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Reactive oxygen species (ROS) and reactive nitrogen species
(RNS) are important signaling molecules that maintain cellu-
lar homeostasis. Redox imbalance or production of excess
amounts of ROS and RNS, however, is either a cause or an
important mediator in the pathogenesis and pathophysiology
ofmany diseases. It results in oxidative damage to various bio-
logical macromolecules including DNA, lipids, and proteins,
thereby altering several signaling pathways that ultimately
promote cellular damage and death.

Natural product-based medicines have been used in med-
ical practices for centuries. Naturally derived compounds
have fewer reported side effects than allopathic medicine
and may be safer to use over a longer period of time. F. Zhu
et al. had reported in 2012 in Plos One that the active ingredi-
ents in combinations of natural products can achieve the same
level of potency as synthetic drugs, although they may have to
be taken in larger quantities or for a longer period. About 8%
of hospital admissions in theUnited States of America are due
to adverse or side effects of synthetic drugs, and approxi-
mately 100,000 people each year die due to these toxicities,
as reported in J Appl Pharmaceut Sci in 2011 by G Philomena.
However, toxicity of herbal medicines needs to be seen in
context, and although generally considered safe, it can still
have side effects.

Many natural compounds and natural product mimics
are potential antioxidants that protect against oxidative
damage in chronic diseases. Understanding and validating
the bioactivities of the natural compounds and the molecular

mechanisms are essential for a solid scientific foundation for
their clinical use, improvement in their efficacy, and to meet
the regulatory challenges. This special issue on the “Biologi-
cal Efficacy of Medicinal Plant Extracts in Preventing Oxida-
tive Damage” presents a collection of original reports and
review articles on the scientific mechanism of action of some
novel as well as traditionally used medicinal extracts in
preventing oxidative damage-related diseases.

G.-H. Li et al. describe the bioactive constituents and
the mechanism of action of Salviae Miltiorrhizae Radix et
Rhizoma (SMRR), which is a traditional Chinese medicine
and is commonly used for the therapy of cardiac cerebral
diseases. The authors discuss the effect of the SMRR
extract as well as the purified constituents tanshinone I,
tanshinone IIA, and salvianolic acids A and B on the
Nrf2 pathway and the resulting antioxidant therapeutic
effects on cardiovascular diseases, neurodegenerative dis-
eases, diabetes, nephropathy, inflammation, liver diseases,
and lung diseases.

K. C. dos Santos et al. evaluated the effect of the leaves
of Yacon (Smallanthus sonchifolius) on dysmetabolism and
cardiomyopathy in type 1 diabetic rats. Yacon is a native
Andean plant that is rich in phenolic compounds, and
the treatment increased the activity of the antioxidant
enzymes (catalase, superoxide dismutase, and glutathione
peroxidase). This was also associated with reduced glycemia,
increased insulin concentration, decreased serum triacyl-
glycerol and fatty acid content, and decreased fibrosis and
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cellular disorganization in the pancreas and cardiac tissue of
diabetic animals.

Carapa guianensis (Aublet) is a neotropical tree found in
the north of South America, Central America, Caribbean,
and Sub-Saharan Africa. The seed oil is widely used in
Brazilian traditional medicine because of its multiple curative
properties against fever and rheumatism and as an anti-
inflammatory agent, antibacterial agent, and insect repellant.
Authors C. F. Araujo-Lima et al. have evaluated the chemical
composition, free-radical scavenging activity, and mutagenic
and genotoxicity properties of three C. guianensis oils
obtained by different extraction methods and have identified
the best procedure to extract the oil which makes it safe
for use.

Authors D. Guo et al. report that natural Gracilaria lema-
neiformis sulfated polysaccharide increased the cell viability
and restored the cell morphology of human kidney proximal
tubular epithelial cells (HK-2) damaged by oxalate. A
decrease in released lactate dehydrogenase and an increase
in mitochondrial membrane potential were observed. The
authors also found that the repair ability of the GLP fractions
are closely correlated with the molecular weight of the frac-
tions, with GLP2 exhibiting the strongest repair effect. These
results can therefore provide references for inhibiting the for-
mation of kidney stones and developing original antistone
polysaccharide drugs.

In the review article by M. A. Mendez-Encinas et al., the
authors describe the functional properties and potential
application as an antioxidant and anticancer agent of feru-
lated arabinoxylans, which are polysaccharides obtained
from the cell walls of cereal grains. They also discuss the
gel-forming characteristic of these polysaccharides, which
has characteristics such as high water absorption capacity,
stability to pH, temperature, and ionic charges, thus making
them an excellent drug delivery system.

J. Meng et al. report a potential use of a traditional
Tibetan medicine, Rheum tanguticum (Rt), for treatment in
Alzheimer’s disease. Rt has anti-inflammatory and antioxida-
tive properties and inhibits the expression and production of
inflammatory and oxidative molecules such as IL-1β, TNF-α,
and nitric oxide by microglia. They further found that aloe-
emodin and (+)-catechin are responsible for these properties
through the secretion of IL-10 from microglia.

The effect of olive leaf extract (OLE) on testicular damage
was tested in rats by R. S. Almeer et al. Cisplatin is widely
used as an antineoplastic drug for treating various cancers.
However, its use is mainly limited by severe toxicity to
normal tissues, especially nephrotoxicity, neurotoxicity, and
testicular damage. Cisplatin causes disorganization of germi-
nal epithelium and apoptosis. And testicular weights, catalase,
serum testosterone, and testicular enzymes are significantly
reduced. The authors report that OLE treatment can mark-
edly attenuate both biochemical and histopathological
changes and is mediated, at least partly, by inducing the
nuclear factor erythroid 2-related factor 2 (Nrf2)/heme
oxygenase 1 (HO-1) pathway.

H. A. Ogaly et al., in their manuscript, have investigated
the efficacy of Mentha piperita L. essential oil (MPEO)
against liver fibrosis in rats and have explored this use of

MPEO as an antifibrotic treatment for treating chronic liver
diseases. Hepatoprotective effects of MPEO were observed
as documented by the reduction of liver injury markers
and lipid peroxidation (LPO) with ameliorated pathological
and fibrotic liver injuries. Furthermore, reduced expression
of desmin, α-SMA, TGF-β1, and SMAD3 proteins indi-
cated that reduced hepatic stellate cell (HSC) activation.
MPEO also resulted in downregulation of CCl4-stimulated
p53 expression.

Lycopene, which is a potent antioxidant carotenoid, has
been evaluated by N. Stojiljkovic et al. in methotrexate-
induced kidney damage in rats. Lycopene was administered
in two different forms: dissolved in corn oil or encapsulated
in nanoliposomes. Application of both forms of lycopene
concomitantly with methotrexate was found to be effective
against changes in serum urea and creatinine and oxidative
damage markers and markedly reversed structural changes
of kidney tissue, with the nanoliposome-encapsulated form
being more effective for recovery.

Resveratrol (RSV), a natural polyphenol, is known for its
potent antioxidant and anticancer effects. Authors B. Yan
et al. studied the effect of RSV on the biological properties
of activated pancreatic stellate cells that initiate pancreatic
fibrosis in chronic pancreatitis. The authors report that
RSV downregulates miR-21 expression and induces PTEN
expression, resulting in impeded reactive oxygen species
induction in PSCs. Collectively, the authors conclude that
RSV inhibits invasion and migration of pancreatic cancer
cells through suppression of ROS/miR-21-mediated activa-
tion and glycolysis in PSCs and thus may serve as a new
strategy for clinical prevention or treatment of pancreatic
ductal adenocarcinoma.

Taken together, the articles in this special issue contrib-
uted by the experts in the fields of oxidative stress biology
highlight the increasing importance of investigating the effect
of natural products on ameliorating oxidative damage and
thus identify safe therapeutic treatments for the plethora of
oxidative stress-related diseases.
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In the last years, biomedical research has focused its efforts in the development of new oral delivery systems for the treatment of
different diseases. Ferulated arabinoxylans are polysaccharides from cereals that have been gaining attention in the
pharmaceutical field due to their prebiotic, antioxidant, and anticancer properties. The antioxidant and anticancer properties of
these polysaccharides make them attractive compounds for the treatment of cancer, particularly colon cancer. In addition,
ferulated arabinoxylans can form covalent gels through the cross-linking of their ferulic acids. Due to their particular
characteristics, ferulated arabinoxylan gels represent an excellent alternative as colon-targeted drug delivery systems. The aim of
the present work is to review the physicochemical and functional properties of ferulated arabinoxylans and their gels and to
present the future perspectives for potential application as antioxidant and anticancer agents.

1. Introduction

Consumption of whole grains is associated with the preven-
tion of cardiovascular diseases, diabetes, obesity, and cancer
[1]. The dietary fiber and the antioxidant compounds of
grains play an important role providing such benefits.

An inverse relationship between the dietary fiber of
whole grain consumption and total cancer death has been
established [2]. Particularly, a case study suggested that
higher intake of dietary fiber reduces the risk of incident
colorectal adenoma and distal colon cancer [3]. In addition,
dietary fiber has shown to reduce type 2 diabetes mellitus risk
through glycemic control or decrease energy intake, reduce
blood glucose excursions, and lower insulin responses [4].
Moreover, insoluble antioxidants of whole grains which are

bounded to arabinoxylan side chains can be released by
microbial enzymatic hydrolysis in the colon and adsorbed,
exhibiting an antioxidant protection [1]. On the other hand,
certain components of dietary fiber such as arabinoxylans
(AX) have prebiotic properties. In fact, phenolic acids of AX,
such as ferulic acid (FA), exert antioxidant activity [5]. In this
way, AX have gained attention in the pharmaceutical field due
to their interesting functional and biological properties.

AX are nonstarch polysaccharides in the cell wall of
cereal grains. A unique property of AX is their ability to form
covalent gels by the oxidative coupling of the FA [6]. Due to
their covalent nature, these gels have interesting characteris-
tics such as high water absorption capacity and stability to
pH, temperature, and ionic charges [7]. In addition, AX gels
exhibit antioxidant activity [8] and can be fermented by the
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colonic microbiota [9–11]. Furthermore, several studies have
demonstrated the biological properties of AX, particularly
their prebiotic, antioxidant, and more recently anticancer
properties [12–16]. The anticancer activity of AX has been
largely related to their prebiotic and antioxidant properties
[17–19]. Thus, the particular characteristics and functional
properties of AX make them promising polysaccharides for
biopharmaceutical purposes.

The prebiotic and antioxidant properties of AX depend
on its structural characteristics. It has been established that
the presence and appearance of FA in AX impacts directly
in its antioxidant and prebiotic properties [20]. A previous
study showed that highly feruloylated AX oligosaccharides
(AXOS), hydrolytic degradation products of AX, were less
fermented than AXOS depleted in FA [20]. This appears to
be a great advantage due to the selective inhibition of the
growth of certain nonbeneficial bacteria, but the growth of
probiotic bacteria, such as Lactobacillus and Bifidobacterium,
which are able to produce FA esterases to release FA from
AXOS and AX [21, 22]. In addition, the presence and
amount of FA result to be the principal factor in providing
the antioxidant capacity to AX and AXOS as has been well
documented previously [10, 20]. Then, it could be interest-
ing to investigate how the cross-linking of AX could
impact on the prebiotic and antioxidant properties of AX
gels.

Recently, researchers have focused their attention on the
development of novel bioactive materials as colon-targeted
oral delivery systems for the treatment of diseases such as
colon cancer [23, 24]. AX gels with anticancer activity could
be potential candidates for use as matrices for drug delivery
in the treatment of colon cancer. AX with a high content of
FA lead to the formation of high cross-linked density gels
[25]. Since AX exhibit anticancer activity, the effect of the
oxidative gelation and the cross-linking density of the gels
on such property need to be investigated. In this context,
the objective of the present review focuses on the functional
and biological properties of AX and their gels and their
potential application as antioxidant and anticancer agents.

2. Arabinoxylans

2.1. Chemical Structure. AX are polysaccharides from cereal
grains constituted by a linear β-(1-4)-xylopyranosyl chain.
Some α-L-arabinofuranosyl residues are linked to the main
xylose chain at O-3 and/or O-2 positions, resulting in four
different structures (monosubstituted at O-3 or O-2, disub-
stituted at O-2,3, and unsubstituted) (Figure 1(b)). The
amount and distribution of these branches can vary depend-
ing on the source of the polysaccharide [26]. In addition to
arabinose, some galactose, xylose, and glucuronic acid resi-
dues can exist as side branches in the main chain of AX [27].

A particular structural characteristic of AX is the pres-
ence of phenolic acids. Some FA and cumaric acid residues
can be esterified to arabinose at the O-5 position [28]
(Figure 1(a)). FA is the most abundant phenolic acid in AX,
and its content depends on the origin of the tissue (Table 1).
AX from endosperm contains very small amounts of FA,
while AX from pericarp and aleurone layer are highly

esterified to FA [20]. The FA contents in AX vary from
0.001 to 7.00μg/mg AX [29, 30]. High contents of FA
(6–7.00μg/mg AX) have been detected in maize bran AX
[25, 30], while AX extracted from finger millet bran and ispa-
ghula seed contain very low or even undetectable amounts of
FA (0.001μg/mg AX) [29, 31]. These differences could be
related to the source of the polysaccharide as well as the
method used for its extraction.

Usually, the structure of AX in different cereal tissues is
similar, although some differences in the fine structure can
drastically modify its functional properties. These differences
are reflected in the degree of polymerization (DP), arabinox-
ylan to xylose ratio (A/X), amount and sequence of glycosidic
bonds, and the presence of other substituents [7]. AX can be
classified according to their solubility in aqueous solvents as
water-extractable (WE-AX) and water-unextractable (WU-
AX) AX. In cereals, the cross-linking between AX and other
components from the cell wall form structures that are
insoluble in water. Alkali treatments are used to hydrolyze
such cross-links, allowing the release of AX chains from
the cell wall and making them soluble in the aqueous envi-
ronment [27].

The substitution degree in the AX structure can be deter-
mined by the A/X. The A/X may vary from 0.3 to 1.1 in AX
from different cereals depending on the origin of the polysac-
charide; AX from pericarp present higher A/X values than
those for endosperm or aleurone layer [46, 47]. However, this
parameter does not describe detailed and exhaustive struc-
tural characteristics of AX, and therefore, it cannot be used
to characterize its fine structure.

The molecular weight (Mw) of AX can vary depending
on the polysaccharide origin and the method used for its
determination. The average Mw estimated for AX ranges
from 10 to 10,000 kDa [7]. The Mw and the Mw distribution
(polydispersity index (PI)) of AX can be affected by the
extraction conditions (time, pH, and temperature) [48].

2.2. Physicochemical Characteristics. AX show physicochem-
ical characteristics, such as solubility and viscosity, which
provide them different functional properties. Similar to other
polysaccharides, the water solubility of AX depends on cer-
tain parameters such as the chain-chain and chain-solvent
interactions. In addition, some structural factors including
the chain length and the presence and distribution of side
groups can also modify the solubility of the polymers. The
substitution pattern of the polysaccharide chain is the main
parameter controlling the solubility of AX. Since the mecha-
nism of aggregation in the AX is due to the intermolecular
interactions of the unsubstituted regions of the polysaccha-
ride chain, the presence of arabinose residues in the xylose
chain is determinant for the solubility of AX [48].

AX form very high viscous solutions in aqueous envi-
ronments. The apparent viscosity of the AX solutions is
concentration- and shear rate-dependent. The viscosity
values increase as the polymer concentration increases, and
decrease as the shear rate increases [27]. The Mw is another
important factor that determines the viscosity of the AX solu-
tions. Izydorczyk and Biliaderis [49] demonstrated that
wheat AX solutions with high Mw fractions showed weak
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elastic properties. The viscous behavior of AX solutions is
the most important characteristic responsible for the func-
tional properties that AX exhibit in the human gastroin-
testinal tract [27].

2.3. Functional Properties. Functional properties of AX such
as prebiotic, antioxidant, and anticancer as well as its gel-
ling capacity result to be of great interest for biomedical
and pharmaceutical applications. Therefore, research has
focused its efforts on exploiting different sources of AX
in order to explore and take advantage of such properties
for several applications (Table 1). Maize, wheat, and rice
are the main sources of AX which have been investigated
for biomedical and pharmaceutical applications. Maize
and wheat AX gels have shown promising results for their
potential application as controlled-release matrices [11,
32–35, 37]. On the other hand, the use of AX from rice

bran has been widely investigated as an adjuvant in cancer
immunotherapy [41, 42].

2.3.1. Prebiotic. The products of AX degradation have been
of great interest due to their prebiotic properties. Prebi-
otics are defined as “a non digestible compound that,
through its metabolization by microorganisms in the gut,
modulates the composition and/or activity of the gut
microbiota, thus conferring a beneficial physiological effect
on the host” [50]. AX are resistant to gastric acid, proteo-
lytic enzymes, and absorption in the stomach or small
intestine. In addition, AX are fermented by the gut microbi-
ota and selectively stimulate the growth and/or activity of
beneficial bacteria in the colon, so they may be considered
as prebiotics.

AX stimulate the growth of beneficial bacteria for the gas-
trointestinal tract. In vivo assays have demonstrated that AX

OO

O

OH
OHHOO

O

OH

HO
O

O

OHO

O
O

OH
HO

HO

O

HO

OH

HO

OMe

Ferulic acid

Ester linkage�훽-(1-4)-D-Xylopyranosyl

�훼-L-Arabinofuranosyl

(a)

O
O

HO

H

H

OH
H

HO

O
HH

H

O
OH

H

H

O

O
O

HO

H

H

OH
H

HO

O
HH

H

O

H

O

O
HO

H

H

OH
H

HO
O

O

H
HH

H

O
OH

H OH

O
H

OH

O
HH

H

O
O

H
O

O
HO

H

H

OH

CH3

H

Unsubstituted Monosubstituted at O-2

Monosubstituted at O-3 Disubstituted at O-2,3

Xylose chain

Xylose chain

(b)

Figure 1: (a) Chemical structure of AX and (b) arabinose substitution in AX chain.
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promote the growth of Bifidobacterium and Lactobacillus,
both considered as beneficial species for the gut [51]. These
modifications in the gut microbiota are associated with
health benefits, reduction in gastrointestinal infections, and
improvement in the mineral absorption and the suppression
of colon cancer [52, 53].

It has been established that some phenolic acids modu-
late the composition of microbiota through the selective inhi-
bition of some pathogenic bacteria, while the growth of
commensal anaerobes and probiotic bacteria is less affected
or even increased [22, 54]. In this regard, the growth of pro-
biotic such as Bifidobacterium and Lactobacillus during AX
fermentation can be explained by the fact that these bacte-
ria produce the FA esterases to release the FA residues
from AX [21, 55, 56].

Another benefit of AX as a prebiotic is the production of
beneficial bacterial metabolites, such as short-chain fatty
acids (SCFA). The fermentation of AX increases the produc-
tion of acetic, propionic, and butyric acids. Particularly, AX
are characterized by increasing the butyric acid levels, which
play an important role in the maintenance of health and gas-
trointestinal function [57]. The fermentation of AX is associ-
ated with the growth of butyric acid-producing bacteria, such
as Eubacterium and Roseburia [58]. Nielsen et al. [59] evalu-
ated the effect of AX-rich and high-fat diets on the produc-
tion of SCFA in pigs. The supplementation of the AX-rich
diet increased the SCFA levels, particularly the butyric acid
level which was 5-fold higher compared with that obtained
for the high-fat diet.

Butyric acid is considered an essential metabolite for the
human colon as it is the main source of energy for its epithe-
lial cells (colonocytes), contributes to the maintenance of the
gut barrier functions, and has immunomodulatory and anti-

inflammatory properties [58]. In addition, the proliferation
of butyrate-producing bacteria protects the colon from path-
ogenic microbiota [60]. For those reasons, AX have been
considered as polysaccharides with excellent prebiotic prop-
erties. The consumption of this polysaccharide provides
many health benefits, especially those related with the pre-
vention of colon cancer.

Recently, long-chain AX (LC-AX) have demonstrated to
modulate the luminal and mucosal microbiota. Experiments
using a dynamic in vitro model of the human digestive tract
(M-SHIME) showed that supplementation of LC-AX to the
proximal colon compartments of the M-SHIME increased
Bifidobacterium population in both lumen and mucus
compared with the control. The levels of propionate as
well as the activity of enzymes β-xylanase, β-xylosidase, and
α-arabinofuranosidase were also increased in the lumen
region.Thesefindings suggest thatLC-AXcould exert apoten-
tial prebiotic effect on the host, as the mucosa-associated
microbiota impacts directly in health by protecting against
pathogen colonization and host immunity [61].

2.3.2. Antioxidant. The antioxidant activity of AX has been
mainly associated with their content of phenolic acids, par-
ticularly FA. Phenolic acids have beneficial effects against
chronic and cardiovascular diseases, cancer, diabetes, inflam-
matory diseases, and aging [62]. Phenolic acids exhibit
their antioxidant activity through diverse mechanisms such
as free radical scavenging, metal chelation, and reducing
potential, blocking the free radical chain, modulation of
enzymatic activity, and alteration of signal transduction
pathways [63–65].

The main function of antioxidants is delaying or preven-
tion of the oxidation produced by free radicals [66]. The free

Table 1: Origin, FA content, and current/potential application of AX in biomedical and pharmaceutical fields.

AX origin FA content (μg/mg AX) Currently/potential application in biomedical/pharmaceutical field Reference

Nejayote/maize bran 0.012/0.025 Entrapment of probiotic [32]

Nejayote/maize bran 0.012/0.025
Entrapment and controlled release of insulin and

probiotics targeted to colon
[11]

Maize bran 0.34 Controlled release of insulin and β-lactoglobulin [33]

Maize bran 0.25 Controlled release of insulin targeted to colon [34]

Maize bran 4.0 Entrapment and controlled release of methyl xanthine [35]

Wheat endosperm 2.3 Controlled release of proteins [36]

Wheat endosperm 0.53 Entrapment of probiotics [37]

Wheat bran 0.435 Antitumor and immunomodulatory activity [16, 38]

Wheat bran — Prebiotic [39]

Rice bran — Antitumor and immunomodulatory activity [40]

Rice bran (MGN-3/Biobran) —
Cancer immunotherapy

Prevention and inhibition of cancer
Synergistic effect with chemotherapeutic agents

[15, 41, 42]

Finger millet bran 0.001 Immunomodulatory activity [29]

Ispaghula (Plantago ovata) seed nd Drug carrier [31, 43]

Ispaghula (Plantago ovata) seed — Controlled release of mucoadhesive oral films [44, 45]

nd: no detectable; −: no reported.
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radicals are generated by diverse factors such as normal
metabolic activity, diet, and environment. In a natural man-
ner, the body uses antioxidant endogenous enzymes as a
defense mechanism against the free radicals. An increase
in the production of free radicals and other reactive oxygen
species exceeding normal levels in the body results in oxida-
tive stress. This imbalance causes damage to biomolecules
such as membrane lipids, lipoproteins, and DNA, increasing
the risk of developing chronic diseases [67]. Therefore, the
use of antioxidants results to be adequate to decrease the
effects of free radicals and the risk of chronic diseases, such
as cancer.

Although the antioxidant activity of AX is associated with
the presence of phenolic acids, some studies suggest that this
activity is mainly attributed to FA. The antioxidant activity of
FA is attributed to its structural characteristics. The presence
of electron-donating groups on its benzene ring gives it the
property of terminating the free radical chain reactions. In
addition, its COOH– group can bind to the lipid bilayer, pro-
viding protection against the free radicals attack and the lipid
peroxidation [62]. Since FA is the most abundant phenolic
acid in AX, it may be the main responsible for the antioxidant
activity of the polysaccharide, as has been observed in differ-
ent studies.

Recently, Kamboj and Rana [68] compared the antioxi-
dant activity of maize bran gum with the antioxidant activity
from other natural gums as xanthan and guar gums. They
found that the maize fiber gum exhibited a higher antioxi-
dant activity compared to the other gums, regardless of the
method used for the determination. They suggested that
maize fiber gum could be a promising excipient with antiox-
idant activity in the food and pharmaceutical industry.

Feruloyl oligosaccharides (FOS), hydrolytic products of
AX, exhibit a protective effect on the cells against the damage
produced by the free radicals. Wang et al. [14] evaluated the
protective effect of FOS against the oxidative stress in rat
plasma. The levels of oxidized glutathione and malondialde-
hyde and the activity of antioxidant enzymes in plasma from
rats fed with the FOS diet decreased with respect to the con-
trol group. In a previous study, the protective activity of FOS
against the oxidative DNA damage in normal human lym-
phocytes induced by hydrogen peroxide was investigated.
The DNA damage was inhibited by FOS, observing a 91%
inhibition of lymphocyte DNA damage at 500μmol/L as
compared with control [69].

The content and appearance of FA determine the antiox-
idant capacity of AX. Higher contents of trimers of FA (tri-
FA) in AX result in higher antioxidant activity [5]. This
behavior is attributed to three units of FA, which provide
higher amounts of OH– groups, increasing the hydrogen
donor capacity and, therefore, protecting from radical scav-
enging [70]. This highlights the close relationship existing
between the structural characteristics of the polysaccharide
and its functional properties. Therefore, when discussing
about the antioxidant capacity of AX, not only the FA con-
tent should be considered but also how it is found in the mol-
ecule. The knowledge of such structural characteristics would
help to predict the antioxidant activity of AX in order to con-
sider it for specific applications.

2.3.3. Anticancer. Cancer is among the leading causes of
death worldwide, and the second most common in the
United States [71]. Usually, conventional cancer treatments
including surgery, chemotherapy, and radiotherapy which
focus on eliminating cancer cells are short-term effective,
but not enough for a complete eradication of all cancer
cells, resulting in recurrence of disease [72]. The repeated
sessions of treatments lead to the suppression of the immune
system and promote multidrug resistance and toxicity
[41, 73]. Therefore, the search for natural products with
chemopreventive properties and without side effects has
been increasing.

AXOS exhibit protective effects against colon cancer,
which have been related to their prebiotic effect. Femia
et al. [17] observed that the administration of AXOS reduced
the preneoplastic lesions in the colon of rats. The authors
suggest that AXOS exhibited a chemopreventive effect on
colon carcinogenesis due to their prebiotic activity. On the
other hand, Glei et al. [74] showed that the fermentation
products of wheat AX (SCFA) inhibited the growth of colon
cancer cells (HT29) and induced the antioxidant activity of
the endogenous enzyme glutathione transferase.

A close relationship between the proliferation of cancer
cells and the antioxidant systems has been suggested. Cancer
cells produce large amounts of hydrogen peroxide, which
may favor mutations, damage, and invasion of other tissues.
Then, cancer cell proliferation impacts directly in the antiox-
idant machinery, and according to this, some anticancer
agents can act as antioxidants [19]. Thus, the antitumor
potential of AX has been related to its antioxidant effect.
Noaman et al. [19] supplied AX from rice to rats, which were
previously inoculated with Erlich cancer cells. The results
showed the inhibition of the development and growth of
tumors, as well as a decrease in lipid peroxidation and
increase in the activity of endogenous antioxidant enzymes
(catalase, superoxide dismutase, and glutathione transferase).
The authors suggested that AX exerted an antioxidant effect
through its ability to increase the gene expression and activity
of endogenous antioxidant enzymes in the cells and normal-
ize the lipid peroxidation in blood, liver, and tumor tissue in
animals bearing tumors.

In a previous study, the antitumor activity of MGN-3/
Biobran on mice bearing a solid Erlich carcinoma (SEC)
tumor was attributed to mechanisms involving induction of
apoptosis and immune modulation. The administration of
MGN-3 significantly decreased tumor volume (63.27%) and
tumor weight (45.2%) in comparison to the control group.
Flow cytometry and histopathological analyses showed an
increase in the number of apoptotic SEC cells. In addition,
an improvement of cytokine production was observed as
shown by increasing levels of tumor necrosis factor-α and
interferon-γ, while the levels of immune suppressing IL-10
were downregulated. In addition, the activity of natural killer
(NK) cells was also increased [75].

The synergistic anticancer effect of MGN-3/Biobran with
natural anticancer agents as well as chemotherapeutic drugs
has been widely explored using in vitro studies. The synergis-
tic apoptotic potential of MGN-3 and curcumin on human
multiple myeloma cell line U266 was determined. Treatment
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of MGN-3 or curcumin alone showed an inhibition of cell
proliferation in a dose-dependent manner. The combination
of MGN-3 and curcumin caused a synergistic effect char-
acterized by a decrease in cell number and an increase
in apoptotic cells. The expression of the proapoptotic pro-
tein (Bax) increased, while antiapoptotic protein (Bcl-2)
decreased, which favored apoptosis. These findings indicated
that Biobran and curcumin synergize in the induction of apo-
ptosis [76]. A similar behavior was observed when Biobran
was combined with paclitaxel in order to sensitize human
and murine breast cancer cells (MCF-7 and 4T1) to pacli-
taxel. A synergistic effect between Biobran and paclitaxel
resulted in damage of DNA, enhancement of apoptosis, and
inhibition of 4T1 cell proliferation [77].

In sum, researches have demonstrated the anticancer
potential of the AX. Such property is attributed to both the
antioxidant and prebiotic capacity of the polysaccharide. In
addition, it is suggested that AX exerts its anticancer effect
by a mechanism which involves its immune-modulation
ability. In vitro as well as in vivo studies have evidenced the
anticancer effect of AX on different types of cancer. Never-
theless, most studies highlight its beneficial effects in the pre-
vention of colon cancer, due to the benefits of its prebiotic
activity and immunostimulatory activity.

2.3.4. Gelling. A particular property of AX is their capacity to
form covalent hydrogels. AX can gel through the covalent
cross-linking of FA [6], under the action of different chemical
(ferric chloride, ammonium persulphate) or enzymatic (lac-
case/O2, peroxidase/H2O2, linoleic acid/lipoxygenase) oxi-
dizing agents [78–83] (Figure 2(b)). The ability of AX to gel
depends on the concentration of the polysaccharide, Mw,
and particularly the FA content [27].

The oxidative gelation of AX results from the dimeriza-
tion of FA residues of adjacent polysaccharide chains leading
to the formation of the three-dimensional network where the
aqueous phase is retained. The FA dimerization mechanism
occurs as follows: first, an oxidizing agent attacks the H atom
of the OH group at the ring position of FA resulting in a phe-
noxy radical. Then, this radical is stabilized by resonance and
located at three different positions onto the whole molecule,
two on the aromatic ring (C-4 and C-5) and one at the double
bound (C-8) of its side chain. In the next step, the cross-
linking between two phenoxy radicals is carried out; the cou-
pling of unpaired electrons of two different radicals forms a
covalent linkage which connects the two polysaccharide
chains. Thus, the structure of the dimers formed during gela-
tion will depend on the radical position [48] (Figure 2(a)).

During gelling, the coupling of FA results in different struc-
tures. In AX gels, five di-FA, 8-5′, 8-O-4′, 5-5′, 8-5′ benzo, and
8-8′, have been detected, with 8-5′ and 8-O-4′ being the most
abundant [48], and one tri-FA (4-O-8′/5′-5′) [84]. In addition,
the presence of noncovalent weak interactions (hydrogen
bonds) may contribute to the stability of the gel [85, 86].

During the formation of the AX gel, the FA is oxidized
and disappears as a result of the formation of cross-links
(di-FA and tri-FA). Nevertheless, the concentrations of
di-FA and tri-FA formed at the end of gelation do not
compensate for the decrease in the FA monomers. There-
fore, the formation of superior FA oligomers (FA tetramers,
FA pentamers) have been proposed by several authors
[84, 86]. In the cell wall of cereals, five tri-FA, 5-5′/8-O-4′,
8-O-4/8-O-4′, 8-8′ (cyclic)/8-O-4′, 8-O-4′/8-5′ (noncyclic), 5-
5/8-O-4′(H2O), and two FA tetramers, 4-O-8′/5–5′/8-O-4′
and 4-O-8′/5–5′/8–5′, have been identified and characterized
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Figure 2: (a) Schematic representation of FA dimerization. (b) Covalent cross-linking of ferulated AX. Formation of 8-5′ di-FA is presented
as an example. AX: arabinoxylan; FA: ferulic acid; di-FA: ferulic acid dimer.
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[87]. The latest evidence suggests the possibility that themissing
FA at the end of the gelling process could be related with the
formation of superior structures that are not yet identified.

The AX gels present interesting features with a wide range
of applications. These gels have neutral flavor, odor, and color
as well as high water absorption and exhibit pH, temperature,
and ionic stability [7]. They usually form quickly, and they are
strong and thermostable [88]. In addition, they acquire a
meso- and macroporous structure and have a dietary fiber
nature. Due to their interesting characteristics, AX gels could
be good candidates for their use as controlled release matrices
for bioactive agents in the pharmaceutical, cosmetic, and food
industries [7].

As previously mentioned, the antioxidant and prebiotic
properties depend on the structure of AX. The presence of
phenolic acids in AX, particularly FA, has been related to
its prebiotic as well as antioxidant capacities. In addition,
the resulting products of the enzymatic hydrolysis of AX
exert important prebiotic properties. Then, it can be possible
that the cross-linking process and formation of superior

ferulate structures may contribute to some extent to the anti-
oxidant and prebiotic properties of AX gels.

2.4. Preclinical Studies. Several in vivo studies have been per-
formed in order to explore the potential of AX to exert its
prebiotic, antioxidant, and anticancer effects. Following, the
characteristics and findings of some of the most recent stud-
ies evaluating the effects of AX administration on animal
models (mainly rats and mice) are presented.

2.4.1. Prebiotic Effect. The prebiotic effect of AX and their
derivatives, xylooligosaccharides (XOS) and AXOS, has been
tested in vivo. Several studies using animal models (mainly
rats) demonstrate the potential prebiotic effect of AX through
different observations: showing a bifidogenic effect, modula-
tion of mucosa and gut microbiota, and increasing SCFA
levels (mainly propionic and butyric acid), among others.
Table 2 shows the characteristics and observations of some
studies performed during the last 10 years related to the eval-
uation of the prebiotic properties of AX.

Table 2: In vivo studies on the evaluation of the prebiotic effect of AX.

Animal model Diet/experimental time Findings Reference

Male chickens
Control diet (CT), diet supplemented with
XOS, wheat bran-derived AXOS, wheat
endosperm alkali-solubilized AX. 2 w

All treatments increased bifidobacteria.
AX decreased body weight gain after 2
weeks of feeding compared with CT.

[89]

Male C57bl6/J mice
Control diet, high-fat (HF) diet, HF
diet supplemented with AX. 4 w

HF diet supplemented with AX restored
microbiota with a major effect on Roseburia

spp., Bacteroides-Prevotella spp., and
bifidobacteria.

Improvement of gut barrier function,
decrease in adipocyte size, fatty acid uptake,
fatty acid oxidation and inflammation, and
decrease in key lipogenic enzyme activity

in the subcutaneous adipose tissue.

[39]

Male germ-free Fisher 344
albino rats inoculated with
human faecal microbiota

Control diet, diet supplemented with
long-chain AX (LC-AX) and diet
supplemented with inulin (IN). 6 w

LC-AX and IN increased SCFA levels
(propionate and butyrate, resp.). Stimulation

of butyrate-producing bacteria and bifidobacteria,
respectively. Reduction of mucin-degrading
Akkermansia muciniphila and more mucin
production by the host. Less weight gain.

[90]

Male Wistar rats
Diets supplemented with WU-AX,

WE-AX, and AXOS. 14 days

WU-AX supplementation increased butyrate
production and butyrate-producing bacteria.
WE-AX and/or AXOS reduced pH, suppressed
relevant markers of proteolytic breakdown,
and induced selective bifidogenic response.

Combination of WU-AX, WE-AX, and AXOS
showed a synergic effect.

[91]

Male C57bl6/J mice
Control diet, high-fat (HF) diet, HF
diet supplemented with AXOS. 8 w

AXOS supplementation exerted a bifidogenic
effect. Improvement of the HF-induced body

weight gain, fat mass development,
hyperinsulinemia, insulin resistance,

endotoxemia, and inflammatory disorders in
a model of HF diet-induced obesity.

[13]

Pigs
Low dietary fiber and high-fat

diet (WSD), AX-rich diet (AXD),
and resistant starch diet (RS). 3 w

AXD feeding shifted the microbial composition
towards butyrogenic species in the faeces and
increased the large-intestinal butyrate pool size.

[59]

w: week.
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The supplementation of wheat AX to high-fat (HF) diet
in mice led to an increase in bifidobacteria, particularly B.
animalis lactis. In addition, AX modulated the microbiota
by restoring the levels of bacteria (Bacteroides-Prevotella
spp., Roseburia spp.) that were decreased with the HF. The
bifidogenic effect of AX was correlated with lower levels of
inflammatory markers in the serum which resulted in the
improvement of the gut barrier functions. The consumption
of AX also decreased body weight gain and fat mass develop-
ment in the HF diet-induced obesity group. Moreover, the
hypercholesteremia and the content of free cholesterol in
the liver decreased in HF diet feeding. The presence of
smaller adipocytes in the group treated with HF diet and
AX was also observed which was attributed to the ability of
AX to decrease the expression of genes involved in adipocyte
differentiation, fatty acid uptake and oxidation, lipolysis, and
fatty acid synthesis. The authors proposed a positive correla-
tion between the modulation of microbiota and the antiobe-
sity action as well as the cholesterol-lowering effect observed
in the experiment [39]. Similar effects were observed when
diet-induced obese mice were fed with a HF diet supple-
mented with wheat-derived AXOS. A positive correlation
between the increase of bifidobacteria and improvement of
metabolic endotoxemia and inflammatory markers was also
observed with administration of AXOS. A higher expression
of the tight junction proteins Z01 and claudin 3 led to a better
function of the gut barrier. Moreover, the peptides GLP-1 and
PYY, which are involved in the regulation of food intake and
glucose homeostasis, respectively, increased after AXOS sup-
plementation. This increase could be related with lower food
intake and the improvement of insulin sensitivity inmice [13].

The supplementation of long-chain AX (LC-AX) in rats
inoculated with human faecal microbiota has been associated
with the production of propionic acid and stimulation of B.
longum. LC-AX administration also increased the produc-
tion of mucin, while it shifted mucin degradation from the
caecum to the colon. The degradation of mucin in the distal
regions of colon could be beneficial as most chronic colonic
diseases, such as ulcerative colitis and colorectal cancer, orig-
inate in this region [90].

2.4.2. Antioxidant Effect. The antioxidant property of AX has
been related with several beneficial effects. In vivo studies,
using rats, show that AX exerts its antioxidant effect by mod-
ulating lipid peroxidation, improving the activity of antioxi-
dant enzymes, and protecting against oxidative stress.
These positive effects have been related to the mechanisms
of AX to exert its anticancer effect as well as improve lipid
metabolic disorder and suppress lipid peroxidation.

Recently, male Sprague-Dawley fed with a HF diet
supplemented with AX (HF-AX) showed lower triglyceride
concentration in serum in comparison with the HF diet
group. Higher lipoprotein lipase (LPL), hepatic lipase (HL),
total lipase, and acyl-CoA oxidase (ACO) activities and lower
triglyceride and cholesterol levels in the liver of the HF-AX
group were observed. The authors suggest that intake of AX
helped to alleviate lipid metabolic disorder by reducing tri-
glycerides and low-density lipoprotein in serum of rats. The
administration of HF-AX changed the lipid metabolism by

improving the activity of fatty acid oxidation enzymes
(LPL, HL, and ACO) which helped to reduce the triglyceride
levels in liver. AX could help to maintain normal fat levels by
activating lipid catabolism and oxidation rather than inhibit-
ing lipid synthesis. Moreover, the activity of antioxidant
enzymes glutathione peroxidase and total superoxide dis-
mutase was also improved by the ingestion of AX resulting
in a reduction of the oxidative stress in serum and tissues.
The results also indicated that AX may alleviate the damage
of hepatic morphology by regulation of liver cell apoptosis
(Bax). These findings showed that supplementation of AX
improved lipid metabolic disorder and alleviated liver dam-
age by activation of liver lipid catabolism and suppression
of lipid peroxidation in rats [92].

2.4.3. Anticancer Effect. AX and AXOS have been investi-
gated in order to explore their anticancer effects. The anti-
cancer property of these polysaccharides on different types
of cancer such as colon cancer, glandular stomach cancer,
neuroblastoma, and liver cancer, among others, has been
tested in vivo. According to the observations of the research
done in the last 10 years, it is proposed that AX and AXOS
may exert its anticancer effect through different mechanisms
involving antioxidant, prebiotic, and immunomodulatory
properties (Table 3).

The inhibition of growth of tumors in S180 tumor-
bearingmice was significant when animals were administered
with wheat bran AX. According to the results obtained in this
study, it is suggested that AX exerts its antitumor activity via
the improvement in immune response. The administration
of AX enhanced the macrophage phagocytosis of chicken
red blood cells (CRBCs) in tumor-bearing mice. The killing
activity of NK cells from splenocytes in mice was increased,
suggesting that AX could enhance the cytotoxic activity
against spontaneously derived tumor cells. Moreover, AX
treatment improved the production of IL-2 in blood serum
of mice and subsequent proliferation of T cells, B cells, NK
cells, and monocytes, increasing the cytotoxicity of T and
NK cells. It is also proposed that the immunostimulating
activity of AX may be related to the metabolism in vivo [16].

More recently, the chemopreventive activity of MGN-3/
Biobran on glandular chemical induction of stomach carci-
nogenesis in rats was evaluated. The Biobran administration
(40mg/kg weight, 8 months) showed a significant reduction
in the incidence of animals bearing dysplasia and adenocarci-
noma. In addition, Biobran induced cancer cell apoptosis via
cell cycle arrest of gastric cancer cells in the sub-G1 phase and
also via the mitochondria-dependent pathway as indicated
by upregulation of p53, Bax expression, downregulation of
Blc-2, and an increase in Bax/Bcl-2 ratio. The authors suggest
that the immunomodulatory effects of Biobran may repre-
sent another mechanism by which this agent suppresses the
growth of adenocarcinoma [15].

2.5. Mechanisms Underlying the Anticancer and Antioxidant
Effects of AX

2.5.1. Immune-Modulation. In the last years, research efforts
have focused on elucidating the mechanisms by which AX
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exerts its anticancer effects. In this regard, several studies
have demonstrated that one of such mechanisms could
involve the immune-modulation properties of AX.

It has been proposed that MGN-3/Biobran (AX from
rice) exhibits its anticancer effects due to its ability to act as
a biological response modifier (BRM). BRM are designed to
activate the host immune response to destroy cancer cells

[41]. Thus, Biobran has demonstrated to improve the activi-
ties of different arms of the immune system to attack cancer
cells (Figure 3). Biobran improves the reactivity of cells with
anticancer activity such as NK cells and CD8+ T cells and
modulates the production of certain cytokines such as
interferon-gamma (IFN-γ), -lambda (IFN-λ), IL-2, and IL-
12 [41]. The basis of the mechanism behind the immune

Table 3: Description of studies evaluating the anticancer potential of AX and AXOS, in vivo.

Type of cancer/animal
model

Carcinogenic agent/
cancer cells

Dosage/experimental time Findings Reference

Solid Erlich
carcinoma
Female albino mice

Erlich ascites, carcinoma
cells, and intramuscular

inoculation

MGN-3/Biobran
(25mg/kg bw) ip

Six times/week for 25
days at either day 4 or
day 11 post-cancer cell

inoculation.

MGN-3 suppressed the growth of
tumors, normalized lipid peroxidation,
and increased glutathione contents.
Increased activity of endogenous
antioxidant scavenging enzymes

(superoxide dismutase, glutathione
peroxidase, catalase, and glutathione-
S-transferase) in blood, liver, and

tumor tissue.

[19]

Colon carcinogenesis
Male F344 rats

1,2,-Dimethylhydrazine
(DMH), subcutaneous

injection.

High-fat diet plus
AXOS (48 g/kg).

10 days before receiving
carcinogen and continued

for 13 weeks.

Lower counts of preneoplastic lesions
(mucin depleted foci (MDF)) in
comparison to the control group.

Fewer preneoplastic lesions (aberrant
crypt foci (ACF)) in the distal part

of the colon.

[17]

S180 tumor-bearing
mice
ICR male mice

Mouse sarcoma S180
cells, intramuscular

inoculation.

AX orally administered
(100, 200, and
400mg/kg bw).

Administration of AX significantly
inhibited the growth of mouse

transplantable tumors and promoted
thymus and spleen indexes, splenocyte
proliferation, NK cell and macrophage

phagocytosis activity, and IL-2 production.
Increased peripheral leukocyte count

and bone marrow cellularity.

[16]

Neuroblastoma
NOD-scid
IL-2Rgnull mice

Injection of NB1691luc
cells.

NK cells activated with
100 μg/mL MGN-3/
Biobran injected
intravenously.

7 days after injection of
tumor cells and performed
twice a week for 4 weeks.

Significant inhibition of neuroblastoma
growth and improvement in survival
in the group treated with Biobran.
Increase in the activation-associated

receptors CD69 and CD25 on NK cells.

[93]

Glandular stomach
carcinogenesis.
Male Wistar rats

Methylnitrosoguanidine
(MNNG), via oral

gavage.

MNNG plus Biobran
(40mg/kg bw) every other

day via oral gavage.
8 months

Biobran reduced incidence of animals
bearing gastric dysplasia and adenocarcinoma.

Decrease in expression of tumor marker
Ki-67 and increase in the level of apoptotic

gastric cancer cells via cell cycle arrest
(sub-G1) and mitochondria-dependent

pathway. Protection against
lymphocytopenia.

[15]

Hepatocarcinogenesis.
Male albino rats

N-nitrosodiethylamine
(NDEA) and carbon
tetrachloride (CCl4).

MGN-3/Biobran
(25mg/kg bw),
5 times/week ip
2 weeks prior to

receiving carcinogen and
continued for 20 weeks.

Reduction in liver tumor incidence,
decrease of preneoplastic foci in hepatic

parenchyma, and inhibition of development
of hepatocellular carcinoma. Regulation
of AST, ALT, ALP, and gamma GT levels.
Increase in cell cycle sub-G0/G1 population.

Downregulation of expression of NF-κBp65 and
Bcl2, upregulated p53, Bax, and caspase-
3 and increased the Bax/Bcl-2 ratio.

[94]

bw: body weight; ip: intraperitoneal; AST: serum aspartate aminotransferase; ALT: alanine aminotransferase; ALP: alkaline phosphatase; gamma GT: gamma
glutamyl transpeptidase.
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modulatory effects of Biobran is not completely elucidated.
However, it is proposed that these AX are hydrolyzed in
order to reduce its MW so they can diffuse through intestinal
walls or directly into the blood stream and then be trans-
ported to the lymph nodes where immune cells reside [95, 96].

NK cells play an important role in the natural defense of
the immune system against cancer and viral infections [93].
These cells work by attaching to cancer cells and releasing
their granules which form holes causing cell death [41].
AX has the ability to increase the cytotoxicity activity of
NK cells as confirmed by several in vitro and in vivo studies
[16, 93]. Dendritic cells (DCs) are important antigen-
presenting cells (APCs) involved in generating antitumor
immune response. Biobran upregulates CD80 and CD86
which are molecules expressed on mature DCs. This stimu-
lation promotes the production of proinflammatory and
immune-regulatory cytokines. It is proposed that Biobran
could bind to the cell surface receptors (TLRs and/or C type
lectins) or to intracellular receptors (NLRP3 inflammasome)
and trigger signaling pathways involved in cell activation
and cytokine production [41].

A recent study evaluated the potential capacity of Biobran
to activate and improve the cytotoxicity of NK cell activity
against neuroblastoma in vitro, using several pediatric cell
lines (acute leukaemia, neuroblastoma, Ewig sarcoma, embry-
onic rhabdomyosarcoma, and alveolar rhabdomyosarcoma)
and in vivo (NOD/scid/IL-2Rγnull neuroblastoma model)
[93]. The stimulation of NK cells with Biobran resulted in a
higher expression of the activation-associated receptors
CD25 and CD69 than in unstimulated cells. In addition, the
stimulation increased NK cell cytotoxicity against cancer cell
lines and reduced the neuroblastoma growth in vivo. Several
mechanisms are proposed in order to explain how Biobran
could stimulate NK cell activity. One of those theories estab-
lishes anapoptotic effectmediated by the activationofNKcells
releasing TNF-α and IFN-γ [75]. Other mechanisms could be
related with the increasing of activating receptors on Biobran-
stimulated NK cells. The authors observed an increase in the
activation-associated receptor CD69 and CD25 on stimulated
NK cells. The increase of CD69 is associated with a higher

cytotoxicity of NK cells, while CD25 expression on NK cells
is indicative of proliferation potential [97, 98]. NK cells attack
cancer and viral cells through the release of their granules that
causecell death. In this regard,Biobran treatment increases the
granular content (perforin and granzyme) ofNKcells favoring
its activity against malignant cells [99]. In addition, the treat-
ment with Biobran helps NK cells to attach cancer cells [41].

AX can stimulate the production of interleukins such as
cytokines IL-2 and IL-12 which are the main anticancer cyto-
kines in humans [41]. In S180 tumor-bearing mice, the treat-
ment with AX led to an increase in the secretion of IL-2 in the
blood of mice. It is postulated that increase of IL-2 may be a
mechanism for AX to exert antitumor effects, as IL-2 can
improve the proliferation of T cells, B cells, NK cells, and
monocytes and increase the cytotoxicity of T cells and NK
cells [16, 100]. In addition, the ingestion of Biobran increased
the production of IL-12 in multiple myeloma patients at one
and two months post-ingestion [101].

AX can induce the production of TNFs (IFN-λ and
IFN-γ) which have been found to exhibit antitumor activity
[75, 101, 102]. In a previous study, the oral administration
of partially hydrolyzed AX from corn husk to mice increased
the production of IL-2 and IFN-γ and slightly increased IL-4
in mitogen-induced proliferation spleen cells. In addition, an
increase in the activity of NK cells in spleen cells from
transplanted-tumor mice was observed [102]. T helper 1
(Th1) promotes antitumor immunity through the produc-
tion of IL-2 and IFN-γ, which activates NK cells to attack
cancer and virus-infected cells [103]. In this study, the
administration of AX also decreased ear inflammation of a
model mouse of atopic dermatitis. According to the results
obtained, it is suggested that the anti-inflammatory effect of
AX is attributed to the activation of an IFN-γ-dependent
Th1-like immune response in mice. In another study, multi-
ple myeloma patients presented an increase of IFN-γ at two
months post-treatment with MGN-3 [101].

T regulatory lymphocytes (T reg) or CD4+CD25+ lym-
phocytes act by suppressing the antitumor cytotoxic immune
response [104]. In this regard, it is proposed that the counter-
acting of T reg cell activity could interfere in a positive way

NK cells

CD4+T cells

NK cells

Cancer cell

CD8+T cellDCs

A

IFN-�훾

IL-2 ,IL
-12IFN-�휆

Figure 3: MGN-3/Biobran enhances the cytotoxicity reactivity of immune cells with anticancer effect and the production of certain cytokines
(adapted from [41]).
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with the progression of neoplastic diseases by improving the
efficacy of the anticancer immune response [41]. AX from
rice was given orally to 22 patients with solid tumor for two
months. The results showed an increase in TH cells, while
T reg cells decreased, but the differences were not statistically
significant. On the contrary, the TH/T reg ratio significantly
enhanced after AX therapy [40].

2.5.2. Induction of Apoptosis. Induction of apoptosis appears
to be another mechanism by which MGN-3/Biobran may
exert its anticancer effects. In vivo studies evaluated the effect
of Biobran on mice bearing a SEC tumor as well as in chemi-
cally induced glandular stomach adenocarcinoma rats. Accord-
ing to the results observed in those experiments, the anticancer
activity exhibited by Biobran was explained through a mecha-
nism via induction of apoptosis.

The administration of Biobran in mice bearing a SEC
tumor caused a significant delay in the volume and weight
of the tumor in comparison to the control. The authors pro-
posed that the antitumor activity of Biobran was related to its
ability to induce apoptosis and immune modulation. The
intraperitoneal treatment of Biobran on mice increased the
number of apoptotic SEC cells. Moreover, cytokine produc-
tion was influenced by increasing the levels of tumor necrosis
factor-α and IFN-γ, while a downregulation of the immune
suppressing cytokine IL-10 was observed. In addition, a con-
siderable increase in NK cell activity was observed in mice
treated with Biobran [75]. Biobran can cause tumor regres-
sion by the induction of cancer cell apoptosis via its immunu-
modulatory effects on NK cells and cytokine production. It is
known that NK cells kill cancer cells by different pathways,
and one of those involves the ligation of FasL to its Fas recep-
tor to induce apoptosis [105]. It is also possible that Biobran
could exert its apoptotic effect via the increase of TNF-α and
IFN-γ. In this regard, both TNF-α and IFN-γ have been
shown to act synergistically to induce cancer cell death
through apoptotic and necrotic effects [106, 107].

Recently, the chemopreventive activity of Biobran against
chemical induction of glandular stomach carcinogenesis in
rats was associated with the ability of Biobran to induce apo-
ptosis via the mitochondrial-dependent pathway in gastric
cancer cells [15]. Biobran treatment caused a significant
reduction in the incidence of animals bearing gastric dyspla-
sia and adenocarcinoma in comparison to the untreated
group. The upregulation in p53 expression, Bax expression,
downregulation in Bcl-2 expression, the increase in Bax/
Blc-2 ratio, and the activation of caspase-3 as well as the
induction of cell-cycle arrest in the sub-G1 phase may
explain the mitochondria-dependent pathway as the mecha-
nism involved in the anticancer effect observed in the present
study. Changes in p53, Bax, and Bcl-2 can alter the outer
mitochondrial membrane and subsequent release of cyto-
chrome C, which finally activates caspase-3. In this regard,
Biobran has shown to induce apoptosis via activation of cas-
pase-8, -9, and -3 [108]. Although the mechanism by which
Biobran exerts its apoptotic effect is not completely eluci-
dated, it could be related to the capacity of Biobran to sensi-
tize the surface CD95 receptor that is involved in the
triggering of apoptosis [109]. On the other hand, another

possible mechanism by which Biobran suppresses the growth
of tumor could be related to its immunomodulatory proper-
ties. It was observed that treatment with Biobran protected
against chemical-induced lymphocytopenia in rats. Lympho-
cytes are white blood cells which are part of the immune
system [15].

2.5.3. Antioxidant. AX has been found to exert antioxidant
effects through the modulation of lipid peroxidation, pro-
moting the antioxidant defense system and protecting
against oxidative stress [19]. Although the mechanisms
behind the antioxidant property of AX are not fully under-
stood, some studies suggest that its capacity to increase the
activity of endogenous antioxidant enzymes, suppress lipid
peroxidation, and induce apoptosis could be involved in such
mechanisms [19, 92]. The antioxidant activity of AX has been
related to its capacity to exert anticancer effect, improve lipid
metabolic disorder, and alleviate liver damage in rats.

Noaman et al. [19] evaluated the antioxidant activity as a
possible mechanism of Biobran to exert its antitumor poten-
tial on mice inoculated with Erlich ascites carcinoma (EAC)
cells. Biobran administration suppressed tumor growth by
normalizing the lipid peroxidation level and augmentation
of glutathione (GSH) contents. In addition, the expression
and activity of endogenous antioxidant scavenging enzymes
(superoxide dismutase, glutathione peroxidase, catalase, and
glutathione-S-transferase) in the cells of normal and tumor-
bearing animals were increased in blood, liver, and tumor
tissue. The ability of Biobran to induce apoptosis was pro-
posed as the mechanism by which it could exert those antiox-
idant effects. Reactive oxygen species (ROS) act as signaling
molecules for the initiation and execution of apoptosis.
GSH and thioredoxin not only regulate ROS levels but could
act as reversible redox modifiers of enzyme function [110]. In
this regard, higher levels of GSH content in tissues of mice
treated with Biobran were observed in comparison to the
untreated mice. Among other functions, glutathione-S-
transferase enzymes detoxify carcinogens [111]. This also
could be a possible mechanism for Biobran to prevent cancer
as elevated levels of such enzymes were observed in mice
treated with Biobran.

The antioxidant capacity of AX has been also related to
the improvement of metabolic disorder and alleviate liver
damage in rats induced by high-fat diet [92]. Lipid peroxida-
tion is one of the most common free radical chain reactions
that causes oxidative damage [112]. In this study, mice fed
with a high-fat diet presented an increase in serum and tissue
oxidative stress and subsequent reduction of the antioxidant
enzymes glutathione peroxidase and total superoxide dis-
mutase as well as an increase in malondialdehyde level. On
the contrary, supplementation of AX in high-fat diet cata-
lyzed the dismutation of the superoxide (O−2) radical into
either molecular oxygen (O2) or hydrogen peroxide (H2O2)
by the promotion of total superoxide dismutase. In addition,
the increase in glutathione peroxidase activity reduced lipid
hydroperoxides [92]. On the other hand, AX supplementa-
tion could alleviate damage liver morphology by regulating
the liver cell apoptosis through the modulation of the expres-
sion of proapoptotic and antiapoptotic proteins, Bax and Bcl-

11Oxidative Medicine and Cellular Longevity



2. Moreover, Biobran has the ability to change the lipid
metabolism by regulating the expression of UCP2, a mito-
chondrial membrane protein that works by accelerating the
fatty acid β-oxidation and minimizing the production of
reactive oxygen species [113]. These results may suggest that
Biobran improved lipid catabolism and protected liver dam-
age via an antioxidant mechanism.

3. Arabinoxylan Gels

3.1. Structural Parameters. The structural characteristics of
the AX gels can be measured as a function of the determina-
tion of different parameters. The cross-linking density (ρc),
the mesh size (ξ), and the molecular weight between cross-
links (Mc) can be calculated by the determination of the swell-
ing ratio of the gels [84] (Figure 4). These parameters allow to
elucidate how the cross-linking between the AX chains could
occur during the gel formation. Therefore, the knowledge of
such structural characteristics is determinant to understand
the gel properties and thus their possible applications.

The content of FA in AX is an important factor affecting
the gel structure. Table 4 shows the structural parameters and
the FA content of maize and wheat AX gels at 2% (w/v). Usu-
ally, the increase in the FA content results in a decrease in
mesh size and the molecular weight between cross-links, as
well as an increase in the cross-linking density. This behavior
results in the formation of gels with a more compact struc-
ture [9, 25, 84] (Figure 4). Gels with a compact structure
are suitable for potential applications in the controlled release
of biomolecules because they provide a better encapsulation
and ensure the release of biomolecules in the site of interest.

The swelling ratio (q) indicates the amount of water that
can be absorbed by the gel inside its tridimensional network.
Martínez-López et al. [9] observed that when the AX concen-
tration increased from 4 to 6% (w/v) in the gel, the q value
decreased from 18 to 9 g water/g AX. Similar results have
been reported by other authors [33, 84]. The results are
explained in terms of a higher concentration of AX in the
gel, which involves a high amount of FA, and it is related with
a more compact polymeric structure that limits the water
absorption capacity. In contrast, gels with lower polymer
concentrations present higher q values due to a decrease in
the covalent cross-links (di-FA and tri-FA). This decrease is
attributed to longer uncross-linked chain sections in the gel,

which facilitate its expansion, leading to high water absorp-
tion [114, 115].

The knowledge of the structural characteristics of the gel
allows proposing different applications according to its func-
tional properties. In this sense, we can take advantage about
the quite relationship between the polysaccharide character-
istics and the structural parameters of the gel (ξ,Mc, and ρc).
This information can help to predict the gel structure and
thus consider it for specific applications.

3.2. Microstructure. The microstructure of the AX gels has
been studied by different microscopy techniques, with scan-
ning electron microscopy (SEM) being the most used. The
SEM micrographs have permitted a thorough understanding
about the network of the AX gels. Several reports agree that
lyophilized AX gels exhibit an imperfect honeycomb-like
structure (Figure 5) [25, 35, 116]. This structure is mainly
attributed to the polysaccharide characteristics. Although
such structure could be established as a pattern for the gel
networks, certain factors such as the molecule characteris-
tics, structural parameters of the gel, or even the methods
used prior to the analyses could affect the microstructure
of these gels.

AX gels are characterized for presenting a porous and
heterogeneous structure. However, depending on the poly-
saccharide characteristics, gels with different morphologies
can be obtained. In SEM images, Martínez-López et al.
[117] observed that maize bran AX gels showed an irregular
honeycomb structure, while the nejayote AX gels appeared as
a mix of sheets and rigid plates. The method used for freezing
prior to the freeze drying process is another important factor
affecting the gel microstructure. A rapid freezing (nitrogen
immersion) of the gel results in the formation of smaller
pores, compared to those obtained when using a slow freez-
ing method [116, 118]. The freezing rate affects the quality
of the frozen material, particularly those containing high
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Figure 4: Structural parameters of ferulated AX gels.

Table 4: Structural parameters of AX gels at 2% (w/v).

Origin of AX
Mc × 103
(g/mol)

ξ (nm)
ρc × 10−6
(mol/cm3)

Wheat (2 μg AF/mg AX)a 119 201 14

Maize (6 μg AF/mg AX)b 34 96 67
a[85]. b[25].
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amounts of water such as gels [118]. Therefore, a fast freezing
results in a better-preserved structure of the gels.

Martínez-López et al. [119] evaluated the microstructure
of AX microspheres by SEM. The microsphere’s morphology
presented a heterogeneous network, with irregular pore sizes
and geometries, similar to those reported for other micro
gels. In addition, the authors reported the presence of clusters
of interconnected nodular structures. These clusters resulted
in the formation of small pores (10–70 nm), while the bind-
ing between clusters led to a macroporous structure. The
authors explain that the pore size of the gels formed via phe-
nolic acid cross-linking is determined by the presence of nod-
ular conglomerates.

The microstructural analysis of the gel provides a thor-
ough understanding about the morphological characteristics
of this material. Among other aspects, this analysis permits to
study the conformation of the gel obtained as a result of the
interactions between the polysaccharide chains. In this
regard, the knowledge of the microstructural characteristics
of the gel allows establishing a relationship between the mor-
phology of the gel and its functional properties.

3.3. Viscoelastic Characteristics. The viscoelastic characteris-
tics of AX can be studied by small-amplitude shear oscilla-
tory rheology. The rheological analysis allows identifying
the nature of a viscoelastic material, as well as the rheological
behavior of the gel formed. The gelation ability of AX
depends on the concentration of the polysaccharide, the
Mw, the substitution degree, and particularly, the content
of FA [26, 48].

The AX gels present a typical kinetic of a solid-like
material. The kinetic of gelation of AX exhibits a rapid
increase in the elastic modulus (G′), followed by a stability
region, known as plateau [26] (Figure 6(a)). This behavior
is due to the formation of covalent cross-links between the
FA residues of the AX chains. The formation of cross-links in

sufficient quantity limits the movement of the polysaccharide
chains and leads to the formation of new cross-links. On the
other hand, themechanical spectrum forAX shows a behavior
of a typical solid-like material with a linearG′-independent of
time and a G″ much smaller than G′ and dependent of time
[25, 84, 117] (Figure 6(b)).

Higher contents of FA result in the formation of stronger
gels. Méndez-Encinas et al. [25] obtained stronger AX gels
(G′ = 687 Pa) than Carvajal-Millan et al. [85] (G′ = 44 Pa),
with a FA content of 6.05 and 2.3μg/mg AX, respectively,
and using similar polysaccharide concentrations. The latter
shows the impact of the FA content on the rheological prop-
erties of the gels.

3.4. Functional Properties

3.4.1. Encapsulating. One of the most interesting properties
of AX gels is their ability to encapsulate different agents. Sev-
eral knowledge areas, such as the pharmaceutical, food, and
medical, have special interest in investigating the encapsulat-
ing capacity of these gels. The research done on this respect
ranges from the encapsulation of biomolecules and pharma-
ceuticals to cells (yeast and bacteria) [33, 37, 85, 86, 120]. The
results have been quite promising, which has led to further
research in this area.

In previous studies, Vansteenkiste et al. [86] evaluated
the entrapment of a model protein (bovine serum albumin
(BSA)) in AX gels and their protective effect against pepsin
proteolysis and heating. The results indicated that the AX
gel protected the embedded protein against enzymatic
hydrolysis and also protected against heat.

Carvajal-Millan et al. [85] studied the capacity of AX gels
with different FA contents to load model proteins. The
results showed that the total protein loaded in the AX gels
decreased as the concentration of AX in the gel increased.
The authors proposed this decrease was due to the presence
of a more compact network resulting from higher ferulate
cross-linking structures, which turn down the protein move-
ment within the gel. These results indicate that the structural
characteristics of the gel affect its loading capacity, which in
turn could also be true to proteins, other biomolecules, and
even cells.

Regarding the medicine field, the search for, and the
development of, novel encapsulating agents for the entrap-
ment of probiotics has been of growing interest. Morales-
Ortega et al. [37] evaluated the entrapment of bacteria
(B. longum and B. adolescentis) in AX gels. The study
showed the bacterial cells entrapped inside the network
of the AX gel, suggesting that AX gels can be potential candi-
dates for use in the entrapment of probiotics and even other
cells of interest.

The encapsulation of small molecules such as methyl
xanthine (caffeine) has also been investigated, with excellent
results. Iravani et al. [35] encapsulated caffeine in AX gels. In
addition, these gels were subjected to acidic conditions (HCl
0.1M) in order to simulate the gastrointestinal fluid. AX gels
are stable to acidic conditions due to its dietary fiber nature.
Therefore, they have been a focus of study for their applica-
tion as colon-targeted controlled-release systems.
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Figure 5: SEM image of the microstructure of lyophilized AX gel
from maize at 1000x.
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3.4.2. Colon-Targeted Drug Delivery Systems. Polysaccharide-
based matrices have been widely studied for their use as
colon-targeted drug delivery systems. Most of the time, the
use of a single polysaccharide does not permit a targeted
release, so it is common to use the combining and modifying
of polysaccharides. The variations in the pH and transit time
in the gastrointestinal tract result in a premature or even
absent drug release [24]. AX can form covalent gels, which
are stable to temperature [88], pH, and ionic strength
changes [7]. Thus, AX gels have been considered as excellent
candidates for their potential application in colon-targeted
drug delivery systems.

AX gels have shown ability for use in controlled
release of biomolecules, as well as cells (Table 5) [33, 35,
36, 85]. Previous studies evaluated the controlled-release
properties of AX gels using model proteins such as oval-
bumin, β-lactoglobulin, and insulin [33, 36]. The study of
Berlanga-Reyes et al. [33] showed that only 11–18% of
the proteins (insulin and β-lactoglobulin, resp.) was released
by the end of a 15 h in vitro test. The authors suggest that
AX gels could be used as a carrier to protect the proteins
from the gastric environment and assure their release at
the colonic region where AX gels can be fermented by
the microbiota.

Polysaccharide hydrogels are a good alternative for the
protection and controlled release of proteins and peptides
in the colon. These systems protect biomolecules from
protease degradation in the gastrointestinal tract and
assure its release in the target site. Chitosan and alginate
are the most studied polysaccharides for the controlled
release of molecules. Although chitosan has been widely
used in drug delivery, its solubility in acidic conditions
(<pH6.0) limits its application in the intestinal tract
(>pH6.5) due to the early degradation and release of the
molecule [122]. Covalent AX gels resist changes in pH
[27], allowing their stability in the acidic conditions of
the stomach and subsequent degradation in the colonic
region by the microbiota [32].

Paz-Samaniego et al. [32] designed core-shell AX parti-
cles for the entrapment of insulin and probiotics (Bifidobac-
terium). The authors evaluated the degradation and release
using a simulator of the gastrointestinal tract (Simgi). The
encapsulation efficiency was 72 and 90% for insulin and pro-
biotic, respectively. The results showed that only 24% of the
insulin was lost before the particles reach the colon, while
76% of the protein was released in the colon region, mainly
in the transverse section. In addition, an increase in the Bifi-
dobacterium population was observed due to the fermenta-
tion of the particles by these bacteria in the colonic region.
This study suggests that AX particles could be excellent can-
didates for the controlled release of insulin and probiotics in
the colonic region as an alternative for the treatment of dia-
betes. A low percentage of insulin release (33%) has been
reported for insulin-loaded chitosan gel nanoparticles in
pH6.8 phosphate buffer solution (intestinal conditions).
Moreover, in vivo studies showed a low hypoglycemic effect
in diabetes-induced rats administered with the nanoparticles
indicating the poor drug release in the colon. These results
were attributed to the insolubility of chitosan in neutral and
alkaline media, affecting the degradation and subsequent
release of insulin in the colonic region. Concerning the
encapsulation efficiency, the authors reported an efficiency
of 84% which was a higher value in comparison to that
observed in the AX microspheres [32, 122]. These differences
could be related to the electrostatic charges between insulin
and chitosan which favored its association.

Calcium alginate gels are also widely used for the con-
trolled release of biomolecules. Insulin-loaded alginate
microspheres present good encapsulation efficiency from 65
to 79% [123] which is similar to that reported in AX particles
(72%) [32]. However, high percentage of insulin release
(above 75%) has been observed under acidic conditions
(pH1.2) [123], resulting in a poor release in the intestinal
region. This behavior is a consequence of dissociation of
ionic linkages which leads to a weaker gel and release of the
molecule by diffusion [123]. Lower release percentages of
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molecules (10–24%)havebeenobservedusingAXgels [32, 35]
which could assure the release of a higher content of themole-
cule in the target site.

Swelling behavior is an important characteristic of
hydrogels for its application as controlled-release systems.
Hydrophilic groups of the polymer network lead to water
uptake, resulting in a swelled gel that favors the release of
the entrapped molecule by diffusion [124]. However, this also
could be a disadvantage when gels exhibit high degrees of
swelling because of the complete release of the molecule
before reaching its target site. Swelling of alginate gels
depends on the pH medium as they are sensible to ionic
strength changes. In acidic conditions (pH1.2), alginate gels
have shown low swelling degrees, while in alkaline medium
(pH6.8–7.4) the swelling degree increases and then decreases
abruptly because of the complete disintegration of the gel. In
alkaline conditions, an ion exchange occurs between mono-
valent and divalent ions, resulting in the breakup of the gel
network favoring swelling and subsequent degradation
[124]. On the other hand, covalent AX gels resist pH changes
so its swelling behavior is not affected by ionic charges.
Among other factors, the swelling degree of AX depends on
the content of FA as higher values of FA form higher content
of cross-links leading to a more compact structure. The more
compact the structure of the gel network, the less the capabil-
ity of the gel to absorb water [25]. Thus, the swelling behavior
of gels affects directly in drug release. In this regard, the
percentage of drug (celecoxib) released from alginate gels
in acidic medium was near 25%, while in alkaline condi-
tions a complete release was observed at 8 h [124]. Similar
values were reported for AX gels where 24% of insulin was
released in stomach conditions, while 75% was released in
the colon [32].

Iravani et al. [35] encapsulated methyl xanthine in AX
gels and evaluated its release under acidic pH (HCl 0.1M)
in order to predict the behavior of the gels in the gastrointes-
tinal tract. The results indicated that only 10% of caffeine is
released at the beginning of a 3 h test. This suggests that amin-
imum of active molecules would be released in the stomach,
while the rest of the drug could be dissolved later in the colon.

Recently, studies performed in vivo confirmed that insu-
lin encapsulated in AX gels can be released into the colon
[34]. In this study, insulin encapsulated in AX gels was
administered to diabetic rats. The results showed a decrease
in blood glucose levels, which suggest that insulin was
released and absorbed in the colon of rats and maintains its
functionality. The above results confirm that AX gels can
transport the hormone through the gastrointestinal tract to
the colon and to release it at this point, so they could be used
as carriers for colon-specific drug delivery.

3.4.3. Prebiotics. AX can be degraded by the colonic microbi-
ota; however, the gelling process involves the cross-linking of
the polysaccharide. Therefore, when discussing about the use
of AX gels as colon-specific drug delivery systems, it is
important to understand the impact of the gelling process
on its degradation by the colonic microbiota. In this regard,
an efficient release of the administered drug in the target site
will depend on the capacity of the intestinal microbiota to
ferment the gels.

A combination of several specific enzymes is necessary
for the complete degradation of AX (Figure 7). Among the
main enzymes participating in its degradation are endo-1-
4-β-xylanases (commonly called xylanases) which cleave
the xylose backbone randomly to shorter fragments and β-
xylosidases that attack the nonreducing ends of the xylose

Table 5: Potential application of AX gels in controlled release of biomolecules and cells.

AX source Biomolecule/cell Potential controlled-release system Reference

Wheat Ovalbumin (Ov)
Ov-AX gels for entrapment and controlled
release of proteins. 70–88% protein release
as Ov/AX ratio increased (24 h in vitro test).

[36]

Maize bran Insulin and β-lactoglobulin
AX gels for controlled release of proteins.

11–18% of protein release at the end of a 15 h
in vitro test.

[33]

Maize bran Lycopene
Lycopene/AX gels for controlled delivery of
biomolecules. 3–4% lycopene release at the

end of a 4 h in vitro test.
[121]

Maize bran Methyl xanthine (caffeine)
AX microparticles. 10% of caffeine release at a 3 h

in vitro test (0.1M HCl).
[35]

Ispaghula (Plantago
ovata) seed husk

Metronidazole hydrochloride
(MH)

MH-loaded calcium gelled AX microspheres for
extended drug delivery. 90% MH release at a

70–80min in vitro test.
[43]

Maize bran Insulin
AX microspheres as insulin carriers for colon-

specific drug delivery. Insulin release in the colonic
region of diabetic rats.

[34]

Maize waste water
(nejayote) and maize
bran

Insulin, Bifidobacterium

Core-shell AX particle (AX-insulin/AX-
Bifidobacterium) for entrapment and delivery of

insulin and probiotics targeted to colon for diabetes
treatment. 76% insulin release in colonic region

using a simulator of the gastrointestinal tract (Simgi).

[32]
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chain [125]. Other enzymes as α-L-arabinofuranosidades
detach the arabinose residues from the xylan backbone, while
FA esterases are needed to release the FA residues from AX
[12]. The combination of these enzymes results in the trans-
formation of AX to shorter fragments known as AXOS [12].
AX and AXOS degradation exhibits a bifidogenic effect by
the increase of the Bifidobacterium population [12, 39].

The cross-linking of AX reduces the fermentation rate in
comparison with the non-cross-linked molecule. The cross-
links limit the access of bacterial enzymes for degrading the
xylose chain. In addition, the cross-linking promotes a selec-
tive degradation, limiting the growth of Bacteroides. This
bacterial genus does not produce the endoxylanases neces-
sary to degrade the xylan chain, resulting in the incom-
plete degradation of the polysaccharide and therefore in
a limited growth of these bacteria. In this regard, the selec-
tive degradation limits the growth of bacteria that are not
considered beneficial at all, but it may favor the growth of
bacteria that are so [10].

In a recent study, the ability of AX gels to modulate the
gut microbiota and lipid metabolism in high-fat diet-
induced obese rats was evaluated. The results showed that
administration of a high-fat diet with AX gels increased the
levels of Bifidobacteria and decreased those of Bacteroides
in comparison with the high-fat diet and control groups.
Moreover, the addition of AX to high-fat diet resulted in
smaller adipocytes in comparison with the control and
high-fat diet groups as was observed by histological analyses
of the subcutaneous adipose tissue. These findings suggest
the potential prebiotic properties of AX gels by the modula-
tion of microbiota and antiobesity effect in high-fat diet-
induced obese rats [126].

Recently, the degradation of AX gels at different concen-
trations (4 and 6% w/v) was compared. In this study, a slower
degradation in the gels of higher concentration was observed.
The authors explained this behavior was attributed to the
higher cross-linking density of the gels, which results in a
more compact structure and limits the access for the enzymes

[9]. In this regard, it can be suggested that although a high
cross-linking density decreases the fermentation rate of the
AX gels, this can favor the growth of probiotic bacteria. Since
the AX gels present potential prebiotic activity, they also
could exhibit beneficial effects (possibly anticancer) due to
the positive effects of their fermentation products (SCFA)
and the increase of probiotic bacteria. Thus, the AX gel appli-
cation as a colon-targeted drug delivery system would be
highly possible, which would also exert effects with antican-
cer properties.

3.4.4. Antioxidant. The antioxidant activity of the AX has
been extensively related with their FA content. Nevertheless,
only few studies have explored the effect of the oxidative gela-
tion of AX regarding this property. Although the gelling of AX
involves the oxidative coupling of FA, the cross-links could be
affecting in some way the antioxidant activity of the AX.

It is known that the structural features of AX affect the
fermentability of AX, and therefore, it will also impact its
antioxidant capacity. The fermentation patterns of AX and
cross-linked AX differs in how the bacterial enzymes can
degrade the molecule. In AX, α-arabinofuranosidades begin
with the detaching of the arabinosyl moieties and subsequent
fermentation of the available xylose chain. On the contrary,
in AX gels the arabinose moieties are firstly utilized and even
when the side branches are removed, the arabinose residues
are preferred over the xylan chain. This behavior is because
the gel-like structure restricts the access of xylanolytic
enzymes to their target sites and the xylan backbone becomes
more resistant to fermentation [10]. In AXOS, the presence
of FA esterified to arabinose results in a steric effect that
limits the access of arabinofuranosidases to their target sites
and also slows down the activity of FA esterases, leading to
a decrease of the degradation and subsequent fermentation
of the molecule [20].

It has been demonstrated that the presence of FA and di-
FA in cereal brans can be released by FA esterases present in
the gastrointestinal tract (intestinal mucosa and microbiota)
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Figure 7: Sites of action of enzymes involved in AX degradation.
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of humans and rats [127]. In this way, probiotics present in
the colonic microbiota, such as Lactobacillus and Bifidobac-
terium, are able to produce FA esterases, enzymes required
for the release of the FA moieties from AX and AXOS
[21, 55, 56]. A previous study showed that the presence of
two Bifidobacterium strains (B. longum and B. adolescentis)
is required for the fermentation of maize bran AX gels [9].
Therefore, even if some bacteria produce the specific enzymes
to release the FA moieties in AX gels, the cross-feeding
between different bacteria producing different enzymes is
highlyneeded for the completedegradationofAXandAXgels.

The antioxidant capacity of phenolic acids depends on
uptake and further metabolism [127]. Once the FA is
released, it is then metabolized by the intestinal microbiota.
The FA can be transformed into phenylpropionic acids
and/or vinyl phenol derivatives, which still exert certain anti-
oxidant capacity but in a lower extent than FA. According to
this, it could be stated that the metabolism of FA by bacteria
will lead to a decrease in its antioxidant capacity as has been
demonstrated by Snelders et al. [20]. In this study, AXOS
with FA esterified to arabinose exhibited good antioxidant
capacity; however, the release and subsequent metabolization
of FA decreased its antioxidant capacity. The authors sug-
gested that AXOS-bound FA will reach the colon, where FA
can be released and then metabolized by FA esterases located
in this region [20]. In the colonic region, FA (bound or free)
as well as its metabolites can exert its antioxidant activity
through a direct interaction with the colon epithelium cells
and thus reduce colorectal cancer [128]. On the other hand,
the absorption of di-FA from cereal bran in the gut and its
subsequent reach to the vascular system was demonstrated
in rats [127]. These compounds also exhibit good antioxidant
capacity and may exert its beneficial effects in the colonic
region as they can interact directly with the intestinal barrier.

Previous studies have shown that not only the level of FA
but also the condition under which it appears (free, bond, or
dimerized) impacts the antioxidant capacity of AX [129]. The
presence of dimers and trimers (di-FA, tri-FA) or more com-
plex ferulated structures decreases the antioxidant capacity of
AX in comparison to the FA molecule esterified to AX. The
availability of hydroxyl groups and resonance systems of
FA vary according to the cross-linking position and are
important factors to exert the antioxidant function of FA
[87]. Thus, it is confirmed that the gelling process impacts
on the antioxidant capacity of the gels.

Several studies agree that the antioxidant activity of AX
decreases after the gelation process due to the formation of
di-FA and tri-FA [8, 119]. It is well documented that the for-
mation of the AX gel involves the cross-linking of FA and
consequently its oxidation. Nevertheless, the di-FA and tri-
FA amounts produced during gelation do not compensate
the FA oxidized. The remnant FA can continue to react and
form higher ferulated structures [84]. Trimers and tetramers
of FA have been identified in the cell wall of cereal grains, and
even more complex ferulated structures are suggested [87].
Since the remaining FA could react and continue to form
more complex structures, then it would be possible that such
FA could keep stabilizing the free radicals and therefore
exhibit antioxidant activity.

According to the above mentioned, the antioxidant activ-
ity of AX gels could be mainly related to the FA remaining
after the gelation process. Thus, a higher FA content in AX
gels may result in better antioxidant activity. AX with higher
FA content (6μg/mg AX) can form gels with high cross-
linking density and still exhibit antioxidant activity [8]. In
addition, these gels preserve high amounts of FA after their
gelation [130], which would allow them to exert a greater
antioxidant activity.

The antioxidant activity of AX gels depends on the poly-
saccharide structure. The content and appearance of FA in
the gel are the main factors affecting such property. AX gels
with high cross-linking density can exhibit antioxidant activ-
ity. In this logical order, since the anticancer activity of AX is
related to its antioxidant activity, the AX gels could also
exhibit this property. However, the evaluation of the antican-
cer activity of AX gels and its antioxidant property relation-
ship is necessary. These findings could allow obtaining AX
gels for colon-targeted drug delivery systems with protective
effect against colon cancer.

Ferulated AX exhibit prebiotic and antioxidant proper-
ties, which confer anticancer potential to the polysaccharide.
Since AX gels preserve their prebiotic and antioxidant prop-
erties, they would also exert antiproliferative activity. Fur-
thermore, the high cross-linking density of the gels would
increase such properties. In recent years, the investigation
of the properties of AX gels has been the focus of numerous
studies due to its potential application as colon-targeted drug
delivery systems. In this regard, it is necessary to evaluate the
effect of gelation on the antiproliferative activity of AX.
Moreover, the relationship between the structural character-
istics and the functional properties of the AX gels should be
investigated, particularly the effect of the high cross-linking
density of the gels on their antiproliferative activity. High
cross-linking density AX gels could be a good alternative
for the colon-targeted drug delivery in the treatment of
colon cancer.

4. Conclusion

This review describes the functional properties of AX and AX
gels and their potential application as antioxidant and anti-
cancer agents. Ferulated AX have prebiotic, antioxidant,
and anticancer properties which can be exploited by the
pharmaceutical field. Recently, the research has focused in
the development of novel colon-targeted delivery systems
for the treatment of colon associated diseases, such as inflam-
matory bowel disease, irritable bowel disease, and particu-
larly colon cancer. Due to their gelling ability, AX have
gained interest as promising polysaccharides for the design-
ing of drug delivery systems with bioactive properties such
as prebiotic, antioxidant, and anticancer.

The antioxidant and prebiotic activity of AX has been
previously demonstrated. The fermentation products of AX
exhibit a prebiotic effect, providing benefits for the gut
health. Moreover, its antioxidant activity exerts a protective
effect against the free radicals and oxidative stress. Regarding
the gelling ability of AX, specific studies are needed to eluci-
date such beneficial effects in the AX gels. The anticancer
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activity of AX appears to be strongly related to its antioxidant
and prebiotic properties. Future studies will be needed to
evaluate the effect of gelation on the anticancer activity of
AX gels. Furthermore, this information will allow establish-
ing a relationship between the anticancer activity of AX with
its antioxidant and prebiotic properties.

The AX gels are promising candidates for application as
colon-targeted drug delivery systems for the treatment of
colon cancer. However, only few studies regarding the evalu-
ation of the antioxidant and prebiotic effect of AX gels have
been conducted in vitro, and no evidence of in vivo data is
available. Therefore, it is important to conduct research on
the performance of in vitro and in vivo studies focusing on
the effect of gelation on the biological properties (prebiotic,
antioxidant, and anticancer) of AX and to elucidate the rela-
tionship between the properties of the gel by itself, not only as
a mere carrier.
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Natural Gracilaria lemaneiformis sulfated polysaccharide (GLP0, molecular weight = 622 kDa) was degraded by H2O2 to obtain
seven degraded fragments, namely, GLP1, GLP2, GLP3, GLP4, GLP5, GLP6, and GLP7, with molecular weights of 106, 49.6,
10.5, 6.14, 5.06, 3.71, and 2.42 kDa, respectively. FT-IR and NMR results indicated that H2O2 degradation does not change
the structure of GLP polysaccharides, whereas the content of the characteristic −OSO3H group (13.46%± 0.10%) slightly
increased than that of the natural polysaccharide (13.07%) after degradation. The repair effects of the polysaccharide fractions
on oxalate-induced damaged human kidney proximal tubular epithelial cells (HK-2) were compared. When 60μg/mL of each
polysaccharide was used to repair the damaged HK-2 cells, cell viability increased and the cell morphology was restored, as
determined by HE staining. The amount of lactate dehydrogenase released decreased from 16.64% in the injured group to
7.55%–13.87% in the repair groups. The SOD activity increased, and the amount of MDA released decreased. Moreover, the
mitochondrial membrane potential evidently increased. All polysaccharide fractions inhibited S phase arrest through the
decreased percentage of cells in the S phase and the increased percentage of cells in the G2/M phase. These results reveal that all
GLP fractions exhibited repair effect on oxalate-induced damaged HK-2 cells. The repair ability is closely correlated with the
molecular weight of the fractions. GLP2 with molecular weight of about 49.6 kDa exhibited the strongest repair effect, and GLP
with higher or lower molecular weight than 49.6 kDa showed decreased repair ability. Our results can provide references for
inhibiting the formation of kidney stones and developing original anti-stone polysaccharide drugs.

1. Introduction

Seaweed polysaccharides possess an extensive range of bio-
logical activities [1]. However, native seaweed polysaccha-
rides cannot easily penetrate the cell membrane to exert
their biological activity because of their large molecular size
and poor solubility [2, 3]; as such, these polysaccharides
have limited applications. The biological activity of polysac-
charides with high molecular weight may be improved by
degradation. Jo and Choi [4] performed degradation of
Sargassum fulvellum polysaccharide to obtain three polysac-
charide fractions with low molecular weights of 2, 23, and
36 kDa; the antioxidant and anticoagulant activities increased
with decreasing molecular weight of the polysaccharides.
Zhu et al. [5] revealed that sulfated fucoidan with low

molecular weight (5–7 kDa) showed higher anticoagulant
effect than that of sulfated fucoidan with molecular weight
of 120–82 kDa.

Gracilaria lemaneiformis, which belongs to Rhodophyta,
Florideae, Gigarfinales, Gracilariaceae, and Gracilaria, is
widely distributed in the south coastal areas of China and
coastal areas near Japan and Korea [6] G. lemaneiformis is
consumed as food in many Asian countries and mainly used
in food industries as gelling agent [7]. G. lemaneiformis
polysaccharide (GLP) mainly consists of alternating 3-linked
β-D-galactopyranosyl agarose with −OSO3H and 4-linked
α-L-galactopyranosyl carrageenan units [6]. The 3-linked
unit belongs to the D-series, and the 4-linked unit may have
the D or L configuration, often occurring as a 3,6-anhydroga-
lactopyranosyl moiety [6–8]. Many reports are available with
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regard to the chemical structure and biological activity of
GLPs. GLP exerts many beneficial bioactivities, such as anti-
tumor, antiviral, and antioxidant activities and hypoglycemic
properties [6, 9, 10]. Fan et al. [9] isolated an acidic polysac-
charide (GLSP) with carbohydrate content of 72.06% and
sulfate content of 6.13% from G. lemaneiformis; the GLSP
significantly inhibited the growth of tumor, promoted sple-
nocyte proliferation and macrophage phagocytosis, and
increased the levels of IL-2 and CD8+ T cells in blood of
tumor-bearing mice. The results suggest that the isolated
GLSP displayed remarkable antitumor and immunomodula-
tory activities. Liao et al. [6] studied the hypoglycemic and
antioxidant effects of a polysaccharide extracted from G.
lemaneiformis (GLP; Mw, 121.89 kDa). The intragastric
administration of GLP for 21 d induced an obvious decrease
in the blood glucose level. Furthermore, GLP evidently
increased the activities of superoxide dismutase and glutathi-
one peroxidase and total antioxidant capacity and signifi-
cantly decreased the level of malondialdehyde in the liver,
pancreas, and kidney of diabetic mice. Di et al. [10] extracted
a crude polysaccharide of G. lemaneiformis (GRPS) by hot
water extraction and obtained three purified polysaccharides,
namely, GRPS-1-1, GRPS-2-1, and GRPS-3-2, with average
molecular weights of 1310, 691, and 923 kD, respectively.
All the polysaccharides exhibited antioxidant effects, includ-
ing clearance of ABTS and superoxide radicals and inhibition
of lipid peroxidation.

The incidence of kidney stone has gradually increased in
recent years [11, 12]. Currently, the main prescription drugs
for treatment of urinary calculi are citrate, magnesium prep-
arations, orthophosphate, allopurinol, and thiazide diuretics.
However, the action mechanism of these drugs remains
unclear, and their curative effects can be marginal [13]. Thus,
scholars must develop new highly efficient, nontoxic, and
inexpensive anti-stone drugs for scientific and practical
applications [14].

Oxalic acid is a metabolism product of the human body
and a main component for the formation of kidney stones.
When oxalic acid in urine reaches a certain concentration,
human kidney proximal tubular epithelial cells (HK-2 cells)
will be oxidatively damaged [15], which is correlated with
the formation of kidney stones [16, 17]. The damaged cells
can be repaired by plant polysaccharides [18, 19].

In our previous study [18], we have studied the effect
of sulfate group (−OSO3H) content of six kinds of seaweed
polysaccharides (SPSs) on repair ability to damaged HK-2
cells. The six SPSs were extracted from Laminaria japonica,
Porphyra yezoensis, Gracilaria lemaneiformis (GLP), Sargas-
sum fusiforme, Eucheuma gelatinae, andUndaria pinnatifida,
respectively. The six SPSs have a narrow difference of
molecular weight (from 3343 to 4020Da), and their sulfate
group (−OSO3H) content was 21.7%, 17.9%, 13.3%, 8.2%,
7.0%, and 5.5%, respectively. The results showed that the
repair ability of polysaccharide was positively correlated
with −OSO3H content. Polysaccharide with higher −OSO3H
content exhibited a better repair ability on damaged cells. In
addition, the molecular weight is also an important factor
affecting the viability of polysaccharides. However, the anti-
oxidant activity and repair effect of GLP with different

molecular weights on HK-2 cells have not been investigated
yet. In the present study, natural GLP was degraded by
H2O2 to obtain eight GLP fractions with different molecular
weights ranging from 2.42 kDa to 622 kDa. The repair effect
of the fractions on oxalate-induced damaged HK-2 cells
was also studied to elucidate the mechanism of kidney stone
formation and provide experimental evidence for develop-
ment of new anti-stone drugs.

2. Experiments

2.1. Reagents and Instruments. Gracilaria lemaneiformis sul-
fated polysaccharide (GLP0) was produced by Beijing New
Probe Bioscience & Technology Co., Ltd (Beijing, China).
Samples of G. lemaneiformis were collected from the Qing-
dao province of China from September to December 2016.
The material was sorted, washed, and dried immediately by
forced air circulation at 50–60°C.

The cell proliferation assay kit Cell Counting Kit-8 (CCK-8)
and lactate dehydrogenase (LDH) assay kit were pur-
chased from Dojindo Laboratories (Kumamoto, Japan).
Hematoxylin and eosin (HE) staining kit, 5,5′,6,6′-tetra-
chloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide
(JC-1) kit, and propidium iodide (PI) were purchased from
Shanghai Beyotime Bioscience & Technology Co., Ltd.
(Shanghai, China). Hydrogen peroxide, KBr (SP), and other
chemical reagents were of analytical grade and purchased
from Guangzhou Chemical Reagent Company (Guangzhou,
China) and D2O from Sigma (99.9%). Experimental water is
secondary distilled water.

The apparatus used include an enzyme mark instrument
(SafireZ, Tecan, Switzerland), upright fluorescence micro-
scope (22DI-E-D282, Leica, Germany), flow cytometer
(FACSAria, BD company, USA), FT-IR spectrometer (Equi-
nox 55, Bruker, Germany), ultraviolet-visible spectropho-
tometer (Cary 500, Varian company, USA), conductivity
meter (DDS-11A, Leici, Shanghai, China), and NMR spec-
trometer (Varian Bruker 300MHz, Germany).

2.2. Preparation of G. lemaneiformis Polysaccharides. Algal
powder of G. lemaneiformis (diameter, 200μm) was sub-
jected to hot water extraction with 90-fold volumes of dis-
tilled water for 5 h at 90°C according to the method
described by Liao et al. [6] to obtain polysaccharide. After
centrifugation to remove residues (7000 rpm, 10min), the
supernatant was concentrated to one-third of its volume in
a vacuum rotary evaporator. The concentrated solution was
precipitated with three volumes of absolute ethanol over-
night at 4°C. The precipitates were collected by centrifugation
(3500g, 10min) and resolved in warm water. Proteins were
removed using the Sevag method. The supernatant contain-
ing the polysaccharide was dialyzed in distilled water for
72 h and vacuum freeze-dried.

2.3. Degradation of Polysaccharides. Natural GLP0 was
degraded using previously reported methods [20]. Briefly,
1.2 g of crude polysaccharide (GLP0) was weighed accurately
and dissolved in distilled water at 70°C. After heating to 90°C,
the reaction system was quickly added with 0.1%, 0.4%, 1%,
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3%, 6%, 10%, and 15% H2O2 solution. The degradation reac-
tion was allowed to proceed for 2 h, at which point the solu-
tion pH was adjusted to 7.0 by adding 2mol/L NaOH
solution. The degraded solution was concentrated to one-
third of its original volume at 60°C. The product was precip-
itated by adding anhydrous ethanol three times. The solution
was stored overnight and filtered. The filtrate was dried in
vacuum to obtain the degraded polysaccharide. Productivity
can be calculated after weighing the polysaccharide.

2.4. Measurement of Average Molecular Weights (Mr) of
Polysaccharide. According to the reference [21], the viscosity
of a sample in an aqueous solution was measured using an
Ubbelohde viscosity method at 30± 0.2°C. After measuring
the fall time of polysaccharide before and after degradation
in the viscometer, specific (ηsp) and relative (ηr) viscosity
was calculated according to the formulas ηr = T i/T0 and
ηsp = ηr − 1, where T0 and T i are the falling time of deionized

water and GLP solutions, respectively. η = 2 ηsp − ln ηr
1/2/c,

where c is the sample concentration. TheMr of GLP was calcu-
lated through its η value. η = κMr

α, where κ and α are con-
stants. For GLP, κ = 0 07 and α = 0 72 [21].

2.5. Analysis of Sulfate Group Content. The sulfate group
(−OSO3H) content of GLP was measured by the BaCl2-gela-
tin turbidity method [18, 22]. The polysaccharide sample of
70mg was placed in 10.0mL of 1.0mol/L HCl solution, then
hydrolysated for 6 h at 100°C. After cooling, the HCl solution
was added to the calibration line. A 0.3% gelatin solution is
prepared in hot water (60~ 70°C) and stored at 4°C over-
night. 2 g of BaCl2 was dissolved in a gelatin solution and left
at room temperature for 2–3hours. 0.2mL of GLP solution
with the concentration of 1.4mg/mL was added to 1mL of
BaCl2-gelatin reagent and 3.8mL of 0.5mol/L HCl. After
that, the mixture was allowed to stand at 25°C for 10–20
minutes. The blank was prepared by substituting 0.2mL of
water for the GLP solution. The released BaSO4 suspension
was measured at λ = 360 nm by a UV-VIS spectrophotome-
ter using K2SO4 as standard, and the regression equation is
Y = 0 01042 + 1 27905X, n = 11, and R = 0 99324, from
which the percentage of sulfate content of polysaccharide
can be calculated.

2.6. Analysis of Carboxyl Content. The carboxyl (−COOH)
content of GLP is determined by conductometric titration
[18, 23]. The conductivity titration curve was plotted using
the conductivity value as the y-axis and the corresponding
volume of consumed NaOH as the x-axis. The conductivity
titration curve can be divided into three parts, namely, the
conductivity decrease phase (A), the balance phase (B), and
the conductivity increase phase (C). Three tangents were
constructed from the three-stage curves, and the intersec-
tions were stoichiometric points. The intersection of the A
line and the B line gives the volume of NaOH (V1) such that
excess HCl and −OSO3H are consumed, and the intersection
of line B and line C gives the volume of NaOH (V2), excess
HCl, and co-consumed GLP’s −OSO3H and −COOH; there-
fore, V2 − V1 (platform portion) is the volume of consumed

NaOH by −COOH alone of GLP. The −COOH content can
be obtained according to the following formula:

−COOH % = CNaOH × V2 −V1 × 45/1000
Csample × 40/1000 × 100

1

CNaOH (mol/L) represents the molar concentration of
NaOH, Csample (g/L) represents the mass concentration of
GLP polysaccharide, 45 g/mol is the molar mass of −COOH,
and 40mL is the volumetric solution of polysaccharide. The
final value is the average of three parallel experiments.

2.7. Fourier-Transform Infrared Spectroscopy (FT-IR)
Analysis of GLP [24]. FT-IR spectra of polysaccharides were
determined using films prepared by the dried polysaccha-
rides and KBr pellets on a Fourier-transform infrared spec-
trophotometer in the wave number range of 4000–400 cm−1

with a resolution of 4 cm−1.

2.8. 1H and 13C NMR Spectrum Detection [24]. Approxi-
mately 20mg of purified GLP was dissolved in 0.5mL of deu-
terium oxide in an NMR tube (5mm diameter), and analysis
was performed using a Varian Bruker 300MHz spectropho-
tometer. The chemical shifts recorded were given in parts per
million (ppm).

2.9. Cell Viability Assay of Polysaccharide on HK-2 Cells. The
HK-2 cells were cultured in DMEMmedium containing 10%
fetal bovine serum at 37°C and 5% CO2 humidified environ-
ment. When 80% to 90% confluent monolayers were
reached, cells were lightly blown after trypsinization to form
cell suspensions for the following cell experiments.

One hundred microliters of cell suspension with a cell
concentration of 1× 105 cells/mL was inoculated per well in
96-well plates and incubated in a 5% CO2-humidified atmo-
sphere at 37°C for 24 h. The culture medium was removed by
suction, and cells were divided into four groups as follows:
(A) cell-free culture medium group (control group of back-
ground); (B) control cells without polysaccharide treatment
(sample control group); (C) damaged group of oxalic acid:
the serum-free medium containing 2.8mmol/L oxalic acid
was added and incubated for 3 h; and (D) repair group:
serum-free medium containing 60μg/mL GLP with different
molecular weight was added to damaged cells and repaired
for 10h. Each experiment was repeated in three parallel wells.
Then, the medium was changed to fresh serum-free DMEM
culture medium and 10μL CCK-8 was added to each well
and incubated for 1.5 h at 37°C. Absorbance (A) was mea-
sured by using the enzyme mark instrument at 450nm. Cell
viability was calculated based on the following equation.

Cell viability % = A treatment group
A control group × 100% 2

2.10. Lactate Dehydrogenase (LDH) Release Assay. One hun-
dred microliters of cell suspension with a cell concentration
of 1× 105 cells/mL was inoculated per well in 96-well plates
and incubated for 24h. Then, the cells were divided into
five groups in which the first 4 groups were divided as
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in Section 2.9, and the E group (E) was added: (E) cells with-
out GLP treatment for the subsequent cleavage of the wells
(sample maximum enzyme activity control wells). After
repair for 12 h, the absorbances were analyzed at 490nm
according to the LDH kit instruction. LDH release (%) was
calculated using the formula as follows:

LDH% = A groupD − A groupA
A groupC − A groupA × 100% 3

2.11. Hematoxylin and Eosin (He) Staining. One milliliter of
cell suspension with a cell concentration of 1.5× 105 cells/
mL was inoculated per well in 12-well plates and incubated
for 24h. The cells were divided into three groups according
to Section 2.9: (A) control group, (B) damaged group of oxa-
lic acid, and (C) repair group of GLP. After the repair effect
was completed, the supernatant was removed by suction
and the cells were washed twice with PBS. The cells on the
plate were fixed with 4% paraformaldehyde for 15min and
stained by hematoxylin and eosin according to the manufac-
turer’s instruction. The cellular morphological changes were
observed under microscope, and the nuclei were stained in
violet and cytoplasm in pink or red.

2.12. Superoxide Dismutase (SOD)Activity andMalondialdehyde
(MDA) Content Detection. The cell suspension with a den-
sity of 1× 105 cells/mL was plated per well in 96-well plates
and incubated in DMEM containing 10% fetal bovine for
24 h. The cells were divided into three groups: (A) control
group, (B) damaged group of oxalic acid, and (C) repair
group of GLPs. Cellular SOD activity and MDA content
were determined by using the SOD and MDA kits, respec-
tively, according to the instructions provided with kits.

2.13. Measurement of Mitochondrial Membrane Potential
(Δψm).One milliliter of cell suspension with a concentration
of 4.0× 105 cells/mL was inoculated per well in 6-well plates
for 24h. After the cells were synchronized, the cells were
grouped as in Section 2.9. Incubated for 12 h, the supernatant
was aspirated and the cells were washed twice with PBS and
digested with 0.25% trypsin. The cells were suspended by
pipetting, followed by centrifugation (1000 rpm, 5min).
The supernatant was aspirated, and the cells were washed
with PBS and centrifuged again to obtain a cell pellet.

The cells were resuspended by adding and thoroughly mixing
500μL of PBS in a microcentrifuge tube. Finally, the samples
were stained with JC-1 and then analyzed.

2.14. Cell Cycle Progression Assay. Cell concentration and
group were the same as in Section 2.9. The medium was
changed to serum-free DMEM culture media and then incu-
bated for another 12 h to achieve synchronization. The cells
were blown and suspended, followed by centrifugation
(1000 rpm, 15min). The supernatant was aspirated, and the
cells were washed with PBS and centrifuged again to obtain
a cell pellet. Afterwards, 300μL PBS containing 10% serum
was added to resuspend cells and precooling 700μL absolute
alcohol was added with constant shaking, sealed with sealing
film, and stored at 4°C overnight. Then, cells were centri-
fuged at 2000 rpm for 5min, and supernatant was aspirated.
500μL PBS was added to wash cells, followed by centrifuga-
tion again, and supernatant was removed. Finally, 200μL PI
was added and mixed at 37°C for 15min. The cell cycle was
analyzed by a flow cytometer.

2.15. Statistical Analysis. Experimental data were expressed
asmean ± SD. The experimental results were analyzed statis-
tically using SPSS 13.0 software. The differences of means
between the experimental groups and the control group were
analyzed by Tukey’s test. p < 0 05 indicates significant differ-
ence; p < 0 01 indicates extremely significant.

3. Results

3.1. Degradation of G. lemaneiformis Polysaccharide. Seven
degraded polysaccharide fractions were obtained from crude
G. lemaneiformis polysaccharide (GLP0) by using different
concentrations of H2O2 (Table 1). When the concentration
of H2O2 (c(H2O2)) was 0.1%, the molecular weight of the
degraded products decreased from 622 kDa (GLP0) to
106 kDa, indicating that GLP0 was easily degraded. The
molecular weight of the polysaccharide quickly decreased
to 49.6 and 10.5 kDa when the H2O2 concentration added
was increased to 0.4% and 1%, respectively (Figure 1). The
molecular weight slowly decreased to 6.14 and 2.42 kDa
when the H2O2 concentration was increased to 3% and
15%, respectively.

Table 1: Degradation conditions and physico-chemical properties of crude G. lemaneiformis polysaccharide and seven degraded
polysaccharide fractions.

GLP fraction
Concentration
of H2O2/%

Intrinsic viscosity
η (mL/g)

Mean molecular
weightMr (kDa)

Yield (%)
–OSO3H

content (%)
–COOH

content (%)

GLP0 0 1039± 42 622± 35 13.07 1.26

GLP1 0.1 298.8± 37.8 106± 15 63.5 13.37 1.27

GLP2 0.4 168.3± 12.0 49.6± 4.8 58.4 13.41 1.28

GLP3 1 54.9± 1.4 10.5± 3.9 56.0 13.46 1.28

GLP4 3 37.4± 1.5 6.14± 0.35 52.1 13.55 1.36

GLP5 6 33.7± 0.9 5.06± 0.2 61.3 13.55 1.54

GLP6 10 26.0± 0.9 3.71± 0.18 53.0 13.56 1.76

GLP7 15 19.7± 0.9 2.42± 0.16 60.0 13.46 1.77
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3.2. Change in the Contents of −OSO3H and −COOH
Groups of the Polysaccharides before and after Degradation.
The −OSO3H content of each degraded polysaccharide
fraction was about 13.46% (Figure 2(a)), which is slightly
higher than 13.07% of natural GLP (Figure 2(a)). Similarly,
the −COOH content of the degraded fractions was 1.27%–
1.77%, which is higher than 1.26% of the crude GLP.
Moreover, the −COOH content increased with decreasing
molecular weight of the polysaccharides (Figure 2(b)), but
the increase was not obvious.

3.3. Structural Characterization of GLP by FT-IR Spectra. The
FT-IR spectra of polysaccharide from G. lemaneiformis
before and after degradation were similar (Figure 3, Table 2),
the peak intensity of GLP after degradation was increased,
and nonewpeaks appeared, which indicated that the degrada-
tion of H2O2 did not cause a significant effect on the overall
structure of polysaccharides.

The peak of 3409–3432 cm−1 was caused by the stretch-
ing vibration of O-H, and 2920–2928 cm−1 was caused by
the stretching vibration of C-H; the peak near 1380 cm−1

was caused by the deforming vibration of C-H bond. The
peak at about 1625 cm−1 was attributed to the asymmetric
and symmetrical stretching vibration of −COOH [24, 25].
The peak at 1370 cm−1 was the signal area of ester sulfate
[26], and the peak near 1260 cm−1 corresponds to S=O vibra-
tion of the sulfate groups [27]. The absorption near
1053 cm−1 and 1043 cm−1 was due to the stretching vibration
of C-O, while the absorbance at 930 cm−1 is weak, indicating
that galactose is substantially free of internal ether type [26].

3.4. 1H and 13C NMR Spectrum Analysis. Figure 4 shows the
NMR spectra of four GLP. The NMR spectra of polysaccha-
rides before and after degradation were similar, which indi-
cated that the degradation of H2O2 did not cause a significant
effect on the overall structure of GLP. The signal from the
anomeric proton at δ 4.43 was assigned to H-1 of β-D-galac-
tose, and the signal atδ 5.34was attributed to anomeric proton
of 3,6-α-L-galactose. The peaks at 930 cm−1 of FT-IR spectra
are weak, indicating that the GLP contains little endogenous

ether galactose [26]. It indicated that GLP consists of β-D-
galactoseand6-O-sulfate-3,6-α-L-galactose,which isdifferent
with earlier reported literatures [6–8]. According to the num-
ber and the chemical shift value of 13C NMR in the 95–110
interval, thenumber of sugars and the conformationof the gly-
cosidic bond in the oligosaccharide and its glycoside can be
deduced [26]. As shown in Figure 4(d), there are two main
peaks in the heterogeneous carbon region δ (95–110 ppm):
the terminal carbon C-1 of β-D-galactose is at δ 102.35 ppm,
and the terminal carbon C-1 of 3,6-α-L-galactose is at δ
99.48 ppm (Table 3).

3.5. Changes in Viability of HK-2 Cells after Repair by GLP
with Different Molecular Weights. Six GLP fractions with
molecular weights of 622, 106, 49.6, 10.5, 3.71, and
2.42 kDa were used to repair oxalate-induced damaged HK-
2 cells. In our preliminary study [18], we found that when
damaged cells were repaired by different concentrations
(20, 40, 60, 80, and 100μg/mL) of polysaccharides, the cell
viability of damaged cells was initially increased, reaching
the maximum at 60μg/mL and then decreasing at higher
concentrations (100μg/mL), indicating that 60μg/mL was
adequate for the polysaccharides to play a role. Thus, 60μg/
mL of GLP was used to repair damaged HK-2 cells. The
changes in cell viability after repair are shown in Figure 5.
The cell viability of the damaged cells was only 61.9%, which
increased to 79.2%–89.5% after treatment with various poly-
saccharides. The repair ability of nondegraded polysaccha-
ride (GLP0) with molecular weight of 622 kDa was the
weakest, and cell viability after repair was 79.2%. The repair
ability of the degraded fraction GLP2 with molecular weight
of 49.6 kDa was the strongest, and the cell viability after
GLP2 repair was 89.5%. When the molecular weight of
GLP was higher or lower than 49.6 kDa, the repair ability
was reduced. The larger the deviation of the molecular weight
from 49.6 kDa, the weaker the repair capacity of the polysac-
charide will be.

3.6. Changes in Lactate Dehydrogenase (LDH) Release after
Repair by GLP with Different Molecular Weights. LDH
release is an important indicator of the integrity of the cell
membrane. LDH is located in the cytoplasm under normal
conditions [28]. When cells are attacked by foreign mate-
rials, the structure of the cell membrane will be destructed
and cytoplasmic enzymes, such as LDH, will be released
into the cell culture media. Thus, cytotoxicity can be quanti-
tatively analyzed by detecting the amount of LDH released
into culture media to evaluate the integrity of the cell mem-
brane [28].

Figure 6 shows the changes in the amount of LDH
released from the damaged HK-2 cells after treatment with
six GLP fractions with different molecular weights. Com-
pared with the damaged group (16.64%), the amount of
LDH released decreased at different degrees (7.55–13.87%)
after being repaired with various polysaccharide fractions.
This finding indicates that GLP with different molecular
weights exhibited a repair effect on the membrane of dam-
aged HK-2 cells. Moreover, the amount of LDH released
was the lowest (7.55%) after the cells were repaired by
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Figure 1: Relationship between H2O2 concentration and molecular
weight of degraded GLPs.
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GLP2. Hence, GLP2 exhibited the strongest repair effect.
When the molecular weight of various polysaccharide frac-
tions was higher or lower than 49.6 kDa, the repair effect of
the polysaccharides decreased. These results are in accor-
dance with the findings on cell viability detected by the
CCK-8 kit (Figure 5).

3.7. Cell Morphology Observation by Hematoxylin-Eosin
Staining.Hematoxylin, an alkaline dye with a positive charge,
stains the chromatin of the nucleus and the ribosome of the
cytoplasm in violet. Eosin, an acidic dye with a negative
charge, stains positively charged proteins in the cytoplasm
and extracellular matrix in pink or red.

As shown in Figure 7, junctions between normal HK-2
cells were tight and the cells were plump. When HK-2 cells
were exposed to oxalate (2.8mmol/L) for 3 h, the cells

lost their natural shape, the cell number evidently decreased,
and the cells become concentrated. After being repaired by
GLP with different molecular weights, the number of cells
with intact shape increased, and the number of damaged con-
densed cells decreased (Figures 7(a)–7(e)). After the damaged
cells were repaired by GLP2, the cell number reached the
maximum and the morphology of the repaired cells became
closest to the normal cells (Figure 7(c)). The repair effect of
polysaccharides with molecular weights higher or lower than
49.6 kDa was weaker than that of GLP2.

3.8. Effect of GLP Repair on Superoxide Dismutase (SOD)
Activity. SOD activity can reflect the function of the antioxi-
dant system. After HK-2 cells were injured by oxalate, the
SOD activity decreased to 3.59± 0.25U/mL, suggesting that
the antioxidant capacity of the cells decreased (Figure 8(a)).
The extracellular SOD of the repair group was all higher than
that of the injury group, indicating that GLPs can repair cells
by resisting oxidative damage. GLP2 with a molecular weight
of about 49.6 kDa showed the strongest antioxidant capacity
on injured cells.

3.9. Effect of GLP Repair on Malondialdehyde (MDA)
Generation Amount. Changes in MDA content can reflect
the degree of lipid peroxidation in the biomembrane.
Figure 8(b) shows the generation amount of MDA in the
control, injured, and repaired group cells. The released
MDA of injured cells increased, indicating that oxalic acid
produces cell oxidative damage. The MDA amount in the
repair groups was lower than that of the injury group, indi-
cating that the oxidative damage level of cells decreased. In
particular, GLP2 with a molecular weight of about 49.6 kDa
showed the strongest repair effect; the amount of MDA was
significantly (p < 0 01) reduced to 2.43± 0.10nmol/L com-
pared with that of the injury group (7.31± 0.19 nmol/L).
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3.10. Changes in Mitochondrial Membrane Potential (ΔΨm).
Fluorescent probe JC-1 is a cationic lipophilic dye that can
freely pass through the cell membrane and maintains a
dynamic balance at both sides of the membrane by changing

the cell membrane potential. JC-1 differentially labels mito-
chondria with high and low Δψm by forming J-aggregates or
monomers that emit orange-red or green light, respectively.
Thus, the fluorescent intensity ratio (A/M) of J-aggregates/

Table 2: FT-IR characteristic absorption peaks of GLP.

Sample Molecular weight Mr (kDa) Content of −OSO3H (%) Content of −COOH (%)
Characteristic absorption peak (cm−1)

−OH −COOH −OSO3 Sugar ring

GLP0 622± 35 13.07 1.26 3432 1643 1380, 1257 2928, 1048

GLP2 49.6± 4.8 13.41 1.28 3421 1604 1380, 1263 2928, 1053

GLP3 10.5± 3.9 13.46 1.30 3408 1604 1380, 1258 2920, 1043

GLP7 2.42± 0.16 13.56 1.77 3409 1609 1380, 1268 2920, 1043
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Figure 4: NMR spectra of GLP. (a–c) 1H NMR spectra and (d) 13C NMR spectrum.

Table 3: 13C NMR chemical shift data of GLP.

Monosaccharide types
13C chemical shift (ppm)

C-1 C-2 C-3 C-4 C-5 C-6

β-D-Galactose 102.28 71.14 78.28 71.46 73.96 59.73

6-O-Sulfate-L-α-galactopyranose 99.50 72.82 74.74 72.76 73.26 60.35
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J-monomers in mitochondria can be detected to determine
early apoptosis.

Figure 9(a) shows the changes in Δψm of the damaged
HK-2 cells after being repaired by GLP with different molec-
ular weights. The Δψm of living cells was high, so the red
fluorescence was very strong. Figure 9(b) shows the changes
in the fluorescent intensity ratio of A/M in the mitochondria
of each repair group. The A/M ratio in the mitochondria of
normal HK-2 cells was higher (34.71), but the A/M ratio
decreased to 2.7 in the oxalate-induced damaged group. This
finding suggests that Δψm evidently decreased in the dam-
aged cells. When the damaged cells were repaired by GLP
with different molecular weights, the A/M ratio increased at
different degrees (9.1–13.08). The increased Δψm caused by

GLP2 with a molecular weight of 49.6 kDa was the most obvi-
ous, and the A/M ratio increased to 13.08, which is higher
than that in the other GLP repair groups.

3.11. Changes in Cell Cycle before and after Repair. Propi-
dium iodide (PI) is a DNA double-strand fluorescent dye.
The fluorescent intensity produced by the combination of
PI and double-strand DNA was positively correlated with
DNA content. After intracellular DNA was stained by PI,
DNA content can be measured by flow cytometry. Cell cycle
can be analyzed according to DNA distribution [29, 30].

Figure 10(a) shows the changes in the cycle of the dam-
aged HK-2 cells after being repaired by GLP fractions with
different molecular weights. Compared with the damaged
group, the percentage of cells in the S phase evidently
decreased (Figure 10(b)), whereas the percentage of cells in
theG2/M phase increased (Figure 10(c)). After being repaired
by GLP2, the percentage of cells in the S phase was the lowest
(41.1%) and those in the G2/M phase increased (17.6%).
Hence, GLP2 with molecular weight of 49.6 kDa promoted
cells from the S phase to the G2/M phase most efficiently
and exhibited the strongest repair effect on the damaged cells.

4. Discussion

4.1. GLP Degradation and Structure Characterization. Several
methods are used for degradation of polysaccharides; such
methods include acid hydrolysis, oxidative degradation, and
enzymatic methods. The widely used method is H2O2 degra-
dation, where the dissociation reaction of H2O2 forms
hydroxyl radicals. Hydroxyl radicals are powerful oxidizing
substances and can attack the glycosidic bonds of polysac-
charides [31]. The degradation reaction of H2O2 is moderate,
and its extent can be controlled without changing the struc-
ture of the main chain of polysaccharides. In recent years,
H2O2 degradation has been widely accepted. For example,
Hou et al. [32] performed degradation of Laminaria japonica
fucoidan by changing H2O2 concentration, reaction temper-
ature, and pH and obtained seven degraded fractions of Mw:
1.0, 3.8, 8.3, 13.2, 35.5, 64.3, and 144.5 kDa. All of these poly-
saccharide fractions exhibited no significant changes in the
major backbone structure and sulfate group content.

The structure of polysaccharides is the basis for their bio-
logical activity [4, 5, 10, 33]. Galactans from red seaweeds
possess structures based on a linear chain of alternating 3-
linked β-D-galactopyranose residues (A units) and 4-linked
α-D- or α-L-galactopyranose residues or its 3,6-anhydro
derivative (B units). These galactans are mainly classified as
carrageenans, in which the B unit belongs to the D series,
and agarans, in which the B unit is in the L configuration
[34]. “Agaran” refers to polysaccharides with a backbone of
[→3) β-D-Gal-(1→4)-(3,6-An)-α-L-Gal]. In the present
study, the monosaccharide composition and type of sugar
residues of GLP were analyzed by 1H NMR, 13C NMR, and
FT-IR spectroscopy methods. The signals at δ 4.43 and
5.34 ppm in the 1H NMR spectra correspond to the H1 of
β-D-galactose and 3,6-α-L-galactoptoside, respectively. The
signals at δ 102.35 and 99.48 ppm in the 13C NMR spectra
correspond to the anomeric protons of β-D-galactose and
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Figure 5: Cell viability of damaged HK-2 cells after being exposed
to six GLP fractions with molecular weights of 622, 106, 49.6, 10.5,
3.71, and 2.42 kDa. NC: normal control; DC: damaged control by
2.8mmol/L oxalate. GLP concentration: 60 μg/mL. Compared to
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3,6-α-L-galactoptoside, respectively. The peak at 1370 cm−1

in the FT-IR spectra is assigned to ester sulfate, and the peak
at 1260 cm−1 corresponds to the stretching vibration of S=O
[26, 27]. These findings indicate that GLP is a sulfated poly-
saccharide. Based on the spectroscopy analysis results, GLP
mainly consists of β-D-galactose and 6-O-sulfate-3,6-L-
galactose (Scheme 1). The presence of L-galactose indicates
that GLP contains agaran structures. Duarte et al. [35]
showed that B units in the L configuration are not of primary
importance because of its biological activity, but the substitu-
tion of the sulfate group on the agaran backbone affects its
biological activity. Thus, the substitution content and posi-
tion of the sulfate group on the agaran backbone may affect
the repair ability of GLP to damaged HK-2 cells.

Polysaccharides contain galactose residue, which is prone
to be attacked by free radicals, resulting in fracture of the
chain backbone [36]. Thus, GLP can be easily degraded by

H2O2. Depolymerization with H2O2, a widely used method,
changes the side groups of the polysaccharide but does not
induce distinct changes in the structures of the main chain
(Figure 4) [37]. The FT-IR and 1HNMR spectra ofGLP before
and after degradation were similar (Figure 3, Table 2), and no
new peaks appeared. This finding indicated that the degrada-
tion of H2O2 did not significantly affect the overall structure
of the polysaccharides. Therefore, the main structure of
polysaccharide before and after degradation slightly chan-
ged. The molecular weight of the degraded polysaccharides
and the H2O2 concentration showed a negative correlation
(Figure 1); this finding provides references for obtaining tar-
get polysaccharides with different molecular weights.

As shown in Figures 2 and 3, the contents of the −OSO3H
and −COOH groups of the polysaccharide fractions slightly
increased after degradation because of the following: (1) free
radicals produced by H2O2 during degradation will break the
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Figure 7: Cell morphology observation of damaged HK-2 cells by hematoxylin-eosin staining after treatment with six GLP fractions with
different molecular weights. NC: normal control; DC: damaged control by 2.8mmol/L oxalate; (a) GLP0, (b) GLP1, (c) GLP2, (d) GLP3,
and (e) GLP6. GLP concentration: 60 μg/mL. Repaired time: 12 h.
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Figure 8: SOD activity (a) and MDA content (b) of the damaged HK-2 cells after treatment with six GLP fractions with different molecular
weights. NC: normal control; DC: damaged control by 2.8mmol/L oxalate. GLP concentration: 60 μg/mL. Repaired time: 12 h. Compared to
DC group: ∗p < 0 05 and ∗∗p < 0 01.
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highly compact sugar chain structure of natural polysaccha-
ride, thereby exposing the −OSO3H and −COOH groups of
the polysaccharide, and (2) the water solubility of the
degraded polysaccharide slightly increased and was higher
than that of nondegraded GLP0 because of the large molecu-
lar weight of the latter, resulting in the concealment of small
parts of the acidic groups of polysaccharides [38, 39].

Similar results were reported by previous studies [38, 39].
Zhang et al. [39] obtained polysaccharide fractions with dif-
ferent molecular weights (725, 216, 124, 61.9, and 26.0kDa)

through H2O2 degradation of the crude Monostroma latis-
simum polysaccharide; the −OSO3H group content (21.20%,
22.71%, 24.73%, 25.48%, and 27.28%, resp.) increased with
decreasing molecular weight of the polysaccharide. Sun et al.
[38] used H2O2 and Vc to degrade Pavlova viridis and Sarcino-
chrysis marina Geitler. When the molecular weight of P. viridis
decreased from 3645kDa to 55.0kDa, the −COOH content
increased from 3.41% to 8.78%. The −COOH content increased
from 5.82% to 9.99% when the molecular weight of S. marina
Geitler decreased from 2595kDa to 169kDa.
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Figure 9: Changes in mitochondrial membrane potential (ΔΨm) of the damaged HK-2 cells after being repaired by GLP with different
molecular weights. (a) Dot plot of ΔΨm; (b) changes in the fluorescent intensity ratio (A/M) of J-aggregates/J-monomers in the
mitochondria of each repair group. NC: normal control; DC: damaged control by 2.8mmol/L oxalate; (A) GLP0, (B) GLP1, (C) GLP2, (D)
GLP3, and (E) GLP6. GLP concentration: 60μg/mL. Repaired time: 12 h. Compared to the DC group: ∗p < 0 05 and ∗∗p < 0 01.
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4.2. Repair Effect of GLP on Damaged HK-2 Cells. High con-
centrations of oxalate in urine will cause lipid peroxidation;
this phenomenon leads to excessive production of reactive
oxygen species (ROS) and MDA (Figure 8(b)) and damage
to renal epithelial cells, resulting in enhanced adhesion of
urinary crystallites and promoted formation of early micro-
calculus [40, 41]. Excessive ROS generation resulted in deple-
tion of SOD enzyme activity of cells (Figure 8(a)), indicating

that oxalate reduced the antioxidant capacity of cells. GLPs
showed significant antioxidant activity and effectively
repaired cells against oxidative stress caused by oxalate. The
SOD activity was obviously increased when the damaged
cells were repaired with 60μg/mL GLPs, and the MDA con-
tent was obviously reduced compared with the injured cells.
In addition, the present results indicate that cell viability
decreased (Figure 5) and the amount of LDH released into
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Figure 10: Changes in the cycle of the damaged HK-2 cells after being repaired by GLP fractions with different molecular weights. (a) Cell
cycle histogram; (b) the percentage of cells in the S phase; (c) the percentage of cells in the G2/M phase. NC: normal control; DC: damaged
control by 2.8mmol/L oxalate; (A) GLP0, (B) GLP1, (C) GLP2, (D) GLP3, and (E) GLP6. GLP concentration: 60 μg/mL. Repaired time: 12 h.
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the extracellular matrix increased (Figure 6) when HK-2 cells
were damaged by oxalate. After the damaged HK-2 cells were
repaired through treatment with various fractions of GLP,
the cell viability increased, the amount of LDH released
decreased, the cellmorphologywas improved, and thenumber
of living cells increased (Figure 7). Subha and Varalakshmi
[42] reported that sodium pentosan polysulfate can reduce
LDH secretion in calculogenic rat urine. Meanwhile, glycos-
aminoglycan can prevent the changes of cytosolic Ca2+ levels
in renal tubular epithelial cells induced by oxalic acid and
recover the cell morphology [43].

Mitochondrial membrane potential (ΔΨm) is higher in
normal cells than that in damaged cells [44]. When the
cells were oxidatively damaged by oxalate, the permeability
of the mitochondrial membrane increased, which induced
Ca2+ influx and depolarization of the mitochondria [45],
resulting in decreased Δψm (Figure 9(b)). GLP fractions with
different molecular weights can be used to repair the mem-
brane potential of cells. The increase in Δψm is related to
the molecular weight of GLP (Figures 8(a)–8(e)); that is,
the Δψm of the cell was closest to the normal group after
being repaired by GLP with molecular weight of 49.6 kDa.
Li et al. [46] reported that Ganoderma atrum polysaccharide
(PSG-1) increased Bcl-2 protein expression in the mitochon-
dria; the polysaccharide inhibited Bax translocation, cyto-
chrome c release, and caspase activation, resulting in an
increase in Δψm of the cell. Sparassis crispa polysaccharide
fraction with a molecular weight of 75 kDa reduced the
accumulation of reactive oxygen species, blocked Ca2+

influx, and prevented depolarization of the mitochondrial
membrane potential to protect PC12 cells against L-Glu-
induced injury [45]. GLP can repair the mitochondria in
damaged cells because −OSO3H and −COOH functional
groups are rich in GLP, which can scavenge reactive oxygen
species [24].

In damaged cells, the percentage of cells in the S phase
(51.9%) increased but that in the G2/M phase decreased
(Figure 10). The cell cycle was arrested in the S phase.
This result could be due to the cell initiated DNA repair
when the DNA in the cell was damaged. When DNA can-
not repair by itself, the cells cannot enter the G2/M phase
and block the S phase [30]. After treatment with GLP with
different molecular weights, the percentage of cells in the S
phase decreased and that in the G2/M phase increased.
Hence, GLP promoted cell cycle progression from the S
phase to the G2/M phase and repaired DNA replication.
The repair ability on cell cycle progression was associated
with the molecular weight of GLP (Figures 9(A)–9(E)),
and GLP2 with a molecular weight of 49.6 kDa exhibited
the strongest repair ability.

4.3. Differences in Repair Effect of Polysaccharides with
Different Molecular Weights. The repair effect of GLP on
damaged HK-2 cells could be due to polysaccharide mole-
cules, which are dispersed to the damaged cell membrane
gap to repair the cell or adhered to the cell membrane to
block further oxidative damage by oxalate; the dispersion
and adhesion of the polysaccharide are closely correlated
with its molecular weight [47].

(1) The high molecular weight of polysaccharides limited
their physical properties, such as highly compact
molecular structure, large molecular size, and low
water solubility, resulting in decreased possibility of
migrating to the cell membrane [32]; the polysaccha-
rides cannot easily widen the cell membranes to exert
their biological effects.

(2) For example, the biological availability of low-
molecular-weight heparin is higher than that of the
ordinary heparin, the former thereby inhibiting ath-
erosclerosis [48]. A previous study on three degraded
porphyran fractions (with molecular weights of
29,695, 6893, and 5876Da) reported that fractions
with low molecular weight exhibited strong DPPH
radical scavenging ability and antioxidant activity
[49]. Sun et al. [50] degraded the crude Porphyri-
dium cruentum and obtained six degraded polysac-
charide fractions, with molecular weights of 6.53,
256, 606, 802.6, 903.3, and 1002 kDa; the polysaccha-
ride fraction with molecular weight of 6.53 kDa
exhibited the optimal effect on enhancing immuno-
modulatory ability.

(3) If the polysaccharide molecular weight is too low, it
cannot form an active polymer structure for the bio-
logical activity. Liao et al. [6] studied the hypoglyce-
mic effect of GLP with different molecular weights
in diabetic mice and discovered that GLP with high
molecular weight (such as 121.89 kDa) did not easily
pass through the cell membrane to play its biological
role; moreover, GLP with low molecular weight (such
as 5 kDa) cannot form an active polymer structure for
the biological activity, leading to decreased bioactiv-
ity. Cai et al. [51] also reported that the anticoagulant
activity of GSP-2, with molecular weight of 28 kDa
and which was extracted from G. scabrabunge, is
lower than that of GSP-3, with a high molecular
weight of 58 kDa.

(4) Polysaccharides with appropriate molecular weight
have high freedom degree and small steric hindrance;
they require less energy to diffuse into cell membrane
breach [47]; therefore, these polysaccharides exhibit
great potential to be absorbed by the cell membrane
through electrostatic interactions and repair the cell.
Thus, degradation of high-molecular-weight polysac-
charides into their counterparts with appropriate
molecular weight can improve their biological activ-
ity [32]. The appropriate molecular weight to obtain
optimal bioactivity varies among different plant
polysaccharides. For example, Meng et al. [52]
reported that polysaccharides with molecular weight
of 10–20 kDa exhibited higher hydroxyl radical scav-
enging activity than did polysaccharide fractions with
molecular weight of 43 and 4.7 kDa.

Renal tubular cell injury plays a key role in the patho-
physiological processes of renal stone diseases. Abnormally
elevated urinary oxalate induces tubular dysfunction or
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damage, thereby promoting the retention of CaOx crystals.
This phenomenon is believed to be a prerequisite for the
eventual formation of kidney stones [53]. Our results demon-
strated that the GLP fractions can repair oxalate-induced oxi-
datively damaged HK-2 cells, and their repair ability is
correlated with the molecular weight of the fractions. These
results may help design structure-based drugs with specific
actions on urolithiasis.

5. Conclusions

Seven fractions with molecular weights of 106, 49.6, 10.5,
6.14, 5.06, 3.71, and 2.42 kDa were obtained by controlling
H2O2 concentration during degradation of crude GLP.
GLP consists of β-D-galactose and 6-O-sulfate-3,6-α-L-
galactose. H2O2 degradation does not change the structure
of GLP polysaccharides, whereas the contents of the −OSO3H
and −COOH groups of the polysaccharides slightly increased
after degradation. Various polysaccharide fractions can
repair oxalate-induced oxidatively damaged HK-2 cells.
After being repaired by polysaccharides, the cell viability
and SOD activity increased, the amount of LDH and
MDA released decreased, the cell morphology was gradu-
ally restored to normal cells, the mitochondrial membrane
potential increased, the percentage of cells in the S phase
decreased, and the percentage of cells in the G2/M phase
increased. The repair ability of each polysaccharide fraction
of GLP is associated with its molecular weight. GLP2 with a
molecular weight of 49.6 kDa exhibited a superior repair
effect than did other degraded polysaccharide segments
and crude polysaccharide. Moreover, polysaccharides with
a molecular weight largely deviating from 49.6 kDa elicited
weak repair capacity. Our results suggested that degraded
GLP fractions, especially GLP2, could be developed into
novel anti-stone polysaccharide drugs.
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Oxidative stress plays a central role in the pathogenesis of many human diseases. The nuclear factor erythroid 2-related factor 2
(Nrf2) is a key transcription factor regulating the intracellular antioxidant response and is an emerging target for the prevention
and therapy of oxidative stress-related diseases. Salviae Miltiorrhizae Radix et Rhizoma (SMRR) is a traditional Chinese
medicine (TCM) and is commonly used for the therapy of cardiac cerebral diseases. Cumulative evidences indicated that the
extract of SMRR and its constituents, represented by lipophilic diterpenoid quinones and hydrophilic phenolic acids, were
capable of activating Nrf2 and inhibiting oxidative stress. These bioactive constituents demonstrated a therapeutic potential
against human diseases, exemplified by cardiovascular diseases, neurodegenerative diseases, diabetes, nephropathy, and
inflammation, based on the induction of Nrf2-mediated antioxidant response and the inhibition of oxidative stress. In the
present review, we introduced the SMRR and Nrf2 signaling pathway, summarized the constituents with an Nrf2-inducing
effect isolated from SMRR, and discussed the molecular mechanism and pharmacological functions of the SMRR extract and
its constituents.

1. Introduction

Oxidative stress is defined as an imbalance of the oxi-
dants/antioxidants tilting toward an oxidative status and
characterized by the overproductions of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) com-
pared with the basal state [1]. Cumulative evidences have
verified that oxidative stress impairs cellular components
(e.g., lipids, proteins, and nucleic acids) and plays a central
role in the pathogenesis of many human diseases, such as
cardiovascular diseases, neurodegenerative diseases, chronic
obstructive pulmonary disease (COPD), atherosclerosis,
chronic kidney diseases, diabetes, and cancer [2–8]. To
eliminate excess oxidants and maintain intracellular redox
homeostasis, cells have developed an adaptive and dynamic

antioxidant defense system, including antioxidant molecules,
antioxidant enzymes, and phase II detoxifying enzymes, to
protect cells and tissues against oxidative insults.

The nuclear factor erythroid 2-related factor 2 (Nrf2)
is a key transcription factor regulating the intracellular
antioxidant response and plays a vital role in maintaining
intracellular redox homeostasis [9]. The predominant biolog-
ical function of Nrf2 is to activate the transcriptions of a wide
array of cytoprotective genes that are capable of counter-
acting the harmful effects caused by oxidative stress and
toxicants. Activation of the Nrf2-mediated cellular defense
system definitely intervenes the pathogenesis of oxidative
stress-induced diseases, such as cancer [10], diabetes [11],
respiratory diseases [12], chronic inflammation [13], car-
diovascular diseases [14], and neurodegenerative diseases

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2018, Article ID 7309073, 13 pages
https://doi.org/10.1155/2018/7309073

http://orcid.org/0000-0002-2095-1562
https://doi.org/10.1155/2018/7309073


[15]. The protective roles of Nrf2 against oxidative insults
and xenobiotic have also been verified by bioassays using
Nrf2-null mice. For example, Nrf2-null mice are more
susceptible to cigarette smoke-induced emphysema [16],
acetaminophen-induced hepatotoxicity [17], and benzo[a]-
pyrene-induced carcinogenesis [18]. Therefore, the activa-
tion of the Nrf2-mediated antioxidant defense system is
an efficient strategy for the prevention and therapy of
these diseases.

Natural product without a doubt is an invaluable source
for discovering Nrf2 activators, and nowadays, plenty of nat-
ural molecules demonstrate therapeutic potentials against
oxidative stress-related disease due to their functions on the
activation of Nrf2 [19]. In our systematic investigation of
Nrf2 activators from traditional Chinese medicines (TCM)
[1, 20–22], we found that the extract of Salviae Miltiorrhizae
Radix et Rhizoma (SMRR) promoted the activity of Nrf2-
mediated phase II detoxifying enzyme, NAD(P)H: quinone
reductase, and thus displayed potency on the activation
of the Nrf2 signaling pathway [21]. Consistent with our
observations, some literatures indicated that lipophilic diter-
penoid quinones and hydrophilic phenolic acids, two types of
predominant bioactive ingredients of SMRR, possessed
evident Nrf2-inducing properties and inhibited the patho-
genesis of diseases, exemplified by Alzheimer’s disease [23],
cardiovascular diseases [24, 25], and hepatic injury [26].

Although some reviews concerning the chemistry and
pharmacology of SMRR have been published [27, 28],
chemical constituents with Nrf2-inducing effects and
their pharmacological functions based on the activation

of Nrf2 have not been summarized. In this review, we
introduced the SMRR and Nrf2 pathway, summarized
the Nrf2 activators from SMRR, and discussed their molec-
ular mechanisms and pharmacological functions against
human diseases.

2. Nrf2 Signaling Pathway

Nrf2 is a basic leucine zipper (bZIP) transcription factor
bearing a Cap‘n’collar (CNC) structure [29]. It possesses
seven functional domains, named as Neh1–Neh7. The
Neh2 domain is the key regulatory domain with two
binding sites (termed as ETGE and DLGmotifs) that interact
with its negative regulator, Kelch-like ECH-associated pro-
tein 1 (Keap1), a substrate adaptor protein for the cullin 3-
(Cul3-) containing E3 ubiquitin ligase (Figure 1) [30, 31].
Keap1 contains three functional domains that are the broad
complex/tramtrack/bric-a-brac (BTB) domain, intervening
region (IVR), and Kelch domain. The N-terminal BTB
domain is involved in the dimerization of Keap1 via binding
with Cul3. The Kelch domain interacts with the Neh2
domain of Nrf2 and regulates its physiological functions.

Under a normal state, Nrf2 is primarily localized in a
complex with its repressor Keap1 via direct protein-
protein interactions and is maintained at a low level in
cytosol through Keap1-mediated ubiquitylation and 26S
proteasome-mediated degradation. Upon exposure of cells
to oxidative stress, Nrf2 is released from Keap1, translo-
cates into the nucleus, binds to the antioxidant response
element (ARE) located in the promoter region of
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Figure 1: Schematic model of the regulation of the Nrf2 signaling pathway. Under basal conditions, Nrf2 undergoes Keap1-mediated
ubiquitylation and 26S proteasome-mediated degradation. In response to oxidants, toxicants, or Nrf2 inducers, Nrf2 is released from
Keap1, translocates into the nucleus, and activates the transcription of ARE-mediated protective genes.
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cytoprotective genes, and activates their transcription.
These ARE-containing genes are mainly divided into three
groups: (i) intracellular redox-balancing proteins, including
γ-glutamyl cysteine synthetase (γ-GCS), thioredoxin reduc-
tase (TrxR), and heme oxygenase-1 (HO-1) that maintain
the cellular redox capacity and eliminate ROS; (ii) phase II
detoxifying enzymes, exemplified by NAD(P)H: quinone
oxidoreductase 1 (NQO1) and glutathione S-transferase
(GST), which promote excretion of toxicants; and (iii) xeno-
biotic transporters: multidrug resistance-associated protein
(MRP) [9, 32]. The schematic model of the Nrf2 pathway is
shown in Figure 1. Based on the biological functions of these
genes, the activation of Nrf2-mediated defensive response
efficiently counteracts oxidative insults.

3. Salviae Miltiorrhizae Radix et
Rhizoma (SMRR)

Salviae Miltiorrhizae Radix et Rhizoma, named as “Danshen”
in Chinese, is the roots and rhizomes of Salvia miltiorrhiza
Bunge (Labiatae) (Figure 2) and has a long history for the
therapy of human diseases in China. Its medical applica-
tions have been recorded in many Chinese medical docu-
ments, including “Shennong’s Classic of Materia Medica”
(Shennong Ben Cao Jing) and “Compendium of Materia
Medica” (Ben Cao Gang Mu). According to the theory

of TCM, it possesses the capabilities of promoting blood
flow in menstruation, removing blood stasis, relieving
pain, resolving mental uneasiness and restlessness, nour-
ishing the blood, and tranquilizing the mind (Chinese
Pharmacopoeia, 2015). Presently, it is predominantly used
in multicomponent preparations (e.g., Fufang Danshen
Tablets, Fufang Danshen Dripping Pills, and Guanxin
Danshen Capsules) to treat cardiac cerebral diseases (e.g.,
ischemic heart disease, ischemic stroke, coronary heart dis-
ease, angina, and thrombosis) owing to SMRR’s biological
functions of inhibiting platelet aggregation, modulating
endothelial cell permeability, and protecting cells from
ischemia-reperfusion (I/R) injury. Besides these pharmaco-
logical effects, a growing body of data indicated that
SMRR potently activated intracellular antioxidant enzymes,
upregulated endogenous antioxidants, and scavenged intra-
cellular ROS. Therefore, SMRR demonstrated potential
therapeutic effects against oxidative stress-induced diseases,
such as cardiovascular diseases, inflammation, and renal
disease [33–35].

4. Chemical Ingredients from SMRR and Their
Potential Nrf2-Inducing Effects

Since the long history of traditional applications and sig-
nificant therapeutic effects against human diseases, a large

(a)

(b)

(c)

Figure 2: Pictures of Salvia miltiorrhiza and Salviae Miltiorrhizae Radix et Rhizoma: (a) the whole plant of S. miltiorrhiza; (b) the roots of S.
miltiorrhiza; and (c) medicinal materials of SMRR used in TCM.
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number of phytochemical investigations of SMRR have
been performed to give the isolation of diverse chemical
ingredients. The structural information of the purified ingre-
dients has been summarized by some reviews [27, 36, 37].
Based on their structural characteristics and molecular polar-
ity, SMRR-derived chemical ingredients are classified into
two groups: (i) lipophilic diterpenoid quinones, which are
commonly abietane-type diterpenoid skeleton with quinone
moiety, including tanshinone I (12), tanshinone IIA (16),
and miltirone (17), and (ii) hydrophilic phenolic acids that
are condensed caffeic acid derivatives with different linkage
and degree of polymerization, such as danshensu (22) and
salvianolic acids A-B (24-25). Up to now, more than fifty
diterpenoid quinones and forty phenolic acids have been
reported from SMRR [27]. Among them, tanshinone IIA
(16) and salvianolic acid B (25) are considered to be biolog-
ically active substances of SMRR and thus are selected as
the markers for the quality control of SMRR (Chinese Phar-
macopoeia, 2015). In this section, we have only summarized
the chemical ingredients with Nrf2-inducing activity. As
depicted in Table 1 and Figure 3, diterpenoid quinones are
the predominant Nrf2 inducers of SMRR. For instance,
Zhang et al. identified twenty diterpenoid quinones, includ-
ing constituents 1–17, using a strategy combining a HPLC-
based high-resolution peak fractionation approach and an
ARE luciferase assay in HEK 293 T cells [38]. Furthermore,
diterpenoid quinones 1, 5, 9, 11, and 15–21 were verified
to be potential Nrf2 inducers by a HPLC/MS/MS method
combined with QR-inducing assay in Hepa 1c1c7 cells
[39]. Of which, 15,16-dihydrotanshinone I (9), tanshinone
I (12), tanshinone IIA (16), and miltirone (17) have been
extensively investigated. The phenolic acids, including
danshensu (22), rosmarinic acid (23), and salvianolic
acids A-B (24-25), are capable of activating Nrf2-mediated
cytoprotective responses.

5. Nrf2-Based Therapeutic Potential of SMRR
and Its Constituents against Human Diseases

Plenty of reviews have summarized the pharmacological
functions and therapeutic effects of SMRR and its constitu-
ents on cardiovascular diseases [25, 55–57], neurodegenera-
tive disease [23], cancer [58], osteoporosis [59], diabetes,
and liver fibrosis [28]. In this section, we focused on their
therapeutic effects related to the activation of Nrf2-mediated
antioxidant response and inhibition of oxidative stress.

5.1. Cardiovascular Diseases.Oxidative stress plays an impor-
tant role in the pathogenesis of cardiovascular diseases,
including hypertension, I/R injury, atherosclerosis, and heart
failure [7, 60–62]. Inductions of the Nrf2-regulated enzymes
[e.g., superoxide dismutase (SOD), HO-1, catalase (CAT),
and glutathione peroxidase (GPx)] are beneficial for the ther-
apy of these cardiovascular diseases. The aqueous extract of
SMRR prevented myocardium oxidative injury in an I/R rat
model [34]. It enhanced capacities of antioxidant enzymes
(e.g., SOD, CAT, and GPx) and prevented myocardium cell
apoptosis. Similarly, the ethanol extract of SMRR, together
with tanshinone IIA (16) and salvianolic acid B (25), dose-

dependently reduced the levels of myocardium malondialde-
hyde (MDA) and ROS and enhanced myocardium glutathi-
one (GSH) levels in the I/R rat model [63].

Tanshinone IIA (16) induced the Nrf2 signaling pathway
via activating ERK and PKB, as well as downregulating the
levels of tumor necrosis factor (TNF-α) and angiotensin II,
and inhibited H2O2-induced ROS production in human aor-
tic smooth muscle cells [45]. It reversed TNF-α-induced
downregulations of intracellular GSH, NADPH, and glucose
6-phosphate dehydrogenase (G6PDH). Tanshinone IIA (16)
also increased the expressions of Nrf2-mediated proteins,
HO-1, ATP-binding cassette transporter A1 (ABCA1), and
ATP-binding cassette transporter G1 (ABCG1) in lipid-
laden macrophages, and thus suppressed accumulation of
cholesterol in human macrophages [64]. Tanshinone IIA
(16) increased Nrf2 and HO-1 expressions through the
activation of phosphoinositide 3-kinase (PI3K)/Akt in
human umbilical vein endothelial cells (HUVECs) and pro-
tected cells against H2O2-induced HUVEC oxidative injury
[65–67]. It also upregulated the GPx activity and protected
J774 macrophages against H2O2-induced cell death [68].
Tanshinone IIA (16) attenuated cardiac dysfunction and
fibrosis and prevented cardiac remodeling via downregulat-
ing NAD(P)H oxidase-derived ROS production in 2K2C
hypertensive rats [69]. In addition, tanshinone IIA (16)
inhibited the productions of oxidized low-density lipoprotein
(ox-LDL) and superoxide anion and reduced MDA level in
the excessive vitamin D2 and high-cholesterol diet-induced
rat atherosclerotic calcification model [70].

Ox-LDL induces endothelial dysfunction and changes of
intercellular adhesion molecule-1 (ICAM-1), vascular cell
adhesion molecule-1 (VCAM-1), and E-selectin, which are
involved in the pathogenesis of atherosclerosis. Cryptotanshi-
none (11) inhibited ox-LDL-induced membrane expressions
of ICAM-1, VCAM-1, and E-selectin, which was associated
with its capability of inhibiting ROS production and nuclear
factor-κB (NF-κB) activation [71]. Miltirone (17) enhanced
the expressions of Nrf2, HO-1, and NQO1 in human
EA.hy926 endothelial cells [47]. It protected EA.hy926 cells
against ox-LDL-induced endothelial insults via inhibiting
ROS synthesis and upregulating SOD and glutathione S-
transferase (GST) in an Nrf2/HO-1 dependent manner.

Danshensu (22) was investigated for its cardioprotective
activity using isolated rat hearts of the I/R model [48]. It
attenuated I/R injury through scavenging ROS and inhibiting
the oxidative stress. A further study indicated that danshensu
(22) upregulated endogenous antioxidant enzymes (e.g.,
SOD, CAT, MDA, GPx, and HO-1), which was associated
with the activation of the Nrf2/Akt/ERK1/2 signaling path-
way. Salvianolic acid A (24) inhibited the productions of
intracellular ROS and MDA and alleviated the change of
mitochondrial membrane potential (MMP), in the tert-butyl
hydroperoxide- (t-BHP-) induced HUVEC oxidative injury
model [72].

5.2. Neurodegenerative Diseases. Oxidative stress and its
impairment to the mitochondria play a dominant role in
the onset and progression of multiple neurodegenerative dis-
orders, including Alzheimer’s disease, Parkinson’s disease,
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Table 1: Chemical constituents with Nrf2-inducing activity.

Structural
type

No Name of compounds Nrf2-inducing activity
Cell or animal

models
Ref

Diterpenoid
quinones

1 Tanshindiol B
6.80-fold induction of ARE luciferase activity HEK 293 T cells [38]

4.85 μM for 2-fold induction of QR activity Hepa 1c1c7 cells [39]

2 17-Hydroxycryptotanshinone 3.97-fold induction of ARE luciferase activity HEK 293 T cells [38]

3 Isotanshinone IIA 6.45-fold induction of ARE luciferase activity HEK 293 T cells [38]

4 Trijuganone A 4.31-fold induction of ARE luciferase activity HEK 293 T cells [38]

5 Tanshinone IIB
5.34-fold induction of ARE luciferase activity HEK 293 T cells [38]

4.85 μM for 2-fold induction of QR activity Hepa 1c1c7 cells [39]

6 Przewaquinone A 6.01-fold induction of ARE luciferase activity HEK 293 T cells [38]

7 Przewaquinone B 7.27-fold induction of ARE luciferase activity HEK 293 T cells [38]

8 1-Ketoisocryptotanshinone 5.65-fold induction of ARE luciferase activity HEK 293 T cells [38]

9 15,16-Dihydrotanshinone I

3.38-fold induction of ARE luciferase activity HEK 293 T cells [38]

4.80 μM for 2-fold induction of QR activity Hepa 1c1c7 cells [39]

Induction of ARE luciferase and upregulation
of Nrf2 protein level

MDA-MB-231 cells [40]

Induction of Nrf2, NQO1, and γ-GCS protein levels
Human dermal
fibroblasts.

[41]

10 1,2,15,16-Tetrahydrotanshinone I 4.37-fold induction of ARE luciferase activity HEK 293 T cells [38]

11 Cryptotanshinone

3.61-fold induction of ARE luciferase activity HEK 293 T cells [38]

5.07 μM for 2-fold induction of QR activity Hepa 1c1c7 cells [39]

Induction of ARE luciferase and upregulation
of Nrf2 protein level

MDA-MB-231 cells [40]

Induction of ARE-luciferase activity Hep G2 cells [26]

12 Tanshinone I

2.60-fold induction of ARE luciferase activity HEK 293 T cells [38]

5.90 μM for 2-fold induction of QR activity Hepa 1c1c7 cells [39]

Induction of ARE luciferase and upregulation
of Nrf2 protein level

MDA-MB-231 cells [40]

Upregulation of Nrf2, HO-1, GCLC, and GCLM SH-SY5Y cells [42, 43]

Induction of ARE-luciferase activity Hep G2 cells [26]

Induction of Nrf2, NQO1, and γ-GCS protein levels
Human dermal

fibroblasts
[41]

13 RO-090680 3.06-fold induction of ARE luciferase activity HEK 293 T cells [38]

14 Methylenetanshinquinone 2.77-fold induction of ARE luciferase activity HEK 293 T cells [38]

15 1,2-Didehydromilitirone
3.79-fold induction of ARE luciferase activity HEK 293 T cells [38]

1.04 μM for 2-fold induction of QR activity Hepa 1c1c7 cells [39]

16 Tanshinone IIA

2.58-fold induction of ARE luciferase activity HEK 293 T cells [38]

5.10 μM for 2-fold induction of QR activity Hepa 1c1c7 cells [39]

Upregulation of Nrf2, HO-1, and NQO-1
protein levels

JB6 cells [44]

Induction of ARE luciferase and upregulation
of Nrf2 protein level

MDA-MB-231 cells [40]

Upregulation of Nrf2, NOQ-1, HO-1, GCLC,
and GCLM protein levels

Human aortic
smooth muscle

cells.
[45]

Induction of ARE-luciferase activity and
upregulation of mRNA levels of GCLC,

NQO1, and HO-1
Hepa G2 cells [26]

Induction of Nrf2 and upregulation of mRNA and
protein levels of HO-1, NQO1, and GCLC

SH-SY5Y cells [46]

5Oxidative Medicine and Cellular Longevity



and Huntington’s disease [73]. Based on its function on
inhibiting oxidative stress, Nrf2 is considered to be an
emerging target for the treatment of neurodegenerative
disorders [73, 74]. Tanshinone I (12) activated the expres-
sions of Nrf2, HO-1, glutamate-cysteine ligase catalytic sub-
unit (GCLC), and glutathione cysteine ligase modulatory
subunit (GLCM) in SH-SY5Y cells [42]. Tanshinone I (12)
inhibited 6-hydroxydopamine- (6-OHDA-) induced cell
death and ROS production in SH-SY5Y neuroblastoma
cells [42]. In an in vivo assay, tanshinone I (12) attenuated
6-OHDA-induced striatal oxidative stress and blocked
dopaminergic neurotoxicity in 6-OHDA-lesion mice. It also
protected the mitochondria against paraquat-induced redox
impairment via upregulating Nrf2-regulated antioxidant
enzymes, such as Mn-superoxide dismutase (Mn-SOD),
GPx, and γ-glutamate-cysteine ligase (γ-GCL) [43]. Simi-
larly, tanshinone IIA (16) induced the expressions of Nrf2,
HO-1, GCLC, and GCLM in SH-SY5Y cells and protected
cells against 6-OHDA-induced ROS production and cell
death in an Nrf2-dependent manner in vitro [46]. It amelio-
rated neurodegeneration in a 6-OHDA-induced rat model of
Parkinson’s disease.

Salvianolic acid A (24) enhanced neuronal survival and
stabilized MMP in SH-SY5Y cells and protected SH-SY5Y
cells against H2O2-induced oxidative injury [75]. This pro-
tective effect was caused by the inhibition of the AMP-
activated protein kinase (AMPK) and the Akt signaling
pathway. Salvianolic acid B (25) was evaluated for the pro-
tection against cognitive decline using a high-fat diet-fed
mouse model [76]. It upregulated antioxidant enzymes
(e.g. SOD and GPx), attenuated hippocampal redox status,
and thus counteracted cognitive decline [76]. Salvianolic acid
B (25) was also investigated for its neuroprotection using
lipopolysaccharide- (LPS-) and 1-methyl-4-phenylpyridi-
nium- (MPP+-) induced neuronal injury model in vitro

[53]. Salvianolic acid B (25) upregulated Nrf2 expression
and decreased LPS- and MPP+-induced toxicities of dopa-
mine neurons in the primary neuroglia of a mouse. Salviano-
lic acid B (25) attenuated dopaminergic neuronal loss,
inhibited neuroinflammation, and improved the neurological
function of neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine- (MPTP-) treated mice [53].

5.3. Diabetes. Oxidative stress triggers the mitochondrial
damage which is the predominant contributing factor of
excessive β-cell death [77]. Furthermore, high glucose-
induced redox imbalance provokes oxidative insults of
human tissues and organs (e.g., cardiovascular system, kid-
ney, and eyes) [78]. The activation of Nrf2-regulated anti-
oxidant response relieved the pathogenesis and progression
of diabetes [79, 80]. Salvianolic acid B (25) inhibited the
development of diabetes-related nephropathy and vascular
complications in a type 2 diabetic animal model [81]. It also
protected pancreatic β-cells against cytokines, interferon-γ
(INF-γ), and interleukin- (IL-) 1β and induced INS-1 cell
death through activating the expressions of Nrf2, HO-1,
and Sirt1 [82]. Salvianolic acid A (24) reduced the levels of
advanced glycation end products (AGEs) and MDA and
improved intestinal motility in diabetic rats [83].

5.4. Nephropathy. Oxidative stress has been implicated in the
onset and promotion of nephropathy, and the modulation of
Nrf2 is an efficient strategy for the therapy of renal diseases
[84]. Ethyl acetate extract of SMRR enhanced the expression
of Nrf2 and inhibited ROS production in high-glucose-
induced mouse mesangial cells (MMCs) [33]. It reduced
albuminuria and alleviated renal damage in streptozocin-
induced mice. SMRR injection inhibited N(G)-nitro-d-argi-
nine-induced oxidative injury in a rat kidney [85]. It upreg-
ulated the activities of endogenous antioxidant enzymes

Table 1: Continued.

Structural
type

No Name of compounds Nrf2-inducing activity
Cell or animal

models
Ref

17 Miltirone

3.32-fold induction of ARE luciferase activity HEK 293 T cells [38]

0.92 μM for 2-fold induction of QR activity Hepa 1c1c7 cells [39]

Enhancement of Nrf2 translocation and
upregulation mRNA and protein levels

of Nrf2, HO-1, and NQO1
EA.hy926 cells [47]

18 17-Hydroxycryptotanshinone 4.85 μM for 2-fold induction of QR activity Hepa 1c1c7 cells [39]

19 1-Oxomiltirone 0.40 μM for 2-fold induction of QR activity Hepa 1c1c7 cells [39]

20 4-Methylenemiltirone 0.46 μM for 2-fold induction of QR activity Hepa 1c1c7 cells [39]

21 1,2-Dihydrotanshinone I 5.40 μM for 2-fold induction of QR activity Hepa 1c1c7 cells [39]

Phenolic
acids

22 Danshensu Upregulation of mRNA and protein levels of Nrf2 Rat heart [48]

23 Rosmarinic acid Upregulation of Nrf2 and HO-1 protein level Rat cochlea [49]

24 Salvianolic acid A
Induction of mRNA and protein levels of Nrf2

and HO-1
RPE cells [50, 51]

25 Salvianolic acid B

Induction of Nrf2 and HO-1 Rat lung tissue [52]

Induction of Nrf2 protein level
Rat primary
neurons

[53]

Induction of Nrf2, HO-1, and GCLC protein levels Hepa G2 cells [54]
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(e.g., SOD and GPx) and decreased the level of MDA. Salvia-
nolic acid B (25) activated Nrf2, reduced cellular ROS level
in HK-2 cells, and protected cells against H2O2-induced cell
death [86]. Furthermore, an in vivo study indicated that it
activated Nrf2 expression, inhibited renal oxidative stress,
and attenuated renal tubular injury in iodinated contrast
media-induced acute renal injury in rats. This protection
against renal damage was associated with the activation of
the PI3K/Akt/Nrf2 pathway.

5.5. Inflammation. Oxidative stress activates redox-sensitive
NF-κB and subsequently triggers the overproductions of pro-
inflammatory cytokines and enzymes, such as tumor necrosis
factor-α (TNF-α), ILs, cyclooxygenase-2 (COX-2), and
inducible NO synthesis (iNOS) [87]. Nrf2 negatively regu-
lated these proinflammatory cytokines and enzymes and thus
inhibited inflammatory response. SMRR upregulated the
GSH level and inhibited MDA level in the synovium and
articular cartilage of the rabbits and prevented articular
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cartilage degeneration in rabbits with osteoarthritis [35].
Extract of SMRR induced the expressions of HO-1 and
Nrf2 and inhibited H2O2-stimulated production of ROS in
RAW 264.7 macrophages [88]. The activation of Nrf2 was
attributed to the PI3K/Akt and MEK1 signaling pathway.
Tanshinone IIA (16) induced HO-1 expression in RAW
264.7 macrophages and inhibited LPS-stimulated upregula-
tion of COX-2 and iNOS [89]. A high-fat diet gave rise to
the decrease of Nrf2 expression, accumulation of oxidative
stress, and inflammation in C57BL/6 mouse. Salvianolic acid
B (25) upregulated the expressions of Nrf2, HO-1, and
NQO1 and thus inhibited the expressions of NF-κB, COX-
2, and iNOS in mice fed a high-fat diet [90].

5.6. Liver Diseases. As the major metabolism organ of xeno-
biotics, the liver is apt to be kept in a sustained oxidative
state, which causes a variety of liver diseases, covering
fibrosis, cirrhosis, and carcinoma [91, 92]. The extract of
SMRR inhibited aflatoxin B1- (AFB1-) induced cytotoxicity
in cultured primary rat hepatocytes since its capability of
inhibiting oxidative stress [93]. AFB1-induced ROS forma-
tion and GSH depletion could be reverted by SMRR extract
treatment. Tanshinone IIA (16) upregulated the protein
level of Nrf2 and enhanced the mRNA levels of GCLC,
NQO1, and HO-1 in HepG2 cells and in a C57BL/6J mouse
liver [26]. Tanshinone IIA (16) alleviated acetaminophen-
(APAP-) induced upregulations of serum alanine amino-
transferase (ALT), aspartate aminotransferase (AST), and
lactate dehydrogenase (LDH). It reverted the APAP-
induced decreases of GSH, GST, GPx, SOD, and CAT in
a mouse liver and thus prevented APAP-induced hepato-
toxicity. Similarly, tanshinone IIA (16) upregulated the levels
of Nrf2-mediated antioxidant enzymes (e.g., HO-1, SOD,
CAT, and GPx) and inhibited fibrosis in a rat model
of cirrhosis.

Salvianolic acid A (24) evidently reduced oxidative stress,
evidenced by decreasing the levels of ROS and MDA and
increasing the levels of hepatic superoxide dismutase and
GSH, in rat liver tissue [94]. Furthermore, salvianolic acid
A (24) significantly inhibited carbon tetrachloride- (CCl4-)
induced hepatotoxicity. Decreased levels of serum ALT
and AST in response to CCl4 exposure were recovered
after treatment with 24. Salvianolic acid A (24) demon-
strated radioprotective effects against γ-radiation-induced
damage in human embryo liver L-02 cells, which was associ-
ated with inhibitions of ROS generation and mitochondrial
cytochrome C release [95]. Salvianolic acid B (25) demon-
strated APAP-induced liver injury in mice [54]. It upregu-
lated the expressions of Nrf2, GCLC, and HO-1 via the
activation of the PI3K and protein kinase C (PKC) pathway
in HepG2 cells.

5.7. Lung Diseases. The lung is directly and continuously
exposed to the external oxidants and toxicants, and thus
excessive ROS are produced in the lung tissue. These
endogenous and exogenous oxidants contribute to the path-
ophysiology of lung diseases, exemplified by chronic obstruc-
tive pulmonary disease and pulmonary fibrosis [96, 97].
Tanshinone I (12) enhanced Nrf2-mediated expressions of

NQO1 and γ-GCS through hindering Nrf2 ubiquitination
and specifically reacting with cysteine residue at amino acid
151 in Keap1 protein [40]. It protected human bronchial epi-
thelial HBE cells against As(III)-induced oxidative damage in
an Nrf2-dependent manner. An in vivo study using Nrf2+/+

and Nrf2−/− mice indicated that tanshinone I (12) attenuated
As(III)-induced inflammatory lung damage in Nrf2+/+ mice,
and this protective effect vanished in Nrf2−/− mice.

Salvianolic acid B (25) upregulated the expressions of
Nrf2 and HO-1, enhanced GSH production, and inhib-
ited cigarette smoke-induced lung pathological changes
and inflammatory responses [52]. Salvianolic acid B (25)
reduced the expression of ROS-generating enzyme NADPH
oxidase-4 (Nox4) in lung tissue of mice [98]. It inhibited
paraquat-induced structure distortion, collagen overproduc-
tion, proinflammatory cytokine release, and oxidative insults.
Salvianolic acid B (25) inhibited PQ-induced activation of
the transforming growth factor-β (TGF-β1)/Smad3 pathway,
which was a key regulator of pulmonary fibrosis [99]. The
capability of 25 in activating Nrf2 and inhibiting pulmonary
fibrosis was further confirmed by a MRC-5 human lung
fibroblast cell model and a bleomycin-induced rat pulmonary
fibrosis model [100].

5.8. Ocular Diseases. Oxidative stress is involved in the
pathogenesis of age-related macular degeneration [101].
Salvianolic acid A (24) inhibited H2O2-induced ROS pro-
duction and prevented H2O2-induced primary and trans-
formed retinal pigment epithelial cell death and apoptosis
[51]. Activations of Nrf2 and HO-1 by salvianolic acid A
(24) are essential for this protective effect. The Nrf2-
inducing effect of 24 is associated with the activations of
PI3K and the mammalian target of rapamycin (mTOR)
signaling pathway [50]. It attenuated ox-LDL-induced lipi-
dosis and apoptosis in the retinal pigment epithelium layer
and inhibited ox-LDL-induced elevated ROS level and RPE
inflammation in a rat model. These data suggested that
salvianolic acid A (24) was a potential therapeutic agent
against age-related macular degeneration.

5.9. Others. Because of wide distribution in the human tissues
and organs, the activation of Nrf2 is an effective method for
the therapy of many human diseases [102, 103]. Noise-
induced hearing loss is associated with oxidative stress and
lipoperoxidative damage. Rosmarinic acid (23) enhanced
Nrf2/HO-1-mediated endogenous antioxidant defense sys-
tem, attenuated hearing loss, and promoted hair cell survival
in a noise-induced rat model [49]. Tanshinone I (12) and
15,16-dihydrotanshinone (9) induced the expressions of
Nrf2, GCLC, and NQO1 through inhibiting Nrf2 ubiquiti-
nation in human Hs27 dermal fibroblasts and HaCaT kerati-
nocytes [41]. These two constituents significantly suppressed
solar-simulated UV and riboflavin-sensitized ultraviolet-
induced skin cell death. A solar-simulated UV-induced
human skin reconstruct model was established for evaluat-
ing the photoprotective effect of 15,16-dihydrotanshinone
(9). Treatment with 15,16-dihydrotanshinone (9) definitely
attenuated epidermal solar insult.
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6. Conclusion and Future Perspectives

Oxidative stress plays a vital role in the pathogenesis of
many human diseases. The activation of the Nrf2-mediated
antioxidant defense system inhibits oxidative stress and thus
effectively blocks the onset and progression of oxidative
stress-induced human diseases. SMRR is a traditional Chi-
nese medicine that has been long used for the treatment of
cardiac cerebral diseases. Lipophilic diterpenoid quinones
and hydrophilic phenolic acids are predominant constituents
and contribute to the pharmacological functions of SMRR.
These two types of constituents demonstrate potent Nrf2-
inducing effects and hence are potential agents for the treat-
ment of oxidative stress-related diseases. The SMRR extract,
as well as the purified constituents, tanshinone I (12), tanshi-
none IIA (16), salvianolic acids A (24), and B (25), has been
extensively investigated, and their inductions on the Nrf2
pathway and therapeutic effects on cardiovascular diseases,
neurodegenerative diseases, diabetes, nephropathy, inflam-
mation, liver diseases, and lung diseases have been verified
by multiple models in vitro and in vivo.

Although there has been great progress on SMRR and its
constituents, important areas on their phytochemistry, phar-
macology, and medical applications related to the activation
of Nrf2 remain to be explored. (i) Plenty of diterpenoid
quinones have been isolated from SMRR; however, exten-
sive researches still focused on several active constituents,
including 15,16-dihydrotanshinone I (9), tanshinone I (12),
tanshinone IIA (16), and miltirone (17). Miscellaneous diter-
penoid quinones should be extensively investigated, such as
their structure-activity relationship and mechanisms of
action on the activation of Nrf2. (ii) Besides these verified
medical applications, SMRR and its constituents possess
potential pharmacological functions (e.g., chemoprevention
on cancer and therapeutic effect on diabetic nephropathy)
because of their activation of Nrf2. Thus, these unconfirmed
pharmacological activities should be noted. (iii) Based on the
traditional uses, chemical constituents, and pharmacological
functions of SMRR, future works on discovering new lead
compounds and developing SMRR and its constituents into
new drugs for the therapy of oxidative stress-related diseases
are significant.
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The seed oil of Carapa guianensis (Aublet), a tree from the Meliaceae family commonly known as andiroba, is widely
used in Brazilian traditional medicine because of its multiple curative properties against fever and rheumatism and as
an anti-inflammatory agent, antibacterial agent, and insect repellant. Since there is no consensus on the best way to obtain the
C. guianensis oil and due to its ethnomedicinal properties, the aim of the present research was to evaluate the chemical
composition, free-radical scavenging activity, and mutagenic and genotoxicity properties of three C. guianensis oils obtained by
different extraction methods. The phenolic contents were evaluated by spectrophotometry. Oil 1 was obtained by pressing the
dried seeds at room temperature; oil 2 was obtained by autoclaving, drying, and pressing; oil 3 was obtained by Soxhlet
extraction at 30–60°C using petroleum ether. The oil from each process presented differential yields, physicochemical
properties, and phenolic contents. Oil 1 showed a higher scavenging activity against the DPPH radical when compared to oils
2 and 3, suggesting a significant antioxidant activity. All oils were shown to be cytotoxic to bacteria and to CHO-K1 and
RAW264.7 cells. At noncytotoxic concentrations, oil 2 presented mutagenicity to Salmonella enterica serovar Typhimurium
and induced micronuclei in both cell types. Under the same conditions, oil 3 also induced micronucleus formation. However,
the present data demonstrated that oil 1, extracted without using high temperatures, was the safest for use as compared to the
other two oils, not showing mutagenicity or micronucleus induction.

1. Introduction

Carapa guianensis (Aublet) is a large neotropical tree
belonging to the Meliaceae family. It can be found in the
north of South America, Central America, the Caribbean,
and Sub-Saharan Africa. In Brazil, it is known as andiroba
occurring mainly in lowlands and flooded areas throughout
the Amazon region [1, 2].

Some studies have reported several activities produced by
the seed oil from C. guianensis and used in folk medicine,

such as treating fever and rheumatism, antiallergic, analgesic,
chemotherapeutic, and anti-inflammatory effects [3–7], as
well as acaricidal and insect repellent action [8–10]. It is also
effective against rheumatism and arthritis [1]. Furthermore,
the infusion prepared with the bark and flowers of C. guia-
nensis is used both as an anthelmintic and wound-healing
agent in humans [11].

There is no consensus on the best way to obtain C. guia-
nensis seed oil. Traditional techniques are time-consuming
and may include cooking, drying in the sun, and allowing
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enzymatic action and fermentation [12, 13], and the
mechanical extraction of chopped seeds, including drying
and pressing at around 90°C, has also been used [14].

These processes generate a large quantity of residual seed
material as a by-product, which contains many bioactive
constituents including limonoids or tetranortriterpenoids
[9]. The chemical components of C. guianensis seeds have
been extensively studied over the years, mainly gedunin-
type limonoids bearing the 4,4,8-trimethyl-17-furanylster-
oid. Limonoids present several biological activities, including
antifungal and bactericidal activities and a variety of medical
effects in animals and humans [15].

Crude vegetable oils or fixed oils are composed mainly
of triacylglycerols (around 95%) along with some free
acids, monoacylglycerols, and diacylglycerols. They also
contain variable amounts of other components such as
phospholipids, free and esterified sterols, triterpene alcohols,
tocopherols and tocotrienols, phenolic compounds, caro-
tenes, chlorophylls, hydrocarbons, oxidation compounds,
metals, and minor and trace compounds. The amounts of
each of these compounds depend on the extraction and
oil-refining processes [16].

The biological activity of fixed oils has been associated
with the fatty acids or their glycerides, to different lipid clas-
ses (such as phospholipids and glycolipids) and to a plethora
of minor compounds present in the oils [17].

According to the Organization for Economic Coopera-
tion and Development [18], all products intended for human
use must be evaluated regarding toxicological aspects. In
general, the first toxicological evaluation of new chemicals
is the Salmonella/microsome reverse mutation assay, which
detects punctual mutations in the DNA sequence, followed
by an evaluation of the clastogenicity potential using the
micronucleus assay [19].

Thus, the aim of the present study was to evaluate the
chemical composition, the free radical scavenging activity,
and the mutagenic and genotoxicity properties of C. guianen-
sis oils obtained via three different extraction methods.
Phenolic contents were evaluated by spectrophotometry.

2. Methods

2.1. C. guianensis Oil Preparation. The C. guianensis Aublet
C. seeds were harvested from December 2013 to February
2014 from under identified parent trees in the Rio de Janeiro
Botanical Gardens, with prior authorization. The seeds were
superficially cleaned and frozen at −18°C, and for oil extrac-
tion, the frozen seeds were first sliced and air-dried at 60°C.

After preparing the sliced and dried seeds, oil 1 was
obtained by pressing using a model CA59G expeller-type
laboratory press (Komet) with a maximum processing
capacity of 5 kg/h of raw material. Screws with 12mm
between the grooves were used, with an oil outlet grid
with 1mm diameter holes and a 10mm diameter outlet
nozzle. The oil obtained was centrifuged at 10,000 rpm
for 10 minutes at room temperature to remove particles
and then frozen at −18°C.

To evaluate the effects of the thermal treatment, the
frozen seeds were autoclaved at 121°C for 15min and then

submitted to slicing, drying, and pressing conditions as
presented above to obtain oil 2.

Oil 3 was obtained using the Soxhlet extraction method
(30–60°C for 16 h) with petroleum ether, extracting from
the dried seeds with no further heat treatment. The solvent
was evaporated off in a rotary evaporator under a stream of
nitrogen, and the oil obtained was frozen at −18°C.

2.2. Fatty Acid Composition. In order to analyze the fatty acid
profile, methyl esters were obtained according to Hartman
and Lago [20]. Gas chromatography was carried out using
an Agilent 7890 gas chromatograph with a fused silica capil-
lary column (60m; 0.32mm internal diameter; and 0.25μm
stationary phase of 78% cyanopropyl methylpolysiloxane)
with a temperature program from 150 to 200°C at a rate
of 1.3°C/min.

The injector temperature was 250°C maintaining the
injector in the split flowmode with a ratio of 50 : 1 and inject-
ing 1μL of the oil diluted in dichloromethane (2%). The
temperature of the flame ionization detector was 280°C,
and the carrier gas flow (H2) was 2.5mL/min (measured at
40°C). The fatty acid methyl esters were identified by a
comparison of their retention times with standard Nu Chek
(Elysian, MN) numbers 62, 79, and 87 and quantified by an
internal normalization. The iodine and saponification values
were calculated from the fatty acid profile.

2.3. Physicochemical Aspects. The free fatty acid content
of the oils was determined by titration according to the
American Oil Chemists’ Society official method number Ca
5a 40 (AOCS) (2009) [21], and the results were expressed
as oleic acid. The peroxide content (milliequivalents of per-
oxide/1000 g of sample) was determined according to the
AOCS method number Cd 8 53 (2009). The refractive index
was measured in a Bausch and Lomb Abbé refractometer
at 40°C and the density in a PAAR DMA AP-46 digital
densitometer at 20°C.

2.4. DPPH Assay. DPPH (2,2-diphenyl-1-picrylhydrazyl)
radical scavenging was evaluated according to a previously
reported procedure [22] with some modifications [23]. The
DPPH solution was freshly prepared daily, stored in a flask,
covered, and kept in the dark at 4°C. Briefly, one milliliter
of 0.1mM DPPH in absolute methanol was added to one
milliliter of each sample dilution, with five concentration
levels ranging from 0 to 200μL dissolved in dimethyl sulfox-
ide (DMSO). The solutions were mixed, covered, and allowed
to react in the dark at room temperature for 30min at 25°C,
and the absorbance was measured at 517nm in a spectropho-
tometer (Shimadzu UV-160A spectrophotometer). The con-
trol was prepared by mixing the DPPH-methanol solution
with the sample solvent or butylated hydroxytoluene (BHT,
positive control). The blank was prepared with ethanol plus
the extract solution. The DPPH radical scavenging activity
of the sample was calculated according to the following equa-
tion: %inhibition = control − sample / control − blank ×
100%. The EC50 values were calculated by an interpolation
from the linear regression analysis.

2 Oxidative Medicine and Cellular Longevity



2.5. Total Phenolic Content. The total phenolic content was
estimated by the Folin-Ciocalteu method as previously
described [23], using pyrocatechol as the standard and five
concentrations levels (2, 5.5, 11, 22, and 33μg/mL) for the
calibration curve. DMSO was used as the solvent. The assay
was carried out in a 96-well microplate. The reaction mixture
contained 35μL of Folin-Ciocalteu reagent and 35μL of
oil or different concentration of the standard solution or
just solvent (blank). After 5min of incubation, 35μL of
sodium carbonate solution at 20mg/mL was added and
the mixture was placed in the dark for 2 h at room tempera-
ture. The absorbances were read at 760 nm in a microplate
reader (Quant, BioTek Instruments Inc.). The results were
expressed as pyrocatechol equivalent (g per mL of oil). After
a linear regression analysis, the coefficient of determination
for the standard curve was found to be 0.9982.

2.6. Mutagenicity Assay (Ames Test). The mutagenicity
reverse mutation test was carried out to investigate the poten-
tial of the C. guianensis oils to induce genetic mutation in the
Salmonella enterica serovar Typhimurium (S. typhimurium)
TA97, TA98, TA100, TA102, and TA1535 strains. The test
was carried out according to the preincubation method,
both in the absence and presence of a metabolic activation
system (4% S9 mix, Aroclor-preinduced, from Moltox Inc.,
USA). The negative control was 10% DMSO while known
mutagens were used as the positive control substances.
The positive controls without the S9 mix were as follows:
4-nitroquinoline 1-oxide (4-NQO) (5μg per plate) for
TA97 and TA98; sodium azide (SA) (10mg per plate)
for TA100; mitomycin C (MMC) (1μg per plate) for
TA102; and methyl methanesulfonate (MMS) (200μg per
plate) for TA104. The positive controls with the S9 mix
were 2-amineanthracene (2-AA) (10.0μg per plate) for
TA97, TA98, and TA1535 and benzo(α)pyrene (B[α]P)
(50.0μg per plate) for TA100 and TA102. A dose-finding
test was carried out with and without the metabolic activa-
tion system (S9 mix) for each tester strain. A total of eight
concentrations diluted in DMSO were tested from 0 to
100μL/mL [24].

For the assays without metabolic activation, 0.5mL of
0.1mol/L sodium-phosphate buffer (pH7.4) was added,
and for the assays in the presence of metabolic activation,
0.5mL of the S9 mix was mixed with 0.1mL culture medium
(2× 109 cells/mL) plus 0.1mL of each compound solution
(0.02 to 100μL/plate). The mixtures were incubated in a
shaker at 37°C (preincubation). After 30min preincubation
protected from the light, the mixture was added to and mixed
with 2mL top agar containing 0.05mmol/L L-histidine and
D-biotin for the S. typhimurium strains. Each of these was
then spread on a minimum glucose agar plate. After the top
agar had solidified, the plates were incubated at 37°C for
60–72 h. Each tester strain was assayed in triplicate, and the
number of revertant colonies was counted for each tester
strain and treatment group [25]. The results were judged to
be positive when the average number of revertant colonies
in each treated group increased with increase in the com-
pound concentration, reaching at least twice the number in
the negative control group [24].

In order to determine the cytotoxic effects, after
30min preincubation, the assay mixtures were diluted
(1 : 105) in 0.9% NaCl (w/v) and a suitable aliquot of
the final dilution (100μL) of this suspension was plated
on a nutrient agar (0.8% bacto nutrient broth (Difco),
0.5% NaCl, and 1.5% agar). The plates were then incu-
bated at 37°C for 24 h, and the colonies were counted.
All the experiments were done in triplicate and repeated
at least twice. Statistical differences between the groups
were analyzed by a one-way ANOVA (P < 0 05) and
Tukey’s post hoc test [24].

2.7. Eukaryotic Cell Cultures. Chinese Hamster Ovary
(CHO-K1) and mouse macrophages (RAW264.7) cells
obtained from the American Type Culture Collection
(Manassas, VA) were cultured in Eagle’s medium (MEM,
GIBCO®, USA) containing 10% fetal bovine serum (FBS)
plus 100μg/mL streptomycin and 100μg/mL penicillin at
37°C in a 5% CO2 atmosphere. Logarithmic phase cells were
used in all the experiments [26].

2.8. Eukaryotic Cell Viability (WST-1). Fresh RAW264.7 and
CHO-K1 cells were seeded at a density of 1× 104 cells/well.
The water-soluble tetrazolium salt assay (WST-1, Roche)
(4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-
benzene disulfonate) (Roche Co., South San Francisco, CA)
was used to determine the number of viable cells after 3 and
24 h of exposure to the oils (1–3) (10 to 100μL/mL, diluted
in DMSO). This salt is reduced by mitochondrial dehydro-
genases in living cells, yielding a yellow product that is
soluble in the cell culture medium. Briefly, after treatment,
the culture medium was replaced by 90μL fresh culture
medium and 10μL WST-1 reagent and incubated at 37°C
with 5% CO2 for 3 h. The absorbance was then measured
at 440 nm according to the kit protocol [27]. The intensity
of the yellow color in the negative control (DMSO 1%)
wells was designated as 100% viability, and all further
comparisons were based on this reference level to deter-
mine the lethal concentration (LC50) for 50% of cultured
cells. Statistical differences between the groups were ana-
lyzed by one-way ANOVA (P < 0 01) and Tukey’s post
hoc test.

2.9. Micronucleus Assay in the Cell Cultures (MN). Fresh
RAW264.7 and CHO-K1 cells were seeded at a density of
1× 105 cells/mL in 24-well plates (1mL/per well). The oils
(1–3) were then added to the medium to final concentrations
from 10 to 100μL/mL diluted in DMSO, and the incubation
continued for 3 h or 24h. DMSO (1%) was used as the
negative control, and N-methyl-N′-nitro-N-nitrosoguani-
dine (MMNG, 500μM) for RAW264.7 and MMC (5μM)
for CHO-K1 were the positive controls. After exposure to
the compounds, the cells were incubated for a further 24h
under growth conditions before quantification of the micro-
nuclei and cytotoxicity. The cytogenetic studies were carried
out in triplicate as described previously [28]. In order to
determine the mitotic index and the number of cells with
micronuclei, the medium was replaced by a cold methanol-
glacial acetic acid (3 : 1) fixative for 30min, and the cells were
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then rinsed with distilled water for 2min and air-dried. The
fixed cells were stained with 4,6-diamidino-2-phenylindole
(DAPI) (0.2 pg/mL) dissolved in McIlvaine buffer (0.1M
citric acid plus 0.2M Na2HPO4, pH7.0) for 60min, washed
with McIlvaine buffer for 5min, briefly rinsed with distilled
water, and mounted in glycerol. To determine the mitotic
index and the number of cells with micronuclei, 1000 cells
per well (3000 cells per concentration) were analyzed under
a fluorescence microscope. Cells that glowed brightly and
had homogenous nuclei were considered as having normal
phenotypic morphology. Apoptotic nuclei were identified
by the condensed chromatin at the periphery of the nuclear
membrane or by fragmented nuclear body morphology.
Necrotic cells presented chromatin forms with irregularly
shaped aggregates, a pyknotic nucleus (shrunken and darkly
stained) and cell membrane disruption, with cellular debris
spilling into the extracellular milieu. The percentage of
viable cells was evaluated discounting apoptotic and necrotic
cells. Statistical differences between the groups were ana-
lyzed by one-way ANOVA (P < 0 01) and Tukey’s post
hoc test.

3. Results

3.1. Extractions and Oil Yields. The seed moisture was
around 30%. The oil yields (dry weight basis) for pressing
the dried seeds without autoclaving (oil 1) and with
autoclaving (oil 2) were 14.85% and 20.62%, respectively.
The Soxhlet extraction yield (oil 3) was 61.50%.

3.2. Fatty Acid Composition. Table 1 presents the fatty acid
compositions of the C. guianensis seed oils. There were no
significant differences (P > 0 05) between the oils evaluated.
The main fatty acids were oleic acid (C18:1), palmitic acid
(C16:0), linoleic acid (C18:2), and stearic acid (C18:0). The
monounsaturated fatty acids comprised about 50% of the

total, while the saturated and polyunsaturated fatty acid
contents were around 38 and 11%, respectively. The iodine
and saponification values were calculated and presented
in Table 1.

3.3. Physicochemical Property Profiles. Table 2 shows some
physicochemical aspects of the oils. No differences were
observed between the three oils in the following aspects:
acidity, peroxides, refraction, density, and phenolic com-
pound. On the other hand, oil 1 showed a higher scavenging
activity against the DPPH radical when compared to oils
2 and 3.

3.4. Salmonella/Microsome. The results of the Salmonella/
microsome assay (Table 3) showed that only oil 2 had
mutagenic activity in the presence of exogenous metabo-
lism, because the highest MI was 2.2, although it is possible
to observe a gradual increase of the MI values with no sta-
tistical significance, mainly for oils 2 and 3 after metabolic
activation. All of them induced decreased survival for most
conditions, suggesting cytotoxicity with respect to different
strains of S. typhimurium. Bacterial cytotoxicity was more
evident for TA1535 with oil 1 (as from 0.1μL/plate) in
the absence of S9, followed by oil 2 (as from 6.75 and
12.5μL/plate) in the absence and presence of S9, respec-
tively, and oil 3 (as from 12.5 μL/plate) in the absence
and presence of S9.

3.5. WST-1 Assay. The cytotoxic effects in the cell lines
presented different profiles. After 3 h of exposure, oil 1
was the least toxic for the CHO-K1 and RAW264.7 cells
(P < 0 01), followed by oil 3 and oil 2 (Table 4). After
24 h of exposure, the same behavior was observed for the
CHO-K1 cells, but for RAW264.7, oil 3 had the highest
LC50 (62.91± 7.35), followed by oil 1 (48.10± 3.11) and
oil 2 (46.67± 8.32). Finally, when comparing the two cell

Table 1: Fatty acid composition (g/100 g) of Carapa guianensis oils.

Fatty acid
Carapa guianensis oils (mean± SD)

Oil 1 Oil 2 Oil 3

C14:0 (myristic) 0.05± 0.000 0.04± 0.001 0.05± 0.000
C16:0 (palmitic) 27.71± 0.016 27.50± 0,039 28.33± 0.123
C16:1 (palmitoleic) 0.90± 0.001 0.89± 0.001 0.94± 0.005
C17:0 (margaric) 0.12± 0.001 0.12± 0.001 0.13± 0.001
C18:0 (stearic) 9.34± 0.007 9.52± 0.002 9.09± 0.025
C18:1 (oleic) 49.90± 0.012 49.71± 0.025 49.56± 0.074
C18:2 (linoleic) 9.58± 0.010 9.82± 0.011 9.62± 0.013
C18:3 (linonelic) 1.43± 0.002 1.43± 0.003 1.38± 0.011
C20:0 (arachidic) 0.26± 0.002 0.27± 0.001 0.23± 0.001
C20:1 (gondoic) 0.13± 0.003 0.13± 0.003 0.13± 0.004
C22:0 (behenic) 0.36± 0.001 0.35± 0.003 0.35± 0.004
C24:0 (lignoceric) 0.22± 0.004 0.22± 0.002 0.21± 0.002
Iodine value (g I2/100 g) 196.6 196.6 196.6

Saponification value (mg KOH/g) 59.5 59.7 59.3

SD: standard deviation. No significant differences: P > 0 05 ANOVA and Tukey’s between the oils.
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lines, it can be seen that the cytotoxic effects were higher
in the presence of CHO-Kl.

3.6. Micronucleus Assay. Figure 1 shows the results for the
MN assay using CHO-K1 cells. Oil 1 did not reduce the
mitotic index and was not able to induce MN formation in
ovary cells (Figure 1(a)). Oil 2 induced ovarian MN increas-
ing on 2.1 times more at 50μL/mL and 2.7 times more at
100μL/mL exposures in relation to the negative control. Oil
2 also significantly reduced the mitotic index at 100μL/mL
(Figure 1(b)). Oil 3 reduced the mitotic index as from
50μL/mL and increased MN formation at 100μL/mL
(2.4-fold) (Figure 1(c)). The three oils induced a significant
(P < 0 01) reduction in the survival rates.

Using RAW264.7 macrophages (Figure 2), oil 1 did not
cause DNA damage or delay in the cell cycle (Figure 2(a)).
Oil 2 (Figure 2(b)) induced significant MN induction at
50μL/mL (2.1-fold) and 100μL/mL (2.2-fold), and oil 3
(Figure 2(c)) also induced significant MN increasing at
exposures of 50μL/mL (2.2-fold) and 100μL/mL (2.5-fold).
None of the oils induced cytostatic effects on macrophages.
Both oils 2 and 3 presented significant (P < 0 01) cytotoxic
response at 100μL/mL.

4. Discussion

The use of natural products in traditional Brazilian phy-
tomedicine is widely accepted and prescribed, mainly in
the poorest areas, such as the Amazon and Northeastern
regions. Thus, the pharmaceutical potential of Brazilian
herbs must be considered in drug discovery studies [29].
Contrary to allopathy, the traditional usage of medicinal
plants is apparently considered to be safe and hence the
toxicity of traditional herbal medicines has not been
totally evaluated in most cases, although medicinal plants
can be extremely harmful to human health. Studies have
revealed that some plants frequently used in folk medi-
cine are potentially genotoxic [30–32]. It is thus truly rel-
evant to screen the genotoxicity during the preclinical
evaluation of herbal extracts or substances, in order to
verify their mutagenic potential for both safety and eco-
nomic concerns, since plants are widely used in folk
medicine and can be a resource for the development of
new drugs [33].

The drying process was required in the oil extraction
processes by both solvent extraction (Soxhlet) and screw
pressing. The expeller pressing yields were similar to the
results reported by Souza et al. [14]. Autoclaving before
drying improved the oil yield from ~15% to 20% while the
Soxhlet extraction yielded 61.5%, suggesting that the extrac-
tion process using petroleum ether at 30–60°C with no fur-
ther heat treatment is the more efficient in terms of yield
than the pressing, although the raw material is difficult to
handle due to its rubbery texture. Under the conditions
used, the Soxhlet extraction allowed for the extraction of
all the oil besides other petroleum ether-soluble com-
pounds. The screw press or hydraulic press usually used
for low moisture content seeds and nuts recovers around
50 to 90% of the oil, depending on the pretreatment carried
out, the capacity and design characteristics of the equip-
ment, the temperature, and the seed moisture content, but
remarkable variations were observed regarding the compo-
sition of the raw material.

The extraction methods using heating processes to
improve the extraction yield have been used before in tradi-
tional use of C. guianensis oils for medicinal use in the
Amazon area [13]. In the present work, autoclaving
improved the extraction performance indicating that the
thermal treatment is required to denature the cellular struc-
ture for oil removal. However, lower temperatures used in
the Soxhlet extraction compared to extraction process by
autoclaving increase the extraction yield.

It has been reported that C. guianensis seed oils contain
the myristic, palmitic, oleic, linoleic, stearic, and arachidic
fatty acids, tetraterpenoids [34], and flavane [35]. Here,
we determine the main fatty acids found in the andiroba
oil such as oleic (50%), palmitic (28%), stearic (9%), and
linoleic (10%). The linolenic (C18:3) and palmitoleic
(C16:1) acids were detected up to 1.4 and 0.9%, respec-
tively. Some minor fatty acids such as C14:0, C17:0,
C20:1, C20:1, C22:0, and C24:0 were detected at values
below 0.4%. The acidity or free fatty acid content and per-
oxide value of the andiroba oil were very low and statically
similar results (P > 0 05), as shown in Table 2, which is
unusual for this oil since oil acidity of 30% has been
observed using the traditional process, which allows for
enzyme action and fermentation.

The seeds were collected and frozen before drying
followed by the oil extraction process, hence avoiding

Table 2: Physicochemical aspects of Carapa guianensis oils.

Oil 1 Oil 2 Oil 3

Acidity (% oleic acid) 0.30a 0.28a 0.24a

Peroxides (meq/kg) 0.97a 0a 0a

Refraction (nD 40°C) 1.4595a 1.4603a 1.4593a

Density (g/cm3) 0.9174a 0.9183a 0.9169a

EC50 scavenging of DPPH
+ (μL/mL) 89.07± 3.67a >200b >200b

Phenolic content (mg/g of catechol) 10.34± 0.04a 9.50± 0.02a 9.00± 0.03a

Values followed by different letters on the same line differ statistically amongst themselves according to ANOVA and the Tukey’s test (P < 0 05). CE50: half-
maximal effective concentration; DPPH: 2,2-diphenyl-1-picrylhydrazyl. Values of two independent assays.
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Table 3: Mean values± SD (MI) of revertant His+ colonies of Salmonella enterica serovar Typhimurium strains used in Salmonella/
microssome assay after coincubation with Carapa guianensis oils.

μL/plate TA97 TA98 TA100 TA102 TA1535

Oil 1

−S9 0 67± 1 (1.0) 41± 9 (1.0) 118± 28 (1.0) 428± 16 (1.0) 14± 5 (1.0)

−S9 0.02 92± 8 (1.4) 41± 12 (1.0) 168± 18 (1.4) 429± 9 (1.0) 16± 2 (1.1)

−S9 0.1 89 ± 13 (1.3) 36± 7 (0.9) 180± 13 (1.5) 443± 39 (1.0) Cytotoxic

−S9 0.2 73 ± 10 (1.1) 45± 1 (1.1) 190± 19 (1.6) 462± 12 (1.1) —

−S9 1 82± 9 (1.2) 41± 4 (1.0) 172± 28 (1.5) Cytotoxic —

−S9 2 Cytotoxic 40± 6 (1.0) 148± 18 (1.3) — —

−S9 3.38 — Cytotoxic Cytotoxic — —

+S9 0 180± 35 (1.0) 49± 7 (1.0) 169± 1 (1.0) 534± 73 (1.0) 30± 4 (1.0)

+S9 0.02 185± 28 (1.0) 54± 6 (1.1) 171± 15 (1.0) 554± 34 (1.0) 31± 11 (1.0)

+S9 0.1 187± 27 (1.0) 61± 20 (1.2) 179± 10 (1.1) 615± 41 (1.2) 33± 4 (1.1)

+S9 0.2 166± 21 (0.9) 48± 3 (1.0) 181± 45 (1.1) 639± 39 (1.2) 36± 2 (1.2)

+S9 1 150± 18 (0.8) 47± 4 (1.0) 172± 21 (1.0) 710± 70 (1.3) 36± 6 (1.2)

+S9 2 139± 35 (0.8) 56± 6 (1.1) 183± 7 (1.1) 798± 10 (1.5) 44± 8 (1.5)

+S9 3.38 Cytotoxic Cytotoxic Cytotoxic Cytotoxic Cytotoxic

Oil 2

−S9 0 93± 1 (1.0) 37± 3 (1.0) 146± 32 (1.0) 358± 2 (1.0) 12± 4 (1.0)

−S9 2 93± 2 (1.0) 37± 6 (1.0) 148± 11 (1.0) 311± 4 (0.9) 13± 2 (1.1)

−S9 3.38 93 ± 10 (1.0) 38± 4 (1.0) 152± 19 (1.0) 268± 33 (0.8) 13± 3 (1.1)

−S9 6.75 104± 10 (1.1) 40± 6 (1.1) 164± 16 (1.1) 289± 55 (0.8) Cytotoxic

−S9 12.5 104± 15 (1.1) 33± 5 (0.9) 171± 21 (1.2) 283± 105 (0.8) —

−S9 25 99± 6 (1.0) 47± 4 (1.3) 176± 14 (1.2) 291± 44 (0.8) —

−S9 50 96± 7 (1.0) 41± 3 (1.1) 179± 17 (1.2) 280± 50 (0.8) —

−S9 100 93 ± 10 (1.0) 31± 7 (0.8) Cytotoxic 388± 50 (1.1) —

+S9 0 135± 8 (1.0) 23± 3 (1.0) 173± 20 (1.0) 354± 38 (1.0) 14± 3 (1.0)

+S9 2 139± 7 (1.0) 27± 5 (1.2) 189± 18 (1.1) 365± 37 (1.0) 15± 3 (1.1)

+S9 3.38 133± 11 (1.0) 28± 1 (1.2) 188± 13 (1.1) 386± 42 (1.1) 16± 4 (1.1)

+S9 6.75 186± 15 (1.4) 29± 5 (1.3) 228± 16 (1.3) 403± 19 (1.1) 21± 7 (1.5)

+S9 12.5 191± 12 (1.4) 30± 5 (1.3) 260± 12 (1.5) 396± 31 (1.1) Cytotoxic

+S9 25 194± 13 (1.4) 39± 1 (1.7) 306± 10 (1.8) 372± 40 (1.0) —

+S9 50 208± 16 (1.5) 42± 4 (1.8) 333± 15 (1.9) 399± 18 (1.0) —

+S9 100 215± 8 (1.6) Cytotoxic 383± 20 (2.2)∗ 454± 32 (1.3) —

Oil 3

−S9 0 73± 3 (1.0) 31± 9 (1.0) 132± 11 (1.0) 263± 9 (1.0) 11± 4 (1.0)

−S9 2 73± 3 (1.0) 31± 3 (1.0) 132± 10 (1.0) 260± 7 (1.0) 12± 4 (1.1)

−S9 3.38 77 ± 16 (1.1) 29± 11 (1.0) 131± 18 (1.0) 268± 31 (1.0) 12± 1 (1.1)

−S9 6.75 76± 9 (1.0) 33± 4 (1.1) 138± 17 (1.0) 289± 6 (1.1) 13± 1 (1.2)

−S9 12.5 75± 4 (1.0) 35± 2 (1.1) 129± 29 (1.0) 259± 22 (1.0) Cytotoxic

−S9 25 91± 6 (1.2) 31± 3 (1.0) 119± 12 (0.9) 259± 22 (1.0) —

−S9 50 93± 5 (1.3) 31± 4 (1.0) 130± 27 (1.0) 365± 26 (1.4) —

−S9 100 94 ± 13 (1.3) 30± 5 (1.0) 108± 6 (0.8) 388± 18 (1.5) —

+S9 0 145± 9 (1.0) 29± 4 (1.0) 193± 15 (1.0) 267± 22 (1.0) 11± 2 (1.0)

+S9 2 143± 7 (1.0) 31± 5 (1.1) 199± 13 (1.0) 280± 18 (1.0) 15± 1 (1.4)

+S9 3.38 151± 11 (1.0) 32± 2 (1.1) 208± 9 (1.1) 299± 25 (1.1) 17± 4 (1.5)

+S9 6.75 Cytotoxic 35± 3 (1.2) Cytotoxic 318± 16 (1.2) 19± 6 (1.7)

+S9 12.5 — 40± 6 (1.4) — 344± 22 (1.3) Cytotoxic

+S9 25 — 44± 8 (1.5) — 372± 21 (1.4) —

+S9 50 — 49± 3 (1.7) — Cytotoxic —

+S9 100 — Cytotoxic — — —

SD: standard deviation; −S9: absence of metabolic activation; +S9: presence of metabolic activation; MI: mutagenicity index; ∗Difference of negative control,
one-way ANOVA followed by Tukey’s post hoc test (P < 0 05). Each sample was assayed until a cytotoxic response (survival < 70%); positive controls
without S9: 4-NQO (1.0 μg/pl.) for TA97, 286 ± 17 revertants, TA98 120 ± 10 revertants, and TA1535 746 ± 58 revertants; AS (1.0 μg/pl.) for TA100,
607 ± 56 revertants; MMC (0.5 μg/pl.) for TA102; with S9: 2AA (1.0 μg/pl.) for TA97, 587 ± 11 revertants for TA98, 305 ± 1 revertants and for TA100,
1436 ± 40 revertants; B[a]P (50 μg/pl.) for TA102, 1448 ± 79 revertants and for TA1535 111 ± 10 revertants.
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enzyme activity related to triacylglycerol hydrolysis and the
oxidative process. Nevertheless, the cell wall degrading
enzymes may release compounds besides fatty acids which
show biological activity. The possible differences in the
biological activity of andiroba oil due to the extraction
process have not been clearly established [12, 13]. In addi-
tion, there were no statistical differences between the three
oils regarding the refraction and density suggesting that
the differentiated extraction processes did not alter such
physicochemical aspects.

In spite of the fact that oil 1 presented a higher phenolic
content, no statistical differences were observed between
the three oils in the phenolic compound determination
(Table 2), suggesting that the extractable phenolic com-
pounds are not associated with free radical scavengers,
since oil 1 showed greater scavenging activity against the
DPPH radical. Thus, it appears that the absence of high
temperature for extraction associated with the shortest
processing time prevented possible degradation of active
components in the extract, which led to the greatest scav-
enging activities. Thermal treatment, as frying or boiling,
can modify the composition of other vegetable oils, as
crude palm oil, soybean oil, canola oil, flaxseed oil, and
sunflower oil, increasing the oxidization status and
enhancing the deleterious effects on human and animal
health after consumption [36–40]. Milhomem-Paixão et al.
[41] evaluated several andiroba oil samples and showed
IC50 values for DPPH scavenging activity similar to those
presented here. Probably the extraction that we performed
without heat contains higher amount of antioxidant com-
pounds such as phenolic compounds extracted with water
present in the material (Table 2) or volatile compounds
in the seeds. Therefore, the biological properties of the
oils do not appear to be associated with the presence of
phenolic compounds.

In addition to fatty acids, limonoids, triterpenes, steroids,
coumarins, flavonoids, and diglycerides have been isolated
from several parts of C. guianensis [42]. C. guianensis seed
oils are rich source in limonoids, highly oxygenated tetra-
nortriterpenoid compounds, that are reported to present
several biological activities, such as antifungal, bacteri-
cidal, antifeedant, antimalarial, antiviral, anti-inflammatory,
and growth-regulator on insects [43, 44], besides several
medicinal effects in animals and humans [2]. Ambrozin et al.
[42] identified seven limonoids in oil sample of C. guianensis:

17β-hydroxyazadiradione, gedunin, 6α-acetoxygedunin, 7-
deacetoxy-7-oxogedunin, 1,2-dihydro-3β-hydroxy-7-deace-
toxy-7-oxogedunin, methyl angolensate, and xyloccensin
K, by various chromatographic techniques. These bioactive
compounds are responsible for the therapeutic effects of the
oil [2]. In agreement with the literature, the present study
demonstrated the presence of monounsaturated, polyunsat-
urated, and saturated fatty acids.

In the present study, the Salmonella/microsome and
micronucleus tests were used to screen the C. guianensis seed
oils for genotoxicity. As shown here, except for oil 2, in the
presence of metabolic activation for TA100, no mutagenic
activity by frameshift was shown (TA97 and TA98 strains)
and base pair substitution mutations (TA100, TA102, and
TA1535 strains) were detected for all three oils, considering
that the criterion for mutagenicity is indicated for MI higher
than or equal to 2, although it is possible to observe a gradual
increase of the MI values with no statistical significance,
mainly for oils 2 and 3 after metabolic activation. On the
other hand, all oils induced cytotoxic effects. These effects
may be related to the chemical composition of the oils.
So, cytotoxic effects observed in the present study may
be related to the bactericidal activity and can be attributed
to the limonoids [2].

The WST-1 assay is based on the capacity of the cellular
mitochondrial dehydrogenase enzyme in living cells to
reduce the water-soluble tetrazolium salt into the yellow-
colored formazan dye, which is insoluble in water. The
amount of formazan produced is directly proportional to
the cell number in a range of cell lines. Thus, this assay relies
on the mitochondrial activity of the cells and represents a
parameter for their metabolic activity [45]. The WST-1
assay showed that the cell viabilities of CHO-Kl and
RAW264.7 were affected by oils 1, 2, and 3 after 3 and
24 h exposure, inducing cell death. It is worthwhile noting
that after 3 h of exposure, the cytotoxicity was higher for
CHO-Kl (Table 4). Considering the induction of increased
cell death in the two cell lines, the MN assay was carried
out after only 3 h treatment. Except for oil 1, andiroba oils
induce clastogenic and aneugenic effects in Chinese ham-
ster ovaries (Figure 1) and macrophages (Figure 2). These
findings indicate that the highest extraction temperature
associated with the longest processing time leads to an
increase in compounds which induce DNA damage. Oils
2 and 3 also induced a decrease in the mitotic index, but
only for CHO-Kl (Figure 1), suggesting cell cycle arrest.
Some studies have shown that gedunin, a tetranortriterpe-
noid present in C. guianensis oil, inhibits the proliferation
of cancer cells, mainly by the inhibition of cell cycle arrest
in different tumor cell lines, including ovarian cancer, via
the induction of apoptosis by the cleavage of cochaperone
p23 [46]. In addition, corroborating the results obtained
with respect to cytotoxicity for CHO-Kl, the three oils
induced a reduction in the survival rates. According to
Llana-Ruiz-Cabello et al. [47], considering the commercial
interest in vegetable oils and their components, the sources
of exposure are substantially enhanced. Thus, data con-
cerning the genotoxicity of these substances are needed
in order to better understanding these safety profiles.

Table 4: Cytotoxicity (LC50) of Carapa guianensis oils after 3 h and
24 h of treatment in RAW264.7 and CHO-K1 cells.

LC50 (μL/mL)
CHO-K1 RAW264.7

3 h 24 h 3 h 24 h

Oil 1 73.81± 2.32 40.48± 5.13 93.45± 6.82 48.10± 3.11
Oil 2 45.24± 7.67a 26.19± 6.67a 80.13± 6.14 46.67± 8.32a

Oil 3 66.67± 3.18b 28.57± 3.33a 87.36± 9.41 62.91± 7.35a,b

LC50: lethal concentration.
aP > 0 01 versus oil 1 and bP > 0 01 versus oil 2;

n = 3; one-way ANOVA followed by Tukey’s post hoc test.
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5. Conclusion

Overall, we conclude that, related to fatty acid composition
and physicochemical property, there were no significant
differences between the three oils. In this way, differentiated
extraction processes did not alter such composition or
property. Significant levels of cytotoxicity in bacterial and
eukaryotic models were induced by the three oils, suggest-
ing that these effects may be related to its chemical com-
position. Oil 1 obtained from C. guianensis seeds, which

was extracted without the use of high temperatures,
showed to be the safest for use and the most promising
product as compared to the other oils, since it was not
mutagenic or genotoxic and showed a higher scavenging
activity against the DPPH radical, unlike that observed
for oils 2 and 3. The data discussed in this paper contrib-
uted to the knowledge that processing the C. guianensis
seeds at high temperatures increases the risk of adverse
genotoxic effects and decreases the scavenging activities
of crabwood seed oil.
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Figure 1: Micronucleus formation, mitotic indexes, and survival rate of CHO-K1 cells after 3 h of exposure. CHO-K1 cells were exposed to (a)
oil 1, (b) oil 2, and (c) oil 3. 3000 cells were scored per treatment for each experiment. n = 3; ∗P < 0 001on micronucleus formation or cell
division and ¢ = cytotoxic (P < 0 01) one-way ANOVA followed by Tukey’s post hoc test.
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Figure 2: Micronucleus formation, mitotic indexes, and survival rate of RAW264.7 cells after 3 h of exposure. RAW264.7 cells were exposed
to (a) oil 1, (b) oil 2, and (c) oil 3. 3000 cells were scored per treatment for each experiment. n = 3; ∗P < 0 001 on micronucleus formation or
cell division and ¢ = cytotoxic (P < 0 01) one-way ANOVA followed by Tukey’s post hoc test.
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In the present investigation, the effect of olive leaf extract (OLE) on testicular damage induced in rats by an intraperitoneal injection
of cisplatin (cis-diamminedichloroplatinum (CDDP)) at a dose of 5mg/kg was tested. Rats were randomly divided into 4 groups:
control, CDDP, OLE, and OLE +CDDP. After 5 days of CDDP treatment, body and testicular weights, histopathological alteration,
and serum male sex hormone levels were determined. In addition to the biochemical and immunohistochemical changes in the
testes, CDDP caused the disorganization of germinal epithelium and apoptosis by inducing Bax and inhibiting Bcl-2 protein
expression. Testicular weights, catalase, serum testosterone, testicular enzymatic (including glutathione peroxidase, glutathione
reductase, and superoxide dismutase) along with nonenzymatic (glutathione) antioxidants, and levels of luteinizing and follicle-
stimulating hormones were significantly reduced in addition to a significant increase in testicular malondialdehyde and nitrite/
nitrate levels when compared with the control group. OLE treatment markedly attenuated both biochemical and
histopathological changes. The reproductive beneficial effects of OLE were mediated, at least partly, by inducing the nuclear
factor erythroid 2-related factor 2 (Nrf2)/heme oxygenase 1 (HO-1) pathway.

1. Introduction

Cisplatin, cis-diamminedichloroplatinum (CDDP), with the
molecular formula cis-[Pt(NH3)2Cl2], is widely used as a
standard antineoplastic drug for treating various cancers,
including bladder, lung, neck, head, and testicular cancers
[1, 2]. CDDP is a DNA-alkylating molecule that exerts its
antitumor activity by inducing DNA crosslinks and DNA
double-strand breaks; both these actions suppress DNA
transcription and replication, leading to programmed cell
death/apoptosis [3]. Furthermore, CDDP induces oxidative
stress by producing reactive oxygen species (ROS) that
promote cellular damage and necrosis through the lipid
peroxidation of tissues, DNA lesions, and protein denatur-
ation [4]. Although CDDP is a highly effective chemothera-
peutic agent, its use is mainly limited by 2 factors:
resistance development to CDDP and severe toxicity to
normal tissues, especially nephrotoxicity, neurotoxicity, and
testicular damage [5].

The mechanism underlying CDDP-induced testicular
damage includes physiological and pathohistological distur-
bances resulting from oxidative stress and DNA damage
[4]. Hence, several antioxidants have been examined against
CDDP-induced testicular damage. For example, arjunolic
acid, a natural triterpenoid saponin isolated from the bark
of Terminalia arjuna tree, significantly protected against
CDDP-induced oxidative stress and inflammation in testicu-
lar tissues of rats [2]. Resveratrol administration also amelio-
rated CDDP-induced epididymal oxidative stress along with
testicular damage, inhibited steroidogenesis and spermato-
genesis, and restored normal testicular structure [3].

Olive (Olea europaea, Oleaceae) plant is a phytoestrogen-
containing longevous tree that is socioeconomically and
culturally valuable to inhabitants of the Mediterranean
region. The leaves of this plant contain many flavonoid and
polyphenolic compounds that possess antioxidant, anti-
inflammatory, anticancer, antidiabetic, gastroprotective,
and wound healing properties [6, 7]. Recently, Al-Quraishy
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et al. [7] reported that oleuropein is the most abundant
molecule, representing 86.9% of total identified compounds
in olive leaf extract (OLE) and exerts good antioxidant and
anti-inflammatory activities. In this study, we examined the
potential impact of OLE on CDDP-induced testicular
impairment in rats. Additionally, we explored the involve-
ment of the nuclear factor erythroid 2-related factor 2
(Nrf2)/heme oxygenase 1 (HO-1) pathway in the protective
effects of OLE.

2. Materials and Methods

2.1. Preparation of OLE. Dried olive leaves were collected
from a local market (El-Yamani Corner, Riyadh, Kingdom
of Saudi Arabia). The leaves were identified and confirmed
by a specialized taxonomist (Department of Botany, College
of Science, King Saud University, Saudi Arabia). They were
cleaned and homogenized into a fine powder (50 g), which
was then extracted with 500mL of 70% methanol at 4°C with
stirring every 4 h for 48h. After filtration, the methanol was
evaporated to semidryness in a vacuum evaporator, and the
extract was lyophilized. The obtained OLE was dissolved in
distilled water at a final concentration of 300mg/mL and
stored at −20°C in the dark until use in this study.

2.2. Experimental Protocol. Adult healthy Wistar male rats
were individually housed in polypropylene cages, acclimated
for 5 days before initiating the experiments, in a temperature-
controlled room (22± 2°C) under the normal light/dark cycle
of the day with unrestricted access to water and standard
rodent diet. All experiments were conducted according to
the guidelines of the National Program for Science and
Technology of Faculty of Science, King Saud University.
The study protocol was approved (IRB number: K.S.U-
2017-750/PI) by the Ethical Committee of King Saud
University (Riyadh, Kingdom of Saudi Arabia).

The rats (n = 7/group) were randomized to receive
saline, CDDP, OLE, or OLE+CDDP. Cisplatin was
acquired from Sigma-Aldrich (St. Louis, MO, USA).
CDDP was intraperitoneally administered at 5mg/kg
on day 1, and OLE was orally administered at 300mg/kg
daily for 5 consecutive days. This dose of CDDP
was selected based on published reports [1, 5]. The
dosing regimen for OLE was selected based on a
report by Al-Quraishy et al. [7] showing that this is a safe
dosing regimen.

The rats were then sacrificed by the intravenous
administration of sodium pentobarbital (300mg, Sigma-
Aldrich) 24 h after the last OLE administration. Blood
was collected, and the testes were removed and washed
in ice-cold 0.01M phosphate buffer (pH7.4). After drying
well with a filter paper, the left testis was weighed and
homogenized to give a 10% (w/v) homogenate. Protein
concentration of the samples was determined according
to the method of Lowry et al. [8].

2.3. Changes in the Testis Index of Rats. The relative weight of
the testis was calculated according to the weight of the left
testis as follows: (weight of left testis/body weight)× 100.

2.4. Estimation of Serum Sex Hormones. After the collection
of blood samples, the samples were centrifuged (5000 rpm
for 10min at 4°C) to separate the serum, and fresh serum
was used immediately for the analysis of sex hormones.
Serum testosterone and luteinizing hormone (LH) and
follicle-stimulating hormone (FSH) of the rats were quantita-
tively measured by ELISA using specific kits (MyBioSource,
CA, USA). The experiment was performed as per the manu-
facturer’s instructions.

2.5. Oxidative Stress Markers. Malondialdehyde (MDA), the
main end product formed due to lipid peroxidation in the
tissues, serves as a marker for lipid peroxidation. To deter-
mine MDA level in the testes, the homogenate was reacted
with thiobarbituric acid using the method of Ohkawa et al.
[9]. Nitrite level in the homogenate was measured by the
method of Green et al. [10]. Testicular reduced glutathione
(GSH) was determined using Ellman’s reagent as described
previously [11].

2.6. Antioxidant Status. Testicular antioxidant enzyme
activities were determined as markers for the assessment of
oxidant/antioxidant balance in the testis. Superoxide dismut-
ase (SOD) activity was measured by the nitroblue tetrazolium
reduction assay [12]. Catalase (CAT) activity was also
assayed by reacting the testis homogenate with H2O2. The
consumption of H2O2 was quantified spectrophotometrically
at 340nm for 120 s at 30 s intervals [13]. Both SOD and CAT
activities are presented as units/mg protein. Glutathione
reductase (GSH-R) was determined by the method of
Dringen and Gutterer [14], where 1mL of a mixture contain-
ing 0.05M phosphate buffer (pH7.0), 1mM EDTA, 10mM
oxidized glutathione (GSSG), and 0.1mMNADPHwas used.
GSH-R activity was determined by change in NADPH
concentration with time after adding the testis homogenate.
Finally, glutathione peroxidase (GSH-Px) activity was
assayed as described by Paglia and Valentine [15]. In this
method, GSSG produced from GSH due to GSH-Px in the
presence of NADPH and GSH-R was measured. GSH-Px
activity was computed from the change in NADPH concen-
tration with time using ɛ = 6270 M−1·cm−1.

2.7. Inflammation Markers. The extent of inflammation in
testis samples was estimated by measuring IL-1β and TNF-
α levels using commercial kits according to the manufac-
turer’s instructions (Merck Millipore, Australia).

2.8. Quantitative Real-Time PCR. RNA in the testis samples
was isolated utilizing the TRIzol reagent (Invitrogen, CA,
USA), and 1μg of the isolated RNA was used as a template
together with random primers to synthesize cDNA utilizing
Thermo Scientific Maxima First Strand cDNA Synthesis Kit
for RT-qPCR. Each cDNA sample was run in triplicate for
real-time PCR analysis. GAPDH (accession number:
NM_017008.4; sense:5′-GCATCTTCTTGTGCAGTGCC-3′;
antisense: 5′-GATGGTGATGGGTTTCCCGT-3′) servedas a
housekeeping gene. Real-time PCR reactions were performed
utilizing thePower SYBRGreenAppliedBiosystems 7500 Sys-
tem (Life Technologies, CA, USA) at 94°C for 4min, followed
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by42cyclesat94°Cfor1min,at60°Cfor1min,andthenheldfor
the final phase at 72°C for 10min. Gene expression analysis
employed the2−ΔΔCtmethodaccording toPfaffl [16].ThePCR
primers forthefollowinggenesweresynthesizedbyInvitrogen:
SOD2(superoxidedismutase2,mitochondrial;accessionnum-
ber:NM_001270850.1; sense:5′-A
GCTGCACCACAGCAAGCAC-3′; antisense: 5′-TCCACC
ACCCTTAGGGCTCA-3′), CAT (accession number:
NM_012520.2; sense: 5′-TCCGGGATCTTTTTAACGCCA
TTG-3′; antisense: 5′-TCGAGCACGGTAGGGACAGTTC
AC-3′), GPx1 (accession number: NM_030826.4; sense: 5′-
CAGTCCACCGTGTATGCCTT-3′; antisense: 5′-GTAA
AGAGCGGGTGAGCCTT-3′), Nrf2 (accession number:
NM_031789.2; sense: 5′-GGTTGCCCACATTCCCAAAC-
3′; antisense: 5′-GGCTGGGAATATCCAGGGC-3′), HO-1
(accession number: NM_012580.2; sense: 5′-GCGAAACAA
GCAGAACCCA-3′; antisense: 5′-GCTCAGGATGAGTA
CCTCCC-3′), Bcl-2 (accession number: NM_016993.1;
sense: 5′-CTGGTGGACAACATCGCTCTG-3′; antisense:
5′-GGTCTGCTGACCTCACTTGTG-3′), and Bax (acces-
sion number: NM_017059.2; sense: 5′-GGCGAATTGGC
GATGAACTG-3′; antisense: 5′-ATGGTTCTGATCAGCT
CGGG-3′).

2.9. Histological Examination. Testis tissues were immersed
in neutral buffered formalin (4%), dehydrated in 70% etha-
nol, and embedded in paraffin. The tissue blocks were sec-
tioned at 4-5μm and stained with hematoxylin-eosin. The
sections were visualized under a Nikon optical microscope
(Eclipse E200-LED, Tokyo, Japan). Only seminiferous
tubules with their epithelium cycle between stages 9 and 13
characterized by a single generation of spermatids and 2 gen-
erations of primary spermatocytes were observed.

2.10. Immunohistochemistry. The paraffin-embedded sec-
tions were mounted on charged slides, deparaffinized, and
washed with phosphate-buffered saline. The antigen sites
were unmasked by heating, and the endogenous peroxidase
was inactivated by 3% H2O2. The sections were blocked with
10% (w/v) normal goat serum for 1 h and then incubated
with polyclonal rabbit anti-proliferating cell nuclear antigen
(PCNA), Bcl-2, and Bax antibodies (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA) overnight at 4°C. Afterward,
all samples were incubated with biotinylated secondary
antibodies (1 : 1000) for 30min at 37°C. The specific pro-
tein immunoreactivity was visualized by the chromogen
3,3′-diaminobenzidine tetrachloride method under 400x
magnification (Nikon Eclipse E200-LED, Tokyo, Japan)
with an Olympus camera.

2.11. Statistical Analysis. Results are expressed as the mean
± standard deviation. Statistical analyses were performed
using one-way ANOVA with the SPSS (version 20.0)
followed by Tukey’s post hoc test. A p value of less
than 0.05 was considered as a criterion for a statistically
significant difference.

3. Results

3.1. Body and Testis Weights. Upon CDDP injection, no
death was observed in the rats. However, the body and
testicular weights were significantly (p < 0 05) lower than
the control weights (Figure 1). However, relative testis weight
that was obtained at the end of the experiment was lower
(nonsignificant) than control. The rats treated with OLE
+CDDP showed significantly (p < 0 05) higher body weights
than CDDP-treated rats.

3.2. Serum Concentrations of Sex Hormones. Serum testoster-
one, LH, and FSH concentrations were significantly (p < 0 05)
lower in the CDDP-treated rats than in the control rats
(Figure 2). Serum sex hormone concentrations in the OLE
+CDDP treatment group increased significantly (p < 0 05) by
the endof the experiment and returned to normal values.

3.3. Oxidative Stress Parameters. There was a significant
(p < 0 05) elevation in testicular MDA and nitrite/nitrate
levels with concomitant depletion in GSH concentration
in the CDDP group compared with the control group, indi-
cating the oxidative action of CDDP on testicular tissues.
Conversely, OLE treatment with CDDP prevented changes
in MDA, nitrite/nitrate, and GSH levels, demonstrating the
antioxidant activity of OLE (Figure 3).

Activities of SOD, CAT, GSH-Px, and GSH-R were
significantly (p < 0 05) lower in the CDDP-treated rats than
in the control rats (Figure 4). However, these activities were
only partially attenuated in rats in the OLE+CDDP group
compared with those in the control group but significantly
(p < 0 05) higher than those in CDDP-injected rats. The gene
expression of antioxidant enzymes (SOD, CAT, GSH-Px, and
GSH-R) was lower in the testis tissues of rats in the CDDP
group than in the control group. Interestingly, OLE treat-
ment significantly (p < 0 05) increased the expression of all
enzymes, except CAT, compared to control. OLE treatment
significantly mitigated CDDP-induced oxidative stress in
the testes (Figure 4).

3.4. Nrf2 and HO-1 Overexpression Protects against CDDP-
Induced Testicular Oxidative Stress. mRNA expression levels
of Nrf2 and HO-1 were significantly (p < 0 05) lower in the
CDDP-treated group than in the control group (Figure 5).
HO-1 mRNA expression was significantly higher in the
OLE group than in the control group. Both Nrf2 and HO-1
mRNA levels were higher in the OLE+CDDP group than
in the CDDP; moreover, HO-1 mRNA level was (p < 0 05)
upregulated compared to the control group.

3.5. Inflammation Is Involved in CDDP-Induced Testicular
Damage. To elucidate whether OLE is able to reduce
CDDP-induced testicular inflammation, we determined
inflammatory markers in the testis homogenates. As
illustrated in Figure 6, CDDP administration significantly
(p < 0 05) elevated IL-1β and TNF-α levels in the testis
compared to control. However, treatment with OLE
significantly (p < 0 05) inhibited the production of these
inflammatory markers.
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3.6. Histopathological Findings. Although CDDP injection
caused testicular atrophy with a severe degeneration of the
germinal epithelium in seminiferous tubules with many
residual bodies and the disorganization and shedding of the
germinal epithelium into the lumina (Figure 7(b)), OLE treat-
ment ameliorated these changes in the seminiferous epithe-
lium (Figure 7(d)). Control and OLE-treated rats appeared
to have normal testicular structures with an orderly pattern
of germinal epithelial and Sertoli cells (Figures 7(a) and 7(c)).

3.7. Bcl-2 Overexpression Protects against CDDP-Induced
Testicular Apoptosis. In the present study, we also investi-
gated whether the testicular protective effects of OLE are
associated with its antiapoptotic activity; Bcl-2 and Bax
mRNA expression levels in the testis were examined. Bcl-2
mRNA expression was significantly (p < 0 05) downregu-
lated (Figure 8), whereas Bax mRNA expression was signifi-
cantly (p < 0 05) upregulated in CDDP-treated rats.
However, OLE treatment significantly downregulated Bax
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Figure 1: Potential effects of olive leaf extract (OLE) treatment on body weight, testis weight, and relative testicular weight in rats treated with
cisplatin (CDDP). All data are expressed as the mean± SEM (n = 7). aSignificant change from the control group at p < 0 05; bsignificant
change from the CDDP group at p < 0 05 using Tukey’s post hoc test.
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Figure 2: Effects of olive leaf extract (OLE) treatment on testosterone, luteinizing hormone, and follicle-stimulating hormone levels in the
serum of rats treated with cisplatin (CDDP). All data are expressed as the mean± SEM (n = 7). aSignificant change from the control group
at p < 0 05; bsignificant change from the CDDP group at p < 0 05 using Tukey’s post hoc test.
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Figure 3: Effects of olive leaf extract (OLE) treatment on malondialdehyde (MDA), nitrite/nitrate, and glutathione (GSH) content in the
testis of rats treated with cisplatin (CDDP). All data are expressed as the mean± SEM (n = 7). aSignificant change from the control
group at p < 0 05; bsignificant change from the CDDP group at p < 0 05 using Tukey’s post hoc test.
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Figure 4: Effects of olive leaf extract (OLE) treatment on superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-
Px), and glutathione reductase (GSH-R) activities and their corresponding mRNA expression in the testis of rats treated with
cisplatin (CDDP). Data of antioxidant enzyme activities are expressed as the mean± SEM (n = 7), whereas mRNA expression data
are expressed as the mean± SEM of triplicate assays, normalized to the GAPDH mRNA level, and shown as fold change (in log2
scale) relative to the control mRNA levels. aSignificant change from the control group at p < 0 05; bsignificant change from the
CDDP group at p < 0 05 using Tukey’s post hoc test.
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and upregulated Bcl-2 mRNA expression compared to
CDDP treatment.

Consistent with RT-PCR results, immunohistochemis-
try showed that the number of Bcl-2-positive cells in the
testicular tissues of CDDP-treated rats was markedly
decreased (Figure 9(b)), whereas moderate to strong immu-
noreaction was observed for Bax (Figure 10(b)). The admin-
istration of OLE to rats injected with CDDP exhibited an
increase in Bcl-2-positive spermatogenic cells (Figure 9(d))
with moderate immunoreaction for the proapoptotic protein,
Bax (Figure 10(d)).

3.8. CDDP-Induced Downregulation in PCNA Expression.
Immunohistochemical analysis revealed a lower expression
of PCNA protein in the CDDP group than in the control
group (Figure 11(b)). However, OLE treatment significantly
increased the number of PCNA-positive cells (Figure 11(d)).

4. Discussion

Although CDDP is the most used antitumor agent in the che-
motherapy of various cancers, its use is limited due to its
adverse effects on the kidney, nervous system, and testis.

Testicular dysfunction is the most reported consequence of
CDDP toxicity because of the high proliferation rate of testic-
ular cells. CDDP has been reported to cause sperm impair-
ment, spermatogenic apoptosis, and abnormality in Leydig
cells in experimental animals [17, 18]. CDDP administration
to rats significantly decreases testis weight and disrupts male
sexual hormone levels [4]. Furthermore, upon microscopic
examination, notable degeneration, necrosis/apoptosis, and
reduction in the circumference of seminiferous tubules and
spermatogenic cell thickness have been reported after CDDP
treatment. Testis weight depends on the mass of differenti-
ated spermatogenic cells, and its structural and functional
integrity requires the adequate biosynthesis of male sex hor-
mones. Thus, a decline in testis weight in CDDP-treated rats
reveals reduced spermatogenesis and steroidogenesis [17]. In
the current study, CDDPadministration significantly reduced
male reproductive hormone levels. This may be attributed to
reduced Leydig cells that produce gonadotropin, along with
depressedmitochondrial side-chain cleavage and cytochrome
P-450 activity [19]. CDDP also affects the function of Sertoli
cells and decreases the expression of androgen-binding pro-
teins [20]. Indeed, hormonal perturbation caused by cisplatin
is mediated by its effects on the hypothalamic-pituitary-
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Figure 5: Effects of olive leaf extract (OLE) treatment on nuclear factor erythroid 2-related factor (Nrf2) and heme oxygenase-1 (HO-1)
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Figure 6: Effects of olive leaf extract (OLE) treatment on TNF-α and IL-1β levels in the testis of rats treated with cisplatin (CDDP). All data
are expressed as the mean± SEM (n = 7). aSignificant change from the control group at p < 0 05; bsignificant change from the CDDP group at
p < 0 05 using Tukey’s post hoc test.
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gonadal axis [21]. According to the obtained results, OLE
treatment significantly increased testis weight and levels of
male sex hormones (testosterone, LH, and FSH) compared
to CDDP administration. Recent studies demonstrated that
herbal extracts prevent CDDP-induced reproductive injury
because of their antioxidant constituents [17, 22].

In the current study, CDDP-induced gonadal toxicity
and tissue atrophy were due to increased ROS production
and depleted enzymatic and nonenzymatic testicular antiox-
idant defense molecules. CDDP is known to disturb the oxi-
dant/antioxidant balance in the testicular tissue [23]. In the
current study, CDDP significantly elevated MDA and

(a) (b)

(c) (d)

Figure 7: Light micrographs of testicular tissues of rats treated with olive leaf extract (OLE) and cisplatin (CDDP). (a) Photomicrograph of
the testicular tissue of the control group showing healthy seminiferous tubules at all stages of spermatogenic cells (primary spermatocyte
“black arrow” and spermatids “blue arrow”) and the interstitial cells with Leydig cells (black star) filling the space between the
seminiferous tubules. (b) Photomicrograph of the testicular tissue of rats treated with CDDP showing degenerative alterations (red star) in
spermatogenic cells and the detachment of the spermatogenic epithelium. (c) Photomicrograph of the testicular tissue of rats treated with
OLE alone showing a healthy histological structure. (d) Photomicrograph of the testicular tissue of rats treated with OLE and CDDP
showing a recovery of spermatogenic epithelium in most seminiferous tubules. Sections were stained with hematoxylin and eosin (400x).
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Figure 8: Effects of olive leaf extract (OLE) treatment on Bcl-2 and Bax mRNA expression in the testis of rats treated with cisplatin (CDDP).
Data of the mRNA expression are expressed as the mean± SEM of triplicate assays, normalized to the GAPDHmRNA level, and shown as the
fold change (in log2 scale) relative to the control mRNA levels. aSignificant change from the control group at p < 0 05; bsignificant change
from the CDDP group at p < 0 05 using Tukey’s post hoc test.
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(a) (b)

(c) (d)

Figure 9: Testicular expression of Bcl-2 protein was detected using immunohistochemical staining in (a) control, (b) cisplatin (CDDP), (c)
olive leaf extract (OLE), and (d) OLE+CDDP groups. In the control and OLE groups, Bcl-2-positive brown-stained cells were moderately to
strongly immunostained. However, many testicular cells were weakly stained with brown color due to CDDP. In the OLE+CDDP group, the
number of Bcl-2-positive cells was markedly increased. (400x).

(a) (b)

(c) (d)

Figure 10: Testicular expression of Bax protein was detected using immunohistochemical staining in (a) control, (b) cisplatin (CDDP), (c)
olive leaf extract (OLE), and (d) OLE+CDDP groups. In the control and OLE groups, Bax-positive brown-stained cells were sparse and
weakly immunostained. However, many testicular cells exhibited apoptosis and were stained brown (Bax positive) due to CDDP. In the
OLE+CDDP group, the number of Bax-positive cells was markedly increased. (400x).
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nitrite/nitrate levels and depleted GSH content and activities
of SOD, CAT, GSH-R, and GSH-Px in the testis, indicating
that the enzymatic and nonenzymatic antioxidant molecules
were inadequate for scavenging free radicals produced due to
CDDP. MDA serves as a marker for oxidative stress due to
the peroxidation of cellular polyunsaturated fatty acids. Both
nitrate and nitrite levels have been used as indexes of nitric
oxide generation and nitrosative stress [24]. GSH is the most
abundant cellular sulphydryl molecule that interacts with
oxidizing compounds, and a reduction in its cellular content
has been considered as an indication of oxidative stress [25].
SOD presents the first preventive antioxidant enzyme that
neutralizes singlet oxygen (1O2) and spontaneously dismu-
tates superoxide radicals (O−

2) to H2O2. The decomposition
of H2O2 is successfully accomplished by CAT, thereby pre-
venting lipid peroxidation. GSH-Px together with GSH cata-
lyzes the reduction of H2O2 and lipid peroxides, whereas
GSH-R promotes the NADPH-driven conversion of GSSG
to GSH [26]. A depletion of these antioxidant enzymes and
molecules could be associated with an overwhelming accu-
mulation of H2O2 that suppresses testicular antioxidant
defense systems. However, OLE treatment attenuated testic-
ular oxidative stress and restored the antioxidant defense sys-
tem in the testicular tissue, indicating that OLE prevents
CDDP-induced oxidative stress and reproductive damage.
The antioxidant activity of OLE has been well documented
previously, and Bouaziz et al. attributed this effect to the

phenolic constituents, oleuropein, luteolin, hydroxytyrosol,
and orthodiphenols [27]. Servili et al. [28] mentioned that
olive phenols modulate the cellular redox status by enzymes.

Nrf2 is a basic leucine zipper transcription factor that
protects the cell against oxidative stress through the antioxi-
dant response element-mediated induction of various phase
2 metabolism and antioxidant enzymes, including efflux
transporters, heat shock proteins, and proteasomal degrada-
tion enzymes [29]. HO-1 is a stress-responsive enzyme that
transforms heme into biliverdin and free iron along with car-
bon monoxide [30]. In cases of elevated oxidative stress due
to exposure to a diverse array of toxic insults, HO-1 is
induced as a beneficial response in cells. Moreover, the pro-
motion of HO-1 drastically decreases CDDP-induced cyto-
toxicity by regulating autophagy [24]. The current
investigation suggests that the beneficial effect of OLE is
due to an induction of Nrf2 and HO-1, thereby maintaining
the transcriptional activation status of detoxification
enzymes and drug transporters and suppressing inflamma-
tion; these effects enhance the survival of germinal epithelial
cells despite CDDP administration.

Inflammation is involved in CDDP-induced tissue toxic-
ity [31]. CDDP triggers the NF-κB pathway, thereby promot-
ing the expression of a series of inflammatory cytokines,
including TNF-α and IL-1β [32]. OLE treatment prevented
inflammatory cytokine production in CDDP-induced repro-
ductive toxicity. The findings of the current investigation are

(a) (b)

(c) (d)

Figure 11: Testicular expression of proliferating cell nuclear antigen (PCNA) protein was detected using immunohistochemical staining in
(a) control, (b) cisplatin (CDDP), (c) olive leaf extract (OLE), and (d) OLE+CDDP groups. In the control and OLE groups, PCNA-positive
brown-stained cells were moderately to strongly immunostained. However, many testicular cells were weakly stained with brown color due to
CDDP. In the OLE+CDDP group, the number of PCNA-positive cells was markedly increased. (400x).
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consistent with a previous study by Al-Quraishy et al. [7], in
which OLE prevented gastric ulcer by reducing the produc-
tion of TNF-α, IL-1β, and other proinflammatory cytokines.
OLE treatment during chemotherapy can prevent TNF-α
and IL-1β overexpression [33].

Germinal epithelium apoptosis has been documented as
a possible mechanism for the testicular damage following
CDDP treatment. In the current study, CDDP injection
upregulated Bax and downregulated Bcl-2 expression in the
testis. Bcl-2 is located in the outer membrane of the mito-
chondria, which promotes cell survival and counters the
actions of the proapoptotic protein, Bax, thereby maintaining
mitochondrial membrane integrity. However, Bax promotes
mitochondrial permeabilization causing a discharge of both
cytochrome C and ROS from the mitochondria into the cyto-
plasm under conditions of oxidative stress. In the cytoplasm,
cytochrome C interacts with the apoptotic protease-
activating factor 1 and forms an apoptosome, which finally
activates caspase-3, the key regulator in the execution of apo-
ptosis. This leads to DNA fragmentation, chromatin conden-
sation, and biomembrane protein destruction [29, 34]. In the
current study, an alternation in the mRNA levels of Bax and
Bcl-2 was observed in rats injected with CDDP. The down-
regulation of Bcl-2 associates with a loss of survival signals,
but the upregulation of Bax can be a marker of apoptosis
via the intrinsic pathway. Our results were similar to the
observation obtained by Cao et al. [35], which they found
that CDDP-induced apoptosis in human nasopharyngeal
carcinoma CNE-2 cells via upregulating Bax and downregu-
lating Bcl-2. In the present study, OLE prevented apoptosis
by upregulating Bcl-2 and downregulating Bax in the testicu-
lar tissue of CDDP-treated rats. Similarly, Al-Quraishy et al.
[7] reported that the antiapoptotic activity of OLE is due to
its antioxidant and anti-inflammatory properties.

5. Conclusions

In conclusion, CDDP injection in rats induces histopatholog-
ical alterations and apoptosis in testicular tissues through
oxidative stress induction as evidenced by elevated lipid per-
oxidation and nitrite/nitrate generation and depleted enzy-
matic and nonenzymatic antioxidants. However, OLE
treatment protected against CDDP-induced testicular toxic-
ity owing to its antioxidant, anti-inflammatory, and antia-
poptotic properties. The present study also revealed that
increased Nrf2 and HO-1 expression could be an effective
strategy for preventing CDDP-induced testicular injury.
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Activation of pancreatic stellate cells (PSCs) initiates pancreatic fibrosis in chronic pancreatitis and furnishes a niche that enhances
the malignancy of pancreatic cancer cells (PCCs) in pancreatic ductal adenocarcinoma (PDAC). Resveratrol (RSV), a natural
polyphenol, exhibits potent antioxidant and anticancer effects. However, whether and how RSV influences the biological
properties of activated PSCs and the effects of these changes on tumor remain unknown. In the present study, we found that
RSV impeded hydrogen peroxide-driven reactive oxygen species- (ROS-) induced activation, invasion, migration, and glycolysis
of PSCs. In addition, miR-21 expression in activated PSCs was downregulated after RSV treatment, whereas the PTEN protein
level increased. miR-21 silencing attenuated ROS-induced activation, invasion, migration, and glycolysis of PSCs, whereas the
overexpression of miR-21 rescued the responses of PSCs treated with RSV. Moreover, RSV or N-acetyl-L-cysteine (NAC)
administration or miR-21 knockdown in PSCs reduced the invasion and migration of PCCs in coculture, and the effects of RSV
were partly reversed by miR-21 upregulation. Collectively, RSV inhibits PCC invasion and migration through suppression of
ROS/miR-21-mediated activation and glycolysis in PSCs. Therefore, targeting miR-21-mediated glycolysis by RSV in tumor
stroma may serve as a new strategy for clinical PDAC prevention or treatment.

1. Introduction

With a 7% five-year survival rate and more than 43,000
estimated deaths per year in the United States, pancreatic
ductal adenocarcinoma (PDAC) is one of the most lethal
cancers and causes serious public health issues and cancer
burden [1]. PDAC is expected to become the second leading
cancer diagnosis in the US by 2030, surpassing breast, pros-
tate, and colorectal cancers [2]. Aggressive growth and
metastasis, lack of early diagnosis, low rates of curative
resection, and poor responses to radiation and chemotherapy
characterize the dismal prognosis and treatment of PDAC.
Modified combination regimens and novel agents are
urgently needed, and the mechanisms of pharmacological
therapies for PDAC remain to be further elucidated.

Current therapies focus chiefly on epithelial cancer cells,
which contribute to the rapid proliferation and malignancy
of the tumor. However, the tumor microenvironment, which
is formed from a bulk of desmoplastic stroma comprising
immune cells, inflammatory cells, endothelial cells, extracel-
lular matrix, and, predominantly, pancreatic stellate cells
(PSCs), plays an important role in tumor invasion and
metastasis [3–5]. PSC activation, which is characterized by
a decrease in vitamin A-containing lipid droplets and
increased expression of α-SMA and collagen-I, is pivotal in
the development of pancreatic fibrosis and the malignant
behavior of PDAC [6, 7]. PSCs are activated by TGF-β as well
as cellular reactive oxygen species (ROS), and cancer cells can
secrete hydrogen peroxide (H2O2), which triggers oxidative
stress in adjacent PSCs [8, 9]. The interaction between PSCs
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(cancer-associated fibroblasts) and tumor cells is mediated by
diverse secreted soluble factors such as extracellular matrix
proteins, cytokines, and integrins [10], and disrupting this
connection may provide novel approaches to cancer therapy.

According to the widely accepted Warburg effect, tumor
cells favor a metabolic shift toward glycolysis even under
aerobic conditions. Remarkably, cancer-associated fibro-
blasts, particularly PSCs, are commonly “corrupted” and
tend to increase glycolysis and autophagy to function as
factories to convert glucose to lactate and then transfer abun-
dant metabolites to cancer cells. This two-compartment
model is defined as the “reverse Warburg effect” [11, 12].
miR-21, a small single-stranded noncoding RNA classified
as an oncogenic microRNA that can regulate gene expres-
sion, is aberrantly expressed in the majority of human
cancers such as pancreatic cancer [13], cervical cancer [14],
and breast cancer [15]. High expression of miR-21 in the
tumor stroma promotes tumor progression [16–18]. Inhi-
bition of miR-21 induces apoptosis and cell cycle arrest
and enhances the chemotherapeutic sensitivity of tumors
by positively modulating PTEN, PDCD4, and BCL-2 and
other target genes [15, 19]. Glycolysis is also impeded by
downregulation of miR-21 in bladder cancer cells [20].
However, whether aberrant miR-21 expression promotes
glycolysis and the invasiveness of PSCs remains unclear.

Resveratrol (trans-3,4′,5-trihydroxystilbene, RSV), a
natural polyphenol detected in grapes, berries, and peanuts,
has a wide spectrum of pharmacological properties, such as
antioxidant [21], anti-inflammation [22], and antitumor
effects [23]. RSV inhibits tumor growth, invasion, and
epithelial-mesenchymal transition [24] and enhances che-
mosensitivity [25]. RSV can impede tumor cell proliferation
by reducing the phosphorylation of PI3K, Akt, ERK,
FOXO3a (Ser253), and FOXO1 (Ser256). Furthermore,
RSV induces apoptosis and cell cycle arrest in tumor cells
by enhancing expression of p21, p27, Bim, and cleaved
caspase-3 and by inhibiting the expression of cyclin D1
[26]. There are other typical genes and pathways regulated
by RSV such as NF-κB, SIRT1-regulated pathway, and Wnt
signaling pathway [27]. It is also worth noting that RSV
may exert anti-inflammation and antitumor effects by target-
ing microRNAs [28]. Glycolysis of tumor cells is disrupted by
RSV via the modulation of glucose consumption and glyco-
lytic enzymes such as hexokinase 2 [29, 30]. However,
whether and how RSV influences the invasion, migration,
or glycolysis of activated PSCs and the effects of these
changes on tumor biological properties remain unknown.

In this study, we demonstrated that RSV may inhibit
ROS-promoted activation, invasion, and glycolysis of PSCs
via suppression of miR-21. More importantly, impeded acti-
vation and lactate secretion of PSCs attenuated pancreatic
cancer cell invasion and migration in coculture.

2. Materials and Methods

2.1. Reagents. Resveratrol (>99% pure), MTT (3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bro-
mide), and NAC (N-acetyl-L-cysteine) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Analytical grade 30%

H2O2 was obtained from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). 2′-7′-Dichloro-dihydro-fluorescein
diacetate (DCFH-DA) was obtained from Beyotime Institute
of Biotechnology (Haimen, China).

2.2. Cell Lines and Cell Culture. Human PSCs were isolated
from normal pancreatic tissue removed from patients
undergoing liver transplantation. These tissues were
obtained from the Department of Hepatobiliary Surgery at
the First Affiliated Hospital of Xi’an Jiaotong University.
PSCs were isolated and cultured according to methods
described in previous study [31]. PSCs between passages 1
and 4 after isolation were used in our experiments. The
human pancreatic cancer cell line Panc-1 was purchased
from the Type Culture Collection of the Chinese Academy
of Sciences (Shanghai, China) and cultured in Dulbecco’s
modified Eagle medium (DMEM) containing 10% FBS
(HyClone, Logan, UT, USA), 100μg/mL ampicillin, and
100μg/mL streptomycin at 37°C with 5% CO2 and 95% air.
The study was conducted following the Declaration of
Helsinki, and the protocol and consent forms were approved
by the relevant ethical committee of the First Affiliated
Hospital of Xi’an Jiaotong University, China.

2.3. Cell Viability Assay. PSCs were plated into 96-well plates
at a density of 6000 cells/well and treated with various
concentrations (0, 12.5, 25, 50, 100, and 200μM) of RSV
for 24, 48, and 72h and different concentrations (0, 12.5,
25, 37.5, 50, 62.5, 75, 87.5, 100, 150, 200, and 300μM) of
H2O2 for 24 h. Cell viability was assessed by the MTT assay.
Ten microliters of 5mg/mL MTT was added to each well
after removing the media and incubated at 37°C for 4 h.
Then, 100μL of DMSO was added to each well, and the opti-
cal density (OD) was measured at 490nm on a multifunction
microplate reader (POLARstar OPTIMA; BMG, Offenburg,
Germany). The proliferation inhibition rate was calculated
according to the following equation: proliferation inhibition
rate = 1 −OD sample/OD control × 100%.

2.4. Transfection of miRNA Inhibitor and Mimics. Loss-of-
function and gain-of-function approaches were performed
using the miR-21 inhibitor, negative inhibitor, miR-21
mimics, and negative mimics, which were purchased from
GenePharma (Shanghai, China), and the sequences are
provided in Supplementary Materials Table S1. The miRNA
inhibitor and mimics were transfected into PSCs using
Lipofectamine 2000 according to the manufacturer’s instruc-
tions, and 8h after transfection, the medium was replaced
with fresh Dulbecco’s modified Eagle medium: Nutrient
Mixture F-12 (DMEM-F12) and cells were prepared for
further experiments.

2.5. Western Blot Analysis. Western blot experiments have
been described previously [25]. The antibodies used in this
study against glucose transporter 1 (Glut1), hexokinase 2
(HK2), pyruvate kinase M2 (PKM2), and lactate dehydroge-
nase A (LDHA) were from Proteintech Group (Chicago, IL).
The primary antibody against α-SMA was from Sigma-
Aldrich. The primary antibody against PTEN was from
Abcam (Cambridge, MA, UK).
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2.6. Real-Time PCR. Total RNA was extracted using the
Fastgen1000 RNA isolation system (Fastgen, Shanghai,
China) according to the manufacturer’s protocol. Total
RNA was reverse-transcribed into cDNA using the Pri-
meScript RT reagent kit (TaKaRa, Dalian, China). A
Bulge-Loop miRNA qRT-PCR primer set specific for
miR-21 and U6 was obtained from RiboBio (Guangzhou,
China). Real-time PCR was conducted using the CFX
Manager 2.1 fluorescent quantitative PCR kit (Bio-Rad
Laboratories, Hercules, CA, USA) under the following
conditions: 10min at 95°C and 40 cycles of 95°C for 2 sec,
60°C for 20 sec, and 70°C for 10 sec.

2.7. Immunofluorescence Staining. Cells were fixed in 4%
formaldehyde diluted in phosphate-buffered saline (PBS)
for 15min, permeabilized with 0.3% Triton X-100, treated
with blocking buffer (5% BSA in PBS), and then incu-
bated overnight with the primary antibody at 4°C. The
cells were then incubated with the Red-conjugated sec-
ondary antibody from Jackson ImmunoResearch Laborato-
ries (West Grove, PA, USA) for 1 h at room temperature.
Slides were mounted and examined using a Zeiss Instru-
ments confocal microscope.

2.8. Measurement of Intracellular ROS. The level of intracel-
lular ROS was measured using the ROS assay kit. In brief,
after removing the media and washing the wells twice with
PBS, 10μM of DCFH-DA was added to each well. Then,
the cells were incubated in the dark at 37°C for 30min. After
washing twice with PBS and trypsinization, the cells were
collected and analyzed immediately by flow cytometry
using a FACSCalibur (BD Biosciences, San Diego, CA,
USA) instrument.

2.9. Measurement of Lactate Production. Medium from
cultured cells was collected, and a lactic acid assay kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) was used to determine lactate production. Lactate
concentration was measured by an enzymatic assay, which
generates a colorimetric (530 nm) product, proportional to
the lactate present. All procedures were performed according
to the manufacturer’s instructions.

2.10. Oil Red O Staining. After washing with cold PBS,
cells were fixed in 4% paraformaldehyde for 15min at
room temperature. Cells were washed again with PBS
and stained using filtered Oil Red O solution (Sigma, St.
Louis, MO, USA) at 60°C for 30min. Subsequently, hema-
toxylin was used to stain the cell nuclei. Intracellular lipid
accumulation was examined through a microscope (Nikon
Instruments Inc.).

2.11. Modified Wound Healing Assay. Cell migratory ability
was detected by a modified wound healing assay. To assess
the migratory abilities of PSCs, PSCs (5.0× 105 cells/2.5mL)
were seeded into 6-well plates using DME/F12. To evaluate
the migratory abilities of pancreatic cancer cells (PCCs)
under coculture, Panc-1 (1.0× 106 cells/2.75mL) and PSCs
(5.0× 105 cells/2mL) were seeded into the basolateral and
apical sides of Millicell hanging cell culture inserts (pore size

0.4μm) in 6-well plates, respectively, using a mixed culture
medium (DMEM DME/F12 = 1 1). After the cells grew
to 90–100% confluency, a sterile pipette tip was used to pro-
duce a wound line between the cells in the plate. Cellular
debris was removed by washing with PBS, and the cells were
then allowed to migrate for 24 h. Images were captured at
time 0 and 24h post wounding under a Nikon Diaphot
TMD inverted microscope. The relative distance traveled
by the leading edge from 0 to 24h was assessed using
the Photoshop software (n = 3).

2.12. Modified Transwell Matrigel Invasion Assay. Modified
Transwell Matrigel invasion assays were performed in Trans-
well chambers. The 8.0μm pore inserts were coated with
25μL of Matrigel. To assess the invasive abilities of PSCs,
PSC suspensions (5× 104) were added to the upper chambers
in DME/F12 containing 1% FBS. Simultaneously, 500μL of
DME/F12 containing 10% FBS was placed in the lower
chambers. To evaluate the invasive abilities of PCCs under
coculture, Panc-1 suspensions (5× 104) were added to the
upper chambers in DMEM/DME/F12 (1 : 1) containing 1%
FBS. Simultaneously, 500μL of DMEM/DME/F12 (1 : 1)
containing 10% FBS was placed in the lower chambers with
different groups of PSCs (5× 104). The cells were allowed to
migrate for 48 h at 37°C. The noninvading cells were
removed from the upper surface by scraping with a wet
cotton swab. After rinsing with PBS, the filter was fixed and
stained with crystal violet. Invasion ability was determined
by counting the stained cells on the bottom surface of each
membrane in 10 random fields, and images were captured
at ×200 magnification (n = 3).

2.13. Statistical Analysis. Each experiment was indepen-
dently performed at least three times. Data are pre-
sented as means ± standard deviation. Differences were
evaluated using Student’s t-test, with p < 0 05 considered
statistically significant.

3. Results

3.1. RSV Inhibits H2O2-Promoted PSC Activation, Migration,
and Invasion. PSCs were treated with increasing doses of
RSV (0, 12.5, 25, 50, 100, and 200μM) for 24h, 48 h, and
72 h and then subjected to MTT assays to evaluate cell
viability (Figure 1(a)). RSV inhibited PSC proliferation in a
dose- and time-dependent manner. Low concentrations of
RSV (12.5, 25, and 50μM) exhibited little cytotoxicity, but
treatment for longer periods (48 and 72 h) and at high
concentrations (100 and 200μM) substantially decreased
cell viability. Exogenous H2O2, a traditional cellular ROS
inducer, exhibited growth-promoting action up to a concen-
tration of approximately 50μM (Figure 1(b)). Therefore, we
chose 50μM RSV and 50μM H2O2 for subsequent experi-
ments. Oil Red O staining showed that 50μM H2O2
efficiently transferred the quiescent state of PSCs to the
activated state with a considerable decline of lipid droplets
(Figure S1). As shown in Figure S2, RSV at 50μM hardly
exerted function on the protein expression of α-SMA and
glycolytic enzymes in quiescent PSCs, so we focused on the
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Figure 1: Continued.
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potential functions of RSV when PSCs were activated. Next,
to evaluate the effects of RSV and ROS on PSC activation,
we treated PSCs with 50μM RSV or 10mM NAC (a ROS
scavenger) for 24 h prior to the 24h incubation with 50μM
H2O2. The protein expression of α-SMA was analyzed by
Western blot (Figures 1(c) and 1(e)), and immunofluores-
cence staining of α-SMA was performed (Figures 1(d) and
1(f)). The expression of α-SMA was increased after H2O2
incubation, whereas NAC or RSV reversed this effect, indi-
cating that H2O2-driven ROS-promoted PSC activation
could be inhibited by RSV. To explore whether the migratory
or invasive ability of PSCs is affected by ROS or RSV, wound
healing assays and Matrigel invasion assays were performed.
As shown in Figures 1(g) and 1(h), cell migratory ability was
enhanced by H2O2 incubation, whereas NAC and RSV
efficiently repressed this effect. The number of cells that
invaded into the lower chamber was also increased by H2O2
stimulation but markedly decreased when the cells were pre-
treated with NAC or RSV (Figures 1(i) and 1(j)). Together,
these results suggest that RSV potently inhibits H2O2-
promoted PSC activation, invasion, and migration.

3.2. RSV Impedes H2O2-Driven ROS-Induced Glycolysis in
PSCs. Intracellular ROS levels were detected using DCFH-
DA probes. As shown in Figures 2(a) and 2(b), H2O2-
induced ROS upregulation was downregulated by NAC and
repressed by RSV. To assess whether ROS or RSV affects
glycolysis in PSCs, several pivotal glycolytic enzymes were
assayed. As shown in Figures 2(c) and 2(d), glucose trans-
porter 1 (Glut1), hexokinase 2 (HK2), pyruvate kinase M2
(PKM2), and lactate dehydrogenase A (LDHA) levels were
elevated under ROS treatment but decreased if cells were
pretreated with NAC or RSV. Similarly, the enhancement
by ROS of the production of lactate, an important metabolite

transferred from PSCs to “fertilize” neighboring cancer cells
[32], was hindered by pretreatment with NAC or RSV
(Figure 2(e)). These results demonstrate that RSV can inhibit
H2O2-driven ROS-induced glycolysis of PSCs.

3.3. RSV Reduces ROS-Induced miR-21 Expression and
Increases PTEN Expression in PSCs.miR-21 levels are report-
edly upregulated by H2O2 treatment in cardiac myocytes
[33], and RSV inhibits miR-21 expression in several types
of cancer cells [34–36]. However, whether the level of
miR-21 and its target genes in PSCs are regulated by
RSV or H2O2 is unknown. Our results showed that PSCs
treated with H2O2 displayed higher levels of miR-21, and this
enhancement was reversed by NAC or RSV (Figure 3(a)).
Moreover, RSV and NAC restored PTEN expression, which
was downregulated by H2O2 (Figures 3(b) and 3(c)).

3.4. miR-21 Downregulation Attenuates ROS-Induced
Activation, Migration, Invasion, and Glycolysis of PSCs. To
evaluate the role of miR-21 in the ROS-induced properties
of PSCs, loss-of-function analysis using a specific antisense
oligonucleotide targeting miR-21 was performed. The miR-
21 inhibitor effectively repressed the expression of the micro-
RNA (Figure 4(a)) and enhanced PTEN levels (Figure 4(b)).
As shown in Figures 4(b)–4(f), miR-21 inhibited oxidative
stress-promoted glycolysis, as represented by Glut1, HK2,
PKM2, and LDHA expression and lactate production, and
impeded PSC activation, as evidenced by the downregulated
protein expression and fluorescence intensity of α-SMA. Our
results further demonstrated that the enhancement of cell
migratory ability by H2O2 incubation was reduced by
miR-21 inhibitor pretreatment (Figures 4(g) and 4(h). The
number of cells that invaded into the lower chamber also
decreased with miR-21 pretreatment, despite H2O2 stimula-
tion (Figures 4(i) and 4(j)). Taken together, these results
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Figure 1: Resveratrol (RSV) inhibits hydrogen peroxide (H2O2)-promoted pancreatic stellate cell (PSC) activation, invasion, and migration.
(a, b) PSCs were treated with increasing doses of RSV (0, 12.5, 25, 50, 100, and 200 μM) for 24 h, 48 h, and 72 h or H2O2 (0, 12.5, 25, 37.5, 50,
62.5, 75, 87.5, 100, 150, 200, and 300 μM) for 24 h and then subjected to MTT assays to evaluate cell viability. (c–f) PSCs were treated with
50μM RSV or 10mM N-acetyl-L-cysteine (NAC), a ROS scavenger, for 24 h prior to the 24 h incubation with 50 μMH2O2. Protein levels of
α-SMA were analyzed using Western blot and immunofluorescence staining of α-SMA. The red signal represents α-SMA staining, and
nuclear DNA staining by DAPI is shown in blue (magnification, ×200; scale bar: 50μm). (g, h) PSCs were treated in groups as indicated,
and migratory ability was determined by wound healing assays. The relative distance moved by the leading edge marked by black lines
was measured 24 h after wounding with a sterile pipette tip (magnification, ×100; scale bar: 100μm). (i, j) PSCs were treated in groups as
indicated, and invasive ability was determined by Matrigel invasion assays (magnification, ×200; scale bar: 50 μm). Column: mean; bar:
SD; ∗p < 0 05 compared with the control group; #p < 0 05 compared with the H2O2 group.
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suggest that miR-21 plays a vital part in the ROS-induced
activation, migration, invasion, and glycolysis of PSCs.

3.5. miR-21 Is Essential for RSV-Induced Responses of
PSCs. To further examine whether miR-21 mediates the
RSV-induced responses of PSCs, PSCs were treated with
RSV for 24 h and then transfected with miR-21 mimics
or scrambled mimics (Figure 5(a)) prior to incubation
with H2O2. As shown in Figures 5(b) and 5(d), the expression
levels of the activation marker α-SMA and the glycolytic
enzymes Glut1, HK2, PKM2, and LDHA were rescued by
the miR-21 mimics after RSV treatment. Fluorescent images

of α-SMA staining (Figures 5(e) and 5(f)) and measurement
of lactate production (Figure 5(c)) further confirmed these
findings. Additionally, miR-21 mimics partly reversed the
suppression by RSV of the migratory abilities (Figures 5(g)
and 5(h)) and invasive activities (Figures 5(i) and 5(j)) of
PSCs. In conclusion, our results indicate that miR-21 plays
a pivotal role in mediating the reduction of the activation,
migration, invasion, and glycolysis of PSCs by RSV.

3.6. RSV Inhibits Pancreatic Cancer Cell Invasion and
Migration through Suppression of ROS/miR-21 in PSCs.
Many factors secreted from PSCs, such as cytokines, growth
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Figure 2: RSV impedes H2O2-driven ROS-induced glycolysis in PSCs. (a, b) PSCs were treated in groups as indicated, and ROS were detected
using DCFH-DA probes. Representative flow cytometric images and the mean fluorescence intensity (MFI) of each group are shown. (c, d)
PSCs from indicated groups were extracted to detect Glut1, HK2, PKM2, and LDHA levels by Western blot, (e) and the culture media (CM)
were collected to measure lactate production. Lactate production was normalized by the concentration of protein in each group. Column:
mean; bar: SD; ∗p < 0 05 compared with the control group; #p < 0 05 compared with the H2O2 group.
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factors, neurotrophic factors, and chemotactic factors, medi-
ate the proinvasion and promigration abilities of PCCs [5].
Moreover, lactate secretion from PSCs is essential for acceler-
ating tumor growth [12, 32]. Our results above demonstrated
that lactate production is upregulated upon oxidative stress
but reduced upon NAC treatment and that miR-21 mediates
the reduction of lactate secretion by RSV. To assess whether
RSV or NAC administration and miR-21 expression in PSCs
modulate the invasion or migration of PCCs, we tested Panc-
1 tumor cells cocultured with different groups of PSCs. Both
the invasive ability (Figures 6(a) and 6(b)) and migratory
activity (Figures 6(c) and 6(d)) of Panc-1 cells were
enhanced when cocultured with PSCs, and these increases
were mostly abrogated when PSCs were pretreated with
NAC, RSV, or miR-21 inhibitor. Incubation of PSCs with
miR-21 mimics partly reversed the repression of the inva-
sive ability and migratory activity of cocultured Panc-1 cells
by RSV treatment.

4. Discussion

Despite extensive study and the elucidation of the underlying
mechanisms in greater detail, PDAC remains a notoriously
malignant tumor characterized by the lack of an effective
therapeutic strategy and poor life expectancy. Gemcitabine,

the standard chemotherapeutic agent for PDAC, is indis-
pensable but exhibits restricted effects [37], and combina-
tion chemotherapy regimens such as FOLFIRINOX, which
is composed of folinic acid, 5-fluorouracil (5-FU), irinotecan,
and oxaliplatin, show efficacy but also toxicity [38, 39].
Novel chemotherapeutic agents and therapeutic targets are
urgently required.

RSV, a natural polyphenolic phytoalexin found in the
skins of grapes and other berries and some Chinese
medicines, has extensive functions in tumor therapies. RSV
inhibits proliferation, induces apoptosis, represses invasion
and migration, and impairs tumor-initiating stem-like
properties via several signaling pathways, such as the sonic
hedgehog pathway [40, 41] and the PI3K/Akt/NF-κB
pathway [42]. Together with these classical regulatory
pathways, RSV has been shown to regulate the expression
of microRNAs (miRNAs) by which RSV may exert anti-
inflammation and antitumor effects [28]. An in vivo study
has explored the function of RSV on modulating the expres-
sion of miRNAs in an ischemia/reperfusion model of rat, and
over 25 miRNAs were observed [43]. It was shown in breast
cancer cells that miR-125b-5p, miR-200c-3p, miR-409-3p,
miR-122-5p, and miR-542-3p were modulated by RSV,
thereby affecting antiapoptotic and cell cycle proteins such
as Bcl-2 and CDKs [44]. Using microarray approaches, 51
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Figure 3: RSV reduces ROS-induced miR-21 expression and increases PTEN expression in PSCs. (a) PSCs were treated in groups as
indicated, and qRT-PCR analysis was performed to detect miR-21 expression. (b, c) Cells were treated in groups as indicated, and the
protein level of PTEN was detected by Western blot. Column: mean; bar: SD; ∗p < 0 05 compared with the control group; #p < 0 05
compared with the H2O2 group.
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Figure 4: Continued.
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miRNAs were also found to be regulated by RSV in prostate
cancer [45]. Combinations of single-agent treatments occa-
sionally show synergetic effects. As food complements, RSV
together with capsaicin enhances the effect of gemcitabine
[23], and we previously demonstrated that RSV enhances
the sensitivity of PCCs to gemcitabine [25]. However, the
antitumor mechanisms of RSV warrant further study.

The desmoplastic stroma plays a critical role in tumor
growth and aggression, and PSCs are at the center of this pro-
gression. When PSCs compose the cellular population of a
PCC and PSC admixture at a high fraction of 0.66–0.83, a
maximal effect on promoting cancer cell proliferation and
invasion is observed [46]. PSCs are aberrantly activated and
transformed into cancer-associated fibroblasts, which facili-
tate tumor malignancy. Cancer cells can secrete H2O2, which
triggers oxidative stress in adjacent PSCs [8], and oxidative
stress is essential in promoting PSC activation [47], and our

data showed that H2O2-induced ROS promoted the expres-
sion of α-SMA in PSCs. However, Kikuta et al. [48] reported
that the transformation of freshly isolated PSCs into the
activated phenotype is not initiated by H2O2; this discrep-
ancy may be explained by differences in culture conditions
and the potential for further promotion of PSC activation
by H2O2-induced ROS once the PSCs were preactivated in
culture. All experiments were performed using human-
derived PSCs in our research, and the cells were incubated
with 50μM H2O2 for 24 h, whereas Kikuta et al. treated
freshly isolated rat PSCs with 100μM H2O2 for 7 days. It
was demonstrated that trans-resveratrol possesses potent
antifibrotic activities as it suppressed TGF-beta-induced
PSC activation [49]. Our results also showed that resveratrol
served as a potential therapeutic agent in antifibrotic
approaches by reducing ROS-induced PSC activation. In
addition, RSV and NAC inhibited the migration and

Control H2O2

ASO-miR-21
+ H2O2

Scramble
+ H2O2

24
 h

0 
h

(g)

Re
lat

iv
e d

ist
an

ce
 m

ig
ra

te
d

by
 le

ad
in

g 
ed

ge

0.0
0.5
1.0
1.5
2.0
2.5

#

C
on

tro
l

H
2O

2

A
SO

-m
iR

-2
1 

+ 
H

2O
2

Sc
ra

m
bl

e +
 H

2O
2

⁎ ⁎

(h)

Control H2O2

ASO-miR-21
+ H2O2

Scramble
+ H2O2

(i)

N
um

be
r o

f i
nv

ad
ed

 ce
lls

(%
 o

f c
on

tro
l)

0
50

100
150
200

#

⁎ ⁎

C
on

tro
l

H
2O

2

A
SO

-m
iR

-2
1 

+ 
H

2O
2

Sc
ra

m
bl

e +
 H

2O
2

(j)

Figure 4: miR-21 downregulation attenuates the ROS-induced activation, migration, and glycolysis of PSCs. (a) PSCs were transfected with
the miR-21 inhibitor (100 nM) or scrambled inhibitor (100 nM) 24 h prior to the 24 h incubation with 50 μMH2O2, and RT-PCR analysis was
performed to detect miR-21 expression. (b–d) PSCs from indicated groups were extracted to detect α-SMA, Glut1, HK2, PKM2, LDHA, and
PTEN levels by Western blot, and the CM were collected to measure lactate production. Lactate production was normalized by the
concentration of protein in each group. (e, f) Immunofluorescence staining of α-SMA was performed. The red signal represents α-SMA
staining, and nuclear DNA staining by DAPI is shown in blue (magnification, ×200; scale bar: 50μm). (g, h) PSCs were treated in groups
as indicated, and migratory ability was determined by wound healing assays. The relative distance moved by the leading edge marked by
black lines was measured 24 h after wounding with a sterile pipette tip (magnification, ×100; scale bar: 100μm). (i, j) PSCs were treated in
groups as indicated, and invasive ability was determined by Matrigel invasion assays (magnification, ×200; scale bar: 50μm). Column:
mean; bar: SD; ∗p < 0 05 compared with the control group; #p < 0 05 compared with the scramble +H2O2 group.
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Figure 5: Continued.
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invasion of PSCs, two important characteristics of acti-
vated PSCs [50].

Cancer-associated fibroblasts such as PSCs usually
undergo oxidative stress, mitophagy, and autophagy and
exhibit glycolytic phenotypes after “fertilization” by
tumor cells. These fibroblasts then “back-nurture” adjacent
cancer cells by secreting lactate, ketone, and other metabo-
lites [11, 12, 51]. This two-compartment theory is a great
addition to the traditional “Warburg effect” in tumor cells
and may provide new insights on the crucial role of the
microenvironment in tumor development. RSV can impede
glycolysis in tumor cells [29, 30], but its effects on the glyco-
lytic phenotypes of PSCs have not been explored. Here, we
found that H2O2-induced ROS promoted glycolysis in
PSCs, whereas RSV downregulated the expression of key

glycolytic enzymes and, more importantly, decreased
lactate production.

As an oncomiR or oncogenic miRNA, miR-21 is abun-
dantly expressed in several types of cancers [13, 15, 34]. It
has been reported that miR-21 and CCN2 compose a positive
feedback loop during PSC activation [52] and that inhibition
of miR-21 leads to decreased migration and invasion of PSCs
[53]. In the present study, we found that miR-21 was
necessary for ROS-promoted PSC activation, and miR-21
downregulation disrupted the ROS-promoted migration
and invasion of PSCs. Previous studies have demonstrated
that miR-21 is critical in maintaining the “Warburg effect”
in bladder cancer cells [20] and can enhance glycolysis in
nonsmall cell lung cancer cells, which might contribute to
radiation resistance [54]. Accordingly, we explored the role
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Figure 5: miR-21 is essential for RSV-mediated responses of PSCs. (a) PSCs were transfected with miR-21 mimics (20 nM) or scrambled
mimics (20 nM) for 24 h, and RT-PCR analysis was performed to detect miR-21 expression. (b–d) PSCs were treated with 50μM RSV for
24 h and then transfected with miR-21 mimics (20 nM) or scrambled mimics (20 nM) prior to the 24 h incubation with H2O2 at 50μM.
PSCs from indicated groups were extracted to detect α-SMA, Glut1, HK2, PKM2, LDHA, and PTEN levels by Western blot, and the CM
were collected to measure lactate production. Lactate production was normalized by the concentration of protein in each group. (e, f)
Immunofluorescence staining of α-SMA was performed. The red signal represents α-SMA staining, and nuclear DNA staining by DAPI is
shown in blue (magnification, ×200; scale bar: 50μm). (g, h) PSCs were treated in groups as indicated, and migratory ability was
determined by wound healing assays. The relative distance moved by the leading edge marked by black lines was measured 24 h after
wounding with a sterile pipette tip (magnification, ×100; scale bar: 100μm). (i, j) PSCs were treated in groups as indicated, and invasive
ability was determined by Matrigel invasion assays (magnification, ×200; scale bar: 50 μm). Column: mean; bar: SD; ∗p < 0 05 compared
with the control group; #p < 0 05 compared with the H2O2 group;

$p < 0 05 compared with the RSV+ scramble +H2O2 group.
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of miR-21 in modulating glycolysis in PSCs and found that
miR-21 was an essential component of the promotion of
glycolysis in PSCs. Notably, AKT is regarded as a “Warburg

kinase,” and mTOR links tumor cell metabolism and
oncogenic signaling [55, 56]. Accordingly, as a downstream
pathway of miR-21, the PTEN/PI3K/AKT/mTOR pathway
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Figure 6: RSV inhibits pancreatic cancer cell invasion andmigration through suppression of ROS/miR-21 in PSCs. (a, b) PSCs were treated in
groups as indicated and then cocultured with Panc-1 cells using Transwell chambers. The invasive ability of Panc-1 cells was determined by
Matrigel invasion assays (magnification, ×200; scale bar: 50 μm). (c, d) PSCs were treated in groups as indicated and then cocultured with
Panc-1 cells using Millicell hanging cell culture inserts. The migratory ability of Panc-1 cells was determined by wound healing assays.
The relative distance moved by the leading edge marked by black lines was measured 24 h after wounding with a sterile pipette tip
(magnification, ×100; scale bar: 100μm). Column: mean; bar: SD; ∗p < 0 05 compared with the control group; #p < 0 05 compared with
the PSC group; $p < 0 05 compared with the PSC (RSV) group.

12 Oxidative Medicine and Cellular Longevity



might exhibit several functions modulating cell metabolism
whose mechanisms require further elucidation. Recent
studies have suggested that RSV might function by affecting
miR-21 in prostate cancer cells [34] and PCCs [35]. This
connection was further demonstrated in stroma, in which
our results showed that miR-21 partly mediated the
responses of PSCs to RSV.

Accumulating evidence indicates that the interaction
between tumor and stroma is vital in tumor progression
and that the underlying mechanisms are complicated. PCCs
secrete stimulants such as TGF-β1, PDGF, SHH, and H2O2
to the microenvironment to activate the transformation
of PSCs into cancer-associated myofibroblasts. In turn,
activated PSCs release nutrients such as cytokines, chemo-
kines, growth factors, and extracellular matrix proteins to
further support tumor cells. It is worth noting that the lac-
tate shuttle is an important part of the tumor-stroma
interplay [32, 57]. Activated PSCs undergo metabolic
reprogramming toward a Warburg phenotype, and lactate
is secreted through monocarboxylate transporter 4
(MCT4) to be uploaded by monocarboxylate transporter
1 (MCT1) expressed in tumor cells for tumor growth. In
the present study, we found that lactate production from
PSCs was upregulated by oxidative stress but reduced by
NAC treatment, and miR-21 mediated RSV-impeded lac-
tate secretion. In line with the above findings on lactate,
the enhanced invasive and migratory activities of Panc-1
cells cocultured with PSCs were mostly abrogated when
PSCs were pretreated with a NAC, RSV, or miR-21 inhib-
itor, and RSV might function partly through modulating
miR-21 in PSCs. However, direct regulation of lactate
and other possible soluble factors, such as PDGF, SDF-1,
and IL-6, was not assayed in the present study, which
points the way for further investigation of detailed mecha-
nisms involved in the tumor-stroma interaction.

5. Conclusions

To the best of our knowledge, this is the first study to
report that miR-21 acts as a molecular switch in the
“reverse Warburg effect” in PSCs and that RSV inhibits
ROS-promoted PSC migration, invasion, and glycolysis,
and miR-21 mediates these responses to RSV in PSCs. More
importantly, RSV administration or suppression of ROS/
miR-21 in PSCs ameliorates the invasive and migratory
abilities of PCCs under coculture, suggesting that in addition
to inhibiting the invasion and migration of PCCs directly,
RSV may function by affecting PSCs or the interplay between
tumor and stroma.
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Rheum tanguticum Maxim. ex Balf. (Rt), a traditional Tibetan medicine, is known to exert various bioactivities, including anti-
inflammatory and antioxidative activities. The present study was conducted to investigate anti-inflammatory and antioxidative
effects of Rt on activated microglia. Rt (10 μg/ml) significantly inhibited the mean protein level of interleukin-1β (IL-1β) in the
organotypic hippocampal slice cultures following treatment with chromogranin A (CGA, 10 nM) and pancreastatin (10 nM),
endogenous microglial activators present in senile plaques. Rt also significantly inhibited the expression and production of
inflammatory and oxidative molecules, including IL-1β, tumor necrosis factor-α, and nitric oxide, by cultured microglia after
treatment with CGA. These effects of Rt are considered to be mediated by the secretion of interleukin-10 (IL-10) from
microglia, because neutralizing antibodies against IL-10 significantly canceled these effects. To explore the causative components
of Rt responsible for inducing the secretion of IL-10, the effects of seven components of Rt on the IL-10 expression in microglia
were examined. Among them, aloe-emodin (10 μM) and (+)-catechin (30 μM) were able to induce the secretion of IL-10 from
cultured microglia. Therefore, aloe-emodin and (+)-catechin are deemed responsible for the antineuroinflammatory and
antioxidative effects of Rt through the secretion of IL-10 from microglia. Accordingly, Rt is considered potentially useful for the
treatment of AD.

1. Introduction

There is increasing evidence that chronic neuroinflamma-
tion by activated microglia is closely associated with many
neurological disorders, including Alzheimer’s disease (AD).
Furthermore, findings suggest that neuroinflammation
mediated by activated microglia plays an essential role in
the pathogenesis and progression of AD [1, 2]. Recently, it
has been demonstrated that neuroinflammation is not a
passive system activated by emerging senile plaques and neu-
rofibrillary tangles but instead contributes as much to patho-
genesis as do the plaques and tangles themselves [3]. More

recently, two research groups have provided evidence that
neuroinflammation is not a result of AD as much as a key
driver of the disease [4, 5].

Medicinal plants can be considered an important
resource for identifying anti-inflammatory agents, as they
contain many kinds of natural polyphenols that exert
anti-inflammatory and antioxidative activities. There is
accumulating evidence indicating that medicinal plants
and natural products including ginsenosides from Panax gin-
seng, curcumin from Curucuma longaI, and resveratrol, a
natural polyphenol, have antineuroinflammatory and neuro-
protective effects through inhibition of microglial activation
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[6]. Furthermore, we have recently reported that green prop-
olis, a resinous substance by honeybees as a defense against
intruders, has both antineuroinflammatory and neuropro-
tective effects [7, 8]. Rheum tanguticum (Rt), which is
endemic to the eastern part of the Qinghai-Tibet Plateau
in China, is a well-known traditional medicine with purga-
tion, antibacterial, antipyretic, and hemostatic effects. Rt
contains twenty compounds including anthraquinones that
possess anti-inflammatory effects [9]. However, little infor-
mation is available about anti-inflammatory and antioxida-
tive activities of Rt.

Interleukin-10 (IL-10) is known to inhibit the lipopoly-
saccharide- (LPS-) induced production of several inflamma-
tory mediators, the expression of cytokine receptors, and
the expression of major histocompatibility complex II in
microglia [10–15]. IL-10 can also inhibit the LPS- or
cytokine-induced expression of chemokines and adhesion
molecules in microglia [16, 17]. Furthermore, a peripheral
injection with LPS in IL-10-deficient mice causes a promi-
nent cognitive deficit compared with wild-type mice [18].
IL-10 acts through the activation of its receptor (IL-10R).
Upon binding, the receptor oligomerizes into a tetramer
composed of two ligand-binding subunits (IL-10R1) and
two accessory subunits (IL-10R2) that in turn activate an
intracellular signaling cascade [19]. Therefore, IL-10 is con-
sidered a potent negative autocrine regulator of microglia,
as microglia produce IL-10 and possess IL-10R [11, 20]. Res-
veratrol, a natural polyphenol first identified as a bioactive
compound in 1992, is naturally present in red wine and
grapes and has been to exert a neuroprotective effect through
its anti-inflammatory and antioxidant effects [21]. Recently,
the production and secretion of IL-10 from microglia has
shown to be responsible for the anti-inflammatory and anti-
oxidant effects of this agent [22, 23]. Moreover, it has been
also reported that the protective effects of curcumin are IL-
10 dependent [24].

In the present study, we thus examined the possible anti-
neuroinflammatory and antioxidative effects of Rt using the
organotypic hippocampal slice cultures and cultured microg-
lia after stimulation with endogenous microglial activators
localized in the senile plaques of AD patients.

2. Materials and Methods

2.1. Reagents. Rt was purchased from Qinghai Jinke Tibetan
Medicine Pharmaceutical Co., Ltd. (Xining, China). Rt con-
tained seven anthraquinones or glycosides of anthraquinones
including chrysophanol, aloe-emodin, physcion, rhein,
emodin, chrysophanol-8-O-β-D-glucopyranoside, and aloe-
emodin-8-O-β-D-glucopyranoside. In addition, Rt con-
tained two phenylbutanone glucopyranosides (lindleyin and
isolindleyin), piceatannol, (+)-catechin, β-sitosterol, epicate-
chin-3-O-gallate, and torachrysone-8-O-β-D-glucopyrano-
side. The suitable concentration of methanol for cell culture
was titrated in order to prevent the interference induced
by the methanol solvent. Chromogranin A (CGA, synthetic
human CGA286-301) and pancreastatin (PST) were pur-
chased from Peptide Institute (Osaka, Japan). Mouse anti-
IL-10 neutralizing antibody (IL-10NAb) was purchased from

Abcam (Cambridge, UK). Antibodies against mouse anti-
interleukin-1β (IL-1β), mouse antiphospho-IκBα, rabbit
anti-IκBα, and goat antiphospho-signal transducer and
activator of transcription 1 (STAT1) were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Major
Rt components including chrisophanol, physcion, β-sitos-
terol, emodin, aloe-emodin, (+)-catechin, and piceatannol
were purchased from Abcam (UK). In preliminary experi-
ments, minimum effective dose of either CGA or PST for
mRNA expression of proinflammatory mediators in MG6
cells and primary microglia was determined to be 10 nM.
Therefore, CGA and PST with the concentration of
10 nM were used in this study. On the other hand, three
different concentrations (10, 30, and 100μM) of aloe-emo-
din, (+)-catechin, piceatannol, chrisophanol, physcion, β-
sitosterol, and emodin were used.

2.2. Cell Viability Assay. MG6 cells were seeded in 96-well
plates (5× 103 cells/well) overnight [25]. Different concentra-
tions ranging from 5 to 500μg/ml of Rt were treated for 24 h.
A cell viability assay was conducted using a cell counting kit
(Dojindo, Japan) according to the protocol provided by the
manufacturer. The optical density was read at wavelength
of 450nm with a microplate reader. The cell viability was cal-
culated by dividing the optical density of Rt-treated group by
that of nontreated group. Rt up to 10μg/ml had no signifi-
cant toxic effect onMG6 cells, therefore 10μg/ml Rtwas used
in further experiments.

2.3. Organotypic Hippocampal Slice Cultures. Male C57BL/6
mice (10 months of age) were sacrificed and their brains were
removed. All animals were treated in accordance with the
protocols approved by the animal care and use committee
of Kyushu University. Sagittal sections 200μm thick were
cut using a vibratome (VT1000S; Wetzlar, Leica), and intact
sections were carefully selected under a microscope and incu-
bated in cooled dissection buffer (50% HEPES-buffered
MEM, 1% penicillin-streptomycin, 10mM Tris, pH7.2) for
30min at 4°C. The slices were then carefully transferred to
24-well plates containing 0.5ml of slice culture medium
(50% HEPES-buffered MEM, 25% heat-inactivated horse
serum, 25% HBSS, 1mML-glutamine, pH; 7.4) and main-
tained in a cell culture incubator at 37°C, 5% CO2. One
day after preparation, the medium was changed, and Rt
was applied at 10μg/ml. CGA (10nM) and PST (10 nM)
were added 24 h after Rt treatment. The slices were collected
and lysed for Western blotting at 48 h after treatment with
CGA or PST. In some experiments, microglia were depleted
from hippocampal slice cultures using saponin coupled to an
antibody against Mac1 (Mac1-sap; Advanced Targeting Sys-
tems, San Diego, USA). Mac1-sap at 1.3 nM was applied to
hippocampal slice cultures 24 h prior to stimulation with
CGA or PST.

2.4. Microglia Cell Culture. The c-myc-immortalized mouse
microglial cell line MG6 (Riken Cell Bank, Tsukuba,
Japan) was maintained in DMEM supplemented with
100μmol/L β-mercaptoethanol, 10μg/mL of insulin, 1%
penicillin-streptomycin (Invitrogen, Grand Island, NY,
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USA), 4500mg/L glucose (Invitrogen), and 10% FBS accord-
ing to previously described methods. Primary cultured
microglia were isolated from the mixed primary cell cultures
obtained from the cerebral cortex of three-day-old C57BL/6
mice according to previously described methods [26].

2.5. Real-Time Quantitative Polymerase Chain Reaction
(qRT-PCR). Total RNA was extracted using RNAiso Plus
according to the manufacturer’s instructions. 1μg of total
RNA was used for cDNA synthesis using the QuantiTect
Reverse Transcription Kit (Qiagen, Hilden, Germany). After
an initial amplification with a denaturation step at 95°C for
5m, followed by 30–40 cycles of denaturation at 95°C for
5 s, annealing at 60°C for 10 s, and extension at 72°C for
30 s, a final extension at 72°C for 5m was done upon comple-
tion of the cycling steps. The cDNA was amplified in dupli-
cate using a Rotor-Gene SYBR Green RT-PCR Kit (Qiagen)
with a Corbett Rotor-Gene RG-3000A Real-Time PCR Sys-
tem. The data were evaluated using the RG-3000A software
program (version Rotor-Gene 6.1.93, Corbett, Sydney, Aus-
tralia). The sequences of primer pairs were described as fol-
lows: IL-1β: 5′-CAACCAACAAGTGATATTCTCCATG-3′
and 5′-GATCCACACTCTCAGCTGCA-3′; inducible nitric
oxide synthase (iNOS): 5′-GCCACCAACAATGGCAAC-3′
and 5′- CGTACCGGATGAGCTGTGAATT- 3′; TNF-α: 5′-
ATGGCCTCCCTC TCAGTTC -3′ and 5′-TTGGTGGTT
TGCTACGACGTG-3′; and IL-10: 5′-GACCAGCTGGA
CAACATACTGC TAA-3′ and 5′-GATAAGGATTGGCA
ACCCAAGTAA-3′. For data normalization, an endogenous
control (actin) was assessed to control for the cDNA input,
and the relative units were calculated by a comparative Ct
method. All qRT-PCR experiments were repeated three
times, and the results are presented as the means of the
ratios± SEM.

2.6. Western Blotting. MG6 were cultured at a density of
5× 105 cells/mL. After treatment with Rt (10μg/ml) for
24 h, microglia were treated with CGA (10 nmol/L) for vari-
ous time points. The cytosolic samples were collected at var-
ious time points. Western blotting was performed with a
SDS-PAGE electrophoresis system. 30μg protein samples
were resuspended in sample buffer, then electrophoresed on
a 15% or 12% Tris gel, and then blotted to the PVDF mem-
brane. After blocking, the membranes were incubated at
4°C overnight under gentle agitation with each primary anti-
body: mouse anti-IL-1β (1 : 1000), mouse antiphospho-IκBα
(1 : 1000), rabbit anti-IκBα (1 : 1000), goat antiphospho-
STAT1 (1 : 1000), and anti-β-actin (1 : 1000) antibodies
overnight at 4°C. After washing, the membranes were incu-
bated with horseradish peroxidase- (HRP-) labeled antigoat
(1 : 1000; R&D Systems, Minneapolis, MN, USA), antirab-
bit (1 : 1000; Beckman Coulter, Tokyo, Japan), or anti-
mouse (1 : 1000; Amersham Pharmacia Biotech, Piscataway,
NJ, USA) antibodies for 2 h at 24°C and then detected
using an enhanced chemiluminescence detection system
(ECK kit; Amersham Pharmacia Biotech, Piscataway, NJ,
USA) with an image analyzer (LAS-4000; Fuji Photo Film,
Tokyo, Japan).

2.7. ELISA. The cytokines IL-1β and IL-10 were measured by
enzyme-linked immunosorbent assay (ELISA) kits (R&D
Systems) following the protocol provided by the manufac-
turer. The absorbance at 450nm was determined using a
microplate reader.

2.8. Immunostaining. The cultured microglia were fixed with
4% paraformaldehyde 48 h after CGA treatment or pretreat-
ment with Rt. They were then incubated with the mouse anti-
p65 overnight at 4°C. After washing with PBS, the sections
were incubated with donkey antimouse Alexus 488 (1 : 500;
Jackson ImmunoResearch, West Grove, PA, USA), then
incubated with Hoechst (1 : 200), and mounted in Vecta-
shield antifading medium (Vector Laboratories, Burlingame,
CA, USA). Fluorescence images were taken using a confocal
laser-scanning microscope (CLSM; 2si Confocal Laser
Microscope, Nikon, Tokyo, Japan). The line plot profile was
analyzed using Image J.

2.9. NO2
−/NO3

− Assay. MG6 were cultured at a density of
5× 105 cells/mL. After treatment with Rt (10μg/L) for 24 h,
microglia were treated with CGA (10 nM) for 72 h, and the
supernatant of the cells was collected. The amounts of
NO2

− and NO3
− were measured by NO2

−/NO3
− assay kits

(R&D Systems) following the protocol provided by the man-
ufacturer. The absorbance at 540nm was determined using a
microplate reader.

2.10. Statistical Analyses. The data are represented as the
mean± standard error of the mean.

A two-tailed unpaired Student’s t-test and a one-way
analysis of variance (ANOVA) with a post hoc Tukey’s test
were performed for the statistical analyses by the GraphPad
Prism 7 Software package (GraphPad Software Inc., San
Diego, CA, USA). A value of P < 0 05 was considered to indi-
cate statistical significance.

3. Results

3.1. Inhibitory Effects of Rt on the CGA- and PST-Induced
Expression of IL-β in Organotypic Hippocampal Slice
Cultures. The viability of MG6 cells was examined using the
CCk-8 assay at 24 h after treatment with Rt with the concen-
tration ranging from 5 to 500μg/ml. Rt up to 10μg/ml had
no significant toxic effect on MG6 cells (Figure 1). CGA
and PST with the minimum effective dose determined in pre-
liminary experiments were used to activate microglia, as they
are potent endogenous microglial activators and localize in
the senile plaques of AD patients [27–29].

To elucidate the possible antineuroinflammatory effects,
the effects of Rt (10μg/ml) on the expression of IL-β in
organotypic hippocampal slice cultures were examined by
Western blotting. The mean protein level of IL-1β was sig-
nificantly increased in the organotypic hippocampal slice
cultures at 48 h after stimulation with CGA (10nM). Rt
significantly suppressed the mean protein level of IL-1β
in CGA-stimulated organotypic hippocampal slice cultures
(Figure 2(a)). PST (10 nM) also significantly increased the
mean protein level of IL-β in the organotypic hippocampal
slice cultures to a similar extent as CGA. Furthermore, Rt
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significantly suppressed the PST-induced IL-1β production
(Figure 2(b)). Therefore, CGA286-301 may be an active com-
ponent of PST, as CGA used in this study was human
CGA286-301, which includes the carboxy-terminal of PST.
In contrast, both CGA and PST failed to significantly
increase the mean protein level of IL-1β in the Mac1-sap
treated hippocampal slice cultures (Figures 3(a) and 3(b)),
suggesting that microglia are responsible for the IL-1β pro-
duction after treatment with CGA or PST.

3.2. Inhibitory Effects of Rt on the CGA-Induced Expression
of Proinflammatory and Oxidative Mediators in Microglia.
To elucidate the possible anti-inflammatory and antioxida-
tive roles, effects of Rt (10μg/ml) on the expression of
proinflammatory mediators by microglia were examined
at the transcriptional level using quantitative RT-PCR. Rt

significantly suppressed the mean basal mRNA expression
levels of IL-1β and iNOS, but not TNF-α, in nonstimu-
lated MG6 cells (Figures 4(a)–4(c)). The mean mRNA
expression levels of TNF-α, IL-1β, and iNOS was signifi-
cantly increased in MG6 cells at 24 h after stimulation
with CGA (10nM). Rt significantly suppressed the mean
mRNA expression levels of TNF-α, IL-1β, and iNOS in
CGA-stimulated MG6 cells (Figures 5(a)–5(c)). Further-
more, the secretion of IL-1β and NO metabolites in the
culture medium of MG6 cells was assessed by an ELISA
and NO2

−/NO3
− assay, respectively. The mean levels of

IL-1β and NO2
−/NO3

− were significantly increased in the
culture medium of MG6 cells at 24 h after treatment with
CGA. Rt also significantly decreased the mean levels of IL-
1β and NO2

−/NO3
− in the culture medium of MG6 cells

(Figures 5(d) and 5(e)).
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Figure 1: The cell viability of MG6 cells at 24 h after treatment with different dose of Rt by using a cell counting kit-8. The results represent the
mean± SEM of four independent experiments. The asterisks indicate a statistically significant difference from the value in untreated cells
(∗∗∗P < 0 001).
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Figure 2: Inhibitory effects of Rt on CGA- or PST-induced IL-1β production in the hippocampal slice cultures. (a) The effect of Rt (10 μg/ml)
on the protein level of IL-1β after stimulation with CGA using Western blotting. The results represent the mean± SEM of three independent
experiments. The asterisks indicate a statistically significant difference from the indicated value (∗∗∗P < 0 001). (b) The effect of Rt (10 μg/ml)
on the protein level of IL-1β after stimulation with PST. The results represent the mean± SEM of three independent experiments. The
asterisks indicate a statistically significant difference from the indicated value (∗∗∗P < 0 001).
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RT-PCR and ELISA were also performed to determine
whether or not Rt was able to regulate the production of
the anti-inflammatory cytokine IL-10. CGA (10 nM) alone
failed to increase the mean mRNA level of IL-10, whereas
the combination of CGA and Rt significantly increased the
mean mRNA level of IL-10 (Figure 5(f)), suggesting that Rt
was able to upregulate the expression of IL-10. As expected,
the mean mRNA expression of IL-10 in MG6 cells was signif-
icantly increased at 12 h and peaked at 24h after treatment

with Rt alone at 5μg/ml (Figure 6(a)). Rt was able to signifi-
cantly increase the mean mRNA expression level of IL-10 in
MG6 cells at 24 h after treatment at >5μg/ml (Figure 6(b))
without affecting the expression of IL-1β (data not shown).
In contrast, the mean level of IL-10 in the culture medium
of MG6 cells significantly increased at 24h and peaked at
48 h after treatment of Rt at 5μg/ml (Figure 6(c)). The mean
level of IL-10 secretion was significantly increased at 48h
after treatment with Rt at >5μg/ml in the culture medium
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Figure 3: The failure of IL-1β production after treatment with CGA or PST in the microglia-depleted hippocampal slice cultures using Mac1-
sap. (a) The effect of CGA on the protein level of IL-1β in the nontreated and Mac1-sap-treated cultures. The results represent the mean±
SEM of three independent experiments. The asterisks indicate a statistically significant difference from the indicated value (∗∗∗P < 0 001). (b)
The effect of PST on the protein level of IL-1β in the nontreated andMac1-sap-treated culture. The results represent the mean± SEM of three
independent experiments. The asterisks indicate a statistically significant difference from the indicated value (∗∗∗P < 0 001).
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Figure 4: The inhibitory effects of Rt on the CGA-induced expression of proinflammatory and oxidative mediators in microglia. The effect of
Rt (10 μg/ml) on the basal mRNA expression of TNF-α (a), IL-1β (b), and iNOS (c) in the nonstimulated MG6 cells. Each column and bar
represents the mean± SEM (n = 4 each). The asterisks indicate a statistically significant difference from the indicated value (∗P < 0 05).
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of both MG6 cells and primary cultured murine microglia
(Figure 6(d)). Of note, the mean level of IL-10 in the cul-
ture medium of primary cultured microglia (200 pg/mL)
was more than tenfold greater than that of MG6 cells
(14 pg/mL) after treatment with Rt (10μg/mL).

3.3. Possible Role of IL-10 in the Anti-Inflammatory Effects
of Rt on CGA-Stimulated Microglia. To investigate the
involvement of IL-10 in the anti-inflammatory effects of Rt
(10μg/ml) on inflammatory responses of microglia, we eval-
uated the effects of IL-10NAb on the Rt-mediated inhibition
of the TNF-α and IL-1β expression in CGA-stimulated MG6
cells. IL-10NAb inhibited the mean mRNA expression of
TNF-α and IL-1β in CGA-stimulated MG6 cells in the pres-
ence of Rt (Figures 7(a) and 7(b)). There was no significant
difference between the mean percentage recovery from
Rt-induced inhibition of TNF-α and IL-1β mRNA expres-
sion after treatment with IL-10NAb (66.7% for TNF-α and
IL-1β for 63.6%). These observations strongly suggest that

IL-10 plays a critical role in the anti-inflammatory prop-
erty of Rt in microglia.

3.4. Effects of Rt on the Nuclear Factor (NF)-κB and STAT1
Activation Pathways in CGA-Stimulated Microglia. The
effects of Rt on the nuclear translocation of p65 induced by
treatment with CGA were examined. Rt (10μg/ml) signifi-
cantly inhibited the CGA-induced nuclear translocation of
p65 in MG6 cells (Figure 8(a)). When IL-10 was neutralized,
the CGA-induced nuclear translocation of p65 in MG6 cells
returned to levels in the absence of Rt (Figure 8(a)). These
observations clearly show that Rt can inhibit CGA-induced
activation of the NF-κB pathway in MG6 cells through pro-
duction of IL-10.

The activation of NF-κB and STAT1 pathways were
further examined after treatment with CGA (10 nM) in
MG6 cells by immunoblotting, as these two signaling path-
ways are required for the production of TNF-α, IL-1β, and
NO. The mean levels of phospho-IκBα and phospho-
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Figure 5: The inhibitory effects of Rt on the CGA-induced expression of proinflammatory and oxidative mediators in microglia. (a–c) The
effect of Rt (10 μg/ml) on the mRNA expression of TNF-α (a), IL-1β (b), and iNOS (c) in the MG6 cells after stimulation with CGA. Each
column and bar represents the mean± SEM (n = 4 each). The asterisks indicate a statistically significant difference from the indicated
value (∗∗P < 0 01, ∗∗∗P < 0 001). (d) The secretion of IL-1β in the MG6 cells 96 h after stimulation with CGA with or without
pretreatment with Rt. The results represent the mean± SEM of three independent experiments. The asterisks indicate a statistically
significant difference from the indicated value (∗∗∗P < 0 001). (e) The examination of NO metabolites in the culture medium of MG6 cells
72 h after stimulation with CGA with or without pretreatment with Rt by NO2

−/NO3
− assay. The results represent the mean± SEM of

three independent experiments. The asterisks indicate a statistically significant difference from the indicated value. (∗∗∗P < 0 001). (f) The
effect of Rt (10 μg/ml) on the mRNA expression of IL-10 in the MG6 cells after stimulation with CGA. The results represent the mean
± SEM of four independent experiments. The asterisks indicate a statistically significant difference from the indicated value (∗∗P < 0 01).
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STAT1 were significantly increased in MG6 cells after
treatment with CGA at 10min and 3h, respectively
(Figures 8(b) and 9(a)). Rt at 10μg/ml significantly decreased
the mean levels of phospho-IκBα (Figure 8(c)) and
phospho-STAT1 (Figure 9(b)) in CGA-stimulated MG6
cells. Furthermore, the neutralization of IL-10 using IL-
10NAb significantly inhibited the mean levels of phospho-
IκBα (Figure 8(c)) and phospho-STAT1 (Figure 9(b)) in
CGA-stimulated MG6 cells in the presence of Rt. These
observations suggest that IL-10 plays a critical role in the
Rt-induced anti-inflammatory antioxidative effects through
the suppression of NF-κB and STAT1 activation pathways.

3.5. Possible Components of Rt Responsible for the Production
of IL-10 by Microglia. Finally, to explore the components of
Rt responsible for the production of IL-10 in microglia, RT-
PCR was performed to examine the effects of major

components of Rt including on the mRNA expression in
MG6 cells. Effects of three different concentrations (10, 30,
and 100μM) of major Rt components including chrisopha-
nol, physcion, β-sitosterol, emodin, aloe-emodin, (+)-cate-
chin, and piceatannol were examined at 24 h on the mRNA
expression of IL-10 in MG6 cells. Among the major compo-
nents of Rt, three components, namely, aloe-emodin, (+)-cat-
echin, and piceatannol, were found to significantly increase
the mRNA expression of IL-10 in MG6 cells at 24 h after
treatment (Figure 10(a)). The minimum effective doses of
aloe-emodin, (+)-catechin, and piceatannol were determined
to be 10, 30, and 100μM, respectively. In contrast, chrisopha-
nol, physcion, β-sitosterol, or emodin at concentrations up to
100μM had no effect on the mRNA expression of IL-10 in
MG6 cells.

Then, effects of aloe-emodin, (+)-catechin, and piceatan-
nol with the most effective doses on the secretion of IL-10
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Figure 6: The capable regulation of IL-10 by Rt in MG6 cells and primary cultured microglia. (a) The mRNA changes of IL-10 at different
time points after treatment with Rt (10 μg/ml). The results represent the mean± SEM of three independent experiments. The asterisks
indicate a statistically significant difference from the value at the start of experiments (0 h) (∗P < 0 05, ∗∗P < 0 01). (b) The mRNA changes
of IL-10 24 h after treatment with different doses of Rt. The results represent the mean± SEM of three independent experiments. The
asterisks indicate a statistically significant difference from the value in untreated cells (∗∗P < 0 01). (c) The secretion of IL-10 in the
cultured medium of MG6 cells at different time points after treatment with Rt (10 μg/ml). The results represent the mean± SEM of
three independent experiments. The asterisks indicate a statistically significant difference from the value at the start of experiments
(0 h) (∗∗∗P < 0 001). (d) The secretion of IL-10 in the cultured medium of MG6 cells 24 h after treatment with different doses of Rt. The
results represent the mean± SEM of three independent experiments. The asterisks indicate a statistically significant difference from the
value in untreated cells (∗∗∗P < 0 001). (e) The secretion of IL-10 in the cultured medium of primary cultured microglia 24 h after
treatment with Rt (10 μg/ml). The results represent the mean± SEM of three independent experiments. The asterisks indicate a statistically
significant difference from the value in untreated cells (∗∗∗P < 0 001).
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from MG6 cells and primary cultured microglia were exam-
ined at three different experimental time points (24, 48, and
72 h). Figure 10(b) showed the mean amounts of IL-10
secreted in the culture medium of MG6 cells and primary

cultured microglia after treatment of aloe-emodin and
(+)-catechin with the minimum effective doses at the most
effective experimental time points. On the other hand, picea-
tannol (100μM) failed to secrete IL-10 even at 72 h after
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Figure 7: Possible role of IL-10 in the anti-inflammatory effects of Rt on CGA-stimulated microglia. (a, b) The mRNA changes of TNF-α (a)
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Figure 8: Effects of Rt on the NF-κB activation pathways in CGA-stimulated microglia. (a) Immunofluorescence CLMS images indicating the
nuclear translocation of p65 (green) in MG6 cells with Hoechst-stained nuclei (blue) at 24 h after stimulation with CGA (10 nM) in the
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experiments. The asterisks indicate a statistically significant difference from the indicated value (∗∗P < 0 01, ∗∗∗P < 0 001).
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treatment. Of note, the mean level of IL-10 in the culture
medium of primary cultured microglia was approximately
tenfold greater than that of MG6 cells.

4. Discussion

In the present study, we demonstrated the antineuroinflam-
matory effects of Rt in CGA-stimulated organotypic hippo-
campal slice cultures, MG6 cells, and primary cultured
microglia. Rt with the concentration of 10μg/mL signifi-
cantly suppressed the CGA-induced production of IL-1β in
the organotypic hippocampal cultures. Rt at >5μg/mL also
significantly suppressed the CGA-induced expression of
TNF-α, IL-1β, and NO, major molecules produced by neuro-
toxic microglia. Furthermore, we demonstrated that Rt alone
was able to upregulate IL-10 at both the mRNA and protein
levels, without the upregulation of proinflammatory and
oxidative molecules. When IL-10 was neutralized, the
mean expression levels of TNF-α and IL-1β returned to
the levels observed in the absence of Rt. These observa-
tions indicate that Rt may act as a neuroprotective agent

during neuroinflammation through inducing the production
and secretion of IL-10, a potent negative autocrine regulator
of microglia. More recently, IL-10 has been reported to alter
macrophage function by promoting the clearance of dam-
aged mitochondria and modulating cellular metabolism to
inhibit inflammation [30]. Therefore, Rt may increase the
capacity of microglia to produce IL-10 through enhanced
clearance of damaged mitochondria. In this regard, Rt
may act as a polarizing agent in microglia, favoring the
shifting towards M2-like phenotype, more efficient as IL-
10 producer.

The activation of the NF-κB and STAT1 signaling path-
ways is considered to play a critical role in the polarization
of microglia in the neurotoxic phenotype, as NF-κB and
STAT1 are transcription factors required for the production
of TNF-α, IL-1β, and NO. The Rt-induced inhibition of the
NF-κB and STAT1 signaling pathways activated in CGA-
stimulated microglia was inhibited by neutralizing antibody
against IL-10. These observations suggest that the Rt-induced
production of IL-10 is responsible for the anti-inflammatory
and antioxidative effects of Rt in activated microglia through
the inhibition of the NF-κB and STAT1 signaling pathways.
Of further note, the mean level of IL-10 in the culture
medium of primary cultured microglia (200 pg/mL) was
approximately seventeenfold greater than that of MG6
cells (10–14 pg/mL). MG6 cells are a mouse microglial cell
line immortalized by a replication-deficient retroviral vec-
tor containing the human c-myc gene. Therefore, the c-
MYC expression in microglia may result in an increased
production of proinflammatory mediators and decreased
production of IL-10.

We next examined the effects of seven components of Rt,
including aloe-emodin, (+)-catechin, natannol, chrisopha-
nol, physcion, β-sitosterol, and emodin, on the increased
mRNA expression of IL-10 in microglia. Among them,
aloe-emodin and (+)-catechin were able to induce the secre-
tion of IL-10 from microglia. On the other hand, there was a
discrepancy between mRNA expression and secretion of IL-
10 following treatment with piceatannol. After mRNA
expression, the secretion of IL-10 could be affected by many
steps including translation, posttranslational modification
and secretion. The present study does not allow us to exclude
any of these steps.

(+)-Catechin is a naturally occurring polyphenolic com-
pound that has been shown to have anti-inflammatory, anti-
oxidant, and free radical-scavenging properties in vitro.
(+)-Catechin has been shown to decrease the production of
the proinflammatory cytokines, including IL-1β and TNF-
α, and to enhance the production of the anti-inflammatory
cytokine IL-10. (+)-Catechin suppresses the production of
proinflammatory mediators by mouse microglia BV-2 cells
and mitigation of NF-κB through intracellular signaling cas-
cades, including Akt, extracellular-signal-regulated kinase,
p38 mitogen-activated protein kinase, and AMP-activated
protein kinase [31]. In contrast, aloe-emodin is a major
anthraquinone in aloe plants that contains a polyphenolic
structure. Aloe-emodin has been also shown to suppress
the LPS-induced production of NO and prostaglandin E2
in mouse macrophage RAW 264.7 cells [32]. Therefore,
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Figure 9: Effects of Rt on the STAT1 activation pathways in CGA-
stimulated microglia. (a) The protein expression of phospho-STAT1
at different time points after stimulation with CGA. (b) The protein
expression of phospho-STAT1 in MG6 cells 6 h after CGA
stimulation in the presence or absence of Rt (10 μg/ml) and IL-
10NAb and the quantitative analyses of the immunoblotting for
phospho-STAT1. The results represent the mean± SEM of four
independent experiments. The asterisks indicate a statistically
significant difference from the indicated value (∗∗P < 0 01, ∗∗∗P <
0 001).
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the present study suggests that the anti-inflammatory and
antioxidant activities of (+)-catechin and aloe-emodin are
due their abilities to induce the production and secretion
of IL-10.

It has been also reported that the gene delivery of IL-10-
adeno-associated virus significantly reduces neuroinflamma-
tion, enhances neurogenesis, and improves the spatial cogni-
tive dysfunction in a transgenic AD mouse model [33].
Furthermore, it has been suggested that the IL-10 gene poly-
morphisms process, which favours the development of AD,

reinforces the link between inflammation and cognitive
decline in elderly people [34]. IL-10 has been shown to
reduce IL-1β production by preventing the excessive genera-
tion of reactive oxygen species from complex II in damaged
mitochondria and limiting the inflammasome activation in
macrophages [30], which are characteristics of aged microg-
lia associated with cognitive dysfunction [35, 36]. These find-
ings support the notion that IL-10 may ameliorate
neuroinflammation, cognitive dysfunction, and neurodegen-
eration associated with AD. Therefore, Rt may be useful for
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Figure 10: Possible components of Rt responsible for the production of IL-10 inmicroglia. (a) The change in the mRNA of IL-10 inMG6 cells
24 h after treatment with components of Rt, including chrisophanol, physcion, β-sitosterol, emodin, aloe-emodin, (+)-catechin, and
piceatannol. The results show the relative mRNA expression of IL-10 after treatment with aloe-emodin (10 μM), (+)-catechin (30 μM),
and piceatannol (100 μM) with the minimum effective doses, which were determined after treatment with three different doses (10, 30,
and 100μM) for 24 h. On the other hand, chrisophanol, physcion, β-sitosterol, and emodin with the concentration of 100 μM were
applied for 24 h. The results represent the mean± SEM of three independent experiments. The asterisks indicate a statistically significant
difference from the indicated value (∗∗P < 0 01, ∗∗∗P < 0 001). (b) The secretion of IL-10 in the medium of MG6 cells and primary
cultured microglia after treatment with aloe-emodin, (+)-catechin, and piceatannol. The results show the mean IL-10 secreted in the
culture medium after treatment with aloe-emodin (10 μM for 48 h) and (+)-catechin (30 μM for 48 h) with the minimum effective doses
for the most effective experimental time points. The most effective experimental time points were determined after examination of three
different experimental time points (24, 48 and 72 h). On the other hand, piceatannol with 100 μM was applied for 72 h. The results
represent the mean± SEM of three independent experiments. The asterisks indicate a statistically significant difference from the value in
untreated cells (∗∗∗P < 0 001).
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the pharmacological intervention against excessive inflam-
matory and oxidative responses associated with AD by
inducing the production of IL-10 by microglia, because some
of active components of Rt including (+)-catechin can cross
the blood-brain barrier [37].

5. Conclusions

Rt downregulates the production of proinflammatory and
oxidative mediators, including IL-1β, TNF-α, and NO, by
cultured activated microglia through the production of
IL-10. Two components of Rt, aloe-emodin and (+)-cate-
chin, are deemed responsible for the antineuroinflammatory
and antioxidative effects of Rt through the secretion of IL-10
from microglia. Therefore, Rt may be useful for the pharma-
cological intervention against excessive inflammatory and
oxidative responses associated with AD by inducing the pro-
duction of IL-10 by microglia.
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Essential oils of some aromatic plants provide an effective nonmedicinal option to control liver fibrosis.Mentha piperita L. essential
oil (MPEO) have been reported to possess protective effects against hepatotoxicity. However, its effect against liver fibrosis remains
unknown. The present study investigated the antifibrogenic potential of MPEO and its underlying mechanisms. Forty male rats
divided into 4 groups were used: group 1 served as normal control, group 2 (liver fibrosis) received CCl4 (2.5mL/kg, IP, twice
weekly) for 8 weeks, group 3 concurrently received CCl4 plus MPEO (50mg/kg, IP, daily, from the 3rd week), and group 4
received MPEO only. MPOE significantly improved the liver injury markers, lipid peroxidation (LPO), antioxidant capacity,
CYP2E1 gene expressionand liver histology. Furthermore, MPOE ameliorated liver fibrosis as evidenced by the reduced
expression of desmin, α-smooth muscle actin (α-SMA), transforming growth factor-β1 (TGF-β1), and SMAD3 proteins. In
addition, MPOE counteracted the p53 upregulation induced by CCl4 at both mRNA and protein levels. In conclusion, MPOE
could effectively attenuate hepatic fibrosis mainly through improving the redox status, suppressing p53 and subsequently
modulating TGF-β1 and SMAD3 protein expression. These data promote the use of MPOE as a promising approach in
antifibrotic therapy.

1. Introduction

Liver fibrosis and cirrhosis are the ultimate consequences of
chronic hepatic injury induced by various etiological agents
[1]. The mechanism of liver fibrosis has been extensively
studied. However, effective antifibrotic therapies are lacking
[2]. The pathogenesis of hepatic fibrosis is generally based
on the activation of HSCs and excessive extracellular matrix
(ECM) production [2]. Oxidative stress plays a central role
in triggering these inflammatory and fibrotic responses [3].
Among the various signaling pathways involved in patho-
genesis of liver fibrosis, TGF-β1/SMAD is considered the
most significant signaling pathway [4]. Therefore, inhibiting
TGF-β1 was found to be efficient in attenuating liver fibrosis
[5, 6]. The tumor suppressor p53 is another important cell
signal primarily stimulated in response to oxidative damage

and oncogene activation [7]. Accumulating evidences sug-
gested the involvement of p53 in the pathophysiology of
various nontumoral fibrotic liver diseases in both human
and animals [8, 9]. These data suggest that p53 regulation
could serve as an important therapeutic target for fibrotic
liver diseases.

Medicinal plants and their derivatives contain a wide
variety of bioactive phytochemicals with a diverse pharma-
cological spectrum [10, 11]. Essential oils constituents
including terpenes, terpenoids, phenylpropenes, and other
degradation products have been reported to exhibit strong
antioxidant and anti-inflammatory activities [12]. The effec-
tiveness of some essential oils to alleviate the hepatotoxicity
[13] and hepatic fibrosis [14] has been proven. Mentha
piperita L. (peppermint) is one of the most popular and
widely used herbs. Pharmacological investigations have
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demonstrated thatM. piperita possesses analgesic, antifungal
[15], antibacterial [16], antiparasitic, and immunomodula-
tory activities [17]. Moreover, the hepatoprotective effects
of M. piperita leaves extract [18], oil [19, 20], or its
active components menthol and menthone [21] have been
reported. However, to the best of our knowledge, the effect
against hepatic fibrosis has not been reported. Therefore,
the present study aimed to investigate the effects of Mentha
piperita L. essential oil (MPEO) against hepatic fibrosis and
to elucidate the potential underlying molecular mechanisms.

2. Material and Methods

2.1. MPOE Preparation and Characterization. Mentha piper-
ita L. leaves were purchased from Harraz Drug stores (Cairo,
Egypt). A voucher specimen of the studied plant material was
deposited at Biochemistry Department, National Organiza-
tion for Drug Control and Research (NODCAR), Egypt.
Essential oil was extracted and characterized for its chemical
composition using gas-liquid chromatography coupled to
mass spectrometry (GC-MS) as described by Ogaly et al. [14].

2.2. Experimental Design. Adult male rats (150–170 g) were
obtained from the breeding unit of the Research Institute of
Ophthalmology (Giza, Egypt). Rats were housed under
constant temperature and 12h light/dark cycle with free
access to water and standard chow diet. All animal proce-
dures were performed according to the protocol approved
by the Institutional Animal Care and Use Committee
(IACUC), Cairo University (CU-II-F-1-18).

Forty rats were randomly divided into four groups.
Group 1 (control) was given corn oil (2mL/kg, IP). Group
2 (fibrosis model) was given CCl4 1 : 4 mixture with corn oil
(2.5mL/kg, IP) twice weekly for eight weeks. Rats in group
3 received CCl4 for two weeks to establish liver injury
and fibrosis and then treated with MPOE (50mg/kg, IP),
daily from the 3rd to 8th week. Group 4 received MPOE
(50mg/kg, IP) from the 3rd to 8th week. The selected dose
for MPOE (50mg/kg) was previously reported to be hepa-
toprotective for rats [20].

2.3. Samples Collection. At the end of experiment, animals
were anesthetized with ethyl ether. Blood samples (3-4mL)
were collected by retro-orbital puncture, and serum was
separated by centrifugation (4000 rpm/10min). Afterward,
all animals were sacrificed by cervical dislocation under ethyl
ether anesthesia for humane reasons; the whole liver was
immediately removed, rinsed in cold normal saline, and kept
at −20°C until further analyses. Liver homogenates (10%)
were prepared in 0.1M ice-cold phosphate buffered saline
(pH7.4) followed by centrifugation at 14,000×g, 15min
at 4°C. The separated supernatants were kept at −20°C.
For histopathological examination, parts of liver were fixed
in 10% neutral buffered formalin and underwent routine
processing for paraffin embedding.

2.4. Biochemical Analyses. Serum samples were used to mea-
sure liver injury markers alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) according to the
method of Reitman and Frankel [22]. Liver homogenates

were used for measurement of nitric oxide (NO) [23], malon-
dialdehyde (MDA) as a thiobarbituric acid reactive substance
(TBARS) [24], superoxide dismutase (SOD) activity [25],
catalase (CAT) activity [26], reduced glutathione (GSH) level
[27], and total antioxidant capacity (TAC) using commercial
kits (Biodiagnostic, Cairo, Egypt). Total protein content was
measured according to the method of Bradford [28].

2.5. Histopathological Analyses. Seven liver samples were
harvested from each experimental group and fixed in 10%
neutral buffered formalin and then processed to obtain
4μm paraffin-embedded sections. The sections were stained
with hematoxylin and eosin (H&E) and Masson’s trichrome
(MT). MT staining was performed to assess collagen fibers
distribution and to determine liver fibrosis %. A numerical
scoring system [29] was performed to assess the grade of
fibrosis, as follows: 0, no fibrosis (normal); 1, fibrous
expansion of some portal areas; 2, fibrous expansion of
most portal areas; 3, fibrous expansion of most portal
areas with occasional portal-to-portal bridging; 4, fibrous
expansion of portal areas with marked bridging (portal
to portal as well as portal to central); 5, marked bridging
(portal to central as well as central to central) with occasional
nodules formation; and 6, cirrhosis.

2.6. Immunohistochemical Analyses. The immunohistochem-
ical (IHC) analyses were done according to the methods of
Ogaly et al. [14]. Briefly, tissue sections were deparaffinized
and rehydrated. The antigen retrieval was performed by
pretreating the tissue sections for 20min with citrate buffer
pH 6 at microwave oven. Sections were incubated with rabbit
polyclonal antibody to α-SMA diluted 1 : 200 (ab5694;
Abcam, Cambridge, UK), rabbit polyclonal antidesmin
antibody diluted 1 : 200 (ab15200; Abcam, Cambridge, UK),
rabbit polyclonal anti-TGF-β1 antibody with concentration
of 20μg/mL (ab92486; Abcam, Cambridge, UK), rabbit
polyclonal anti-SMAD3 antibody diluted 1 : 100 (ab28379;
Abcam, Cambridge, UK), and rabbit polyclonal anti-Tp53
antibody diluted 1 : 100 (ab131442; Abcam, Cambridge,
UK) for two hours in a humidified chamber. The tissue sec-
tions were incubated with goat antirabbit IgG H&L (HRP)
(ab205718; Abcam, Cambridge, UK). Finally, the slides were
incubated for 10min with 3,3′-diaminobenzidine tetrahy-
drochloride (DAB; Sigma) as chromagen, counterstained
with hematoxylin, and mounted with DPX. The image
analyses of the stained sections were performed by Leica
Qwin 500 Image Analyzer (Leica, Cambridge, England). In
each group, seven sections were examined. The percentage
of the immunopositive area (%) was calculated as mean of
10 fields/section.

2.7. Gene Expression Analyses. Total RNA isolated from
liver tissues using RNeasy Mini Kit (Qiagen) was reverse
transcribed and subjected to quantitative real-time RT-PCR
as previously described [14]. mRNA expression levels of
Tp53 and CYP2E1 genes were assessed using GAPDH gene
as the reference gene. Briefly, cDNA was added to a Quanti-
fast SYBR Green qPCR Master Mix (Qiagen) containing
30 pg/mL of each primer (Table 1). The thermal program
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included 40 cycles of denaturation at 95°C for 15 s, annealing
at 60°C for 15 s, and extension at 72°C for 45 s. The first
denaturation was extended to 1min. Calculation of gene
expression was done following Livak and Schmittgen [30].

2.8. Statistical Analysis. SPSS version 16.0 statistical package
was used to analyze the data. All data were expressed as
mean± standard error (SE). One-way analysis of variance
(ANOVA) was used to assess the differences between groups.
Difference was considered statistically significant at p < 0 05
by Duncan’s multiple comparisons.

3. Results

3.1. Chemical Composition of MPEO. Hydrodistilled MPEO
was subjected to qualitative and quantitative analyses using
gas chromatography coupled with mass spectrophotometry
(GC-MS). Ten chemical constituents could be identified by
elution on HP-5872 column (Table 2). The major constitu-
ents of MPEO, in order of their percentage (Figure 1), were
menthol (46.7%), p-menthone (18.3%), L-carvone (15.2%),
pulegone (6.3%), iso-menthone (5.3%), and D-camphor
(3.3%). Small amounts of 1,8-cineol, beta pinene, trans-car-
yophyllene, and limonene were also identified.

3.2. MPEO Improves Liver Functions in CCl4-Induced Liver
Fibrosis. As shown in Table 3, CCl4-intoxicated rats (group
2) showed a severe increase in liver marker enzymes, ALT

and AST, to about 62- and 23-folds, respectively, compared
to the control group. MPOE coadministration (group 3)
exerted a significant reduction of ALT and AST levels to
76.8% and 60.4%, respectively, as compared to the CCl4
group. There were no significant differences in liver enzymes
between groups 1 and 4 (Table 3).

3.3. MPEO Attenuates Oxidative Stress in CCl4-Induced
Liver Fibrosis. CCl4 caused a marked disruption of oxi-
dant/antioxidant balance in liver as indicated by the statis-
tically significant elevation in MDA and NO levels to
236% and 407% in group 2 as compared to the control
group (Table 3). Besides, there was a marked reduction
in SOD and CAT antioxidant enzymes activities with a
dramatic depletion in hepatic GSH content to 24.4%,
43.2%, and 23.4% of the control levels, respectively
(Table 4). In the same line, TAC of the liver of CCl4-
intoxicated group showed a significant reduction to
39.7% (Table 4). Administration of MPOE concurrently
with CCl4 for 6 weeks (group 3) showed a significant
reduction of MDA and NO levels compared to those of
group 2 (Table 3). MPOE partially restored SOD and
CAT activities and GSH level (Table 4). Improvement of
CCl4-induced oxidative stress by MPOE was confirmed by
the significant elevation of TAC, reaching 74% of the
normal control level (Table 4). There were no significant
differences in all measured oxidative stress markers or anti-
oxidant parameters between groups 1 and 4 (Tables 3 and 4).

3.4. MPEO Ameliorates Fibrotic Alterations in CCl4-Induced
Liver Fibrosis. The histopathological examination of the nor-
mal and MPOE groups revealed normal histological hepatic
architecture (Figures 2(a) and 2(d)). The fibrosis control group
(group 2) showed marked fatty degeneration of the hepato-
cytes, hepatocellular necrosis with mononuclear inflammatory
cell aggregation, and collagen fibers bridging (Figure 2(b)).
Group 3, receiving CCl4 +MPOE, showed marked attenuation
of the previously described histopathological lesions compared
to the fibrotic control group (Figure 2(c)). With MT staining,
the liver of the control and MPEO groups showed normal
distribution of collagen fibers (Figures 3(a) and 3(d)). The
fibrotic control group showed severe bridging fibrosis with
marked collagen deposition in the liver extending from portal
to portal, portal to central, and central to central and forma-
tion of pseudolobules (Figure 3(b)). In group 3 (CCl4
+MPEO), the collagen deposition was markedly reduced,
and the collagenous septa became thinner than those of the
fibrotic control group (Figure 3(c)). The histopathological
grading of liver fibrosis and the morphometric analysis of liver
fibrosis % in different groups are shown in Table 5 and
Figure 3(e), respectively, group 1 and 4 showed no significant
difference in the liver fibrosis grading or fibrosis % (Figure 3(e)
and Table 5). Group 3 (CCl4+MPEO) showed significant
reduction of the grading of liver fibrosis and fibrosis % com-
pared to the fibrosis control group 2 as shown in Figure 3(e)
and Table 5.

3.5. MPEO Regulates Profibrogenic Protein Expression in
CCl4-Induced Fibrosis. α-SMA and desmin immunoreactivity

Table 1: Primers sequences.

Gene Primer sequence Ref.

GAPDH
Forward 5′-ACCACAGTCCATGCCATCAC-3′

[81]
Reverse 5′-TCCACCACCCTGTTGCTGTA-3′

TP53
Forward 5′-TCCCTAAGTATCCTCAGTGA-3′

[82]
Reverse 5′-GTAATCGAAGCGTTTGTTGA-3′

CYP2E1
Forward 5′-TCCAGGTTTGCACCAGACTCT-3′

[14]
Reverse 5′-TCCACCACCCTGTTGCTGTA-3′

Table 2: Chemical composition of MPEO by GC/MS.

Retention time Compound Relative %

4.8 Limonene 0.78

5.1 1,8-Cineol 1.35

6.8 p-Menthone 18.30

7.6 Beta pinene 1.10

8.2 iso-Menthone 5.31

8.4 Menthol 46.70

8.9 Pulegone 6.30

8.92 D-Camphor 3.30

9.1 L-Carvone 15.20

12.8 trans-Caryophyllene 0.95

Total 99.35
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appeared to be cytoplasmic and stained brown in colour. α-
SMA expression was seen in smooth muscle cells of the blood
vessels in the normal control and the MPOE control
(Figures 4(a) and 4(d)). In the liver fibrosis control group,
α-SMA staining located in the myofibroblast cells along col-
lagenous septa bridging portal areas and central areas and
desmin immunostaining was observed in perisinusoidal cells
and interstitial myofibroblasts. α-SMA and desmin protein
expression were significantly elevated in liver fibrosis control
group than in the normal control (Figures 4 and 5). Group 3
(MPOE-treated) showed a significant reduction of α-SMA
and desmin protein expression compared to the liver fibro-
sis control group (Figures 4 and 5). TGF-β1 was a cytoplas-
mic immunostaining, and it was observed in periductal cells
in the portal tract of the normal control and MPOE control

groups (Figures 6(a) and 6(d)). SMAD3 expression was
nuclear and cytoplasmic immunostaining. The fibrotic con-
trol group showed TGF-β1 immunoreactivity in the peri-
ductal cells in the portal tract, in perisinusoidal cells,
around the blood vessels, in sinusoidal lining cells, in
inflammatory cells, and in the network around the necrotic
hepatocytes; and a small amount was observed in necrotic
hepatocytes. TGF-β1 and SMAD3 protein expression were
significantly increased in the liver fibrosis control group
than in the normal control (Figures 6 and 7). Group 3
(MPOE-treated) showed a sustained reduction of TGF-β1
and SMAD3 protein expression compared to the liver
fibrosis control group (Figures 6 and 7, resp.). No signifi-
cant difference was recorded between the normal control
and MPOE control groups.
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Figure 1: Antioxidant volatile constituents found in Mentha piperita essential oil.

Table 3: Effects of MPEO on liver enzymes, NO content, and lipid peroxidation byproduct (MDA) in CCl4-induced liver fibrosis.

Experimental groups ALT (U/L) AST (U/L) MDA (μM/g tissue) NO (mmol/L)

Group 1 18.4± 0.84 46± 1.52 60.8± 2.47 3.98± 0.32
Group 2 1147.2± 42.25 1088± 65.73 143.8± 3.97 16.21± 0.89
Group 3 882± 83.19 657± 31.74 89.14± 3.16 7.11± 0.72
Group 4 34± 1.12 69± 1.47 71.32± 2.36 5.42± 0.68
Group 1: normal control; group 2: liver fibrosis control; group 3: MPEO-treated; group 4: MPEO control. Values are expressed as mean ± SE. Different
superscripts mean significant differences between groups in the same column at p < 0 05. ALT: alanine transaminase; AST: aspartate transaminase;
NO: nitric oxide; MDA: malondialdehyde.

Table 4: Effects of MPEO on the hepatic antioxidant profile in CCl4-induced liver fibrosis.

Experimental groups GSH (μM/g liver) SOD (U/mg protein) CAT (U/mg protein) TAC (μmol/g liver)

Group 1 12.48± 0.32a 82.95± 2.56a 2.15± 0.07a 5.24± 0.25a

Group 2 2.93± 0.14b 20.29± 1.13b 0.93± 0.06b 2.08± 0.16b

Group 3 4.8± 0.19c 47.6± 1.22c 1.37± 0.05c 3.88± 0.12c

Group 4 11.6± 0.31a 72.45± 2.10a 1.94± 0.04a 4.30± 0.22a

Group 1: normal control; group 2: liver fibrosis control; group 3: MPEO-treated; group 4: MPEO control. Values are expressed as mean ± SE. Different
superscripts mean significant differences between groups in the same column at p < 0 05. GSH: reduced glutathione; SOD: superoxide dismutase;
CAT: catalase; TAC: total antioxidant capacity.
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3.6. MPEO Downregulates p53 Expression in CCl4-Induced
Fibrosis. Tp53 gene expression level showed a significant
elevation in the liver fibrosis control (group 2). Tp53 mRNA
level reached to about 16-folds of the control level. This
CCl4-induced overexpression of Tp53 was markedly sup-
pressed in MPOE-treated rats to about 2-fold as compared
to that in the control (Figure 8(a)). At the protein level, p53
immunoreactivity was significantly increased in the liver
fibrosis control. Group 3 treated with CCl4 +MPOE showed
significantly decreased p53 immunoreactivity (Figure 9(c)).
Figure 9(e) summarizes the IHC analysis of p53 protein
expression in the different groups. Nonsignificant differ-
ences in p53 mRNA and protein levels were detected
between groups 1 and 4 (Figures 8(a) and 9), respectively.

3.7. MPEO Restored CYP2E1 Expression in CCl4-Induced
Liver Fibrosis. Quantitative RT-PCR analysis showed a
significant decrease in CYP2E1 mRNA in the liver fibrosis
control group to 27% of that of the control group. MPOE-
treated rats in group 3 showed marked increase in mRNA
level to +2.32-folds of the normal level (Figure 8(b)).

4. Discussion

Fibrogenesis is a multicellular wound healing process that
occurs as a frequent consequence of many chronic liver
injuries [1]. Regardless of its etiology, hepatic fibrosis is
generally characterized by oxidative tissue damage, inflam-
matory cells infiltration, HSCs activation, and excessive

collagen deposition [31, 32]. Accumulating clinical and
experimental evidences have shown that the halting of the
fibrogenic process may allow the reversal of liver fibrosis.
Indeed, resolution of liver fibrosis or even cirrhosis may
occur upon eradication of the causative insult [33, 34].
Oxidative stress has been proposed as a conjoint pathological
mechanism in the initiation and progression of fibrosis [3].
Thereby, inhibition of ROS-mediated fibrogenesis might
yield great potential therapeutic benefits. In this context,
attention is progressively shifting towards herbal products
and their antioxidant constituents [3, 11]. M. piperita has
been known for its great multipharmaceutical benefits
[35, 36]. The active phytocompounds of MPEO contribute
to many of its profound therapeutic actions. Although the
hepatoprotective effect of MPOE was previously demon-
strated [18, 19], its antifibrogenic influence against hepatic
fibrosis has not been investigated yet. The present study
aimed to evaluate the potential of MPOE to ameliorate
CCl4-induced hepatic fibrosis in rats and to elucidate some
aspects of its underlying molecular mechanisms.

MPEO was reported to have a wide range of components,
including menthol, menthone, menthofuran, and methyl ace-
tate, and other pharmacologically active compounds such as
flavonoids, tannins, and caffeic acid [37]. In the current study,
the chemical profile of MPEO, as presented in Table 2, is char-
acterized by the dominant presence of the oxygenated mono-
terpenes menthol (46.7%) and menthone (18.3%). A high
percentage of carvone (15%) was observed compared to that
of the composition previously reported by Sun et al. [38].

(a) (b)

(c) (d)

Figure 2: Histopathological examination of the liver tissues (H&E, ×200). (a) Group 1 (normal control) showing normal histological picture
of the liver. (b) Group 2 (fibrosis control) showing fatty degeneration of the hepatocytes, hepatocellular necrosis, and mononuclear
inflammatory cells aggregation along the collagenous septa. (c) Group 3 (MPEO-treated) showing moderate hepatocellular necrosis,
marked reduction of collagenous septa formation and mononuclear inflammatory cells aggregation. (d) Group 4 (MPEO control) showing
normal hepatic cellular architecture.
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Different chemotypes of M. piperita were reported in other
countries in which the major constituent in MPEO is linalool
as in M. piperita collected from Brazil [39] or limonene as in
M. piperita collected from India [40]. This diversity in the
chemical composition may be attributed to geographical and
soil condition, biosynthetic factors, and collection time [38].
However, the composition of MPEO presented in the current
study still maintains a certain level of chemosimilarity with
some previously reported MPEO compositions [38]. Mentha
species are known for their ability to exhibit strong antioxi-
dant and radical scavenging activities owing to the presence
of valuable secondary metabolites in the essential oil and
phenolic substances [41]. Previous studies showed that the
radical scavenging activity of essential oil of M. piperita spe-
cies is attributed to the presence of menthone and menthol,
with the presence of the hydroxyl radical (•OH). The vast
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Figure 3: Photomicrograph of liver stained with MT stain (×100). (a and d) The normal control (group 1) and MPEO control (group 4)
showing normal distribution of collagen fibers in the portal areas. (b) Group 2 (fibrosis control) showing marked fibrous bridging with
excessive collagen fibers deposition. (c) Group 3 (MPEO-treated) showing marked attenuation of collagen fibers distribution and
deposition. (e) Bar chart represents the hepatic fibrosis expressed as fibrosis %. Mean values with different superscripts are significantly
different (p < 0 05).

Table 5: Effect of MPEO on the pathological grading of
CCl4-induced fibrotic liver in rats.

Group n
Pathological grading of hepatic

fibrosis p value
0 I II III IV V VI

Group 1 7 7 0 0 0 0 0 0 —

Group 2 7 0 0 0 2 4 1 0 0.00a

Group 3 7 0 3 3 1 0 0 0 0.011b

Group 4 7 7 0 0 0 0 0 0 —

Group 1: normal control; group 2: liver fibrosis control; group 3: MPEO-
treated; group 4: MPEO control. Data are presented as the mean of ten
fields. n: number of rats. aSignificant difference from the control group at
p < 0 01. bSignificant difference from model group at p < 0 05.
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majority of these antioxidants (Figure 1) have the ability to
trap the free radicals and interrupt the chain reaction due
to the presence of at least one aromatic ring in their struc-
tures [42].

CCl4-induced fibrosis has been extensively used as an
in vivo model for the study of liver damage [14, 43, 44].
CCl4 toxicity represents a multifactorial process involving
its detoxification by CYP450 into the highly reactive CCl4-
derived free radicals, covalent binding to macromolecules,
stimulation of inflammatory cytokines, oxidative damage
with subsequent necrosis of hepatocytes, and activation of
HSCs [44].

Fibrogenesis is mediated by a complex interplay of
signaling pathways. Of particular note, TGF-β1/SMAD is
one of the core mechanisms of fibrogenesis [45]. Recently,
much information has emerged concerning the central role
of TGF-β1 as the principal driver of excessive scarring and
tissue fibrosis. TGF-β1, in HSCs, acts by stimulating

collagen I expression and inhibiting ECM degradation [4,
46]. Excessive TGF-β1 release by necrotic hepatocytes is con-
sidered as one of the first signals to adjacent quiescent HSCs
to be activated by transdifferentiation into myofibroblasts-
like cells [47]. Upon activation, TGF-β1 binds to its cell-
surface receptor complexes and initiates an intracellular
signaling cascade resulting in phosphorylation of SMAD2
and SMAD3. Subsequently, the activated SMAD2 and
SMAD3 form stable oligomer complexes with SMAD4.
These complexes actively shuttle into the nucleus to regulate
the transcription of target genes [48, 49]. It has been demon-
strated that SMAD3 is a key element in TGF-β1–induced
fibrosis [50]. A number of fibrogenic genes (e.g., collagens)
and markers (e.g., α-SMA) are SMAD3-dependent as
SMAD3 directly binds to the DNA regulatory sequences
of these target genes [51, 52]. Moreover, SMAD3 inhibits
matrix metalloprotease 1 activity in fibroblasts and acti-
vates tissue inhibitor of metalloproteases and thus inhibits
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Figure 4: Representative α-SMA immunohistochemistry in liver tissues of the different experimental groups (×200). (a and d) The normal
control (group 1) and MPEO control (group 4) showing α-SMA staining in the smooth muscle cells of the hepatic vessels. (b) Liver fibrosis
control (group 2) showing strong immunostaining reaction in myofibroblast cells. (c) MPEO-treated (group 3) showing marked reduction in
immunopositive reactive areas. (e) Bar chart represents the α-SMA immunohistochemistry expressed as area %. Mean values with different
superscripts are significantly different (p < 0 05).
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ECM degradation [53]. Considering this major role of
TGF-β1 signaling in the pathobiology of liver fibrosis,
TGF-β1 or its downstream mediators may provide impor-
tant targets for the new therapeutic strategies of liver
fibrosis [5].

In the present study, eight weeks of CCl4 administra-
tion was sufficient to induce severe hepatotoxic changes
detected by the considerably elevated activities of serum
ALT and AST markers (Table 3). Increased release of
these cytosolic enzymes in the serum reflects hepatocyte
damage and leakage and provides important diagnostic
biomarkers for hepatic diseases [54]. Moreover, high AST
and ALT levels are associated with an increased risk of
fibrosis progression [55]. MPEO administration reversed
the elevated levels of ALT and AST compared to those
of the CCl4 group. These findings are consistent with
those of previous studies [18, 19].

LPO is thought to be the initiation step of CCl4 hepato-
toxicity [56]. Lipid hydroperoxides are unstable and so
degrade rapidly into a variety of secondary metabolites such
as MDA, 4-hydroxynonenal (4-HNE), and other conjugated
dienes [57]. MDA serves as a main biomarker to assess the
level of lipoperoxidative tissue damage [58]. In accordance
with previous studies [59, 60], a significant increase in liver
MDA content was observed in the CCl4 group, suggesting
an enhanced LPO (Table 3).

Furthermore, CCl4-intoxicated rats showed a signifi-
cant increase in the liver NO (Table 3). This elevated
NO indicates the stimulation of inflammatory cells and
release of inflammatory cytokines [61]. NO participates
in the induction of fibrosis through its reaction with
superoxide anions forming highly reactive peroxynitrite
radicals, which induce HSCs activation and accelerate the
progression of liver fibrosis [56]. The obtained results
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Figure 5: Representative desmin immunohistochemistry in liver tissues of the different experimental groups (×200). (a and d) The normal
control (group 1) and MPEO control (group 4) showing very weak immunopositive reaction. (b) Liver fibrosis control (group 2) showing
strong immunostaining reaction in perisinusoidal cells. (c) MPEO-treated (group 3) showing weak immunostaining of perisinusoidal cells.
(e) Bar chart represents desmin immunohistochemistry expressed as area %. Mean values with different superscripts are significantly
different (p < 0 05).
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closely agreed with those mentioned by Sagor et al. [62]
and Abdel Salam et al. [63], who suggested the correlation
between the hepatic NO content and the degree of
liver fibrosis.

On the other hand, a significant decline in the liver
antioxidant capacity was detected in the CCl4 group evi-
denced by the decreased SOD and CAT activities and
the depletion in GSH content (Table 4). This disturbance
in the prooxidants/antioxidants balance was further verified
by the low TAC (Table 4).

Histopathological analysis of liver sections provided
an initial evidence of CCl4-induced liver hepatocellular
damage and fibrosis (Figure 2 and Table 5). Degenerative
changes including fatty degeneration, congestion, and

cytoplasmic vacuolization were observed in the liver
fibrosis control group (Figure 2(b)). These findings were
in agreement with those obtained by Ogaly et al. [14]
and Yacout et al. [64]. Additionally, MT staining revealed
clear fibrotic bridging in the liver sections of group 2
(Figure 3(b)).

Immunohistochemical analysis of desmin, a hallmark of
both quiescent and activated HSCs, revealed a significant
elevation in desmin-immunopositive cells in the livers of
CCl4-injured group 2 (Figure 5(b)). In accordance with
Fujii et al. [65], this finding implicates increased numbers
of HSCs in the livers of CCl4-treated animals, as expres-
sion of desmin together with the stellate-shaped morphol-
ogy is the main characteristic feature of HSCs [66].
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Figure 6: Representive TGF-β1 immunohistochemistry in liver tissue of the different experimental groups (×200). (a and d) The normal
control (group 1) and MPEO control (group 4) showing weak immunopositive reaction in portal areas. (b) Liver fibrosis control
(group 2) showing intense immunostaining in periductal cells in the portal tract, in perisinusoidal cells, around the blood vessels,
and in sinusoidal lining cells. (c) MPEO-treated (group 3) showing mild reaction in some perisinusoidal cells. (e) Bar chart represents the
TGF-β1 immunohistochemistry in liver expressed as area %. Mean values with different superscripts are significantly different (p < 0 05).
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Another important evidence for the activation of HSCs
and progression of fibrosis was the significantly increased
number of α-SMA-immunopositive cells in the CCl4 fibrosis
group (Figure 4(b)), as compared to the control group
(Figure 4(a)). α-SMA is a reliable hallmark for HSCs
activation into the myofibroblastic phenotype and consid-
ered as an important myogenic marker that plays a signifi-
cant role in collagen I deposition by activated HSCs [67].
These obtained findings, in accordance with Rockey et al.
[68], indicate that CCl4 stimulated HSCs activation and
transdifferentiation. Moreover, it was found that SMAD3
increases α-SMA production and stimulates its organiza-
tion into stress fibers [69].

In the current study, the livers of group 2 showed an
augmented expression of TGF-β1 and SMAD3 proteins as
detected by the increased immunoreactivity compared to
those of the control group (Figures 6 and 7). Similar findings
were previously reported in rats [44].

MPOE at the investigated dose (50mg/kg) significantly
improved the liver indices, antioxidant profile, and histolog-
ical picture of liver tissue. MPOE significantly reduced serum
ALT and AST, indicating a preserved liver integrity and
improved function (Table 3). MPOE treatment markedly
increased the liver antioxidant capacity by restraining the
LPO byproduct (MDA) and simultaneously enhancing the
activities of SOD, catalase, and regeneration of GSH
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Figure 7: Representive SMAD3 immunohistochemistry in liver tissues of the different experimental groups. (a and e) The normal control and
MPEO control (×200). (b) Liver fibrosis control (group 2) showing intense immunostaining reaction (×100). (c) Liver fibrosis control (group
2) showing strong cytoplasmic and nuclear staining (×200). (d) MPEO-treated (group 3) showing marked reduction of immunostaining
reaction (×200). (f) Bar chart represents SMAD3 immunohistochemistry expressed as area %. Mean values with different superscripts are
significantly different (p < 0 05).
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Figure 8: Quantitative real-time PCR of Tp53 and CYP2E1 mRNA in liver tissues of the different experimental groups. Values are expressed
as means± SD. GAPDH was used as an invariant housekeeping control gene for calculating the fold changes (RQ) in mRNA levels. Mean
values having different letters are significantly different (p < 0 05).
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Figure 9: Representive p53 immunohistochemistry in liver tissues of the different experimental groups (×400). (a and d) The normal
control and MPEO control very weak immunopositive reaction. (b) Liver fibrosis control (group 2) showing intense immunostaining
in most of the hepatic cells. (c) MPEO-treated (group 3) showing immunopositive reaction in some hepatic cells. (e) Bar chart
represents the p53 immunohistochemistry in liver tissues expressed as area %. Mean values with different superscripts are significantly
different (p < 0 05).
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(Table 4). Our data come in line with previous studies that
reported the hepatoprotective effect of M. piperita [18] or
its oil [19]. It was suggested that several active components
of Mentha have antioxidant and antiperoxidant activities
that provoke the capacity of endogenous antioxidant systems
and protect against toxic hepatic damages [18, 19, 70].

Coadministration of MPOE with CCl4 significantly
improved the liver histopathology (Figure 2) and reduced
the fibrotic changes (Figure 3, Table 5). Furthermore, the
MPOE-treated group showed a marked reduction in both
α-SMA- and desmin-immunopositive cells (Figures 4(c)
and 5(c)). These data reflect the efficacy of MPOE to reduce
the hepatocellular toxic effects of CCl4 and to suppress HSCs
activation and proliferation as well.

In the same context, MPOE-treated group 3 showed
marked reductions in TGF-β1 and SMAD3 proteins expres-
sion (Figures 6(c) and 7(c)) compared to the CCl4 fibrosis
group (Figures 6(b) and 7(b)). According to Kanzler et al.
[47] and Chen et al. [71], the observed suppression in TGF-
β1 protein expression and the subsequent downregulation
of SMAD3 in the livers of group 3 could explain the observed
reduction of α-SMA-positive cells (Figure 4(c)), collagen
deposition (Figure 3(c)), and fibrosis % (Figure 3(e)) and
the reduced fibrosis scores (Table 5) in this group in compar-
ison with the liver fibrosis control group. These findings
support the antifibrogenic potential of MPOE against CCl4-
induced liver fibrosis.

p53 is a tumor-suppressor protein that regulates the
transcription of a plethora of target proteins involved in the
cell cycle, differentiation, and apoptosis [72]. In normal redox
state, p53 expression and degradation are tightly regulated by a
variety of proteins to maintain a low level of p53 [73]. Differ-
ent stress signals including ROS, hypoxia, and oncogene acti-
vation induce p53 that becomes transcriptionally active,
leading to cell cycle arrest, DNA repair, and apoptosis [8, 9].
It was reported that hepatocyte p53 activation resulted in
spontaneous liver fibrosis and induced hepatocyte apoptosis,
in addition to upregulation of connective tissue growth factor
(CTGF) [74]. In vitro study showed that p53 induces CTGF in
hepatocytes that occur via regulation of microRNA [75].

Recent studies highlighted the possible involvement of
p53 in fibrogenesis as a profibrotic mediator [8, 9, 74]. p53
has been implicated as an inducer of several profibrotic
effectors such as TGF-β1, CTGF, α-SMA, and fibronectin
[76]. During the fibrogenic process, a crosstalk between p53
and TGF-β1 has been suggested to stimulate transcription
of the fibrogenic target genes [77, 78]. Under oxidative
stress, excessive ROS induces various transcription factors
such as p53, activator protein-1 (AP-1), and NF-κB by alter-
ing the DNA binding sites or by oxidizing the cysteine res-
idues of such proteins resulting in conformational change of
their tertiary structure with subsequent protein degradation
activation or inhibition. Activated p53 plays a crucial role
in inducing apoptosis to prevent the propagation of DNA
damage [72].

Few reports on the role of p53 and TGF-β1 and their
interplay in the mechanism of fibrogenesis have arisen
[75–78]. This encouraged our team to study the possible
role of p53 and TGF-β1 in MPEO antifibrogenic mechanism.

In the current investigation, Tp53 mRNA level showed a sig-
nificant increase in response to CCl4 fibrosis (Figure 8(a)).
Consequently, a considerable level of p53 protein was
detected in the livers of the fibrosis group (Figure 9). These
findings agreed with those of previous studies that reported
that p53 expression increases following the onset of liver
injury [8, 9]. In the MPOE-treated group, both Tp53 mRNA
(Figure 8(a)) and p53 protein expression (Figure 9(c)) were
significantly suppressed. This p53 downregulation might
have contributed to the reduced hepatic fibrosis in this group.

Pharmacological p53 inhibitors have been proposed as a
therapeutic application to alleviate tissue fibrosis [8].

Analysis of CYP2E1 gene expression aimed to evaluate
for the detoxifying capacity of the liver. CCl4 intoxication
resulted in a significant suppression in CYP2E1 mRNA
(Figure 8(b)). This specific CYP2E1 downregulation in
CCl4 hepatic fibrosis was previously reported [18] and may
have contributed to a direct attack of CYP2E1 transcript by
the reactive CCl4 metabolites leading to its degradation.
Besides, the inflammatory response associated with fibrosis
could exert a suppressive effect on CYP2E1 expression [79].
Interestingly, MPOE treatment counteracted this CYP2E1
downregulation (Figure 8). This preservation of CYP2E1
expression could be one of the MPOE hepatoprotective and
antifibrogenic actions [80]. These findings are consistent
with those of previous studies [62] that reported the ability
of peppermint to modulate both phase I and phase II liver
drug-metabolizing enzymes. Besides, eugenol, an active
component of MPOE (Table 2), has been previously shown
to induce detoxification enzymes [18].

5. Conclusion

MPEO significantly ameliorates the severity of CCl4-induced
liver fibrosis through improving the oxidative status and
restoring hepatic CYP2E1 expression. These MPEO actions
could be mediated by inhibiting TGF-β1/SMAD signaling
proteins and downregulation of p53 at both gene and protein
levels. These data suggest that MPEO might be an effective
antifibrogenic agent in the prevention of liver fibrosis
progression. MPEO could help in developing a promising
approach against oxidation-caused liver fibrosis.
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Yacon (Smallanthus sonchifolius) is a native Andean plant rich in phenolic compounds, and its effects on dysmetabolism and
cardiomyopathy in diabetic rats was evaluated. The rats (10/group) were allocated as follows: C, controls; C +Y, controls treated
with Yacon leaf extract (YLE); DM, diabetic controls; and DM+Y, diabetic rats treated with YLE. Type 1 diabetes (T1DM) was
induced by the administration of streptozotocin (STZ; 40mg−1/kg body weight, single dose, i.p.), and treated groups received
100mg/kg body weight YLE daily via gavage for 30 d. The YLE group shows an improvement in dysmetabolism and
cardiomyopathy in the diabetic condition (DM versus DM+Y) promoting a significant reduction of glycemia by 63.39%, an
increase in insulin concentration by 49.30%, and a decrease in serum triacylglycerol and fatty acid contents by 0.39- and 0.43-
fold, respectively, by ameliorating the pancreatic islet injury, as well as increasing the activity of the antioxidant enzymes
(catalase, superoxide dismutase, and glutathione peroxidase) and decreasing the fibrosis and cellular disorganization in cardiac
tissue. The apparent benefits of YLE seem to be mediated by ameliorating dysmetabolism and oxidative stress in pancreatic and
cardiac tissues.

1. Introduction

Type 1 diabetes mellitus (T1DM) is a chronic state of
insulin deficiency which results from the destruction of
β-cells by the immune system, leading to a structural dis-
organization of the pancreatic islets. The Epidemiology of
Diabetes Interventions and Complications study showed
that intensive blood glucose control reduces the risk of
several diseases, especially those related to the cardiac
tissue [1].

Several studies have demonstrated that the development
of cardiovascular disease is frequently observed in diabetic
patients and in experimental models, and it is one of the
major causes that elevates the incidence of morbidity [2–5].
Basically, in diabetic heart, there is a dramatic shift of the glu-
cose utilization and almost complete reliance on fatty acid
oxidation for energy production, resulting in the loss of met-
abolic flexibility as well as morphological changes in the car-
diomyocytes [3, 6]. In summary, the dysmetabolism in
diabetic heart leads to several biochemical and molecular
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pathway alterations [7]. Deregulated metabolism may be
linked to increased production of reactive oxygen species
(ROS) that leads to oxidative damage of DNA, proteins,
and lipids as well as the activation of stress-sensitive
pathways and development of cardiac oxidative stress in
diabetes [8, 9].

The use of medicinal plants and herbs, for the treatment
of many chronic diseases such as diabetes and its complica-
tions, has been recognized by a number of scientists and
physicians based on their therapeutic properties [6]. Addi-
tionally, based on recommendations of the World Health
Organization [10], antidiabetic agents derived from plants
are an important alternative, as cotherapy, for the treat-
ment of this condition. Over the past years, great atten-
tion has been given to the use of natural products,
based on their pharmacological properties, as a form of
complementary therapy.

Yacon (Smallanthus sonchifolius) is a perennial plant
originally cultivated in the Andean highlands of South Amer-
ica, and its tubers are commonly used as food [11]. A number
of studies have demonstrated the presence of large amounts
of phenolic compounds in extracts from Yacon leaves and
tubers [12, 13]. So, since diabetic cardiomyopathy is tightly
related to oxidative stress—originally from persistent hyper-
glycemia and the metabolic shift in the cardiac tissue [14, 15],
the treatment with Yacon leaves can be useful in diminishing
oxidative damage and decreasing or preventing the progres-
sion of diabetic cardiomyopathy. Based on these information,
the aim of the present study was to investigate the protective
effect of Yacon leaf treatment on STZ-induced dysmetabo-
lism and cardiomyopathy based on its antioxidant properties.

2. Material and Methods

2.1. Plant Material and Extract Preparation. The S. sonchifo-
lius specimen was cultivated at the Department of Plant
Science and Crop Protection, Federal University of Paraná,
Curitiba, Paraná, Brazil. Briefly, the leaves from S. sonchifo-
lius were dried for seven days at 50°C, powdered (3μm),
and subjected to percolation at room temperature using a
mixture of ethanol :H2O (7 : 3, v/v) with a flux of 2.0mL/
min/kg. The solvents were evaporated to dryness under low
pressure (45°C) using a rotary evaporator in a vacuum system
to afford the crude Yacon leaf extract (YLE). More informa-
tion about the plant material, production of leaf extract,
and phytochemical characterization can be found in a previ-
ous study of our group [13].

2.2. Experimental Design. Forty male Wistar rats, 60 d of age,
were maintained in an environmentally controlled room
(22± 3°C; 12-hour light/dark cycle and relative humidity
of 60± 5%) and were fed with a standard rat pellet diet
(Purina Ltd., Campinas, SP, Brazil) and water ad libitum.
The experimental protocol was approved by the Ethics
Committee on the Use of Animals (CEUA) at the Botu-
catu Medical School, São Paulo State University (UNESP)
under number 1082-2014 (approved in April 24, 2014).
The animals were randomly assigned to one of four
groups (n = 10): control group (C); control group receiving

YLE (C+Y); diabetic rats (DM); and diabetic rats receiv-
ing YLE (DM+Y). Diabetes mellitus was induced by the
i.p. administration of streptozotocin for one time (STZ;
40mg/kg body weight). Blood glucose was measured at
48 h and at 7 days after the STZ administration. The ani-
mals with blood glucose greater than 250mg/dL were con-
sidered diabetic. The animals received YLE (100mg/kg
body weight/day constituted in 1mL of 0.9% saline) for
gavage for 30 days after the 7th day of the established dia-
betic condition. The dose of the treatment was selected
based on a previous study conducted by our team [13],
where 3 different doses were tested (Y25, Y50, and Y100)
and the highest dose presented a better glycemic control
(Figure 1). Control animals were given the same volume
of saline. The animals were fasted overnight and killed
by decapitation after anesthesia with ketamine (50mg/kg
body weight) and xylazine (0.5mg/kg body weight) by
intraperitoneal injection, and all efforts were made to min-
imize suffering. Blood was collected in tubes and then cen-
trifuged at 3500×g. The serum and heart tissues were
collected and stored at −80°C until analysis.

2.3. Biochemical and Hormonal Measurement. Serum glucose
and triacylglycerol levels were measured using an automatic
enzymatic analyzer system (biochemical analyzer BS-200,
Mindray, China) and a commercial kit (Bioclin®, Belo Hori-
zonte, Minas Gerais, Brazil), nonesterified fatty acid (NEFA)
levels were determined by colorimetric kits (Wako NEFA-C,
Wako Pure Chemical Industries, Tokyo, Japan), and insulin
levels (EMD Millipore Corporation, Billerica, MA, USA)
were measured by an immunoassay using a microplate reader
(Spectra Max 190; Molecular Devices, Sunnyvale, CA, USA).

2.4. Redox State Markers

2.4.1. Preparation of the Cardiac Tissue for Analysis. 100mg
of the tissue was homogenized in 1.0mL of a phosphate-
buffered saline (PBS) pH7.4 cold solution using a T 25 digital
ULTRA-TURRAX® basic disperser (IKA® Werke Staufen,
Germany) and centrifuged at 800g at 4°C for 10min. The
supernatant was used for measuring malondialdehyde and
antioxidant enzyme activity levels, conducting histopatho-
logical analysis, immunohistochemistry, and fractal dimen-
sion analysis, and evaluating heart histology.

(1) Malondialdehyde (MDA). Briefly, we added 700μL of 1%
orthophosphoric acid and 200μL of thiobarbituric acid
(42mM) to 100μL of the supernatant and then boiled it for
60min in a water bath; the sample was cooled on ice imme-
diately after that. 200μL was transferred to a 2mL tube con-
taining 200μL of sodium hydroxide-methanol (1 : 12 v/v).
The sample was vortex mixed for 10 s and centrifuged for
3min at 1.000 ×g. The supernatant (200μL) was transferred
to a 300μL glass vial and 50μL was injected into the column.
The HPLC was a Shimadzu LC-10AD system (Kyoto, Japan)
equipped with a C18 Luna column (5μm, 150× 4.60mm,
Phenomenex Inc., Torrance, CA, USA), a Shimadzu RF-
535 fluorescence detector (excitation: 525 nm, emission:
551 nm), and 0.5mL/min flow of phosphate buffer (KH2PO4
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1mM, pH6.8) [16]. MDA was quantified by area determina-
tion of the peaks in the chromatograms relative to a standard
curve of known concentrations.

(2) Antioxidant Enzymes. Superoxide dismutase activity was
measured based on the inhibition of a superoxide radical
reaction with pyrogallol, and the absorbance values were
measured at 420nm [17]. Catalase activity was evaluated by
following the decrease in the levels of hydrogen peroxide.
The absorbance values were measured at 240nm [18]. The
activity is expressed as pmol of H2O2 reduced/min/mg pro-
tein. Glutathione peroxidase activity was measured by fol-
lowing β-nicotinamide adenine dinucleotide phosphate
(NADPH) oxidation at 340nm as described by Flohé and
Günzler [19]; the results were expressed as μmol of hydro-
peroxide reduced/min/mg protein. The values for the
enzyme activities were corrected by protein content. Protein
was quantified based on Lowry et al.’s method [20], using
bovine serum albumin as the standard.

(3) Pancreatic Histology and Pathologic Scoring. For histo-
pathological analysis, pancreatic tissue was fixed overnight
in 10% formaldehyde, embedded in paraffin, and maintained
in 70% ethanol until sliced. After being sliced in a microtome
(4μm), cross sections were stained with hematoxylin and
eosin (H&E). Pathology analyses were performed in pancre-
atic islets by scoring the tissue injury using a method
described earlier with some modifications [21]. The total

surface of the slide was scored for two different variables
determining the severity of islet damage, such as the size
and architecture of islets. The size criteria used were defined
as follows: severe, less than 20% of the total field occupation;
moderate, less than 50% of the total field occupation; slight,
less than 70% of the total field occupation; and normal size
islets, occupying around 70–80% of the field. For the archi-
tecture criteria, the following items were used: severe, islets
presenting a nonsymmetric shape and totally disorganized
nuclei; moderate, flat islets and clustered nuclei in the islet
periphery; slight, semioval islets with 50% of the nuclei dis-
tributed more peripherally; and normal architecture islets,
islets more rounded or oval and nuclei distributed symmetri-
cally throughout the islet.

(4) Immunohistochemistry. The immunohistochemistry pro-
cedure was carried out following the manufacturer’s proto-
col, starting with antigen retrieval for paraffin-sectioned
slides using the standard laboratory protocol. The pancreas
slides were incubated in the EnVision™ FLEX peroxidase-
blocking reagent for 5 minutes to block endogenous enzyme
activity. Subsequently, the EnVision FLEX anti-insulin pri-
mary antibody (1 : 2000) was incubated for 20 minutes, and
after washing to remove primary antibodies, the slides were
incubated with EnVision FLEX/horseradish peroxidase
(HRP) for 20 minutes, followed by two washes, and the pro-
cedure continued by incubating the slides with diaminoben-
zidene (DAB) chromogen for 10 minutes. Finally, the slides
were stained with hematoxylin and dried for xylene prepara-
tion. Insulin was quantified through ImageJ® image process-
ing program.

(5) Heart Histology. Hearts were harvested for histological
evaluation of potential fibrosis and tissue disorganization. The
hearts were fixed in 10% formaldehyde overnight, embedded
in paraffin, and maintained in 70% ethanol until sliced. The
hearts were sliced, with cross sections about 4μm thick, using
a microtome. The staining with H&E and Picro Sirius Red
(PSR) was performed according to standard histological
processing. PSR stained sections were used to quantify the
collagen area using the ImageJ image processing program,
following software instructions. The fractal dimension was
accessed using H&E stained sections. Three random sections
from each animal were photographed through a 20x objective
lens, using a light microscope (Leica, Germany).

(6) Fractal Dimension Analysis. To quantify the heart nucleus
disorganization, H&E stained sections were analyzed using
the fractal dimension methodology based on Pacagnelli
et al.’s description [22]. Using the ImageJ software, the
images of the slides with the heart tissue were binarized,
and the fractal dimension was estimated by using a tool that
quantifies pixel distribution in the binarized images; this tool,
“Fractal box-count,” is capable of generating a fractal dimen-
sion value (D), which ranges from 0 to 2. A value close to 2
represents more pixel disorganization.

2.5. Statistical Analysis. For normally distributed data, the
analyses were performed using two-way ANOVA followed
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Figure 1: Dose-response profile of Yacon leaves. The animals
were randomly assigned to one of three groups: Y25, Y50, and
Y100 (25, 50, and 100mg/kg body weight/day of Yacon extract
constituted in 1mL of 0.9% saline, resp.). Diabetes mellitus was
induced by one i.p. administration of streptozotocin (STZ;
40mg/body weight), and the animals received HEYL for gavage
for 15 days after the establishment of the diabetic condition
and glycemia was measured at day 7 (7th d) and day 15 (15th
d). C: controls; C +Y: controls treated with Yacon leaf extract;
DM: diabetic controls; and DM+Y: diabetic rats treated with
Yacon. The data are represented as the median. Statistical
analysis was performed using the generalized linear model and
one-way analysis of variance test. Significant values are
represented by P < 0 05. ∗Versus Y25; #versus Y50.
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by the nonparametric test. For scoring islet damage, the lin-
ear model for a binomial distribution with a logistic link
was used, followed by the multiple Wald comparison test
for islet size and architecture. Statistical tests were performed
using SAS for Windows, v. 9.3. Statistical significance was
considered when P < 0 05.

3. Results

3.1. Yacon Treatment Improves Dysmetabolism in Diabetic
Condition. After 30 d of treatment with 100mg/kg body
weight/d—based on a dose-response pilot study (Figure 1),
YLE promoted a significant reduction of glycemia at 63.39%
in the DM+Y group when compared to the untreated group,
whereas it increased the insulin concentration by 49.30% in
the treated group (Table 1). Additionally, Yacon treatment
decreased the serum TG and NEFA contents (DM versus
DM+Y) by 0.39- and 0.43-fold, respectively (Table 1). On
the other hand, treatment with Yacon increased the TG
content in the control group when compared to the untreated
control group.

3.2. Yacon Treatment Ameliorates Oxidative Stress Markers
in Heart Tissue. To investigate the effect of Yacon treat-
ment in redox status response in the heart of diabetic ani-
mals, markers of antioxidant defense and oxidative stress
were measured. The antioxidant defense enzymes catalase,
glutathione peroxidase, and superoxide dismutase levels
were significantly decreased in the DM group compared
with the control group, and increased in diabetic animals
treated with Yacon compared to untreated diabetic ani-
mals (Figures 2(a)–2(c)). In an opposite manner, the oxi-
dative stress marker (malondialdehyde) level was
increased in the DM group compared to the control group
and decreased in diabetic animals treated with Yacon
when compared with the DM group. We also verified an
increase in this marker in the control group treated with
Yacon when compared to the untreated control group
(Figure 2(d)).

3.3. Yacon Treatment Reduces Pancreas Severe Phenotype and
Increases Insulin Production. To analyze the effect of the
treatment on the Langerhans islet size and architecture, we
used a linear model for binomial distribution with a logistic
link followed by the multiple comparison Wald test. For the

analysis of the islet number, the results showed that the
DM group presented fewer islets with a normal size com-
pared to the control group, and the treatment with Yacon
(DM+Y) increased the number of islets with a normal size
(Figure 3(b)). For the slight, moderate, and severe alterations,
the DM group showed an increase in islets with these charac-
teristics, whereas the treatment seems to prevent these alter-
ations in the diabetic group (Figure 3(b)). Moreover, the
architecture analysis showed a reduction in the number of
islets with a normal architecture. Notably, we verified a
higher number of islets with an altered architecture (moder-
ate and severe) in DMwhen compared to DM+Y, suggesting
that the treatment with Yacon could alleviate the islet archi-
tecture deterioration in the diabetic condition. No moderate
or severe changes were observed in the control group
(Figure 3(b)). The description of the results for the islet
staging criteria are exposed in Table S1 and Figure S1
(Supplementary Materials).

3.4. Yacon Decreases Fibrosis and Nuclear Disorganization in
the Heart of Diabetic Rats. To verify the effect of the treat-
ment in diabetic heart fibrosis, we analyzed histological
sections stained with PSR, which is responsible for colla-
gen staining. Animals belonging to the untreated diabetic
group present an increased collagen area in the extracellu-
lar matrix compared to that of the control group. Further-
more, the diabetic rats treated with Yacon showed a
decrease in fibrosis accumulation compared to the rats of
the DM group (Figures 4(a) and 4(c)). Moreover, we ana-
lyzed heart tissue organization by assessing the fractal
dimension of nucleus localization using histological sec-
tions stained with H&E. Fractal analysis showed that the
nucleus disorganization in diabetics is worse than that in
the control. Additionally, the treatment with Yacon was
able to reverse the nuclear disorganization in diabetics
(Figures 4(b) and 4(d)). These data indicate the beneficial
effect of Yacon in reducing heart extracellular matrix
fibrosis in the diabetic condition and the potential to ame-
liorate heart tissue disorganization.

4. Discussion

It is known that the hyperglycemia that occurs in diabetes
is a major cause of diabetic complications. Since the STZ
model of diabetes induction causes the destruction of

Table 1: Serum biochemical and hormonal outcomes.

Outcomes
Groups

C C+Y DM DM+Y

Initial glycemia (mg/dL) 128± 14.75 119.6± 14.76 416.11± 15.55∗ 395.33± 19.05#

Final glycemia (mg/dL) 94± 17.90 88.66± 18.87 299.75± 20.02∗ 109.71± 19.46†

Insulin (pmol/L) 32.25± 2.45 30.87± 2.60 20.24± 3.30∗ 30.22± 3.01†

TG (mg/dL) 54.74± 3.26 71.53± 3.64∗ 89.77± 3.89∗ 64.42± 4.21†

NEFA (mEq/L) 0.34± 0.03 0.38± 0.03 0.43± 0.03 0.30± 0.03†

The data are represented as the mean ± SEM. Statistical analysis was performed using the generalized linear model and two-way analysis of variance test
complemented with a nonparametric test. Significant values are represented by P < 0 05. ∗Versus C; #versus C + Y; †versus DM; C: controls; C + Y: controls
treated with Yacon leaf extract; DM: diabetic controls; DM+Y: diabetic rats treated with Yacon; TG: triacylglycerol; NEFA: nonesterified fatty acid.
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pancreatic β-cells, simulating the physiopathological pro-
cess of the disease, it generates a deficiency in insulin bio-
synthesis and secretion and, consequently, an increase in
serum glycemia content since it becomes unavailable to
insulin-sensitive tissue. In the present study, diabetic ani-
mals underwent a hyperglycemic condition after 7 d of
STZ administration (Table 1). This condition can be better
visualized based on the histological analyses where the DM
group presented a deterioration of the architecture and
size of the islets (Figures 3(a) and 3(b)) and a decrease
in insulin production (Figures 3(c) and 3(d)). Additionally,
under these conditions, the breakdown of the structural
protein and lipolysis is increased, promoting weight loss
and an increase of circulating lipids (e.g., triacylglycerol
and fatty acid) [3]. Concomitantly, the serum levels of
NEFA were enhanced in the DM group (Table 1); this
represents an increase in the availability of NEFA to the
heart for energy generation since the cardiac tissue (insu-
lin dependent) does not utilize glucose adequately as an
energy source under a diabetic condition [23]. An increase
in myocardial fatty acid uptake and oxidation has been
described in humans with both type 1 and type 2 diabetes,
as well as in many animal models [24]. Elevated circulating
glucose [25] and free fatty acid [26, 27] have been shown to
possess an important role in the complications of both type
1 and type 2 diabetes. On the other hand, the treated diabetic
group presented a decrease in serum glucose and circulating
lipids. This can be attributed to an improvement of the glyce-
mic control, suggesting a greater peripheral utilization of
glucose and the maintenance of the adipose and muscle
tissues. These biochemical and hormonal improvements are

potentially linked to the preservation and/or regeneration of
the remaining pancreatic islets that were partially destroyed
by STZ and, consequently, the potentiation of the insulin
secretion from the protected/regenerated β-cells [28, 29]. In
agreement with our data, some authors demonstrated that
the hydroethanolic extract of Yacon leaves significantly
reduced glucose levels in diabetic rats and in genetically type
2 diabetic mice [11, 30, 31]; in parallel, Honoré et al. [32]
and Habib et al. [33], respectively, demonstrated that immu-
nofluorescent staining of the pancreatic tissues in a diabetic
animal presented a decrease of insulin density whereas dia-
betic rats treated with a Yacon leaf decoction or Yacon root
flour showed strong insulin immunostaining.

In summary, there is extensive evidence that the hyper-
glycemia established in the diabetic condition is associated
with the generation of reactive oxygen species (ROS) and a
weakening of the antioxidant defense, resulting in enhanced
oxidative stress [13, 34]. Indeed, the activity of several antiox-
idant enzymes is decreased in the diabetic heart in both rats
and humans [13, 35, 36]. Here, we have demonstrated that
the activity of the antioxidant enzymes catalase, superoxide
dismutase, and glutathione peroxidase is decreased in the
diabetic group and MDA concentration is elevated in cardiac
tissue (Figures 2(a)–2(d)), indicating an oxidative stress pro-
cess. These enzymes are regarded as the first line of the anti-
oxidant defense system and work together to diminish ROS
generation during oxidative stress [37]. The deleterious
effects of oxidative stress in the diabetic heart are well estab-
lished, including cell death and cardiac fibrosis [38–40]. Car-
diac fibrosis is a major feature of diabetic cardiomyopathy
[41]. Diabetic cardiomyopathy is defined as a ventricular
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Figure 2: Redox state markers. (a) Catalase; (b) glutathione peroxidase; (c) superoxide dismutase activities; and (d) malondialdehyde
concentration in the cardiac tissue. The data are represented as the mean± SEM. Significance were represented by P values.
C: controls; C +Y: controls treated with Yacon leaf extract; DM: diabetic controls; DM+Y: diabetic rats treated with Yacon.
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dysfunction that occurs in diabetic patients not related to
another cause (e.g., hypertension or coronary artery disease)
[4, 42]. Somaratne et al. [43] reported that 56% of diabetic
patients had diabetic cardiomyopathy. Although the etiology
of the diabetic cardiomyopathy is not yet completely under-
stood, the pathophysiology of this condition is believed to

be multifactorial. Existing evidence suggests that persistent
hyperglycemia-induced oxidative stress is an important
contributor to it [14, 15]. In this condition, an excessive pro-
duction of the extracellular matrix protein leads to an
increased myocardial hardness and consequent cardiac dys-
function and, consequently, resulting in cardiac failure [44].
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Figure 3: Pancreatic histology, pathologic scoring, and immunohistochemistry analysis. (a) Pancreas histological sections stained with
hematoxylin and eosin. (b) Pancreas scoring among groups using architecture and islet size as parameters. (c) Histological analysis of the
pancreas by immunohistochemistry for insulin. (d) Quantitative analysis of the positive area for insulin in the pancreatic islets quantified
using the imaging software ImageJ. Original magnification, ×20. Scale bars, 50μm. The data represent the mean± standard deviation.
Statistical analysis was performed using the generalized linear model and two-way analysis of variance test complemented with a
nonparametric test for the insulin-positive area or the generalized linear model (binomial) followed by the Wald test for scoring analysis.
Significance were represented by P values. C: controls; C +Y: controls treated with Yacon leaf extract; DM: diabetic controls;
DM+Y: diabetic rats treated with Yacon; H&E: hematoxylin and eosin.
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Concomitantly, our data indicate that the diabetic condition
leads to an increase of collagen deposit and nuclear disorga-
nization in cardiac tissue (Figures 4(a)–4(d)). Diabetic
patients have a 2- to 5-fold increased risk of developing heart
failure, one of the greatest contributors to morbidity and
mortality [45]. Here we have also showed an increase of oxi-
dative stress in the heart of the untreated DM group, whereas
the Yacon treatment promoted a decrease of the oxidative
stress marker and an increase of the antioxidant enzyme
activity. We have previously demonstrated the antioxidant

activity of Yacon leaves in the soleus muscle, potentially
due to the presence of several antioxidant compounds in
the extract [13]. Additionally, phytochemical studies of
Yacon leaves showed the presence of high-polarity antiox-
idant compounds such as caffeic, chlorogenic, and three
dicaffeoylquinic acids [46]. It is known that compounds
such as phenolic acids, polyphenols, and flavonoids can
scavenge free radicals such as peroxide, hydroperoxide,
or lipid peroxyl and thus inhibit the oxidative mechanisms
that lead to diabetes complications. So, since oxidative
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Figure 4: Extracellular matrix collagen area and nuclear disorganization in the cardiac tissue. (a) Heart histological sections of control,
diabetic, and treated animals stained with Picro Sirius Red to access extracellular matrix fibrosis. (b) Histological sections of the heart
stained with hematoxylin and eosin and the corresponding images after binarization of each group. Original magnification, ×20. Scale bars,
50μm. (c) Quantitative analysis of the collagen area in the PSR-stained sections. (d) Fractal dimension quantified by imaging software
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and third quartiles and the median, minimum, and maximum. Statistical analysis was performed using the two-way analysis of variance test
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stress is related to the cardiac remodeling and fibrosis
through several mechanisms [38, 39, 47], this could be
the mechanism by which DM+Y presented an improve-
ment of the cardiac alterations mentioned above. Given
the fundamental role of oxidative stress in the pathogene-
sis of diabetes and diabetic cardiomyopathy, there is grow-
ing interest in the use of antioxidants as a complementary
therapeutic approach to prevent/treat these conditions.
Numerous studies demonstrated that ameliorating oxidative
stress through antioxidant treatment might be an effective
strategy for reducing diabetic cardiomyopathy [48, 49].

The important findings of this study are the cardio-
and pancreatic protective effects of Yacon treatment in
experimental STZ-induced diabetic cardiomyopathy and
pancreatic islet dysfunction in terms of the preservation
of the Langerhans islet architecture and insulin production
as well as an inhibition of collagen content accumulation
and enhancement of antioxidant enzyme activities in car-
diac tissue. Summarizing, our results demonstrated that
STZ administration successfully induced diabetes and dia-
betic cardiomyopathy as indicated by the fractal analysis,
indicating cellular disorganization, as well as an increase
in collagen deposition in heart tissue and a decrease of
insulin production and preservation of the architecture
of the pancreatic β-cells. Interestingly, these cardiac and
pancreatic abnormalities were improved by the adminis-
tration of the Yacon extract. Furthermore, exploring the
potential therapeutic effects of plants and herbal medi-
cine could contribute to the detection of new targets
and treatments. Our findings, even as a basic research
model, provide information that can guide future studies
aimed at elucidating new therapeutic alternatives for
diabetic complications.
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Methotrexate is an antimetabolic drug with a myriad of serious side effects including nephrotoxicity, which presumably occurs due
to oxidative tissue damage. Here, we evaluated the potential protective effect of lycopene, a potent antioxidant carotenoid, given in
two different pharmaceutical forms in methotrexate-induced kidney damage in rats. Serum biochemical (urea and creatinine) and
tissue oxidative damage markers and histopathological kidney changes were evaluated after systemic administration of both
lycopene dissolved in corn oil and lycopene encapsulated in nanoliposomes. Similar to previous studies, single dose of
methotrexate induced severe functional and morphological alterations of kidneys with cell desquamation, tubular vacuolation,
and focal necrosis, which were followed by serum urea and creatinine increase and disturbances of tissue antioxidant status.
Application of both forms of lycopene concomitantly with methotrexate ameliorated changes in serum urea and creatinine and
oxidative damage markers and markedly reversed structural changes of kidney tissue. Moreover, animals that received lycopene
in nanoliposome-encapsulated form showed higher degree of recovery than those treated with free lycopene form. The findings
of this study indicate that treatment with nanoliposome-encapsulated lycopene comparing to lycopene in standard vehicle has
an advantage as it more efficiently reduces methotrexate-induced kidney dysfunction.

1. Introduction

Methotrexate (MTX) is antimetabolic drug which is often
used for the treatment of several autoimmune disorders such
as rheumatoid arthritis, psoriasis, and various malignant
tumors including lymphoblastic leukemia, lymphoma, osteo-
sarcoma, breast cancer, and head and neck cancer [1]. Clini-
cal use of MTX is limited due to its side effects that include
bone marrow suppression, hepatotoxicity, nephrotoxicity,
pulmonary fibrosis, and gastrointestinal mucosal damage.

Since MTX is primarily excreted by kidneys [2], severity of
nephrotoxicity depends on both the dose and frequency of
MTX administration [3]. Similar to other agents with neph-
rotoxic effect, MTX-induced renal impairment is clinically
followed by hematuria and increased levels of serum creati-
nine and urea in humans. These effects can be faithfully
reproduced in experimental animals after single dose of
MTX [4, 5].

Lycopene, a red-colored carotenoid, found mainly in
tomatoes but also in other fruits and vegetables (watermelons,
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Momordica cochinchinensis, Spreng fruit, papayas, etc.),
possesses a strong antioxidant activity. It protects cells against
damage caused by free radicals with its reactive oxygen species
(ROS) scavenging properties [6, 7]. It is proven to be more
potent than similar antioxidants, like β-carotene and vitamin
E [6, 8], largely due to its several conjugated double bonds.
Besides the numerous beneficial properties (anti-inflamma-
tory, anticancer, etc.), investigations revealed that lycopene
has protective effect in animalmodels of nephrotoxicity [8, 9].

Nanoliposomes are bilayer lipid vesicles which can be
encapsulated with various bioactive agents including
medicaments, pharmaceuticals, nutritional supplements,
antioxidants, polynucleotides, and polypeptides [10]. Nanoli-
posomes have the potential to increase solubility and
bioavailability, in vitro and in vivo stability, improve time-
controlled drug releasing, minimize concentrations required
for optimum therapeutic efficacy, enable cell-specific target-
ing, and decrease adverse effects of drugs on healthy cells
and tissues [11, 12]. In the case of lycopene, formulation with
nanoliposomes could prevent its rapid interaction with
highly reactive compounds, like plasma proteins or metal
ions, allowing it to reach the targeted damaged tissue. More-
over, using nanoliposomes as carriers to incorporate
lycopene into membranes might be an initial step in cell
prevention as it is proposed that damage of cell membrane
by ROS causes the onset of number of pathological events
leading to oxidative injury [13].

Since, to the best of our knowledge, no study exists which
shows potential of using lycopene in this new pharmaceutical
formulation to treat drug-induced tissue injury, we aimed at
evaluating characteristics of the nanoliposome encapsulation
and efficacy of this preparation in preventing/ameliorating
methotrexate-induced kidney injury. To achieve this, we first
measured in vitro properties of encapsulated lycopene and
then compared its efficacy with free form lycopene through
the evaluation of changes in serum and tissue oxidative
stress markers and quantification of kidney tissue damages
induced by MTX.

2. Materials and Methods

2.1. Drugs and Chemicals. Methotrexate was obtained from
EBEWE Pharma (Ges.m.b.H.NFG.KG, Austria), while keta-
mine (Ketamidor 10%) was purchased from Richter Pharma
(AG, Wels, Austria). Lycopene was purchased from Sigma-
Aldrich (St. Louis, USA) and all other used chemicals were
obtained from either Sigma-Aldrich (St. Louis, USA) or Carl
Roth (Karlsruhe, Germany).

2.2. Experimental Protocol In Vitro

2.2.1. Nanoliposomes Encapsulation with Lycopene. The 10%
solution of phospholipid nanoparticles, in a form of
nanospheres, purchased from Nattermann Phospholipids
(Germany), was encapsulated by lycopene at the concentra-
tion of 4mg/ml. Encapsulated nanoparticles were isolated
by centrifugation at 6500g for 30min at 4°C according to
the method of Kocic et al. [13].

2.2.2. Efficacy of Lycopene Encapsulation. The efficacy of
encapsulation was determined based on a method previously
described in great detail [14]. Briefly, after mixing the
lycopene-loaded liposomes and petroleum ether (3ml), the
mixture was further vortexed for 3min followed by a centrifu-
gation (2000 rpm, 5min). The upper layer was separated and
its absorbance was measured at 470nm (V-1800 Shimadzu
spectrophotometer). The encapsulation efficacy (%) was
calculated as (amount of incorporated lycopene)/(initial
amount of added lycopene)× 100.

2.2.3. Sustained Release of Encapsulated Lycopene. The mix-
ture of lycopene nanoparticles with phosphate buffer saline
was incubated at 37°C for 24 h from which the aliquots were
taken in order to measure the release of lycopene from nano-
liposomes. At the defined time points (0, 1, 2, 4, 8, 12, and
24 h), the aliquots were taken and diluted in petroleum ether
in order to measure their absorbance at 470nm and quantify
the amount of free lycopene present. The content of lycopene
was calculated using a standard curve.

2.2.4. pH Dependent Stability of Encapsulated Lycopene. The
stability of free and encapsulated lycopene in different pH
buffers (6.5, 7.4, 8.0, and 9.0) was studied following previ-
ously described method [15]. The mixture containing either
free or encapsulated lycopene and buffer solution with differ-
ent pH values (1 : 10, v/v) was incubated at 37°C, from which
the aliquots were taken after 0, 20, 40, 60, 120, and 180
minutes. The residual rate of lycopene present in the mixture
at designated time point was determined spectrophotometri-
cally at 470nm using a standard curve for lycopene. Residual
rate is the residual amount of lycopene expressed in percent-
ages in relation to the initial amount of lycopene.

2.2.5. Metal Ion Chelating Properties of Encapsulated
Lycopene. The stability of formed lycopene nanoliposomes
in the presence of different metal ions (K+, Ca2+, Mg2+,
Al3+, or Cu2+) was evaluated according to the method
described by Chen et al. [15]. The free/encapsulated lycopene
was incubated with 1mmol/l of metal solution for 2 h at 37°C.
After the incubation period, the mixture was centrifuged in
order to separate the formed lycopene-metal chelate. The
obtained supernatant was mixed with petroleum ether, and
the absorbance of the solution was measured at 470 nm in
order to determine the residual rate of lycopene, where resid-
ual rate is the residual amount of lycopene expressed in
percentages in relation to the initial amount of lycopene.

2.2.6. Susceptibility of Encapsulated Lycopene to H2O2. After
centrifugated nanoparticles were resuspended and both lyco-
pene encapsulated and native nanoparticles as well as free
lycopene were exposed to H2O2 for 30min at 37°C [13].
The intensity of lipid peroxidation was determined using col-
orimetric method that involves thiobarbituric acid as a
reagent [16].

2.3. Experimental Protocol In Vivo

2.3.1. Animals and Housing. Forty-eight male Wistar rats
(200–250 g) were divided into 8 groups of 6 animals and
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maintained under standard laboratory conditions at the
Vivarium of the Institute of Biomedical Research, Medical
Faculty, Niš, Serbia. Laboratory was kept under standard
temperature (22°C) and humidity (60%), with equal duration
of light/dark cycle. During the entire experiment, animals had
free access to food andwater. All experiments were conducted
at the Institute of Biomedical Research, Medical Faculty, Niš,
Serbia, and are in accordance with all ethical regulations of
European Union (EU Directive of 2010; 2010/63/EU) and
Republic of Serbia (332-07-00073/2017-05/1).

2.3.2. Animal Treatment. Treatment protocol included 8
groups of 6 rats treated daily by an intraperitoneal injection
(i.p.), as following:

(i) Control (C) group: the animals were given corn oil
(0.2ml/day) for 10 days.

(ii) Nanoliposomes (NL) group: the animals were
given empty nanoliposomes (10ml/kg) for 10 days.

(iii) Lycopene (LYC) group: the animals were given
lycopene dissolved in corn oil (6mg/kg) for 10 days.

(iv) Encapsulated nanoliposomes (ENL) group: the ani-
mals were given encapsulated lycopene (6mg/kg)
for 10 days.

(v) Methotrexate (MTX) group: the animals were
given MTX (20mg/kg) at day 1 and corn oil
(0.2ml/day) for 10 days.

(vi) Methotrexate-nanoliposomes (MTX-NL) group:
the animals were given MTX (20mg/kg) at day 1
and empty nanoliposomes (10ml/kg) for 10 days.

(vii) Methotrexate-lycopene (MTX-LYC) group: the
animals were given MTX (20mg/kg) at day 1 and
lycopene dissolved in corn oil (6mg/kg) for 10 days.

(viii) Methotrexate-encapsulated nanoliposomes (MTX-
ENL) group: the animals were given MTX
(20mg/kg) at day 1 and encapsulated lycopene
(6mg/kg) for 10 days.

Twenty-four hours after administration of the last dose,
all animals were sacrificed by ketamine overdose. For bio-
chemical analysis, blood was taken from the aorta and the
kidneys were removed postmortem for tissue biochemical
(frozen and stored at −80°C) and histopathological (fixated
in 10% buffered formalin) studies. Kidney tissue homogenate
(10% w/v) was made in ice-cold distilled water and was
centrifugated at 14000 rpm for 10min (at 4°C) in order to
obtain clear supernatant for further analysis.

2.4. Biochemical Analysis

2.4.1. Serum Biochemical Parameters Estimation. The
collected blood was allowed to clot at room temperature
and afterwards centrifugated in order to obtain serum.
Kidney functional state was estimated using serum creatinine
and urea levels that were assayed by Olympus AU680®
Chemistry-Immuno Analyzer.

2.4.2. Determination of Protein Concentration. Protein
concentration in kidney tissue homogenates was measured
according to Lowry’s method, using bovine serum as stan-
dard, as described previously [17].

2.4.3. Malondialdehyde Levels Determination. The determi-
nation of the extent of tissue lipid peroxidation was based
on the amount of formed malondialdehyde (MDA) esti-
mated by a spectrophotometric method (532nm), Multiskan
Ascent (Labsystems, Finland) using thiobarbituric acid
reaction [16]. The amount of tissue MDA was expressed as
nmol/mg of kidney tissue proteins.

2.4.4. Catalase Activity Determination. Tissue catalase (CAT)
activity was determined using hydrogen peroxide (H2O2) as
substrate, where after the incubation period the reaction
was stopped by the addition of ammonium molybdate [18].
The absorbance of the reaction was measured at 405nm
and the results were expressed as IU/mg of proteins.

2.4.5. Advanced Oxidized Proteins Determination. The con-
centration of advanced oxidized proteins products (AOPP)
in renal tissue homogenates was determined by a spectro-
photometric method previously described in detail [17].
The method is based on the reaction of AOPP with potas-
sium iodide (KI) in an acidic medium. The intensity of the
reaction was measured immediately at 340 nm, and the con-
centrations of AOPP were expressed as μmol/mg of proteins.

2.4.6. Myeloperoxidase Activity Determination.Myeloperoxi-
dase (MPO) activity was determined in kidney tissue homog-
enates using o-phenylenediamine activated with H2O2 as
described previously [19]. Shortly after the incubation, the
reaction was stopped with H2SO4 solution, and optical densi-
ties (OD) were determined at 540nm using a microplate
reader. The results are expressed as OD/mg of proteins.

2.4.7. Tissue Nitrite Concentration Determination. The con-
centration of nitrites present in tissue homogenates was mea-
sured using a Griess reagent [20]. The mixture consisting of
tissue homogenate and Griess reagent was incubated at room
temperature for 10min, and the absorbance of each sample
was measured at 540nm using a microplate reader. The
nitrite concentrations were calculated using a standard curve
of sodium nitrite.

2.5. Histopathological Analysis. After fixation of kidney
samples in buffered formaldehyde solution (10%, w/v), the
tissues were routinely processed and embedded in paraffin.
Embedded tissue was cut into 4-5μm thick sections, stained
with hematoxylin and eosin (H&E) and periodic acid-Schiff
(PAS) as described previously [21] and analyzed using
Olympus BH2 light microscope. The extent of kidney tissue
damage was evaluated based on morphological changes in
sections stained with H&E. The PAS staining allowed a better
insight into glomerular and tubular structures appearance
and the detection of PAS-positive tubular casts. Semiquanti-
tative scoring system for tubular, interstitial, and glomerular
changes was used in order to evaluate the extent of kidney
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tissue damage. The evaluation criteria were as follows: none
(—), mild (+), moderate (++), and severe (+++) [22].

2.6. Statistical Analysis. The results were expressed as the
mean values± standard deviation (SD). One-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test for
multiple comparisons (GraphPad Prism version 5.03, San
Diego, CA, USA) was used for the determination of statisti-
cally significant differences. Probability values (p)≤ 0.05 were
considered to be statistically significant.

3. Results

3.1. Efficacy of Lycopene Encapsulation. The efficacy of
encapsulation was 71.9%.

3.2. Evaluation of Encapsulated Lycopene Stability

3.2.1. Sustained Release of Encapsulated Lycopene and
Susceptibility of Encapsulated Lycopene to H2O2. The lyco-
pene sustained release curve showed linear growth over 8 h
period and stabilization around 12 h, where only 5% of lyco-
pene was released from the nanoliposomes after 2 h and
about 50% after 12h period (Figure 1(a)).

The determined MDA levels after incubation of free
lycopene, empty nanoliposomes, and lycopene nanolipo-
somes with H2O2 showed that encapsulation of lycopene
increases its antioxidant capacity (Figure 1(b)). Lycopene
nanoliposomes showed enhanced antioxidant activity,
where the concentrations of MDA were significantly
decreased in the aliquots of encapsulated nanoliposomes
compared to the free lycopene (p < 0 01) and empty nano-
liposomes (p < 0 001) (Figure 1(b)).

3.2.2. pH Dependent Stability of Encapsulated Lycopene. The
degradation of lycopene (both free and encapsulated) was
the slowest in low pH solutions (6.4 and 7.4) where after
180min the residual rate of encapsulated lycopene was more
than 50% (Table 1). The rapid degradation of free lycopene
was observed particularly in solution with pH9, where resid-
ual rate of lycopene after 20min was 10.4± 0.1% and after
180min 4.1± 0.1%. The degradation of encapsulated lyco-
pene in nanoliposomes was slow, and in the first 60min,
the residual rate of lycopene was very high, for example,
60min after incubation in solution with pH9 approximately
62% of lycopene remained (Table 1).

3.2.3. Metal Ion Chelating Properties of Encapsulated
Lycopene. As shown in Table 2, all metals were chelated
more intensively with free lycopene compared to the
encapsulated one. The lycopene residual rate in mixtures
of K+, Ca2+, Mg2+, Al3+, and Cu2+ ions and free/encapsu-
lated lycopene was around 35/45, 38/51, 24/38, 24/36, and
33/48%, respectively (Table 2).

3.3. In Vivo Evaluation of Free and Encapsulated Lycopene
Nephroprotective Activity

3.3.1. Serum Biochemical Parameters Estimation. Serum
levels of creatinine and urea were statistically significantly
increased in animals treated with MTX (Figure 2). The

increase in serum levels of these two parameters, especially
the levels of urea, following MTX injection, was statistically
significantly decreased (p < 0 001 compared to MTX-
treated group) with the application of lycopene and encapsu-
lated lycopene (Figure 2). Levels of creatinine and urea were
statistically significantly decreased in MTX-ENL group
compared to MTX-LYC (p < 0 001) (Figure 2).

3.3.2. Histopathological Analysis. Kidney sections of C, NL,
LYC, and ENL groups demonstrated normal morphology of
rat kidney, with no pathologic findings in glomeruli, tubules,
and interstitium (Figures 3(a)–3(d), Table 3). Group of ani-
mals treated with MTX showed marked histological damage
of renal cortex where the epithelium of proximal tubules
showed severe vacuolation and desquamation, with focal
tubular necrosis and apoptotic body formation (Figure 3(e),
Table 3). In the same group of animals, cast formation was
observed in significant proportion of kidney tubules.
Glomeruli displayed mild degeneration and edema, with
narrowed Bowman’s space. There was a significant conges-
tion in glomerular and peritubular capillaries, with mild to
moderate interstitial inflammatory infiltrate. In MTX-NL
group, micromorphologic changes similar to the MTX group
were found (Figure 3(f), Table 3). In the kidneys of animals
treated with lycopene after a single dose of MTX, only
moderate tubular degeneration, with less prominent vacuola-
tion and desquamation of epithelial cells, was visible
(Figure 3(g), Table 3). Tubular cell necrosis was scarce and
only occasional tubular casts could be seen. Glomeruli were
slightly edematous in appearance, and in interstitium, only
mild congestion and with the presence of few inflammatory
cells were detected (Figure 3(g), Table 3). In the MTX-ENL
group, tubular damage was mildly expressed, with rare small
tubular casts (Figure 3(h), Table 3). Glomerular degeneration
was not present and the architecture of glomeruli and
Bowman’s space was well preserved. Interstitial edema and
inflammation were unremarkable (Figure 3(h), Table 3).

PAS-positive epithelial surface, which could be related to
microvilli, with thin and well-defined basement membranes
of glomerular capillaries and renal tubules, could be seen in
the kidney sections of C, NL, LYC, and ENL group of animals
(Figures 4(a)–4(d)). In the MTX and MTX-NL groups, loss
of brush border in themajority of proximal tubule epithelium,
as well as prominent PAS-positive tubular casts, was found
(Figures 4(e) and 4(f), Table 3). Several glomeruli matrix
expansionwas observed as well (Figures 4(e) and 4(f)). Simul-
taneous treatmentwithMTXand free lycopene showed signif-
icant attenuation of noticeable changes,with less deterioration
in brush border and only occasional PAS-positive tubular
casts. In the MTX-ENL group, epithelial surface structures
were predominantly preserved from MTX toxic damage.
Fine tubular brush border and membrane structures were
found, and there were no significant changes of glomerular
morphology (Figures 4(g) and 4(h), Table 3).

3.3.3. Catalase Activity Determination.Methotrexate applica-
tion to rats produced a statistically significant decrease in
CAT activity in kidney tissue homogenates (p < 0 001)
(Table 4). The decrease in CAT activity following MTX
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application was prevented by a prolonged application of both
free and encapsulated lycopene (Table 4). The encapsulation
of lycopene was found to statistically significantly (p < 0 001)
enhance the activity of lycopene (Table 4).

3.3.4. Myeloperoxidase Activity Determination. Application
of MTX statistically significantly increases MPO activity
in kidney tissue compared to the control group of animals
(p < 0 001) (Table 4). The activity of MPO in the kidneys
of animals from MTX-LYC and MTX-ENL groups was
statically significantly decreased compared to the MTX-
treated animals (p < 0 001) (Table 4).

3.3.5. Advanced Oxidized Protein Determination. The extent
of protein oxidation in kidney tissues of rats treated with
MTX was statistically significantly increased compared to

the control group (p < 0 001) (Table 4). Ten days of animal
treatment, following methotrexate injection, with free or
encapsulated lycopene, statistically significantly decreased
AOPP formation in the kidneys (p < 0 001) (Table 4). The
encapsulated lycopene treatment that followed MTX admin-
istration completely abolished the formation of AOPP (no
statistically significant difference between this group and
control group of animals).

3.3.6. Tissue Nitrite Concentration Determination. Applica-
tion of a single dose of MTX to rats caused a statistically
significant increase in renal tissue nitric oxide (NO) concen-
tration, compared to control animals (Table 4). This increase
was ameliorated by both free and encapsulated lycopene
(Table 4), where the effect of the encapsulated lycopene was
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Figure 1: Encapsulated lycopene sustained release curve (a) and MDA levels (b) after exposure of free lycopene, empty nanoliposomes, and
encapsulated lycopene nanoliposomes to oxidative damage by incubation with H2O2. Data are presented as mean value± SD. Ap < 0 05 versus
empty nanoliposomes; Bp < 0 01 versus lycopene nanoliposomes; Cp < 0 001 versus empty nanoliposomes.

Table 1: Stability of lycopene nanoliposomes in solutions with different pH values.

pH value Samples
Residual rate (%) at different time points (minutes)

0 20 40 60 120 180

6.4
Free lycopene 62.2± 0.6 42.4± 1.3 36.4± 1.8 33.9± 0.9 19.9± 1.1 9.0± 0.6

Lycopene nanoliposomes 97.4± 0.3 88.4± 1.1 75.5± 0.3 75.0± 0.5 68.4± 1.4 58.2± 0.4

7.4
Free lycopene 75.15± 0.03 32.3± 0.6 22.8± 0.9 22.1± 1.6 16.1± 0. 8 4.2± 0.3

Lycopene nanoliposomes 100± 0.0 74.2± 1.7 60.2± 1.9 59.6± 0.4 58.6± 0.9 53.9± 0.0

8
Free lycopene 66.4± 0.0 32.1± 1.6 25.1± 0.9 22.0± 0.6 9.5± 0.7 3.6± 0.3

Lycopene nanoliposomes 100± 0.00 57.6± 0.1 53.8± 0.6 52.9± 0.1 45.5± 1.48 44.4± 0.2

9
Free lycopene 49.6± 0.141 10.4± 0.1 10.12± 0.2 6.5± 0.2 5.65± 0.2 4.1± 0.1

Lycopene nanoliposomes 100± 0.00 94.9± 1.4 87.2± 1.1 62.1± 0.1 23.2± 1.5 20.9± 0.177
Data are presented as mean percentage values ± SD.

Table 2: Stability of lycopene nanoliposomes against metal ions.

Metal ions K+ Ca2+ Mg2+ Al3+ Cu2+

Free lycopene (lycopene residual rate %) 34.75± 1.22 38.5± 1.64 24.25± 0.7 23.75± 0.66 33.25± 1.05
Lycopene nanoliposomes (lycopene residual rate %) 45.3± 2.21 51.22± 2.89 38.33± 1.69 36.24± 1.21 48.1± 2.07
Data are presented as mean value ± SD.
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statistically significantly higher (p < 0 001) than that of the
free one (Table 4).

3.3.7. Malondialdehyde Level Determination. The applied
dose of MTX produced statistically significant increase in
amount of MDA, compared to the control group (p < 0 001)
(Table 4). These significant changes in MDA products were
less pronounced in animals treated with MTX and lycopene
and even less in MTX and encapsulated lycopene-treated

ones (p < 0 001) (Table 4). Also, there is a statistically
significant difference (p < 0 05) in MDA levels between
groups that received lycopene and encapsulated lycopene
after MTX (Table 4).

4. Discussion

Antioxidants are commonly used as protective agents
in numerous pathological conditions; however, their
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Figure 2: Statistical comparison of serum levels of creatinine (a) and urea (b) between groups of animals after different experimental
treatments. Data are presented as mean± SD, n = 6. Ap < 0 001 versus control group; Bp < 0 001 versus methotrexate group; Cp < 0 001
versus methotrexate-lycopene group.
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Figure 3: Histological evaluation of renal tissue sections stained with H&E (original magnification, 400x). Sections from control (c) group (a),
nanoliposomes (NL) group (b), lycopene (LYC) group (c), and encapsulated nanoliposomes (ENL) group (d) showing normal kidney
morphology; (e) methotrexate (MTX) and (f) methotrexate-empty nanoliposomes (MTX-NL) groups with significant damage of renal
cortex structures that include glomerular degeneration and interstitial inflammatory infiltration (marked with asterisk) with tubule cell
vacuolation and apoptosis and with occasional tubule cast present (marked with arrow); (g) methotrexate-lycopene (MTX-LYC) group
showing significantly milder kidney structure changes and (h) methotrexate-encapsulated nanoliposomes (MTX-ENL) group showing
higher degree of recovery than those treated with free lycopene form.
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application is often limited due to their low bioavailability,
rapid degradation, and delivery of low concentrations to the
target tissues. Encapsulation of antioxidants in nanoparticles
increases their concentration in cells and antioxidant activity.
The initial step, the encapsulation of lycopene, was
performed in order to evaluate both its in vitro antioxidant
activity and in vivo protective properties of this highly reac-
tive carotenoid. The efficacy of lycopene encapsulation was
determined to be 71.9% which is in accordance with previous
investigations (from 60% to 80%) [14]. This range of efficacy
of encapsulation can be explained by the strong lipophilicity
of lycopene molecules, allowing them to be positioned deeply
in bilayer hydrophobic core of nanoliposomes [23]. Our
results showed slow release of lycopene from nanoliposomes

which reflects its good stability and it can be explained by the
fact that lycopene is positioned inside the nanoliposome
bilayer. Good sustained release might reflect the potential
interaction of free lycopene with plasma proteins and could
prolong the presence of lycopene in circulation, allowing it
to reach the target tissue.

Since the lycopene has the ability to quench singlet oxy-
gen, which is related to its double bonds in molecule and
the opening of the β-ionone ring, we examined and com-
pared antioxidant activity of both free and encapsulated lyco-
pene in in vitro oxidative damage model. Lycopene showed
significant antioxidant activity, which is in accordance with
the high reactivity of lycopene with singlet oxygen and free
radicals [24]; however, in the present study, the effect of

Table 3: Semiquantitative histopathological score analysis of renal tissue damage.

Histopathological lesion C NL LYC ENL MTX MTX-NL MTX-LYC MTX-ENL

Tubular changes

Tubular degeneration — — — — +++ +++ ++ +

Tubular cell edema/vacuolation — — — — +++ +++ ++ +

Tubular apoptosis/necrosis — — — — ++ ++ + —

Hyaline intratubular casts — — — — ++ ++ + —

Interstitial changes

Mononuclear cell infiltration — — — — +++ +++ + +

Interstitial swelling — — — — +++ +++ ++ +

Vascular congestion — — — — +++ ++ ++ +

Glomerular changes

Glomerular degeneration — — — — ++ ++ + —

Scoring was done as follows: none (—), mild (+), moderate (++), and severe (+++).

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 4: Light photomicrographs of PAS-stained sections of rat renal cortex showing normal histology of kidney tissue and regular
morphology of microvilli-covered epithelial surface, with thin and well-defined basement membranes in control (c) group (a)
nanoliposomes (NL) group (b), lycopene (LYC) group (c), and encapsulated nanoliposomes (ENL) group (d); significant destruction of
brush border (marked with arrow), and presence of PAS-positive tubular casts (marked with asterisk) in (e) methotrexate (MTX) and (f)
methotrexate-empty nanoliposomes (MTX-NL) group; attenuation of visible changes, with less destruction of brush in rats treated with
methotrexate and lycopene (MTX-LYC group) (g) and almost complete prevention of histopathological alterations in group treated with
methotrexate and encapsulated nanoliposomes (MTX-ENL group) (h). (PAS, original magnification, 400x).
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encapsulated form was more pronounced than the activity of
free lycopene (Figure 1(b)). Our results are similar to those of
Tan et al. [14], where it was showed that lower concentra-
tions of lycopene in nanoliposomes preserved integrity of
liposomal membrane and displayed antioxidant activity in
lipid peroxidation assays. One can say that the antioxidant
activity of lycopene was not only related to its chemical struc-
ture, but also to its incorporation in nanoliposomes, where
the encapsulated lycopene was able to significantly counter-
act H2O2-induced oxidative stress.

It was previously documented that lycopene is rather sta-
ble at low pH values, that is, optimal pH range of lycopene is
3.5–4.5 [24], and that its stability decreases with the increase
in solutions pH. Having that in mind, we examined whether
the encapsulation of lycopene in nanoliposomes can increase
its stability in various alkaline solutions with pH varying from
6.4 to 9. The results presented in Table 1 demonstrate the
stability of free and encapsulated lycopene in solutions with
different pH values where lycopene stability was enhanced
by its encapsulation in nanoliposomes. Free lycopene was
proven to be less stable than the encapsulated one in alkaline
pH, which is in accordance with previous studies [25]. This
increased stability of encapsulated lycopene can possibly be
explained by its position in the nanoliposomes lipid bilayer,
where the polar lycopene is deep in hydrophobic core where
it is protected from direct contact with the solution.

Also, we examined the stability of free and lycopene
encapsulated in nanoliposomes in the presence of different
metal ions (Table 2). The chelation activity of lycopene could
reduce its stability and pharmacological activity; thus, by
its encapsulation in nanoliposomes, the stability of lyco-
pene against metal ions was improved. This decrease in
lycopene chelation after the encapsulation could possibly
be related to its higher stability in nanoliposomes and pre-
vention of direct contact of lycopene and metal ions by
nanoliposomes membrane.

In in vivo experiment, an increase in serum levels of cre-
atinine and urea is direct consequence of kidney tissue injury,
a known side effect of MTX application [26]. The changes in

kidney tissue following MTX exposure include decrease in
glomerular filtration rate, due to vasoconstriction of afferent
arterioles, and direct damage of the tubule cells [27]. The
increased concentration of MTX in urine, achieved by glo-
merular filtration and tubular secretion, leads to intratub-
ular crystal formation, causing obstruction [27]. Also an
additional mechanism of MTX nephrotoxicity, considered
to be key mechanism of toxicity, involves the increase in
ROS generation, especially H2O2, in kidney tubules [28].
Results of biochemical analysis were in accordance with
histopathological findings. MTX toxicity may also result
in acute renal failure due to precipitation of its metabolite
7-OH-MTX in renal tubules and MTX direct damage of
tubules as well [29], which was observed as increased
amount of PAS-positive tubular casts (Figure 4(e),
Table 3). In the kidneys of animals treated with encapsu-
lated lycopene after MTX, only mild degenerative changes
were observed (Table 3), pointing to its strong nephropro-
tective potential.

Since there is relation between MTX application and
oxidative stress, we examined parameters such as CAT,
AOPP, MDA, NO, and MPO in kidney homogenates and
investigated whether application of free lycopene and nanoli-
posomes encapsulated with lycopene can improve oxidative
status. Catalase is one of the key enzymes that regulate
amounts of H2O2 in cells and indirectly the extent of tissue
damage originating from cell structure peroxidation. The
decrease (inhibition) in CAT activity could be caused directly
by MTX [30], which seems logical since it is proven that
methotrexate increases H2O2 amounts [28]. Also, CAT activ-
ity is tightly connected with the amounts of H2O2 that can
cause both inactivation and/or consumption of CAT in
kidney tissue [28]. Thus, we can speculate that lycopene,
either free or encapsulated, increases kidney CAT activity.
This is in good correlation with previous publications where
lycopene increased enzymatic antioxidant status (CAT, glu-
tathione S-transferase, peroxidase, and reductase) of liver tis-
sue in animals treated with high-fat diet that causes tissue
oxidative damage [31]. Myeloperoxidase activity represents

Table 4: Kidney oxidative status in animals after different experimental treatments.

Group/parameter
CAT (IU/mg
proteins)

MPO (OD/mg
proteins)

AOPP (μmol/mg
proteins)

MDA (nmol/mg
proteins)

NO
(μmol/l)

Control (corn oil treated) 120± 2.1 111± 4.6 13.5± 4.9 10.2± 0.6 26.5± 5.7
Lycopene 115± 3.2 99.5± 21.9 12.9± 4.3 11.2± 1.9 29.5± 10.0
Empty nanoliposomes 114± 1.3 117.5± 6.3 14.2± 0.9 11.3± 1.4 31.6± 7.8
Lycopene nanoliposomes 120± 3.5 119± 1.4 12.9± 1.6 9.9± 0.5 30.6± 2.8
Methotrexate 24.5± 7.5a 189± 2.3a 29.6± 6.1a 27.9± 0.4a 65.6± 5.8a

Lycopene +methotrexate 67.1± 2.1a,b 159± 11.3a,d 21.2± 0.4a,d 17.8± 2.2a,b 41.9
± 11.5b,e

Empty nanoliposomes
+methotrexate

30± 4.3a 170± 13.8a 28.9± 2.6e 25.9± 1.6a, 66.3± 3.5 a

Lycopene nanoliposomes
+methotrexate

83.1± 3.2a,b,c 141.5± 14a,b 17.9± 1.8b 14.6± 2.4a,b,f 39.3
± 1.4b,c,e

ap < 0 001 versus control group treated with corn oil; bp < 0 001 versus methotrexate group; cp < 0 001 versus lycopene +methotrexate group; dp < 0 01 versus
methotrexate group; ep < 0 05 versus control group treated with corn oil; fp < 0 05 versus lycopene +methotrexate group
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a sensitive marker of tissue infiltration with neutrophils, due
to a good correlation between its activity and histopatholog-
ical finding [32]. Methotrexate is also known to induce the
releases of free radicals, MPO among them, from
stimulated polymorphonuclear neutrophils causing cellular
oxidative damage [28, 32]. Generated products of MPO,
chlorinating oxidants arriving from chlorides and H2O2, are
able to cause cell damage by reacting with amino acids,
proteins, carbohydrates, lipids, and nucleobases [32]. The
application of both forms of lycopene statistically significant
decreases MPO activity (Table 4), which is in accordance
with previous studies where it is shown that lycopene
decreases MPO activity in the damaged kidney [33, 34] and
myocardial [35] and pancreatic [36] tissues.

Nitric oxide represents an important cell mediator that is
involved in numerous both physiological and pathophysio-
logical processes [37]. One of the theories explaining MTX
nephrotoxicity involves NO signaling and increase of induc-
ible nitric oxide synthase (iNOS), which is barely detectable
in normal renal tissue [38]. Nitric oxide is also involved in
macrophage activation, and during the inflammatory pro-
cesses in the kidneys, macrophages produce large amounts
of NO playing an important role in renal tissue pathology
[39]. Previous studies evaluated the effects of free lycopene
(10mg/kg, orally applied) on MTX-induced kidney dam-
age and consequential NO increase [38]. However, no
statistically significant effects on NO concentrations were
detected. On the other hand, in the model of unilateral
ureteral obstruction-induced kidney damage, lycopene
was proven to reduce tissue NO levels [33], similarly to
the findings of the present study (Table 4). The difference
in the obtained results may lay in the different routes of
lycopene administration (i.p. and per os), and these results
could possibly be explained through high reactivity of lyco-
pene, whose activity significantly decreases when applied
orally due to its interaction with numerous compounds
leading to its isomerization, oxidation, and/or degradation
[14]. In the present study, this was potentially avoided by
the application of lycopene via i.p. route and by its encapsu-
lation with nanoliposomes.

The formation of AOPP is believed to be one of the ini-
tial steps in cell oxidative stress that further signals the devel-
opment of renal diseases [40]. Activated MPO in the tissue
generates hypochlorous acid which mediates protein modifi-
cations causing tyrosine chlorination and formation of chlo-
ramines and carbonyls [32]. The accumulation of AOPP in
renal cortex, especially in glomerulus, is known to decrease
the Bowman’s spaces and thus causing the impairments in
kidney function [41]. Such pathological findings, as well as
increase in AOPP concentration, were detected in animals
treated with MTX (Figure 4(e) and Table 4). In addition to
ROS-mediated protein damage during exposure to MTX,
generated ROS damages unsaturated lipids as well [42],
making MDA products a sensitive marker of lipid peroxida-
tion. The formation of MDA could be connected with dam-
aging activity of both peroxynitrite, from superoxide anion
and nitric oxide, and hypochlorous acid [28, 32]. Since the
activity of MPO and NO concentrations is statistically signif-
icantly decreased by both forms of lycopene, it is not

surprising that the MDA and AOPP amounts are statistically
significantly decreased in these groups as well (Table 4).

This study primarily aimed at comparing efficacy of two
different pharmaceutical forms of lycopene on MTX-
induced toxicity at kidney tissue level. However, it is limited
in defining potential differences of their sites of action at
particular kidney tissue cell targets. Previous in vitro studies
revealed that lycopene can accumulate in epithelial cells
and affect different protein synthesis depending on concen-
tration applied [43]. The present study should warrant future
work focusing on more detailed action of nanoliposome-
encapsulated lycopene at the cellular level.

5. Conclusion

Lycopene is presumed to protect cells from oxidative damage
by stabilization of the membrane and/or scavenging free rad-
icals generated within the tissue [44]. In this study, we
demonstrated that nanoliposome-encapsulated lycopene
represents a protected form of this highly reactive carotenoid
with enhanced activity. The methotrexate-induced nephro-
toxicity model allowed us to investigate and compare the
efficacy of the free and encapsulated lycopene in preventing
reactive oxygen species-induced kidney tissue damage, which
is considered to be a key mechanism of methotrexate toxicity.
Our results demonstrated that encapsulated lycopene showed
stronger antioxidant activity than free one. Since lycopene
is widely used as a dietary supplement, encapsulation of
lycopene should be taken as a potential “shelter” when
considering lycopene formulation. Also, in this form, it
should be recommended for simultaneous application with
methotrexate therapy.
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