery of the liver mass
compared to CT group and higher thanHFD group (Table 2).
Additionally, no differences were observed in serum levels
of liver injury markers (AST and ALT) and other organs
investigated (Table 2).

Confirming the antioxidant activity of ExCA, we inves-
tigated the lipid lowering in vivo activity of the extract.
Animals treated with ExCA show decreased serum levels
of total cholesterol and triglycerides, when compared with
hyperlipidemic animals of the HFD group, similar to those
presented by the animals treated with simvastatin (HFD-
S), ciprofibrate (HFD-C), and normolipidemic animals (CT)
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Figure 4: (a) Body weight gain and (b) daily caloric intake of normolipidemic (CT) and hyperlipidemic rats treated with water (HFD),
simvastatin (30mg/kg of BW, HFD-S), ciprofibrate (2mg/kg of BW, HFD-C), and Campomanesia adamantium root aqueous extracts
(200mg/kg of BW, HFD-ExCA) during eight weeks by gavage. 𝑛 = 8 in each group. ∗∗∗𝑃 < 0.001 versus CT group.

Table 2: Tissues, organs, and serum levels of AST andALT of normolipidemic (CT) and hyperlipidemicWistar rats treatedwith water (HFD),
simvastatin (HFD-S), ciprofibrate (HFD-C), and Campomanesia adamantium root aqueous extract (HFD-ExCA).

Parameters CT HFD HFD-S HFD-C HFD-ExCA
Soleus (g/100 g of BW) 0.03 ± 0.001 0.03 ± 0.003 0.03 ± 0.001 0.03 ± 0.003 0.02 ± 0.004

EDL (g/100 g of BW) 0.01 ± 0.002 0.01 ± 0.001 0.01 ± 0.001 0.01 ± 0.001 0.01 ± 0.002

Heart (g/100 g of BW) 0.32 ± 0.01 0.34 ± 0.01 0.33 ± 0.004 0.30 ± 0.04 0.31 ± 0.009

Kidney (g/100 g of BW) 0.60 ± 0.02 0.54 ± 0.01 0.61 ± 0.01 0.56 ± 0.08 0.59 ± 0.01

Liver (g/100 g of BW) 2.89 ± 0.03 2.71 ± 0.05 2.85 ± 0.06 3.08 ± 0.06
∗∗∗

3.09 ± 0.07
∗∗∗

AST (U/L) 174.0 ± 6.5 178.0 ± 14.5 219.5 ± 19.8 195.0 ± 15.9 154.1 ± 15.2

ALT (U/L) 53.2 ± 3.3 65.7 ± 7.0 64.8 ± 5.8 65.0 ± 4.1 71.9 ± 7.4

BW, body weight; EDL, extensor digitorum longusmuscle; AST, aspartate aminotransferase; ALT, alanine aminotransferase. Mean± SEM. ∗∗∗𝑃 < 0.001 versus
HFD group.

(Figures 5(a) and 5(b)). There was no change in HDL serum
levels among the groups investigated (Figure 5(c)).

Considering the chemical constituents detected in ExCA
and its antioxidant activity as well as reduction of serum
lipids, we investigated the serum levels of malondialdehyde
(MDA) in vivo. The hyperlipidemic animals treated with
ExCA show decreased MDA serum levels compared to
controls of the HFD group (Figure 6).

4. Discussion

Our results show by first time that the Campomanesia
adamantium root aqueous extract reduces serum levels of
total cholesterol and triglycerides similar to the reference
drugs used for treatment of dyslipidemia and possesses
antioxidant properties. These activities probably are due to
its chemical constituents, partially the ellagic and gallic acids
derivatives present in the ExCA, and other unidentified
phenolic compounds including flavonoids.

Phenolic compounds are among the major classes of
secondary metabolites of plants and several studies have
demonstrated their capacity for radical free scavenging [16,
17].

The ellagic and gallic acids derivatives, which present in
ExCA, have a direct action in the capture of free radicals
[18] and, in addition, are capable of stimulating the activity

of the antioxidant enzymes, superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GPx) [19, 20],
contributing to the antioxidant actions observed. The action
of the ExCA in the capture of free radicals was demonstrated
in this study and its possible action on antioxidant enzymes
may be evaluated in future studies.

The activity of free radical scavenging contributes to
lower generation of malondialdehyde (MDA). This is a
toxic product resulting from the degradation of the cell
membrane by lipid peroxidation which leads to release of
unsaturated fatty acids and phospholipids disintegration,
causing cell ruptures and mutations [21]. The ExCA reduced
the generation of MDA in erythrocytes induced with AAPH,
which probably contributes to the conservation of the cell
structure. This effect demonstrated in vitro was confirmed in
vivo, since reduction of MDA in the serum of hyperlipidemic
animals treated with ExCA was observed. Amin and Nagy
[22] correlated phenolic compounds present in the extracts of
various plants with reduced peroxidation and production of
MDA in rats treated with high-fat diet and protection against
LDL oxidation.

The oxidation of the LDL decreases their interaction with
specific membrane receptors and increases its permanence
in the bloodstream, making oxidized LDL a proinflam-
matory marker [23, 24]. These structural and functional
changes of LDL favor the development of atherosclerotic
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Figure 5: (a) Total cholesterol, (b) triglycerides, and (c) HDL
cholesterol serum levels of normolipidemic (CT) and hyperlipi-
demic rats treated with water (HFD), simvastatin (30mg/kg of BW,
HFD-S), ciprofibrate (2mg/kg of BW, HFD-C), and Campomanesia
adamantium root aqueous extracts (200mg/kg of BW, HFD-ExCA)
during eight weeks by gavage. 𝑛 = 8 in each group. Different
superscript letters indicate significant differences at 𝑃 < 0.05
between groups.

plaque in blood vessels, concomitant with the increase in
lipid peroxidation products, such as malondialdehyde [25].
Antioxidants, as ExCA, can reduce oxidation of LDL and
attenuate the atherosclerotic vascular lesion, lowering stroke
occurrence under this condition [26]. Kannan and Quine
[27] found that ellagic acid administered to rats in a model
of hypertrophy and arrhythmias induced experimentally
reduced hyperlipidemia and lipid peroxidation in these ani-
mals because of its ability to inhibit the activity of 3-hydroxy-
3-methylglutaryl-CoA reductase. In addition, ellagic acid has
anti-inflammatory activity [28, 29] and renal protective effect
attributed to its antioxidant potential [19].

Medicinal plants, beyond antioxidant activity, have been
widely used as lipid-lowering agents [22, 30] and several
studies have confirmed this ability [9, 31, 32], as observed for
ExCA, which was capable of reducing total serum cholesterol
and triglycerides similar to drugs currently used for the
treatment of hypercholesterolemia and hypertriglyceridemia,
ciprofibrate and simvastatin, respectively. The concomitant
reduction in cholesterol and triglycerides induced by ExCA
is an advantage, since the hypertriglyceridemia rarely occurs
as a single factor and is almost always accompanied by
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Figure 6: Malondialdehyde (MDA) serum level in hyperlipidemic
rats treated with water (300𝜇L, HFD) and Campomanesia adaman-
tium root aqueous extract (200mg/kg of BW, HFD-ExCA) during
eight weeks by gavage. 𝑛 = 8 in each group. ∗𝑃 < 0.05 versus HFD
group.

high levels of total cholesterol [33]. Thus, the search of
new drugs that have broad effects and are less toxic and
capable of reducing serum lipid and controlling oxidative
stress associated with dyslipidemia is growing [20]. These
effects were described by Usta et al. [34] who describe many
benefits of ellagic acid that is present in many fruits and nuts
with antioxidant power and lowering lipid. Although the liver
mass of the animals treated with the ExCA has increased,
the marker enzymes of liver damage (AST and ALT) were
unchanged.

Themechanism involved in cholesterol reduction may be
inhibition of the enzyme HMG-CoA reductase, as observed
by Klafke et al., [7] forCampomanesia xanthocarpa. However,
the reduction of triglyceride possibly involves increased
lipolysis either by raising the catabolism of VLDL and
chylomicrons or by the activity of lipoprotein lipase; mech-
anisms have not been described yet for Campomanesia
gender.

Together, the results reveal the antioxidant effect Cam-
pomanesia adamantium root aqueous extract and its ability
to lower lipid, making it promising to prevent or treat
dyslipidemia and furthermore expand our knowledge of
plants used in traditional medicine.
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Aim. We explored the effects of soy oligopeptides (SOP) in ultraviolet B- (UVB-) induced acute photodamage of human skin in
vivo and foreskin ex vivo. Methods. We irradiated the forearm with 1.5 minimal erythemal dose (MED) of UVB for 3 consecutive
days, establishing acute photodamage of skin, and topically applied SOP. Erythema index (EI), melanin index, stratum corneum
hydration, and transepidermal water loss were measured by using Multiprobe Adapter 9 device. We irradiated foreskin ex vivo
with the same dose of UVB (180mJ/cm2) for 3 consecutive days and topically applied SOP. Sunburn cells were detected by
using hematoxylin and eosin staining. Apoptotic cells were detected by using terminal deoxynucleotidyl transferase dUTP nick
end labeling assay. Cyclobutane pyrimidine dimers (CPDs), p53 protein, Bax protein, and Bcl-2 protein were detected by using
immunohistochemical staining. Results. Compared with UVB group, UVB-irradiated skin with topically applied SOP showed
significantly decreased EI. Compared with UVB group, topical SOP significantly increased Bcl-2 protein expression and decreased
CPDs-positive cells, sunburn cells, apoptotic cells, p53 protein expression, and Bax protein expressions in the epidermis of
UVB-irradiated foreskin. Conclusion. Our study demonstrated that topical SOP can protect human skin against UVB-induced
photodamage.

1. Introduction

When the skin receives more than the maximum tolerated
dose of ultraviolet (UV) irradiation, an acute phototoxic reac-
tion can occur.Ultraviolet B (UVB) can induce 100–800 times
greater biological effects in the skin comparedwith ultraviolet
A (UVA) of the same dose, and the most visual indicator of
acute injury to skin caused by UVB is erythema. During ery-
thema formation, there is infiltration of inflammatory cells in
the dermis and sunburn cells in the epidermis. Sunburn cells
are apoptotic keratinocytes, which show nuclear shrinkage
and uniform cytoplasm and are eosinophilic and deeply
stained. Sunburn cell formation is a defense mechanism for
preventing malignant changes of epithelial cells [1].

Pyrimidine (6-4) pyrimidone photoproducts (6-4PPs)
and cyclobutane pyrimidine dimers (CPDs) are two major
types of DNA lesions induced by UVB [2]. CPDs are formed
more abundantly and repaired less efficiently than the 6-
4PPs and are therefore considered as the predominant UVB-
induced DNA photolesions [2, 3]. If DNA lesions cannot be

repaired in time,UVB-damaged cellswill be removed by apop-
tosis, and p53 tumor suppressor protein is the key regulatory
factor of apoptosis [4–6].

Soy oligopeptides (SOP) are hydrolysates obtained from
proteolytic hydrolysis of soybean proteins, consisting of 3–
6 amino acids with <1000 low molecular weight peptides,
mainly 300–700 kDa [7]. Recently, various biological func-
tions of soybean oligopeptides have been found such as
antioxidant, blood pressure lowering, and blood lipid lower-
ing effects [8, 9]. Our previous study (written in Chinese) has
confirmed that soybean oligopeptides could effectively relieve
photodamage induced by UVB irradiation in mice [10].

In this study, we conducted in vivo and ex vivo studies
using human skin. In a clinical study, we topically applied
SOP on UVB-irradiated forearm skin. We evaluated the ery-
thema index (EI), melanin index (MI), transepidermal water
loss (TEWL), and stratum corneum (SC) hydration of the
irradiated skin at certain time points. In an ex vivo study,
we applied SOP on UVB-irradiated foreskin. We detected
sunburn cells, apoptotic cells, p53 protein, Bax protein, Bcl-2
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protein, andCPDs.We aimed to evaluate the effects of SOP in
UVB-irradiated human skin and the underlyingmechanisms.

2. Materials and Methods

2.1. Ethics Statement. This study was approved by the institu-
tional review board of Nanjing Medical University, Nanjing,
China (approval number 2013-SRFA-025). Written informed
consent was obtained from all participants before taking part
in this research.

2.2. SOP Preparation. SOP was prepared from soybean pro-
tein isolates (SPI) obtained from Jilin Fuji Protein Co. Ltd.
(Jilin, China), as described previously [11]. Alcalase (obtained
from Novozymes Biological Co., Tianjin, China) at a ratio of
600,000U/kg (enzyme/protein substrate) was added to the
solution and the hydrolysis was kept at pH 8.5 by continuous
addition of 20% NaOH. The degree of hydrolysis (DH) of
soybean protein was calculated by using the pH stat method.
After the DH reached around 10–15%, the suspension was
cooled down to 50∘C and addedwith Protex 13 FL (purchased
from Genencor, Division of Danisco, Wuxi, China) at a
ratio of 200,000U/kg (enzyme/protein substrate). Then, the
mixture was incubated at 50∘C until the DH reached 20–25%.
The reaction was stopped by heating the mixture to 90∘C for
15min to inactivate the enzyme, and the resulting hydrolysate
was centrifuged at 15,000×g for 10min (SYGQ105 tube cen-
trifuge, Shanghai Shiyuan Bioengineering Equipment Co.,
Shanghai, China). The supernatant was filtered with UF-
5000 ultrafiltration equipment (molecular weight cut-off
5,000Da, Xinda Membrane Tech. Co., Hefei, China) and
then evaporated with a double-effect falling film evaporator
(OE2, OECHMachinery Equipment Co., Ltd., Hefei, China)
at 0.10 ± 0.02MPa and 60 ± 5∘C, until the solid content of
the concentrated liquid reached 30–40%. The concentrated
solution containing peptides was dried with a spray drier
(YG30, Wuxi City Sunlight Drier Factory, Wuxi, China)
at a 15 kg/h flow rate with inlet temperature of 160–180∘C
and outlet temperature of 80–90∘C. The peptides present in
SOP extract were analyzed and quantified using HPLC. The
peptide and free amino acid contents of SOP were 82.5 ±
1.13% and 3.7 ± 0.28%, respectively. The molecular weight
distribution of SOP was mainly below 1,000Da (85.4%),
56.7% of which were 140–500Da. SOP creams were custom-
order produced by Infinitus Ltd., China, and were used for in
vivo and ex vivo experiments.

2.3. In Vivo Study Protocol

2.3.1. Volunteer Recruitment. Nine healthy male volunteers
whowere in the range from 23 to 26 years old with Fitzpatrick
skin types III to IV were enrolled in the study. All volunteers
had no light-related skin and systemic diseases. All volunteers
denied any drug use in the past month prior to and through-
out the experiment. Sunlight exposure on the experimental
site was avoided throughout the experiment.

2.3.2. Group Division and Treatments. The flexor side of the
left forearmwas selected as the experimental site.The selected

UVB dose was 180mJ/cm2. There were eight areas of 1.5 cm ×
1.5 cm designated as the following 8 groups: (1) negative
control group; (2) vehicle control group; (3) SOP group; (4)
UVB group; (5) UVB + vehicle group; (6) UVB + 2.5 IU/mL
SOP group; (7) UVB + 5.0 IU/mL SOP group; (8) UVB +
10.0 IU/mL SOP group. Hence, UVB dose = UVB irradiation
intensity × irradiation time (s). The UVB irradiation appara-
tus was from Sigma High-Tech Co., Ltd. (Shanghai, China).
UVB irradiation was delivered by using a Philips TL 20W/12
(Eindhoven, Netherlands) at an intensity of 1.5mW/cm2,
a fluorescent bulb emitting 280–320 nm wavelength with a
peak at 313 nm. Irradiation outputwasmonitored using aUV-
meter (Waldmann, Villingen-Schwenningen, Germany).

Fiveminutes after irradiationwith 180mJ/cm2 UVB, SOP
cream (provided by Infinitus Ltd., China) at 3 different con-
centrations (2.5, 5.0, and 10.0 IU/mL)was topically applied on
the selected areas. This procedure was done for 3 consecutive
days. MI, EI, TEWL, and SC hydration were detected 1, 3, and
10 days after the last treatment.

2.3.3. Detection of Skin Indexes Using Multifunctional Skin
Test. The experimental site was cleansed with warm water,
free from skin care products or drugs, and the volunteerswere
requested to have a seat and rest for 2 hours.The experimental
site was then examined using Multiprobe Adapter (MPA) 9
device (CK Electronic, Germany) in a room with no direct
sunlight and ventilation at a room temperature of 25-26∘C
and relative humidity of 50–60%. MI and EI were detected
using Mexameter MX 18 probe, TEWL was detected using
Tewameter TM 300 probe, and SC hydration was detected
using Corneometer CM 825 probe. The instrument used in
the present study has been sent to the manufacturer for
calibration biannually.

2.4. Ex Vivo Study Protocol

2.4.1. Foreskin Preparation. Fresh and healthy foreskins from
20 cases (ages ranged from 20 to 30 years) were obtained by
circumcisions as approved by the Ethics Committee in the
First Affiliated Hospital of Nanjing Medical University (Nan-
jing, China).The subcutaneous tissue was removed by scrap-
ing with forceps.The foreskin was washed 3 times with saline,
each time for 3 minutes. The foreskin was cut into 4 parts
and the size of each part was 0.5 cm × 1.0 cm. Roswell Park
Memorial Institute (RPMI) medium (containing 10% fetal
bovine serum (FBS), 2mM glutamine, 100U/mL penicillin,
100 𝜇g/mL streptomycin, and 20 𝜇M 𝛽-mercaptoethanol)
was added to a Petri dish. The foreskin was placed into the
Petri dish with the dermis facing downwards and the bottom
immersed in the culture medium, whilst the epidermis was
above the culture medium surface [12].

2.4.2. Group Division. The foreskins were randomly divided
into 4 groups: (1) control group; (2) UVB group; (3) UVB +
vehicle group; (4) UVB + 5.0 IU/mL SOP group. Each group
was detected at 4 different time points (8, 24, 48, and 72 h after
UVB irradiation).
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2.4.3. UVB Irradiation and SOP Application Ex Vivo. UVB
groups, UVB + vehicle groups, and UVB + SOP groups were
placed into 24-well culture dish. The epidermal side of the
foreskin was irradiated once by UVB at a dose of 180mJ/cm2
and an intensity of 1.5mW/cm2. 5min after UVB irradiation,
SOP cream was applied evenly on the epidermis of the fore-
skin by using a sterile cotton swab. Each foreskin was divided
into 4 parts, immersed in the culture medium, and placed in
the 37∘C incubator for different times (8, 24, 48, or 72 h).

2.4.4. Histopathology Using Hematoxylin and Eosin (H&E)
Staining. Tissues were fixed in 10% formalin and embedded
in paraffin. Vertical sections (6𝜇m) were cut, mounted on
glass slides, and stained with H&E. Microscopic evaluation
(Olympus, Japan) and digital photography of the slides were
taken. The mean number of sunburn cells (with a pyknotic
nucleus and densely stained eosinophilic cytoplasm) was
quantified in five random fields at 400 times magnification.

2.4.5. TUNEL Assay. To evaluate apoptosis, Terminal dUTP
Nicked Labelling was used as a marker for apoptosis. TUNEL
in situ detection kit was purchased from KeyGen Biotech,
China. In brief, tissue sections (5𝜇m) after deparaffinization
and re-hydration were permeabilized with proteinase K
(30mg/mL) for 1 h at 37∘C. Thereafter, the sections were
quenched of endogenous peroxidase activity using 3% hydro-
gen peroxide for 10min. After thoroughwashing with 1x PBS,
sections were incubated with equilibration buffer for 10min,
and then the TdT reactionmixture was added to the sections,
except for the negative control, and incubated at 37∘C for
1 h. The reaction was stopped by immersing the sections in
2x saline– sodium citrate buffer for 15min. Sections were
then added with streptavidin– HRP (1 : 500) for 30min at
room temperature, and after repeated washings, sections
were incubated with substrate DAB until color development.
The micrographs were obtained using a light microscope
(Olympus, Japan) and the mean level of apoptotic cells (with
brown granules in the nucleus) was quantified in five random
fields at ×400 magnification.

2.4.6. Immunohistochemical Staining. Briefly, skin samples
were processed conventionally before paraffin embedding,
and serial 4𝜇msectionswere cut andwere deparaffinized and
rehydrated with water. Endogenous peroxidase activity was
blocked by 10min incubation with 3% hydrogen peroxide,
and slides were then incubatedwith 0.125% trypsin for 10min
at 37∘C and then with 1N HCl for 30min at room temper-
ature. Slides were washed with PBS and then incubated for
30min with 10% goat serum in PBS. Sections were then incu-
bated with CPDs-specific monoclonal antibody (Sigma Co.
Ltd., St. Louis, MO, USA), p53-specific monoclonal antibody
(Sigma Co. Ltd., St. Louis, MO, USA), Bax-specific mono-
clonal antibody (Santa Cruz Co., USA), and Bcl-2-specific
monoclonal antibody (Santa Cruz Co., USA). Bound anti-
CPDs antibody was detected by incubation with biotinylated
goat anti-mouse IgG1 followed by peroxidase-labeled strep-
tavidin. Slides were developed with 3,30-diaminobenzidine

(DAB, Fuzhou Maixin Biotech. Co., Ltd.) as a substrate for
3–5min. The sections were then rinsed with distilled water
and counterstained with H&E, cleared, and mounted. The
DAB-peroxidase reaction gave a brown reaction product.The
mean level of CPDs and p53-positive cells was quantified
under a light microscope (Olympus, Japan) in five random
fields at ×400 magnification. Bax was mainly expressed as
brownish materials in the cytoplasm. Bcl-2 was localized in
the cytoplasm and cell membrane.

2.4.7. Immunohistochemical Analysis. Immunohistochemical
evaluation was done as described by Bayramgürler et al. [13].
The proportion of the immunoreactive cells was assessed as
follows: 0 meant there are no immunoreactive cells; 1 meant
1–25% of the cells are immunoreactive; 2 meant 26–50% of
the cells are immunoreactive; 3 meant 51–75% of the cells
are immunoreactive; 4 meant more than 75% of the cells
are immunoreactive. The staining intensity of the cells was
graded as 0 (no staining), 1 (light staining), 2 (moderate stain-
ing), and 3 (intense staining). An immunoreactivity intensity
distribution index (IRIDI) was calculated as follows: the
score of the staining intensity multiplied by the score of the
proportion of the immunoreactive cells.

2.5. Statistical Analysis. Statistical analysis was performed by
using SPSS for Windows version 16.0 (SPSS, Chicago, IL,
USA).The statistical analysis for the in vivo study was carried
out with the paired 𝑡-test. The statistical analysis for the ex
vivo study was carried out with the Kruskal-Wallis𝐻 test and
Mann-Whitney𝑈 test, and all were two-sided tests. Data were
expressed as the mean ± SD for each group. A 𝑃 value of less
than 0.05 (𝑃 < 0.05) was considered statistically significant.

3. Results

3.1. In Vivo Study

3.1.1. The Effect of Topical SOP on the EI of UVB-Irradiated
Human Skin. One, three, and ten days after UVB irradiation,
the skin EI of all UVB-irradiated groups was significantly
increased (𝑃 < 0.05) compared with negative control group.
Compared with UVB group, the skin EI in UVB + 5.0 IU/mL
SOP and UVB + 10.0 IU/mL SOP groups was significantly
decreased (𝑃 < 0.05), whilst that of UVB + 2.5 IU/mL SOP
group showed no significant difference (𝑃 > 0.05).The lowest
skin EI was achieved by UVB + 5.0 IU/mL SOP group (𝑃 <
0.05).Therewas no significant difference in the skinEI among
nonirradiated groups (𝑃 > 0.05) (Figure 1(a)).

3.1.2. The Effect of Topical SOP on the MI of UVB-Irradiated
Human Skin. One day after UVB irradiation, there was
no significant difference in the skin MI of UVB-irradiated
groups compared with negative control group (𝑃 > 0.05),
but it was significantly increased on days 3 and 10 (𝑃 < 0.05
and 𝑃 < 0.001, resp.). Compared with UVB group, UVB +
SOP groups showed no significant difference in the skin MI
(𝑃 > 0.05). There was no significant difference in the skin MI
among nonirradiated groups (𝑃 > 0.05) (Figure 1(b)).
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Figure 1: (a) Erythema index (EI) value in each group as detected byMexameterMX 18 probe ofMPA 9 device. (b)Melanin index (MI) value
in each group as detected by Mexameter MX 18 probe of MPA 9 device. (c) Stratum corneum (SC) hydration value in each group as detected
by Corneometer CM 825 probe of MPA 9 device. (d) Transepidermal water loss (TEWL) value in each group as detected by Tewameter TM
300 probe of MPA 9 device. Compared with ultraviolet B (UVB) group, the skin EI in UVB + 5.0 IU/mL soy oligopeptides (SOP) and UVB +
10.0 IU/mL SOP groups was significantly decreased (𝑃 < 0.05) and UVB + 2.5 IU/mL SOP group showed no significant difference (𝑃 > 0.05);
the skinMI in UVB + SOP groups showed no significant difference (𝑃 > 0.05); the SC hydration on day 1 in UVB + 5.0 IU/mL SOP and UVB
+ 10 IU/mL SOP groups was significantly increased (𝑃 < 0.05), whilst that of days 3 and 10 showed no significant difference (𝑃 > 0.05), and
the skin TEWL in UVB + SOP groups showed no significant difference (𝑃 > 0.05). The statistical analysis was carried out with the paired
𝑡-test; data were expressed as the mean ± SD for each group; &𝑃 < 0.001 when compared with negative control group of the same period;
#
𝑃 < 0.05 when compared with negative control group of the same period; ∗𝑃 < 0.05 when compared with UVB group of the same period.

3.1.3. The Effect of Topical SOP on the SC Hydration of UVB-
IrradiatedHuman Skin. One and three days afterUVB irradi-
ation, the SC hydration in each irradiated group was signifi-
cantly decreased (𝑃 < 0.05) compared with negative control

group, but there was no significant difference on day 10 (𝑃 >
0.05). Compared to UVB group, the SC hydration on day 1 in
UVB + 5.0 IU/mL SOP and UVB + 10.0 IU/mL SOP groups
was significantly increased (𝑃 < 0.05), whilst that of days 3
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and 10 showed no significant difference (𝑃 > 0.05). There
was no significant difference in the SC hydration among
nonirradiated groups (𝑃 > 0.05) (Figure 1(c)).

3.1.4. The Effect of Topical SOP on TEWL of UVB-Irradiated
Human Skin. One, three, and ten days after UVB irradiation,
the skin TEWL in all UVB-irradiated groups showed no sig-
nificant difference (𝑃 > 0.05) comparedwith negative control
group. Compared with UVB group, the skin TEWL inUVB +
SOP groups on days 1, 3, and 10 also showed no significant
difference (𝑃 > 0.05). There was no significant difference
in the skin TEWL among nonirradiated groups (𝑃 > 0.05)
(Figure 1(d)).

3.2. Ex Vivo Study

3.2.1. The Effect of Topical SOP on the Proportion of CPDs-
Positive Cells in the Epidermis after UVB Irradiation. After
UVB irradiation, the epidermis CPDs-positive cells were
stained brownish by immunohistochemical staining. There
were no CPDs-positive cells in the epidermis of the control
group. UVB-irradiated groups showed a large number of
CPDs-positive cells in the epidermis, and the highest number
was observed at 8 h. Then, 8, 24, 48, and 72 h after UVB
irradiation, the proportion of CPDs-positive cells in UVB +
SOP groups was significantly decreased compared with UVB
group (𝑃 < 0.05). The difference in the proportion of CPDs-
positive cells between UVB + vehicle and UVB groups was
not significant (𝑃 > 0.05) (Figures 2(a) and 2(b)).

3.2.2. The Effect of Topical SOP on the Proportion of Sunburn
Cells in the Epidermis after UVB Irradiation. Here, 8, 24, 48,
and 72 h after UVB irradiation, there were a large number of
sunburn cells in the epidermis of UVB-irradiated groups, and
the highest number was observed at 24 h. The proportion of
sunburn cells in the epidermis of UVB + SOP groups at 8, 24,
48, and 72 h afterUVB irradiationwas significantly decreased
compared with UVB group (𝑃 < 0.05). The difference bet-
ween UVB group and UVB + vehicle groups at different time
points was not significant (𝑃 > 0.05) (Figures 3(a) and 3(b)).

3.2.3. The Effect of Topical SOP on the Proportion of Apoptotic
Cells in the Epidermis after UVB Irradiation. The apoptotic
cells were stained brown by TUNEL staining. There was no
apoptotic cell in the epidermis of the control group. There
were a large number of apoptotic cells in the epidermis of
UVB-irradiated groups, and the highest number was at 24 h.
Compared with UVB group, the proportion of apoptotic cells
in UVB + SOP groups at 8, 24, 48, and 72 h was significantly
decreased (𝑃 < 0.05).There was no significant difference bet-
ween UVB + vehicle and UVB groups (𝑃 > 0.05) (Figures
4(a) and 4(b)).

3.2.4. The Effect of Topical SOP on the p53 Protein in the
Epidermis after UVB Irradiation. The p53 protein expression
in the epidermis of control group at 8, 24, 48, and 72 h was
relatively weak. The p53 protein expression in the epidermis

of UVB-irradiated groups at each time point was increased,
and the highest p53 protein expression was achieved at 24 h.
Compared with UVB group, the p53 protein expression in
UVB + SOP groups at 8, 24, and 48 h was significantly
decreased (𝑃 < 0.01), whilst there was no significant differ-
ence in the IRIDI of p53 protein at 72 h (𝑃 > 0.05). There was
no significant difference in the IRIDI of p53 protein between
UVB+ vehicle andUVB groups (𝑃 > 0.05) (Table 1, Figure 5).

3.2.5. The Effect of Topical SOP on the Epidermis Bax Proteins
after UVB Irradiation. The Bax protein expression in the
epidermis of control group at 8, 24, 48, and 72 hwasweak.The
Bax protein expression in the epidermis of all UVB-irradiated
groups at all time points was increased, and the highest Bax
protein expression was at 24 h. Compared with UVB group,
UVB + SOP group showed significantly decreased expression
of Bax protein in the epidermis at 8, 24, and 48 h (𝑃 < 0.05),
whilst there was no significant difference in the IRIDI of Bax
protein at 72 h (𝑃 > 0.05).There was no significant difference
in the IRIDI of Bax protein between UVB + vehicle and UVB
groups (𝑃 > 0.05) (Table 2, Figure 6).

3.2.6.The Effect of Topical SOP on the Epidermis Bcl-2 Proteins
after UVB Irradiation. The Bcl-2 protein expression in the
epidermis of all UVB-irradiated groups at 8, 24, 48, and 72 h
was significantly decreased (𝑃 < 0.05) comparedwith control
group. Compared with UVB group, UVB + SOP group
showed significantly increased expression of Bcl-2 protein
in the epidermis at 48 and 72 h (𝑃 < 0.05). There was no
expression of Bcl-2 protein detected in the UVB and UVB +
vehicle groups at 8 and 24 h and the expression of Bcl-2 pro-
tein in UVB + SOP groups was also very weak. There was no
significant difference in the Bcl-2 protein expression between
UVB+vehicle andUVBgroups (𝑃 > 0.05) (Table 3, Figure 7).

4. Discussion

Erythema reactions produced by skin exposure to simulated
UV can be divided into immediate and delayed erythema.
UVB irradiation above erythemal dose can cause skin inflam-
matory erythema and delayed hyperpigmentation, requiring
several days to several weeks to subside. Minimal erythema
dose (MED) is the amount of UV radiation that will produce
minimal erythema (sunburn or redness caused by engorge-
ment of capillaries) of an individual’s skin within 24 hours
following exposure. Lim et al. demonstrated that 2.5 MED of
UVB irradiation increased skin EI and reached the highest
value on day 2 after irradiation, whilst the skin MI was
obviously increased on day 3 [14]. In accordance with this, we
found that 180mJ/cm2 of UVB irradiation for 3 consecutive
days significantly increased skin EI on day 1 after irradiation,
whilst skinMIwas increased later on day 3. Topical 5.0 IU/mL
and 10.0 IU/mL SOP significantly decreased skin EI in UVB-
irradiated skin, indicating that a certain amount of SOP could
accelerate erythema to subside. However, topical SOP of
different doses made no significant difference in the skin MI
of UVB-irradiated skin, indicating that topical SOP could not
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Figure 2: (a) Cyclobutane pyrimidine dimers- (CPDs-) positive cells in the epidermis of each group, stained by immunohistochemical
staining and detected by light microscopy with ×400 magnifications. (A) Control; (B) UVB group; (C) UVB + vehicle group; (D) UVB +
5.0 IU/mL SOP group. (i) 8 h; (ii) 24 h; (iii) 48 h; (iv) 72 h. (b) The number of CPDs-positive cells in the epidermis of each group. Then, 8,
24, 48, and 72 h after ultraviolet B (UVB) irradiation, the number of CPDs-positive cells in UVB + 5.0 IU/mL SOP groups was significantly
decreased compared with UVB group (𝑃 < 0.05); stained by immunohistochemical staining and detected by light microscopy with ×400
magnifications; ∗𝑃 < 0.05 when compared with the UVB group.
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Figure 3: (a) Sunburn cells in the epidermis of each group, stained by hematoxylin and eosin (H&E) staining and detected by lightmicroscopy
with ×400 magnifications. (A) Control; (B) UVB group; (C) UVB + vehicle group; (D) UVB + 5.0 IU/mL SOP group. (i) 8 h; (ii) 24 h; (iii)
48 h; (iv) 72 h. (b) The number of sunburn cells in the epidermis of each group. The number of sunburn cells in the epidermis of UVB +
5.0 IU/mL SOP groups at 8, 24, 48, and 72 h after UVB irradiation was significantly decreased compared with UVB group (𝑃 < 0.05). Stained
by H&E staining and detected by light microscopy with ×400 magnifications. ∗𝑃 < 0.05 when compared with the UVB group.



8 Oxidative Medicine and Cellular Longevity

Control

UVB

UVB +
vehicle

UVB +
SOP

(A)

(B)

(C)

(D)

(i) 8h (ii) 24h (iii) 48h (iv) 72h

(a)

0

10

20

30

40

50

60

70

N
um

be
r o

f a
po

pt
ot

ic
 ce

lls

24 48 728
Time after UVB irradiation (h)

∗

∗

∗

∗

Control
UVB

UVB + vehicle
UVB + SOP

(b)

Figure 4: (a) Apoptotic cells in the epidermis of each group, stained by TUNEL staining and detected by light microscopy with ×400
magnifications. (A) Control; (B) UVB group; (C) UVB + vehicle group; (D) UVB + 5.0 IU/mL SOP group. (i) 8 h; (ii) 24 h; (iii) 48 h; (iv)
72 h. (b) The number of apoptotic cells in the epidermis of each group. Compared with UVB group, the number of apoptotic cells in UVB +
5.0 IU/mL SOP groups at 8, 24, 48, and 72 h was significantly decreased (𝑃 < 0.05). Stained by TUNEL staining and detected by light
microscopy with ×400 magnifications. ∗𝑃 < 0.05 when compared with the UVB group.
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Table 1: p53 protein expression in UVB-irradiated epidermis after topical application with SOP (IRIDI).

Group division 8 h 24 h 48 h 72 h
Mean score SE Mean score SE Mean score SE Mean score SE

Control 0.2 0-1 0.4 0-1 0.2 0-1 0.2 0-1
UVB 2.2 2-3 4.0 3–6 2.4 2-3 1.2 0–2
UVB + vehicle 2.4 2-3 4.2 3–6 2.4 2-3 1.4 1-2
UVB + 5.0 IU/mL SOP 1.0∗ 0–2 1.4∗ 1-2 0.8∗ 0-1 0.6 0-1
UVB: ultraviolet B; SOP: soy oligopeptides; IRIDI: immunoreactivity intensity distribution index. ∗𝑃 < 0.01 when compared with UVB group of the same
period.
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UVB +
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UVB +
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(A)
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(i) 8h (ii) 24h (iii) 48h (iv) 72h

Figure 5: p53 protein expression in the epidermis of each group, stained by immunohistochemical staining and detected by light microscopy
with ×400 magnifications. (A) Control; (B) UVB group; (C) UVB + vehicle group; (D) UVB + 5.0 IU/mL SOP group. (i) 8 h; (ii) 24 h; (iii)
48 h; (iv) 72 h.

improve delayed hyperpigmentation induced by 180mJ/cm2
of UVB irradiation for 3 consecutive days.

In this experiment, two noninvasive main indicators of
skin barrier function, namely, SC hydration and TEWL, were
measured. Studies found that high-dose or prolonged UV
irradiation could impair skin barrier function [15, 16]. Our
results showed that there was no significant change in the
TEWL of irradiated groups, indicating that 180mJ/cm2 of
UVB irradiation for 3 consecutive days made no significant
impacts on TEWL. This might be related to the UVB dose
and/or irradiation method. Meanwhile, topical SOP made
no significant changes in the TEWL of both irradiated and
nonirradiated skin. Nevertheless, topical SOP significantly

increased the SC hydration in UVB-irradiated skin treated
with SOPonday 1 afterUVB irradiation, however, not ondays
3 and 10. Moreover, topical SOP did not increase SC hydra-
tion in nonirradiated skin. This suggests that topical SOP
could not improve SC hydration and TEWL values of both
normal and UVB-irradiated skin. There are many internal
and external factors that could affect the SC hydration, such
as water channel protein, epidermal lipids, and the quality
and quantity of moisturizing factor [17]. In this experiment,
topical SOP could not increase SC hydration maybe due to
failure to make impacts on those possible factors.

Based on the results of our clinical study, we found that
topical SOP could reduce UVB-induced erythema reaction.
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Table 2: Bax protein expression in UVB-irradiated epidermis after topical application with SOP (IRIDI).

Group division 8 h 24 h 48 h 72 h
Mean score SE Mean score SE Mean score SE Mean score SE

Control 0.4 0-1 0.2 0-1 0.2 0-1 0.2 0-1
UVB 2.8 2–4 4.4 4–6 1.8 1-2 1.2 1-2
UVB + vehicle 3.0 2–4 4.0 4–6 1.6 1-2 1.2 1-2
UVB + 5.0 IU/mL SOP 1.8∗ 1-2 2.2∗ 2-3 0.8∗ 0-1 0.8 0-1
UVB: ultraviolet B; SOP: soy oligopeptides; IRIDI: immunoreactivity intensity distribution index. ∗𝑃 < 0.05 when compared with UVB group of the same
period.
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UVB +
vehicle

UVB +
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(A)
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(i) 8h (ii) 24h (iii) 48h (iv) 72h

Figure 6: Bax protein expression in the epidermis of each group, stained by immunohistochemical staining and detected by light microscopy
with ×400 magnifications. (A) Control; (B) UVB group; (C) UVB + vehicle group; (D) UVB + 5.0 IU/mL SOP group. (i) 8 h; (ii) 24 h; (iii)
48 h; (iv) 72 h.

UV-induced erythema is related to UVB-inducedDNA dam-
age and apoptosis.When the skin receivesUVB, cellularDNA
directly absorbs UVB and forms light products, including
a large number of CPDs [18]. Intracellular accumulation of
CPDs would hinder DNA replication and transcription [19].
If CPDs cannot be repaired in time, cells with damaged DNA
would be cleared through activation of p53 apoptotic pathway
mechanism. In UV-induced erythema, there is infiltration of
sunburn cells in the epidermis, which are apoptotic kerati-
nocytes [1]. Therefore, we further carried out ex vivo exper-
iments to explore the possible mechanisms by which topical
SOP reduced UVB-induced erythema.

Acute skin photodamage caused by short-term high-dose
UV irradiation can increase the amount of reactive oxygen
species in the skin, resulting in DNA damage, inducing
keratinocytes to undergo apoptosis and manifest themselves
as sunburn cells.We detected sunburn cells usingH&E and at
the same timewe detected apoptotic cells usingTUNEL assay.
We found that there were a large number of sunburn and
apoptotic cells in the epidermis after UVB irradiation, which
reached the highest number at 24 h and gradually reduced
with time.The number of apoptotic cells detected by TUNEL
assay was slightly higher than the number of sunburn cells
detected by H&E staining. This might be because TUNEL
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Table 3: Bcl-2 protein expression in UVB-irradiated epidermis after topical application with SOP (IRIDI).

Group division 8 h 24 h 48 h 72 h
Mean score SE Mean score SE Mean score SE Mean score SE

Control 2.2 1–3 2.4 2-3 2.2 1–3 2.6 2-3
UVB 0# 0 0# 0 0.2# 0-1 0.8# 0-1
UVB + vehicle 0# 0 0# 0 0.4# 0-1 0.8# 0-1
UVB + 5.0 IU/mL SOP 0.8# 0-1 0.2# 0-1 1.2#∗ 1-2 1.6#∗ 1-2
UVB: ultraviolet B; SOP: soy oligopeptides; IRIDI: immunoreactivity intensity distribution index. #𝑃 < 0.05 when compared with negative control group of
the same period; ∗𝑃 < 0.05 when compared with UVB group of the same period.
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Figure 7: Bcl-2 protein expression in the epidermis of each group, stained by immunohistochemical staining and detected by lightmicroscopy
with ×400 magnifications. (A) Control; (B) UVB group; (C) UVB + vehicle group; (D) UVB + 5.0 IU/mL SOP group. (i) 8 h; (ii) 24 h; (iii)
48 h; (iv) 72 h.

assay detects theDNAbreaks which occur very early in apop-
tosis, prior to changes in cell morphology, thus capable of
detecting the apoptotic cells which cannot yet be recognized
based on changes in morphology [20]. Our results demon-
strate that topical SOP significantly reduced the number of
sunburn and apoptotic cells in UVB-irradiated epidermis.
This indicates that topical SOP accelerated removal of apop-
totic cells.

CPDs are the main light product produced in UV-
irradiated cells, accounting for 70–80%, and have a low rate
of repair. Their absorption peak is within UVB wavelength
range.Therefore, detection of UVB-induced CPDs formation
and removal is important for the evaluation of DNA damage

severity and repair. CPDs can occur after the skin is irradiated
byUV and reached a peak after 4 h. Because CPDs removal in
the skin is relatively slow, there is still a high level of CPDs in
the skin 24 h after UV irradiation, even after several days [21].
In accordance with this, our experimental result showed that
there were a large number of CPDs-positive cells after UVB
irradiation, and the highest number was observed at 8 h, and
it gradually decreased with time. Several studies found that
some antioxidants, such as green tea polyphenols and retinyl
esters, have a positive contribution to the removal of CPDs
[22, 23]. We found that topical SOP application on UVB-
irradiated skin significantly decreased the number of CPDs-
positive cells compared with that of UVB group, indicating
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that topical SOP application accelerated the removal of
CPDs. Our previous study on topical SOP effects in UVB-
induced skin photodamage ofmice confirmed that SOP had a
strong antioxidant capacity, increased skin SOD and GSH-px
activities, and accelerated removal of free radicals [10]. The
positive effect of SOP may be mainly through the absorption
of UV and clearance of oxygen free radicals produced from
UVB irradiation, thus reducing damage caused by oxygen
free radicals in CPDs nucleotide excision repair pathway.
Therefore, the removal of CPDs could be accelerated through
the antioxidant properties of SOP.

p53 is a tumor suppressor gene and has an important
role in UVB-induced skin lesions. After p53-gene-knockout
mice were irradiated by UV, the number of sunburn cells in
their skin was obviously decreased compared with that of
normal mice [24]. This suggests that p53 expression plays
an important role in the formation of UV-induced sunburn
cells. As a transcription factor, p53 protein regulates a series of
downstream target gene expressions and arrests the cell cycle
at G1 phase, promotingDNA repair [4]. If the DNA cannot be
repaired, p53 can induce Bax activation and downregulation
of Bcl-2, causing apoptosis [5, 6]. Our study showed that,
after UVB irradiation, there were increased p53 and Bax
protein expressions and decreased Bcl-2 protein expression
compared to control group, promoting apoptosis in the der-
mis. In accordance with this, we found increased apoptotic
cells in the epidermis after UVB irradiation. However, topical
SOP application significantly decreased UVB-induced p53
and Bax protein expressions and also significantly increased
Bcl-2 protein expression at 48 and 72 h after UVB irradiation.

In conclusion, our study demonstrated that topical SOP
could reduce UVB-induced erythema but have no impacts
on hyperpigmentation and SC hydration. Topical SOP could
accelerate removal of UVB-induced CPDs and apoptotic
cells through decreasing UVB-induced p53 and Bax protein
expressions and increasing Bcl-2 protein expression, thereby
protecting against UVB-induced photodamage.
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Purpose. To investigate the preventive effect of resveratrol (RES) on the formation of portal vein system thrombosis (PVST) in
a rat fibrosis model. Methods. A total of 64 male SD rats, weighing 200–300 g, were divided into five groups: Sham operation,
Splenectomy I, Splenectomy II, RES, and low molecular weight heparin (LMWH), with the former two groups as nonfibrosis
controls. Blood samples were subjected to biochemical assays. Platelet apoptosis was measured by flow cytometry. All rats were
euthanized for PVST detection one week after operation. Results. No PVST occurred in nonfibrosis controls. Compared to
Splenectomy II, the incidences of PVST inRES andLMWHgroupswere significantly decreased (both𝑝 < 0.05). Two rats in LMWH
group died before euthanasia due to intra-abdominal hemorrhage. In RES group, significant decreases in platelet aggregation,
platelet radical oxygen species (ROS) production, and increase in platelet nitric oxide (NO) synthesis and platelet apoptosis were
observed when compared with Splenectomy II (all 𝑝 < 0.001), while in LMWH group only significant decrease in platelet
aggregation was observed.Conclusion. Prophylactic application of RES could safely reduce the incidence of PVST after splenectomy
in cirrhotic rat. Regulation of platelet function and induction of platelet apoptosis might be the underlying mechanisms.

1. Introduction

Hepatic cirrhosis wasmost commonly caused by viral hepati-
tis and alcohol abuse [1] with hepatic insufficiency and portal
hypertension being the most serious consequences [2]. If
untreated, the 5-year survival of decompensated cirrhosis was
only 15% [3].The ideal treatment option for cirrhotic patients
was liver transplantation. However, due to severe shortage of
donor livers, splenectomy and pericardial devascularization
were still the primary method for the patients with cirrhosis
and portal hypertension to alleviate thrombocytopenia and
reduce the risk of gastrointestinal hemorrhage in some
countries such as China.

Portal vein system thrombosis (PVST) referred to throm-
bosis in the portal vein, splenic, and superior mesenteric
veins or intrahepatic portal vein branches [4]. It was widely
recognized as a potential fatal complication after splenec-
tomy, leading to bowel infarction, upper gastrointestinal
bleeding, and even hepatic coma [5, 6].With the development

of advanced imaging devices, it has been found that PVST
after splenectomy is not a rare complicationwith an incidence
of 5%–25% [7]. Previous studies of PVST mainly focused
on the incidence, diagnosis, and treatment of PVST after
splenectomy in patients with myelodysplastic syndromes [8],
hemolytic anemia [9], and splenic tumors [10]. In recent
years, it has been found that PVST after splenectomy also
occurred in cirrhotic patients despite the presence of endoge-
nous coagulopathy [11]. However, the pathogenesis and char-
acteristics of PVST in these patients remain unclear. Recently,
some studies showed that both pro- and anticoagulation
elements were concomitantly reduced in liver cirrhosis, thus
maintaining an intricate balance of coagulation [12, 13].
Under such circumstance, a series of local and systemic chan-
ges subject to splenectomy, including hemodynamic changes
of the portal venous system [13], local vascular pathological
changes [6], and blood hypercoagulability [6], as well as irra-
tional use of coagulants [14], might be breaking the balance
and finally contribute to the formation of PVST.
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Resveratrol (trans-3,5,4-trihydroxystilbene, RES), a nat-
ural polyphenol, was first isolated from the roots of white
hellebore in 1940 [15] and is now found to be present in
various plant species such as berries, peanuts, and particu-
larly grape skins [16]. Numerous studies have demonstrated
its diverse biologic effects, such as antioxidative effect [17],
anti-inflammatory activity [18], antiviral activity [19], and
antiplatelet aggregation activity [20]. Previous study in ani-
mal model had demonstrated that RES exerted protective
effect on rats subjected to PVST via its antioxidant and
antiaggregant properties [21]. However, the effect of RES on
the formation of PVST after splenectomy remains unclear.

In light of these, the present study aimed to investigate
the preventive effect of RES on the formation of PVST in
rats after splenectomy in the context of liver cirrhosis. The
findings will provide some clues that RES can be a potential
antithrombotic agent for reducing PVST formation after
splenectomy for cirrhotic patients.

2. Materials and Methods

2.1. Animals. Male Sprague-Dawley (SD) rats weighing
between 200 and 300 g 9 to 10 weeks old were purchased from
the Laboratory Animal Center of Xi’an Jiaotong University
Health Science Center (Xi’an, China). Liver fibrosis was
induced by intraperitoneal injection of carbon tetrachloride
(CCl
4
, Sinopharm Chemical Reagent Co. Ltd. Shanghai,

China; 0.6mL/kg of body weight) in olive oil, twice a week
for six weeks, and was confirmed by liver biopsy when
animals were euthanized. All animals were allowed free
access to water and standard laboratory chow, except for an
overnight fast before undergoing surgery. All experiments
were performed in accordancewith theGuide for theCare and
Use of Laboratory Animals (NIH publication number 85-23,
revised in 1996). All procedures were reviewed and approved
by the Ethics Committee, Xi’an Jiaotong University Health
Science Center.

2.2. Reagents. Resveratrol was purchased from Xi’an Sino-
Herb Bio-technology Company (Xi’an, China). Dimethyl
sulfoxide (DMSO) and RPMI-1640 were purchased from
Wuhan Boster Biological Technology, Ltd. (Wuhan, China).
The RES was dissolved and sterilized in DMSO and then
diluted in RPMI-1640 to 5mg/mL.

2.3. Experimental Design. We estimated that a total of 64
rats would be needed to detect a difference between groups,
with a one-tailed chi-square test (𝛼 = 0.05 and 𝛽 = 0.20),
when the forecasting incidences of PVST in nonfibrosis
controls, fibrotic rats without anticoagulation, and fibrotic
rats with anticoagulation were 1% [22], 40% [23], and around
10% [24], respectively. Then the numbers in each group
were determined as follows with an experimental-to-control
animal ratio of 2 : 1 as previously reported [25]: two groups
of age-matched normal rats served as nonfibrosis controls:
Sham operation group and Splenectomy group I with 8 rats
in each group. Sham operation group (Sham): a 5 cmmidline
abdominal incision was made to expose the spleen and

laparotomy was performed with no splenectomy; Splenec-
tomy group I (Splenectomy I): splenectomy was carried out.
The other 48 rats with liver fibrosis were randomized into
Splenectomy group II, RES group, and LMWHgroup, with 16
rats in each group, as follows: Splenectomy group II (Splenec-
tomy II): animals underwent the same surgical procedure as
Splenectomy I; RES preconditioning group (RES): animals
underwent the same surgical procedure as Splenectomy
group I/II and received RES (50mg/d per nasogastric tube)
for 10 consecutive days before operation; and LMWH treat-
ment group (LMWH): animals underwent the same surgical
procedure as Splenectomy group I/II and received Enoxa-
parin (1.5mg/kg, subcutaneously) on postoperative days
(POD) 1, 2, and 3. Rats were anesthetized with an intra-
peritoneal injection of ketamine (75mg/kg; Fujian Gutian
Pharmaceutical Co., Ltd, Fujian, China). All animals were
euthanized with an overdose of ketamine (150mg/kg IP)
followed by exsanguinations 1 week after operation. Blood
was collected from the inferior vena cava in plastic tubes
containing sodium heparin (1000 units/mL) as anticoagulant
at a ratio of 9 : 1 v/v. Blood samples were centrifuged at 150×g
at room temperature for 10min and platelet-rich plasma
(PRP) was taken and immediately processed. Portal vein,
superiormesenteric vein, and splenic vein were dissected and
opened for the detection of PVST.

2.4. Platelet Aggregation Evaluation. 5mL of PRP was added
with equal volume of the washing buffer (140mM NaCl,
0.5mM KCl, 12mM trisodium citrate, 10mM glucose,
12.5mM saccharose, and pH 6) and centrifuged at 800×g
for 15min. The pellet was resuspended in washing buffer and
washed twice. Then the platelets were suspended in Krebs
solution (118mM NaCl, 25mM NaHCO

3
, 1.2mM KH

2
PO
4
,

1.7mM MgSO
4
, 5.6mM glucose, and pH 7.4) at a count of

1 × 10
8/mL.

Platelet aggregation was initiated by adding 10 𝜇g/mL of
collagen (Wuhan Boster Biological Technology, Ltd. Wuhan,
China) as agonist to 0.5mL platelet suspension and was
determined using a computerized dual channel Chronolog
Aggregometer (Chrono-Log Corporation, Havertown, PA) at
37∘C as previously described [26]. At the end of the experi-
ment, platelet suspensions were immediately centrifuged at
12000×g for 30 s and the cell-free supernatant was snap
frozen in liquid nitrogen and stored at −80∘C for further
analysis.

2.5. Platelet ROS Evaluation. For the measurement of the
generation of ROS by activated platelets, washed platelets in
Krebs solution (1 × 108/mL) were loaded with 5𝜇M of
2,7-dichlorofluorescein diacetate (DCFH-DA; Sigma, Saint-
Louis, Missouri, USA) for 15min at 37∘C. Then the platelet
samples were centrifuged at 800×g for 10min and resus-
pended in 500 𝜇L of Krebs solution. The ROS-generated flu-
orescence was read using a Becton Dickinson flow cytometer
(FACSCalibur; USA) equipped with a 488 nm wavelength
argon laser, 510–540 nm band pass filter, as described [27].
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2.6. Platelet NO Evaluation. NO release by platelets during
platelet aggregation was estimated by measuring NO degra-
dation products, nitrite plus nitrate, in platelet supernatants.
Briefly, frozen samples of platelets supernatant, as described
earlier, were deproteinized with 3M ZnSO4, 30% v/v, for
15min and then centrifuged at 12,000 g for 5min. After
discarding the pellet, the clean supernatant was added with
activated cadmium beads for overnight incubation at room
temperature.Then, the culturewas centrifuged and the super-
natant was used for NO degradation products concentration
determination by using a colorimetric nonenzymatic assay kit
(Oxford Biomedical Research, Oxford, MI, USA) as reported
previously [28].

2.7. Flow Cytometry Analysis. For measuring platelet apop-
tosis, an Annexin-V Apoptosis Detection Kit FITC (eBio-
science, San Diego, CA, USA) was used according to man-
ufacturer’s instructions.

2.8. Statistical Analysis. Continuous data were presented as
mean ± SD and categorical data were presented as frequen-
cies. Statistical differences were calculated by Student’s 𝑡-
test or chi-square test using SPSS 11.5 statistical software
(SPSS Inc., Chicago, IL, United States). A 𝑝 value <0.05 was
considered statistically significant.

3. Results

3.1. Incidence and Distribution of PVST after Splenectomy.
No PVST occurred in Sham group and Splenectomy group
I. For the other three groups of rats with liver fibrosis, the
incidence of PVST 1 week after operation was 43.75% (7/16)
in Splenectomy group II, 6.25% (1/16) in RES group, and
7.14% (1/14) in LMWH group (two rats in this group died
at POD 4 and 5, resp., due to intra-abdominal hemorrhage).
Both pretreatment with RES (50mg/d per nasogastric tube
for 10 days) and a short term postoperative administration of
Enoxaparin (1.5mg/kg subcutaneously on POD 1, 2, and 3)
showed a significant decrease in the incidence of PVST than
in Splenectomy group II (𝑝 = 0.037 and 𝑝 = 0.039, resp.).

Of the 7 cases of PVST in Splenectomy group II, there
were 5 in the splenic vein and 2 in the portal and splenic veins.
For the one case in RES group and one case in LMWH group,
it was located in the portal vein and splenic vein, respectively.
It is notable that splenic vein thrombosis occurred in 8 out of
9 cases (88.9%).

3.2. Inhibitory Effect of RES and Enoxaparin on Rat Platelet
Aggregation. Data on the effects of RES and Enoxaparin on
platelet aggregation induced by collagen are presented in
Figure 1. Platelet aggregation in rats with liver fibrosis 1 week
after splenectomy (Splenectomy group II) was significantly
higher than that in rats without liver fibrosis (Sham and
Splenectomy group I) (all𝑝 < 0.001). Both pretreatment with
RES (50mg/d per nasogastric tube for 10 days) and a short
term postoperative administration of Enoxaparin (1.5mg/kg
subcutaneously on POD 1, 2, and 3) caused a significant
reduction in collagen-induced platelet aggregation 1 week
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Figure 1: Inhibitory effects of RES and Enoxaparin on rat platelet
aggregation. Rats received RES (50mg/d per nasogastric tube) for 10
days before operation or a short term postoperative administration
of Enoxaparin (1.5mg/kg subcutaneously on POD 1, 2, and 3) and
the blood was collected 1 week after operation. Washed platelets
aggregation (1 × 108 platelets/mL) stimulated with 10 𝜇g/mL of
collagen was determined. Results are shown as mean ± SD. ∗𝑝 <
0.001 compared with Splenectomy group II.
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Figure 2: Inhibitory effect of RES onROS generation in rat platelets.
Rats received RES (50mg/d per nasogastric tube) for 10 days
before operation and ROS generation was quantified in collagen
(10𝜇g/mL)-activated platelets. Results are shown as mean ± SD.
∗𝑝 < 0.001 compared with Splenectomy group II. MFI: Mean
Fluorescence Index.

after splenectomy, compared with Splenectomy group II (all
𝑝 < 0.001).

3.3. Inhibitory Effect of RES onROSGeneration inRat Platelets.
Compared to Sham and Splenectomy group I, ROS formation
by collagen-stimulated platelets increased obviously in fibro-
sis rat 1 week after splenectomy (all 𝑝 < 0.001). However,
this increase in ROS formation was significantly alleviated
by in vivo pretreatment with RES (𝑝 < 0.001), but not by
postoperative administration of Enoxaparin (Figure 2).
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Figure 3: Stimulating effect of RES on NO release in rat platelets.
Rats received RES (50mg/d per nasogastric tube) for 10 days before
operation and NO release by platelets during platelet aggregation
was estimated in platelet supernatants. Results are shown as mean
± SD. ∗𝑝 < 0.001 compared with Splenectomy group II.

3.4. Stimulating Effect of RES on NO Release in Rat Platelets.
Compared to Sham and Splenectomy group I, NO release
during platelet aggregation decreased obviously in fibrosis
rat 1 week after splenectomy (all 𝑝 < 0.001). However, this
decrease in NO release was significantly alleviated by in vivo
pretreatment with RES (𝑝 < 0.001) but not by postoperative
administration of Enoxaparin (Figure 3).

3.5. Induction of Rat Platelets Apoptosis by RES. As seen
in Figure 4, significantly increased Annexin-V positive
platelets representing phosphatidylserine (PS) exposure were
observed in RES group (5.46 ± 1.02%) compared to that in
Sham group (3.15±0.6%), Splenectomy group I (3.31±0.7%),
Splenectomy group II (3.52 ± 0.45%), and LMWH group
(3.66 ± 0.44%) (all 𝑝 < 0.001), suggesting more platelet
apoptosis occurring in rats pretreated with RES.

4. Discussion

Although the pathogenesis of PVST following splenectomy
is still controversial, it is generally agreed that it is related to
blood hypercoagulability [6], hemodynamic changes of the
portal venous system [13], local vascular pathological changes
[6], and irrational use of coagulants [14], and so forth. Lower
preoperative platelet counts, postoperative thrombocytosis,
wider preoperative portal/splenic vein diameter, prolonged
prothrombin time (PT), periesophagogastric devasculariza-
tion, and mutation of prothrombin genes and deficiency in
protein C and protein S have been considered as risk factors
of PVST after splenectomy [23, 29].

For cirrhotic patients, preoperative platelet count was
generally lower than normal due to concurrent hypersplen-
ism. Under such condition, removal of spleen would lead to
a platelet rebound phenomenon and the soaring count and
augmented aggregation competence of platelet after opera-
tion would contribute to the hypercoagulable state, which,
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Figure 4: Induction of rat platelets apoptosis by RES. Rats received
RES (50mg/d per nasogastric tube) for 10 days before operation and
apoptosis of rat platelets was measured by flow cytometry with an
Annexin-V Apoptosis Detection Kit. Results are shown as mean ±
SD. ∗𝑝 < 0.001 compared with the other four groups.

in combination with other underlying causes, may synergis-
tically result in the formation of PVST.

Currently, the prophylaxis of PVST after splenectomy in
liver cirrhosis remains controversial.Themain concern is that
prophylactic anticoagulation might induce relevant compli-
cations, mainly related to bleeding. So far, themanagement of
PVST after splenectomy is mainly based on individual expe-
rience [29]. Several recent pilot studies had demonstrated the
feasibility, safety, and efficacy of prophylactic anticoagulation
with decreased incidence of PVST and low rate of bleeding
complications comparable to controls [30–34]. However, due
to the small number of cases in individual studies, more
results with adequate power are required to confirm these
observations.

The activation of thrombin is a crucial step in the for-
mation of thrombosis. LMWH could suppress the activation
of thrombin via suppressing coagulation active factor X.
Moreover, LMWH could reduce platelet aggregation induced
by thrombin and inhibit platelet aggregation in response
to adenosine diphosphate (ADP) [35]. In the present study,
compared to Splenectomy group II, both the incidence of
PVST and platelet aggregation were significantly decreased
in LMWH group (𝑝 < 0.05 and 𝑝 < 0.001, resp.). However,
two rats in LMWHgroup died before euthanasia due to intra-
abdominal hemorrhage, suggesting that the anticoagulants
under such conditions should be used more carefully. We
speculated that a possible reason might be the increased
release of tissue plasminogen activator and consequent fib-
rinolysis induced by LMWH.

One of themost studied actions of RESwas its antiplatelet
aggregation property. RES exerted this function through
multiplemechanisms. First, RES could inhibit both type I col-
lagenmRNAexpression and platelet adhesion to the collagen,
which was the initiation of platelet activation [36]; second,
RES could interfere with platelet aggregation through inhibit-
ing Ca2+ influx into thrombin-stimulated platelets [37]; third,
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RES could reduce tissue factor (TF) activity by inhibit-
ing nuclear factor-𝜅B/Rel-dependent transcription in both
endothelial cells and monocytes [38].

Besides, RES was shown to reduce oxidative stress by dif-
ferent mechanisms including activation of antioxidant enzy-
mes, inhibition of nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidases, and chelation of metal catalysts
[39], thus reducing the formation of ROS. Moreover, RES
could enhance NO production by stimulated platelets via
promoting the phosphorylation of protein kinase B and
vasodilator stimulated phosphoprotein (VASP) [39]. RES
also increased NO production by increasing NO synthase
activity (NOS) [40]. All these activities also contributed to the
antiplatelet aggregation activity of RES.

Of late, there were reports of plant-derived molecules,
such as RES, causing platelet apoptosis [41, 42]. Further stud-
ies showed that RES triggered platelet apoptosis by multiple
mechanisms including caspase-9, caspase-3, and caspase-8,
gelsolin and actin cleavage, truncated Bid (tBid) formation,
Bcl-2-associated X protein (Bax) translocation, cytochrome c
release, phosphatidylserine (PS) exposure, and dissipation of
the mitochondrial membrane potential, suggesting that RES-
induced platelet apoptosis may be mediated by both intrinsic
and extrinsic apoptotic pathway [43].

A previous study had reported that RES exerted pro-
tective effect on rats subjected to PVST via its antioxidant
and antiaggregant properties [21]. The authors found that,
compared with the rats subjected to PVST alone, significant
increases in both tissue and plasma levels of reduced glu-
tathione (GSH), as well as tissue c-AMP level, and decreased
tissue malondialdehyde (MDA) level were observed among
rats receiving RES (60mg/d per nasogastric tube) for 10 days
before being subjected to PVST. However, the effect of RES
on the formation of PVST after splenectomy remains to be
elucidated.

In the present study, we investigate the preventive effect
of RES on the formation of PVST after splenectomy in a rat
fibrosis model. The reported interval between splenectomy
and PVST development varied and in our previous study the
interval was 4 days [23]. Taking this into consideration, we
choose 1 week as the end point of observation. Our results
showed that the incidence of PVST in RES group, similar
to LMWH group, was significantly decreased compared to
Splenectomy group II, and no animal in RES group died due
to postoperative complications such as bleeding. Moreover,
we further studied the effect of RES on platelet aggregation,
platelet ROS production, platelet NOproduction, and platelet
apoptosis. As expected, platelet aggregation and platelet ROS
production were significantly higher in Splenectomy II group
rats than those in ratswithout liver cirrhosis 1 week after oper-
ation, while pretreatment with RES (50mg/d per nasogastric
tube for 10 days) showed a significant decrease in platelet
aggregation and platelet ROS production than in Splenec-
tomy group II. Besides, our results demonstrated that platelet
NO production was significantly decreased in Splenectomy
group II rats than that in rats without liver cirrhosis 1 week
after operation, while pretreatmentwith RES showed a signif-
icant increase in platelet NO production than in Splenectomy
group II. These findings affirmed the results of previous

studies showing that ROS act as secondmessengers to activate
platelets via NO inactivation [44]. PS exposure on cellular
surface represents the most universal and best characterized
target recognition signal, leading to phagocytes-mediated
clearance of the apoptotic cells [45]. Our results also demon-
strated that, in RES group, statistically significant increase in
Annexin-V positive platelets representing PS exposure was
observed when compared with the other four groups. More
importantly, we provided the first evidence supporting the
preventive effect of RES on the formation of PVST after
splenectomy in the setting of cirrhotic, which are consistent
with previous findings, suggesting the antiplatelet aggrega-
tion, antioxidative, vasorelaxing, and apoptosis-promoting
effects of RES [39, 41–43]. However, additional studies with
longer follow-up time are needed to affirm the results.

Taken together, our present study has provided evidence
for the first time that RES exerts its preventive effect on PVST
formation after splenectomy, through simultaneously inhibit-
ing aggregation, decreasing ROS, and increasing NO pro-
duction, as well as stimulating apoptosis effects on platelets,
in a rat fibrosis model. RES, as a natural substance found
in multiple plants, could be a promising candidate in the
development of an effective antithrombotic therapy for the
prevention of PVST after splenectomy for cirrhotic patients.
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Equisetum ramosissimum, a genus of Equisetaceae, is a medicinal plant that can be separated into ethyl acetate (EA),
dichloromethane (DM), n-hexane (Hex),methanol (MeOH), andwater extracts. EA extract was known to have potent antioxidative
properties, reducing power, DPPH scavenging activity, and metal ion chelating activity. This study compared these five extracts
in terms of their inhibiting effects on three human malignant melanomas: A375, A375.S2, and A2058. MTT assay presented the
notion that both EA and DM extracts inhibited melanoma growth but did not affect the viabilities of normal dermal keratinocytes
(HaCaT) or fibroblasts. Western blot analyses showed that both EA and DM extracts induced overexpression of caspase proteins
in all three melanomas. To determine their roles in melanogenesis, this study analyzed their in vitro suppressive effects on
mushroom tyrosinase. All extracts except for water revealedmoderate suppressive effects. None of the extracts affected B16-F10 cells
proliferation. EA extract inhibited cellular melanin production whereas DM extract unexpectedly enhanced cellular pigmentation
in B16-F10 cells. Data for modulations of microphthalmia-associated transcription factor, tyrosinase, tyrosinase-related protein 1,
and tyrosinase-related protein 2 showed that EA extract inhibited protein expressionmentioned above whereas DM extract had the
opposite effect. Overall, the experiments indicated that the biofunctional activities of EA extract contained in food and cosmetics
protect against oxidation, melanoma, and melanin production.
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1. Introduction
Mitochondria, chloroplasts, and peroxisomes produce reac-
tive oxygen species (ROS) through respiration and photo-
synthesis [1, 2]. Studies suggested that the changes in cellular
homeostasis caused by high ROS levels can result in oxidative
damage [3]. To avoid ROS oxidative injuries, the defense
radical scavenging systems used by the human being were
separated into enzymatic and nonenzymatic mechanisms.
Antioxidant enzymes and substances could reduce oxidative
damage by decreasing production of ROS and radicals [2].
These agents include glutathione and catalase, glutathione
reductase, superoxide dismutase, and glutathione peroxidase.
Others include 𝛼-lipoic acid, carotenoids, coenzyme Q10,
flavonoids, antioxidative minerals (copper, zinc, manganese,
and selenium), and cofactors (folic acid and vitamins A, B1,
B2, B6, B12, C, and E). Generally, the above antioxidative
materials are applied in synergic ways with each other against
various free radical types [1–3].

Malignant melanoma is among the most incursive and
life-threatening malignant tumors [4]. Skin cancer can result
from exposure to ultraviolet (UV) radiation emitted by the
sun and by halogen lamps. Experimental studies ofmetastatic
melanoma are very challenging because systemic treatments
are often ineffective and the rapid spread of melanoma cells
to retain an intensive property of the cellular spreading
which happens later is pathologically confusing [5]. Although
melanoma is not a major cause of tumorous symptoms,
melanoma is a major cause of death in patients with skin
cancer. Treating melanoma is difficult due to its resistance to
conventional chemoradiotherapy [6]. No effective therapies
for metastatic melanoma are currently available, and effective
drugs are urgently needed.

Melanocytes are located in the basal epidermal layer and
in the hair follicles. Generally, UV radiation produces pig-
ment by diametric stimulation of melanocytes [7]. Melanin
pigmentation has been recognized by many factors; the
permeation of sunlight is a well recognized source of melanin
pigmentation; specifically, UV radiation causes darkening
of the skin and/or sunburn. UV is the most common
reason of changes in the visible countenance of human skin.
Unusual melanogenesis is a characteristic of many human
skin disorders, including abnormal pigmentation, nevi, and
melanoma [8].

Many recent studies have investigated the biological
functions of natural extracts and their potential applications
as health foods, as active ingredients in cosmetics, and as
leading compounds in new medicines [9, 10]. Equisetum
ramosissimum, a genus of Equisetaceae, is a medicinal plant
administered to treat hemorrhage, urethritis, jaundice, and
hepatitis [11]. Although the antioxidant activities of E. ramo-
sissimum were identified [12], its biological activities have
not been examined. Therefore, this study elucidated the
potential protective effects of E. ramosissimum extract against
oxidation, melanoma, and melanogenesis.

2. Materials and Methods
2.1. Chemicals and Reagents. Ascorbic acid (vitamin C), 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT), L-3,4-dihydroxyphenylalanine (L-DOPA), dimethyl
sulfoxide (DMSO), 1,1-diphenyl-2-picrylhydrazyl (DPPH),
ethanol, ethylenediaminetetraacetic acid (EDTA), ferrous
chloride (FeCl

2
⋅4H
2
O), ferric chloride (FeCl

3
), kojic acid,

methanol, potassium ferricyanide (K
3
Fe(CN)

6
), 3-tert-butyl-

4-hydroxyanisole (BHA), and L-tyrosine were purchased
from Sigma-Aldrich Company (St. Louis, MO, USA). Dul-
becco’s modified Eagle’s medium (DMEM) and fetal bovine
serum (FBS) were obtained from Gibco BRL (Gaithersburg,
MD, USA). Other chemical buffers and reagents were pur-
chased at the highest available purity and quality.

2.2. Plant Material Extraction and Isolation. Two authors of
this study (Dr. Chieh-Chih Shih and Professor Zhi-Hong
Wen) prepared the extracts as follows. First, methanol (2.2 L)
was requested in two extraction procedures of E. ramosissi-
mum from a powder consisting of ground E. ramosissimum
plant, and the extract was then refluxed for 30 minutes. After
a filtering procedure, the extract was concentrated to obtain
methanol (MeOH) crude extract, 9.52 g. The crude extract
was added to distilled water (200mL) and then partitioned
with n-hexane (Hex, 1.95 g), dichloromethane (DM, 0.67 g),
and ethyl acetate (EA, 0.26 g), which left an aqueous layer
(H
2
O, 6.44 g). All fractions were concentrated, freeze-dried,

dissolved in DMSO to obtain a stock solution (500mg/mL),
and then diluted with DMEM to the required concentrations.

2.3. Assays of Antioxidant Effects
2.3.1. Reducing Power Assay. Assays of the reducing power
of the crude extracts were performed as described in the
literature [13]. Briefly, dissimilar concentrations of each
extract were blended with 85𝜇L of 67mM sodium phosphate
buffer (pH 6.8) and 2.5𝜇L of 20% K

3
Fe(CN)

6
. The admixture

was kept at 50∘C for 20min. After addition of 160 𝜇L 10%
TCA, the admixture was centrifuged for 10min at 3,000 g.
The supernatant (75 𝜇L) was mixed with 2% FeCl

3
(25 𝜇L),

and absorbance was read with a spectrophotometer (BioTek
Co., Winooski, VT, USA) at 700 nm with a BHA solution as
a positive control. High absorbance was interpreted as a high
capacity for metal ion reduction.

2.3.2. DPPH∙ Radical Scavenging Ability Assay. DPPH is a
stable free radical with a violet color. Reaction of DPPH∙
with an antioxidant provides hydrogen, which results in
decreased absorbance at 517 nm. DPPH assay was performed
as described previously, with some minor modification [13].
Various concentrations of E. ramosissimum extracts were
added to 100 𝜇L of aqueous stable DPPH∙ (60𝜇M) solution
and allowed to stand at room temperature for 60min.
Vitamin C was used as a positive control. Low absorbance
was interpreted as a high DPPH scavenging ability. The
calculation for free radical scavenging activity (%) is done as
follows:

Scavenging activity (%) =
𝐴control − 𝐴 sample

𝐴control
× 100%. (1)

2.3.3. Metal Chelating Activity. The chelating properties of
ferrous ions (Fe2+) were explored using a method described
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previously [14]. Briefly, various concentrations of extract
were dissolved in DMSO and added to a 10 𝜇L solution
of FeCl

2
⋅4H
2
O (2mM). Next, 20 𝜇L ferrozine (5mM) was

added, and the admixture was shaken vigorously for 10
minutes. The absorbance was 562 nm. EDTA was used as a
positive control, and the formula employed to calculate metal
chelating activity is as follows:

Metal chelating activity (%)

=

𝐴control − 𝐴 sample

𝐴control
× 100%.

(2)

2.4. Cell Line Cultures. Human and rat melanoma cell lines
were obtained from Bioresource Collection and Research
Center (Taiwan): A375 (BCRC number 60039), A375.S2
(BCRC number 60263), A2058 (BCRC number 60240), and
B16-F10 (BCRC number 60031). Human fibroblasts were
separated from the foreskin primary culture (Institutional
Review Board, KMUH-IRB-990269). Cells were cultured in
DMEM supplemented with 10% FBS and 1% antibiotics.
Human skin keratinocytes, HaCaT cells, were cultured in
Keratinocyte-SFM (Gibco, USA) supplemented with bovine
pituitary extract and human recombinant epidermal growth
factor. All cell lines were cultured in 5% CO

2
at 37∘C.

2.5. MTT Assay of Cell Viability. The influences of extracts
on cell development were estimated with MTT assay [15].
Cells were seeded at 8 × 103 cells/well in 96-well plates and
incubated for 24 h before addition of extracts. After 24 h,
MTT solution was dispensed into each well. After 2 h, the
culturemediumwas discarded, andDMSOwas added to each
well.The absorbance of the formazan salt was 595 nm, and the
cell viability was computed as follows:

Cell viability (%) =
𝐴control − 𝐴 sample

𝐴control
× 100%. (3)

2.6. Western Blot Analysis. This analysis was performed as
described previously with someminormodifications [16]. 1×
10
6 cells were treated with extracts or with the vehicle control

for 24 h, and the cells were then harvested and lysed with
RIPA lysis buffer. Equal amounts of protein were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and next transferred into a polyvinylidene fluoride mem-
brane. The membranes were incubated with corresponding
primary antibodies and afterwards incubated with secondary
antibodies corresponding with the primary antibodies. The
signals were visualized with a chemiluminescence detection
kit (Amersham, Piscataway, NJ, USA).

2.7. Mushroom Tyrosinase Measurement. Mushroom tyrosi-
nase activity was evaluated as described previously with
someminor modifications [17]. Samples were incubated with
mushroom tyrosinase (25U/mL), and L-tyrosine (2mM) in
phosphate buffer (pH 6.8) was added.Themixtures were then
kept at 37∘C for 30 minutes. Kojic acid was used as a positive

control. Tyrosinase inhibitory activity was determined by the
following equation:

Mushroom tyrosinase inhibition (%)

=

[(𝐴 − 𝐵) − (𝐶 − 𝐷)]

(𝐴 − 𝐵)

× 100%,
(4)

where𝐴 is the optical density (OD
490

) without testing extract;
𝐵 is OD

490
with tyrosinase and without testing extract; 𝐶 is

OD
490

with testing extract; and 𝐷 is OD
490

with tyrosinase
and without testing extract.

2.8. Melanin Quantification Assessment. This analysis was
demonstrated as described in the literature with some minor
modifications [17]. Cell pellets were liquefied with 1.0N
NaOH,warmed to 80∘C for 1 hour, and centrifuged at 10,000 g
for 10 minutes. The quantity of melanin was determined
by extracting the supernatant and running it through the
spectrophotometer, which gave a result of 475 nm.

2.9. Statistical Analysis. Biofunctional assays of the E. ramo-
sissimum extracts in each platform were performed in trip-
licate. Results were expressed as means ± SD. Analysis of
variance was used for data analysis. A 𝑝 value less than 0.05
was considered statistically significant.

3. Results and Discussion
3.1. Antioxidant Activity of E. ramosissimum. Free radicals
have roles in signal travel and in physiological, metabolic, and
immune reactions. Even though free radicals are needed for
normal healthy biochemical processes in the body, they have
severe negative health effects [18, 19]. One of the study aims
was to test antioxidative properties, which were examined by
ferric reducing powers, DPPH radical scavenging capacities,
and metal chelating power activities.

First, a simple, rapid, and reliable test was used to
measure Fe(III)-ferricyanide complex synthesis. In this test,
the extracts reducing properties of E. ramosissimum were
indicated by changes in the color of the solution (from
light yellow to different shades of green and blue). Table 1
presented the notion that the reducing power of EA extract
resulted in stronger dose-dependent suppressive effects com-
pared to the other four extracts and showed the highest
scavenging of 0.87 ± 0.23 at 200𝜇g/mL.

The second oxidation inhibitory assay was DPPH radical
scavenging test. As antioxidants stabilize DPPH radicals,
the color of DPPH solution changes from violet to yellow
as diphenylpicrylhydrazine is formed. Table 1 illustrated the
results for the five extracts, and the comparisons presented
the notion that the EA extract had the strongest radical
scavenging effects in a dose-dependent manner.

Within the oxidative conditions, ferrozine can develop
complexes with Fe2+ to be measured quantitatively. In
the presence of chelating materials, complex constructions
are dislocated, which lightens the red color of the com-
plex. Table 1 demonstrated the data for the last evaluation
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Table 1: Antioxidant activities of E. ramosissimum extracts, including reducing power, DPPH free radical scavenging activity, and ferrous ion
chelating power.

Extracts (𝜇g/mL) Reducing power (OD
700

) DPPH scavenging capacity (%) Chelating activity (%)
50 100 200 50 100 200 50 100 200

EA 0.60 ± 0.06 0.79 ± 0.06 0.87 ± 0.23 <10.0 15.23 ± 2.76 43.41 ± 7.68 20.47 ± 3.57 34.69 ± 5.03 44.56 ± 1.32
DM 0.59 ± 0.03 0.65 ± 0.07 0.68 ± 0.04 <10.0 <10.0 <10.0 15.57 ± 1.39 17.49 ± 0.13 20.19 ± 1.72
Hex 0.56 ± 0.11 0.65 ± 0.10 0.68 ± 0.03 <10.0 <10.0 <10.0 17.98 ± 4.50 20.71 ± 0.33 22.53 ± 6.07
MeOH 0.58 ± 0.01 0.67 ± 0.13 0.73 ± 0.02 <10.0 10.69 ± 1.66 15.60 ± 1.28 10.63 ± 1.65 18.89 ± 1.19 20.43 ± 0.07
Water 0.62 ± 0.03 0.65 ± 0.10 0.70 ± 0.01 <10.0 <10.0 14.87 ± 0.73 10.77 ± 0.79 13.33 ± 4.55 13.52 ± 0.59
Vitamin Ca — — — — 85.55 ± 0.48 — — — —
BHAb — 1.64 ± 0.29 — — — — — — —
EDTAc — — — — — — — 95.49 ± 0.05 —
All statistics are presented as average values ± SD; 𝑛 = 3. aVitamin C (100mM) was utilized as a positive control for DPPH assay; bEDTA (100mM) was used as
a positive control for analysis of metal chelating ability; cBHA (100mM) was applied as a positive control for analysis of reducing power. Assays not performed
in this study were indicated by dashes.
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Figure 1: Effects of E. ramosissimum extracts on viability of normal human cells according to MTT assay. Suppression of cell viability was
measured in (a) HaCaT and (b) fibroblast cells cultured with 5, 10, 25, 50, and 100𝜇g/mL EA, DM,Hex,MeOH, and water extracts.The results
for the control group cultured without extracts were shown on the left (gray line). All experimental data were presented as average values ±
SD; 𝑛 = 3; ∗𝑝 < 0.05.

of antioxidative properties. The extracts showed low-to-
moderate Fe2+ scavenging activities at concentrations of 50–
200𝜇g/mL, and EA extract possessed the highest value of
44.56 ± 1.32 at 200𝜇g/mL.

3.2. Cytotoxicity of E. ramosissimum on Human Melanoma
Cells and Normal Cells. Melanoma is a malignant tumor that
starts in a certain type of skin cell and is activated when
the abnormal cells in the affected part of the body begin to
proliferate in an uncontrolledmanner [20]. Metastatic malig-
nant melanomas are highly resistant to existing therapies and
have a very poor prognosis, and thus new treatment strategies
are urgently needed. In early stages of the development of
new chemoprotective substances, the main considerations
are normal cell allergic responses, sensitivity and potential
reactions, and toxic side effects [9].MTTmethodwas applied
to evaluate the cytotoxic effectivenesses of E. ramosissimum
extracts on normal human skin cells, including epidermal
keratinocytes (HaCaT) and dermal fibroblasts in Figure 1.
These two cells were treated with various concentrations (0

to 100 𝜇g/mL) to compare dose-dependent impacts. In both
cells, high doses (100 𝜇g/mL) of the five E. ramosissimum
extracts hadminor effects, and all cellular viabilities exceeded
65% after a 24-hour treatment. That is, the E. ramosissimum
extracts had no severe discernible toxic effects on human
normal cells.

After establishing the fact that the E. ramosissimum
extracts did not cause major injuries to normal cells, the
melanoma platforms were used to investigate their antiprolif-
erative effects. Cell lineA375was fromamalignantmelanoma
of a 54-year-old female; and cell line A375.S2 comprised cells
whichwere differentiated fromA375 cells; and cell line A2058
comprised highly invasive melanoma cells [21]. In Figure 2,
we demonstrated the cytotoxicities of the three cell lines,
notably, and high doses (50 and 100𝜇g/mL) of the EA, DM,
and Hex extracts from E. ramosissimum had much larger
influences on A375 and A375.S2 cells compared to the A2058
cells. For example, after 24 h treatmentwith 50 and 100𝜇g/mL
EA extract, the viabilities of the A375 and A375.S2 cells
decreased to 30%whereas the viability of the A2058 cells only
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Figure 2: Effects of E. ramosissimum extracts on viability of humanmelanoma cells according to MTT assay. Suppression of cell viability was
measured in (a) A375, (b) A375.S2, and (c) A2058 cells cultured with 5, 10, 25, 50, and 100𝜇g/mL EA, DM, Hex, MeOH, and water.The results
for the control group cultured without extract were demonstrated on the left (gray line). All experimental data were presented as average
values ± SD; 𝑛 = 3; ∗𝑝 < 0.05.

decreased to 50%. MeOH extract had no effect on the A2058
cells, and the water extract had no apparent cytotoxic effect
on the three melanoma cell types. According to our statistical
data, the E. ramosissimum extracts have little harmful effects
on normal skin cells, and these extracts, particularly EA,
DM, and Hex extracts, actually inhibit melanoma cellular
proliferation.

3.3. Effects of EA and DM Extracts on Caspase Proteins in
Melanoma Cells. Caspase is a family of cysteine-aspartic
proteases that mediates type I programmed cell death (apop-
tosis), andmore than 10 family members have been identified
so far [22]. The activation of caspase-associated proteins is
essential for apoptosis induced by various apoptotic stimuli.
These changes include blebbing, cell shrinkage, nuclear frag-
mentation, chromatin condensation, and chromosomalDNA
fragmentation; however, the failure of cancer cell apoptosis is
a major contributor to tumor development and autoimmune
disease [23].

Caspase-9 initiates an apoptotic cascade by cleaving and
activates caspase-3 [24]. However, the maturation of caspase-
9 requires autocatalytic cleavage by apoptosomes released
by damaged mitochondria [25]. The cleavage of caspase-3

activates caspase-6 and caspase-7; the protein itself is pro-
cessed and activated by caspase-8, caspase-9, and caspase-
10. The activation of caspase-3 induces cellular apoptosis and
proteolysis in specific substrates [26]. Figure 3 showed how
caspase affected the apoptotic process induced by EA andDM
extracts of E. ramosissimum in the three human melanoma
cells. Remarkable alterations caused by molecular proteins
associated with apoptosis included increased proteolysis
induced by caspase-3 and caspase-9. A low concentration
(10 𝜇g/mL) of EA extract induced stimulated enzymes in
A375, A375.S2, and A2058 cells. Although DM extract also
triggered caspase-3 and caspase-9, its effect was smaller
compared to a similar dose of EA extract. Notably, 50 𝜇g/mL
DM extract was needed to trigger caspase-3 and caspase-9
in A2058 cells. The cellular proteins caspase-3 and caspase-
9 have important roles in the regulation of nuclear DNA
damage caused by apoptosis and in the decomposition of
organelles. Our experiments demonstrated that EA induced
caspase protein changes, and similar results were also shown
from DM extract, but lower.

3.4. Mushroom Tyrosinase Inhibition. In mammals, the rate-
limiting enzyme tyrosinase is the most important enzyme of



6 Oxidative Medicine and Cellular Longevity

Con. 1005010 Con. 1005010

Cleaved caspase-3

Cleaved caspase-9

GAPDH

EA extract (𝜇g/mL) DM extract (𝜇g/mL)

(a) A375

GAPDH

Cleaved caspase-3

Cleaved caspase-9

Con. 1005010 Con. 1005010

EA extract (𝜇g/mL) DM extract (𝜇g/mL)

(b) A375.S2

GAPDH

Cleaved caspase-3

Cleaved caspase-9

Con. 1005010 Con. 1005010

EA extract (𝜇g/mL) DM extract (𝜇g/mL)

(c) A2058

Figure 3: Expressions of caspase proteins in (a) A375, (b) A375.S2, and (c) A2058 cells after treatment with 10, 50, and 100𝜇g/mL EA and
DM extracts for 24 h. Band darkness indicated relative protein expressions in comparison with GAPDH.

pigment biosynthesis reactions. Other enzymes only adjust
to differences in synthesis of eumelanin and pheomelanin
[10, 27, 28]. To determine whether the extracts inhibited
melanin synthesis by suppressing tyrosinase, in vitro tyrosi-
nase activity was tested in mushroom type. In Table 2, it was
shown that all extracts except for water had dose-dependent
(5–100𝜇g/mL) inhibiting effects on themushroom tyrosinase
system. At a concentration of 100 𝜇g/mL, the repressive effect
of EA extract was slightly lower than that of kojic acid. At
this concentration, EA had the strongest inhibiting effect
(approximately 40%).

3.5. Melanin Content of B16-F10 Cells. Melanin is the source
of skin color and can protect the skin from UV radiation
damagewhich inducesDNAmutations. Despite its protective
functions, superabundance of melanin negatively affects the
skin, which then causes social problems [29, 30]. To demon-
strate the skin whitening effects of E. ramosissimum and its

Table 2: Mushroom tyrosinase inhibition by different concentra-
tions of E. ramosissimum extracts.

Concentrations
(𝜇g/mL)

Mushroom tyrosinase inhibition (%)
5 50 100

EA 22.42 ± 0.25 24.40 ± 4.90 38.93 ± 3.09
DM 20.69 ± 4.53 21.30 ± 1.10 23.79 ± 3.84
Hex 20.54 ± 0.64 22.33 ± 0.69 23.82 ± 4.25
MeOH 18.54 ± 2.70 20.45 ± 0.36 23.27 ± 1.67
Water 17.88 ± 3.46 19.37 ± 0.12 23.82 ± 1.24
Kojic acida — — 30.23 ± 5.68
All statistics are presented as average values ± SD; 𝑛 = 3. aKojic acid
(100𝜇g/mL) was applied as a positive control. Assays not performed in this
study were indicated by dashes.

inhibiting effects onmelanogenesis, melanin alterations were
measured after treatments with E. ramosissimum extracts. In
Figure 4(a), it was demonstrated that the five fraction extracts
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Figure 4: (a) Effects of E. ramosissimum extracts on viability of B16-F10 cells according to MTT assay and (b) effects of E. ramosissimum
extracts on melanin content quantification of all extracts were processed with 5, 50, 100, and 200𝜇g/mL, respectively. The results for the
control group cultured without extracts were shown on the left (gray line). All experimental results were presented as average values ± SD;
𝑛 = 3; ∗𝑝 < 0.05.
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Figure 5: Expressions of tyrosinase, TRP-1, TRP-2, and MITF after treatment with E. ramosissimum extracts. B16-F10 cells were treated with
EA and DM extracts at concentrations of 10, 50, and 100𝜇g/mL for 24 h. Protein expressions were shown in comparison with GAPDH.

did not substantially harm B16 cell viability. In Figure 4(b),
we presented the notion that the EA extract had the ability
to decrease melanin production by about 32% at 200 𝜇g/mL
in a dose-dependent trend from concentrations of 5 to
200𝜇g/mL. In contrast, 200𝜇g/mL DM extract substantially
augmented melanin production (112%), and the effects of
DM extract were dose-dependent. Other extracts, including
Hex, MeOH, and water, did not substantially change melanin
production, even at the maximum experimental dose of
200𝜇g/mL.These experimental results suggested that the EA
extract had potential applications as a whitening agent in
cosmetic products whereas the DM extract could be used as
a skin darkening agent.

3.6. Expression of Melanogenesis-Related Proteins in B16-
F10 Cells. A well known role of microphthalmia-associated

transcription factor (MITF) in melanogenesis is normal
synthesis of melanin in melanocytes. Expression of MITF
increases melanin production by facilitating biosynthesis of
tyrosinase, tyrosinase-related protein 1 (TRP-1), and TRP-2
[31]. Expression of MITF is also significant for stabilizing
tyrosinase protein and modulating its catalytic activity [8,
32]. To elucidate the mechanisms of its activity, expressions
of melanogenesis-related proteins were analyzed by western
blot. Figure 5 presented the notion that EA extract concen-
trations ranging from 10 to 100 𝜇g/mL reduced expressions
of MITF, tyrosinase, TRP-1, and TRP-2 in a dose-dependent
manner. Conversely, DM extract promoted expressions of
MITF, tyrosinase, TRP-1, and TRP-2 in B16-F10 cells in a
dose-dependent manner. Both of these phenomena were
consistent with the data for melanin content shown in
Figure 4(b).
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Figure 6: Schematic diagram of biofunctions of E. ramosissimum
extracts in human skin cells, including normal cell survival, apop-
totic pathways of melanoma, and melanogenesis.

4. Conclusion

In summary, the experiments in this study demonstrated
that the most beneficial of the five fraction extracts of E.
ramosissimum was EA because of its multiple biofunctional
properties (Figure 6). The experimental outcomes showed
that, by acting as an antioxidant ingredient and electron
donor, EA extract discontinued or terminated free radical
chain reactions. In human melanoma, EA and DM extracts
affected the viabilities of melanoma cells and showed low
toxicity in both normal human cells, HaCaT cells and
fibroblasts. To understand the mechanisms of cell death,
we performed western blot analyses of protein expressions
in melanoma cells, which pointed out that both extracts
induced caspase-3 and caspase-9, both of which have vital
roles in apoptosis. Research evaluations of the potential use
of EA extract as a whitening agent illustrated that it inhibited
mushroom tyrosinase activity and the synthesis of melanin;
in contrast, DM extract increased the quantity of melanin.
Western blot analyses showed that EA and DM extracts
decreased and increased melanin content, respectively, by
regulating MITF, tyrosinase, Trp-1, and Trp-2. Whereas this
study established the biological functions ofE. ramosissimum,
our future studieswill further investigate the components and
mechanisms of these compounds.
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High levels of reactive oxygen species in the body and hyperlipidemia are key factors for the development of cardiovascular
diseases such as atherosclerosis. The present study investigated the antioxidant and hypolipidemic activity of hydroethanolic
extract of Curatella americana L. leaves (ExC). The antioxidant activity of ExC was assessed by 2,2-diphenyl-1-picrylhydrazyl free
radical (DPPH) scavenging capacity and protection against hemolysis induced by 2,2-azobis(2-amidinopropane) dihydrochloride
(AAPH), followed by quantification of malondialdehyde (MDA). Wistar rats with hyperlipidemia induced by high-fructose diet
(60%)were treated for 60 dayswithwater, simvastatin (30mg⋅Kg−1), ciprofibrate (2mg⋅Kg−1), andExC (200mg⋅Kg−1). ExC revealed
IC
50

of 6.0 ± 0.5 𝜇g⋅mL−1, an intermediary value among positive controls used in the assay of DPPH scavenging capacity. At
all concentrations (50 to 125 𝜇g⋅mL−1) and times (60 to 240min) evaluated, ExC protected erythrocytes against AAPH-induced
hemolysis, which was confirmed by lower MDA levels. In vivo tests showed a reduction of 34 and 45%, respectively, in serum
concentration of cholesterol and triglycerides in hyperlipidemic rats treated with ExC, a similar effect compared to the reference
drugs, simvastatin and ciprofibrate, respectively. Together, the results showed the antioxidant activity of ExC and its ability to
improve the serum lipid profile in hyperlipidemic rats.

1. Introduction

Hyperlipidemia causes about 17 million deaths worldwide
each year [1]; in addition, it is also a key factor for the devel-
opment of heart and coronary diseases and atherosclerosis.
Atherosclerosis is a chronic inflammatory disease triggered
by multiple factors, with strong contribution of endothelial
damage related to lipid peroxidation. This endothelial dys-
function increases the permeation of low-density lipopro-
teins (LDL) through the intima layer, resulting in oxidation
and formation of atherosclerotic damage [2, 3]. In order
to control this imbalance, the body has enzymatic and
nonenzymatic antioxidant defense mechanisms [4] capable
of preventing the deleterious effects of oxidation, inhibiting

lipid peroxidation, free radicals scavenging, and maintaining
redox balance in cells.

In addition to endogenous antioxidants, there are antiox-
idants from exogenous sources.The beneficial effects of foods
have been linked to the presence of bioactive compounds and
other nutrients. Examples of biomolecules that have antioxi-
dant potential are phenolic compounds such as isoflavones,
phenolic acids, catechins, chlorogenic acids, anthocyanins,
and terpenes [5]. Thus, plants have been described as an
alternative to the development of new drugs [6] applied to
treatment of many diseases such as hypercholesterolemia,
ulcers, depurative blood, and cancer [7–9].

Curatella americana L. is a member of the Dilleniaceae
family, popularly known in Brazil as “lixa or lixeira” [10].
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The beneficial effects of C. americana have been described in
scientific research and indicated by its popular use. The anti-
inflammatory, analgesic, antihypertensive, and vasodilator
effects of the hydroethanolic extract of Curatella americana
L. leaves have been evaluated in [11–13]. In folk medicine,
leaf decoction is used as an antiseptic and astringent; bark
infusion is used for the treatment of cold and healingwounds,
ulcers, diabetes, and hypertension [14].

In this context, the aim of this study was to evaluate the
antioxidant and hypolipidemic activity of the hydroethanolic
extract of Curatella americana L. leaves (ExC) on rats with
hyperlipidemia induced by high-fructose diet.

2. Material and Methods

2.1. Plant Material and Extract Preparation. C. americana L.
leaves were collected inMato Grosso do Sul, Brazil.The plant
material was dried (45–50∘C), crushed, and macerated in
ethanol : water (80 : 20, v/v) at room temperature for seven
days. After this period, the extract was filtered, concentrated
in a rotary vacuum evaporator (FISATOM), and lyophilized.
The lyophilized ExC was stored at 4∘C and protected from
light.

2.2. Dosage of Phenolic Compounds, Total Flavonoids, and
Saponins. The concentration of phenolic compounds in
samples was determined by the spectrophotometric method
described by [15] using the Folin-Ciocalteu method. Three
ExC measurements were performed, the average being pre-
sented in mg of gallic acid equivalents (GAE) per 100 g of
sample.

The content of total flavonoids was determined according
to methodology described by [16], with some adaptations,
using 2% aluminum chloride solution inmethanol as reagent.
Extract solutions were prepared in methanol : water (1 : 1) at
concentration of 10mg⋅mL−1. About 0.5mL ExC was added
to 4.5mL methanolic solution of 2% hydrate aluminum
chloride. After 30min at rest, the absorbance of solutions was
read at 415 nm.

The presence of saponins was evaluated by preparing
10mg of ExC dissolved in 2mL of ethanol. Then, 5mL of
boiling water was added; the sample was vigorously shaken
and allowed to stand for 20min. According to [17], foaming
indicates the presence of saponins.

2.3. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Free Radical Scav-
enging Activity. The antioxidant activity of the hydroethano-
lic extract of C. americana L. leaves was evaluated using
technique described and adapted by [18] of 2,2-diphenyl-
1-picrylhydrazyl (DPPH) free radical scavenging. DPPH
solutions were prepared (0.11mM) using ascorbic acid and
butylhydroxytoluene (BHT) as positive controls and ExC
at concentration of 20mg⋅mL−1 in 80% ethanol solution.
Serial dilutions were prepared based on these solutions in the
concentrations investigated. To establish the half-maximal
inhibitory concentration (IC

50
) of DPPH free radical scav-

enging, the samples were tested in serial dilutions (0.1, 1, 5,
10, 25, 50, 100, 500, and 1000 𝜇g/mL) and analyzed by means

of nonlinear regression using the Prism 5GraphPad Software.
Samples were assessed by spectrophotometer at 517 nm. The
absorbance of each sample was divided by the absorbance
of DPPH and multiplied by one hundred to represent the
antioxidant activity in percentage. All independent experi-
ments were performed in triplicate.

2.4. Protection against Hemolysis Induced by 2,2-Azobis(2-
amidinopropane) Dihydrochloride (AAPH). Protection
against lipid peroxidation of the extract was evaluated by
hemolysis technique induced by 2,2-azobis 2-amidinopro-
pane dihydrochloride (AAPH), described in [19]. About
5mL of peripheral blood was collected from healthy donors,
stored in tubes with sodium citrate (protocol approved by
Ethics Research Committee: protocol number 123/12), and
subsequently centrifuged at 2000 rpm for 5min. The buffy
coat was removed from plasma. The remaining erythrocytes
underwent three washes with saline (0.9% NaCl) at 1500 rpm
to remove possible interferences, with the supernatant
discarded after each washing cycle. Subsequently, a 10%
erythrocyte solution was prepared in saline.

The erythrocyte solution was incubated with distilled
water (total hemolysis) and hemolysis induced by 2,2-
azobis(2-amidinopropane) dihydrochloride (AAPH; Sigma-
Aldrich�) (50mM) alone or concomitant with the standard
antioxidant, ascorbic acid (AA), and ExC at concentrations
of 50, 75, 100, and 125 𝜇g⋅mL−1, reaching a final concentration
of red blood cells of 2.5%. Aliquots were taken every 60min
after the start of incubation for 240min, which were read
in spectrophotometer at 540 nm. Three independent exper-
iments were performed in duplicate.

2.5. Dosage of Malondialdehyde (MDA). A 20% suspension
was used to assess the protective effects of ExC against
lipid peroxidation. The dosage of MDA was evaluated after
240min of incubation at 37∘C with and without addition of
500𝜇L of peroxyl radicals generated by thermal decompo-
sition of 50mM AAPH diluted in saline (0.9% NaCl). For
this, after the incubation period, an aliquot of 0.5mL of the
reaction mixture was collected and was added to 0.5mL of
20% trichloroacetic acid with subsequent homogenization.
An aliquot of 0.5mL was removed from this mixture and
added into tubes previously pipetted with 1mL of thiobarbi-
turic acid reagent (TBA) 10 nM and incubated in water bath
at 94∘C for 45min. After this period, samples were kept at
room temperature for 15min, followed by addition of 3mL
of butanol with subsequent agitation and centrifugation as
described by [20]. Reading of the supernatant absorbance
was carried out in spectrophotometer at 532 nm. Three
independent experiments were performed in duplicate.

2.6. Hyperlipidemia Induced by High-Fructose Diet. The
experimental procedures were approved by the Ethics
Research Committee on Animal Experiments of UFGD
under protocol number 022/2012. Wistar rats weighting
approximately 156 ± 9 g were pretreated for 90 days with
high-fructose diet (66%), prepared with 330 g of commercial
chow (Labina) mixed with 660 g of fructose to induce
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Table 1: IC
50
and maximum activity of DPPH free radical scaveng-

ing of standard antioxidants and the hydroethanolic extract of C.
americana L. leaves (ExC).

Treatment IC
50
(𝜇g⋅mL−1) 𝑛

∗ Maximum activity
% 𝜇g⋅mL−1

Ascorbic acid 1.8 ± 0.4 2 92.3 ± 0.8 10
BHT 18.3 ± 4.5 2 93.7 ± 1.3 500
ExC 6.0 ± 0.5 3 96.5 ± 1.2 25
∗
𝑛 = number of independent experiments in triplicate. BHT = butylhydrox-

ytoluene.

hyperlipidemia. Concomitantly, normoglycemic rats were
kept in commercial rodent chow (Labina) during all
experimental period constituting the control group (control
diet group, CD). All rats were kept in controlled light cycle
and temperaturewith feed andwater being offered ad libitum.

2.7. Experimental Design. Normoglycemic (𝑛 = 5) and hy-
perlipidemic Wistar rats (28) were assessed in this study.
Hyperlipidemic rats were divided into four groups (𝑛 = 7
each) and daily provided by gavage for 60 days of water (con-
trol), simvastatin (30mg⋅Kg−1 of body weight, simvastatin
group), ciprofibrate (2mg⋅Kg−1 of body weight, ciprofibrate
group), and ExC (200mg⋅Kg−1 of body weight, ExC group).
At the end of treatment and after euthanasia, organs, tissue,
and blood were collected for analysis.

2.8. Biochemical Analysis. The blood collected was cen-
trifuged at 3000 rpm for 10min and serum was used to
measure total cholesterol, HDL-cholesterol, triglycerides,
aminotransferases (AST and ALT), urea, and creatinine with
support of Integra 400 Plus equipment (Roche�).

2.9. Statistical Analysis. Data are shown as mean ± standard
error of the mean and were submitted to one-way analysis
of variance (ANOVA) followed by Tukey posttest.The results
were considered significant when 𝑃 < 0.05.

3. Results

3.1. Chemical Profile. The concentration of total phenolic
compounds and flavonoids was 391 ± 5.0mgEAG⋅100 g−1 of
ExC and 59 ± 3.6mgEQ⋅100 g−1 of ExC, and analyses were
positive for saponins.

3.2. Antioxidant Activity. Considering the presence of poten-
tially antioxidant substances in ExC, an in vitro evaluation of
DPPH free radical scavenging at different concentrations was
performed. The 50% inhibitory concentration (IC

50
) and the

maximum activity in assay of DPPH free radical scavenging
of ExC were approximately one-third that of BHT and three
times higher than that of ascorbic acid as shown in Table 1.

The antihemolytic potential of ExC was evaluated in
erythrocytes submitted to lipid peroxidation and consequent
hemolysis induced by 2,2-azobis(2-amidinopropane) dihy-
drochloride (AAPH) for 240min at different concentrations.

ExC decreased the hemolysis of erythrocytes induced by
AAPH in a time dependent manner, but independent of
evaluated dose as shown in Figure 1.

Thus, the release of malonaldehyde (MDA) that occurs
during the lipid peroxidation process was assessed. Erythro-
cytes incubated with ExC for 240min at 125𝜇g⋅mL−1 pre-
sented reduced MDA concentrations compared with control
sample (𝑃 < 0.001) and similar to samples incubated with
ascorbic acid (Figure 2).

3.3. Hypolipidemic Effect. Rats treated with ExC showed
decreased serum levels of total cholesterol and triglycerides,
34% and 45%, respectively, compared to control hyperlipi-
demic rats. Similar results were observed for the standard
drugs, ciprofibrate, used to control cholesterol, and simvas-
tatin, used to control triglycerides. Other biochemical param-
eters evaluated regarding the hepatic and renal functionswere
similar among groups investigated (Table 2). However, the
analysis between hyperlipidemic and normolipidemic rats (𝑡-
test analyses) has shown an increase in the serum levels of
AST in both groups treated with simvastatin and ciprofibrate,
which did not occur in ExC group.

4. Discussion

The aim of this study was to evaluate the antioxidant and
hypolipidemic activities of the hydroethanolic extract of C.
americana L. leaves related to both human health conditions
and interest in the development of new drugs.

The oxidative balance in the body is regulated by endoge-
nous and exogenous mechanisms, in which the excess of free
radicals is related to many diseases [21]. The control of the
excess of oxidative molecules includes especially exogenous
intake of antioxidant molecules, which are largely found
in plants [22]. The chemical composition of these plants
has shown that same classes of polyphenols can exert such
function such as flavonoids [23, 24]. The capacity of ExC
of DPPH free radicals scavenging was intermediary among
standard antioxidants and approximately three times higher
than that of BHT. It is noteworthy that both controls used
are isolated molecules, which stimulates new studies for the
isolation of compounds from ExC, in which the presence of
phenolic compounds and flavonoids was identified. In [25],
investigating Dillenia suffruticosa, a plant of the Dilleniaceae
family, identified the presence of polyphenols, although in
lower amounts than those observed for C. americana L., and
these compounds were correlated with antioxidant activity.
In addition, another compound common to these two plants
is saponin, which has shown hypocholesterolemic and anti-
inflammatory activities; however, it has also been described to
be able to promote destabilization of the cell membrane and
induce hemolysis due to its emulsifying action [26–31], which
was not observed for ExC at in vivo and in vivo studies.

ExC decreased lipid peroxidation induced byAAPH, pro-
tecting erythrocytes from cell death similarly to ascorbic acid,
which is a vitamin with antioxidant capacity as demonstrated
by decreased lipid peroxidation and malonaldehyde (MDA)
production [32]. The lower levels of MDA produced during
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Figure 1: Hemolysis assessment at (a) 60, (b) 120, (c) 180, and (d) 240min after addition of AAPH in erythrocytes at 2.5% (control) incubated
with different concentrations (50–125𝜇g⋅mL−1) of ascorbic acid (AA) and hydroethanolic extract of C. americana L. leaves (ExC). ∗∗∗

𝑃
<

0.0001 versus control samples.

hemolysis induced by AAPH in samples incubated with ExC
confirm the antioxidant action, also corroborated by [33] in
the study of antioxidant activity of Toona sinensis leaves. The
damage to the cell membrane resulting from lipid peroxida-
tion induced by reactive species occurs inmany diseases such
as atherosclerosis, obesity, diabetes, hypertension, and cancer
[21].

The importance of new products in the treatment and
prevention of dyslipidemias becomes essential to reduce the
mortality andmorbidity due to cardiovascular complications.
In addition, the search for less toxic drugs has increased the
interest of the scientific community for natural products.The
ExC showed to able to manage hyperlipidemia induced by
high-fructose diet, reducing serum levels of total cholesterol
and triglycerides, without signs of change in hepatic and
renal function, suggesting that ExC is safe in the evaluated
conditions. Ciprofibrate is a drug widely used to control
cholesterol; however, it is contraindicated in patients with
renal and hepatic disorders [34]. In this study, the ciprofibrate
group showed an increase in liver and kidney weight (data

not show), although the serum levels of ALT, creatinine, and
urea remained unchanged. When compared to normolipi-
demic rats, the hyperlipidemic group treatedwith ciprofibrate
presented an increase in serum level of AST.

The hypolipidemic activity of natural products can be
correlated to the presence of flavonoids due to their prop-
erties of inhibiting cholesterol biosynthesis and absorption
andmodifying the activity of lipogenic and lipolytic enzymes,
leading to reduced lipid metabolism [35–37], as observed
in hyperlipidemic rats treated with ExC, which showed
significant reduction in the levels of total cholesterol and
triglycerides. Other molecules able to decrease the serum
level of cholesterol are saponins [38], also present in ExC. It
is very interesting that ExC was able to decrease both serum
level of cholesterol and total triglycerides.

In conclusion, our results showed that Curatella ameri-
cana L. leaves reduce oxidative stress by free radical scav-
enging and protect against lipid peroxidation and is also
able to manage hyperlipidemia by decreasing serum level of
cholesterol and triglycerides, similarly to standard drugs.
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Table 2: Serum lipid profile and hepatic and renal parameters of normolipidemic and hyperlipidemic Wistar rats induced by high-fructose
diet (66%) treated with water (control), simvastatin (20mg⋅kg−1 of body weight, simvastatin), ciprofibrate (2mg⋅kg−1 of body weight,
ciprofibrate), and hydroethanolic extract of C. americana L. leaves (ExC) (200mg⋅kg−1 of body weight, ExC).

Parameters Normolipidemic Hyperlipidemic
Control Simvastatin Ciprofibrate ExC

Total cholesterol (mg⋅dL−1) 80.0 ± 2.0a 118.3 ± 13.0b 91.3 ± 5.2ab 86.4 ± 4.3a 77.9 ± 4.1a

HDL-cholesterol (mg⋅dL−1) 45.0 ± 2.4a 58.0 ± 4.4b 54.0 ± 3.1a 47.0 ± 2.4a 46.0 ± 2.3a

Triglycerides (mg⋅dL−1) 138.3 ± 23.0a 225.0 ± 33.0b 119.0 ± 7.0a 155.0 ± 14.0ab 136.9 ± 7.5a

AST (U⋅L−1) 174.0 ± 6.5 178.0 ± 14.5 220.0 ± 20.1 209.0 ± 9.4 191.8 ± 12.3
ALT (U⋅L−1) 53.2 ± 3.3 65.4 ± 7.0 64.9 ± 5.6 65.0 ± 4.0 64.3 ± 9.3
Urea (U⋅L−1) 23.0 ± 2.0 30.0 ± 3.1 21.0 ± 1.4 26.0 ± 3.7 24.0 ± 3.8
Creatinine (U⋅L−1) 0.28 ± 0.02 0.34 ± 0.03 0.32 ± 0.02 0.30 ± 0.02 0.27 ± 0.02
Mean values followed by different superscript letters indicate significant difference (P < 0.05).
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Figure 2: Malondialdehyde (MDA) concentration at 240min after
the addition of AAPH hemolysis inducer in 2.5% erythrocytes incu-
bated with different concentrations (50–125𝜇g⋅mL−1) of ascorbic
acid (AA) and hydroethanolic extract of C. americana L. leaves
(ExC) compared with control samples. ∗∗∗

𝑃
< 0.001 versus control

samples.
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