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Reactive oxygen and nitrogen species are generated during
normal cellular metabolic activities but can also play an etio-
pathogenetic role in a variety of conditions, including cardio-
vascular diseases, neurodegenerative diseases, and cancer.

Although the role of oxidative stress in human physiology
andpathologyhasbeen intensely studied for several decades, it
is still far from being understood. Certainly, the roles of free
radicals and antioxidants have been significantly redefined.
Some “negative” actions of free radicals in human biology
and pathology are now known to be “positive,” and the
hypothesis that “classical antioxidants” (radical scavengers)
could be always beneficial for the human health was not
confirmed by several epidemiological and clinical studies.
The possible reasons of the failures of the current antioxidant
therapies, including methodological pitfalls in the drug devel-
opment anddelivery and the lackof goodbiologicalmarkers to
select the patients, have been reviewed elsewhere [1, 2].

We currently believe that instead of “antioxidants,” it is
more appropriate to develop “modulators of oxidative stress”
because, depending on the condition, it could be more bene-
ficial to reduce or increase the oxidative stress.

In this special issue, several aspects of the modulation of
oxidative stress were examined including the role of polyphe-
nols (“Cytoprotective Mechanisms Mediated by Polyphenols
from Chilean Native Berries against Free Radical-Induced
Damage on AGS Cells” by Á. Felipe et al., “Curcumin
Protects Skin against UVB-Induced Cytotoxicity via the
Keap1-Nrf2 Pathway: The Use of a Microemulsion Delivery
System” by M. B. Y. Greenwald et al., “Synthetic Isoliquiriti-
genin Inhibits Human Tongue Squamous Carcinoma Cells

through Its Antioxidant Mechanism” by C. Hou et al.,
and “Oxidative Stress Triggered by Apigenin Induces Apo-
ptosis in a Comprehensive Panel of Human Cervical
Cancer-Derived Cell Lines” by R. P. Souza et al.) and other
natural substances (“A Clinically Relevant Variant of the
Human Hydrogen Sulfide-Synthesizing Enzyme Cystathio-
nine β-Synthase: Increased CO Reactivity as a Novel Molec-
ular Mechanism of Pathogenicity?” by J. B. Vicente et al.,
“Protective Mechanisms of the Mitochondrial-Derived
Peptide Humanin in Oxidative and Endoplasmic Reticulum
Stress in RPE Cells” by L. Minasyan et al., “Effect of Emodin
on Preventing Postoperative Intra-Abdominal Adhesion
Formation” by G. Wei et al., and “Opuntia spp.: Characteri-
zation and Benefits in Chronic Diseases” by M. del Socorro
Santos Díaz et al.), some cardiovascular effects of modulators
of oxidative stress (“Pentaerythritol Tetranitrate In Vivo
Treatment Improves Oxidative Stress and Vascular Dys-
function by Suppression of Endothelin-1 Signaling in
Monocrotaline-Induced Pulmonary Hypertension” by S.
Steven et al., “4-Hydroxynonenal Contributes to Angio-
genesis through a Redox-Dependent Sphingolipid Pathway:
Prevention by Hydralazine Derivatives” by C. Camaré
et al., “Cardiovascular Mitochondrial Dysfunction Induced
by Cocaine: Biomarkers and Possible Beneficial Effects of
Modulators of Oxidative Stress” by M. Graziani et al.),
some neurological effects of modulators of oxidative stress
(“Neuroprotective and Memory-Enhancing Effect of the
Combined Extract of Purple Waxy Corn Cob and Pandan
in Ovariectomized Rats” by W. Kirisattayakul et al. and
“Alleviation of Oxidative Damage and Involvement of
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Nrf2-ARE Pathway in Mesodopaminergic System and
Hippocampus of Status Epilepticus Rats Pretreated by
Intranasal Pentoxifylline” by Y. Kang), and some effects
of modulators of oxidative stress related to cell growth
and cancer development (“Dihydropyridine Derivatives as
Cell Growth Modulators In Vitro” by I. Bruvere et al.,
“A Single Zidovudine (AZT) Administration Delays
Hepatic Cell Proliferation by Altering Oxidative State in
the Regenerating Rat Liver” by A. Butanda-Ochoa et al.,
“Preclinical Antileukemia Activity Of Tramesan: A Newly
Identified Bioactive Fungal Metabolite” by M. R. Ricciardi
et al., and “Markers of Oxidative Stress and Inflammation
in Ascites and Plasma in Patients with Platinum-Sensitive,
Platinum-Resistant, and Platinum-Refractory Epithelial
Ovarian Cancer” by J. C. Cantón-Romero et al.).

In particular, this special issue contains two interesting
contributions coming from INSERM Toulouse. The first
one is an original research paper prepared in collaboration
with CNRS and Palau Sabatier University in which C.
Camare et al. investigated whether 4-hydroxynonenal
(4-HNE), an aldehydic lipid oxidation product abundantly
present in oxidized LDL, contributes to its proangiogenic
properties. Using the immunofluorescence analysis of
human atherosclerotic lesions, they found colocalization of
HNE adducts with CD31 (marker of the endothelium),
indicating a close relationship between 4-HNE and neovas-
cularization. Moreover, they revealed that physiological
concentrations of 4-HNE also enhance the formation of
tubes by human microvascular endothelial cells (HMEC-1),
through mechanisms involving reactive oxygen species
(ROS) and activation of the neutral type 2 sphingomyelinase
and sphingosine kinase-1 (nSMase2/SK-1) pathway. Eventu-
ally, they found that carbonyl scavengers hydralazine and
bisvanillyl-hydralazone inhibited such proangiogenic effects
of 4-HNE. In their second paper (in this time, a review paper)
prepared jointly with partners from Mexico and from INRA
in Toulouse, they described in detail features of the well-
known plants of Opuntia spp. and their possible beneficial
effects on chronic diseases. Thus, M. del Socorro Santos Díaz
et al. point to the differences in the phytochemical composi-
tion between wild and domesticated (O. ficus-indica) Opun-
tia spp., stressing that all Opuntia components (pear, roots,
cladodes, seeds, and juice) used as nutritional and pharma-
ceutical agents exhibit beneficial properties mainly resulting
from their high content in antioxidants, while several other
phytochemical components (biopeptides, soluble fibers),
which have been characterized, also contribute to the medic-
inal properties of Opuntia spp. that might have a great
economic potential because these plants grow in arid and
desert regions.

In the original research paper prepared by partners from
Riga and from Zagreb, we found novel information about
growth-modulating effects of the dihydropyridine derivatives
(DHPs) with potential antioxidant capacities. Thus, I.
Bruvere et al. revealed that cell-type-specific differences in
the growth-modifying effects of the DHPs in vitro can be
attributed only to the novel types of the DHPs, which differ-
entiate these substances from their well-known predecessor
diludine. Since the growth-modifying effects of the novel

DHPs indicate possible differential effects on cancer and on
nonmalignant cells, which might be also different from their
antioxidant effects, these substances deserve particular atten-
tion and further studies.

The original research paper prepared by three teams
from Karlsruhe, Germany, reveals the possible beneficial
effects of pentaerythritol tetranitrate (PETN), which were
not described before. Namely, pulmonary arterial hyperten-
sion was induced by the ranging dosage of the i.v. applied
monocrotaline, which induced endothelial dysfunction,
pulmonary vascular wall thickening, and fibrosis, as well as
protein tyrosine nitration, thus causing an increase in
pulmonary arterial pressure, followed by the increase in
heart/body and lung/body weight ratios. However, in this
study, S. Steven et al. found also that PETN therapy could
act beneficially upon these pathophysiological processes,
most likely by upregulation of heme oxygenase-1 (HO-1).
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Despite improvements that occurred in the last decades in the acute myeloid leukemia (AML) treatment, clinical results are still
unsatisfactory. More effective therapies are required, and innovative approaches are ongoing, including the discovery of novel
antileukemia natural compounds. Several studies have described the activity of extracts from mushrooms which produce
compounds that exhibited immunological and antitumor activities. The latter has been demonstrated to be promoted in vitro by
mushroom polysaccharides via induction of apoptosis. However, the antileukemia activity of these compounds on primary cells
is still not reported. In the present study, we examined the in vitro effects of Tramesan (TR), a bioactive compound extracted
from Trametes versicolor, on leukemic cell lines and primary cells. Our results demonstrated that TR induced a marked growth
inhibition of leukemic cell lines and primary cells from AML patients. The antiproliferative effects of TR were associated in
primary AML cells with a significant increase of apoptosis. No significant cytotoxic effects were observed in normal peripheral
blood mononuclear cells (MNC) from healthy donors. Our data demonstrated a cytotoxic activity of TR on leukemia cells
prompting further translational applications. Ongoing studies are elucidating the molecular mechanisms underlying its
antileukemic activity.

1. Introduction

Acute leukemia is a disorder of the hematopoietic system
characterized by clonal proliferation of variably differentiated
myeloid or lymphoid precursors [1]. These hematological
disorders show a high level of genetic complexity, which is
the major explanation of the high rate of chemotherapy
failure and of the result stagnation over the last decades [1].
Therefore, efforts have been made to identify novel therapeu-
tic approaches aimed at overcoming drug resistance and
exploring novel approaches based on chemo-free strategies.
The successful example of the acute promyelocytic leukemia,
nowadays treated in the majority of the cases without chemo-
therapy by regimen based on the combined use of retinoic
acid and arsenic trioxide [2], is worth mentioning. On this
basis, many attempts are ongoing to identify other similar
approaches. In fact, besides targeted therapies active on

leukemia-specific aberrant molecular alterations [3], an
increasing number of studies are directed toward the drug
discovery attempt, including the evaluation of natural
compounds on different pathologies [4–6].

Mushrooms are rich sources of natural compounds
used as biological response modifiers for a long time in
oriental medicine and nowadays also in Western countries
[7–9]. Mushrooms have emerged as a rich font of antioxi-
dant, immunomodulating, anti-inflammatory, antimicrobial,
and anticancer [10] compounds. Among different extracts
from mushrooms, polysaccharides are important bioactive
molecules and known as potent inhibitors of proliferation
and apoptosis inducers in in vitro experimental models. In
particular, the antitumor activity of PSK, a protein-bound
polysaccharide obtained from the fungus Trametes versicolor
(T. versicolor), has been documented in in vitro and
in vivo experimental models [11]. Efficacy of the adjuvant
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immunotherapy with PSK was also demonstrated in
human clinical trials [12–14]. Moreover, the combination
of PSK with chemotherapy or radiotherapy has been
shown to increase the efficacy of the latter in solid cancer
treatments [7].

To date, few studies have reported the antineoplastic
activity of PSK in hematologic models [11, 15–17]. In
leukemia cell line, it was demonstrated that PSK exerted an
antiproliferative and proapoptotic activity in HL-60 myeloid
cell line, via activation of the mitochondrial and the p38
MAPK signaling cascades [16, 17].

Previous studies from our group have demonstrated that
nonpurified extracts from the filtrates of L. edodes and T.
versicolor inhibited mycotoxin synthesis in different fungi
[18–20]. The mechanism of inhibition seems related to the
promotion of fungal antioxidant activity on counteracting
redox unbalance. It is now established that mycotoxigenic
fungi are able to vehiculate the unscavenged ROS toward
toxin synthesis.

Our group has patented a polysaccharidic fraction,
Tramesan (TR), isolated from the liquid culture of the edible
basidiomycete T. versicolor (Patent number RM2012A000573),
able to significantly inhibit the synthesis of carcinogenic
mycotoxins produced from different fungi (such as Aspergillus
flavus, A. parasiticus, and Fusarium), by promoting an
antioxidant activity [18, 20, 21].

The aim of this study was to investigate the activity of TR
on leukemia cells by assessing proliferation inhibition and
apoptosis induction on leukemia cell lines and on primary
acute myeloid leukemia (AML) cells.

2. Materials and Methods

2.1. Fungal Strain and Growth Culture Conditions. The
basidiomycete Trametes versicolor CF 117 was supplied from
the mushroom collection of the laboratory of Mycology and
Plant Pathology directed from Professor Corrado Fanelli
(Sapienza University of Rome). The isolates were kept in
potato dextrose agar (PDA) medium at 4°C, and the cultures
have been renewed every 30 days.

2.2. Fungal Growth Substrate. T. versicolor was grown for
7 days in potato dextrose broth (PDB) and incubated
at 25°C. The liquid culture was homogenized, in sterile con-
dition in a Waring blender 8012. After homogenization, 5%
(v/v) of the fungal culture was subsequently inoculated in
500mL of PDB in 1L Erlenmeyer flask and the T. versicolor
cultures were incubated for 14 days at 25°C under shaken
conditions (100 rpm). The mycelia were then separated from
the culture filtrates by subsequent filtrations with different
size filters (Whatman) to eliminate all the mycelia. The
obtained culture filtrate was lyophilized and utilized for
subsequent analyses.

2.3. Exopolysaccharide Extraction and Purification. The
lyophilized T. versicolor culture filtrate (1 g) was dissolved
in 30mL of ultrapure H2O and filtrated to separate the
insoluble from the soluble part. The sample was then
incubated at 4°C for 2 h, and at the same time, a solution of

absolute ethanol was cooled at 4°C. The cooled culture filtrate
was added slowly to cooled ethanol, mixing with a glass rod.
The precipitate was recovered by centrifugation at 4000 rpm
for 20min at 4°C. The recovered pellet was resuspended in
4mL of ultrapure H2O and 4mL of 20mM phosphate buffer
pH7.5 to achieve the optimal conditions of ionic strength
and pH for pronase E (Sigma-Aldrich) activity. The pro-
teolysis was carried out at 37°C overnight. The elimination of
salts and amino acids was performed through dialysis versus
H2O, utilizing membrane of 12000Da cutoff. The dialyzed
samples were lyophilized and subjected to total carbohydrate
determination by Yemm and Willis [22].

To separate, on the basis of their molecular weight, the
exopolysaccharides precipitated with EtOH and present in
T. versicolor culture filtrates, a size exclusion chromatogra-
phy was performed. The mobile phase was NaNO3 0.05M
degassed for about 30min and filtered twice with Millipore
0.45μm filters. The Sephacryl S-300 (1.6 id× 90 cm) column
was equilibrated with the eluent for about 30 h, with a flux of
about 6mL/h. The gel performances of the column allow
to discriminate polysaccharides with a molecular weight
between 2 and 400 kDa. About 40mg of the sample was
dissolved in 1.9mL of 50mM NaNO3, the solution was
centrifuged for 10min at 13000 rpm, and subsequently it
was loaded in a column. The column was connected to a
refractive index detector. Each fraction was collected every
20min during 30 h.

The chromatographic fraction containing only poly-
saccharides (TR) was used for biological activity assays.

The polysaccharide TR, isolated and purified was
patented from our group (Patent number RM2012A00057).

2.4. Cell Lines and Primary Samples. Human myeloid (OCI-
AML3) and lymphoid (Jurkat) cell lines were maintained
in RPMI 1640 medium containing 10% heat-inactivated
fetal calf serum (FCS), 1mM L-glutamine, and 50μg/mL
penicillin/streptomycin (Gibco, Milan), in a humidified
atmosphere containing 5% CO2 at 37°C. Cell lines were
harvested in log-phase growth for all experiments, washed,
and cultured to the appropriate concentration in RPMI
10% FCS±TR at scalar concentrations (0.5–2mg/mL).

Peripheral blood (PB) samples and bone marrow (BM)
aspirate samples were obtained from normal donors and
from 4 AML patients, respectively, all referred to our
Hematology at Sapienza University of Rome, Italy. Written
informed consent for in vitro studies was obtained from
donors and patients in accordance with regulations and
protocols sanctioned by the Human Subjects Committee
of Helsinki and were approved by the Sapienza Institu-
tional Review Board (protocol number 158/10 signed on
February 18, 2010). MNC obtained from the PB of a nor-
mal volunteer donor and blast cells from the BM of AML
patients were separated by layering on Ficoll-Hypaque
density gradient (Lymphoprep; 1.007 g/mL). Cells used
for in vitro studies were resuspended at a concentration
of 1.0× 106/mL, in RPMI 10% FCS±TR at scalar concentra-
tions (0.5–2mg/mL). In particular, the circulating mononu-
clear cells obtained from healthy donors were placed in
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liquid culture± scalar concentrations of TR in the absence
and in the presence of a proliferative stimulus (PHA).

2.5. Cell Cycle and Apoptosis Analysis. Cell cycle distribution
changes were evaluated using the Acridine Orange (AO)
technique as previously described [23]. The percentage of
cells in G0, G1, S, and G2M was determined by measuring
simultaneously the DNA and RNA total cellular content.
The percentage of apoptotic cells was measured based on
the decreased stainability of apoptotic elements in DNA
green fluorescence (sub-G0/1 peak on DNA frequency
histograms) coupled with a higher RNA red fluorescence
(which is common to chromatin condensation); cell debris
was excluded from the analysis on the basis of their forward
light scatter properties. Cell cycle distribution was analyzed
using the ModFit LT software (Verity Software House,
Topsham, ME).

Induction of apoptosis was also assessed by measuring
Annexin V binding to externalized phosphatidylserine, as
previously described [24]. Briefly, cells were washed twice
with PBS and resuspended in binding buffer (10mM
Hepes/NaOH pH7.4, 140mM NaCl, 2.5mM CaCl2,
Sigma Chemical Co.). FITC-conjugated Annexin V (Roche
Diagnostic Corp., Indianapolis, Indiana, USA) was added
at a final concentration of 1μg/mL. The mixture was
incubated at room temperature for 15min in the dark
prior to flow cytometric analysis. Membrane integrity
was simultaneously assessed by propidium iodide (PI,
0.25μg/mL) exclusion.

2.6. Analysis of Intracellular ROS Levels. The generation of
ROS was measured by using DCFH-DA, a ROS-sensitive
fluorescent probe. Briefly, OCI-AML3 cells were cultured
for 24h with different concentrations of TR. After exposure,
cells were incubated with 10mM DCFH-DA for 30min at
37°C, then washed, resuspended in PBS, and immediately
analyzed by flow cytometry. Results were expressed as mean
fluorescence intensity (MFI) relative to that of control.

2.7. Statistical Analysis. The two-sided Student t-test was
used to evaluate the significance of differences between
groups. Results were expressed as the mean± standard
deviation (SD). Values of p < 0 05 were considered signifi-
cant from a statistical point of view.

3. Results

3.1. Effects of TR on Leukemia Cell Lines. We started to
evaluate the effects of TR on human myeloid (OCI-AML3)
and lymphoid (Jurkat) leukemia cell lines exposed to scalar
concentrations of TR (0.5–2mg/mL). Cell aliquots were
harvested at 24, 48, and 72 hours and analyzed for cell
counts (trypan blue), cell cycle (flow cytometric analysis
by AO), and apoptosis (flow cytometry assessment with
AO, Annexin V).

Exposure to TR induced a dose- and time-dependent
reduction in cell count in all hematopoietic cell lines studied
(Figure 1). In fact, the effects were markedly evident at a dose
of 1mg/mL after 48 hours of liquid culture. The prolonged
exposure to TR and increasing scalar concentrations of the
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Figure 1: TR induces a dose-dependent reduction in cell count in hematopoietic cell lines. Jurkat and OCI-AML3 cells were exposed to
increasing concentrations of TR for the indicated time points. Cell counts and viability were then assessed by trypan blue exclusion
counting. Results are expressed as the average± SD of seven independent experiments.
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molecule potentiated the effectiveness (Figure 1). Detection
of cell cycle changes, measured at the same time points,
however, showed that on leukemia cell lines TR was unable
to affect cell cycle distribution and apoptosis. Only on Jurkat
cell line it was observed, after 72 h of culture, a mild, not
significant, dose-dependent increase of cells in G0 phase
associated with a decrease of G1 and S compartment and
with a nonsignificant increase of sub-G0/1 (Figure 2).

Analysis of intracellular ROS levels in cells stained with
DCFH-DA depicts (Figure 3) that TR induced accumulation
of ROS as demonstrated by an increase of DCFH-DA MFI in
OCI-AML3 treated with TR as compared to control: from
MFI of 0.46× 106 (control) to MFI of 2.94× 106, 2.61× 106

and, 2.98× 106 in the presence of 0.5, 1, and 2mg/mL
TR, respectively.

3.2. Effects of TR on Primary Cells from AML Patients. We
then examined the biological effects induced in vitro by TR
on primary cells from 4 patients with newly diagnosed
AML. Our results indicate that TR induced reduction in
cell count and significant cytotoxic effects in a dose- and
time-dependent fashion in all (4/4) samples studied. After
72–120 hours of culture, TR was able to exert a significant
reduction in cell counts from 1272500± 235425 cells/mL,
in the control condition, to 885000± 392386 (p = 0 06),
787500± 493381 (p = 0 04), 675000± 470213 (p = 0 02), and
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Figure 2: TR induces a dose-dependent increase of cells in G0 phase of cell cycle in hematopoietic cell lines. Jurkat cells were exposed to
increasing concentrations of TR. Cell cycle changes were then evaluated by the AO technique. Results showed are representative of
7 independent experiments (a). Percentages of cells in G0 phase after 72 h of TR exposure are shown in (b).
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391750± 356435 (p = 0 01) cells/mL in the presence of 0.5,
0.8, 1, and 2mg/mL of TR, respectively (Figure 4).

Notably, in primary AML samples, TR significantly
increased apoptosis levels (sub-G0/1) from 35.7± 13.8%,
in the control conditions, to 48.9%± 23.5, 67.9%± 25.9,
65.9%± 34.6, and 77.2%± 28.3 (p = 0 04) in the presence of
0.5, 0.8, 1, and 2mg/mL of TR, respectively (Figure 5(a)).
This effect was, however, even more marked at a prolonged
exposure to the molecule (144–168 hours), reaching the
statistical significance already at the lowest dose: from
41.6%± 23.5, in the control condition, to 77.5%± 31.1 (p =
0 04), 88.6%± 17.3 (p = 0 01), 86.5%± 22.8 (p = 0 01), and
94.5%± 8.4 (p = 0 01), with 0.5, 0.8, 1, and 2mg/mL of TR,
respectively (Figures 5(b) and 5(c)).

3.3. Effects of TR on Normal Cells. In order to analyze the
activity of the compound on normal hematopoietic cells, we
investigated the effects of TR on mononuclear cells obtained
from PB of normal donors. The MNC were then exposed in
liquid culture±TR at scalar concentrations (0.5, 0.8, 1, and
2mg/mL), in the absence and in the presence of a prolifera-
tive stimulus (PHA). The results obtained showed that TR
was able to induce only a moderate, not statistically signifi-
cant, proapoptotic activity, regardless of the dose: after 72
hours, apoptosis levels were 18.3%± 15.6, in the control con-
dition, and 25.65%± 10.0, 29.5%± 18.4, 35.5%± 16.2, and
31.8%± 15.8, with 0.5, 0.8, 1, and 2mg/mL of TR, respec-
tively (Figure 6(a)). These effects were not enhanced by
the pretreatment with PHA: at 48 hours, apoptosis levels
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Figure 3: TR induced accumulation of ROS in hematopoietic cells line. Cells were exposed to increasing concentrations of TR. After 24 h, cells
were stained with DCFH-DA for intracellular ROS level analysis.
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were 20.1%± 5.0, in the control condition, and 18.9%± 5.6,
14.1%± 2.6, 23.4%± 14.9, and 13.3%± 1.0, with 0.5, 0.8, 1,
and 2mg/mL of TR, respectively (Figure 6(b)).

4. Discussion

The present study demonstrated that TR, a polysaccharide
extract from T. versicolor, significantly suppresses cell
growth of human leukemia cell lines from different onto-
genesis and exerts a cytotoxic activity on primary cells from
AML patients.

T. versicolor is one of the most commonly used
medicinal mushrooms, and several extracts have already

been investigated for their antineoplastic effects. The cyto-
toxic activity of PSP and PSK extract from T. versicolor has
been reported in myeloid and lymphoid leukemia cell line
[25, 26]. It was also demonstrated that an ethanol-water
extract from wild T. versicolor exerted in vitro antiprolifer-
ative and cytotoxic effects against leukemia and lymphoma
cell lines [26]. Moreover, the antioxidant effects of differ-
ent molecular mass enzymatic hydrolysates from PSPs
were described [27]. In addition, results from a phase 1
clinical trial proved that an orally administered prepara-
tion from the T. versicolor may improve immune response
in women with breast cancer after standard chemotherapy
and radiotherapy [14].
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Figure 5: TR induces a dose- and time-dependent apoptosis in primary cells from AML. AML primary cells were exposed to the
indicated concentrations of TR. Apoptosis induction was then evaluated by the AO technique. Percentages of sub-G0/1 cells are
shown for the individual sample after 72–120 h (a) and 144–168 h (b) exposure to scalar concentrations of TR. A representative
experiment is shown (c).
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We demonstrated, for the first time at our knowledge, the
in vitro cytotoxic activity of a polysaccharidic fraction
purified from T. versicolor on primary AML cells, as shown
by a time- and dose-dependent induction of apoptosis.

One of the fundamental hallmarks of cancer cells is
their capacity to proliferate persistently, eluding cell cycle
checkpoint controls and growth inhibitory signals [28, 29].
Moreover, the acquired resistance toward apoptosis repre-
sents another key hallmark of cancer. Hence, molecules
capable to block the uncontrolled proliferation and/or to
induce to cell death have been evermore considered very
promising for therapeutic applications in cancers. Previous
reports demonstrated that PSK induces in vitro cytotoxic
activity in tumor cell lines, via arrest of cell cycle and
induction of apoptosis [11, 15].

Data presented in our study demonstrated that TR causes
in leukemia models a dose-dependent increase of cells in G0
phase and a decrease in both G1 and S phases. Nevertheless,
lack of statistical significance argues in favor of a deceleration
of cell cycle rather than a cell cycle arrest and apoptosis
induction at these concentrations. The preclinical relevance
of TR was showed on primary samples obtained from de
novo AML patients. TR was indeed able to decrease the
leukemic blast viability by significantly inducing apoptosis
in all AML samples tested. By contrast, no significant
cytotoxicity was observed on resting and activated normal
MNC thus suggesting the existence of a therapeutic window
in leukemia setting.

The direct antiproliferative effect of several fungal poly-
saccharides on cancer cells, caused by cell cycle arrest and
apoptosis induction, has been also reported associated with
oxidative stress [30, 31]. Here, in fact, we documented ROS
accumulation in leukemia cell line. It was widely described
that oxidants can contribute to cancer development by
promoting cell mutation and growth [32]. Nevertheless,
it was also reported that excessive oxidative stress can

slow proliferation and induce cell death [32]. TR-induced
cytotoxicity observed in primary AML samples could then
be due to oxidative stress-induced cell death.

Although the literature seems to suggest the involvement
of Toll-like receptors or of other cell surface receptors in the
increased oxidative stress induced by fungal polysaccharides
[33, 34], the exact mechanism remains to be clarified.

In conclusion, the cytotoxic preclinical activity of TR
on primary leukemia cells, as compared to normal MNC
obtained from healthy cells, makes TR an interesting
bioactive compound among other antileukemic treatments
and prompts further investigation aiming to elucidate its
mechanism of action for a translational application.
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Diverse proinflammatory biomarkers and oxidative stress are strongly associated with advanced epithelial ovarian cancer (EOC).
Objective. To determine the behavior of markers of oxidative stress and inflammation in plasma and ascites fluid in patients
with platinum-sensitive, platinum-resistant, and platinum-refractory EOC. Methods. A prospective cohort study. The
colorimetric method was used to determine levels of the markers 8-isoprostanes (8-IP), lipid peroxidation products (LPO), and
total antioxidant capacity (TAC) in plasma and ascites fluid; and with ELISA, the levels of interleukin-6 (IL-6) and tumor
necrosis factor alpha (TNF-α) were determined in patients with EOC. Results. In ascites fluid, a significant increase in 8-IP
versus baseline plasma levels was found (p = 0 002). There was an important leakage of the TAC levels in ascites fluid versus
baseline plasma levels (p < 0 001). The IL-6 was elevated in ascites fluid versus baseline plasma levels (p = 0 003), and there were
diminished levels of TNF-α in ascites fluid versus baseline plasma levels (p = 0 001). Discussion. We hypothesize that the ascites
fluid influences the behavior and dissemination of the tumor. Deregulation between oxidants, antioxidants, and the
proinflammatory cytokines was found to vary among platinum-sensitive, platinum-resistant, and platinum-refractory patients.

1. Introduction

The risk of developing epithelial ovarian cancer (EOC) in
females> 65 years old fluctuates ~0.36% in developing coun-
tries and 0.64% in developed countries, which makes EOC
very frequent in women [1]. In Europe, little more than
one-third of women with EOC survive five years after diag-
nosis because the majority are diagnosed in advanced stages
[2]. Globally, about 75% of cases are diagnosed at stages III
and IV [3]. The hypothetical theory of incessant ovulation
suggests that repeat ovulation is responsible for the epithelial

transformation of the ovaries because the epithelial cells that
surround the zone where the follicular rupture occurred are
exposed to mutagenic mediators of inflammation during
the preovulatory period, with the capacity to produce geno-
mic damage conducive to apoptosis and the excessive pro-
duction of inflammation and oxidative stress [4]. However,
recent studies have shown that EOC does not always present
the typical characteristics of the mesodermal epithelium,
which brings forth the hypothesis that the EOC originates
in the fallopian tubes in the form of inclusion cysts that
may or may not be present in the cancerous state [5, 6].
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The majority of women with EOC have a high grade of
malignancy, and ~84% are found in stage IIIC. The EOC
spreads across the peritoneal surface affecting the pelvic
and abdominal cavity. Stage IV (12–21%) is characterized
by distal metastasis (hepatic/splenic) and extra-abdominal
metastasis [7]. Malignant ascites has gained recognition as a
unique form of tumor environment responsible for the char-
acteristics of EOC. Ascites is considered an important com-
ponent for tumor progression [8]. The link between the
presence of ascites and the progression of EOC was proposed
by Rocconi et al., and since then, numerous studies have con-
tributed to the categorization of the components of ascites,
revealing the importance of its role in EOC [9]. The cellular
components of ascites contain an ample and complex, het-
erogeneous mix of cell populations, including tumoral and
stromal cells, each one with a defined role, including fibro-
blasts, endothelial or mesothelial cells, adipocytes, stromal
cells derived from adipose tissue, stem cells derived from
bone marrow, and immune cells [10]. Some of the cellular
components of stroma cells are capable of activating the vas-
cular endothelial growth factor (VEGF) [11]. Ascites is an
inflammatory fluid that can be produced in large quantities
in EOC. One recent study reported that the IL-6 is strongly
associated with advanced EOC and that the IL-6 findings
could be useful in combination with serum levels of CA-
125 to differentiate between benign tumors and EOC [12].
A study published in 2013 reported significantly increased
levels of the marker of oxidative DNA damage (8-hydroxy-
2-deoxyguanosine) and the 8-isoprostanes (a marker of oxi-
dative stress) in peritoneal fluid in women with severe endo-
metriosis [13]. Thus, it is of interest to study the behavior of
diverse proinflammatory biomarkers (IL-6 and TNF-α) and
oxidative stress (products of lipid peroxidation, 8-isopros-
tanes, and the total antioxidant capacity) in plasma and in
ascites fluid in patients with EOC.

In the standard treatment for locally advanced EOC in
stages III and IV [14] with criteria of inoperability due to
carcinomatosis, it is recommended to administer tricyclic
neoadjuvant platinum-based chemotherapy and taxanes,
followed by intervals of surgery and consolidation with
platinum-based chemotherapy [15]. When cytoreduction is
not feasible, neoadjuvant therapy is recommended in
patients sensitive to the medications, and afterwards, they
will undergo cytoreductive surgery [16]. The election of
chemotherapy is actually based, in part, on the duration
and type of response to initial therapy: for platinum-
sensitive illness (an interval free of disease progression≥ 6
months from the end of the taxane/platinum treatment)
and for platinum-resistant illness (<6 months), nonplatinum
regimens are used: liposomal pegylated doxorubicin, topote-
can, gemcitabine, etoposide, and taxanes, which have been
demonstrated to have similar efficacy and acceptable for use
in these patients [17]. Another management alternative for
platinum-resistant patients is the bevacizumab. The bevaci-
zumab is a recombinant humanized monoclonal antibody
with antiangiogenic effect that binds with all of the isoforms
of the vascular endothelial growth factor (VEGF). It is
approved by the European Medicines Agency as a treatment
for the first recurrence of platinum-sensitive EOC and for the

management of various solid tumors in combination with
cytotoxic chemotherapy [18]. Women who present with pro-
gression despite the platinum are considered platinum-
refractory and present with the worst prognosis [19].

The objective of the study was to determine the behavior
of markers of oxidative stress and inflammation in plasma
and ascites fluid in platinum-sensitive, platinum-resistant,
and platinum-refractory EOC patients.

2. Materials and Methods

In a prospective cohort with 12 months of follow-up, all
females who attended the Hospital of Gynecology and
Obstetrics, Department of Oncology and Gynecology, at the
National Occidental Medical Centre of the Mexican Social
Security Institute in Guadalajara, Jalisco, Mexico, who had
ascites fluid and a preoperative diagnosis of EOC, and who
agreed to sign the informed consent form, were included.
Not included were minors whose parents or guardians did
not agree for them to participate in the study, those who
had antecedents of cancer in another organ or system, those
who had received chemotherapy previously, or adult patients
who did not agree to sign the informed consent.

A 5mL baseline blood sample and a 2mL sample of asci-
tes fluid were obtained before the onset of chemotherapy.
After 12 months, another blood sample (5mL) was obtained.
We included the plasma of 6 healthy women who came for a
regular visit with the gynecologist and the data served to
establish the normal levels of the reagents.

2.1. Biochemical Analysis. The blood samples were col-
lected with 0.1% of ethylenediaminetetraacetic (EDTA).
The plasma and ascites fluid were separated by centrifuga-
tion at 2000 rpm for 10min at room temperature and
stored at −80°C until processing. All technical readings of
optical density were made with the Synergy HT (BioTek®)
microplate reader.

2.2. TNF-α and IL6. The IL-6 and TNF-α levels were deter-
mined by ELISA, following the instructions of the kit manu-
facturer (PeproTech®, Rocky Hill, NJ 08553, USA). Both
cytokines had a detection limit of 32 pg/mL. First, 100μL of
diluted capture antibody was added, followed by incubation
overnight at room temperature. Then, 300μL of blocking
buffer was added to the wells and it was incubated for 1 h at
room temperature. Plasma or ascites fluid and standards
were added, followed by incubation for 2 h at room tempera-
ture. After several washings, 100μL of diluted detection anti-
body was added and incubated at room temperature for 2 h.
Then, 100μL diluted HRP-avidin conjugate was added,
followed by incubation for 30min at room temperature.
Finally, 100μL of substrate solution was added to each well.
The plate was read at a wavelength of 405nm with correction
set at 650nm and was reported in pg/mL. The TNF-α intra-
assay coefficient of variation (CV) was 2.1%, and the intra-
assay CV for IL-6 was 4.7%.

2.3. Products of Lipid Peroxidation. The levels of lipoperox-
ides (LPO) in plasma and ascites fluid were measured using
the FR22 assay kit (Oxford Biomedical Research Inc., Oxford,
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MI, USA) according to the manufacturer’s instructions. The
limit of detection for this test was 0.1 nmol/mL. In this assay,
the chromogenic reagent reacts with malondialdehyde
(MDA) and 4-hydroxy-alkenals to form a stable chromo-
phore. First, 140μL of plasma or ascites with 455μL of N-
methyl-2-phenylindole in acetonitrile (Reagent 1) was
diluted with ferric iron in methanol. Samples were agitated;
after which, 105μL 37% HCl was added, followed by incuba-
tion at 45°C for 60min and centrifugation at 12,791 rpm for
10min. Next, 150μL of the supernatant was added and
absorbance was measured at 586nm. The curve pattern with
known concentrations of 1,1,3,3-tetramethoxypropane in
Tris-HCl was used. The intra-assay CV was 8.5%.

2.4. 8-Isoprostane (8-IP). The immunoassay reagent kit from
Cayman Chemical Company® (Michigan, USA) was used
according to the manufacturer’s instructions. The limit of
detection was of 0.8 pg/mL. The 8-IP assay was based on
the principle of competitive binding between sample 8-IP,
8-IP acetyl cholinesterase (AChE) conjugate, and 8-IP tracer.
Then, 50μL of samples or standard was added to each well
and 50μL of 8-IP AChE tracer was added to all wells except
the total activity and blank wells; and 50μL of 8-IP enzyme
immunoassay antiserum was added to all wells except
the total activity and blank wells. At once, 50μL of 8-IP
antiserum was added to all wells except total activity, nonspe-
cific binding, and blank wells. The plate was covered and
incubated at 4°C for 18h and then washed 5 times with
buffer. Absorbance was read at 420nm. The intra-assay CV
was 12.5%.

2.5. Total Antioxidant Capacity. The evaluations of total
antioxidant capacity (TAC) were made following the
instructions of the kit manufacturer (Total Antioxidant
Power Kit, number TA02.090130, Oxford Biomedical
Research®), to obtain the concentration in mM equivalents
of uric acid. The detection limit was of 0.075mM. The sam-
ples and standards were diluted 1 : 40, and 200μL was placed
in each well. The plate was read at 450nm as a reference
value, 50μL of copper solution was added, and the plate
was incubated at room temperature for 3 minutes. After-
wards, 50μL of stop solution was added and the plate was
read at 450nm. The dilution factor was considered in the
final result. The intra-assay CV was 7.8%.

2.6. CA-125. The evaluations of CA-125 were made following
the instructions of the kit manufacturer (ELSA-CA 125 II
Cusbio Bioassays®, France). The assay was performed on
serum samples. 100μL of calibrators, control, or samples
was placed in the corresponding groups of tubes. And
300μL of 125 I anti-CA-125 monoclonal antibody was added
to each ELSA tube. The tubes were gently mixed with a
vortex-type mixer. The tubes were incubated for 20± 2h at
room temperature (18–25°C). The tubes were washed, and
afterwards, 3mL of distilled water was added to each tube
and then emptied again. The process was repeated twice
more. Finally, the radioactivity bound to the ELSA with
gamma scintillation counter was measured. The detection
limit was 0.5U/mL.

2.7. Statistical Analysis. Continuous variables are expressed
as mean± standard deviation (SD) or standard error of the
mean (SEM) and were analyzed with nonparametric tests
according to the results obtained by the Kolmogorov-
Smirnov test. For the comparisons between groups, the
Mann–Whitney U test was used, and Kruskall Wallis test
for baseline–final results. The categorical variables are pre-
sented as frequencies and percentages and were analyzed
with the chi2 test. A value of p ≤ 0 05 was considered statisti-
cally significant, and the confidence interval was 95%.

2.8. Ethical Considerations. The scientific research study
abides by the regulations of the internationally established
guidelines of the Declaration of Helsinki 1964, revised in
October 2013 at the World Medical Assembly. All proce-
dures were performed according to regulations stipulated in
the General Health Legal Guidelines for Healthcare Research
in Mexico, 2nd Title, in Ethical Aspects for Research in
Human Beings, Chapter 1, Article 17, corresponding to a
Category II study as research with a minimal risk, in prospec-
tive studies that involve data risks through common proce-
dures in physical, psychological, or diagnostic examinations
or routine treatments, with Registration number R-2014-
1310-38. All patients gave and signed the informed consent
form in the presence of signed witnesses. Patients had the
right to withdraw from the study at any time without repre-
senting harm to the patient-doctor relationship and without
affecting their treatment. At all times, total confidentiality
was maintained, and the patients were informed of the results
throughout the study.

3. Results

Twenty-two patients with ovarian tumor and ascites were
recruited, and follow-up was 12 months. One patient was
excluded due to presenting with germinal ovarian cancer,
because its management requires a chemotherapy treatment
scheme that differs from platinum. Then, 21 patients with
OEC cancer were included. The average age of all patients
included was 53.24 years, with a range of 34–73 years and a
mode of 46 years. Table 1 shows the demographic and clini-
cal data. Baseline levels of the CA-125 antigen were measured
in all groups. The platinum-refractory patients had the high-
est levels of the CA-125 antigen with 963.80± 363.80U/mL,
and because they perished prior to the end of the first
year, final evaluations were not obtained. At the end of
the study, the platinum-resistant patients had CA-125
antigen levels of 4211.95± 2105.98U/mL despite the pacli-
taxel- and carboplatin-based chemotherapy. The platinum-
refractory patients were found in the most advanced clinical
stages (IIIC and IV), followed by the platinum-resistant
(IIIB, IIIC, and IV) patients. Of the platinum-sensitive
patients, 2 were in stage IIB and 4 were in stage IIIC.
Malignant ascites was found in 7 platinum-sensitive, in 4
platinum-resistant, and in 7 platinum-refractory patients.
Optimal cytoreduction was possible in all of the borderline
patients, all of the platinum-sensitive patients, and 1
platinum-resistant patient. Suboptimal cytoreduction was
possible in 3 platinum-resistant patients and 7 platinum-
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refractory patients. All of the platinum-sensitive and
platinum-resistant patients and 1 platinum-refractory
patient received the 6 complete cycles of chemotherapy with
intervals of 21 days. All of the 7 platinum-refractory patients
perished, 5 of them during the first chemotherapy cycle;
and 2 platinum-resistant patients died during the study
period (Table 1).

The analysis of the results of the markers of oxidative
stress and inflammation initially included all of the patients.

3.1. 8-Isoprostanes. The plasma levels of 8-IP for healthy
controls had 12.35± 1.47 pg/mL. The baseline plasma
levels of the 8-IP marker were 15.13± 1.50 pg/mL and
final 16.90± 1.60 pg/mL, similar to those of the healthy
controls. However, in ascites fluid, the 8-IP levels were
significantly increased with 117.40± 62.70 (p = 0 002) versus
healthy controls and versus baseline–final results. The 8-IP
plasma levels, depending on the response to platinum, were
similar in all groups: platinum-sensitive had 13.60± 2.14 pg/
mL, platinum-resistant 10.40± 1.70 pg/mL, and platinum-
refractory had 19.20± 2.80 pg/mL, without a significant
difference versus healthy controls. Levels of the 8-IP marker
in ascites fluid were significantly elevated among the different
treatment groups (p = 0 03): 8-IP levels in platinum-sensitive
patients were 86.62±26.70pg/mL, platinum-resistant patients
had 36.70±23.80pg/mL, and platinum-refractory patients
had 17.10±1.50pg/mL (Table 2).

3.2. LPO. Plasma levels of LPO in healthy controls were
2.68± 0.28μM. The levels in all patients included were as fol-
lows: baseline 2.70± 0.30μM and final 2.60± 0.30μM. Find-
ings showed elevated levels of LPO in ascites fluid with
12.60± 5.80μM versus healthy controls, without a significant
difference (Table 3). The plasma LPO levels between the
different groups of EOC patients were similar: platinum-
sensitive patients had 2.70± 0.29μM, platinum-resistant
patients had 1.78± 0.25μM, and platinum-refractory
patients had 3.20± 0.78μM, without significant difference
versus healthy controls (Table 4). The plasma LPO levels
baseline–final did not demonstrate significant changes. The
evaluation of LPO in ascites fluid among the groups treated
with platinum produced significant differences (p = 0 05).
The platinum-sensitive patients obtained 14.90± 9.30μM,
the platinum-resistant patients, 27.10± 23.90μM, and the
platinum-refractory patients had 3.40± 1.50μMm (Table 2).

3.3. Total Antioxidant Capacity. The normal plasma levels of
TAC in the healthy control group were 429.42± 61.50mM
versus the significant elevation found in the ascites fluid of
all patients, 909.30± 78.60mM (p = 0 001). In plasma, a
significant decrease of TAC was found in the baseline
evaluations with 294.40± 24.10mM versus the amount
found in ascites fluid (p = 0 03). The final evaluation was
slightly increased with 337.80± 17.10mM (Table 3). Table 4
shows the baseline plasma levels of platinum-sensitive

Table 1: Ovarian cancer clinical data. A predominance of ovarian serous cystadenocarcinoma with malignant ascites can be observed.
Cytoreduction was optimal in 14 patients and suboptimal in 10 patients: only 10 patients were platinum-sensitive, 4 platinum-resistant,
and 7 platinum-refractory (all 7 perished during the first year). The majority of patients were discovered in advanced stages.

Platinum-sensitive Platinum-resistant Platinum-refractory

Weight (kg) 69± 19 75± 25 46± 21
Body mass index (BMI) 27± 7 30± 9 21± 4
Ag CA-125 baseline U/mL 607.37± 183.13 915.8± 373.87 963± 363.80
Ag CA-125 final U/mL 21.87± 6.59 4211.95± 2105.98 62.6± 25.56
Clinical stage

IC 2

IIB 2

IIIB 2 1

IIIC 4 2 5

IV 1 2

Histology
9 Cystadenocarcinoma 3 Cystadenocarcinoma 6 Cystadenocarcinoma

1 Undifferentiated 1 Endometrioid type 1 Endometrioid type

Ascites 3 Positive

Malignant ascites 7 Positive 4 Positive 7 Positive

Cytoreduction 10 Optimal
3 Suboptimal
1 Optimal

7 Suboptimal

Cycle frequency days 21 21

5–1 cycle

1–6 cycles

1-2 cycles

Carboplatin (mg) 570± 109 471± 187 464± 124
Paclitaxel (mg) 300± 39 273± 106 254± 63
Deceased 2 7

4 Oxidative Medicine and Cellular Longevity



patients with 283.80± 33.30mM, platinum-resistant with
179.10± 18.40mM, and platinum-refractory with 393.40
± 31.60mM, with a significant difference between the differ-
ent groups in response to platinum (p = 0 015). The final
results did not produce significant changes compared to
baseline. A significant difference was found between plasma
levels of all groups versus healthy controls (p = 0 007). In
evaluations of TAC in ascites fluid, an increase, without
significant difference, was found between the different
responses to platinum-based chemotherapy (Table 2):
the platinum-sensitive patients had 871.00± 137.90mM,
platinum-resistant had 899.90± 152.70mM, and platinum-
refractory had 1008.80± 138.90.

3.4. IL-6. In ascites fluid, a significant increase in the levels
of IL-6 was found, with 1342.30± 188.90 pg/mL (p = 0 007),
versus plasma levels of healthy controls with 448.34±
279.00 pg/mL. IL-6 plasma baseline levels were 703.50±
162.40 pg/mL (p = 0 03 versus ascites fluid) and final
855.90± 327.90. (Table 3) There were no significant differ-
ences displayed among the different groups in plasma levels
of IL-6: platinum-sensitive patients had 936.40± 284.60 pg/
mL, platinum-resistant patients had 834.20± 31.00 pg/mL,
and platinum-refractory patients had 363.60± 105.00 pg/
mL, without a significant difference versus healthy controls.
Despite the plasma levels of IL-6 in platinum-sensitive
patients being elevated at 936.40± 284.60 pg/mL, there were
no significant differences with all the other treatment groups
including the control group (Table 4). The plasma levels in
baseline–final results were similar in healthy controls and
among the different groups subjected to platinum-based
chemotherapy. Also, IL-6 levels in ascites fluid between
the different groups included in the study were increased
but not different (Table 2).

3.5. TNF-α. In the general evaluation of TNF-α, plasma levels
in healthy controlswere 160.30± 12.70 pg/mL,with a decrease
of this cytokine in ascites fluid to 120.80± 30.90 pg/mL.
However, the overall baseline plasma levels of TNF-α were
significantly elevated with 190.40± 17.90 pg/mL versus levels
in ascites fluid (p = 0 001) (Table 3). Plasma levels of TNF-α
were similar in healthy controls and platinum-sensitive
patients with 201.10± 30.00 pg/mL, in platinum-resistant

patients with 249.80± 28.50 pg/mL and the platinum-
refractory patients with 145.40± 22.30 pg/mL (Table 4). Also,
plasma levels of TNF-α were similar in healthy controls and
in the baseline–final results of all the different types of
responses to chemotherapy. In addition, a significant differ-
ence was not found in levels of this cytokine in ascites fluid
in the different groups treated with platinum (Table 2).

4. Discussion

Ovarian cancer is the primary cause of deaths by gynecolog-
ical neoplasms. According to estimations by the American
Cancer Society in 2014, 21,980 new cases of EOC were
expected and 14,270 deaths due to EOC [20]. In Mexico,
EOC represents 4% of neoplasms, occupies the third place
in cases of cancer in females after cancer of the cervix and
breast, and is considered the second cause of death due to
cancer [21]. The States in the Republic of Mexico with the
highest incidence of EOC are Monterrey, Mexico State, and
the District Capital (Mexico City) [17]. The serous subtype
of EOC was the most frequently found in the present study.
It should be recognized that surgery in EOC is not only
the cornerstone of treatment but it also plays an important
role in the histological diagnosis and staging of the tumor
[22]. The majority of patients in the study presented with
advanced illness when they sought medical attention;
therefore, relapses of the illness were expected even with
the administration of standard, adjuvant, platinum-based
chemotherapy and primary cytoreductive surgery. Survival
free of progression in stage III is about ~17 months, and
the global average survival can reach 45 months [23]. The
patients who have short intervals without treatment
(platinum-resistant) or who have never been in total remis-
sion (platinum-refractory) have response rates objective to
second-line chemotherapy of about ~10–15% [24].

All of the platinum-refractory patients (100%) and 2
(50%) of the platinum-resistant patients perished soon after
entering the study. Serum evaluation of the CA-125 antigen
is considered fundamental in the diagnosis and in changes
in levels after treatment, since it is a marker of response
to treatment and forms part of the management criteria
to follow [25]. In the current study, the CA-125 antigen

Table 2: Oxidative and inflammatory status in ascites due to ovarian cancer. The significant difference between study groups treated with
platinum and the concentrations of LPO and 8-IP in ascites fluid is noteworthy.

Platinum-sensitive Platinum-resistant Platinum-refractory p∗ (K-W)

Antioxidant

TAC mM trolox 871.00± 137.90 899.90± 152.70 1008.80± 138.90 0.60

Oxidants

LPO μM 14.90± 9.30 27.10± 23.90 3.40± 1.50 0.05∗

8-IP pg/mL 86.62± 26.70 36.70± 23.80 17.10± 1.50 0.03∗

Proinflammatory cytokines

IL-6 pg/mL 1582.60± 346.10 969.60± 76.30 1382.30± 257.60 0.31

TNF-α pg/mL 146.10± 62.80 102.00± 27.50 75.10± 17.90 0.52

TAC: total antioxidant capacity; LPO: lipoperoxides; 8-IP: isoprostanes; IL-6: interleukin-6; TNF-α: tumor necrosis factor alpha; K-W: Kruskall-Walis test.
∗Comparison between treatment response groups.
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was importantly incremented in the final evaluations of
the platinum-resistant patients.

One of the characteristics of EOC is the production of
ascites fluid. It should be considered that ascites forms an
interesting tumor microenvironment, enriched with signals
that favor proliferation of the tumor through invasion and
antiapoptotic molecules, and so contributes to resistance to
chemotherapy and tumor heterogeneity [8]. The profile of
cytokines in ascites in EOC has demonstrated the presence
of protumorigenic and antitumorigenic factors in the micro-
environment, with elevated levels of protumorigenic cyto-
kines that include IL-6, IL-8, IL-10, IL-15, IP-10, MCP-1,
MIP-1β, and the VEGF, and the significant decrease in levels
of the IL-2, IL-5, IL-7, and IL-17 and the platelet-derived
growth factor [26]. These factors contribute in a cumulative
way to the creation of the proinflammatory and immunosup-
pressor microenvironment that favors tumor proliferation
[27] The IL-6 and the IL-10 have received major attention
owing to their correlation to poor prognosis and inadequate
response to treatment [12].

In 2012, the profile of cytokines in ascites was reported in
10 patients with EOC where the greatest expressions of
various inflammation regulator factors were demonstrated,
including IL-6, IL-6R, IL-8, IL-10, leptin, osteoprotegerin,
and the urokinase-type plasminogen activator [28]. Also, the
authors demonstrated that the increase in IL-6 in ascites fluid
is an independent factor of poor prognosis for EOC [29]. The
role of the IL-6 contributes to the progression of EOC by
inhibiting apoptosis, stimulation of angiogenesis, increasing
migration, and stimulation of cellular proliferation [28].

In the present study, we found an important increase in
plasma levels of IL-6 baseline–final (p = 0 003) in all patients
included, and levels of IL-6 in ascites fluid were elevated sig-
nificantly versus healthy controls, as expected (p = 0 007).
The implication of IL-6 in the pathogenesis of EOC is well-
documented: it seems the primary source of IL-6 secreted
in biological fluids is produced by the tumor tissue [30].
The ovarian tumor cells produce the stimulating factor of
the macrophage colonies, and this factor is a potent chemical
attractor for the monocytes that stimulates the monocytes
and macrophages to produce TNF-α, IL-1α, or IL-1β; all with
the capacity to stimulate the growth of the ovarian tumor
cells [31]. In the present study, we found diminished levels

of TNF-α in ascites fluid and significant increases in plasma
in the baseline evaluations in all patients.

On the other hand, ascites is also very attractive as a
resource for studies in discovering other biomarkers.
Here, we found a significant increase in the 8-IP marker
in ascites fluid (p = 0 01) and in the baseline plasma evalua-
tions (p = 0 02) in all of the patients included. The plasma
LPOs, in all evaluations, did not reveal any significant differ-
ences, although in ascites fluid in platinum-resistant patients
there was a significant increase (p = 0 05) of LPO versus the
platinum-refractory patients who had very low levels of
LPO. Interestingly, we found a significant elevation of TAC
in ascites (p = 0 001) and a decrease in this concentration in
the baseline plasma results (p = 0 031), which suggests an
important leakage of the antioxidants in the ascites fluid.
Upon searching the literature, there were no available reports
on the behavior of the markers 8-IP, LPO, and TAC in
plasma and ascites fluid. Ascites is a proximal fluid with the
capacity to reveal events in the early stages of EOC because
the concentration of soluble factors associated with cancer
tends to be much higher in ascites than in serum or plasma,
which makes malignant ascites a promising source for inves-
tigation of diverse diagnostic, therapeutic, and prognostic
markers [32].

In conclusion, EOC is a heterogeneous neoplasm with
diverse responses to standard platinum-based treatment
and cytoreductive surgery, which makes it a priority to
develop new prognostic markers prior to treatment that
identify patients who could have poor response to standard
platinum-based chemotherapy.

The limitations of the study are based on the small num-
ber of patients included and the short length of follow-up.
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Background. Postoperative intra-abdominal adhesions are a major complication after abdominal surgery. Although various
methods have been used to prevent and treat adhesions, the effects have not been satisfactory. Emodin, a naturally occurring
anthraquinone derivative and an active ingredient in traditional Chinese herbs, exhibits a variety of pharmacological effects. In
our study, we demonstrated the effect of emodin treatment on preventing postoperative adhesion formation. Materials and
Methods. A total of 48 rats were divided into six groups. Abdominal adhesions were created by abrasion of the cecum and its
opposite abdominal wall. In the experimental groups, the rats were administered daily oral doses of emodin. On the seventh day
after operation, the rats were euthanized, and blood and pathological specimens were collected. Abdominal adhesion formation
was evaluated by necropsy, pathology, immunohistochemistry, Western blot, and enzyme-linked immunosorbent assay analyses.
Results. Abdominal adhesions were markedly reduced by emodin treatment. Compared with the control group, collagen
deposition was reduced and the peritoneal mesothelial completeness rate was higher in the emodin-treated groups. Emodin had
anti-inflammatory effects, reduced oxidative stress, and promoted the movement of the intestinal tract (P < 0 05). Conclusion.
Emodin significantly reduced intra-abdominal adhesion formation in a rat model.

1. Introduction

Intra-abdominal adhesion formation is a major complication
after abdominal surgery. Patients have a 90%–95% risk of
developing intraperitoneal adhesions after laparotomy [1,
2], which is one of the most upsetting complications after
gastrointestinal surgery. Peritoneal adhesions can cause vari-
ous problems, such as small-bowel obstruction, female infer-
tility, chronic abdominal pain, and increased difficulty
during reoperation, all of which greatly influence quality of
life and increase medical costs [3–5]. The strategies to treat
and prevent adhesions can be divided into four categories:
general principles, surgical techniques, chemical agents,
and mechanical barriers [6, 7]. Although several methods
have been applied to prevent adhesion formation, a “gold
standard” for treatment has not been determined yet, and

surgeons still need to seek more effective methods to prevent
and treat postoperative abdominal adhesions [8].

The formation of abdominal adhesions is a complex
process that involves inflammation, angiogenesis, fibrinoly-
sis, peritoneal tissue repair, and other biochemical events
[4, 9–11]. When injury or trauma occurs in the abdominal
cavity, ischemia of the local area occurs and inflammatory
and coagulation cascades are activated within a few minutes.
Inflammatory cells, such as neutrophils and macrophages,
and tissue repair cells will migrate to the injured area, and
the coagulated blood will form a fibrin mesh [12, 13]. Then,
after approximately 24 hours, the mesothelium will start to
grow, followed by fibroblast proliferation on day 3 and
angiogenesis on day 5. If the peritoneum repairs well and
the fibrin mesh is absorbed, the adhesions are very minor;
otherwise, abdominal adhesions will form [2, 4]. Fibroblasts
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and the inflammatory system play major roles in the mech-
anism of abdominal adhesion formation [2, 14, 15]. Intesti-
nal movements also play an important role in the formation
of abdominal adhesion [16]. Early movement of the bowel
disrupts the fibrin bridges and inhibits fibroblast invasion
into the adhesive tissues. Additionally, mobilization encour-
ages fibrinolysis through increased fluid movement and
metabolite exchange in the peritoneum [16, 17].

Emodin (1,3,8-trihydroxy-6-methylanthraquinone) is a
naturally occurring anthraquinone derivative and an active
ingredient in traditional Chinese herbs, including Rheum
palmatum, Polygonum cuspidatum, Polygonum multiflorum,
Aloe vera, and Cassia obtusifolia. Emodin exhibits a variety
of pharmacological benefits in pharmacological studies
[18]. According to previous studies [18–21], emodin has
been demonstrated to have various effects, including antivi-
ral, antibacterial, antiallergenic, antiosteoporotic, antidia-
betic, anti-inflammatory, and antitumor effects, and can
reduce oxidative stress. Moreover, emodin can decrease col-
lagen deposition in pancreatitis and pulmonary injuries and
downregulate the TGF-β signaling pathway in many human
cancers [20, 22]. As a laxative drug in traditional Chinese
herbs [23], the primary effect of emodin is promoting intesti-
nal movement. Since inflammation, collagen deposition, oxi-
dative stress, and intestinal movement all play important
roles in postoperative intra-abdominal adhesion formation,
we speculated that emodin may reduce postoperative adhe-
sion formation. In this study, we intended to demonstrate
that emodin can prevent postoperative abdominal adhesion
formation.

2. Materials and Methods

2.1. Animals and Chemicals. A total of 48 Sprague-Dawley
rats weighing 200 to 250 g were purchased from the Experi-
mental Animal Center of Xi’an Jiaotong University. The ani-
mals were treated in a humane manner in accordance with
the Declaration of Helsinki. All animals were fed ad libitum
with a commercial diet and had continuous access to fresh
water. The animals were housed under standard laboratory
conditions at 22± 2°C. This experiment was accomplished
in the Xi’an Jiaotong University Experimental Research Lab-
oratory with the consent of the Experimental Animals Ethics
Committee [24].

Emodin (PubChem CID: 10207) was purchased from
Sigma-Aldrich Co. LLC® (St. Louis, MO) and was dissolved
in 0.5% sodium carboxymethyl cellulose (0.5% CMC-Na®;
Henan Qianzhi Company, Henan, China) at different con-
centrations [25].

2.2. Study Design and Surgical Procedure. All rats were fasted,
and the hair on their abdomen was removed one day before
surgery. The rats were equally divided into six groups. The
animals were deeply anesthetized by an intraperitoneal injec-
tion of 50mg/kg barbital sodium (Guidechem, Shanghai,
China), and the abdominal skin was disinfected with
povidone-iodine before the operation. As previously
described [3, 26, 27], a vertical midline incision (2-3 cm long)
was made, except in the animals with previous intra-

abdominal adhesion formation. Excluding the sham opera-
tion group, the anterior surface of each cecum was scraped
with a soft swab 40 times, which induced slight serosal hem-
orrhage resulting in the formation of surface lesions in an
area of approximately 1.5 cm× 1.5 cm. The rat abdominal
wall opposite to the scratched cecum was treated in the same
manner. Prior to closing the abdominal cavity, the cecum was
placed in its original position opposite to the wounded
abdominal wall in full contact with each other. In the sham
operation group, the rats did not undergo the abdominal
adhesion formation procedure. In the sodium hyaluronate
group, 2mL of medical-grade hyaluronate gel (Qingdao Hai-
tao Biochemical Co. Ltd., Qingdao, China) was daubed on
the abraded area before closing the abdominal cavity. The
abdomen was closed in two layers using interrupted 3-0
Vicryl® sutures. After the operation, the rats in the three
experimental groups were orally administered 20 (low-dose
group), 40 (middle-dose group), or 80 (high-dose group)
mg/kg emodin daily. The sham operation group and the con-
trol group were orally administered the same amount of 0.5%
CMC-Na once per day for one week.

2.3. Adhesion Grading and Assessment. One week after
surgery, all animals were anesthetized as previously
described, and a reverse U incision was performed to assess
the adhesions. Adhesion formation was measured by two
independent researchers who were blinded to the study pro-
tocol, according to the method described by Hoffmann et al.
[28] and Lauder et al. [29]. The Hoffmann’s scoring
scheme considers the number, strength, and distribution
of adhesions. Lauder’s schemes were measured and expressed
as a percent of the total deperitonealized surface area [7]
(Supplementary Tables 1 and 2 available online at https://
doi.org/10.1155/2017/1740317). After adhesion grading was
performed, the tissues and blood serum were collected for
the next experiments.

2.4. Histopathological Evaluation. Hematoxylin and eosin
staining was used to evaluate the inflammation and fibrilla-
tion condition. After 24 hours of fixation, the adhesion tis-
sues of the injured cecum wall and parietal peritoneum
were embedded in paraffin and then cut into 4μm thick serial
paraffin sections. A portion of the paraffin sections was
stained by hematoxylin and eosin to observe the morphology
and adhesion conditions of the tissues. Histopathological
evaluations of fibrosis and inflammation were made by light
microscopy. The stained sections were evaluated by two
pathologists from the Pathology Department of the First
Affiliated Hospital of Xi’an Jiaotong University who were
blinded to the experimental groups. At least five randomly
selected high-power fields were reviewed for each section,
and at least four sections per rat were evaluated and
graded using the scoring system described in Supplementary
Table 3 [30, 31].

2.5. Masson Staining for Collagen Deposition. A subset of
the paraffin sections was used for Masson staining to
observe the collagen content. The paraffin sections were
stained using a Masson staining kit (Bogoo Biotechnology
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Co. Ltd., Shanghai, China) following the manufacturer’s
instructions. The percentage of positive staining was assessed
by the Image-Pro Plus 5.0 software (Leica Qwin Plus, Leica
Microsystem Imaging Solutions Ltd., Cambridge, UK). Eight
microscopic fields were randomly selected to measure the
average collagen thickness in the adhesive tissues.

2.6. Immunohistochemical Staining. Immunohistochemical
staining was used to assess collagen deposition (α-SMA,
MMP-9), mesothelial cell healing (CK-18), and gastroin-
testinal dynamics (C-kit) and was performed using a
streptavidin-biotin kit (Maxim, Fuzhou, China) following
the manufacturer’s instructions. The sections were deparaffi-
nized and rehydrated, incubated with 30 g/L hydrogen perox-
ide solution at room temperature for 5 minutes, and blocked
with goat serum. Subsequently, the sections were incubated
with mouse anti-rat α-smooth muscle actin (α-SMA; 1 : 100
dilution, Santa Cruz Biotechnology, Dallas, TX, USA), tyro-
sine kinase receptor (C-kit; 1 : 100 dilution, Abcam, UK),
cytokeratin-18 (CK-18; 1 : 50 dilution, Abcam, UK), and
matrix metalloproteinase-9 antibodies (MMP-9; 1 : 100 dilu-
tion, Abcam) at 4°C overnight. The sections were then incu-
bated with biotinylated rabbit anti-mouse IgG for 20
minutes. Incubation with streptavidin-biotin peroxidase
complex at 37°C was performed for another 20 minutes.
The sections were washed in phosphate-buffered saline four
times for 5 minutes per wash. Diaminobenzidine tetrahydro-
chloride was used for visualization, and hematoxylin was
used as the counterstain. The sections were dehydrated,
mounted, and sealed. To evaluate the expression of these
indicators, at least five random high-power fields of adhesion
tissue were reviewed for each section as described in the his-
topathological evaluation. Then, the CK-18 stain was used
to assess the completeness rate of the mesothelial cells.
The rate was calculated by the stained mesothelial cell
length in the adhesion tissue divided by the total mesothelial
cell length in the selected fields. The α-SMA, C-kit, and
MMP-9 scoring system is as follows: 0—no expression,
1—low expression, 2—moderate expression, 3—strong
expression, and 4—very strong expression. The expression
condition in the adhesive tissue was calculated as the aver-
age score of examined sections.

2.7. Western Blot. Western blot was performed according to
previous studies [24, 32] to assess inflammation (COX-2)
and collagen deposition (α-SMA, MMP-9) to further delin-
eate the mechanism of emodin (SMAD3). Mammalian pro-
tein lysis buffer (Thermo Fisher Scientific, Waltham, MA,
USA) was used to extract the total tissue protein. The same
amounts of protein were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and then trans-
ferred to polyvinylidene fluoride membranes (EMD Milli-
pore, Billerica, MA, USA). The membranes were incubated
in the diluted primary antibodies overnight and stored at
4°C. The primary antibodies were anti-COX-2 antibody
(Santa Cruz, 1 : 200 dilution), anti-SMAD3 antibody (Santa
Cruz, 1 : 500 dilution), anti-α-SMA antibody (Santa Cruz,
1 : 200 dilution), and anti-beta-actin (β-actin) antibody
(Santa Cruz, 1 : 1000 dilution). The membranes were

incubated with the secondary antibody followed by horse-
radish peroxidase (HRP; Santa Cruz). Then, an enhanced
chemiluminescence system (EMD Millipore) was used to
detect the bands. The intensity of the bands was calculated
using Image-Pro Plus 5.0 software (Media Cybernetics Inc.,
Rockville, MD, USA).

2.8. Enzyme-Linked Immunosorbent Assay (ELISA). Interleu-
kin-6 (IL-6) and transforming growth factor-β1 (TGF-β1)
(indicators of inflammation) as well as gastrin and motilin
(indicators of gastrointestinal dynamics) levels were mea-
sured in blood that was collected 7 days after surgery. Four
commercial ELISA kits (all from Meilian Biology, Shanghai,
China) for IL-6, TGF-β1, gastrin, and motilin were used
according to the manufacturers’ protocols. The concentra-
tions of the samples were calculated using a standard curve.
The levels of the assessed indicators are expressed as pico-
grams per milligram of protein.

2.9. Chemiluminescence Test for Reactive Oxygen Species. As
reported previously [33], reactive oxygen species (ROS) were
measured in the peritoneal lavage fluid 7 days after the oper-
ation. The lavage fluids were collected before opening the
abdominal cavity. A commercial ROS detection kit (Sinovac
Biochemical Reagents, Shanghai, China) was used according
to the manufacturer’s protocol. The concentrations of the
samples were calculated using a standard curve.

2.10. Gastrointestinal Dynamics Experiment. An ink-
propelling test was performed to determine the condition of
the gastrointestinal dynamics in the different groups. All rats
were administered 2mL of ink, consisting of 5% carbon pow-
der and a 0.5% CMC-Na suspension, by oral gavage 30
minutes before the second laparotomy. After assessing the
adhesion condition, the total small bowel was removed from
the abdominal cavity. Then, the small intestine was cut along
the antimesenteric side. Next, we measured the total length
from the distal stomach to the ileocecal junction and the
length from the pylorus to the furthest point that the carbon
powder had reached. The intestinal propulsion rate was cal-
culated using the following equation: intestinal propulsion
rate (%)= length of carbon powder movement/total length
of small intestine× 100%.

2.11. Statistical Analyses. All data were analyzed with the
SPSS18.0 software (Chicago, IL, USA) and are presented as
means± standard errors of the mean (SEM). Analysis of
variance (ANOVA) was performed to determine significant
differences in normally distributed data, and the abnormally
distributed data were analyzed by the Kruskal-Wallis test.
Enumeration data were determined by Fisher’s exact test.
P values <0.05 were considered significant.

3. Results

3.1. Gross Observations Indicate That Emodin Treatment
Reduced Abdominal Adhesions. No animals died during the
operation or postoperative treatment; therefore, a total of
48 rats completed the study. No wound infections or disrup-
tions occurred before the second laparotomy.
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To investigate the effect of emodin on preventing adhe-
sion formation after surgery, we first evaluated adhesion for-
mation using the scoring system as described before when the
abdominal cavity was opened 7 days after the operation
(Figure 1(a)). There were significant differences between the
groups, and the adhesions were remarkably relieved by
emodin treatment, especially in the high-dose emodin group
(P < 0 05) (Figures 1(b) and 1(c); P = 0 0022 and P < 0 0001,
resp.). Additionally, the highest nonadhesion rates were

found in the sham operation and high-dose emodin groups
(P = 0 011) (Figure 1(d)). Therefore, our gross observations
indicate that emodin effectively reduces intra-abdominal
adhesion formation.

3.2. Emodin Inhibits Intra-Abdominal Collagen Deposition.
Masson staining was used to assess collagen deposition in
the adhesion tissues of different groups. The collagen layer
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Figure 1: Emodin treatment prevents postoperative intra-abdominal adhesion formation in rats on the seventh day after the operation
(n = 8). (a) The sham operation group (sham) rarely had intra-abdominal adhesions. Control group (control) animals developed a large
number of extensive and thick adhesions that were difficult to separate. The sodium hyaluronate group (HA) had a few adhesion
formations. The low-dose emodin group, middle-dose emodin group, and high-dose emodin group developed fewer adhesions than the
control group. Black arrows indicate adhesions. (b) The Lauder scores of the different groups (total P = 0 0022 compared with the control
group, ∗P < 0 05 and ∗∗P < 0 01, abnormally distributed, Kruskal-Wallis test). (c) The total Hoffmann scores of the different groups (total
P < 0 0001 compared with the control group, ∗P < 0 05 and ∗∗P < 0 01, abnormally distributed, Kruskal-Wallis test). (d) The nonadhesion
rates in the different groups (total P = 0 004 compared with the control group, ∗P < 0 05, Fisher’s exact test).
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was thinner in the emodin-treated groups (P < 0 0001)
(Figures 2(a) and 2(d) and Supplementary Figure 1A).

To verify our results and to discover the possible mecha-
nisms underlying the decrease in adhesive tissue collagen
deposition after emodin treatment, we determined the
MMP-9 and α-SMA expression levels using immunohisto-
chemistry. Compared with the control group, MMP-9 levels
were increased (P = 0 0003) (Figures 2(b) and 2(e) and

Supplementary Figure 1B) and α-SMA levels were decreased
(P = 0 0002) (Figures 2(c) and 2(f) and Supplementary
Figure 1C) in the emodin-treated groups. These results sug-
gest that emodin treatment inhibits collagen deposition.

3.3. Emodin Treatment Promotes Mesothelial Cell Healing.
To evaluate healing of the peritoneal mesothelium, which
plays an important role in abdominal adhesion formation,
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Figure 2: Emodin treatment reduced postoperative intra-abdominal collagen deposition seven days after operation. The magnification is
100× (n = 8; compared with the control group, ∗P < 0 05 and ∗∗P < 0 01). (a) Masson staining of the different groups (double-headed
black arrows indicate adhesive tissues). (b) Immunohistochemical staining of MMP-9 among the different groups (double-headed black
arrows indicate adhesive tissues). (c) Immunohistochemical staining of α-SMA (double-headed black arrows indicate adhesive tissue). (d)
The score obtained from Masson staining shows that the thickness of the adhesion layer is thinner in the emodin-treated groups than in
the other groups (P < 0 0001, abnormally distributed, Kruskal-Wallis test). (e) The score of MMP-9 staining among different groups (total
P = 0 0005, abnormally distributed, Kruskal-Wallis test). (f) The score of α-SMA staining among different groups (total P = 0 0005,
abnormally distributed, Kruskal-Wallis test).
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we used immunohistochemistry to determine the expression
of cytokeratin in the peritoneal mesothelial cells of the differ-
ent groups. In the groups treated with emodin, the peritoneal
cells repaired the injured area more completely than those in
the other groups (P < 0 0001) (Figures 3(a) and 3(b) and
Supplementary Figure 1D). Emodin treatment promotes
the process of mesothelial cell healing.

3.4. Emodin Treatment Alleviates Oxidative Stress. To
determine additional mechanisms by which emodin treat-
ment prevents abdominal adhesions, we determined the
levels of ROS, indicators of oxidative stress reactions, in
the peritoneal lavage fluids. The levels of ROS in the
emodin-treated groups were lower than those in the con-
trol group (P < 0 0001) (Figure 4(a)). Therefore, a potential
mechanism by which emodin prevents postoperative
abdominal adhesions may be through alleviating oxidative
stress reactions.

3.5. Emodin Treatment Inhibits Inflammation. To confirm
our observations and determine a possible mechanism by
which emodin prevents postoperative intra-abdominal adhe-
sion formation, we performed a macroscopic evaluation of
the inflammatory response. Fibrosis was remarkably reduced
and the inflammation score was lower in the emodin-treated
groups than in the control group (P = 0 00177) (Figures 4(b)
and 4(c) and Supplementary Figure 1E). We assessed the
levels of TGF-β and IL-6 in the blood on the seventh day after
the operation and found that there was less of an inflamma-
tory reaction in the emodin-treated groups than in the

controls (P < 0 0001) (Figures 4(d) and 4(e)). In addi-
tion, COX2, an important indicator of inflammation, was
decreased in the emodin-treated groups, as shown in
Figures 5(a) and 5(c) (P < 0 0001). To determine the proba-
ble mechanisms by which emodin reduces inflammation,
we assessed the expression of SMAD-3, an activator of the
TGF-β signaling pathway, in the different groups. Emodin
treatment successfully decreased the expression of SMAD-3
(Figures 5(a) and 5(d), P < 0 0001). Thus, these results sug-
gest that emodin potentially inhibits inflammation through
a mechanism associated with the TGF-β signaling pathway.

3.6. Emodin Treatment Promotes Gastrointestinal Dynamics.
To further determine the condition of the gastrointestinal
dynamics in the different groups, we performed an ink-
propelling test. The ink moved further in the emodin-treated
groups, which suggests that emodin treatment promotes
bowel movements (P < 0 0001) (Figures 6(a) and 6(b)). In
addition to these gastrointestinal dynamic evaluations, we
assessed several objective indicators to confirm our findings.
By testing the levels of gastrin and motilin in the blood seven
days after the operation, the emodin-treated groups had
higher levels of gastrointestinal hormones than the other
groups (P < 0 0001) (Figures 6(c) and 6(d)). Based on the
immunohistochemical staining of C-kit, a specific maker
for intestinal movement [34, 35], we drew the same conclu-
sion (P < 0 0001) (Figures 6(e) and 6(f) and Supplementary
Figure 1F). Thus, emodin treatment can promote gastroin-
testinal movement.
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Figure 3: The completeness rate of normal mesothelial cells seven days after the operation (n = 8; compared with the control group, ∗P < 0 05
and ∗∗P < 0 01). (a) Immunohistochemical staining of CK-18 among the different groups. The magnification is 100× (black arrows indicate
CK-18-positive mesothelial cells or injured mesothelial cell lines). (b) The emodin-treated groups had intact peritoneal mesothelial cell layers
as detected by immunohistochemical staining for CK-18 (total P < 0 0001, abnormally distributed, Kruskal-Wallis test).
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4. Discussion

Here, we demonstrated that emodin treatment could effec-
tively reduce postoperative adhesion formation, reduce colla-
gen formation, and accelerate healing of the peritoneal
mesothelium. Emodin prevents adhesion formation in sev-
eral ways, including the inhibition of inflammation, allevia-
tion of oxidative stress, and promotion of intestinal tract
movements. The results presented in this study strongly sug-
gest that emodin can be an effective drug for the prevention
of postoperative adhesion formation.

Emodin is a natural secondary plant product, originally
isolated from the rhizomes of Rheum palmatum. In tradi-
tional Chinese medicine, emodin is used as an anti-
inflammatory drug and to improve visceral stasis and pro-
mote movement of the gut [18, 36]. Emodin is a pleiotropic
molecule capable of interacting with several major molecular
targets, for example, TGF-β, NF-κB, AKT/mTOR, and
STAT3 [18]. We chose emodin as an antiabdominal adhesion
drug because of the following reasons. In a previous study,
emodin inhibited inflammation through TGF-β [37]. Emo-
din also reduced liver and pulmonary fibrosis [22, 38]. In
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Figure 4: Emodin treatment alleviates oxidative stress and inhibits inflammation in rats seven days after the operation (n = 8; compared
with the control group, ∗P < 0 05 and ∗∗P < 0 01). (a) Emodin-treated groups had lower expression levels of ROS (total P < 0 0001,
abnormally distributed, Kruskal-Wallis test). (b) HE staining of the different groups. The magnification is 100×. (c) The scores of the
inflammatory response determined by HE staining in the different groups (total P = 0 00177, abnormally distributed, Kruskal-Wallis test).
(d) ELISA results showing the TGF-β1 levels in the blood on the seventh day after operation (total P < 0 0001, abnormally distributed,
Kruskal-Wallis test). (e) ELISA results showing the IL-6 levels in the blood on the seventh day after operation (total P < 0 0001,
abnormally distributed, Kruskal-Wallis test).
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addition to its properties as a laxative drug, emodin can pro-
mote intestinal movement [23]. While the formation of intes-
tinal adhesions involves inflammation, collagen deposition,
and oxidative stress, the TGF-β pathway also plays important
roles in abdominal formation [11, 39]. Thus, we speculated
that emodin may inhibit abdominal adhesion formation. In
our study, the main effect of emodin was to prevent abdom-
inal adhesion formation via blockage of the TGF-beta signal-
ing pathway.

The fibrinolytic system plays a central role in the forma-
tion of postoperative intra-abdominal adhesions [1]. If
complete fibrinolysis does not occur within 5 to 7 days after
peritoneal injury, the temporary fibrin matrix will persist
and gradually will become more organized as fibroblasts
secrete collagen, which can lead to the formation of postoper-
ative adhesions. In our study, we used Masson staining to
detect collagen and immunohistochemistry andWestern blot
analyses to detect α-SMA. Emodin treatment reduced the
collagen content in adhesion tissues. MMP-9, which can
degrade the extracellular matrix and reduce collagen levels,
was increased in the emodin-treated groups compared with
the controls.

The process of peritoneal healing plays an important role
in postoperative abdominal adhesion formation. If the
peritoneal cells can repair the locally injured peritoneal area
in time, then, adhesion formation will be reduced [6].
Cytokeratin-18 is a specific marker for mesothelial cells

[40]. We compared the positive cytokeratin expression rates
of mesothelial cells among the different groups, and the
emodin-treated groups had a higher rate of expression in
normal mesothelial cells. We concluded that the peritoneal
mesothelial cells healed faster in the emodin-treated groups.

Adhesion formation stems from trauma/injury that
results in the initiation of an inflammatory response, which
leads to the formation of a fibrin matrix [3, 41]. There are
various molecular targets that emodin may modulate. Emo-
din may possess a great potential as a therapeutic agent for
a variety of inflammatory conditions. Emodin exerts anti-
inflammatory effects on CIA mice through inhibition of the
NF-κB pathway [20, 42, 43]. In our study, through the evalu-
ation of inflammatory scores in HE-stained sections and
determination of TGF-β1 and IL-6 levels in blood and
COX-2 expression in tissues, we concluded that emodin
treatment decreased the inflammatory response. The poten-
tial mechanism of emodin in the reduction of inflammation
may be through inhibition of the most important inflamma-
tory pathway, the TGF-β signaling pathway. To investigate
this possibility, we investigated the downstream molecule
SMAD-3 [44]. Emodin treatment effectively decreased
SMAD-3 expression. However, further study is required
to fully elucidate the effects of emodin treatment on
SMAD-3 expression.

Oxidative stress participates in the formation of postop-
erative abdominal adhesion formation, and inhibition of
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Figure 5: Western blot of SMAD-3, COX-2, and α-SMA in the different groups (n = 8; compared with the control group, ∗P < 0 05 and
∗∗P < 0 01, abnormally distributed, Kruskal-Wallis test). (a) Western blot of SMAD-3, COX-2, and α-SMA in the different groups. (b) The
relative α-SMA expression of different groups (total P < 0 0001, abnormally distributed, Kruskal-Wallis test). (c) The relative COX-2
expression of different groups (total P < 0 0001, abnormally distributed, Kruskal-Wallis test). (d) The relative SMAD-3 expression of
different groups (total P < 0 0001, abnormally distributed, Kruskal-Wallis test).
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the oxidative stress pathway can be beneficial for the preven-
tion of adhesion formation [45]. ROS are an indicator of
oxidative stress. In our study, the expression of ROS was
decreased in the emodin-treated groups, suggesting that
one possible mechanism of emodin in preventing postopera-
tive adhesion formation is by reducing oxidative stress.

The other possible mechanism for the reduction of post-
operative adhesion formation by emodin may be via the

promotion of gastrointestinal movement. As a laxative,
emodin is traditionally used to treat constipation and can
increase the contractility of intestinal smooth muscle [46].
Researchers have shown that stasis is a key element in the
development of postoperative adhesions, and intestinal
mobilization can acutely lyse adhesions and prevent adhe-
sions from forming [16, 17]. In our study, we tested the gas-
trointestinal dynamics of the different groups by objective
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Figure 6: Gastrointestinal dynamics in the different groups (compared with the control group, ∗P < 0 05 and ∗∗P < 0 01). (a) Representative
image of the ink-propelling test indicating intestinal movement conditions in different groups. (b) The intestinal propulsion rates determined
by ink-propelling tests in the different groups (total P < 0 0001, abnormally distributed, Kruskal-Wallis test). (c) ELISA results showing
gastrin levels in the blood on the seventh day after operation (total P < 0 0001, abnormally distributed, Kruskal-Wallis test). (d) ELISA
results showing motilin levels in the blood on the seventh day after operation (total P < 0 0001, abnormally distributed, Kruskal-Wallis
test). (e) The scores of C-kit expression in different groups (total P < 0 0001, abnormally distributed, Kruskal-Wallis test). (f) The
immunohistochemical staining of C-kit expression in the different groups. The magnification is 100×.
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indicators and animal experiments. Emodin treatment mark-
edly promoted the movement of the bowels. Intestinal move-
ment could potentially reduce the probability of abdominal
wall-to-bowel or bowel-to-bowel adhesion formation.

Importantly, increased intestinal motility may be asso-
ciated with dehiscence following colonic anastomosis [47].
However, previous studies also proved that a moderate
increase in intestinal movement does not increase the risk
of anastomotic leakage [48]. In addition to this, according
to the Enhanced Recovery After Surgery (ERAS®) guide-
lines for colonic surgery (colon resection and anastomosis)
[49], patients are encouraged to take normal food as soon
as possible after surgery and to drink immediately after
recovery from anesthesia. Early food and fluid intake will
inevitably promote intestinal motility [50]. Researchers
have not observed an increase in anastomotic leakage
among patients undergoing ERAS [51]. According to our
study, increasing intestinal mobility has no significance on
the development of anastomotic fistulas (Supplementary
Figure 1C).

There were several limitations in this study. First, the
mechanism of emodin with respect to adhesion reduction
is still unclear. Second, we could not fully simulate the
effects of emodin treatment on humans because we per-
formed these experiments in animals. Thus, we could
not ensure that the rat model accurately models the
response in humans. Third, although emodin may be a
new method for the treatment of postoperative abdominal
adhesion formation, the side effects of this compound are
unknown. In particular, toxicology and pharmacokinetic
studies are warranted.

5. Conclusions

Emodin treatment exerts anti-inflammatory effects, alleviates
oxidative stress, and promotes the movement of the intestinal
tract. Therefore, emodin is a promising drug for the preven-
tion of postoperative adhesion formation. However, the
mechanisms of emodin treatment in preventing abdominal
adhesions require further study.
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Age-related macular degeneration (AMD) is the leading cause of severe and irreversible vision loss and is characterized by
progressive degeneration of the retina resulting in loss of central vision. The retinal pigment epithelium (RPE) is a critical site of
pathology of AMD. Mitochondria and the endoplasmic reticulum which lie in close anatomic proximity to each other are
targets of oxidative stress and endoplasmic reticulum (ER) stress, respectively, and contribute to the progression of AMD. The
two organelles exhibit close interactive function via various signaling mechanisms. Evidence for ER-mitochondrial crosstalk in
RPE under ER stress and signaling pathways of apoptotic cell death is presented. The role of humanin (HN), a prominent
member of a newly discovered family of mitochondrial-derived peptides (MDPs) expressed from an open reading frame of
mitochondrial 16S rRNA, in modulation of ER and oxidative stress in RPE is discussed. HN protected RPE cells from oxidative
and ER stress-induced cell death by upregulation of mitochondrial GSH, inhibition of ROS generation, and caspase 3 and 4
activation. The underlying mechanisms of ER-mitochondrial crosstalk and modulation by exogenous HN are discussed. The
therapeutic use of HN and related MDPs could potentially prove to be a valuable approach for treatment of AMD.

1. Age-Related Macular Degeneration

Age-related macular degeneration (AMD) is a progressive
degenerative retinal disease that impairs visual acuity and
causes irreversible central vision loss. In the developed
world, AMD is the leading cause of blindness of the
geriatric population [1]. In the United States alone,
approximately 11 million people suffer from AMD, and
this number is expected to double to 22 million by the
year 2050 [2]. To date, no viable treatments to cure
AMD exist and the need for novel therapeutics is becom-
ing increasingly vital to circumvent the economic burden
of inflating health care costs resulting from an increasing
patient population.

Clinically, AMD is classified into two phases, an early
asymptomatic phase containing drusen deposits and areas
of hyper- or hypopigmentation and an advanced/late phase
marked by profound vision loss and retinal degeneration
[3]. The early phase of the disease may progress into either
of the two advanced AMD subtypes: geographic/atrophic
AMD (“dry AMD” or GA) with loss of retinal pigment epi-
thelium (RPE) cells and photoreceptors or exudative/neovas-
cular AMD (or “wet AMD”), which is distinguished from the
former by the presence of choroidal neovascularization
(CNV) [4]. These subtypes are not mutually exclusive as
patients may exhibit characteristics of both dry and wet
AMD in one eye, dry in one eye and wet in the other, and
even the evolution of dry to wet AMD and vice versa [5].
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Though the etiology of AMD is enigmatic due to its
multifactorial nature, the dynamic interplay of several patho-
logical processes has been well documented in the macula
and is associated with a plethora of risk factors including
aging, genetic, metabolic, and environmental such as smoking
and phototoxicity [4, 6]. Genome-wide association studies
(GWAS) comparing AMD patients and controls identified
52 independently associated common and rare variants
distributed across 34 loci [7].

The most notable pathogenic processes in AMD include
(1) the accumulation of discrete drusen deposits (composed
of partially degraded oxidized products) between the RPE
and Bruch membrane (BM), (2) intracellular accumulation
of lipofuscin granules in the RPE and its constituent bis-
retinoid N-retinylidene-N-retinylethanolamine (A2E), (3)
chronic local inflammation, (4) innate immune activation
of the complement system by the inflammasome nod-like
receptor-P3 (NLRP3), (5) mtDNA damage, and (6) oxidative
and endoplasmic reticulum stress. In addition, neovascular
AMD is characterized by abnormal growth of immature
and leaky choroidal vessels through BM which is associated
with increased expression of vascular endothelial growth
factor (VEGF) [1].

2. Critical Role of RPE in Retinal Function

The RPE cells are a postmitotic polarized cuboidal mono-
layer separating the photoreceptors of the neural retina and
the vascular choroid. They are an essential component of
the outer blood-retinal barrier and are critical for maintain-
ing the eye as a site of relative immune privilege. Additional
functions include mediating bidirectional fluid and ion trans-
port, phagocytosis of shed photoreceptor outer segments
(POS), synthesizing and regulating the subretinal extracellu-
lar matrix (ECM), secreting growth factors, and recycling
rhodopsin as part of the visual cycle [8].

Prevailing knowledge implicates the exacerbation of oxi-
dative stress (OS) coupled with the attenuation of adaptive
defense responses with aging in the pathogenesis of macular
lesions, and more recently, the crosstalk between oxidative
stress (OS) and endoplasmic reticulum (ER) stress has
attracted much attention [9–13].

Irrespective of what the primary pathogenic insult may
be, RPE dysfunction is a hallmark of AMD with a growing
body of evidence suggesting that mitochondrial dysfunction,
particularly mitochondrial DNA (mtDNA) damage resulting
from aging and the OS-ER stress interface, may be critical
[1, 14]. A recent report by Terluk et al. [15] showed that
mtDNA damage is limited to the RPE, and similar mtDNA
damage is found in the macular and peripheral RPE. Further,
the study revealed that mtDNA damage is limited to discrete
regions of the mitochondrial genome, including the control
region containing cis-elements responsible for mitochondrial
transcription and replication [15]. Other damaged regions of
the mitochondrial genome include genes for the 16S and 12S
ribosomal RNAs and 8 of 22 tRNAs. The 16S rRNA region
also produces mt-derived peptides (MDPs), including huma-
nin, and small humanin-like peptides (SHLPs) [15, 16].

This review will discuss the emerging concept of MDPs
and their homeostatic functions in RPE cells. It will predom-
inantly focus on the MDP humanin (HN) and its modulation
of retinal OS and ER stress, with emphasis to ER-
mitochondrial crosstalk in RPE. Information on these MDPs
may provide insight into developing novel AMD therapeutics
in conjunction with other agents for combination-based
therapies.

3. Evolution and Function of Mitochondria

Mitochondria are ancient organelles thought to have
emerged from the phagocytosis of alpha-protobacteria by
eukaryotic cells long ago. Mitochondria contain their own
closed double-stranded circular DNA (mtDNA) that is dis-
tinct from nuclear DNA (nDNA) [17]. Through evolutionary
processes, the mtDNA lost the majority of its genes through
genomic transfer and incorporation of cytoplasmic mtDNA
into the nuclear genome. mtDNA is 16,569-base-pair long,
void of introns, and has only a few noncoding nucleotides
[18, 19]. mtDNA contains a total of 37 genes of which it
encodes 13 essential proteins (mRNAs) of the oxidative
phosphorylation pathway, along with 22 tRNAs that are
found between most mRNA regions, as well as 2 rRNAs
known as the 16S and 12S regions [19]. The presence of these
tRNAs and rRNAs enables mitochondria to synthesize pro-
teins within the organelle independently of the ER. The
remainder of the proteins found in mitochondria are
encoded in the nucleus, translated in the cytoplasm, and sub-
sequently transferred to the mitochondria [20].

Mitochondrial functions range from mass production of
ATP by oxidative phosphorylation, mediation of calcium sig-
naling and sequestration, and regulation of apoptosis as well
as OS by producing the highest cellular concentration of
reactive oxygen species (ROS) as a metabolic byproduct
[21, 22]. As the “power house” of the cell and an essential
mediator of cellular metabolic homeostasis, mitochondrial
dysfunction is implicated in aging and numerous age-
related diseases [22].

4. HN and Related MDPs within the
Mitochondrial Genome

High-resolution sequencing identified the existence of short
open reading frames (sORFs) within the 16S and 12S rRNA
regions of the mtDNA that were previously undetected [23,
24]. These sORFs lead to the discovery of MDPs that are
encoded and transcribed within the mitochondria. To date,
the known MDPs in order of their discovery include huma-
nin (HN), mitochondrial open reading frame of the 12S
rRNA-c (MOTS-c), and small humanin-likepeptides (SHLPs)
ofwhich6variantshavebeen identified [16,25–28].Apictorial
representation of the mitochondrial genome depicting the
MDPs in the 16S and 12S rRNA along with other encoded
mitochondrial proteins is presented in Figure 1. The amino
acid sequences of theMDPs are listed in Table 1.

HN is a highly conserved 75 base pair transcript encoded
within the sORFofmitochondrial 16S rRNA[25, 29]. Interest-
ingly, mitochondrial translational machinery yield a distinct
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number of peptide amino acids compared to cytoplasmic
translation of the same gene. Therefore, depending on cyto-
plasmic versus mitochondrial locale, translation of HN yields
either a 24- or 21-amino acid peptide, respectively [30, 31].
Both peptides have been shown to have biological activity
[27]. Thirteen humanin-like ORFs were found within the
nuclear genome: out of which, 10 were found to be
expressed in tissue samples [32]. Additionally, two of these
peptides were synthesized and their antiapoptotic proper-
ties were established [32].

5. Protective Properties of Humanin in
Nonocular Tissues

HNwas the first MDP discovered in 2001 by cloning a cDNA
library to the 16S rRNA region to screen for molecules con-
ferring neural apoptotic resistance against a mutated amyloid

precursor protein (APP) from the unaffected portion of brain
tissue of an Alzheimer disease (AD) patient [33, 34]. The
peptide was also shown to confer neuroprotection against
an array of familial Alzheimer’s disease (FAD) genes includ-
ing presenilin 1, presenilin 2, and mutated APP [25, 33]. HN
was independently cloned by two additional groups when
screening for various binding factors. Ikonen et al. [26]
cloned HN as a binding partner of insulin-like growth factor
binding protein-3 (IGFBP-3), while Guo et al. [27] discov-
ered that HN binds to Bax and is a potent cytoprotective
agent suppressing apoptosis. By binding to Bax, HN prevents
its translocation and suppresses the downstream release of
cytochrome c from the mitochondria thereby preventing
apoptosis [27]. Additionally, HN binds to and deactivates
the proapoptotic BH3 proteins tBid and BimEL [35, 36].

In glial cell lines,HNbinding to IGFBP-3 blocks IGFBP-3-
mediated apoptosis. However, in neurons, the cytoprotective
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Figure 1: Human mtDNA genome showing location of humanin and SHLPs (16sRNA) and MOTS-c (12S rRNA). Regions for subunits of
other proteins are also indicated in the figure. rRNA: ribosomal RNA; ND1 to ND6 and ND4: subunits of NADH dehydrogenase complex
(complex 1); COI to COIII: subunits of cytochrome c oxidase (complex 1V); ATP6 and ATP8: subunits of ATP synthase; Cyt b:
cytochrome b of CoQ-cytochrome c reductase (complex III).

Table 1: Nomenclature and amino acid sequences of known MDPs.

Name Sequence Year discovered References

HN MAPRGFSCLLLLTSEIDLPVKRRA 2001, 2003 [25–27]

MOTS-c MRWQEMGYIFYPRKLR 2015 [28]

SHLP1 MCHWAGGASNTGDARGDVFGKQAG 2016 [16]

SHLP2 MGVKFFTLSTRFFPSVQRAVPLWTNS 2016 [16]

SHLP3 MLGYNFSSFPCGTISIAPGFNFYRLYFIWVNGLAKVVW 2016 [16]

SHLP4 MLEVMFLVNRRGKICRVPFTFFNLSL 2016 [16]

SHLP5 MYCSEVGFCSEVAPTEIFNAGLVV 2016 [16]

SHLP6 MLDQDIPMVQPLLKVRLFND 2016 [16]
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capabilities of HN and IGF-1 synergize against Aβ-induced
apoptosis [26, 30]. HN binding to IGFBP-3 affects the bioac-
tivity of IGF-1 by increasing clearance without hindering
IGFBP-3/IGF-1 binding and reduces circulating levels of
IGFBP-3 and IGF-1 [37]. Both IGF-1 and HN inhibit apopto-
sis, enhance insulin sensitivity, suppress ischemia/reperfusion
injury, lower inflammation, and degrade atherosclerotic pla-
ques [37]. Conversely, HN and IGF-1 have opposite effects
on longevity and tumorigenesis and both show a decline in
expression with aging [37–39].

An age-related decline of HN could play a role in the
pathogenesis of age-related diseases including AD and type
2 diabetes mellitus (T2DM) [39]. HN also inhibits pancreatic
β-cell apoptosis, improves glucose tolerance, and lowers lym-
phocyte infiltrates in the nonobese diabetic (NOD) mouse
model [40]. HN expression increases in response to stressful
stimuli as evident from patients with mitochondrial enceph-
alomyopathy with lactic acidosis and stroke-like episodes
(MELAS) and localizes to the mitochondria to presumably
increase ATP synthesis and improve cell survival [41].

In addition to FAD genes, HN confers neuroprotection
against a variety of other degenerative diseases including
spinocerebellar ataxia and Huntington’s disease-related poly-
glutamine toxicity, disorders in which mitochondrial
dysfunction has been implicated [30]. As a cytoprotective
factor, HN also responded to Aβ and OS in triple transgenic
mice by ameliorating cognitive impairment [30, 42]. Athero-
sclerotic plaques contain oxidized LDL aggregates similar to
drusen, and these generate OS insults to the endothelial
vasculature and HN suppressed the size of these plaques in
ApoE-deficient mice on a high-fat diet [43]. Rat ischemia/
reperfusionmodels also showedattenuated insults fromcobalt
chloride- (CoCl2-) mediated hypoxia and serum starvation-
induced apoptosis by increasing mitochondrial respiration
[30, 44]. Undifferentiated rat pheochromocytoma (PC12)
cells were rescued from apoptosis under serum starvation
conditions by HN and the potent HN analog, HNG [45]. In
mouse cerebral artery stroke models, HNG reduced infarct
volume by half when administered centrally and had similar
effects with systemic injections as well [46].

6. Localization of HN and Its Putative Receptors
in RPE Cells

HN is expressed in the cytoplasmic compartments in nonpo-
larized RPE cells where it is mainly localized in mitochondria
[47]. In polarized RPE monolayer cultures which mimic the
native and physiological RPE monolayer [48], HN did not
exhibit polarized localization and was found in both the
apical and basal compartments [47]. The three reported
receptors, namely, ciliary neurotrophic factor receptor
(CNTFRα), the cytokine receptor (WSX1), and the trans-
membrane glycoprotein gp130 (gp130) which are essential
for the extracellular action of HN, were expressed in RPE
cells [47]. All three receptors were expressed in both nonpo-
larized and polarized hRPE cells. CNTFRα and gp130
showed polarized localization, predominately localized to
the apical domain, while WSX1 showed apical as well as basal
localization. The binding of HN to heterotrimeric HN

receptor (htHNR) results in oligomerization of the receptor
subunits and subsequent activation of JAK2 and STAT3
[49–52]. Hashimoto et al. [49] showed that HN induces
STAT3 phosphorylation, which was essential for its neuro-
protective effects. Glycoprotein 130 is a common element
of receptors that belong to the interleukin-6 (IL-6) recep-
tor family and could trigger intracellular signal cascade
responsible for (JAK)/STAT and ERK1/2 pathway in neuro-
nal cells [52]. Ciliary neurotrophic factor receptor (CNTFR)
is a known IL-6 family cytokine [49]. WSX-1 was found while
testing gp130-coupling proteins that co-overexpressed with
human gp130 [50]. In vitro pulldown analysis indicated that
HN binds to CNTFR or WSX-1 [49]. HN treatment induced
the dimerization between CNTFR and WSX-1 as well as the
dimerization between WSX-1 and gp130. Thus, HN initially
induces the dimerization between WSX-1 and CNTFR and
then induces the hetero-trimerization of CNTFR/WSX-1/
gp130 [49]. In addition, overexpression of CNTFR and/or
WSX-1 results in enhanced HN binding to neuronal cells,
whereas siRNA-mediated knockdown of both or either com-
ponent reduces binding. Our study in RPE cells showed that
HN activates phosphorylation of STAT3, and incubation
with STAT3 inhibitor diminished the protective effect of
HN significantly but not completely [47]. Therefore, it has
to be reasoned that the receptor-mediated effects of HN pep-
tide only partially contributed to the prevention of cell death.
More recent work demonstrates that HN acts through the
GP130/IL6ST receptor complex to activate AKT, ERK1/2,
and STAT3 signaling pathways [53].

7. Endogenous Expression of HN and Its
Functions

There are published reports that HN is expressed endoge-
nously by several cells and tissues in the body such as cardi-
omyocytes, RPE cells, brain, colon, testis, heart, kidney,
skeletal muscle, and liver [47, 54–57]. Further, endogenous
HN has been reported to be secreted from cells [25, 29, 47]
to the plasma [58–61] and transported to targeted
tissues which express HN receptors. Overexpression of
HN-protected cells from oxidant insult induced cell
death [25, 27, 29]. Further, synthetic HN peptide mim-
icked the neuroprotection offered by HN-ORF cDNA
at concentrations as low as that of secreted HN peptide
in the culture medium [25, 29]. In addition, knockdown
of endogenous HN by gene silencing correlated with
increased sensitivity to oxidative stress- (OS-) induced
cell death [27]. Polarization of RPE cells increased
endogenous HN levels three-fold over nonpolarized
RPE cells [47]. This increase was shown to be correlated
with oxidative stress- (OS-) induced cell survival. These
studies attest to the importance of HN in cell survival
mechanisms.

8. Effects of Oxidative Stress in RPE

The retina is the most vascularized tissue in the human body
by mass and is unique in that two independent circulatory
networks—the central retinal artery and the choroidal vessels
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supply it to maintain its high metabolic demand [62]. As
such, RPE cells are highly susceptible to oxidative stress by
producing ROS as metabolic byproducts predominantly by
robust mitochondrial oxygen consumption during cellular
respiration and as a consequence of electron leakage from
the respiratory chain enzymes [12]. The vulnerability of
RPE cells is also as a result of the large oxygen gradient from
the choroid, across the RPE to the outer retina [12]. ROS is
also generated by the visual cycle as peroxidation products of
photoreceptor polyunsaturated fatty acids and NADPH
oxidase-mediated reactions during RPE phagocytosis and
recycling of shed POS [12, 63].

Reactive oxygen species are essential physiological signal-
ing molecules modulating gene expression, apoptosis, and
proliferation, but are also toxic oxidizers of biomolecules
and are linked to many pathologies such as Parkinson dis-
ease, AD, atherosclerosis, cancer, diabetes, and age-related
diseases [64, 65]. In this regard, the cellular redox status rep-
resents a paradox in which an overabundance of oxidizers
with insufficient reducing equivalents will accumulate ROS
to concentrations that are maladaptive for cell survival by
oxidizing and therefore perturbing the structure and function
of lipids, proteins, and nucleic acids [21]. Consequently, ret-
inal cells, as with all cells of the body, express enzymatic and
nonenzymatic antioxidants and various modalities to repair
and or replace oxidized material to circumvent dysfunction
and ultimately apoptosis. RPE cells are particularly efficient
at maintaining redox homeostasis thanks to, in part, DNA
polymerases with sophisticated base excision repair (BER)
exonuclease activity and an overabundance of enzymatic
and nonenzymatic antioxidants such as reduced GSH and
macular pigments that scavenge both photogenerated and
nonphotic ROS [12, 66].

As alluded to earlier, the association between AMD and
OS comes from biochemical evidence that the toxic, lipid-
rich, granules deposited between the RPE and BM are mostly
composed of oxidized proteins and lipids. A direct molecular
connection between oxidative damage and AMD was estab-
lished by the finding that carboxyethylpyrrole is elevated in
BM and drusen from AMD patients [67]. The multipotent
functions of HN and most of the cellular studies have been
performed on neuronal cells and AD-related models.
Although similarities in the pathogenesis of AD and AMD
have been described [68], very little is known on the role of
HN in AMD.

9. Exogenous HN Improves Mitochondrial
Energetics in Oxidatively Stressed RPE

Due to its high metabolic activity, RPE cells harbor a large
number of mitochondria which represent one of the major
source of endogenous ROS. Mitochondria are highly suscep-
tible to oxidative damage, and mitochondrial DNA repair in
the RPE appears to be relatively very slow [69]. Since RPE
cells are postmitotic, damaged mitochondria are not
removed as quickly [70] leading to increased ROS produc-
tion, which may further damage mitochondria [71]. Dysreg-
ulated mitochondria result in significantly low energy
production and apoptosis, considered one of the initiating

factors of AMD [72, 73]. How the MDPs influence the
mitochondrial processes was hitherto unknown. Thus,
Sreekumar et al. [47] tested HN’s potential role in preserving
mitochondrial bioenergetics and ROS inhibition in RPE
cells. Oxidative stress augmented mitochondrial superoxide
production, and HN cotreatment prominently inhibited
ROS formation. It is of interest that in cardiac myoblasts
stressed with H2O2, it was reported that HN analog (HNG)
preserved mitochondrial membrane potential and mito-
chondrial structural integrity and inhibited mitochondrial
swelling [74]. These authors further showed that pretreat-
ment with a HN analog exerted cardio protective effects
against myocardial ischemia and reperfusion injury in a
mouse model [55].

Since it is known that OS affects mitochondria by
decreased ATP production, how HN influences mitochon-
drial bioenergetics needed to be addressed. RPE cells were
cotreated with HN (10 and 20μg) and 150μM tBH for
24 h. OS induced by tBH significantly decreased mitochon-
drial respiration, reserve capacity, and ATP production while
HN cotreatment dose dependently increased all these param-
eters thereby restoring mitochondrial functions [47]. Fur-
ther, it was shown that enhanced bioenergetics is due to
increased mitochondrial biogenesis by HN as evidenced by
transmission electron microscopy studies and mtDNA copy
number [47].

One major consequence of OS is the initiation of cellular
senescence. Premature senescence has been suggested as a
potentially important pathophysiological mediator of RPE
cell atrophy in GA [75, 76]. HN delayed OS-induced prema-
ture senescence in RPE cells as evidenced by the regulation of
markers of senescence. HN treatment significantly reduced
senescence-associated β-Gal-positive cells, Apo J transcripts,
and p16INK4a expression [47].

10. Effects of ER Stress in RPE and Protection by
Exogenous HN

The endoplasmic reticulum (ER) is a large convoluted
organelle containing within it the synthetic machinery
necessary for producing proteins that it then posttransla-
tionally modifies, folds, and secretes to the Golgi apparatus
for further processing [77]. Additional functions include
drug detoxification, carbohydrate metabolism, lipid biosyn-
thesis, and regulation of calcium homeostasis as the ER is
the major storage depot of intracellular calcium that is
essential for calcium-dependent protein folding by ER
chaperones [78].

Protein maturation is dependent on the capacity of the
ER to fold peptides into their proper tertiary structures, and
this requires that the folding within the ER lumen be
conducted in an oxidizing environment to facilitate the
formation of disulfide bonds [79]. As such, a redox status
favoring an oxidizing luminal microenvironment is funda-
mental for this process. Perturbation of this microenviron-
ment by various insults including viral infections, metabolic
disturbances, and OS by excessive ROS results in calcium
efflux from the ER and toxic unfolded/misfolded protein
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aggregates that increase the ER burden and cause ER
stress [80].

To maintain proteostasis and cell function, the ER acti-
vates an adaptive quality control measure known as the
unfolded protein response (UPR). The UPR is initiated by
three independent transmembrane stress transducers: (1)
inositol-requiring kinase-1 (IRE1), (2) RNA-activated pro-
tein kinase-like ER kinase (PERK), and (3) activating tran-
scription factor-6 (ATF6) [81]. The collective activation of
these signaling pathways causes suppression of mRNA trans-
lation to prevent further production of unfolded/misfolded
proteins, refolding of misfolded proteins by upregulating
ER chaperones, and induction of the ER-associated degrada-
tion (ERAD) system to eliminate toxic protein aggregates
[82]. In this regard, the acute phase of the UPR promotes cell
survival when ER stress is salvageable; however, sustained
stress will induce caspase activation, mitochondrial dysfunc-
tion, and apoptosis to remove pathological cells and spare
healthy ones [82–84].

Although the exact stress sensing mechanism of the UPR
is yet to be understood, glucose-regulated protein-78
(GRP78), sometimes referred to as immunoglobulin-binding
protein (BiP), is a stress-sensitive ER resident chaperone
thought to regulate its activation [85]. Normally, GRP78
remains bound to the transmembrane stress transducers
within the ER lumen keeping them in an inactive state [85].
The presence of stressful stimuli induces GRP78 to dissociate
from the transducers resulting in their dimerization,
autophosphorylation, and activation of their respective UPR
pathways [86].

If prolonged ER stress exceeds the UPR’s adaptive limita-
tions for attenuating ER burden, the IRE1, PERK, and ATF6
prosurvival signals initiate both caspase-dependent and inde-
pendent programmed cell death (PCD) pathways resulting in
mitochondrial dysfunction andapoptosis [81, 83, 84]. Particu-
larly in the retina, IRE1/TNF receptor-associated factor-2
(TRAF2)/apoptosis signal-regulating kinase-1 (ASK1)/c-Jun
amino-terminal kinase (JNK) and PERK/eIF2α/ATF4/CHOP
can elicit several AMD-related pathways via the induction of
VEGF, CHOP, caspase 4, and NF-κB [87].

Only recently, the effect of HN has been studied in the
context of ER stress [11]. In human primary RPE cells
exposed to multiple ER stressors (tunicamycin, brefeldin
A, and thapsigargin), HN pretreatment offered a dose-
dependent protection from cell death. The study found
that HN treatment downregulated CHOP expression and
decreased activated caspase 3 and caspase 4. Further, while
TM treatment elevated mitochondrial ROS production and
decreased mitochondrial glutathione (GSH), HN cotreat-
ment inhibited ROS formation and restored GSH synthesis
under the experimental conditions. While clearly GSH was
involved in cellular protection, other antioxidants such as
catalase, Trx1, Grx1, and Grx2 and SOD II did not show
appreciable change with HN. The protective action of
HN was not restricted to RPE cells as the authors showed
that HN also protected U-251 glioma cells exposed to TM
[11]. A potential role of HN in calcium metabolism in
which HN in the ER could regulate intracellular calcium
flux has been reported [57].

11. Endoplasmic Reticulum-Mitochondrial
Crosstalk

ER stress and OS are participants in an array of physiological
and pathophysiological conditions. The interaction between
ER and mitochondria is evolving as a crucial factor in the
regulation of the dynamic changes in motility, structure, and
shape of these organelles. Studies on ER-mitochondria inter-
actions in RPE and their modulation are scarce. In this
context, the work of Matsunaga et al. [11] is relevant to fur-
therourunderstandingofERstress-relatedmechanisms in the
RPE and retina and potential roles of mitochondrial peptides
in cellular protection. The study revealed that multiple ER
stressors caused cell death by increasing mitochondrial
ROS and activating downstream cell death pathways.
Furthermore, ER and mitochondria interact both physio-
logically and functionally at sites called mitochondrial-
associated membranes (MAMs) [88]. The contact sites
between the ER and mitochondria have been measured
to be 10–30 nm wide [89, 90]. MAMs facilitate interorga-
nelle communication between the ER and mitochondria
and are critical for lipid synthesis and transport, mitochon-
drial functions, the maintenance of calcium homeostasis,
and apoptosis [91]. Many ER and mitochondria-associated
proteins such as chaperones, protein kinases, and proteins
regulating mitochondrial dynamics and morphology have
been identified in MAMs, suggesting the major involvement
of MAMs in all physiological processes [92]. Studies showed
that ER Ca2+ channels, including the IP3Rs and the mito-
chondrial voltage-dependent anion channel, are rich in
MAMs, which could facilitate Ca2+ flow between ER and
mitochondria [92]. There is evidence to show that the ER-
mitochondria contact sites are involved in autophago-
some formation and that many proteins in the MAM com-
partments are necessary for autophagic vesicle formation
[93–95]. In addition, ER-mitochondria contact sites are rel-
evant to mitochondrial biogenesis based on the findings that
mitochondrial fission occurs at areas of ER-mitochondria
contacts [90, 96]. Further, mitofusin 2, which regulates mito-
chondrial fusion, is also proposed as a tethering protein that
connects ER with mitochondria [97].

Based on our findings, we present a composite scheme
that depicts the ER-mitochondrial crosstalk in cellular stress
and the protective role played by HN in RPE cell death by ER
and oxidant stressors by direct and indirect mechanisms
(Figure 2). Both OS and ER stress cause RPE apoptosis by
increased generation of ROS, downregulation of mitochon-
drial GSH, and activation of caspase 3 [11, 47]. Increased
ER stress from OS via the crosstalk by MAMs and ER-
specific events of caspase 4 and CHOP activation are also
shown (Figure 2). Uptake of exogenous HN by RPE mito-
chondria and the effect of exogenous HN cotreatment with
oxidants or ER stressors on the inhibition of apoptotic cell
death is illustrated. HN cotreatment inhibits ROS production
and upregulates GSH in mitochondria. HN also inhibits cas-
pase 4 and CHOP preventing RPE apoptosis. The known
receptors of HN, namely, WSX-1, CNTFR, and gp130 and
the inhibition of apoptosis by activation of p-STAT3 are also
shown in the figure.
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12. Future Directions

It would be of great interest to explore proteins and peptides
including MDPs that affect ER stress-induced mitochondrial
dysfunction and the related pathways participating in the
process. On the other hand, the subcellular localization of
HN is still under active investigation. We have provided evi-
dence by confocal microscopy that fluorescein-labeled HN
was rapidly taken by RPE and colocalized with mitochondria.
However, it is not known whether HN is localized in ER
compartments and this warrants additional studies. Further,
the role of ER stressors onmitochondrial respiration and bio-
genesis in RPE and the nature of the salutary effects of HN
will be an important issue to address. The role of ER stress
on pro- and antiapoptotic factors in RPE cells such as Bax
and Bcl-2 and the potential effect of HN on these factors
remain to be studied. MAMs regulate several calcium-
dependent cellular processes, and the movement of calcium
between the ER and mitochondria is essential for the execu-
tion of both apoptotic [98] and autophagy pathways [99].
As stated earlier, HN was involved in calcium regulation
[57], and detailed studies are needed to explore HNs’ role
in calcium regulation and autophagy under ER stress and
OS. Additionally, the potential role of HN in regulating pro-
teins present in MAMs would be of utmost interest to study

given the recent studies suggesting the possible role of
MAM protein role in mitochondrial dynamics [92]. ER
stress and OS form a vicious cycle in human pathologies
including AMD, and it would be of interest to determine
the role of inflammatory molecules such as NLRP3 in
AMD and how HN modulates these effects. Further, the
recent discovery of additional MDPs, namely, SHLPs and
MOTS-c, provides opportunity for exploration of these
new MDPs in the therapy of AMD and related retinal
degenerative disorders.

13. Therapeutic Potential of HN and Other
MDPs in AMD

Since its discovery, HN has been validated to offer beneficial
effects in many disease models, most of which are age-
related. The advantage of HN as a therapeutic agent is that
it antagonizes against a wide array of insults despite the
complex nature of cytotoxic mechanisms. HN being a 24-
amino acid peptide has rapid tissue clearance resulting in a
very short half-life. To improve the half-life and to permit
localized administration, we have suggested that making
thermally responsive elastin-like polypeptides (ELP) [100]
recombinantly conjugated with HN could be of value. Short
peptides are typically proteolytically unstable and are cleared

ROS

Oxidative stress
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MAM

Oxidant stressors

apoptosis

CHOP

Active caspase 3

ER stressors 

IREI PERK

P-PERK
el-F2�훼

ATF4

cl-ATF4XBPICalcium signaling
Intracellular signaling
Biogenesis
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HN
active caspase 4
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Figure 2: HN inhibits OS and ER stress in RPE by direct and indirect mechanisms. ER and mitochondria are linked through MAMs
(mitochondria-associated membranes) which perform a variety of functions; some of which are listed in the figure. ER stress leads to
CHOP induction via multiple signaling mechanisms. ER stress also activates procaspase 4 to active caspase 4 which in turn upregulates
active caspase 3 leading to increased apoptosis. Exogenous HN’s action on the suppression of ER stress-induced apoptosis via inhibition of
caspase 4, CHOP, and caspase 3 are also shown in the figure. Exogenous HN is taken up by RPE and gains entry into mitochondria when
cotreated with oxidant stressor. HN downregulates cellular OS and decreases mitochondrial ROS and augments mitochondrial GSH. The
receptor-mediated pathway of HN preventing oxidant-induced apoptosis via activation of phosphorylated STAT3 is also shown.
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rapidly from circulation, and the ELP depot protects them
from premature proteolysis and increases in vivo bioavail-
ability [101]. Further, ELPs are useful and safe vehicles for
both systemic and local drug delivery. Future studies will
focus on evaluating the pharmacokinetics of ELP-MDPs
for long term use.

14. Conclusions

Many recent studies indicate that ER stress and oxidative
stress are highly interconnected biological processes which
regulate a wide array of signaling pathways in the cell.
Although it is known that both stress processes are closely
associated, the mechanisms linking ER stress to OS are not
fully explored. A greater understanding of the role of HN
and MDPs on their mechanisms of action in the retina under
pathophysiological conditions and development of optimal
modes of their delivery will be of benefit in combating
AMD and other related diseases.
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Hemoglobin (Hb) is a family of proteins in red blood cells responsible for oxygen transport and vulnerable for oxidative damage.
Hemoglobin δ subunit (HBD), a member of Hb family, is normally expressed by cells of erythroid lineage. Expression of Hb genes
has been previously reported in nonerythroid and hematopoietic stem cells. Here, we report that Hb and HBD can be degraded via
REGγ proteasome in hemopoietic tissues and nonerythroid cells. For this purpose, bone marrow, liver, and spleen hemopoietic
tissues from REGγ+/+ and REGγ−/− mice and stable REGγ knockdown cells were evaluated for the degradation of Hb and HBD
via REGγ. Western blot and immunohistochemical analyses exhibited downregulation of Hb in REGγ wild-type mouse tissues.
This was validated by dynamic analysis following blockade of de novo synthesis of proteins with CHX. Degradation of HBD
only occurred in REGγ WT cells but not in REGγN151Y, a dominant-negative REGγ mutant cell. Notably, downregulation of
HBD was found in HeLa shN cells with stimulation of phenylhydrazine, an oxidation inducer, suggesting that the REGγ
proteasome may target oxidatively damaged Hbs. In conclusion, our findings provide important implications for the
degradation of Hb and HBD in hemopoietic tissues and nonerythroid cells via the REGγ proteasome.

1. Introduction

Hemoglobin (Hb) is one of the most abundant proteins in the
human body and the major component of erythrocytes. A
growing number of studies describe the human red blood
cells (RBCs) life span in the circulatory system as approxi-
mately 100–120 days. Under the physiology condition, it is
estimated that everyday, about 1/120 RBCs are generated
and same number of RBCs attempt suicidal cell death or ery-
throsis in the human body. Eryptosis is characterized by cell

shrinkage, cell membrane bleeding, and cell membrane phos-
pholipids scrambling with phosphatidylserine exposure at
the cell surface. In this regard, eryptosis is stimulated by an
increase in cytosolic Ca2+ activity, ceramide, hyperosmotic
shock, oxidative stress, energy depletion, hyperthermia, and
a wide verity of xenobiotics and endogenous substances
[1, 2]. These eryptosis factors also participate in the Hb dam-
age of RBCs as well as in various hemoglobinopathies, which
have been observed in Hb damage. Similarly, genetic factors
have been implicated in hemoglobinopathies. In view of these
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similarities to the physiological and pathological roles of Hb,
diminishing the metabolic distribution, the cells have devel-
oped a more vulnerable degradation system through which
one can recognize damaged or abnormal Hb. Beside these
effects, the degradation and removal of damaged/abnormal
Hb in RBCs are also assessed by the proteasomal system
[3–5]. Research into the molecular mechanism of protein
damage of RBCs in human cell line is more fascinating.

Indeed, recent evidence suggests that proteasome exists
in various forms and its activity is modulated by multiple
activators including 19S, 11S (REG), and PA200. These
proteasomes are composed of a 20S core, with three distinct
catalytic sites, and proteasomal activators [6, 7]. Further-
more, as it was reported that misfiled protein or short-lived
regulatory proteins are mostly degraded in an ATP- and
ubiquitin-dependent pathway by the 26S proteasome,
composing of the 20S “core” and the 19S regulator cap. In
addition, some abnormal proteins can be degraded in an
ATP- and ubiquitin-independent pathway by the 11S protea-
some, which consists of 20S “core” proteasome and 11S
regulator cap, among which REGγ emerges as a biologically
important regulatory protein [8–11]. The REG (11S) family
protein members include REGα, REGβ, and REGγ, which
contribute to almost 35% identical amino acids. The 19S acti-
vator contains an ATPase subunit, which degrades proteins
in an ATP- and ubiquitin-dependent manner, when bind to
the 20S proteasome [7]. In contrast, the REG family mediates
protein degradation in an ATP- and ubiquitin-independent
manner [6, 7]. Growing amount of evidence suggests that
20S and 26S proteasomes are present in RBCs. These protea-
somes are biologically active, with higher 20S proteasome
activity than 26S proteasomal activity [3–5]. Therefore, the
proteasome activators such as 19S and 11S regulators and
their regulation are importance for the homeostasis of
RBCs [3, 4]. In fact, Hb degradation of RBCs by proteasome
systems is thought to play an important role biochemically
and clinically.

In addition, recent studies have shown that REGα/β and
20S proteasome play a role in the oxidized Hb degradation
[12]. The precise role of REGγ in the degradation of Hb is
still unclear. Despite that human mature RBCs consisting of
HbA (α2β2; 95–98%), HbA2 (α2δ2; 1.5–3.5%), and HbF
(α2γ2; <1%) are well documented for Hb subunits α chain
and/or β chain, less studies focus on degradation of Hb δ
subunit (HBD). Therefore, we have investigated the role of
REGγ proteasome in the degradation of Hb and HBD. Our
data provides evidence that REGγ is a regulator for Hb and
HBD degradation. The noncanonical proteasomal degrada-
tion system (REGγ) identified in this study will shed light
on in-depth investigation and understanding the functional
pathway of Hb and HBD degradation.

2. Materials and Methods

2.1. Materials. Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), and antibiotics (penicil-
lin and streptomycin sulfate) were purchased from Life
Technologies Inc. Phenylhydrazine (PHZ) was purchased
from Linfeng Chemical Reagent Company (Shanghai, CN).

Cycloheximide (CHX) was purchased from Sigma (St. Louis,
MO). Anti-REGγ and anti-β-actin antibodies were pur-
chased from Abmart; anti-Hb and human HBD antibodies
were purchased from Santa Cruz Biotech Inc.; anti-p21
and anti-Smurf 1 antibodies were purchased from BD
Biosciences Inc. (USA). Second antibodies were purchased
from LI-COR Biosciences (USA) and/or Abmart.

2.2. Cell Culture. The stable REGγ knockdown HeLa (HeLa
shN and shR) cells were previously generated in our labora-
tory [9, 13, 14]. Cells were routinely grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
FBS and antibiotics (100mg/ml penicillin and 50mg/ml
streptomycin sulfate) at 37°C with 5% CO2 atmosphere.
The HeLa cells were seeded at 40–50% confluences and split
at least twice a week.

2.3. Construct Subcloning (pSG5-HBD Plasmid). The
required HBD strain was screened from the library. Taking
the human cDNA as a template, RT-PCR amplification
was preformed and then cloned into pSG5 vector with HA
tag. Briefly, HBD was generated by using the primers
HBD-XholI-Forward: 5′-CGACTCGAGATGGTGCATCTG
ACTCCTGAG-3′ and HBD-NotI-Reverse: 5′-GAGCGGCC
GCTCAATGGTACTTGTGAGCC-3′. PCR analysis was
performed with the above specific primers on a PCR Ampli-
fier (Bio-Rad, USA). Each PCR reaction contained 2μl
cDNA-HBD, 1μl forward primer, 1μl reverse primer, 1μl
dNTPs, 0.5μl pFu DNA polymerase, 10× pFu buffer, and
17μl QH2O (PCR-grade) in a 25μl reaction volume. The
optimized assay conditions were 95°C for 5min followed
by 32 cycles of amplification (95°C for 45 sec, 52°C for
1min, and 72°C for 60 sec) and a final extension step at
72°C for 10min. The amplified product was subjected to
agarose gel electrophoresis and the target gene HBD cDNA
was extracted by QIAquick Gel Extraction kit (Tiangen Bio-
tech Co. Ltd.) according to the manufacturer’s specifications.
Then, HBD cDNA was inserted into HA-pSG5 plasmid. The
constructs were verified by sequencing.

2.4. Cell Transfection. HeLa cells at 70% confluence were
transiently transfected with the plasmids HA-pSG5-HBD,
FRT-REGγwt, and FRT-REGγN151Y, using Lipofectamine
2000 transfection reagent (Invitrogen) in accordance with
the manufacturer’s instructions. The empty vectors such as
HA-pSG5-vector and FRT-vector were transfected as con-
trols. Cells were incubated at 37°C in CO2 incubator; after
6–8h later, 10% serum growth medium was added to the
transfection mixture. Cell extracts were evaluated via
Western blot for REGγ and HBD protein expression at
48 h posttransfection.

2.5. Oxidation Analysis. Oxidation analysis was performed
for HBD degradation in HeLa shN and shR cells. Briefly,
HeLa cells at 70% confluence were transiently transfected
with HA-pSG5-HBD plasmid in incubation for 48h. HeLa
shN and shR cells were treated with (5mM) phenylhydrazine
(PHZ) for 0, 1, and 2h in a time-dependent manner.
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2.6. Western Blot Analysis.Western blot was performed using
the standard method; cells were cultured to confluence in 6-
well plates. The samples were collected with or without plas-
mids transfection or oxidant reagents; cells were washed with
phosphate-buffered saline (PBS) and treated with protein
extraction buffer (50mM Tris-HCl, pH7.5, 150mM NaCl,
1% NP-40, 1mM EDTA, 20mMNa3VO4, and 1mM PMSF).
The sample concentration was measured by BCA protein
assay kit (Pierce, USA). Protein samples were subjected to
electrophoresis in 10% SDS polyacrylamide gel (SDS-PAGE).
Separated proteins were electro blotted to nitrocellulose
membranes (Bio-Rad), and the blot was blocked for 1 h at
room temperature with blocking buffer (0.1% PBST with
5% fat-free dried milk powder). The blot was then incubated
with primary antibodies (1 : 1000 dilutions) at 4°C overnight.
The blot was washed with 0.1% TBST 3 times and incubated
with secondary antibodies (mouse, rabbit) (1 : 5000 dilution)
for 1 h. The blot was washed again 3 times and exposed to
Odyssey LI-COR scanner.

2.7. Immunofluorescence (IF) Staining. Sterile slides were
inserted into 24-well plates; pretransfected HeLa cells were
plated into each well at a concentration of 5× 104/ml and
incubated at 37°C with 5% CO2 for 24 h. Next, 4% parafor-
maldehyde was added for 10min at room temperature for
fixation, permeabilized with 0.25% Triton X-100. Then, cells
were washed with PBS, three times for 1min each time, and
blocked with 1% BSA for 1 h at room temperature. Subse-
quently, anti-REGγ and anti-HBD antibodies were incubated
at 4°C overnight. Cells were incubated with secondary anti-
bodies Alexa Fluor 488-conjugated goat anti-rabbit IgG and
Alexa Fluor 594 goat anti-mouse IgG (Abmart) for 1 h, and
nuclei were stained with 4’,6-diamidino-2-phenylindole
(DAPI). Images of the cells were captured under fluorescence
microscopes (LI-COR Bioscience Co.) and analyzed by
Image-Pro Plus 6.0 software.

2.8. Animal Care. REGγ−/− mice with C57BL/6 genetic back-
ground were acquired from Dr. John J. Monaco (University
of Cincinnati College of Medicine, Cincinnati) [15]. Our lab-
oratory maintained REGγ+/− mice and kept intercrosses
between males and females for generation of REGγ+/+ and
REGγ−/− mice. Genotyping of REGγ+/+ and REGγ−/− mice
was carried out by PCR analysis of genomic DNA as
described [15]. All mice were bred in the Animal Core Facil-
ity at 20–26°C with 40–70% humidity and 12 h light/dark
cycle (07:00–19:00). Standard rodent diet and water were
provided ad libitum throughout the study. There were no
more than five animals per cage. All mice were sacrificed after
feeding for 1 week or 2 weeks. Liver, spleen, and bone mar-
row tissues were collected form all mice at the same time
and paraffin-embedded sections (4μm thickness) or tissue
homogenates were prepared. All procedures were carried
out in accordance with the guidelines of the National Insti-
tutes of Health Guide for the Care and Use of Laboratory
Animals. All the animal experiments were performed accord-
ing to the approval of the Animal Care Committee of East
China Normal University.

2.9. Immunohistochemistry Analysis. Paraffin-embedded
sections of liver and spleen tissues from REGγ+/+ mice and
REGγ−/−mice were used to perform IHC staining. Tissue sec-
tions were deparaffined with xylene and dehydrated with
sequential washing of 100%, 95%, 85%, 75%, and 50% etha-
nol. Endogenous peroxidase activity was quenched using
3% H2O2 in methanol for 10min and then washed three
times in PBS. Antigen retrieval was achieved using a water
bath heating in citric acid retrieval solution, 0.01M, pH7.6,
at 100°C for 30min, followed by cooling at room tempera-
ture. Slides were then incubated with anti-HBD antibody
(1 : 300) dilutions and anti-REGγ antibody (1 : 500) dilutions
at 4°C overnight. Next, the slides were rinsed three times in
PBS and incubated in biotin-labeled rabbit anti-rabbit sec-
ondary antibodies for 10min at room temperature. After
washing three times with PBS, the staining was performed
using diaminobenzidine developing solution. The sections
were counter-stained with hematoxylin. We compared IHC
staining between REGγ+/+ and REGγ−/− mice liver tissues
by percentage of intensity of staining to estimate the changes
of HBD expression. Similarly, the difference of HBD expres-
sion were compared between REGγ+/+ and REGγ−/− mice
spleen tissues. The specimens were then mounted and exam-
ined under a light microscope (Model BX-61; Olympus
Corp., Tokyo, Japan).

2.10. RT-PCR Analysis. The experiments were conducted
with2-week-oldREGγ+/+ andREGγ−/−micehoused in specific
pathogen-free conditions andhandled according to the ethical
and scientific standards by the animal center in the institute
(Minhang Laboratory ofAnimal Center at East ChinaNormal
University). Total RNA from bone marrow, spleen, and liver
tissues (REGγ+/+ and REGγ−/− mice) were isolated using
TRIzol (Invitrogen) following the manufacturer’s protocol.
Briefly, 1-2μg of total RNAwas reverse-transcribed to cDNA,
the final reaction system of 20μl which contains 1μl Random
Primer, 1-2μg RNA, 1μl 10mM dNTP, and DEPC water.
The RT-PCR reactionwas performed at 25°C for 10min, 37°C
for50min, and70°Cfor15min.All cDNAsampleswere stored
at−80°Cuntil further analysis. Primer sequences aredescribed
as follows: CD163-sense: 5′-TTTGTCAACTTGAGTCCC
TTCAC-3′; CD163-antisense: 5′-TCCCGCTACACTTGTT
TTCAC-3′; 18S-sense 5′-GGACACG GACAGGATTGA CA-
3′; 18S-antisense 5′-GACATCTAAGGGCATCACAG-3′.
The primers were synthesized by BioSune Biotechnology
(Shanghai) Co. Ltd. The 2μl of reverse-transcribed cDNA
was subjected to quantitative real-time PCR using master
mix with SYBR-green (TOYOBO) and the Mx3005P quan-
titative RT-PCR system (Stratagene). Each reaction system
contains 1μl primer mix, 1μl cDNA, 7.96 μl miliQ water,
10 μl SYBR green, 0.04 μl 50× ROX to a final volume of
20 μl. Each experiment was performed in duplicates and
repeated thrice. The data was normalized to 18S mRNA.
The delta threshold cycle value (ΔCt) was calculated using
the formula ΔCt = Ct gene − Ct control. The fold change
was calculated as 2−ΔCt.

2.11. Statistical Analysis. All data is expressed as means± SD.
One-way analysis of variance (ANOVA) or Student’s t-test
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was conducted to find out the significance of variations. A
probability level of p < 0 05 was selected, indicating statistical
significance. All the experiments were repeated in three inde-
pendent experiments.

3. Results

3.1. REGγ Deficiency Promotes Hb in Mouse Tissues. The
REG family member includes REGα and REGβ, as well as
20S proteasome has been shown to induce oxidative Hb deg-
radation in murine embryonic fibroblasts cells [12]. There-
fore, we determined whether the other members of REG
(11S) proteasome family activator, REGγ, might regulate

degradation of oxidized Hb or Hb in REGγ wild-type and
knockout mice tissues. We investigated the roles of REGγ-
mediated regulation of Hb degradation in REGγ+/+ and
REGγ−/− mice tissues (1-2-week-old mice), including the
bone marrow, liver, and spleen, since these tissues are associ-
ated with removal of aged erythrocytes and clearance of oxi-
dized Hb. We observed that REGγ+/+ bone marrow tissues
exhibited significant downregulation of Hb protein levels by
Western blot analysis. In contrast, upregulation of Hb
expression was noted in REGγ−/− bone marrow tissues
(Figure 1(a)). Interestingly, as shown in Figures 1(b) and
1(c), REGγ wild-type tissues from the liver and spleen
showed significant decreased Hb protein expression, while
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Figure 1: REGγ-mediated Hb degradation in multiple hemopoietic tissues. (a) Hb levels in bone marrow, (b) liver, and (c) spleen tissues from
two different REGγ+/+ and REGγ−/− mice. Protein was extracted and analyzed using Western blot against anti-Hb and anti-REGγ antibodies.
β-Actin was use as internal control. The quantification analysis was conducted and shown as a graph. Left: Western blot. n = 3 represents the
number of mice in each genotype. All the mice were sacrificed at age of 1-2 weeks old. Right: quantification analysis. Data are presented as
means± SEM from three independent experiments. ∗p < 0 05 versus control.
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REGγ knockout mice tissues promoted Hb in both liver and
spleen tissues. These results suggest that REGγ plays an
important role in the Hb degradation of hemopoietic tissues.

Based on our observation of Hb protein downregulated
by REGγ in REGγ+/+ and REGγ−/− mice tissues, we further

explored the relationship of REGγ and Hb by performing
immunohistochemical staining analysis. We identified liver
specimens of one-week-old REGγ+/+ and REGγ−/− mice with
anti-REGγ and anti-Hbβ/γ/δ, as shown in Figure 2(a).
Results indicated that REGγ+/+ liver tissues expressed a high
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Figure 2: Negative correlation between REGγ and Hb in liver and spleen tissues from REGγ wild-type and knockout neonatal mice.
Immunohistochemical staining was performed with anti-REGγ and anti-Hb β/γ/δ antibodies in REGγ+/+ and REGγ−/− mice tissues. The
tissues for REGγ positive and the Hb positive showed brown granules, respectively. (a) Liver tissues were analyzed for
immunohistochemical analysis from one-week-old mice. (b) Spleen tissues from REGγ+/+ and REGγ−/− mice (2 weeks old) were subjected
to immunohistochemical analysis. The results of the representative figures were reproduced in three independent experiments.
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level of REGγ and a low level of Hb. Furthermore, we ana-
lyzed spleen tissues from 2-week-old REGγ+/+ and REGγ−/−

mice. We observed a high level of REGγ and a low level of
Hb in REGγ+/+ spleen tissues, whereas REGγ−/− spleen tis-
sues exhibited a high level of Hb and a low level of REGγ
(Figure 2(b)). These results indicate a potentially inverse
correlation between REGγ and Hb.

3.2. REGγ Promotes CD163 Expression in Mice Tissues.
CD163 is a member of the cysteine-rich scavenger receptor
family, and has been identified as an Hb scavenger receptor,
mediating uptake of Hb in the circulation system. To eluci-
date the mechanism underlying interaction between REGγ
and CD163 in bone marrow, liver, and spleen tissues from
REGγ+/+ and REGγ−/−mice, we evaluated the mRNA expres-
sion of CD163 by qRT-PCR analysis. We detected a signifi-
cant increase of CD163 (4.3-fold change) in REGγ bone
marrow tissues as compared to REGγ knockout mice tissues.

These results promoted us to test the mRNA level of CD163
in liver and spleen tissues from REGγ+/+ and REGγ−/− mice.
We found attenuated mRNA levels of CD163 in liver (1.4-
fold change) and spleen (2.2-fold change) tissues from
REGγ−/− mice, compared with those from REGγ+/+ mice by
qRT-PCR analysis (Figure 3). Overall, CD163 expression
was dramatically higher in bone marrow tissues in compari-
son with liver and spleen tissues. Taken together, this data
demonstrated that REGγ mediates a stimulatory effect on
Hb degradation through upregulation of CD163 activity in
these tissues.

3.3. Hemoglobin δ Subunit (HBD) Regulation in HeLa Cells.
HBD typically accounts for approximately 10–30% of total
hemoglobin in definitive erythrocytes, and available evidence
suggests that it is generally characterized by elevated O2-
binding properties, regulatory changes in intraerythrocytic
mechanism. To clarify the function of REGγ in HBD
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Figure 3: REGγ promotes CD163 expression in mice tissues. mRNA expression of CD163 was measured by qRT-PCR in (a) bone marrow,
(b) liver, and (c) spleen tissues from REGγ+/+ and REGγ−/− mice. Data was derived from independent experiments with n = 6 + 6 (REGγ+/+
and REGγ−/− mice). Error bars represent mean± SD; ∗p < 0 05; ∗∗p < 0 01 versus control, as determined by Student’s t-test.
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degradation, nonblood cells were used for mechanistic stud-
ies since they had no endogenous HBD. HBD plasmid was
constructed in pSG5 vector with HA tag for the overexpres-
sion of HBD, and HA-Smurf1 plasmid was used as control
for expression of exogenous DNA. HA-pSG5-HBD was
transfected with Lipo2000 reagent for 72 h in HeLa cells
and evaluated by Western blot analysis. Results indicated
that a significantly increased protein level of HBD was
exhibited by the HA-pSG5-HBD-transfected HeLa cells
(Figure 4(a)). To further investigate the role of REGγ-
mediated degradation of HBD, HeLa cells were treated
with CHX (100μg/ml), an inhibitor for de novo protein
synthesis, in a time-dependent manner. Interestingly, we
found that CHX treatment dramatically displayed the
degradation effects of REGγ on HBD in a time-dependent
manner, supporting the hypothesis that HBD is degraded
by the REGγ proteasome (Figures 4(b) and 4(c)). These
results indicate that REGγ regulates HBD protein stability
in HeLa cells.

3.4. REGγ-Mediated Degradation of HBD. To elaborate
REGγ-dependent degradation of HBD, we constructed HA-
pSG5-HBD, FRT-REGγwt, and FRT-REGγN151Y plasmids,
with empty vectors HA-pSG5 and FRT as controls. The
pcDNA3.1-p21 plasmid was used as a positive control, since
p21 is a known target of REGγ (Figure 5(b)). HBD level was
significantly lower in the presence of overexpression of
REGγwt, whereas HBD was much higher when the mutant
REGγN151Y was exogenously expressed (Figure 5(a)).
Notably, the dominant-negative mutant REGγN151Y (with
a single amino acid mutation “activation ring” of REGγ)
abrogated the proteasome activity, although the binding abil-
ity to the proteasome is maintained [15, 16]. As a positive
control, p21 showed similar patterns to HBD in the presence

of either WT or mutant REGγ (Figure 5(b)). Taken together,
these results demonstrate that REGγ is a novel mediator for
the degradation of HBD.

3.5. Cellular Location and Expression of HBD in HeLa Cells.
Next, we sought to examine the effect of REGγ and HBD
on cellular localization and expression by immunofluores-
cence (IF) staining. HA-pSG5-HBD+FRT-REGγwt and
HA-pSG5-HBD+FRT-REGγN151Y plasmids were tran-
siently transfected into HeLa cells, respectively. Results of
immunostaining indicated that co-transfection of HA-
psG5-HBD (red) and FRT-REGγwt (green) significantly
inhibited the expression of HBD in HeLa cells, while FRT-
REGγN151Y (green) expressing cells had stabilized expres-
sion of HBD (Figure 6(a)). These results demonstrated a
critical role of REGγ-mediated regulation of HBD in vitro.
Further, quantification of HBD positive cells/total cells
expression was quantitated for statistical analysis. We
observed that HeLa cells with cotransfection of HA-pSG5-
HBD and FRT-REGγwt exhibited reduction in HBD
repression. In contrast, cotransfection of HA-pSG5-HBD
and FRT-REGγN151Y in HeLa cells displayed elevation in
HBD expression level as compared to HA-pSG5-HBD and
HA-pSG5 vector-transfected cells (Figure 6(b)). Thus, the
immunofluorescence study provides evidence for the
relationship between REGγ and HBD.

3.6. REGγ Promotes HBD Degradation under Oxidative
Stress. Reactive oxygen species- (ROS-) mediated Hb degra-
dation increase the oxidative damage of erythrocytes via an
ATP- and ubiquitin-dependent manner [17, 18]. Interest-
ingly, proteasome activator REGγ has been reported to pro-
mote degradation in an ATP- and ubiquitin-independent
manner [6, 7] and to mediate oxidative Hb degradation [12].
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Figure 4: Regulation of endogenous HBD in HeLa cells. (a) HeLa cells were transfected with HA-pSG5-HBD plasmid (1 μg/ml) and HA-
Smurf1 (1 μg/ml) as a positive control, using Lipo2000 transfection reagent for 72 h incubation. Total protein extracts were analyzed by
Western blot against anti-HA antibody. (b) CHX assay for endogenous degradation. HeLa cells transfected with HA-pSG5-HBD. After
64 h incubation, cells were treated 100 μg/ml of CHX for 0, 2, 4, 6, and 8 h. The total protein extracts were subjected to Western blot
analysis. β-Actin was used as loading control. (c) Quantification of CHX-treated Western blot results expressed as the means± SEM.
∗p < 0 05; ∗∗p < 0 01 versus control.

7Oxidative Medicine and Cellular Longevity



To elucidate the underlying mechanism of REGγ-mediated
Hb degradation via oxidative HBD, we utilized stable knock-
down REGγ HeLa cells (HeLa shN and shR cells) previously
generated in our laboratory. We determined the oxidative
effect of HBD degradation in HeLa shN and HeLa shR cells
following phenylhydrazine (PHZ) stimulation and overex-
pression of HBD. We observed that overexpression of HBD
in HeLa shN cells showed significant downregulation of
HBDbyPHZ stimulation in a time-dependentmanner.More-
over, overexpressed HBD HeLa shR cells were unable to
induce downregulation of HBD with PHZ treatment, as esti-
mated by Western blot analysis (Figure 7). Taken together,
our data demonstrate that REGγ induces the degradation of
HBD under oxidative stress.

4. Discussion

Hemoglobin is a major protein of erythrocytes (RBCs)
responsible for the transport of oxygen (O2). To maintain
maximum O2-carrying capacity, Hb must be kept under
reduced condition known as ferrous (Fe2+) bound state.
The oxidation of Hb from ferrous to ferric states is acceler-
ated by reactive oxygen species (ROS) such as superoxide
[19] and hydroxyl free radical [20]. The Hb in the aging
erythrocytes (RBCs) is mainly scavenged by the CD163 scav-
enger receptor pathway through monocytes or macrophages
[21, 22], while abnormal Hb in the intracellular system is
degraded through the proteasomes [23]. In fact, physiological
and pathological stresses on the RBCs accelerate the eryptosis
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Figure 5: REGγ-mediated degradation of HBD in HeLa cells (a). Cells were transiently transfected with HA-pSG5-HBD (2 μg), FRT-REGγwt
(1 μg), FRT-REGγN151Y (1 μg), HA-pSG5 vector (2 μg), and FRT vector (1 μg) using Lipo2000 transfection reagent for 72 h incubation.
Protein expression was detected against anti-REGγ, anti-HBD, and anti-β-actin antibodies. Nontransfected HeLa cells were used as a
control. (b) HeLa cells were transfected with pcDNA3.1-p21 (2 μg) FRT-REGγwt (1 μg), FRT-REGγN151Y (1 μg), pcDNA3.1 vector
(2 μg), and FRT vector (1 μg) using Lipo2000 transfection reagent for 72 h incubation. Protein expressions of indicated antibodies were
determined by Western blot analysis. Nontransfected HeLa cells were used as controls. β-Actin was used as loading control. The
quantification analysis was conducted and shown as a graph. Left: Western blot. Right: quantification analysis. Data is presented as means
± SEM. ∗p < 0 05; ∗∗p < 0 01 versus control.
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period which possibly led to Hb damage. Further fine-tuning
hemoglobin function are oxygen transport, carbon dioxide
transport, iron-rich substances, reactive oxygen species
(ROS) accumulation, and oxidative damage [19, 20]. Hb
binding to the erythrocyte cell membrane has been impli-
cated in senescence and the consequent targeting of the red
cell for removal from the circulation by macrophages via
phagocytosis. Recent studies demonstrate that oxidized Hb
degradation is contributed in the RBC by proteasome and
its activators. However, the precise roles of proteasomes in
the Hb and Hb subunit degradations within RBCs are still a

matter of debate. In the present study, for the first time,
the results reported herein clearly demonstrate that REGγ
mediates degradation of Hb and HBD in hematopoietic
tissues and nonerythroid cells. Specifically, protein level
of Hb was detected in hematopoietic tissues from neonatal
mice, supporting a broader role of REGγ in the regulation
of hemoglobin.

CD163 is an Hb scavenger receptor exclusively expressed
in the cell’s monocyte/macrophage system. Resident tissue
macrophages contain the highest levels of CD163, most nota-
bly Kupffer cells in the liver and macrophages within the
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Figure 6: Cellular location and expression of HBD in HeLa cells. (a) Cells were transiently transfected with HA-pSG5-HBD (2 μg) + FRT-
REGγwt, HA-pSG5-HBD (2 μg) + FRT-REGγN151Y (1 μg), and HA-pSG5-HBD (2 μg) +HA-pSG5 vector (2 μg). Cells were fixed and
immunostained with anti-REGγ (green color) and anti-HBD (red color). Cell nuclei were stained with DAPI staining (blue color). Scale
bar: 50μm. (b) Percentage of HBD expression in HeLa cells with HA-pSG5-HBD+FRT-REGγwt, HA-pSG5-HBD+ FRT-REGγN151Y,
and HA-pSG5-HBD+HA-pSG5 vector. Each data represents the means of three independent experiments. Bars are the standard errors,
n = 300. Significance was determined by Student’s t-test. ∗p < 0 05 versus control.
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bone marrow and spleen red pulp [24]. Moreover, the aging
erythrocytes are susceptible to recognition by phagocytes
and subsequent phagocytosis in the spleen, liver, and bone
marrow. Therefore, liver, bone marrow, and spleen tissues
are the major sites expressing CD163 and removing aging
erythrocytes. Our results showed that CD163 mRNA level
was notably decreased in liver, spleen, and bone marrow
hemopoietic tissues from REGγ knockout mice. Thus, REGγ
positively regulates CD163 gene expression in the hemopoi-
etic tissues, which suggests that REGγ selectively mediated
Hb degradation through Hb scavenger receptor pathway.
Yet the regulatory mechanisms deserve further studies.

The study of Hb subunit degradation provides new
insights to research in Hb degradation. The finding that
HBD is a target of REGγ demonstrates a new layer of HB reg-
ulation. Despite that HBD variant (HbA2 or α2δ2) is a minor
component (2-3%) in the circulating red blood cells, it has
important physiological and pathological roles given its
unusual elevation in β-thalassemia as a useful clinical
diagnostic [24]. HBD also shows high level of gene sequence
conservation, possibly due to a regulatory role in the fetal-to-
adult switch [25]. We validated degradation of HBD by the
REGγ proteasome with dynamic protein stability assays.
These results promoted us to determine the protein level of
HBD as well as cellular location with or without REGγ over-
expression in HeLa cells. We conclude that REGγ appears to
be an important factor in the degradation of HBD.

Several studies have shown an apparently increasing rate
of proteolysis in RBCs during oxidative stress. Hb is the
major RBC protein, which plays a critical role in the modifi-
cation and proteolytic degradation during oxidative stress.
Selectively, oxidative-modified Hb degradation in an ATP-
and ubiquitin-independent manner is almost 60–70% due
to oxidative damage to the 26S system [26]. Recently, our lab-
oratory has discovered that the intensity of REGγ binding to
proteasome was enhanced by mild or severe oxidative stress
[7], suggesting that phenylhydrazine-mediated degradation

of HBD may be due to strengthened interactions between
REGγ and 20S proteasome. The strong oxidative feature
of phenylhydrazine has been previously shown to probe
hemoglobin oxidative damage. In support of this hypothe-
sis, significant HBD degradation has been observed in
phenylhydrazine-treated HeLa shN cells in a time-
dependent manner. Therefore, our results indicate that
REGγ promotes HBD degradation under oxidative stress.

In conclusion, our study substantiates that REGγ selec-
tively mediates the degradation of Hb and HBD. In fact, the
important role of REGγ-mediating Hb and HBD degradation
demonstrates an additional pathway for the breakdown of
Hb and HBD and provides certain theoretic basis for pre-
venting and curing Hb-related diseases. These results suggest
REGγ could be a promising drug target. However, further
work is necessary to understand the biological significance
and role of REGγ in selective degradation of Hb and HBD.
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Figure 7: REGγ promotes HBD degradation under oxidative stress. HeLa shN and HeLa shR cells were transfected with or without HA-
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The neuroprotectant and memory enhancer supplement for menopause is required due to the side effects of hormone replacement
therapy. Since purple waxy corn cob and pandan leaves exert antioxidant and acetylcholinesterase inhibition (AChEI) effects, we
hypothesized that the combined extract of both plants (PCP) might provide synergistic effect leading to the improved brain
damage and memory impairment in experimental menopause. To test this hypothesis, female Wistar rats were ovariectomized
bilaterally and orally given various doses of the functional drink at doses of 20, 40, and 80mg/kg for 28 days. The animals were
assessed nonspatial memory using object recognition test every 7 days throughout the study period. At the end of study, they
were assessed with oxidative stress status, AChEI, neuron density, and ERK1/2 signal in the prefrontal cortex (PFC).
Interestingly, all doses of PCP increased object recognition memory and neuron density but decreased oxidative stress status in
PFC. Low dose of PCP also decreased AChE activity while medium dose of PCP increased phosphorylation of ERK1/2 in PFC.
Therefore, the improved oxidative stress status and cholinergic function together with signal transduction via ERK in PFC might
be responsible for the neuroprotective and memory-enhancing effects of PCP.

1. Introduction

To date, the number of menopausal women is continually
growing. The World Health Organization (WHO) has esti-
mated that the number of menopausal women worldwide
will be 1200 million within 2030 [1]. It has been reported that
cognitive decline is one of the important symptoms fre-
quently observed especially in premature menopause [2].
Unfortunately, the current therapeutic strategy is still not in
satisfaction level. The effect of hormone replacement therapy

(HRT) on the cognitive function of menopausal women is
controversial [3–7]. In addition, serious adverse effect such
as breast cancer risk is reported in HRT [8, 9]. Therefore,
the alternative strategy has gained much attention.

Among various alternative strategies, plant-based ther-
apy is very much popular [10]. In the recent years, the use
of plant-based food supplement is increased in Thailand
[11]. It has been demonstrated that dietary approaches are
regarded as the safe and effective preventive intervention
against neurodegeneration [12]. A pile of evidence has
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revealed that consumption of the polyphenol-rich supple-
ments can enhance memory impairment [13–15]. Recent
findings have demonstrated that the purple corn (Zea mays
Linn., purple color) cob, an agricultural waste, can be served
as an important natural resource of polyphenol [16]. It also
exhibits potent antioxidant activity and can improve oxida-
tive stress-related disorders [16, 17]. In addition to purple
corn cob, pandan (Pandanus amaryllifolius), a commonly
used culinary plant in Southeast Asia, also possesses high
phenolic compound content and exhibits antioxidant
activity [18]. An effervescent powder containing pandan
also improves oxidative stress-related damage of the pan-
creas [19]. Based on these pieces of information and syn-
ergistic effect according to traditional folklore concept,
the protective effect against oxidative stress-related brain
damage and functional disorders of the combined extract of
purple corn cob and pandan leaves (PCP) in menopausal
women has been considered in order to produce an additive
value of both plants. Currently, no data concerning this issue
are available until now. Therefore, we aimed to determine
the neuroprotective and memory-enhancing effects of the
combined extract of purple corn cob and pandan leaves
in experimental menopause in ovariectomized rats.

2. Materials and Methods

2.1. Chemicals and Reagents. Thiobarbituric acid (TBA),
sodium dodecyl sulfate (SDS), glacial acetic acid, N-butanol,
pyridine, 1,3,3-tetraethoxypropane (TEP), cytochrome C,
xanthine oxidase, xanthine, glutathione reductase, nicotin-
amide adenine dinucleotide phosphate (NADPH), hydrogen
peroxide, superoxide dismutase, glutathione peroxidase, cat-
alase, acetylthiocholine iodide (ATCI), acetylcholinesterase,
5,5′-dithiobis (2-nitrobenzoic acid) (DTNB), cresyl violet,
sodium acetate, sodium carbonate, 2,4,6-tripyridyl-striazine
(TPTZ), Folin-Ciocalteu reagent, gallic acid, ascorbic acid,
Trizma hydrochloride, potassium chloride, 2,2-diphenyl-1-
picrylhydrazyl (DPPH), tris-hydrochloride, and sodium
carbonate were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Chemicals used in Western blot analysis were
purchased from Bio-Rad Laboratories. Methanol and acetic
acid (HPLC grade) were purchased from Fisher Scientific.

2.2. Plant Material Preparation and Extraction. The cobs
of purple waxy corn (Zea mays, open-pollinated cultivar)
harvested during November–December 2012 were identi-
fied and kindly provided by Professor Kamol Lertrat and
Assistant Professor Bhalang Suriharn, Department of Plant
Science and Agricultural Resources, Faculty of Agriculture,
Khon Kaen University, Khon Kaen, Thailand. Pandan
(Pandanus amaryllifolius) leaves were harvested at the
same period as Z. mays from the Khon Kaen province.
The plant identification was performed by Mister Winai
Somprasong, an expert agricultural scientist in the Botany
and Plant Herbarium research group, Plant Varieties Pro-
tection Division, Ministry of Agriculture and Cooperatives.
The cobs of Z. mays and the leaves of P. amaryllifolius
were cleaned and cut into a small pieces; then, they were
force dried by using an oven at 60°C overnight. The dried

plants (2 kilograms of each plant) were twice extracted with 5
liters of distilled water. The percent yield of Z. mays and P.
amaryllifolius were 2.4 and 8, respectively.

2.3. Preparation of a Polyphenol-Rich Functional Drink.
Powder of various ingredients including 2% (w/v) combined
extract of Z. mays and P. amaryllifolius (a ratio of both
extracts was obtained from our unpublished in vitro data
which provided optimum potential and under petit patent),
0.75% (v/v) sucralose, 1% (v/v) lemonade, 0.025% (w/v) salt,
and 96.225% (v/v) water. All ingredients were mixed together
and filtered through a cheesecloth, and the filtrate was used
for further study.

2.4. Determination of Total Phenolic Compound Contents.
The determination of total phenolic compounds content
was carried out by using the Folin-Ciocalteu method [20].
In brief, an aliquot of combined extract beverage (20μl)
was added to distilled water (1.58ml) and 50% (v/v)
Folin-Ciocalteu phenol reagent (0.1ml) (Sigma-Aldrich).
After 8 minutes of incubation, 20% sodium carbonate
(0.3ml) was added and mixed well. The mixture was kept
in a dark room and incubated for 2 hours at room tempera-
ture. The absorbance was measured at 765nm with a UV-
spectrophotometer (Pharmacia LKB-Biochrom4060). Gallic
acid at concentrations of 50–600mg/l were used for prepar-
ing the standard calibration curve. The total phenolic com-
pound was expressed as gallic acid equivalents per mg
extract (mg/l GAE).

2.5. Assessment of DPPH Inhibition. The scavenging activity
against free radicals of the developed drink was assessed
via DPPH assessment. Briefly, 0.15mM DPPH in metha-
nol (0.5ml) and the functional drink (1ml) were mixed
and incubated at room temperature for 30 minutes. The
absorbance was determined at 517nm with a UV-
spectrophotometer (Pharmacia LKB-Biochrom4060). The
DPPH radical scavenging activity was calculated using
the following equation:

%Inhibition of DPPH = Abs control−Abs sample
Abs control × 100

1

Abs control was the absorbance of methanol plus DPPH
reagent while Abs sample was the absorbance of developed
drink or standard. The linear portion of percentage inhibi-
tion of combined extract beverage was plotted against its
concentration. The half maximal inhibitory concentration
(IC50) was calculated by using the equation from its graph
[21]. All determinations were performed in triplicate.

2.6. Determination of Ferric-Reducing Antioxidant Power
(FRAP) Assay. The assessment of ferric-reducing antioxidant
power (FRAP) was performed based on the ability of the
tested substance to reduce ferric tripyridyl triazine (Fe III
TPTZ) complex to ferrous form (intense blue color) at low
pH by using a modified method of Benzie and Strin [22].
FRAP reagent was freshly prepared by mixing solution A
(300mM acetate buffer pH3.6), solution B (10mM 2,4,6-
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tripyridyl-striazine (TPTZ) in 40mM HCl), and solution C
(20mM ferric chloride) together at a ratio of A : B :C;
10 : 1 : 1, respectively, and kept in water bath at 37°C. The
tested substance (50μl) was added to FRAP reagent
(1.45ml), mixed thoroughly, and incubated at 37°C for 10
minutes. The absorbance was measured with spectropho-
tometer at 593nm (Pharmacia LKB-Biochrom4060). FRAP
reagent and L-ascorbic acid (100–1000μM) were used as
blank and standard calibration, respectively. Data were
expressed as μM L-ascorbic acid equivalent.

2.7. Determination of Anthocyanin Content. Anthocyanin
content was determined according to the official method of
the Association of Official Analytical Chemists (AOAC)
[23]. The tested sample (1ml) was mixed with 0.025M
potassium chloride pH1.0 (2ml) or 0.4M sodium acetate
pH4.5 (2ml). After the incubation at room temperature
for 10 minutes, the absorbance was determined at 520
and 720nm using a UV-spectrophotometer (Pharmacia
LKB-Biochrom 4060). All assessments were performed as
triplicate. Anthocyanin content was calculated and expressed
as mg/l cyaniding-3-glucoside equivalent/mg extract (mg/l
CGE) as follows:

Anthocyanin content cyanindin− 3− glucoside equivalent, mg
l

= A ×MW×DF × 103
ɛ × 1 ,

2

where A= (A 520nm–A 700nm) pH1.0− (A 520nm–A
700nm) pH4.5, MW (molecular weight) = 449.2 g/mol,
DF=dilution factor obtained from the study, ɛ=26,900
molar extinction coefficient, in lmol−1 cm−1, for cyanindin-
3-glucoside, 103 = factor for conversion from g to mg, and
l =path length of the cuvette in cm (1 cm).

2.8. Assessment of Acetylcholinesterase Inhibitory (AChEI)
Activity. Inhibition of acetylcholinesterase of the sample
was determined according to the method previously
described [24] using acetylthiocholine chloride iodide
(ATCI) as a substrate. In brief, combined extract beverage
(25μl) was incubated with 15mM ATCI (25μl), 3mM
DTNB (5,5′-dithiobis[2-nitrobenzoic acid]) (75μl), and
50mM Tris buffer (pH8) (50μl) for 5 minutes at room tem-
perature. The absorbance was measured with a microplate
reader (iMark™ Microplate Absorbance Reader) at 415 nm
before and after adding 0.25 units/ml acetylcholinesterase
(AChE) (25μl) to the mixture. The elevation of yellow
color from the reaction was obtained and the percentage
inhibition was calculated by comparing the yellow color
of extract to a noninhibition well (Tris buffer). All tests
were conducted in triplicate.

2.9. Fingerprint Chromatogram Assessment. The fingerprint
chromatogram of the developed drink was analyzed by using
gradient high-performance liquid chromatography (HPLC)
system. High-performance liquid chromatography (HPLC)
system consisted of 515 HPLC pump and 2998 photodiode

array detector (Water Company, USA). Chromatographic
separation was performed using Purospher®STAR, C-18
endcapped (5μm), LiChroCART®250-4.6, and HPLC-
Cartridge, sorbet lot number HX255346 (Merk, Germany)
with guard column (Merk, Germany). Methanol (A) and
7.5% acetic acid in deionized (DI) water (B) were used as
mobile phases. The gradient elution was carried out at a flow
rate of 1.0ml/min with the following gradient: 0–17min,
70%A; 18–22min, 100%A; 23–25, 50%A; and 26–30min,
60%A. The sample was filtered (0.45μm, Millipore), and a
direct injection of tested sample at the volume of 20μl on
the column was performed. The chromatograms were
recorded at 280nm using a UV detector and data analysis
was performed using EmpowerTM3.

2.10. Experimental Animals and Protocols. Female Wistar
rats (Laboratory Animal Center, Salaya, Nakhon Pathom,
Thailand), weighing 200–250 g, were used as the experimen-
tal animals. They were randomly housed 6 per cage in a
temperature-controlled room on a 12 h light/dark cycle with
ad libitum access to food and water. All procedures in this
experiment were strictly performed in accordance with the
internationally accepted principles for laboratory use and
care of the European Community (EEC directive of 1986;
86/609/EEC). The experiment protocols were approved by
the Institutional Animal Care and Unit Committee, Khon
Kaen University, Thailand (record number AEKKU 1/2556).

The experimental rats were divided into 8 groups
(n = 6/group) as follows:

Group I: Naïve intact group; all rats received no treat-
ment and were served as the control group.

Group II: Sham operation+ vehicle; all rats were sub-
jected to sham operation surgery and received distilled water
which was served as the vehicle in this study.

Group III: OVX+vehicle; the experimental animals in
this group were subjected to bilateral ovariectomy (OVX)
and received the vehicle.

Group IV: OVX+donepezil (3mg/kg BW); the OVX rats
were orally given donepezil, an acetylcholinesterase inhibitor,
at a dose of 3mg/kg and were served as the positive control-
treated group.

Group V: OVX+ isoflavone; all OVX rats were orally
given isoflavone, a well-known polyphenol substance with
cognitive enhancing, at a dose of 20mg/kg BW.

Groups VI–VIII: OVX+PCP20, OVX+PCP40, and
OVX+PCP80; the OVX rats in these groups received PCP
at doses of 20, 40, and 80mg/kg BW, respectively.

The treatment programs of the assigned substances for
rats in groups II–VIII were started since the first day after
surgery and were maintained throughout a 28-day experi-
mental period. All treatments were performed once daily in
the morning with the total volume of 1.5ml. The assessment
of nonspatial memory was performed every 7 days through-
out the study period while the determinations of oxidative
stress markers including malondialdehyde (MDA), superox-
ide dismutase (SOD), catalase (CAT), glutathione peroxidase
(GSH-Px), the activity of acetylcholinesterase (AChE), histol-
ogy, and ERK1/2 expression in the prefrontal cortex were
determined at the end of the study.
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2.11. Ovariectomized Surgery Procedure. The experimental
animal was anesthetized with sodium thiopental at the
dose of 60mg/kg BW via intraperitoneal route prior to
the ovariectomy. The ovariectomized (OVX) procedure was
performed according to the method which had been previ-
ously described [25]. Briefly, the dorsolateral incisions were
performed bilaterally, the ovarian blood vessels were tied
off, and the ovaries were removed. Then, the skin was sutured
and the rat was returned to their cage after postoperation
care. Sham operation was carried out with the same proce-
dures except that both the ovaries were kept intact.

2.12. Object Recognition Test. The object recognition test, the
common test for evaluating nonspatial memory in rats, was
used to assess the effect of PCP on nonspatial memory. This
test was performed as previously described elsewhere with
minor modification [26]. In brief, each rat was placed in an
open field (80 cm long× 50 cm high× 60 cm wide) with two
identical objects for 3 minutes (T1) and then was placed back
to its home cage. Both objects should be placed in a symmet-
ric position in the central line of the area. Then, the animal
was orally given the assigned substance, and 30 minutes later,
the second 3-minute trial was performed. In this session, one
of the objects was replaced with the novel object which was
totally different in shape and size at the same location. Dur-
ing the intertrial interval, the objects and open-field appara-
tus object were cleaned with 70% ethanol to avoid a
confounding error induced by the influence of odor. The
amount of time which the rat spent exploring each object
was recorded and calculated as a novel object ratio (NOR)
as the following equation:

NOR = Tnovel − T familiar
Tnovel + T familiar

, 3

where Tnovel = time spent to explore the novel object and
Tfamiliar = time spent to explore the familiar object.

2.13. Histological Study. After perfusion, the brains were
removed and fixed with 4% paraformaldehyde solution
(pH7.4) at 4°C. Then, they were cryoprotected in formalin-
sucrose (30%) for 2-3 days. Serial sections of tissue contain-
ing prefrontal cortex were cut frozen on a cryostat (Thermo
Scientific™ HM 525 Cryostat) at 20μm thick and mounted
on slides coated with 0.3% aqueous solution of gelatin con-
taining 0.05% aluminum potassium sulfate. To stain with
cresyl violet, the slides were air dried; hydrated by successive
immersion in 95, 70, and 50% ethanol; stained in 0.5% cresyl
violet for 2min at room temperature; dehydrated by succes-
sive immersion in 50, 70, 95, and 100% ethanol and xylene;
and mounted with DPX. Three representative slides contain-
ing the prefrontal cortex were selected according to the
stereotaxic coordinates anteroposterior 2.5–4.5mm and
mediolateral 0.2–1.0mm from the rat brain atlas [27]. The
analysis was performed by a blinded observer. The evaluation
was performed via Olympus light microscope model BH-2
(Japan) at 40x magnification. The density of survival neurons
in medial prefrontal cortex area (mPFC) was expressed as
number of cells/255μm2.

2.14. Determination of Extracellular Signal-Regulated Kinase
1/2 (ERK1/2) Expression. The prefrontal cortex was subjected
to a 2-minute homogenization in 1/10 (w/v) M-PER mam-
malian protein extraction (Pierce Protein Biology Product,
Rockford, IL, USA) containing protease inhibitor cocktail
(Sigma-Aldrich). Then, it was centrifuged at 14,000g for 10
minutes at 4°C. The supernatant was harvested and used
for the determination of ERK1/2 expression. Protein con-
centration of the supernatant was quantified by using Nano-
Drop instrument (Thermo Fisher Scientific, Wilmington,
Delaware USA). Total 30μg of brain samples were sepa-
rated by 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) at 80V. All protein bands
were transferred.

The determination of ERK1/2 protein was performed
according to the method previously described with a minor
modification [28]. Total of 30μg of brain samples were
separated by 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) at 80V. Proteins from
the gel were transferred to a nitrocellulose membrane
(Bio-Rad Laboratories) and blocked with 5% nonfat dry milk
in 0.1% tween 20 tris-buffered saline (TBS-T) for 30 minutes.
After the blocking of a membrane, they were incubated with
primary antibody which recognized ERK1/2 or monoclonal
rabbit antiphosphorylated p44/p42 mitogen-activated pro-
tein kinase (MAPK) (Cell Signaling Technology Inc.; dilu-
tion, 1 : 1000) for 2 hours at room temperature. Then, they
washed and incubated with secondary antibody conjugated
with horseradish peroxidase or anti-rabbit IgG, HRP-
linked antibody (Cell Signaling Technology Inc.; dilution,
1 : 2000) for 2 hours at room temperature. The band den-
sity was detected with an enhanced chemiluminescent
(ECL) system (GE Healthcare, Piscataway, NJ). The analy-
sis was performed using ImageQuant TL analysis software
(GE Healthcare, Piscataway, NJ). The expression was nor-
malized using antitotal ERK1/2. Data were presented as a
relative density to the naïve control.

2.15. Biochemical Assays. The prefrontal cortex, an important
area in learning and memory, was isolated and prepared as
brain homogenate by subjecting to homogenization with 50
volume of 0.1M phosphate buffer saline. Then, the homoge-
nate was used for the determination of acetylcholinesterase
(AChE) activity and oxidative stress status including mal-
ondialdehyde (MDA) level and the activities of superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxi-
dase (GSH-Px). Protein concentration was assessed accord-
ing to the Lowry method [29] and albumin bovine serum
(2–20mg/ml) was used as a standard.

The determination of AChE was carried out to reflect the
cholinergic function in OVX rats by the colorimetric method
[30]. A reaction mixture of 200μl of 0.1mM sodium phos-
phate buffer (pH8.0), 10μl of 0.2M DTNB (5,5′-dithio-bis-
(2-nitrobenzoic acid)), and 20μl of the sample solution were
incubated for 5 minutes, and the absorbance at 415nm was
recorded via microplate reader (iMark Microplate Absor-
bance Reader). Then, 10μl of acetylcholine thiochloride
(ACTI) was added, incubated for 3 minutes, and recorded
the absorbance at 415nm. The activity of AChE was
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calculated according to the equation below and expressed as
mmol/min/g protein.

AChE activity = ΔA/1 36 × 104 × 1/ 20/230 C, 4

where ΔA= the difference of absorbance/minute and C=pro-
tein concentration of brain homogenate.

MDA level was assessed according to the method of
Thiraphatthanavong et al. [31]. In brief, the mixture of
0.1ml of brain homogenate, 0.1ml of 8.1% (w/v) sodium
dodecyl sulfate, 0.75ml of 20% (v/v) acetic acid pH3.5,
0.75ml of 0.8% (w/v) thiobarbituric acid, and 0.3ml of
distilled water were mixed thoroughly and boiled at 95°C
for 1 hour. After cooling, 0.5ml of water and 2.5ml of the
mixture of n-butanol and pyridine at the ratio of 15 : 1 were
added, mixed together, and centrifuged at 4000 rpm for
10 minutes. The pink layer was harvested and determined
the optical density at 532 nm. 1,1,3,3-tetramethoxypropane
(2–20 nmol) was served as a standard and MDA level was
expressed as nmol/mg protein.

SOD assessment was performed according to the method
previously described elsewhere [32]. Briefly, 20μl of brain
homogenate was mixed with the mixture which contained
216mM potassium phosphate buffer (KH2PO4), 10.7mM
ethylenediaminetetraacetic acid, 1.1mM cytochrome C,
and 0.54mM xanthine solution pH7.4 at the ratio of
25 : 1 : 1 : 50. Then, 20μl of 0.05 units/ml of xanthine oxidase
was added and incubated for 5 minutes at room temperature.
The absorbance was measured at 490nm using microplate
reader. SOD enzyme activities at the concentrations of
0–10units/ml were used as standards, and the results were
expressed as units/mg protein.

The activity of catalase (CAT) was evaluated indirectly
by measuring the residual H2O2 which was titrated by
potassium permanganate. In brief, 10μl of brain homoge-
nate was mixed with 50μl of 30mM H2O2, 25μl of 5N
H2SO4, and 150μl of 5mM KMnO4. The mixture was
shaken and the absorbance was measured at 490nm.
CAT enzyme at the concentration range of 0–10 units/ml
was used as a standard and the result was expressed as
units/mg protein [32].

Glutathione peroxidase activity was assessed using the
colorimetric method. In brief, 10μl of brain homogenate
was mixed with the mixture containing 50μl of 30mM
H2O2, 25μl of 5N H2SO4, and 150μl of 5mM KMnO4.
The mixture was shaken and the absorbance was mea-
sured at 490nm. The standard calibration curve was pre-
pared by using CAT enzyme at the concentration range
of 0–10units/ml. CAT activity was expressed as units/mg
protein [32].

2.16. Statistical Analysis. Data are presented as mean
± standard error of mean (SEM). The statistical analysis
of the experiment was carried out using IBM SPSS Sta-
tistics (version 21). Data was analyzed using one-way
analysis of variance (ANOVA), followed by Tukey’s post
hoc test. Probability levels less than 0.05 were accepted
as significant.

3. Results

3.1. Biological Activities of the Combined Extract. Total phe-
nolic compounds and anthocyanin content together with
the biological activities including the antioxidant activity
(DPPH and FRAP assay) and acetylcholinesterase inhibi-
tion activity of the combined extract were evaluated. The
results showed that 1ml of the combined extract contained
the total phenolic compounds and anthocyanin contents
of 184.00± 1.91mg/l gallic acid equivalent and 25.66±
0.32mg/l cyanidin-3-glucoside equivalent, respectively. IC50
of the antioxidant activity via 2,2-diphenyl-1-picrylhydrazyl
(DPPH) assay was 56.37± 0.45μg/ml, whereas the antioxi-
dant activity via ferric-reducing antioxidant power (FRAP)
assay was 602.40± 2.33μM L-ascorbic acid equivalent. In
addition, AChEI activity showed IC50 at a concentration of
1950± 16.02μg/ml as shown in Table 1.

3.2. The Fingerprint of the Combined Extract. Figure 1 shows
the fingerprint chromatogram of PCP, the combined extract
of purple corn cob and pandan leaves. More than 7 different
peaks were observed in the chromatogram. Four of them
were anthocyanins (peak 2–peak 5) including cyaniding-3-
glucoside (peak 2), pelargonidin-3-glucoside (peak 3), cyani-
din 3-O-(6″-malonyl-glucoside) (peak 4), and cyaniding-3-o-
B-glucopyranoside (peak 5). It was found that the contents of
anthocyanins mentioned earlier in PCP were 3.239± 0.014,
2.543± 0.011, 2.993± 0.024, and 2.335± 0.006mg/ml, respec-
tively. In addition to anthocyanins, gallic acid, rutin, and
ferulic acid were observed at the concentrations of 0.180±
0.001, 0.337± 0.001, and 0.341± 0.027mg/ml, respectively.

3.3. Effect of the Combined Extract on Nonspatial Memory in
OVX Rats.Memory-enhancing effect of the combined extract
on nonspatial memory was shown in Figure 2. It was found
that sham operation rats showed no significant change on
novel object ratio (NOR). OVX rats treated with vehicle
significantly decreased NOR throughout the study period
(p value< 0.01, 0.01, 0.05, and 0.05, resp., compared with
the sham operation group). OVX rats with isoflavone treat-
ment attenuated the reduction of NOR induced by OVX
throughout the study period (p value< 0.01, 0.05, 0.01, and

Table 1: The biological activity of PCP including total phenolic
compound, anthocyanin content, DPPH radical activity, FRAP
activity, and AChEI activity.

Test PCP
Standard
reference

Total phenolic compound
(mg/l GAE)

184± 1.91 —

Anthocyanin content
(mg/l CGE)

25.66± 0.32 —

FRAP activity
(μM L-ascorbic acid equivalent)

602.40± 2.33 —

DPPH radical activity
(IC50 μg/ml)

56.37± 0.45 Ascorbic acid
2.89± 0.01

AChEI activity
(IC50 μg/ml)

1950± 16.02 Donepezil
0.51± 0.03
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0.01, resp., compared with OVX+vehicle). Donepezil also
showed the mitigation effect on the reduction of NOR in
OVX rats, but significant differences were observed only at
7- and 21-day treatment periods (p value< 0.001 and 0.01,
resp., compared with the OVX+vehicle-treated group). The
combined extract at doses of 20 and 80mg/kg BW signifi-
cantly attenuated the decreased NOR in OVX rats at 7, 21,
and 28 days of treatment (p value< 0.001 and 0.01; 0.05 all;
and 0.01 and 0.05, resp., compared with the OVX+vehicle-
treated group). The significant mitigation effect of PCP at a
dose of 40mg/kg BW on NOR was also observed at 7 and 21
days of treatment (p value< 0.001 and 0.01, resp., compared
with the OVX+vehicle-treated group). The increased NOR
in the PCP treatment groups were also observed at a 14-day
study period, but no significant difference was revealed.

3.4. Histological Change in the Prefrontal Cortex. Based on
the previous finding that the prefrontal cortex played a
crucial role on working memory in rodents [33], we also

investigated the neuron density in this area and results were
shown in Figure 3. The current results demonstrated that
OVX treated with vehicle significantly reduced the neuron
density in PFC (p value< 0.05, compared with the sham
operation group). Both donepezil and isoflavone could atten-
uate the reduction of neuron density in PFC of OVX rats (p
value< 0.01 all; compared with the OVX+vehicle-treated
group). In addition, combined extract at the dosage range
used in this study also significantly attenuated the reduction
of neuron density in PFC of OVX rats (p value< 0.01, 0.01,
and 0.05; compared with the OVX+vehicle-treated group).

3.5. Biochemical Assays. Table 2 shows the effect of PCP
on oxidative stress markers including MDA level and the
activities of SOD, CAT, and GSH-Px. Sham operation
showed no significant changes of the mentioned parameters.
OVX rats which received vehicle significantly increased
MDA level (p value< 0.05; compared to the sham operation
group) in the prefrontal cortex (PFC). Donepezil treatment
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Figure 1: The fingerprint chromatogram of the PCP using HPLC analysis.

‒0.30

‒0.10

0.10

0.30

0.50

0.70

0.90

7 days 14 days 21 days 28 days

Naïve control Sham operation
isoflavone 20 mg/kg BW

+vehicle OVX+vehicle
OVX+donepezil 3 mg/kg BW OVX+ OVX+PCP 20

mg/kg BWOVX+PCP 40 mg/kg BW OVX+PCP 80 mg/kg BW

N
ov

el
 o

bj
ec

t r
at

io
 (N

O
R)

Day after OVX

aa

⁎⁎

⁎

⁎ ⁎

⁎⁎

⁎⁎⁎

⁎⁎

⁎⁎

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

aa
a

a

Object recognition test
Trial 2

⁎⁎

⁎⁎

Figure 2: The effect of the PCP on nonspatial memory assessing by the object recognition test (n = 6/group). Data were expressed as mean
± SEM. a, aap value< 0.05, 0.01, respectively, compared with the sham operation group. ∗, ∗∗, ∗∗∗p value< 0.05, 0.01, and 0.001, respectively,
compared with the OVX+ vehicle-treated group.

6 Oxidative Medicine and Cellular Longevity



failed to produce the significant changes on all parameters
just mentioned in OVX rats. However, isoflavone signif-
icantly decreased MDA level but enhanced SOD activity
(p value< 0.05 and 0.01, resp., compared to the OVX
+vehicle-treated group). Interestingly, PCP at all doses used
in this study significantly decreased MDA level in PFC
(p value< 0.001 all; compared to the OVX+vehicle-treated
group). The elevation of SOD activity in PFC was observed
in OVX rats which received PCP at the concentrations
of 20 and 40mg/kg BW (p value< 0.001 and 0.01, resp.,
compared with the OVX+vehicle-treated group).

Since the cholinergic system plays a crucial role on learn-
ing and memory [34], we also investigated the effect of PCP
on the cholinergic system by using the suppression activity

of AChE or AChEI activity as an indirect index, and results
were shown in Figure 4. It was found that both sham opera-
tion and OVX rats which received vehicle failed to produce
the significant changes of AChE. The decreased AChE activ-
ity was observed in OVX rats which received donepezil and
combined extract at the dose of 20mg/kg BW (p value< 0.05
and 0.01, resp., compared with the OVX rats + vehicle-
treated group). When compared with OVX rats which
received vehicle, no significant changes of AChE were
observed in the other groups.

3.6. ERK1/2 Signaling Pathway. Based on the crucial role of
ERK1/2 on the survival neurons and memory enhancement
[28], the effect of PCP on the phosphorylation ERK1/2
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Figure 3: The effect of the PCP on the density of survival neurons in medial prefrontal cortex (mPFC) (n = 6/group). The upper panel showed
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was also determined, and results were shown in Figure 5.
The current data showed that OVX rats significantly
decreased expression of phosphorylation ERK1/2 in PFC
(p value< 0.001; compared with the sham operation group).
Isoflavone and medium dose of PCP produced the significant
attenuation effect induced by OVX (p value< 0.01 and 0.05,
resp., compared with the OVX+vehicle-treated group).

4. Discussion

The current data showed that ovariectomy, a widely used
model of menopause, increased oxidative stress status,

impairment of the cholinergic system, and memory impair-
ment which were in concordance with the previous study
[35, 36]. In the present study, it was found that OVX
increased MDA without changes of the main scavenger
enzymes such as SOD, CAT, and GSH-Px. This was in agree-
ment with the previous study [37]. These results suggested
that the elevation of MDA level might occur either via the
increased oxidative stress production or via the decreased
function of the nonenzymatic antioxidant system. Interest-
ingly, PCP, the combined extract of purple corn cob and
pandan leaves attenuated the memory impairment evaluated
by using the object recognition test.
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Table 2: The effect of PCP on oxidative stress markers in the prefrontal cortex (n = 6/group).

Oxidative stress markers in the prefrontal cortex
Treatment MDA GSH-Px SOD CAT

(nmol/mg protein) (Units/mg protein) (Units/mg protein) (Units/mg protein)

Naïve control 0.073± 0.0.001 0.661± 0.034 0.567± 0.164 2.707± 0.234
Sham operation 0.077± 0.007 0.576± 0.052 0.834± 0.256 2.516± 0.237
OVX+ vehicle 0.095± 0.008a 0.523± 0.034 0.309± 0.100 2.684± 0.216

OVX+donepezil 3mg/kg BW 0.090± 0.007 0.714± 0.047 1.387± 0.344 2.650± 0.187
OVX+ isoflavone 20mg/kg BW 0.059± 0.005∗ 0.902± 0.111 2.220± 0.458∗∗ 2.130± 0.210
OVX+PCP 20mg/kg BW 0.047± 0.012∗∗∗ 0.866± 0.186 3.080± 0.352∗∗∗ 2.447± 0.359
OVX+PCP 40mg/kg BW 0.034± 0.002∗∗∗ 0.799± 0.070 2.047± 0.184∗∗ 2.151± 0.160
OVX+PCP 80mg/kg BW 0.032± 0.004∗∗∗ 0.639± 0.029 1.068± 0.366 1.921± 0.092
ap value < 0.05, compared with the sham operation group. ∗ , ∗∗, ∗∗∗p value < 0.05, 0.01, and 0.001, respectively, compared with the OVX+ vehicle-treated
group. Data were expressed as mean ± SEM.
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It has been reported that the prefrontal cortex plays a cru-
cial role on nonspatial memory. Lesion of this area could
induce nonspatial memory impairment [38]. In this study,
we have found that this impairment was attenuated by both
isoflavone and all doses of PCP. The reduction of MDA level
which indicated the decreased oxidative stress status and the
enhanced neuron density was also observed in OVX rats
which received isoflavone and all doses of PCP. Therefore,
we suggested that PCP and isoflavone might improve oxida-
tive stress status leading to the enhanced neuron density in
PFC resulting in the improved nonspatial memory. The
decreased oxidative stress status in PFC observed in this
study might occur partly via the enhanced function of a scav-
enger enzyme especially SOD. Since no closed relationship
between the decreased MDA level and the enhanced SOD
activity in PFC was observed, other factors such as the
decreased nonenzymatic system and the decreased oxidative
stress production mentioned earlier might also contribute to
the role.

In addition to oxidative stress, the cholinergic system
in PFC also plays the crucial role on memory. Depletion
of acetylcholine (ACh) together with the elevation of ace-
tylcholinesterase (AChE) in the PFC induces memory

impairment both in primates and in rodents [39, 40].
The cognitive-enhancing effect of donepezil, an AChEI,
was observed without changes of oxidative stress markers.
Our study also demonstrated that both donepezil and low
dose of PCP also suppressed AChE activity in PFC.
Therefore, the enhanced cholinergic function in PFC by
suppressing AChE activity in the mentioned area also
contributes to a role on the cognitive-enhancing effect of
both substances. It has been reported that polyphenol
[14] including anthocyanins [41] can improve memory
impairment induced by scopolamine which exerts the
effect at muscarinic receptors. Since PCP contains poly-
phenols and anthocyanins, it is also possible that PCP also
exerts its influence on muscarinic receptor. However, this
requires further investigation.

Recently, it has been demonstrated that mitogen-
activated protein kinase (MAPK) especially ERK1/2 contrib-
utes to the pivotal role on learning and memory [42]. The
substances which improve ERK signaling also improve the
impairment of object recognition memory [43]. Based on this
information, we did suggest that the cognitive-enhancing
effect of isoflavone and medium dose of PCP might also
occur via the enhanced ERK1/2 signaling pathway.
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Anthocyanins, a member of flavonoids, have been shown
to exert the neuroprotective and cognitive-enhancing effect
[44]. Since our fingerprint of PCP showed that the main
ingredient in PCP was anthocyanins (peak 2–peak 5), we
suggested that the neuroprotective effect and cognitive-
enhancing effects of PCP in this study might involve antho-
cyanins. However, the effect of other ingredients still cannot
be omitted.

Our data failed to show a dose-dependent manner of
PCP. The possible explanation might be due to the non-
simple linear relationship between the concentration of
PCP and the observed parameters. Since many factors exert
the influences on the observed parameters in this study, no
simple linear relationship was observed. In addition, PCP
contained many ingredients, so the effect of an active ingredi-
ent could be masked by other ingredients.

In this study, we have found that our data showed that
although in vitro data showed that IC50 of AChEI of PCP
was very high, low dose of PCP could exert the cognitive-
enhancing effect via the suppression of AChE in the prefron-
tal cortex while the medium and high doses of PCP failed to
exert this effect. The possible explanation might also occur as
that mentioned earlier in the lack of a dose-dependent study.

Taken all data together, our study highlights the neuro-
protective and cognitive effects of PCP that might occur
primarily via the decreased oxidative stress which in turn
increased neuron density in the brain especially in PFC, an
area playing an important role on learning and memory
especially nonspatial memory, resulting in the improved
nonspatial memory. However, the improved cholinergic
function and signal transduction via ERK1/2 might also exert
the roles especially at low and medium doses, respectively.

5. Conclusion

This study is the first study to demonstrate the neuroprotec-
tive and cognitive effects of PCP. We have shown that the
combined extract of purple corn cob and pandan leaves can
be served as functional ingredients for developing neuropro-
tectant and cognitive enhancer for menopausal women.
Therefore, we highlight how to create the value for agricul-
tural waste such as purple corn cob. However, chronic
toxicity is required in order to assure the consumption safety
before moving forward to a clinical trial study.
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Curcumin was found to be beneficial in treating several skin pathologies and diseases, providing antioxidant protection due to its
reducing properties and its electrophilic properties (the ability to activate the Nrf2 pathway and induce phase II cytoprotective
enzymes). Nevertheless, clinical applications of curcumin are being hampered by its insufficient solubility, chemical instability,
and poor absorption, leading to low efficacy in preventing skin pathologies. These limitations can be overcome by using a
nanotechnology-based delivery system. Here, we elucidated the possibility of using curcumin encapsulated in a microemulsion
preserving its unique chemical structure. We also examined whether curcumin microemulsion would reduce UVB-induced
toxicity in skin. A significant curcumin concentration was found in the human skin dermis following topical application of a
curcumin microemulsion. Moreover, curcumin microemulsion enhanced the reduction of UV-induced cytotoxicity in epidermal
cells, paving the way for other incorporated electrophiles in encapsulated form protecting skin against stress-related diseases.

1. Introduction

The concept that antioxidants can protect cells and organs
against oxidative stress has been established in numerous
basic and clinical studies [1]. Nevertheless, nowadays, it has
become evident that antioxidants of low molecular weight
cannot protect the living organism against continuous
stress and sometimes can even be deleterious [2]. Oxidants
(electrophiles), on the other hand, were recently shown to
be compounds capable of inducing cellular-protecting
enzymes such as the phase II enzymes when provided inmod-
erate concentrations. One of the basic factors activated when
an electrophile is present is the transcription factor nuclear
factor (erythroid-derived 2)-like 2, an NF-E2-related factor 2

(Nrf2), which is responsible for the induction of a variety of
cytoprotective genes [3]. Regulated by the Keap1 metallopro-
tein, Nrf2 is capable of inducing a large number of genes
encoding antioxidant enzymes and genes enabling homeosta-
sis and controlling processes involved in the pathology of
many diseases (e.g., immune and inflammatory responses,
tissue remodeling andfibrosis, carcinogenesis, andmetastasis)
[4, 5]. Nrf2 plays a vital and crucial role in the maintenance of
skin homeostasis and repair and regeneration in various
disease states of the skin [6]. However, acute and chronic
Nrf2 activation in a healthy epidermis resulted in a negative
effect on skin integrity [6]. Endogenous Nrf2 has the ability
to protect skin against UV irradiation [6]. Nrf2 is also capable
of decreasing symptoms of skin photoaging (e.g., wrinkle
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formation, loss of skin flexibility) [6]. The pharmacological
activation of Nrf2 was proven to provide protection against
various toxic compounds responsible for a reduction in skin
toxicity [6]. The role of Nrf2 in the prevention of skin
carcinogenesis has been demonstrated in various research
models [6]. Nrf2 is a key element in the prevention of chemi-
cally induced tumor formation and promotion [6]. Moreover,
Nrf2 activation reduced solar-simulated UV radiation tumor
formation in hairless mice [6]. Nrf2 also demonstrated its
essentiality in the healing process of full-thickness wounds
and in the recovery and repair of an epidermal barrier
defect [6]. There are compelling evidences demonstrating
Nrf2 activation as a promising strategy for the treatment
of atopic dermatitis, psoriasis, and epidermal blistering
diseases (e.g., Hailey-Hailey disease) [6]. Nrf2 activation
in vitiligo vulgaris pigment disorder was investigated as a
potential strategy to prevent the development of the disor-
der and treatment [6]. It was also suggested that activation
of Nrf2 is important for the treatment of patients suffering
from allergic skin inflammation (e.g., allergic contact
dermatitis) [6].

Curcumin (1,7-bis(4-hydroxy 3-methoxy phenyl)-1,6-
heptadiene-3,5-dione) is a natural polyphenol from the pow-
dered rhizome of the medicinal plant Curcuma longa (also
known as turmeric) [7]. It is an amphipathic molecule with
polar-central and flanking regions that are separated by a
lipophilic methine segment [8]. Curcumin contains seven
chemical functional groups (see curcumin chemical structure
in the Supplementary Data (Figure S1) available online at
https://doi.org/10.1155/2017/5205471) [8]. Among others,
curcumin contains phenolic groups and thus can act as a
reducing antioxidant and directly scavenge oxygen-centered
reactive intermediates [8, 9]. Curcumin also displays oxidant
activity partly due to its Michael acceptor functionalities. As
such, curcumin is capable of inducing the activation of the
Keap1-Nrf2-EpRE pathway [9]. The unique chemical attri-
butes of curcumin (e.g., logP ensuring curcumin’s accessibility
to its molecular targets, the capacity to undergo H-bonding
and hydrophobic interactions, and activity as a Michael
acceptor) are responsible for curcumin’s pleiotropic biologi-
cal activity [8]. These include curcumin’s bifunctional
antioxidant properties, anti-inflammatory activity, antican-
cer effects, wound healing, and antimicrobial effects [8–14].
Therefore, curcumin was suggested for the treatment of
various disorders like cancer and proinflammatory chronic
diseases [8–14]. Skin, being an interface between the
environment and the body, suffers from chronic oxidative
stress resulting from exposure to environmental toxicants
including chemical and physical pollutants, ionization, and
UV radiation [15]. The resulting oxidative stress in skin
may be involved in the pathogenesis of a number of skin dis-
orders including some types of cutaneous malignancy and
photosensitivity diseases [15]. Curcumin, due to its pleiotro-
pic behavior, was found to be beneficial in treating several
skin pathology disorders and diseases (e.g., psoriasis, sclero-
derma, and skin cancer) [8–14, 16–19]. Moreover, drug
development studies were carried out where curcumin
analogues were designed and synthesized due to curcumin’s
antiangiogenic activities [13]. The role of curcumin in

treating various skin pathologies and disorders and Nrf2
involvement is summarized in Table 1.

However, the pharmacokinetics of curcumin are unsatis-
factory due to its chemical instability, scarce solubility in
aqueous solutions, deficient absorption, rapid metabolism,
and systemic elimination [8, 20]. Therefore, curcumin suffers
from poor bioavailability and its clinical application is
restricted [8, 20]. Moreover, no double-blinded, placebo-
controlled clinical trial of curcumin has been successful
[21]. A reasonable approach to overcome these limitations
could be to encapsulate curcumin into delivery systems of
different characteristics [22, 23]. In addition, a topical deliv-
ery system for local administration of curcumin mat results
in an increase in curcumin bioavailability [21]. There are
compelling evidences supporting this approach. It was shown
that topical application of curcumin exhibited a more
pronounced effect on wound healing compared to its oral
administration due to a superior accessibility of curcumin
at the wound site [10]. One of the leading vehicles for dermal
drug delivery is microemulsions [24]. Microemulsions are
isotropic colloidal nano-formulations, composed of water,
oil, and surfactants [25]. These vehicles are thermodynami-
cally stable and form almost spontaneously (without any
energy input) to a transparent or slightly opalescent formula-
tion of low viscosity [25]. The use of microemulsions offers
many advantages including enhancement of drug solubility,
protection of labile drugs, controlled drug release, augmenta-
tion in the rate and extent of absorption, and a decrease in
patient side effects [24]. In addition, it has been shown
that microemulsions significantly increase bioavailability
compared with classical delivery systems such as emulsions,
gels, and solutions [24].

Incorporating curcumin into a microemulsion may
improve its water solubility and bioavailability and hence
lead to better efficacy [21]. Until now, little work has focused
on topical microemulsion delivery systems containing
curcumin aimed at treating skin conditions [26–29]. Nano-
formulations of curcumin might potentially improve the
infiltration of curcumin into cutaneous cells [10]. Indeed,
studies to date support this claim [26–29]; Lin et al. devel-
oped curcumin encapsulated in an oil-in-water microemul-
sion system and investigated its phase diagram and stability
[29]. In vitro skin permeation assays have demonstrated
time-dependent increases in permeated curcumin in stable
microemulsion formulations. Enhanced skin permeability
of curcumin encapsulated in microemulsions was also
reported by Liu and Chang [28]. The vehicle composition
significantly influenced curcumin solubility and skin
permeability [28]. Teichmann et al. incorporated curcumin
in an oil-in-water microemulsion and in an amphiphilic
cream [30]. A deeper part of the stratum corneum was
accessible, and significantly smaller amounts of curcumin
were found on the skin surface following microemulsion
application. Furthermore, curcumin was detected in hair
follicles, indicating that the microemulsion penetrated into
the complete follicular infundibula [30]. Liu and Huang
demonstrated that the antimicrobial activity of curcumin-
loaded myristic acid microemulsions against the skin path-
ogen Staphylococcus epidermidis was 12 times higher than
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that of curcumin dissolved in dimethyl sulfoxide (DMSO)
[26]. Yutani et al. assessed the distribution of polyphenols
in skin from a di-2-ethylhexyl sodium sulfosuccinate
(Aerosol OT) microemulsion and detected enhanced
intradermal delivery [27].

In the present study, we hypothesize that incorporating
curcumin into a topical microemulsion delivery system will
preserve its unique chemical structure allowing it to induce
the Keap1-Nrf2-EpRE pathway more efficiently than the
unformulated curcumin. This hypothesis holds an additional
rationale; it was shown that chronic and enhanced activation
of theKeap1-Nrf2-EpREpathway intheepidermis suffers from
several detrimental complications including defects in the
epidermal barrier, inflammation, and induced keratinocyte
hyperproliferation [31]. Thus, precise and temporary activa-
tion of the Keap1-Nrf2-EpRE in skin is essential [32].

Here, we suggest to expand our prior work demonstrat-
ing the feasibility of encapsulating Nrf2-activating agent into
a delivery system. We have previously shown that three
members of the nitroxide family representing synthetic stable

radicals were encapsulated into a microemulsion delivery
system resulting in enhanced Nrf2 activation, protection
against UVB-induced injury, and relief in inflamed skin con-
dition [33]. While encapsulating these synthetic antioxidants
with diverse lipophilicity and ability to shuttle between the
nitroxide radical, the reduced hydroxylamine, and the
oxidized oxoammonium cation formed by one- and two-
electron transfer reactions [33] (i.e., members of the nitrox-
ide family) may be challenging, the case of encapsulating
the natural polyphenol curcumin into a microemulsion
delivery system holds different challenges since curcumin is
prone to oxidative degradation and has low solubility in
aqueous solution [8, 20].

In order to investigate our hypothesis, curcumin was
incorporated into a microemulsion delivery system and
microemulsion nanometric structure was evaluated using
dynamic light scattering (DLS), small-angle light scattering
(SAXS), and cryo-transmission electron microscopy (cryo-
TEM) measurements. Moreover, the antioxidant activity of
curcumin incorporated into themicroemulsionwas evaluated

Table 1: Curcumin’s role in treating various skin pathologies and disorders and the interconnectedness with Nrf2 [8–14, 16–19].

Skin pathology/disorder Effect of curcumin treatment Nrf2 involvement

Inflammatory diseases (e.g., psoriasis,
atopic dermatitis, contact dermatitis, acne,
rosacea, and erythroderma)

Inflammatory reduction via
(1) Inhibition of NF-κB transcription factor and reducing

the production of TNF-α, IL-1, and interferon-γ
(2) Scavenging reactive oxygen species
(3) Modulating production of antioxidant enzymes

+

Scleroderma Antifibrotic effect via suppressing TGF-β +

Vitiligo vulgaris

Protection against disease progression via
(1) An increase in MAPK/ERK phosphorylation and

inhibition of apoptosis
(2) An increase in total antioxidant capacity and a decrease in

intracellular reactive oxygen species generation
(3) Improving mitochondrial activity

+

Wound healing

Enhancing effective wound healing in three stages
(a) Inflammation (see above)
(b) Proliferation

(1) Enhancing fibroblast migration, granulation tissue formation,
collagen deposition, and re-epithelialization

(2) Apoptosis in the early stage of wound healing resulting
in removal of nondesirable inflammatory cells
from the wound site

(c) Remodeling
(1) Enhancing wound closure via the production of TGF-β1 and

fibronectin resulting in increased migration and proliferation
of fibroblasts

+

Aging
Delay the aging process via induction of Keap1-Nrf2-EpRE and
phosphatidylinositol 3-kinase/Akt pathways

+

Carcinogenesis

Anticarcinogenic activity in different stages of cancer
(a) Transformation of normal cells into tumor cells: curcumin

inhibits NF-κB and its target genes like COX-2 and cyclin
D1 and induces apoptosis via activation of caspase-3,
caspase-8, and Fas receptor

(b) Tumor growth and progression: curcumin inhibits mTOR
signaling resulting in blocking of tumor progression

(c) Tumor promotion: curcumin inhibits 12-o-tetradecanoylphorbol-
(TPA-) induced tumor promotion and TPA-induced tumor markers via
modulation of transmembrane signal transduction via protein kinase

+
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in vitro using oxygen radical absorbance capacity assay
(ORAC), luminol-dependent chemiluminescence (LDCL)
assay, and 2-diphenyl-lpicrylhydrazyl (DPPH) radical
assay. The capability of a curcumin-loaded microemulsion
to induce the Keap1-Nrf2-EpRE pathway was evaluated
in keratinocyte culture and in human skin. Human skin
organ culture was used to access the reduced UVB-
induced cytotoxicity resulting from topical application of
the curcumin-loaded microemulsion.

2. Material and Methods

∗Similar material and methods were used in [33].

2.1. Microemulsion Preparation. Microemulsions were pre-
pared by first mixing the surfactants lauric acid (pKa = 5 3
at room temperature, Sigma-Aldrich, Israel), Span® 20
(sorbitan laurate, Sigma-Aldrich, Israel), and Tween® 80
(polysorbate 80, Sigma-Aldrich, Israel) with isopropyl myris-
tate (IPM, Sigma-Aldrich, Israel). Upon receiving a transpar-
ent blend of surfactants and oil, curcumin (Sigma-Aldrich,
Israel) was added to the solution and then mixed until
completely dissolved. This step was followed by a drop-
wise addition of double-distilled water (DDW; pH=6.8
± 0.2). Solutions were allowed to equilibrate for 24 h to
obtain a clear oil-in-water microemulsion. The ratio of
Tween 80® : Span 20 : lauric acid : IPM : curcumin was
33.3 : 1.6 : 1 : 5 : 1.3 and kept constant throughout the study.
The final concentrations (%w/w) in the microemulsion
were 26.8 : 1.3 : 0.8 : 4 : 1 : 66.1 for Tween 80, Span 20, lauric
acid, isopropyl myristate, curcumin, and water, respec-
tively. tert-Butylhydroquinone (tBHQ) and trolox were
purchased from Sigma-Aldrich, Israel.

2.2. Dynamic Light Scattering (DLS). DLS measurements on
microemulsions (microemulsions were diluted to 1 : 100 with
DDW; the final curcumin concentration was 0.01% w/w
(0.27mM)) were performed using a Zetasizer Nano Series
(Malvern) and analyzed using Zetasizer software. The drop-
let diameter was calculated from the diffusion coefficient,
using Stokes-Einstein equation [34].

2.3. CryogenicTransmissionElectronMicroscopy (Cryo-TEM).
Cryo-TEM specimens were prepared in a controlled environ-
ment box using a vitrification robot (Vitrobot). 60μL of the
microemulsion (the final curcumin concentration was 1% w/
w (27.1mM)) was dropped onto a glow-discharged TEM grid
(300-mesh Cu Lacey substrate; Ted Pella Ltd.). Excess was
automatically blotted with a filter paper, and the specimen
was rapidly plunged into liquid ethane and transferred to
liquid nitrogen where it was kept until used. Specimens were
analyzed below −175°C using an FEI Tecnai 12G2 TWIN
TEM operated at 120 kV in a low-dose mode and with a
few micrometers under focus to increase phase contrast.
Images were recorded with a Gatan charge-coupled device
camera (model 794) and examined using Digital Micrograph
software, Version 3.1.

2.4. Small-Angle X-ray Scattering (SAXS). SAXS experi-
ments were performed on microemulsions without further

manipulations (the final curcumin concentration was 1%
w/w (27.1mM)) using a small-angle diffractometer
(a Molecular Metrology SAXS system with Cu Kα radiation
from a sealed microfocus tube (MicroMax-002+S), two
Göbel mirrors, and three-pinhole slits; the generator was
powered at 45 kV and 0.9mA). Scattering patterns were
recorded by a 20× 20 cm two-dimensional position-
sensitive wire detector (gas-filled proportional type of
Gabriel design with 200μm resolution) that was positioned
150 cm behind the sample. Scattered intensity I (q) was
recorded in the interval 0.07 < q< 2.7 nm−1, where q is the
scattering vector defined as q= (4π/λ) sin (Ѳ), where 2Ѳ is
the scattering angle and λ is the radiation wavelength
(0.1542nm). Microemulsions were sealed in a thin-walled
capillary (glass) of about 2mm diameter and 0.01mm wall
thickness. Experiments were performed under vacuum at
ambient temperature. Scattering curves were adjusted for
counting time and sample absorption.

2.5. Spectrofluorometer Measurements. Curcumin location in
the microemulsion was investigated using the fluorescent
probe method [35], which can sense the microenvironment
of the probe from changes in the intensity and wavelength
of the emission peak. Curcumin’s emission properties highly
depend on its specific microenvironment; therefore, curcu-
min could be used directly as a probe [8, 36]. Curcumin
was dissolved in different microemulsion components to a
final concentration of 0.007%w/w (1.9μM), and fluorescence
measurements were obtained using a Jobin Yvon Horiba
Fluoromax 4 spectrofluorometer. The excitation source was
a xenon arc lamp. The excitation and emission slit widths
were 5 nm. Excitation was set at 450nm, and emission was
scanned from 460nm to 600 nm.

2.6. Voltammetric Measurements of Reducing Power. The
overall reducing power of microemulsions (the final curcu-
min concentrations were as follows (%w/w): 0 (empty micro-
emulsion), 0.25 (6.8mM), 0.5 (13.9mM), 0.75 (20.4mM),
and 1 (27.1mM)) was examined using a cyclic voltammeter
(Electrochemical Analyzer, CH Instruments, Austin, TX,
USA). Samples were placed in a well with three electrodes:
a glassy carbon, with a working electrode of 3.3mm diameter;
an Ag/AgCl reference electrode; and a platinum wire as an
auxiliary electrode [37]. Potential was applied to the working
electrode at a constant rate (100mV/s) receiving cyclic
voltammogram. Cyclic voltammogram was composed of
two parameters: the peak potential (Ep(a)), which reflects
the ability to donate electrons, and the anodic current (AC),
which correlates with the concentrations of these compounds
[38]. Reducing power was determined from the cyclic
voltammogram. The working electrode was tested prior to
each series of measurements, by performing a cyclic
voltammogram of 1mm potassium ferricyanide in PBS.

2.7. Oxygen Radical Absorbance Capacity Assay (ORAC).
ORAC assay adapted to fluorescein labeling [39] was used to
determine the total antioxidant capacity of curcumin-loaded
microemulsions (the final curcumin concentrations were as
follows (%w/w): 0 (empty microemulsion), 0.25 (6.8mM),
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0.5 (13.9mM), 0.75 (20.4mM), and 1 (27.1mM)). Analysis was
performed using 2, 2′-azobis(2-amidinopropane) dihydrochlor-
ide (AAPH) as a peroxyl generator. This assay is a kinetic assay
which measures the loss of fluorescein fluorescence over time
due to peroxyl radical formed by AAPH, enabling evaluation
of antioxidant protection. Measurements were performed on
a Fluostar Galaxy plate reader (BMG, Offenburg, Germany)
equilibrated at 37°C, with excitation and emission set up at
485nm and 520nm, respectively. Trolox was used as a calibra-
tion standard. Reagents were prepared in phosphate buffer
(pH7.4). 40μL samples were pipetted into a 96-well plate.
Fluorescein was added to a final concentration of 96nM.
ORAC fluorescence was read every 2min for 70min. Oxidation
resulting from peroxyl radical started immediately following
AAPH addition. Total antioxidant capacity was calculated by
measuring the area below the kinetic curve [39].

2.8. Quantification of Oxidant-Scavenging Abilities (OSA) by
a Luminol-Dependent Chemiluminescence (LDCL) Assay. A
highly sensitive luminol-dependent chemiluminescence-
inducing cocktail [40] was employed to quantify the OSA of
microemulsions (the final curcumin concentrations were as
follows (%w/w): 0 (empty microemulsion), 0.25 (6.8mM),
0.5 (13.9mM), 0.75 (20.4mM), and 1 (27.1mM)). Briefly, the
following were added into 850μL of Hanks’ balanced salt
solution (HBSS) (pH7.4): 10μL of luminol (1mM), H2O2
(100mM), sodium selenite (IV) (2mM), and CoCl2·6H2O
(II) (1mM). This cocktail produces an immediate wave
of light due to peroxide and hydroxyl radical. Light
quenching by microemulsions indicates the degree of their
oxidant-scavenging ability.

Light quenching was measured as counts per minute by a
Lumac 2500 Luminometer (Landgraaf, The Netherlands).

2.9. Quantification of Oxidant-Scavenging Abilities (OSA) by
the 2-diphenylpicrylhydrazyl (DPPH) Radical Assay. Modi-
fied DPPH assay [41] was used to determine the oxidant-
scavenging ability of curcumin-loaded microemulsion (the
final curcumin concentrations were as follows (%w/w): 0
(empty microemulsion), 0.25 (6.8mM), 0.5 (13.9mM), 0.75
(20.4mM), and 1 (27.1mM)). 2,2-diphenylpicrylhydrazyl
(DPPH) free radical was used as a probe; upon reduction, this
stable, purple, free radical changed its color to a yellow diphe-
nylpicryl hydrazine. Briefly, 10μL of microemulsions was
mixed with 20μL of a DPPH solution (10mM in absolute
methanol). One minute later, 800μL of absolute methanol
was added. The reaction mixtures were centrifuged at
425×g for 2min, and the change in absorption at 517 nm
using a Whittaker microplate reader 2001 was determined.
Oxidant-scavenging ability is expressed in terms of micro-
mole equivalents of trolox per 100 grams of sample.

2.10. Cell Culture. Immortalized human keratinocytes,
HaCaT cells [42], were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM, Biological Industries, Beit Haemek, Israel)
containing 4.5 g/L D-glucose and supplemented with 10%
fetal bovine serum, 1mM L-glutamine, 100U/mL penicillin,
and 100U/mL streptomycin in DMEM. The cultures were
maintained in an incubator at 37°C in a humidified

atmosphere of 5% CO2. Cells were subcultured twice weekly
at a 1 : 10 ratio using a trypsin-EDTA (0.05%) solution (Bio-
logical Industries, Beit Haemek, Israel) as a detaching agent.

2.11. Human Skin Organ Culture. Human skin was obtained
with informed consent from 20- to 60-year-old healthy
women, who had gone through breast or abdomen reduction.
Testing was performed according to the Declaration of
Helsinki and approved by the Hadassah University Hospital
Ethics Committee, #0639-12-HMO. Skin was cut into pieces
of approximately 0.5× 0.5 cm and cultured, dermal side
down and epidermal side up, in 35mm diameter petri dishes
containing DMEM (Dulbecco’s Modified Eagle’s Medium,
Biological Industries, Beit Haemek, Israel) at 37°C, under
5% CO2. 4μL of curcumin-loaded microemulsion (the final
curcumin concentration was 1%w/w (27.1mM)) was applied
to the air-exposed epidermis 24 h before irradiation as
described below. The samples were incubated for another
24 h for apoptosis determination. The epidermis was
separated from the dermis by 1min heating in phosphate-
buffered saline (PBS) at 56°C and apoptosis was examined.

2.12. Dermal Absorption of Curcumin: An Ex Vivo Model
Using Human Skin Organ Culture. Microemulsion penetra-
tion was investigated using Franz-type diffusion cells
(PermeGear Inc., Hellertown, PA, USA) with a diffusion area
of 1 cm2 and an acceptor compartment of 8mL containing
fetal bovine serum and PBS (pH7.4) (1 : 9, v/v). Skin was
mounted on Franz-type diffusion cells, epidermal side up,
and dermal side facing the receptor compartment. Diffusion
cells were kept at 32°C. 100μL of different treatments (the
final curcumin concentration was 1%w/w (27.1mM)) was
applied to the mounted skin. Following 24 h incubation, skin
was removed and washed three times using a cotton cloth
containing ethanol and the viable epidermis was separated
from the dermis. Separation of the full epidermis from the
dermis was achieved by heat shock treatment; skin was
placed for 30 seconds at 55–60°C followed by 1min at 4°C,
both in PBS. Curcumin was extracted from the separated
layers with DMSO. The extraction was performed by
incubation in a shaker (60×g) until all curcumin were
released (24 h). Finally, 100μL from the receptor fluids
was collected. Curcumin existence in skin layers and in
the acceptor compartment was determined by measuring
fluorescence excitation at 485/40 nm and emission at
528/20 nm, using a BioTek microplate reader (BioTek
Instruments Inc., Winooski, VT).

2.13. Skin Exposure to UVB Irradiation. Prior to irradiation,
culture medium was removed and skin was washed with
PBS to remove all traces of treatments. PBSwas added to cover
the dermis, and the sample was irradiated with a UVB source
(VL-6.M lamp, emission spectrum 280–350nm, emission
peak 312nm, filter size 145× 48mm; Vilber Lourmat, Torcy,
France) at 300mJ/cm2. Immediately following irradiation,
PBS was replaced by human skin organ culture medium (see
above) and skin was incubated for an additional 24 h.

2.14. Apoptosis Determination by Caspase-3 Activity Assay.
The epidermis was incubated in 100μL PBS containing
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2.5μMAc-DEVD-AMC as a substrate, with 0.02% Triton X-
100 and 10mM DTT, at 37°C in a 96-well plate [43].
Fluorescence of the released coumarin derivative was
measured at 390/435 nm, using a Fluostar-BMG spectrofluo-
rometer (Offenburg, Germany). Caspase-3 activity was
calculated over 40min in a linear range from the fluorescence
versus time slope. Results were normalized relative to the
control group.

2.15. Viability Measurements through Mitochondrial Assay.
Cytotoxicityof treatedcell culture (HaCaTcells)was evaluated
by the MTT method described elsewhere [44]. Treatments
(empty microemulsion, curcumin-loaded microemulsion,
and curcumin dissolved in DMSO) according to dilutions in
increasing curcumin concentrations (0–3μM) were added to
24-microwell plates containing cell cultures of 30,000 cells/
mL. After 24 h, cell survival was evaluated by measuring the
absorbance at 540 nm, using a Whittaker microplate reader
2001. The percentage of cell survival was normalized relative
to the control group.

2.16. Keap1-Nrf2-EpRE Pathway Activation. Real-time PCR
of Nrf2 and enzyme expression after treatments (microemul-
sions, free curcumin, and catalase; Sigma-Aldrich, Israel) were
measured in cell culture. Subconfluent cells were treated and
harvested at the desired times after treatment (see below).
In the case of catalase treatments, catalase (300U/mL) was
coadministered simultaneously with the other treatments.
Total RNA from cell culture was extracted according to tri-
reagent protocol (Sigma). Reverse transcription was
performed as previously described [45]. Aliquots of cDNA
culture were subjected to real-time PCR using PerfeCTa
SYBR Green SuperMix, Low ROX (Quanta Biosciences
Inc.), Stratagene real-time PCRmachine, and oligonucleotide
sets (see oligonucleotide sequence in the Supplementary
Data). In all cases, the samples were normalized relative to
GAPDH expression.

2.17. Statistical Analysis. Experiments were performed inde-
pendently at least three times. For oxidant-scavenging ability
assays, each experiment included three repetitions (n = 3).
For organ culture experiments, experiments were performed
with three different donors. Each independent experiment
included four repetitions, with four skin pieces being proc-
essed in parallel. Data were expressed as mean± standard
errors of the mean (SEM) or standard deviation of the
mean (STDEV) as specified. Statistical significance of
differences was determined using one-way ANOVA,
followed by Kruskal-Wallis test. The significance threshold
was set at P < 0 05.

3. Results and Discussion

3.1. Design of Curcumin-Loaded Microemulsion. The usage of
microemulsions for dermal delivery offers several advan-
tages. Few mechanisms of activity were suggested in order
to elucidate micreomulsion penetration ability. High solubi-
lization capacity of the drug in the microemulsion may
increase its activity towards the skin by raising the drug gra-
dient across the skin [46] and may favor skin partition [47].

Microemulsion ingredients also have a pivotal role in the
beneficial dermal delivery; surfactants and cosurfactants are
often penetration enhancers resulting in the decrease in the
diffusional barrier of the stratum corneum [48]. Moreover,
microemulsions may have a beneficial hydration effect on
the stratum corneum, influencing permeation ability [49].
Therefore, o/w microemulsions were designed. Ingredients
were carefully chosen for their biocompatibility and lack of
toxicity, and the usage of alcohol as a cosurfactant due to tox-
icity and irritancy issues [50] was denied. Nonionic surfac-
tants were selected due to their activity as solubilizing
agents and their effects on the skin barrier function [25].
The stabilization of the microemulsion was achieved using
a mixture of surfactants with different HLB values.
Figure 1(a) demonstrates the ability to form an empty micro-
emulsion formulation. Next, curcumin incorporation in the
empty microemulsion formulation without disrupting its
phase consistency was tested. As mentioned above, increas-
ing curcumin’s solubility would enhance its dermal delivery.
Curcumin which is highly insoluble in water was solubilized
in the microemulsion (Figure 1(b)). Microemulsions demon-
strated stability; visual evaluation following accelerated con-
ditions (40± 3°C) in darkness for 24 months revealed a
transparent and isotropic behavior. Microemulsion particle
size was similar to that of the freshly prepared samples with
the same monomodal size distribution pattern.

3.2. Reduction of Cytotoxicity Using Curcumin-Loaded
Microemulsions Compared to Free Curcumin in Keratinocyte.
Curcumin has poor solubility in water, yet good solubility in
dimethyl sulfoxide (DMSO) and chloroform [8]. Due to the
low aqueous solubility of curcumin, some researchers dissolve
it inbasemedium;however, this approachdoesnot address the
alkaline decomposition of curcumin: degradation products
including ferulic acid and feruloylmethane [8]. Therefore,
through all of this study, curcumin dissolved in DMSO was
used as a control. DMSO curcumin solutions are termed in
the following as free curcumin.

Cytotoxicity of an empty microemulsion, curcumin-
loaded microemulsion, and free curcumin in DMSO in
immortal human keratinocyte cells (HaCaT) was measured
by the MTT assay. Figure 2 shows cell viability (%) follow-
ing 24 h treatment. Axis x represents the treatment
concentration in the cell culture (%). As can be seen, the
viability of HaCaT cells exposed to an empty microemul-
sion at a concentration of 0.11% (v/v) or less was greater
than 80%. Introduction of cells into a microemulsion at
a concentration of 0.15% (v/v) significantly reduced cell
viability (~50%). This decline in cell viability could be
derived from the surfactants composing the microemul-
sion. It has been shown that all nonionic surfactants are
capable of causing cell damage due to destruction of the
cell membrane and its solubilization, in a concentration-
dependent manner [51]. In particular, it has been shown
that Tween 80 can cause cellular damage [52]. Consistent
with our results (see above), it has also been shown that
Tween 80 used at a concentration above 0.03% (v/v)
reduced cell viability [52]. However, incorporation of cur-
cumin into the microemulsion mitigated this cytotoxicity
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resulting in cell survival. Introducing free curcumin (cur-
cumin dissolved in DMSO) demonstrates cytotoxicity at
a concentration of 0.08% (v/v), indicating the curcumin-
loaded microemulsion’s preference in terms of cytotoxicity.

3.3. Structural Investigation. One of the main challenges in
incorporating curcumin into a microemulsion is avoiding
the interruption of microemulsion structure [53]. Cryo-
TEM micrographs of the empty microemulsion and

(a) (b)

Figure 1: Images of (a) clear empty microemulsion and (b) curcumin-loaded microemulsion.
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curcumin-loaded microemulsions are presented in the
Supplementary Data (Figure S2). Both microemulsions dem-
onstrate a level of order of the closely packed droplets with a
diameter of about 10 nm. The dimension of microemulsion’s
spherical droplet was further evaluated using dynamic light
scattering (DLS) measurements. As can be seen in Table 2,
there is no significant difference between the size of the
droplets in the empty microemulsion and that in the
curcumin-loaded microemulsion. Additional nanostructure
information was obtained using small-angle X-ray scattering.
SAXS plots are presented in the Supplementary Data (Figures
S3), demonstrating a broad peak at q≈ 0.07A−1, which
corresponds to a structure with a dimension of about 9 nm
according to Bragg’s law, in agreement with DLS measure-
ments and cryo-TEM images. Further analysis was done by
fitting the core and shell model, which is frequently used to
describe micelles and microemulsions [53]. In the case of
oil-in-water microemulsions, the core is the hydrophobic
component and the surfactants comprise the shell. Table 3
reveals the best-fit parameters for the core and shell model
(see Supplementary Data, Eq. 1-2), with 95% confidence
bounds of the fit. The oil component (IPM) in the microe-
mulsion has a strong influence on the microemulsion’s
formation and stability (data is not shown). Thus, density
of the core was calculated from the oil properties (IPM)
and kept constant. The shell in this model is composed
from the surfactant mixture. The incorporation of curcu-
min into the microemulsion might affect the shell density
of the microemulsion. Data in Table 3 demonstrate no
significant difference in the core and shell radius between
the empty microemulsion and the microemulsion containing
curcumin. However, the shell density of the curcumin-loaded
microemulsion is higher than the shell density of the
empty microemulsion, hinting at curcumin’s location in
the microemulsion.

The complete model used in this study was the core and
shell, with a normal size distribution of the core. Small
deviations of the model from the experimental data could
originate from the droplet not being ideally spherical or from
the nature of the shell, which is not constant in density due to
radial concentration gradients.

Curcumin’s location inside the microemulsion and its
interaction with the other ingredients seem to be of major
importance since its mobility in the vehicle can be affected
and may influence its delivery [54]. Therefore, the location
of curcumin within the microemulsion was examined using
the fluorescent probe method. This method can detect the
microenvironment near a substance and is commonly used
for revealing phase changes and structure of microemulsions
and micelles [35]. Curcumin’s emission properties highly

depend on its specific microenvironment (e.g., polar and
nonpolar solvents) [8, 36]. Therefore, curcumin can be used
as a probe and directly monitor the polarity of its surround-
ings instead of using a probe, pointing out its site in the
microemulsion. The fluorescence curves of curcumin in dif-
ferent solvents (background of the corresponding solvent
was subtracted) are presented in the Supplementary Data
(Figure S4). The wavelength of the peak is dependent on
the solvent; the peak in DDW (524nm) shifts in IPM (463-
464 nm). The peak of curcumin in the microemulsion is at
a wavelength of 509 nm, similar to the peak of curcumin in
Tween 80 (504 nm), suggesting that the microenvironment
of curcumin is alike in both the microemulsion and Tween
80 and that curcumin is located in the Tween 80 layer of
the droplets. This is consistent with other studies that show
that the drug is in the interface of microemulsion [53]. In
addition, this data are also in agreement with SAXS data
presented in Table 3 supporting curcumin’s location in the
surfactant shell.

3.4. Curcumin-Loaded Microemulsions Maintain Oxidant-
Scavenging Ability In Vitro. Maintaining the oxidant-
scavenging ability of curcumin loaded in microemulsions is
crucial for its utilization. Therefore, antioxidant capacity
was evaluated by a variety of methods on curcumin-loaded
microemulsions in five increasing curcumin concentrations
(%w/w): 0 (empty microemulsion), 0.25 (6.8mM), 0.5
(13.9mM), 0.75 (20.4mM), and 1 (27.1mM). Oxygen radical
absorbance capacity (ORAC) assay measures the degree of
inhibition of peroxyl radical-induced oxidation by the com-
pounds of interest, expressed in trolox equivalents (y-axis).
Figure 3(a) demonstrates the protection of the curcumin-
loaded microemulsions against the free radical. As can be
seen, the microemulsion with an increased curcumin
concentration demonstrates a linear trend with ORAC values
expressed in trolox equivalents (ORAC=17.451c− 3.9076,
where c is the curcumin concentration in mM, coefficient of
determination (R2 = 0.99)). Free curcumin (curcumin dis-
solved in DMSO) in increasing concentrations also demon-
strates a linear trend with ORAC value (ORAC=19.463c
− 16.702, R2 = 0.99). Thus, curcumin-loaded microemulsions
demonstrate improved protection against peroxyl radicals
relative to trolox (~17.5 times more). Similar behavior is
observed for free curcumin (~19.5).

Table 2: Diameters (averaged by volume) of empty microemulsion
and microemulsion containing curcumin, as measured by dynamic
light scattering. Standard deviation is specified (N = 6).

Diameter (nm)

Empty microemulsion 6.75± 2.9
Microemulsion containing curcumin 9.33± 3.6

Table 3: Best-fit parameters for the core and shell model (Eq. 1-2),
with 95% confidence bounds of the fit. Rc is the radius of the
core, Rs is the radius of the droplet, and σ is the standard deviation
of Rc (N = 4).

Parameter
Empty

microemulsion
Microemulsion containing

curcumin

Rc (nm) 3.85± 0.04 3.87± 0.07
Rs (nm) 5.39± 0.07 5.17± 0.04
Shell density
(el/nm3)

36.34± 1.24 48.19± 2.08

σ 0.57± 0.02 0.61± 0.02
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The LDCL assay is based on the ability of an antioxidant
agent to quench the luminescence generated by a “cocktail of
oxidants.” Figure 3(b) shows that while the luminescence
induced by the “cocktail” is kept steady at a high level for
2.5min, the addition of curcumin-loaded microemulsions
dramatically affects the luminescence observed. The sharp
and steady decline in luminescence due to the consumption
of the bulk of oxidants generated yields a curve of light
emission. Figure 3(d) demonstrates similar behavior for free
curcumin (curcumin dissolved in DMSO). From calculating
the area under the curve for a curcumin-loaded microemul-
sion and free curcumin, it can be concluded that the
scavenging ability of a curcumin-loaded microemulsion is
not significantly different than that of free curcumin.

Using cyclic voltammetry, the oxidation potentials of a
curcumin-loaded microemulsion and free curcumin were
measured. Two oxidation potentials were observed corre-
sponding to two electron-donating centers in the curcumin
molecule. Table 4 summarizes the oxidation potentials of a
curcumin-loaded microemulsion and free curcumin.
Figure 3(c) shows the anodic current at oxidation potential
of 407mV and 473mV for free curcumin and for
curcumin-loaded microemulsions, respectively. As expected,
an increase in curcumin concentration resulted in an
increased anodic current both for the curcumin-loaded
microemulsions and for free curcumin. The anodic current
drop for a curcumin-loaded microemulsion in the highest
curcumin concentration might be explained by other
processes involved apart from curcumin diffusion (e.g.,
interaction with surfactants and oils). This observation is
consistent with other works [55].

The DPPH assay measures the hydrogen atom (or one
electron)-donating activity and hence evaluates the antioxi-
dant activity due to free radical scavenging. Expressed as
trolox equivalents, Figure 3(e) shows that free curcumin
and the curcumin-loaded microemulsions display similar
antioxidant activity.

The redox assay presented here indicates that the oxygen-
scavenging ability of curcumin-loaded microemulsions is
similar to that of free curcumin. However, taking into
consideration that curcumin dissolved in DMSO showed
cytotoxicity (even in low concentrations), curcumin-loaded
microemulsions may provide improved protection against
free radicals without raising cytotoxicity issues. These
experiments demonstrate preservation of curcumin phenolic
group’s activity. Thus, curcumin-loaded microemulsions
can scavenge directly and potently oxygen-centered
reactive intermediates.

3.5. Microemulsions Containing Curcumin Enhance the
Activation of the Keap1-Nrf2-EpRE Pathway in Keratinocyte.
Cellular redox homeostasis guarantees a suitable cell
response to a variety of exogenous or endogenous stimuli
[56]. Upon disrupting this gentle balance, reactive oxygen
species which can activate proliferative and cell-survival sig-
naling [56] can alter apoptotic pathways that may be involved
in the pathogenesis of a number of skin disorders including
photosensitive diseases and some types of cutaneous malig-
nancy [15]. One of the central players involved in the redox

homeostasis maintenance is the transcription factor Nrf2, a
central key target for skin protection and cancer prevention
[31]. As mentioned above, curcumin is capable of activating
the Keap1-Nrf2-EpRE pathway [9]. Therefore, the effects of
microemulsions on the activation of the Keap1-Nrf2-EpRE
pathway were examined using real-time PCR. The mRNA
expression of a few phase II enzymes was examined: (catalase
(EC 1.11.1.6), glutathione S-transferase (EC 2.5.1.18), super-
oxide dismutase (EC 1.15.1.1), glutathione reductase (EC
1.8.1.7), NAD(P)H dehydrogenase [quinone] 1 (EC 1.6.5.2),
and glutamate-cysteine ligase (EC 6.3.2.2) [5]. Although the
relative mRNA expression of most of these enzymes was
not significantly affected, the relative mRNA expression
of HO-1, a known phase II enzyme, was significantly
induced. HO-1 regulates the level of intracellular heme
by catalyzing the oxidative degradation of heme to biliverdin,
iron, and carbon monoxide, resulting in cytoprotective,
antiapoptotic, and anti-inflammatory effects on various
experimental models [57]. HO-1 levels are associated with
the proliferating epidermis [58].

Figure 4 demonstrates relative mRNA expression of
HO-1 6, 12, and 24 h after treatments. As can be seen,
the most significant relative mRNA expression increase
occurs following 6h treatment with a microemulsion
containing curcumin. Empty microemulsion and free cur-
cumin also exhibit activation of the Keap1-Nrf2-EpRE
pathway. As can be seen, following 6h treatment, microe-
mulsion containing curcumin has a synergistic effect. The
observation that the empty micreomulsion is capable of
activating the Keap1-Nrf2-EpRE pathway can be explained
by the nanodroplets composing it. It was shown that fibers
and particles may activate the Keap1-Nrf2-EpRE pathway
via production of reactive oxygen species [43], and we
assume that the microemulsion nanodroplets operate
similarly. Alternatively, the oxidation status of the micreo-
mulsion might generate reactive oxygen species capable of
activating the pathway.

Overall, our results demonstrate the advantage of
curcumin-loaded microemulsions over free curcumin.
Microemulsion containing curcumin enhanced the Keap1-
Nrf2-EpRE pathway in an epidermal cell culture with a
180% increase over free curcumin. It is worth noting that
tert-butylhydroquinone (tBHQ), a synthetic electrophile
known for its ability in activating the Keap1-Nrf2-EpRE
pathway in epidermal cell culture [59], induced the relative
mRNA expression of HO-1 following 6h treatment
(50μM) similar to the curcumin-loaded microemulsions
(3.5± 0.7 fold change). Treatment with DMSO had no effect.

3.6. Microemulsion Containing Curcumin Induced Activation
of the Keap1-Nrf2-EpRE Pathway in Keratinocyte: Mechanism
of Action. Polyphenols in general and curcumin in particular,
under in vitro conditions, in the presence of oxygen and metal
ions, may exhibit pro-oxidant activity [60]. Polyphenols
can undergo autoxidation involving oxygen consumption
generating O2·−, hydrogen peroxide (H2O2), semiquinones,
and quinones [61]. Hydrogen peroxide (H2O2) production
by polyphenols in culture media was well demonstrated
[61]. H2O2 is an important mild oxidant capable of
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Figure 3: Continued.
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reacting with cysteines and therefore is capable of inducing
several transcription factors involved in cell replication,
regulation of metabolism, apoptosis, and necrosis [62]. It
is worth noting that H2O2 is electronically neutral and
can freely diffuse through cellular membranes [63].

An important question regarding the mechanism of
activity by which the curcumin-loaded microemulsion
operates in keratinocyte is whether curcumin’s phenolic
groups preserve their activity following incorporation into
microemulsions and moreover whether curcumin retains its
pro-oxidative activity. It has been shown that curcumin
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Figure 3: (a) ORAC value (equivalent trolox, mM) versus curcumin concentration for (■) curcumin-loaded microemulsion and (♦)
curcumin dissolved in DMSO, (b) LDCL generated by “cocktail,” for curcumin-loaded microemulsion (b) and curcumin dissolved in
DMSO (d) containing in increasing concentration (-) 27.1mM curcumin, (♦) 20.4mM curcumin, (▲) 13.9mM curcumin, (×) 6.8mM
curcumin, and (■) microemulsion without curcumin (microemulsion and DMSO, respectively). Statistical analysis indicated significantly
higher antioxidant activity indicated by a decrease in LDCL (P < 0 01). (c) Typical anodic peak as measured by cyclic voltammetry for (♦)
curcumin dissolved in DMSO (1st oxidation potential, 407mV) and (■) curcumin-loaded microemulsion (1st oxidation potential,
473mV) in increasing curcumin concentrations. (e) Antioxidant activity of (♦) curcumin dissolved in DMSO and (■) curcumin-loaded
microemulsion as measured by the DPPH assay and expressed in trolox equivalents.

Table 4: Oxidationpotential ofmicroemulsioncontaining curcumin
and curcumin in DMSO is measured by cyclic voltammetry.

1st oxidation
potential (mV)

2nd oxidation
potential (mV)

Microemulsion
containing curcumin

473 701

Curcumin dissolved
in DMSO

407 702
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generated extracellular H2O2 in cell growth medium during
autoxidation [60]. Therefore, it can be speculated that activa-
tion of the Keap1-NRF2-EpRE system is partially mediated
by extracellular H2O2 production by curcumin [9]. In order
to test this hypothesis, microemulsions and free curcumin were
applied to keratinocyte in the presence of the enzyme catalase.
H2O2 is decomposed by catalase to water and oxygen [60].

Therefore, H2O2 involvement is expected to be abrogated
following catalase addition. As can be seen in Figure 5,

introduction of catalase (300U/mL) to microemulsions
decreased the relative mRNA expression of HO-1 indicating
lower activation of the Keap1-Nrf2-EpRE pathway. Catalase
addition to the empty microemulsion decreased the relative
mRNA expression of HO-1 from ~1.75-fold to ~0.95-fold,
similar to that to the control group. This decrease
demonstrated H2O2 production by the microemulsion and
involvement in activation of the Keap1-Nrf2-EpRE
pathway under experimental conditions. Curcumin-loaded
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microemulsions increased the relative mRNA expression of
HO-1 by ~3.65-fold. As can be seen, following catalase
addition, the induction was lowered to ~2.57-fold indicat-
ing that ~30% of this microemulsion’s activity resulted
from H2O2 involvement and the other ~70% is related
to microemulsion penetration ability and curcumin’s
pro-oxidative activity.

It can be speculated that a few factors contribute to HO-1
induction: microemulsion’s skin penetration, H2O2 involve-
ment in curcumin phenolic groups, and the pro-oxidant
activity of curcumin. Although we realize that this summa-
tion is not perfectly accurate, it is interesting to evaluate
and quantify the significance of each of these contributing
factors. Therefore, an assumption that the different contribu-
tions are additives was made and a rough estimation was
obtained. Free curcumin treatment induced relative mRNA
expression of HO-1 to increase by ~1.9-fold; following
catalase addition, the induction decreased into ~1.65-fold,
indicating ~12.2% H2O2 involvement and ~87.8% curcumin
pro-oxidant activity. By comparing the free curcumin follow-
ing catalase addition and the microemulsion containing
curcumin following catalase addition, H2O2 extracellular
involvement is eliminated and emphasizes the microemul-
sion’s contribution to the means of penetration. Both
treatments resulted in the induction of relative mRNA
expression of HO-1 by ~1.65- and ~2.57-fold, respectively,
caused by the penetration ability and curcumin’s pro-
oxidative activity. Since curcumin’s pro-oxidative activity is
exactly the same, it can be concluded that the penetration
ability of the microemulsion in comparison to that in DMSO
is higher by ~156% in keratinocyte. Another interesting
result is the sharp decrease in relative mRNA expression
of HO-1 in the control group with catalase addition,
indicating H2O2 involvement in the basal state. It was
shown that reactive oxygen species is formed in the
cellular medium [64]; catalase addition can deplete reactive
oxygen species production and therefore decrease phase II
detoxification enzyme expression.

3.7. Evaluation of Dermal Absorption of Curcumin-Loaded
Microemulsions in an Ex Vivo Model Using Human Skin
Organ Culture. The skin constitutes a barrier between the
body and the environment [15]. It preserves homeostasis by
avoiding water loss via evaporation and protects against the
environment by preventing penetration of exogenous
substances [15]. Skin layers which are continuously renewed
enable efficient protection against the penetration of external
substances, especially thanks to the stratum corneum [65].
The outermost stratum corneum layer, despite its thickness
of only 15–20μm [25], regulates the barrier properties of
the skin by regulating the fluxes of chemicals and water
between the environment and the organism [66]. Moreover,
the hermetic barrier of the stratum corneum makes topical
application challenging in spite of the large available
surface area, relative low enzymatic degradation, and long
application time [67].

A prerequisite for the success of a dermatological drug,
primarily, is its ability to penetrate through or into the skin
in sufficient quantities to achieve the desired effect. A

curcumin-loaded microemulsion was applied to human skin
organ culture in Franz-type diffusion cells in order to
perform and evaluate microemulsion’s penetration ability.
Curcumin was analyzed separately in the epidermis and
dermis. Figure 6 demonstrates extracted curcumin (μg/cm2)
from the epidermis (Figure 6(a) and dermis (Figure 6(b)) of
human skin following topical applications. As can be seen
in Figure 6(a), a significant elevation in curcumin compared
to the control group (untreated skin) was observed only for
application of free curcumin. However, Figure 6(b), which
demonstrates curcumin’s quantity in the human skin dermis,
reveals that curcumin-loaded microemulsions and free cur-
cumin (curcumin dissolved in DMSO) both penetrated the
dermis by a significantly similar and elevated quantity com-
pared to the control group (untreated skin). The observation
that free curcumin was found in the epidermis is consistent
with DMSO’s skin adsorption enhancement properties [68].
DMSO, a polar and aprotic molecule, is one of the most
efficient transdermal delivery agents [69]. However, due to
its side effects (including erythema, scaling, and contact
urticaria) and its potential toxicity, DMSO is rarely used as
a transdermal delivery agent [69]. The ability of microemul-
sions to penetrate skin may be attributed to the use of pene-
tration enhancers in the formulation, for example, isopropyl
myristate, Tween 80, and Span 20 [25]. The observation that
curcumin-loaded microemulsions penetrated the skin and
reached the dermis in a similar quantity as free curcumin
without any cytotoxicity highlights microemulsion superior-
ity. It is worth mentioning that a similar level of fluorescence
was observed in the untreated skin (control group) and in the
empty microemulsion and DMSO treatments, which can be
explicated by the basal levels of skin autofluorescence [44].

3.8. Reduction of UVB Cytotoxicity Using Curcumin-Loaded
Microemulsions in Human Skin Organ Culture. Skin expo-
sure to environmental stressors (e.g., UVB) may cause injury
to epidermal cells through enhanced production of reactive
oxygen species, thus leading to a variety of skin pathologies
[15]. One of the approaches that was suggested to enable skin
protection was the use of various nontoxic antioxidants
which displayed efficacy in cell culture systems and animal
models [15]. However, absolute efficacy in humans was not
well demonstrated [15]. Topical application of Keap1-Nrf2-
EpRE-inducing agents may present a protective strategy to
reduce UVB-induced skin injury. Indeed, it has been shown
that UVB-induced damage to skin cells can be efficiently
limited by Keap1-Nrf2-EpRE-inducing agents [6]. A
curcumin-loaded microemulsion was applied to human skin
organ culture inorder toperformand evaluate themicroemul-
sion’s ability to impede UVB-induced cell toxicity in the
epidermis via Keap1-Nrf2-EpRE activation. Elevated HO-1
levels following 24 h incubation with the curcumin-loaded
microemulsion were observed using immunohistochemical
staining (indication for Keap1-Nrf2-EpRE pathway activa-
tion) as presented in the Supplementary Data (Figure S5).
Following treatment and 24 h incubation, skin was irradiated
and apoptosis was then monitored by caspase-3 activity
assay. UVB irradiation caused a ~17-fold increase in
caspase-3 activity indicating an increase in epidermal cell
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Figure 6: Dermal absorption evaluation of curcumin-loaded microemulsion in (a) the human skin epidermis and in (b) human skin dermis.
Average values are presented in the figure with standard deviation of the mean (∗∗∗P < 0 001).
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Figure 7: Organ cultures were treated with microemulsions for 24 h and then irradiated with UVB at 300mJ/cm2, and cell apoptosis was
evaluated by caspase-3 activity assay 24 h after irradiation. Data were normalized on the basis of untreated (control), nonirradiated skin
(equal to 1). Average values are presented in the figure with standard deviation of the mean (∗P < 0 05).
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apoptosis. On the other hand, the prior application of a
curcumin-loaded microemulsion reversed this trend, with
only ~2.7-fold increase in caspase-3 activity in the same
conditions (Figure 7). The previous application of free curcu-
min or an empty microemulsion did not affect caspase-3
activity significantly. However, DMSO, as expected, increased
capsase-3 activity by ~78-fold. These results demonstrate an
intense effect of a curcumin-loadedmicroemulsion to restrain
UV-induced cytotoxicity in epidermal cells.

It is worth noting that curcumin’s preventive effect
against UVB-induced damage in skin might also be the
consequence of molecular events such as downregulation of
cell proliferative controls, involving thymine dimer, apopto-
sis, transcription factor NF-κB, and inflammatory responses
or upregulation of p53, and these different contributions
need to be further revealed [70].

4. Conclusions

The work presented in this study supports the usage of
curcumin-loaded microemulsions for treating oxidative
stress-related conditions in skin. The incorporation of cur-
cumin in a microemulsion, from a structural point of view,
resulted in a stable nanometric-sizemicroemulsion composed
of core and shell droplets. Curcumin-loaded microemulsions
maintained curcumin’s activity as a reactive oxygen species
scavenger. Moreover, curcumin-loaded microemulsions
enabled an efficient Keap1-Nrf2-EpRE pathway activation.

Curcumin-loaded microemulsions promoted a powerful
effect on the reduction of UV-induced cytotoxicity in
epidermal cells. This work provided insights regarding
the mechanism of activity in which curcumin-loaded
microemulsions operate and thus supports our suggested
strategy for ameliorating skin injuries and damages.
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Cocaine abuse has long been known to cause morbidity andmortality due to its cardiovascular toxic effects. The pathogenesis of the
cardiovascular toxicity of cocaine use has been largely reviewed, and the most recent data indicate a fundamental role of oxidative
stress in cocaine-induced cardiovascular toxicity, indicating that mitochondrial dysfunction is involved in the mechanisms of
oxidative stress. The comprehension of the mechanisms involving mitochondrial dysfunction could help in selecting the most
appropriate mitochondria injury biological marker, such as superoxide dismutase-2 activity and glutathionylated hemoglobin.
The potential use of modulators of oxidative stress (mitoubiquinone, the short-chain quinone idebenone, and allopurinol) in the
treatment of cocaine cardiotoxic effects is also suggested to promote further investigations on these potential mitochondria-
targeted antioxidant strategies.

1. Introduction

Cocaine (COC) use has long been known to cause morbidity
and mortality due to its cardiovascular toxic effects [1, 2].
COC can induce coronary and systemic vasoconstriction
and arrhythmias, such as atrial and ventricular fibrillation
[3], contraction band necrosis, atherosclerosis, and chest
pain [4] as well as acute myocardial infarction [5], up to
weeks after last consumption [6], even in presence of normal
coronary arteries [7].

The pathogenesis of cardiovascular toxicity related to
COC use has been reviewed recently [8–10]. Direct (block
of voltage-dependent K+ and Na++ channels) and indirect
(actions of catecholamines and their oxidation products on
α- and β-adrenergic receptors) are suspected to be the
primary pathogenic mechanisms.

The fundamental role of oxidative stress (OS) in COC-
induced cardiovascular toxicity is well established [8, 11].
Moreover, formation and accumulation of reactive oxygen
species (ROS) as a consequence of α- and β-adrenergic
receptors stimulation [12, 13], as well as of enzymatic or non-
enzymatic catabolism of catecholamines [14, 15], have been
demonstrated in cardiac and vascular cells. Mitochondrial
dysfunction leading to the production of ROS is implicated
in cardiovascular toxicity [16, 17]. Furthermore, a number
of drugs (e.g., anticancer drugs, antiviral drugs, oral antidia-
betic drugs, and recreational drugs) have been demonstrated
to induce toxic effects as a consequence of mitochondrial
dysfunctions [18]. An important contribution of mitochon-
dria in COC-induced OS and ROS production has been
shown in experimental in vivo models [19, 20] and in the
culture of rat cardiomyocytes [21]. In cardiomyocytes, the
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mitochondria themselves could become the target of COC-
induced OS, due to ROS accumulation.

A better understanding of the role of mitochondrial dys-
function in COC-induced cardiovascular toxicity will help to
select the most appropriate biological markers and to
develop novel mitochondria-targeted antioxidant strategies.
The purpose of the present paper is to review the state-of-
the-art study of mitochondrial involvement in ROS produc-
tion associated to COC-induced cardiovascular toxicity. In
particular, we focused on the identification of possible bio-
logical markers of OS and the possible beneficial effects of
OS modulators.

2. Mitochondrial Toxicity and Molecular
Targets

The molecular mechanisms by which drugs of abuse, COC
particularly, attack tissues’ integrity is an issue of paramount
importance. Pioneering experiments carried out using epithe-
lial cell cultures [22] or animal models, such as mice [23, 24],
have clearly suggested an involvement of mitochondrial
chemistry based on the impairment of the respiratory chain
with the rise of cytotoxic (ROS) species.

2.1. Mitochondrial Energy Production and Electron Transport
Chain. In cells, most of the ATP is synthesized by the mito-
chondria via a proton electrochemical potential gradient,
ΔμH+ [25]. Under physiological conditions, the mitochon-
dria are maintained operative by a resident mitochondrial
DNA in synergy with nuclear DNA, both regulating fusion
and fission and mitophagy dynamics of the organelles [26]
and, indeed, the expression and activity of the respiratory
chain electron transfer (eT) complexes. These complexes,
at the level of the inner mitochondrial membrane, either
collide among themselves randomly [27], the hypothesis
later on reconsidered by [28], or are organised in supramo-
lecular structures of the individual complexes [29]. Relevant
to cell bioenergetics, the structural stability of the supercom-
plexes and the functional performance of the respiratory
chain both have been shown to be modulated by the
mitochondrial membrane potential [30] and the protein
complexes phosphorylation. In addition and possibly related
to the cocaine-dependent chemistry involving the proteo-
membrane complexes, the functional performance of the
supercomplexes has been shown to strongly depend on the
membrane lipid composition and lipid peroxidation [31].
Regardless of whether organised as individual entities or as
supercomplexes, the respiratory chain components enable
the redox chemistry and the H+ translocation across the inner
mitochondrial membrane to occur, ensuring the built up and
maintenance of the proton-electrochemical gradient used by
the mitochondrial ATPase to synthesize the ATP [25, 32].

Relevant to the COC-induced chemistry, the mitochon-
drial function appears affected both directly, particularly at
the level of complex I [33], and indirectly, due to production
of reactive oxygen and nitrogen species (ROS and RNS), both
strongly affecting mitochondrial complex IV and permeabil-
ity and fluidity of the membranes. The mitochondrial ATP
synthesis depends on the cell metabolism, and the functional

status of the molecular machinery is modulated at several
levels, principally by the energetic demand and by the sub-
strates availability; in this context, Ca2+ plays a crucial role.

2.2. Mitochondria and Ca2+ Homeostasis. In the frame of the
molecular changes induced by COC, it is worth to recall its
interference with the cell integrated Ca2+ signaling and
homeostasis, whose network although intensively studied is
still only partly understood [34]. A complex set of equilibria
and chemical reactions tightly controls the flux of Ca2+

within all cell organelles and among specific molecular
components of the extracellular and the intracellular cell
compartments [34–37].

In the extracellular space, Ca2+ concentration is in the
mM range, whereas in the cytoplasm of a resting cell is
~102 nM [38]. The large concentration gradient is main-
tained by a dynamic equilibrium, involving a finely inte-
grated Ca2+ controlling molecular machinery [34, 39]
including a variety of plasma membrane Ca2+ channels,
receptors, exchangers, pumps, binding proteins, chaperons,
and transporters (Figure 1).

In the cell, the intracellular Ca2+ ions are accumulated
into specific cell compartments, the so-called Ca2+ stores.
These are the endoplasmic/sarcoplasmic reticulum (ER, for
simplicity), the mitochondria, and to some extent the Golgi
apparatus, together with the cell nucleus and other organ-
elles, such as the lysosomes and peroxisomes. The Ca2+

concentration in the stores may rise up to 1 or 2 orders of
magnitude (1–10μM) higher than that in the cytoplasm,
the value depending on the actual cell compartment, and its
functional state [40–42].

The mitochondria and ER are responsible for the
accumulation in the stores of most Ca2+ contributing, respec-
tively, to microcompartmentalization of up to 25% and 75%
Ca2+. These compartments are tightly interconnected at spe-
cialised sites named mitochondrial-associated membranes
(MAM). At this level, the side-by-side proximity between
ER and the mitochondria allows the transfer of Ca2+ ions to
the mitochondria from proteins and chaperons of the ER.
This process occurs via specific channels such as the
inositol-tri-phosphate receptors and the ryanodine receptors.
At the level of the outer mitochondrial membrane (OMM),
Ca2+ ions are transported from the cytoplasm into the inter-
membrane space (IMS) through the voltage-dependent
anion channel (VDAC): this reaction uses ATP; thus, once
promoted, ATP synthesis is stimulated. The transport, across
the inner membrane of Ca++ from the IMS to the mitochon-
drial matrix, is mainly contributed by the mitochondrial
calcium uniporter (MCU), an ion channel that selectively
drives the Ca2+ entry into the matrix. Transport occurs in
synergy with two complexes named the mitochondrial Ca2+

uptake 1 (MICU1) and the mitochondrial Ca2+ uptake 2
(MICU2), together setting the threshold for the Ca2+ unipor-
ter activity, also mediated by the essential MCU regulator
(EMRE) [43]. It is worthy to point out that the mitochondrial
Ca2+ loading and its back release to ER take part in the phys-
iological, vital ion-buffering system, while the mitochondrial
Ca2+ overloading most often paves the way to apoptosis or
even to cell irreversible damage.
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Uncontrolled mitochondrial Ca2+ accumulation rapidly
induces, in fact, a decrease of the mitochondrial membrane
potential (ΔΨ) leading to pathological production of ROS,
RNS with opening of the mitochondrial permeability transi-
tion pore (MPTP), and release of cytochrome c and other
proapoptotic components. The Ca2+ extrusion into the extra-
cellular compartment, therefore, is also under tight control: it
occurs via (i) the plasma membrane-associated Ca2+ ATPase
pump (PMCA), extruding against an unfavourable electro-
chemical gradient, 1 Ca2+ ion per hydrolysed ATP and (ii)
the potassium-independent Na+/Ca2++ exchanger (NCX)
and the potassium-dependent exchanger (NCKX) [44].

According to recent reports [45, 46], COC interferes with
the intracellular Ca2+ distribution and trafficking. The

interference has been proposed to occur at the level of the
store-operated calcium entry (SOCE) system and particularly
at the sigma-1 receptor site (Sig-1R) [47]. This is an intracel-
lular chaperone embedded in the endoplasmic reticulum and
is responsible for Ca2+ loading into the intracellular stores,
the mitochondria included. The functional activity of Sig-
1R was shown to be depressed by COC with impairment of
the Ca2+ equilibrium among the cell cytoplasm and stores
[40, 48]. It is worth noticing that the inhibition of SOCE
via COC binding at the Sig-1R [45], if confirmed, might lead
to even opposite pathophysiological effects. Depending on
the extent of binding and duration of SOCE inhibition, the
electrophoretic transfer of the positively charged Ca2+ in
the mitochondrial matrix could, initially, lead to a slight
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Figure 1: Main players of the cell Ca2+ molecular machinery as putative cocaine targets. Ideal intracellular Ca2+ concentration is maintained
through complex equilibria among the extracellular space (1mM), the cytoplasm (0.1μM), and the cellular stores (1.0–10 μM), such as the
mitochondrion, the endoplasmic reticulum (ER), the Golgi apparatus, and nucleus. The ion trafficking occurs via a variety of selective
membrane channels, Ca2+-binding proteins and transporters and ion exchangers and receptors, altogether responsible for Ca2+ import,
export, and homeostasis. Import occurs at the level of (i) cell plasma membrane through the calcium release-activated Ca2+ channel
protein 1 (ORAI1), the store-operated calcium entry channels (SOCE), and specific receptor-operated channels (ROC) such as AMPA,
NMDA, TRPC, and the voltage-dependent calcium channels (VDCC); (ii) endoplasmic reticulum (ER) through the sarco/endoplasmic
reticulum calcium ATPase (SERCA); (iii) mitochondria intermembrane space through the voltage-dependent anion channel (VDAC); and
(v) in the matrix by the mitochondrial uniporter (MCU), in synergy with the mitochondrial calcium uptake (MICU) system. Extrusion
occurs at the level of (i) cell plasma membrane mainly by the plasma membrane calcium ATPase (PMCA) and the sodium calcium
exchangers (NCX) also potassium-dependent (NCKX) and (ii) the ER by the ryanodine (RYR) and the inositol 1,4,5-trisphosphate
receptors (I P3R), as well as by the mitochondrial permeability transition pore (MPTP).
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depression of the mitochondrial ΔΨ, counterbalanced by
stimulation of ATP synthesis. No wonder, therefore, the
COC induced mitochondrial Ca2+ loading might be over-
looked. On the opposite, the persistence of the mitochondrial
Ca2+ loading leads to the opening of the MPTP and triggers
the apoptotic programme, with release of cytochrome c and
other proapoptotic components [34, 37, 49–52]. Accord-
ingly, COC-treated rat astroglioma cells had shown a dose-
dependent manner depression of mitochondrial ΔΨ and a
disruption of cell morphology [53].

2.3. Mitochondria, ROS, and RNS Production in the
Pathogenesis of Cardiovascular Toxicity. Cardiomyocytes
undergo incessant contractions, their mitochondria requir-
ing a regular supply of O2 and reducing substrates. Normally,
during mitochondrial respiration, the vast majority of O2 is
reduced to water via the electron transfer (eT) chain (4e−/O
atom), and only a small oxygen amount (0.1–2%) undergoes
a 1- or 2-electron reduction, with formation of highly reac-
tive partially reduced species, among which H2O2 and the
superoxide radical ion (O2

−·) are the best representatives.
These, when produced at sub-μmolar, nanomolar levels con-
tribute to the formation of the cellular pool of physiological
ROS that plays crucial signaling roles in a variety of condi-
tions. Similarly, under normal conditions, also a number of
more or less stable nitrogen oxides can be detected in the cells
and tissues (RNS). These include nitric oxide (NO) and
peroxynitrite (ONOO−), that is, highly reactive species
responsible, particularly the latter, for cell redox reactions
that are often highly detrimental, such as protein nitrosation
and membrane nitration. Among them, NO is present in the
environment at up to nanomolar concentrations, as
produced by the cell constitutive NOSs (eNOS and nNOS).

When present in large excess by the inducible iNOS
(≥μM), NO is a potent inhibitor of the mitochondrial
respiration [54]. Noticeably, in the presence of enough
O2 (5 ÷ 20 μM) and a suitable electron flux through the
respiratory chain sustained by the mitochondrial substrates
and reduced cytochrome c, the presence of nanomolar NO
does not depress (significantly) cell respiration. Interestingly,
from the bioenergetics signaling point of view, under these
conditions, the apparent affinity forO2 (KM, O2) of cytochrome
c oxidase (CcOX) rises [55], and the mitochondria become
sensitive to the O2 concentration, thus ready to shift to glyco-
lytic production of ATP [56, 57]. Under persistent hypoxic
conditions, when the mitochondrial respiratory chain
experiences for longer times a too low (insufficient) O2
concentration, a different landscape could be depicted. The
rapid activation of constitutive NOS is observed together with
the rise of NO concentration, whose increase, however,
induces a depression to the oxidative phosphorylation due
to, particularly, the inhibition of not only complex IV but also
to some extent of complex I [57]. As observed in neurons,
glycolysis takes place to compensate for the decreased ATP
synthesis, a finding not directly shown, however, in cardio-
myocytes. In addition, the cell environment turns acidic
facilitating the conversion of nitrite (NO2

−) into nitric oxide.
NO, in the presence of O2

−, at a diffusion-limited rate [58],
forms the highly cell detrimental peroxynitrite, ONOO−,

initiating and sustaining a vicious circle that leads to perma-
nent blockage of the mitochondrial eT [59, 60]. At this point,
the reactionmechanisms controlling the cell steady-state level
of ROS and RNSmight become severely insufficient.

In summary, due to complex I inhibition by COC, the
cardiomyocytes are likely called to face in rapid sequence,
though not necessarily in this chronological order, hypoxia
and cell acidification and rise of ROS/RNS species. As a
consequence, cell survival might be at risk and cell death
committed. Most frequently, the chemical species formed
are strong oxidizing agents such as hydrogen peroxide, hypo-
chlorous acid and peroxynitrite ion, and some of them are
radical, for example, the nitric oxide and superoxide anion
or the hydroxyl radical. Pathophysiologically relevant, not
only cardiomyocytes but also the endothelial cells and the
leucocytes, activated during the oxidative burst and the
inflammation response, are responsible for the environmen-
tal physicochemical change and the uncontrolled ROS and
RNS production. Altogether, the events point to excess
ROS/RNS as being responsible for the production of cell det-
rimental effects, thus linking together, at the mitochondrial
level, the OS, the early inflammation response, and cell death.

2.4. Crosstalk between the NO Chemistry and Cocaine. NO is
actively produced by the NOSs [61] or it is chemically gener-
ated all throughout our organism. Three NOS isoforms have
been identified and named after the cell tissues where they
were first detected: the endothelial NOS (eNOS) from the
endothelium, the neuronal NOS (nNOS) from the nervous
system, and the inducible NOS (iNOS) from immunocompe-
tent cells. These three isoforms share a substantial sequence
homology (50–60%) and some basic features such as one
catalytic Fe metal, the cofactors, and the substrates’ binding
sites. The expression and activity of the iNOS strongly
depend on cell stressors but are independent on cell pCa2+

whereas eNOS and nNOS, both constitutive enzymes, are
finely regulated by the concentration of cytosolic Ca2+. Rel-
evant to the NO chemistry, COC is known to react also with
the NMDA receptor [62], whose activation is induced via
Ca2+ rise, activity of nNOS, and NO production [63]
(Figure 2); a pathway was also reported for morphine [55].

NOSs use arginine and O2 as substrates. The affinity for
O2 is not equally distributed among the NOS isoforms. The
eNOS shows the highest affinity (KM~5μM), comparable to
that of the mitochondrial CcOX, while nNOS and iNOS have
a lower O2 affinity [57, 64].

Under hypoxic conditions, therefore, the O2 availability
can limit the enzymatic production of NO by the NOSs.
During hypoxia, maintenance of the NO homoeostasis may
require the release of NO from bulk nitrosothiols, or at the
expenses of metal ions (Fe2+ and Cu+) bound to proteins or
free in solution. These ions catalyze the reduction of nitrite
to NO and particularly at acidic pH and under hypoxic
conditions [65].

In agreement with previous reports [66–71], the involve-
ment of the NO chemistry in the development of COC addic-
tion has been recently confirmed by the results of the
selective 7-nitroindazole (7-N) inhibition of nNOS, induced
on Wistar rats. The animals when preliminarily treated with
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7-N showed a significant attenuation of the COC withdrawal
symptoms, and their brain-isolated synaptosomes displayed
both the reversal of the drug mitochondrial depression and
the decrease of GSH levels [72]. The fundamental role of
mitochondrial GSH in protecting membrane functions was
also observed in an experimental model of COC-induced
hepatotoxicity in rats [73].

In humans, PET measurements performed using C-11-
COC have shown in the early 90s that COC redistributes in
most organs and tissues although following different kinetics
(from seconds to several minutes) [74]. Redistribution likely
includes the skin, and heavy COC abusers often display
unpleasant skin signs, whose molecular mechanisms, how-
ever, are still mostly obscure. In this framework, it may be
worthy to recall that the systemic administration of COC to
male Sabra rats, thereafter subjected to skin biopsies, was able
to rise the iNOS and xanthine oxidase (XO) activity
prevented by specific inhibitors, such as the L-nitroso-
arginine methyl-ester (L-NAME) and the oxypurinol (OP),
respectively; the same authors reported similar results using
human keratinocytes in culture [75]. The proposition put
forward was that the oxidative-oxynitrosative damage was
bound to the skin accumulation of superoxide and nitric
oxide radicals, readily forming peroxynitrite [58] and
lipoperoxides, along with a marked decrease of ROS/RNS
scavengers such as reduced glutathione (GSH) and ascorbic
acid (AA) [75]. This hypothesis appears fully consistent with

the suggestion that the COC oxidative metabolites, and
among them particularly, the nitrogen N-derivatives, are
involved in the adverse biological effects observed in the
human body, at least when chronically exposed to COC [76].

3. Mitochondria and Cocaine-Induced
Cardiovascular Toxicity

As mentioned above, the role of mitochondria in the patho-
genesis of COC-induced cardiovascular toxicity is well recog-
nized [8, 20, 21, 33, 77]. COC may induce mitochondrial
dysfunction in cardiomyocytes and in endothelial cells, based
on direct and indirect mechanisms (Figure 3). Owing to its
pathophysiological relevance at both cardiomyocytes and
endothelial level, it may be worth to summarize the evidence
supporting the hypothesis that COC is likely responsible for a
specific mitochondrial impairment.

3.1. Cardiomyocytes. Notably, stimulation (and overstimula-
tion) of β-adrenergic receptors (β-AR) triggers the release of
Ca2+ in the mitochondria [78]. Indeed, stimulation of β-
adrenergic receptors increases Ca2+ levels in the cytosol,
through the activation of protein kinase A (PKA): increased
cytosolic Ca2+ leads in turn to phosphorylation of Ca2+-pro-
tein substrates and to the transfer ofCa

2+

into themitochondria
[79]. As mentioned above (Section 2.2), excess mitochondrial
Ca2+ impairs ATP production, causing nitro-oxidative stress

NOSc

Ca++

NO

Ca++

NMDAR

Ca++

Ca++

Cocaine

CcOX

Ca++

NO

NONO

Ca++

Figure 2: NMDA-receptor targeting by cocaine (hypothesis). The scheme is drawn by analogy to the functional effects observed at the level of
the cell nitric oxide chemistry and detected when treating glioma cells in culture with morphine [55]. It shows the activation of the cocaine-
mediated NMDA-R, leading to cytoplasmic Ca++ rise, activation of the constitutive NOS, and release of NO, targeting mitochondrial
respiratory chain complexes.

5Oxidative Medicine and Cellular Longevity



with changes in permeability of the mitochondrial mem-
brane, altogether leading to structural degeneration of cardi-
omyocytes [9, 80, 81]. Overproduction of mitochondrial
ROS/RNS is in fact responsible for the massive opening of
MPTP [16, 82] resulting in a further dysfunctional and
structural degeneration of these organelles.

As already mentioned in Section 2.1 in isolated brain and
liver mitochondria [83] and in culture rat myocardial cells,
COC at high concentration had shown to inhibit complex I
(NADH dehydrogenase) activity [33] leading in turn to inhi-
bition of ATP synthesis. Accordingly, Fantel and colleagues
[84] demonstrated a COC inhibitory effect on mitochondria
respiration in rat embryo tissues. Importantly, in a model of
myocardial ischemia-reperfusion, it has been demonstrated
that a reduction in complex I activity may enhance ROS
production by complex III [85].

A further mitochondrial role in COC myocyte toxicity is
suggested by experimental studies, in which a mitochondria-
dependent apoptosis was observed [77, 86, 87]. Indeed, in
chronic COC-treated rats [77] and in cultured fetal [87]
and adult [86] myocytes, COC induced apoptosis. The cyto-
toxic effects on cardiomyocytes were related to the release of
cytochrome c from the mitochondria with activation of

caspase-9 and caspase-3, whose inhibition blocked cell
apoptosis [87]. Accordingly, a COC-induced apoptosis
associated with the release of cytochrome c was observed
also in cultured bovine coronary artery endothelial cells [88].
Interestingly, from the mechanistic point of view, in experi-
ments carried out using adult rat ventricular cardiac myo-
cytes, the caspase inhibition decreased the β-AR-stimulated
apoptosis [86].

Apoptosis activation was also observed in the cerebral
cortex of human COC addicts [89]. The postmortem brain
study showed a significant reduction in the content of mito-
chondrial cytochrome c in prefrontal cortex: the authors
suggest that the downregulation of cytochrome c could rep-
resent the induction of a counter regulatory adaptation to
brain apoptotic effects induced by COC via mitochondria
oxidative stress.

As mentioned above (Section 2.3), the accumulation of
ROS/RNS is an important event by which COC may induce
mitochondrial dysfunction with subsequent cardiotoxicity.
Although the extent of mitochondrial dysfunction produced
byCOC is still unknown, it is generally accepted that themito-
chondria are the main source of ROS production [90, 91]
meantime being targets of the oxidative stress.
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Figure 3: Cocaine-induced mitochondrial dysfunction.
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COC-inducedROSproductionmayoccur bymechanisms
different from electron leak at the sites of the respiratory chain
complexes, namely, by

(i) formation of O2
−·, during catecolamine oxidation

(intramitochondria redox cycling),

(ii) synthesis of H2O2 by monoamine oxidase (MAO),
during oxidative deamination of catecholamines
(outer membrane of mitochondria),

(iii) ROS-induced ROS mitochondria formation [92].

Thus, ROS formation has been associated with COC-
induced catecholamine release [8, 93].

As noted, a crucial role in COC-induced toxicity is played
by transformation of catecholamines into aminochromes,
that is, the oxidative catecholamine metabolites [93]. Indeed,
when the level of catecholamines rises and the enzymes
responsible for their catabolism become less efficient, as it
might likely occur during COC abuse, catecholamines can
undergo oxidation [14, 94] with formation of aminochromes
(adrenochrome, dopachrome, and noradrenochrome); these
molecules are very active from the redox cycling point of
view. In bovine heart, it has been demonstrated that adreno-
chrome is reduced into semiquinone by mitochondrial
complex I [95] inducing in cardiomyocyte mitochondria
the formation of O2

−· [9, 94, 96].
Genova and coworkers [97] had shown that mitocondrial

complex I is involved both in initial generation of superoxide
and in the reduction of adrenochrome to its semiquinone
form. Furthermore, the superoxide anion O2

−· in turn
increases the adrenaline oxidation rate [14, 97]. Thus, the
mitochondria, on one side, are largely responsible for cardio-
myocyte oxidative stress, while on the other side, they are
themselves targets of the stress. In addition, it is worth
mentioning that the adrenochrome inhibits the oxidative
phosphorylation of cardiac mitochondria [98] and leads to
further enhancement of mitochondrial impairment.

Also MAO, flavin enzymes located in the outer
membrane of mitochondria, are responsible for oxidative
deamination of catecholamines, resulting in synthesis of
H2O2 leading in turn to highly reactive HO· [93, 99]. Accord-
ingly, in an experimental model in rats, it has been demon-
strated that myocardial oxidative stress could be partially
prevented by MAO inhibitors [100].

A further contribution to the stimulation ofCOC-induced
mitochondrial ROSproductionmay be derived fromNADPH
oxidase (Nox) and XO activity, also contributing to ROS gen-
eration in cardiac tissue [8, 13]. Indeed, the α1-adrenoceptor
stimulation increases the activation of Nox [13, 101] which
in turn produces O2

−·.
In an in vivo model of COC-induced diastolic dysfunc-

tion, it has been shown that 7 days of COC administration
induces an increase of mitochondrial ROS production in car-
diac fibers, with uncoupling of mitochondrial respiration
[20]. It is worth noticing that over a similar period of incuba-
tion COC administration induces also the activation of
Nox and XO, whose functional onset might precede mito-
chondrial failure [102]; this finding suggests that it is the

ROS production by the Nox and XO that first triggers the
ROS production by mitochondria not vice-versa [19].

Accordingly with this hypothesis, it has been suggested
that MitoQ [20] and allopurinol [19] treatments may prevent
oxidative stress and attenuate COC-induced cardiotoxicity.

3.2. Endothelial Cells. In endothelial cells, the mitochondrial
content is reduced, compared to other cell lines [103, 104].
Thus, by comparison with cardiac myocytes and other cell
types characterized by higher energy requirements, one
might expect, from the quantitative point of view (only), a
relatively smaller production by mitochondria of COC-
induced reactive species. This notwithstanding ROS produc-
tion by endothelial cell and their contribution to develop-
ment of heart disease [104] has been demonstrated in rat
[105] and in mouse [106] models. In cultured endothelial
cells used as experimental models of ischemia/reperfusion,
extensive amounts of ROS were observed [107].

The pro-oxidant activity of XO has been observed
[108], and XO from endothelial vasculature has been
proposed as the main ROS enzymatic source [93]; accord-
ingly, patients with ischemic cardiomyopathy oxypurinol-
induced inhibition of XO had shown improved myocardial
contractility [109]. In endothelial cells, the activity of XO
increases in I/R and it is a source of O2 when in the presence
of high levels of hypoxanthine.

4. Possible Biomarkers of Cocaine-Induced
Oxidative Stress

Notably, biological markers (biomarkers) may be useful to
quantify biological processes, disease state, or therapy predic-
tion and therapeutic tools [110, 111]. The increase in under-
standing mechanisms of oxidative stress in drug [8, 112, 113]
and alcohol [114, 115] addiction has led to identify oxidative
stressmarkers, that, although not validated and specific, could
help to evaluate oxidative status in drug abusers, both in acute
and chronic use and in withdrawal syndrome [116, 117]. In
Table 1, theproposedperipheral biomarkers ofOSand relative
references are listed.

In a recent study [117], it has been suggested that
thiobarbituric acid reactive substances (TBARS) and brain-
derived neurotrophic factor (BDNF) could be biomarkers
for evaluation of severity of crack COC use. Furthermore,
the authors found in male crack COC users a positive corre-
lation between TBARS levels and severity of abuse during
withdrawal syndrome. Notably, TBARS are an aspecific
biomarker of peripheral oxidative stress, consisting of a
quantification method for malondialdehyde (MDA) and sta-
bile product of lipid peroxidation [118, 119]. Accordingly
with clinical data, experimental studies in rats showed an
increase in MDA levels in the heart, both after COC self-
administration and extinction training [120] and after COC
injection [121, 122].

Conversely, in a clinical study aimed at evaluating total
antioxidant capacity in COC and methamphetamine sub-
jects [123], no difference was found in MDA blood levels
with respect to control. One possible explanation is that
discrepancy in results may be due to differences in some
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characteristics of participants. Indeed, Sordi and coworkers
[117] included subjects (N = 49) positive for current COC
use, while in the study from Walker and coworkers [123],
patients (N = 126) had used COC within 60 days prior to
the test and almost 23% were positive for use. It can be sug-
gested that the oxidative damage of lipids produced by cur-
rent COC use, counteracting by antioxidant defense (see
below), may shift towards antioxidant systems when the
subjects became progressively abstinent.

Even though TBARS are neither specific nor quantitative
[119], given that MDA plasma levels showed an increase in
acute myocardial infarction [124, 125] and also in brain
illnesses such as Parkinson’s [126] and Alzheimer’s [127]
diseases, this biomarker may be useful to assess relative level
of lipid peroxidation in COC abusers.

An increase in BDNF levels among crack users with
respect to control subjects was also found [117, 128]. The
function of this peripheral brain injury biomarker in drug-
induced neuroadaptation is well known [129], and recent
clinical data in chronic schizophrenia patients [130] showed
that both BDNF and OS may be involved in the pathophysi-
ology of this disease, suggesting an interaction mechanism
between oxidative damage and neurotrophin dysfunction.
Further investigations implicating these two peripherally
measured biomarkers should contribute to understand the
relative implication and interaction of oxidative stress and
neurotrophic factors in disorders.

5. Antioxidant Defense System Biomarkers of
Cocaine Oxidative Stress

Blood peripheral biomarkers of antioxidant enzymes were
evaluated in a population of COC user [123], (N = 126;
18% abstinent for 1 month and more prior to the inclusion).
The results showed no differences in the activities of glutathi-
one peroxidase and catalase between COC user and control
subjects, whereas a significant reduction in the SOD activity
was observed in erythrocytes.

Accordingly, in a rat model of COC-induced heart injury,
Moritz and coworkers [122] had shown that COC long-term
administration caused a significant decrease in SOD activity;
a biphasic trend in SOD concentration in rat spleen was
observed after chronic COC administration in vivo [131]
since that, after an early peak, SOD was significantly depleted
24 hours after COC treatment.

Notably SOD are an ubiquitous family of enzymes
[132, 133] in which actually three distinct isoforms has been
identified in humans. SOD1 (Cu/ZnSOD) is the major

intracellular form of SOD, accounting for almost 80% of total
SOD protein and is localized to the outer mitochondrial
membrane, while SOD2 (MnSOD) is localized exclusively in
the mitochondrial matrix [134, 135] and is expressed in the
heart, lung, liver, and blood cells. SOD3 is the major SOD of
human extracellular matrix of different tissues, mainly
expressed in the lung and scarcely in the brain [136].

In the rat liver, SOD1/Cu, Zn was found in the mitochon-
drial intermembrane space and SOD2 was found in the
matrix and also in the inner membrane [137]. Recent exper-
imental data in rats [120] indicate no changes in SOD activity
(irrespective of the isozyme subclass) in peripheral organs
such as the heart and the liver, both during COC self-
administration and during extinction phase (10 days).
Conversely, a significant enhancement in SOD activity was
found in the hippocampus and in the kidney. The authors
suggest that different changes in the activity of SOD in rat
brain structures and peripheral tissues may reflect differences
in OS status and that increases in the SOD enzymatic activity
could correspond to a reduction in MDA concentrations.

Due to its exclusive nuclear-encoded localization in the
mitochondrial matrix, SOD2 is considered the main
mitochondria antioxidant defense against toxic effects of
ROS. So it can be suggested that evaluation of activity of
SOD with respect to its isozyme subclasses could be a more
specific biomarkers of mitochondrial oxidative stress. A fur-
ther attention to different isozyme overexpression in specific
cell types and tissues may achieve a contribution to better
identify specific targets of oxidative stress.

Another peripheral biological marker that might reflect
oxidative status in tissues is the level of glutathionylatedhemo-
globin (Hb). The role of themechanismof S-glutathionylation
(i.e., theconjugationof glutathione toprotein cysteine residues
catalyzed by glutathione S-transferase P) in response to
oxidative stress in drug addiction was discussed in a recent
review [113]. Protein S-glutathionylation can be considered
a protective mechanism associated with elevated oxidative
stress in alcohol, heroin, and also in COC abuse. In preclin-
ical studies, acute and chronic COC treatment, but not
withdrawal, had shown to increase brain formation of
glutathionylated protein and a decrease in expression of
GSH-S-transferase P [138, 139]. Notably most of the glu-
tathionylated proteins are intracellular [110]; to date, in
human, the extent of glutathionylation in some pathologies
(i.e., diabetes mellitus, hyperlipidemia, and uremia) can be
measured only in blood [140], since in red blood cells Hb
accounts for 97% of protein composition [141]. Importantly,
increased levels of glutathionylated Hb were observed in

Table 1: Peripheral biomarkers of cocaine-induced oxidative stress.

Markers Sample Note References

MDA Plasma Aspecific biomarker of lipid peroxidation [117, 120–123]

TBARS Plasma Aspecific biomarker of lipid peroxidation [117, 128]

BDNF Plasma Negative correlation with severity of cocaine use [117, 128]

Glutathionylated Hb Plasma (RBC) Increased levels in oxidative stress conditions (i.e., cigarette smokers) [113, 140]

SOD Plasma (RBC) Decreased levels of activity [120–122, 131]

BDNF: malodialdehyde; TBARS: thiobarbituric acid reactive substances; BDNF: brain-derived neurotrophic factor; Hb: hemoglobin; RBC: red blood cells;
SOD: superoxide dismutase.
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cigarette smokers [142, 143] suggesting that its quantifica-
tion can be used as a low-invasive clinical biomarker of
oxidative stress-associated diseases. To our best of knowl-
edge, no clinical data are present in literature regarding
glutathionylated Hb in COC addicts.

In conclusion, we further retain that in studies concern-
ing the evaluation of oxidative stress in drug abuse and
clinical relevance of relative biomarkers it is important to
take into account factors that could significantly influence
both oxidative state and antioxidant defense. Physiological
(e.g., age, gender, body weight, diet, and lifestyle) and patho-
logic factors (psychiatric comorbidity, cardiovascular and
metabolic illnesses and their relative severity, etc.) as well as
drug abuse history [age of onset, duration, polydrug abuse,
tobacco smoking, alcohol use, and prevalence of current use
(i.e., during last month)] could affect total oxidative state.
Only early patient stratification based on their profile could
help to identify the most appropriate panels of both diagnos-
tic and prognostic biomarkers and conduct to optimal
management for the patients.

6. Modulators of Oxidative Stress in
Mitochondrial Protection: Future Direction

The use of antioxidants as therapeutic tools is still controver-
sial [8, 144, 145]. In a recent review on potential use of
modulators of OS in treatment of COC cardiotoxic effects,
Graziani and coworkers [8] underlies that both preclinical
and clinical data in literature has not yet been adduced to
argue conclusive evidence.

However, the fundamental role of mitochondria in COC-
induced OS strongly suggests that mitochondria-targeted
intervention could become a pharmacological strategy to
prevent and to treat this kind of damage. In Table 2, selective
antioxidant compounds for potential therapeutic use in COC
toxicity are reported.

In an experimental model of COC-induced cardiac dys-
function, MitoQ (mitoubiquinone) had shown to limit
COC-induced left ventricular dysfunction [20]. Accordingly,
in vitro studies [146, 147] of rat-stretched cardiomyocytes
showed that MitoQ could prevent both mitochondrial dam-
age and increase in XO activity and protect mitochondrial

membrane potential. MitoQ is actually the most studied
mitochondria-targeted antioxidant therapeutic compound
[148] and some human studies have confirmed its efficacy
in some cardiovascular pathologies, such as hypertension,
and drug toxicity (alcohol, adriamycin) [47]. To our best of
knowledge, no human studies are present in literature on
the potential effects of MitoQ in treatment of COC-induced
mitochondria toxicity.

On the basis of the abovementioned mechanisms of
mitochondria dysfunction induced by COC, other therapeu-
tic tools may be hypothesized.

The short-chain quinone idebenone has been also sug-
gested to be beneficial in mitochondrial dysfunction [149]
due to its antioxidant effects [150]. Idebenone proved to res-
cue ATP levels under conditions of impaired complex I
transferring electron in mitochondrial respiratory chain from
complex III [151]. The COC toxic effect of inhibition of the
activity of mitochondrial complex I [33] may be reversed
by some short-chain quinones. Consistent with this capacity
of ATP activity rescue, idebenone should be investigated
as a possible treatment for COC-induced dysfunction in
mitochondrial respiratory chain [152].

In an experimental model of COC-induced diastolic
dysfunction, XO activity inhibition by allopurinol [19] had
preserved both left ventricular systolic and the decrease in
ATP production, confirming the contribution of COC-
induced mitochondrial ROS production in cardiac tissue.
The protective role of allopurinol was confirmed in human
and rat left ventricular (LV) myocytes with volume overload
where the increase in ATP demand and the concurrent XO-
mediated ROS can decrease mitochondrial respiration and
contractile function [153] and in remodeling processes after
experimental myocardial infarction [154]. To date, some
clinical data appear to suggest that pharmacological XO
inhibition could represent potential tools for the treatment
of human cardiomyopathy [155]. The safety profile of
(the old) allopurinol underlies the possibility of testing this
XO inhibitor for further therapeutic interventions.

7. Conclusion

In the present paper, the role of cardiovascular mitochondria
in COC-induced OS and ROS production was reported.
Preclinical and clinical data underlie the fundamental partic-
ipation of mitochondrial dysfunction to pathogenesis of
COC-induced cardiovascular toxicity. As a consequence,
possible biological peripheral markers of OS mitochondrial
injury may be proposed. Both the antioxidant defense system
biomarkers SOD2/MnSOD and glutathionylated Hb appear
to be appropriate peripheral biomarkers of oxidative stress:
since clinical data in COC and psychotropic drug users are
inadequate to draw any conclusion, it could suggest that
additional studies in this population subjects may be
performed. Even in the case of potential therapeutic effects
of mitochondrial protection, further studies on the proposed
antioxidant drugs (MitoQ, idebenone, and allopurinol) will
be crucial to assess their effectiveness or inability to counter-
act mitochondrial dysfunctions induced by cocaine.

Table 2: Potential therapeutic use of selective antioxidant
compounds for cocaine-induced mitochondrial impairment.

Antioxidant
compounds

Mechanism of action References

MitoQ
Inhibition of XO activity

and protection of mitochondria
membrane potential

[20, 47, 148]

Idebenone
(short chain
quinone)

Transferring of electron in
mitochondrial respiratory
chain from cytoplasm to

complex III (bypass deficiency
in complex I)

[149–152]

Allopurinol
Inhibition of XO activity

and consequent rescue of in
ATP production

[19, 153–155]
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Abbreviations

AA: Ascorbic acid
β-AR: β-Adrenergic receptors
BDNF: Brain-derived neurotrophic factor
CcOX: Cytochrome c oxidase
COC: Cocaine
ΔΨ: Mitochondrial membrane potential
eNOS: Endothelial NOS
ER: Endoplasmic/sarcoplasmic reticulum
eT: Electron transfer
GSH: Glutathione
Hb: Hemoglobin
H2O2: Hydrogen peroxide
HO·: Hydroxyl radical
HO: Heme oxygenase
iNOS: Inducible NOS
IMS: Intermembrane space
L-NAME: L-Nitroso-arginine methyl-ester
MAM: Mitochondrial-associated membranes
MAO: Monoamine oxidase
MDA: Malondialdehyde
MCU: Mitochondrial calcium uniporter
MICU1: Mitochondrial Ca2+ uptake 1
MICU2: Mitochondrial Ca2+ uptake 2
MitoQ: Mitoubiquinone
MPTP: Mitochondrial permeability transition pore
NAC: N-Acetylcysteine
nNOS: Neuronal NOS
NO·: Nitric oxide
Nox: NADPH oxidase
NMDA: N-Methyl-D-aspartate
NOS: NO synthase
O2
−·: Superoxide anion

OMM: Outer mitochondrial membrane
ONOO-: Peroxynitrite ion
OP: Oxypurinol
OS: Oxidative stress
OXPHOS: Oxidative phosphorylation
PKA: Protein kinase A
PMCA: Plasma membrane associated Ca2+ ATPase

pump
RNS: Reactive nitrogen species
ROS: Reactive oxygen species
Sig-1R: Sigma-1 receptor site
SOCE: Store-operated calcium entry
SOD: Superoxide dismutase
TBARS: Thiobarbituric acid reactive substances
XO: Xanthine oxidase
EMRE: Essential MCU regulator
VDAC: Voltage-dependent anion channel
NCX: Potassium-independent Na+/Ca2++ exchanger
NCKX: Potassium-dependent Na+/Ca2++ exchanger
7-N: 7-Nitroindazole.
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The prevalence of cytoprotective mechanisms induced by polyphenols such as activation of intracellular antioxidant responses
(ICM) and direct free radical scavenging was investigated in native Chilean species of strawberries, raspberries, and currants.
Human gastric epithelial cells were co- and preincubated with polyphenolic-enriched extracts (PEEs) from Chilean raspberries
(Rubus geoides), strawberries (Fragaria chiloensis ssp. chiloensis f. chiloensis), and currants (Ribes magellanicum) and challenged
with peroxyl and hydroxyl radicals. Cellular protection was determined in terms of cell viability, glyoxalase I and
glutathione s-transferases activities, and carboxymethyl lysine (CML) and malondialdehyde levels. Our results indicate that
cytoprotection induced by ICM was the prevalent mechanism for Rubus geoides and F. chiloensis. This agreed with increased
levels of glyoxalase I and glutathione S-transferase activities in cells preincubated with PEEs. ORAC index indicated that F.
chiloensis was the most efficient peroxyl radical scavenger. Moreover, ICM mediated by F. chiloensis was effective in protecting
cells from CML accumulation in contrast to the protective effects induced by free radical scavenging. Our results indicate that
although both polyphenol-mediated mechanisms can exert protective effects, ICM was the most prevalent in AGS cells. These
results suggest a potential use of these native berries as functional food.

1. Introduction

Oxidative stress has been implied in the etiology of numer-
ous diseases as well as in the ageing process [1–3]. The
balance established in terms of the relative amounts of anti-
oxidants and reactive species (reactive oxygen and nitrogen
species and electrophilic molecules) plays a pivotal role in
the cellular integrity and functionality [4]. Antioxidants
and reactive species can have an exogenous or endogenous
origin, dietary intake being the most important source of
exogenous antioxidants [5]. It has been suggested that the
intake of dietary antioxidants is inversely associated with
the development of chronic diseases, which currently

constitute the main cause of mortality worldwide [6]. In fact,
dietary interventions in humans, as well as in vitro studies,
have shown evidence regarding the beneficial effects on the
health related to the consumption of berries [7]. These
effects have been mainly attributed to their content of poly-
phenols, which can protect biological systems against the
damage induced by numerous agents, including free radicals
[8, 9]. Cellular protection mediated by polyphenols against
free radical-induced damage can be exerted by different
mechanisms, including scavenging of free radicals by direct
reactions, metal ion complexation with a consequent inhibi-
tion of the free radicals generated through Fenton-type reac-
tions, and activation of the intracellular signaling cascades
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that result in activation of detoxifying enzymes or repression
of pro-oxidant proteins [10–12]. In addition, during the last
years, it has been suggested that, under physiological condi-
tions and in vivo, the main protective mechanism associated
with polyphenols arising from dietary sources involves acti-
vation of transcription factors that regulate the expression
and activity of antioxidant and detoxifying systems in cells
[12]. This concept agrees with the relative low bioavailability
of polyphenols (implying very low systemic concentrations)
and would explain the lack of correlation between their
in vitro antioxidant capacity and their protective effects on
cellular cultures (which imply cellular responses) [10].

On the other hand, human gastric epithelial cells are con-
stantly exposed to an oxidative environment produced by the
intake of reactive species (generated during thermal process-
ing of foods) as well as by the oxidative reactions that take
place during the processes associated with food digestion
[13]. These cells are also exposed to polyphenols arising from
foods, which have not been previously metabolized by the
liver or colonic microflora [14]. In this sense, gastric epithe-
lial cells constitute a unique model in which different mech-
anisms of cytoprotection mediated by polyphenols could be
active. The human gastric adenocarcinoma cell line (AGS)
consists of mucus-secreting epithelial cells presenting several
characteristics of normal gastric epithelial cells and a good
power of differentiation [15]. For this reason, they have been
widely used to evaluate the antioxidant activity of several len-
til cultivars [9, 16]. In fact, we have recently reported that
polyphenolic-enriched extracts (PEEs) from Chilean native
berries, including Rubus geoides and Ribes magellanicum
(Figure S1 in Supplementary Material available online at
https://doi.org/10.1155/2017/9808520), present a significant
cytoprotective activity against H2O2 and methylglyoxal-
induced damage of AGS cells [16]. The Chilean native berries
selected for this study are wild relatives of the widely culti-
vated and consumed strawberries, raspberries, and currants.
The PEEs of these species have also shown a high scavenging
capacity of stable free radicals such as DPPH and ABTS
[9, 16]. However, evidence aiming to elucidate the main
mechanisms involved in the protection of gastric human
cells mediated by polyphenols against the damage inflicted
by free radicals is lacking.

It has been reported that numerous polyphenols are
able to activate transcription factors including the nuclear
factor-erythroid 2 p45 (Nrf2) [17, 18], which is involved
in the control of the expression of detoxifying enzymes
such as glutathione S-transferases [19] and glyoxalase I
[20], inducing protective effects against oxidative stress
[21]. Cellular activation of Nrf2 and the subsequent expres-
sion of detoxifying enzymes have shown to occur in a period
of hours, and consequently, most responses associated to
intracellular antioxidant response activation involves 16–24
hours of incubations [9, 22]. Such time frame contrasts with
the kinetic of reactions between free radicals and polyphenols
which typically involves rate constants in the range of
109M−1 s−1 (towards hydroxyl radicals) [11] to 103M−1 s−1

(towards superoxide radical anion) [23].
To get more insights regarding the protection afforded

by polyphenols from the South American relatives of

commercial berries on AGS cells exposed to a free radical
source, in the present work, we have addressed studies
aimed to assess the cytoprotective mechanisms mediated
by the polyphenols contained in the Chilean native rasp-
berry Rubus geoides, the native currant Ribes magellani-
cum, and the Chilean strawberry Fragaria chiloensis ssp.
chiloensis f. chiloensis.

2. Materials and Methods

2.1. Chemicals. 2,2′-Azobis(2-methyl-propionamidine) dihy-
drochloride (AAPH), copper sulphate, Chelex® 100 sodium,
quercetin, thiobarbituric acid, trichloroacetic acid, Amberlite
XAD-7, sodium bicarbonate, methylglyoxal, glutathione
(reduced form), 1-chloro-2,4-dinitrobenzene (CDNB), L-
glutamine, and CelLytic™ M were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Pierce™ BCA Protein Assay
Kit was obtained from Thermo Scientific (Rockford, IL,
USA). Hydrogen peroxide (30%), HCl, methanol, and formic
acid were purchased from Merck (Darmstadt, Germany).
MTT was obtained fromCalbiochem (Darmstadt, Germany).
Fetal bovine serum (FBS), antibiotics, and culture media were
purchased from Invitrogen (Grand Island, New York, USA).
Ultrapure water was obtained using a Barnstead EasyPure
water filter system (Thermo Scientific, Dubuque, IA, USA).

2.2. Polyphenolic-Enriched Extracts (PEEs). The Chilean
berries included two collections from the native raspberry
Rubus geoides, one of them from southern Chile (Las Raices)
and the second one from Tierra del Fuego, Patagonia
(Lago Blanco), the native currant Ribes magellanicum from
Araucanía, southern Chile, and the Chilean strawberry
Fragaria chiloensis ssp. chiloensis f. chiloensis was culti-
vated in central Chile (Figure S1). The study was per-
formed with the polyphenolic-enriched extracts (PEEs) of
the fruits. The PEEs were obtained according to the meth-
odology previously reported [9, 24–26]. Briefly, the fruits
were homogenized and extracted with a MeOH : formic
acid 99 : 1 (v/v) mixture and the solution was taken to dry-
ness under reduced pressure. The extract was resuspended
in water and loaded on a preconditioned Amberlite XAD-
7 resin. The resin was washed with distilled water, and the
polyphenols were desorbed with MeOH to afford after
concentration under reduced pressure and lyophilization
of the phenolic-enriched extracts (PEEs). The chemical
characterization of the PEEs has been reported as follows:
Ribes magellanicum [16, 24], Rubus geoides [9], and Fra-
garia chiloensis ssp. chiloensis f. chiloensis [25, 26].

2.3. AGS Cell Culture. Human epithelial gastric cells (AGS)
(ATCC CRL-1739) were grown as monolayers in HAM F-12
medium containing 1mM L-glutamine and 1.5 g/L sodium
bicarbonate, supplemented with 10% FBS, 100 IU/mL peni-
cillin, and 100μg/mL streptomycin. Cells were grown in a
humidified incubator with 5% CO2 in air at 37°C. For the
subsequent experiments, cells were plated at a density of
2.5× 104 cells/mL.

2.4. Cell Viability Determination. Cell viability was deter-
mined by means of the MTT reduction assay [15].
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Cytoprotection against free radical-induced damage was
assessed by coincubation and preincubation models, accord-
ing to the procedure described next. All the analyses were
performed according to the following common procedures:
untreated cells were used as 100% viability controls. Cells
coincubated or preincubated with quercetin (6μg/mL) were
used as positive controls [27]. Cells treated with the free rad-
icals served as damage controls. Each concentration was
tested in quintuplicate, and experiments were repeated two
times using different cell preparations. Results are expressed
as percentage of the 100% viability control.

2.4.1. Coincubation Model (Free Radical Scavenging). Conflu-
ent cultures of AGS cells were coincubated during 30min or
60min with the free radicals (see Section 2.5) together with
different final concentrations of the PEEs as follows. For R.
geoides and R. magellanicum, the concentrations are as fol-
lows: 0, 15.6, 31.3, 62.5, and 125μg/mL; for F. chiloensis: 0,
7.8, 15.6, 31.3, and 62.5μg/mL. The PEEs and the free radical
sources were prepared freshly in a medium without antibi-
otics or FBS. At the end of the stress induction, the medium
was removed by vacuum aspiration and replaced by complete
medium (containing 10% of FBS). Cells were left to recover
for 24 hours and cell viability was determined.

2.4.2. Preincubation Model (Intracellular Antioxidant
Responses). Confluent cultures of AGS cells were preincu-
bated during 16 h with different concentrations of the PEEs
as described in Section 2.4.1. The extracts were dissolved in
complete medium supplemented with 2% FBS. At the end
of the incubation, culture medium was completely removed
by vacuum aspiration. Then, the cells were submitted to the
free radical-induced stress (see Section 2.5) using the radical
sources freshly prepared in a medium without antibiotics or
FBS. After the stress induction, the medium was removed
by vacuum aspiration and replaced by complete medium
(containing 10% of FBS). Cells were left to recover for 24
hours and cell viability was determined.

2.4.3. Challenge with Hydroxyl Radical. Hydroxyl radicals
were generated through a Fenton-type reaction [28]. Cell cul-
ture medium (HAM-F12), without FBS or antibiotics, was
pretreated with Chelex to decrease the concentration of trace
metals that could be present in the media. For cell viability
analyses, the reaction was generated with different concen-
trations of hydrogen peroxide (0.5, 1, 1.5, and 2mM) and dif-
ferent concentrations of CuSO4 (ranging from 0.2μM to
410μM). Controls incubated only with CuSO4 or hydrogen
peroxide were also performed. Confluent cells were co- or
preincubated with the different PEEs during 30 minutes at
37°C. Cells were left to recover incubating with complete
medium (containing 10% of FBS) during 24 hours, and the
effects were determined by means of MTT analysis according
to the procedure described in Section 2.4.

2.4.4. Peroxyl Radicals. Peroxyl radicals were generated by
the thermal decomposition of 2,2′-azobis(2-methylpropiona-
midine) dihydrochloride (AAPH) [29]. Cell culture medium
(HAM-F12), without FBS or antibiotics, was pretreated with
Chelex. The cytotoxicity elicited by peroxyl radicals was

evaluated, incubating during 60 minutes confluent AGS cells
with different concentrations of AAPH (0.78 to 400mM).
Then, the solution was removed and cells were left to recover
during 24 hours with FBS at 10%. Cell viability analyses were
performed according to the procedure described in Section
2.4.

2.5. Enzymatic Activity Determination.AGS cells were seeded
in 75 cm2 culture flasks until confluence. Then, cells were co-
or preincubated (see Sections 2.4.1 and 2.4.2) with the PPEs
from the selected species as follows: R. geoides (Las Raices)
62.5μg/mL, R. geoides (Lago Blanco) 125μg/mL, R. magella-
nicum 31.3μg/mL, and F. chiloensis 62.5μg/mL. At the end
of the experiments, cells were collected using a cell scraper.
Cells were centrifuged at 3500 rpm during 10 minutes to
remove the culture medium. The pellet was kept at −80°C
until analyses. On the day of the corresponding analysis, cells
were lysed by adding 100μL of CelLytic and debris was
removed by centrifugation at 10,000 rpm during 10 minutes.
Protein concentration was determined by means of the
bicinchoninic acid (BCA) method [30].

2.5.1. Glutathione S-Transferases. The enzymatic activity of
glutathione S-transferases (GST) was quantified according
to the method of Habig and Jakoby [31]. The reaction mix-
ture of 1mL included 1mM of 1-chloro-2,4-dinitrobenzene
(CDNB), 1mM of reduced glutathione, and 15μg of protein
from treated cell extracts in 100mM phosphate buffer pH
6.5. The reaction was initiated by the addition of the cell
extract, and it was monitored by following the rate of the for-
mation of the adduct glutathione-DNB (GS-DNB) at 340 nm.
The initial rates were obtained from the slopes of plots of GS-
DNB concentration (using an extinction coefficient of
0.0096μM−1 cm−1 at 340 nm) against time. The GST activity
was expressed as a percentage, considering 100% as the slope
of the controls (cells treated with medium only).

2.5.2. Glyoxalase I (GLOI). The enzymatic activity of glyoxa-
lase I was determined spectrophotometrically, according to
the protocol of Thornalley, with minor modifications [32].
Methylglyoxal (2mM) was incubated during 5 minutes with
reduced glutathione (2mM) at pH 6.6 and 25± 2°C to pro-
duce a hemithioacetal by a nonenzymatic reaction. Then,
30 μg of cellular protein extract was added and the increase
in the absorbance due to S-D-lactoylglutathione formation
was registered at 240nm (ε240 = 2.86mM−1 cm−1). The
activities were assessed determining the initial rates of
the S-D-lactoylglutathione formation. The GLOI activity
was expressed as a percentage, considering 100% as the
slope of the controls (cells treated with medium only).

2.6. Oxygen Radical Absorbance Capacity (ORAC). Fluores-
cein- and pyrogallol red-based ORAC assays (ORAC-FL
and ORAC-PGR) were determined according to Cao et al.
[29] and Lopez-Alarcón and Lissi [33], respectively. A reac-
tion mixture containing fluorescein (FL, 70nM final concen-
tration) or pyrogallol red (PGR, 5μM final concentration)
was prepared in phosphate buffer (75mM, pH 7.4), with or
without the PEEs (50μg/mL, final concentration). The fluo-
rescence (FL, λem=515nm; λex = 493nm) or the absorbance
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(PGR, λ=540nm) decay was measured using a multimode
microplate reader (Synergy HTX; Biotek Instruments,
Winooski, VT, USA). Stock solutions of the PEEs were pre-
pared in ethanol at 5mg/mL. The solutions were preincu-
bated for 30min at 37°C. The AAPH solution (10mM final
concentration) was added and the fluorescence (F) or absor-
bance (A) were registered every 30 s for 180min. Data were
plotted as F/F0 or A/A0 as a function of time. The area under
the curve (AUC) of F/F0 or A/A0 was calculated. Plots and
integration data were obtained using MicroCal Origin® 7.0
software (Boston, MA, USA). AUC data were used to obtain
ORAC values, according to the equation described next. All
experiments were carried out in triplicate.

ORAC =
AUC−AUC0

AUCTrolox −AUC0 f Trolox , 1

where AUC corresponds to the experiments performed in the
presence of the tested samples, integrating between time zero
and the time corresponding to 80% of FL or PGR consump-
tion; AUC0 corresponds to control experiments (in the
absence of samples); AUCTrolox corresponds to experiments
in the presence of Trolox; f is the dilution factor (ratio
between the final volume of the AAPH-FL or AAPH-PGR
solutions and the added sample volume); and [Trolox] is
the Trolox concentration (mM).

2.7. Thiobarbituric Acid Reactive Species (TBAR)
Determination. The TBAR determination was carried out
according to [34]. Briefly, a mixture of 20% (w/v) trichloro-
acetic acid and 0.8% (w/v) thiobarbituric acid was prepared
in 0.25N HCl (color reagent). The PEE from F. chiloensis
(62.5μg/mL) was selected for this assay. Cells were grown
until confluence in 5 cm diameter Petri dishes (19.6 cm2),
treated under both schemes of co- and preincubations with
the PEE, and challenged with AAPH 168mM during 1 h.
At the end of the incubation, the medium was removed by
vacuum aspiration. One mL of the color reagent was added
and cells were scrapped-off immediately and homogenized.
Samples were quantitatively transferred into a glass vial and
hermetically sealed with a vial crimper (Chromatography
Research Supplies, USA) and then boiled during 45min.
Samples were allowed to cool-down to room temperature
and centrifuged at 10,000 rpm for 10min. The absorbance
of the supernatant was measured at 535 nm, and the MDA
concentration was calculated using the molar extinction coef-
ficient of the MDA-TBA2 complex of 1.49× 105M−1 cm−1.
The results were expressed as nmol of MDA/mg of protein.
Additional control plates with AGS cells were cultivated
simultaneously to determine the protein concentration.

2.8. Carboxymethyl Lysine Determination. The PEE from F.
chiloensis (62.5μg/mL) was added to a confluent culture of
cells grown in 75 cm2 culture flasks. Cells were treated under
both schemes of co- and preincubations with the PEE and
challenged with AAPH 168mM during 1 h. Then, the
medium was removed by vacuum aspiration and cells were
left to recover for 24h with complete medium. At the end
of the incubation, the medium was removed by vacuum aspi-
ration and cells were scrapped-off in PBS. Cells were

centrifuged at 3500 rpm for 10min, and the pellet was resus-
pended in CelLytic. Protein concentration was determined
by the BCA method [30]. Twenty μg of each sample was
boiled for 5 minutes in Laemmli sample buffer and loaded
onto 12% (w/v) SDS-PAGE gels. Electrophoresis was per-
formed at 100V for 1-2 hours. Then, proteins were electro-
transferred onto a Hybond nitrocellulose membrane (GE
Healthcare) during 1 h at 100V. The membrane was blocked
with PBS containing 1% BSA and 0.1% Tween 20. Mem-
branes were incubated with anti-CML primary antibody, at
a dilution of 1/1000, and washed 3 times with PBS and then
incubated with HRP-conjugated secondary antibody. Mem-
branes were revealed with the ECL. Signal intensities were
quantified with ImageJ software (NIH).

2.9. Statistical Analysis. Statistical differences between differ-
ent treatments and their respective control were determined
by one-way analysis of variance (ANOVA) followed by
Dunnett’s multiple comparison test. The level of significance
was set at P < 0 05. All statistical analyses were carried out
using the software SPSS 14.0 for Windows (IBM, Armonk,
NY, USA).

3. Results

The ability of polyphenols from Chilean native berries to
protect AGS cells against free radical-induced damage was
assessed using two different approaches, namely, activation
of intracellular antioxidant mechanisms and direct free radi-
cal scavenging. The former was assessed by preincubating
AGS cells with PPEs during 16 hours and subsequently (after
washing cycles) exposing the cells to a challenge by free rad-
ical source. In the case of the studies about the free radical
scavenging and/or metal-chelating activity of PPEs, AGS
cells were simultaneously incubated with each PEE and the
free radical sources (coincubation). The protective effects
were evaluated using two different sources of free radicals:
AAPH and H2O2/CuSO4 (Fenton-type reaction).

In the absence of a free radical source, viability of AGS
cells was not affected by pre- or coincubations with the differ-
ent PPEs (15–125μg/mL) (data not shown). But, in the
absence of PPEs, when AGS cells were exposed to different
doses of free radicals generated by thermal decomposition
of AAPH, cell viability showed an IC50 value of 168mM.
Figure 1 shows the cellular viability for AGS cells challenged
with AAPH (168mM) and the protective effects of coincuba-
tions and preincubations with quercetin (positive control) or
PEEs from the Chilean native berries R. geoides, R. magellani-
cum, and F. chiloensis. The addition of different concentra-
tions of all the extracts (co- and preincubated) to AGS
cell cultures induced a statistically significant cytoprotection
(P < 0 05) against the challenge with AAPH-derived peroxyl
radicals (Figures 1(a), 1(b), 1(c), and 1(d)). The Chilean
strawberry Fragaria chiloensis was the most efficient species
against free radical damage induced by AAPH, considering
that its cytoprotective activity was exerted at lower concen-
trations of the PEEs (Figures 1(a) and 1(c)).

Figure S2 shows the effect of different concentrations of
Cu2+ (added as CuSO4) in cell viability in the presence and
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absence of H2O2 (1.5mM). It was found that, in the absence
of H2O2, Cu

2+ at 410μM did not affect the cell viability.
However, in the presence of H2O2, cell viability decreased
to 54.3± 6.6% (Figure S2). On the other hand, 1.5mM H2O2
(in the absence of Cu2+) decreased cell viability by 14.3± 4%
(data not shown). Figure 2 shows that H2O2+Cu

2+ induce a

significant decrease in the cell viability compared to the H2O2
controls (in the absence of Cu2+). Therefore, cytotoxic effects
induced by H2O2+Cu

2+ can be attributed not only to free
radicals but also in less degree to H2O2. Figures 2(a), 2(b),
2(c), and 2(d) show the protective effects of co- and preincu-
bations with PEEs from R. geoides, R. magellanicum, and F.
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Figure 1: Effects of the PEEs on cell viability of AGS cells challenged with peroxyl radicals (AAPH, 168mM). (a) Cytoprotective effects of the
PEEs from R. geoides (Las Raices and Lago Blanco) in the coincubation model. (b) Cytoprotective effects of the PEEs from R. geoides
(Las Raices and Lago Blanco) in the preincubation model. (c) Cytoprotective effects of the PEEs from F. chiloensis and R. magellanicum
in the coincubation model. (d) Cytoprotective effects of the PEEs from F. chiloensis and R. magellanicum in the preincubation model.
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Figure 2: Effects of the PEEs in cell viability of AGS cells challenged with H2O2 (1.5mM)+Cu2+ (410 μM). (a) Cytoprotective effects of the
PEEs from Rubus geoides (Las Raices and Lago Blanco) in the coincubation model. (b) Cytoprotective effects of the PEEs from R.
geoides (Las Raices and Lago Blanco) in the preincubation model. (c) Cytoprotective effects of the PEEs from Fragaria chiloensis and
Ribes magellanicum in the coincubation model. (d) Cytoprotective effects of the PEEs from F. chiloensis and R. magellanicum in the
preincubation model.
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chiloensis against the damage induced by free radicals gener-
ated from the redox couple H2O2+Cu

2+. The positive con-
trol quercetin induced significant cytoprotection in the
coincubation model, but not in the preincubation conditions
(Figure 2). The protective effect of all the PEEs against the
damage induced by H2O2+Cu

2+ was more efficient in the
preincubation model than in the coincubation model. In
the F. chiloensis, PEE presented a significant protection
in the model of coincubation. To determine the prevalence
of the cytoprotective mechanisms, the area under the
curve was calculated using the cell viability plots against
the different concentrations of the PEEs. The area under
the curve was calculated by normalizing the ratio of the
cell viability over cytotoxicity induced by the stressor
agent. We defined the coefficient CI-S (intracellular-scav-
enging) as the area under the curve of the protective
effects induced by intracellular antioxidant mechanisms
over the area under the curve of protective effects induced
by extracellular scavenging. Therefore, when CI-S = 1, cyto-
protective effects of intracellular antioxidant mechanisms
will be the same as that of direct scavenging; when CI-S< 1,
cytoprotective effects of scavenging will prevail over those
exerted by intracellular activation; and when CI-S> 1, cyto-
protective effects of intracellular activation will prevail over
those exerted by a direct scavenging of free radicals (or
chelating effect on Cu2+). Figure 3 shows the ratio CI-S
obtained by the analysis of the protection of the different
PEEs against damage mediated by AAPH and H2O2+Cu

2+.
It can be observed that for hydroxyl radicals the prevalent
cytoprotective mechanism was the intracellular activation
of antioxidant responses. This fact was also observed when
peroxyl radicals were used as the stressor agent, except

with the native currant R. magellanicum. In this case, the
prevalent mechanism was the free radical scavenging.

To verify the differences in both cytoprotective mecha-
nisms induced by pre- and coincubations, the enzymatic
activities of Nrf2-regulated enzymes were determined for
both models with the PEEs without free radical challenge.
Glutathione S-transferases and glyoxalase I activities were
quantified after 30 minutes of incubation (coincubation
model) or after 16 hours of incubation (preincubation
model) in AGS cells. The concentrations were chosen con-
sidering (1) the most effective ones for the protection against
peroxyl radicals and (2) those concentrations that presented
statistically significant protection with both incubation
models. Figure 4(a) shows that R. geoides (Las Raices and
Lago Blanco samples) did not present significant differences
with the control, whereas F. chiloensis and R. magellanicum
presented a decrease of 25.2% and 34.5%, respectively, in
the activities of glutathione S-transferases after coincuba-
tion. Figure 4(c) shows that coincubation with R. magellani-
cum and R. geoides (Las Raices and Lago Blanco) decreases
significantly the activity of glyoxalase I by 38.2, 15.8, and
21.9%, respectively. Coincubation with F. chiloensis did not
present significant differences when compared with the con-
trol. Figures 4(b) and 4(c) show that preincubation of AGS
cells with all PEEs elicits a significant increase in the activity
of the enzymes glutathione S-transferase and glyoxalase I
compared with the control.

With the aim to determine the effectiveness of each
PEEs in the free radical scavenging process, in vitro assays
were performed by means of the ORAC methods, using
fluorescein and pyrogallol red as the target molecules.
ORAC fluorescein (ORAC-FL) provides information about
the stoichiometry of the reaction between the free radicals
produced by AAPH thermal decomposition, and ORAC
red pyrogallol (ORAC-PGR) indicates the reactivity of a
sample towards such free radicals. Table 1 depicts that the
order of the antioxidant capacity of all the PEEs was the same
in both methods, however, showing higher differences in the
PGR-based methodology. The efficiency in the free radical
scavenging was F. chiloensis > R. magellanicum > Rubus
(Lago Blanco sample) > Rubus (Las Raices sample)
(Table 1). Fragaria chiloensis was selected to perform further
analyses considering its better efficiency to induce cytopro-
tection through intracellular antioxidant mechanisms and
free radical scavenging.

The protective effects exerted by polyphenols from F.
chiloensis in AGS cells in the co- and preincubation
models challenged with AAPH (168mM) were assessed
using markers of oxidative stress such as the advanced
glycation end product carboxymethyl lysine (CML) in
proteins and thiobarbituric acid reactive substances
(TBARs). Representative blots of CML under the different
treatments described before are shown in Figure 5. The
panel C displays a densitometric analysis of CML levels
detected by immunochemical means (Figure 5). A slight
increase of 4.3± 0.4% and 10.3± 0.2% in the CML levels
was observed for samples incubated with peroxyl radicals
for coincubation and preincubation, respectively, when
compared to control experiments. On the other hand,
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Figure 3: Ratio between normalized areas of cell viability plots for
AGS cells preincubated with the PEEs over normalized area of
AGS cells coincubated with PEEs and challenged with peroxyl
radicals (AAPH, 168mM) and hydroxyl radicals (H2O2, 1.5mM
+Cu2+, 410 μM).
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we have only detected a significant decrease of CML
levels in cells preincubated with the PEE from F.
chiloensis. The levels of CML decrease in 20.9± 2.7%
and 31.2± 4.9% when compared with the untreated and
AAPH controls, respectively.

Figures 5(d) and 5(e) show the TBAR levels in AGS cells
exposed to peroxyl radicals and submitted to co- and prein-
cubation with the PEE from F. chiloensis. Figure 5(d) pre-
sents an increase of 358.7% in the levels of MDA when
AGS cells were coincubated with the free radicals only. On
the other hand, when cells were coincubated with the PEE,
the increase in MDA was only 95%. The inhibition of the

MDA levels induced by the PEE in the model of coincubation
was statistically significant when compared with the peroxyl
radical control (P < 0 05).

In the presence of AAPH, when cells were treated
employing the preincubation model, in comparison with
control experiments, an increase of 178.8% in theMDA levels
was observed (Figure 5(e)). When AGS cells were preincu-
bated with the PEE and posteriorly challenged with AAPH-
derived peroxyl radicals, an increment of 171.2% was
observed (Figure 5(e)). Therefore, employing the preincuba-
tion approach, no significant decrease in the MDA levels was
detected in the presence of PEEs.
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4. Discussion

It has been established that one of the main sites of the bio-
logical action of polyphenols is the stomach [35]. For
instance, polyphenols from coffee and red wine can exert
their antioxidant effects at the stomach cavity during post-
prandial processes decreasing the levels of plasmatic malon-
dialdehyde [36–38]. On the other hand, lipid peroxidation
reactions produced during digestion are favored due to the
acidic environment of the stomach [13]. This fact could
increase the potential damage mediated by free radicals,
which have been proposed to play a relevant role in
numerous diseases including stomach ulcers and cancer
[39]. Polyphenols can induce protective effects against free
radical-induced damage by multiple mechanisms including
metal-ion complexation, free radical scavenging, and acti-
vation of intracellular detoxifying mechanisms [40, 41].
However, the prevalence of the protective mechanisms
induced by polyphenols in epithelial gastric human cells
has been poorly understood.

In this work, we assessed the prevalence of protective
mechanisms mediated by polyphenols against the damage
induced by free radicals generated by the redox couple
H2O2+Cu

2+ and thermal decomposition of AAPH, which
produce hydroxyl [28] and peroxyl radicals [29], respectively.

Considering that free radical scavenging occurs typically
in seconds (lifetime of peroxyl radicals in tissues has been
estimated to be 7 s) [42] and the activation of intracellular
protective mechanisms comprises several hours [43], we have
hypothesized that coincubations of AGS cells with the PEEs
and the free radical sources might reflect protective effects
by a direct free radical scavenging and/or metal chelation
reactions. On the other hand, preincubations (16 h) of cells
with the PEEs and a subsequent challenge with free radicals
would indicate protective effects mediated by intracellular
antioxidant mechanisms.

Cell viability of AGS cells pre- and coincubated with the
different PEEs and exposed to AAPH-derived peroxyl radi-
cals indicates that both mechanisms can induce significant
protective effects (Figure 1). This fact agrees with numerous
reports as well as with the bimolecular rate constants for
the reactions between peroxyl radicals and linoleic acid or
peroxyl radicals and chlorogenic acid (1 · 102M−1 s−1 and
1.28 · 105M−1 s−1, resp.) [23]. This allows the possibility of
competitive reactions between cell components, such as
membrane lipids and the polyphenols. To determine the

prevalence of the main protective mechanisms induced by
the studied PEEs, we used the ratio between the area under
the curve of cytoprotection mediated by intracellular antiox-
idant mechanisms over the direct free radical scavenging
(evaluated from coincubation conditions) (Figure 3). The
analysis of the obtained data indicated that intracellular anti-
oxidant mechanism (ICM) was the prevalent protective
mechanism induced by polyphenols from the Chilean
raspberry R. geoides (Las Raices and Lago Blanco samples)
and the native strawberry F. chiloensis, with 9.5, 23.9, and
13.9%, respectively (Figure 3). Interestingly, only the poly-
phenols from the currant Ribes magellanicum showed that
the direct free radical scavenging was the main protective
mechanism with a 13.7% over ICM (Figure 3).

Employing the mixture H2O2/Cu
2+ instead of AAPH-

derived peroxyl radicals, the study of the cytoprotective
effects mediated by PEEs showed, for the extracts of all
berries species, that ICM was the prevalent cytoprotective
mechanism. It is noteworthy that only the polyphenol
employed as control (quercetin) and the extract of F. chiloen-
sis presented a significant protection of AGS cells against the
oxidative stress induced by H2O2/Cu

2+ in the coincubation
model. This is probably due to Cu2+ chelation, considering
that complexation of Cu2+ by quercetin has been reported
[44]. This fact is in agreement with the kinetics of the reac-
tions mediated by hydroxyl radicals, which typically present
second-order rate constants of ~109M−1 s−1 (close to diffu-
sion limit) [23], and thus, a protection elicited by scavenging
of hydroxyl radicals by polyphenols could not be expected.
This behavior validates our findings with peroxyl radicals
and provides empirical evidence indicating that polyphenols
from our berries as well as vegetables and other fruits could
not induce an efficient protection by means of the scavenging
of hydroxyl radical [45].

To test the hypothesis that co- and preincubations of
AGS cells with polyphenols and free radicals involve different
mechanisms of cellular protection, we determined the enzy-
matic activity of Nrf2-regulated enzymes, which constitute
one of the final outcomes of the Nrf2 downstream [45]. The
transcription factor Nrf2 coordinates the expression of
detoxifying enzymes for survival and defense in stressful con-
ditions [45, 46]. For this purpose, the enzymatic activities of
the detoxifying enzymes glyoxalase I (GLOI) and glutathione
S-transferases (GST) were assessed. Co- and preincubations
were performed with the concentrations of the PEEs that pre-
sented the best cytoprotective effects against peroxyl radicals.
We observed that only preincubations with the PEEs induced
a significant increase in the activity of both enzymes
(Figure 4), whereas coincubations did not induce significant
changes and even a decrease in the enzymatic activities was
observed with some species (Figures 4(a) and 4(c)). A lag
period of time between the initiation of the oxidative stress
and the expression of Nrf2-regulated enzymes has also been
reported in AGS cells stressed with H2O2, which have shown
to increase the expression of the enzyme heme oxygenase-1
at least after 3 h poststress [43]. A time-dependent Nrf2-
regulated response in the expression of glyoxalase I (with a
maximum at 18 h after treatment) has also been reported
for HepG2 hepatocytes incubated with the microbial

Table 1: Oxygen radical absorbance capacity (ORAC) of
polyphenolic-enriched extracts from the selected native species
using as free radical target fluorescein (FL) and red pirogallol (PGR).

Sample
ORAC-FL

(mmol TEa/L)
ORAC-PGR
(mmol TEa/L)

Rubus geoides (Las Raices) 4.26± 0.2 1.99± 0.4
Rubus geoides (Lago Blanco) 4.36± 0.4 3.55± 0.3
Fragaria chiloensis 7.16± 0.1 10.56± 1.1
Ribes magellanicum 5.11± 0.7 7.19± 0.1
aTrolox equivalents.
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Figure 5: Effect of the PEE from F. chiloensis on oxidative stress markers. (a) and (b)Western blots showing the levels of carboxymethyl lysine
(CML) in proteins from AGS cells co- and preincubated and challenged with peroxyl radicals (AAPH, 168mM), respectively. (c)
Densitometric analysis of CML levels obtained from the Western blots. (d) and (e) Thiobarbituric acid reactive substances expressed as
malondialdeyde concentration (nmol/mg protein) in AGS cells co- and preincubated with the PEE from F. chiloensis and challenged with
peroxyl radicals (AAPH, 168mM).
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compound monascin [47]. We have previously reported that
preincubations (24 h) of AGS cells with the PEEs from Rubus
geoides induce an increase in the levels of intracellular gluta-
thione as well as protective effects against hydrogen peroxide
and methylglyoxal [9].

The efficiency of the PEEs on the free radical scavenging
mechanism was evaluated employing ORAC methods, using
as targetmolecules fluorescein (ORAC-FL) and red pyrogallol
(ORAC-PGR). ORAC-FL has been related to the stoichiome-
try of the reaction between AAPH-derived peroxyl radicals
and the antioxidant compound, while ORAC-PGR has been
associated with the reactivity (rate of reaction) of polyphenols
towards such free radicals [33]. The PEE from F. chiloensis
presented the highest value of ORAC-FL and ORAC-PGR,
indicating that the PEE from this species was themost efficient
to inactivate peroxyl radicals in terms of the stoichiometry of
the reaction as well as in terms of the reactivity of its polyphe-
nolic compounds. The phenolic composition of thePEEs from
R. geoides, Ribes spp., and F. chiloensis has been previously
reported. The PEEs from the selected berries present antioxi-
dant activity, but the chemical composition of the fruit pheno-
lics is very different, as can be expected from different fruit
(berries) species [9, 16, 24–26]. The PEE of Fragaria chiloensis
presents hydrolizable and condensed tannins as well as flavo-
noids,whileRibes spp. are rich in anthocyanins, caffeoylquinic
acids, and flavonoids and Rubus geoides yielded flavonoid gly-
cosides and tannins [9, 16, 24–26].

Considering that the PEE from F. chiloensis was the most
efficient sample to scavenge peroxyl radicals and also pre-
sented a high protection mediated by ICM, we selected this
species to carry out additional experiments. We evaluated
the cytoprotective effect of the PEE from F. chiloensis using
two different oxidative stress markers, namely, carboxy-
methyl lysine (CML) and TBAR levels in both experimental
models. Carboxymethyl lysine results from the nonenzy-
matic posttranslational modification occurring in proteins
and is one of the most abundant advanced glycation end
products in the human body [48]. Carboxymethyl lysine
levels have shown to be increased in aged tissues, constituting
a marker of occurrence of glycoxidative reactions during
aging [49–52]. This compound can be generated intracel-
lularly by direct reaction with glyoxal, which can be detox-
ified intracellularly by the glyoxalase system (comprised by
glyoxalase I and glyoxalase II) [53]. Consequently, a
decrease in glyoxalase I activity has been associated with
increased CML levels [54]. We have found that the PEE
from F. chiloensis, in the preincubation model, was able
to protect AGS cells from the glycoxidative damage reduc-
ing the CML relative levels, compared with the peroxyl
radical control (Figures 5(a), 5(b), and 5(c)). This result
agrees with the increased levels of electrophile-detoxifying
enzymes such as GLOI and GST after preincubation with
the PEE from F. chiloensis (Figure 4). This constitutes an
interesting finding, considering that the overexpression of
GLOI has been shown to increase the longevity of the
nematode C. elegans [54] and to retard the senescence of
renal proximal tube epithelial cells [55].

The effect of peroxidative damage to lipids was deter-
mined using the TBAR method (Figures 5(d) and 5(e)). Only

the coincubation model presented a significant decrease of
malondialdehyde levels, implying an inhibition of lipid per-
oxidation process. It has been reported that Nrf2 activation
mediated by lucidine in human keratinocytes (HaCaT) cells
can induce a decrease in MDA levels induced by the pres-
ence of AAPH [56]. The differences observed in the work
of Kumar et al. [56] and our results are probably due to dif-
ferent experimental designs. Such authors treated the
HaCaT cells with AAPH during 6 h, a time that should be
enough for MDA diffusion from the cell membrane and to
be detoxified intracellularly. We incubated with AAPH dur-
ing 1 h and immediately analyzed the levels of MDA. None-
theless, our results indicate that despite the effectiveness of
coincubation in reducing the MDA levels due to the fast
kinetics of free radical scavenging mechanisms, the most rel-
evant cytoprotective mechanism induced by the PEEs from
the selected native berries was achieved by intracellular anti-
oxidant mechanisms.

5. Conclusions

Our results with the Chilean berries show the potential of
these native fruits as sources of natural antioxidants
exerting protective effects on AGS cells against free
radical-induced damage. Such effect is related to a direct
scavenging activity of polyphenols towards free radicals
and also to the modulation of pivotal intracellular mecha-
nisms. However, our results clearly demonstrate that the
intracellular antioxidant response activation is the main
mechanism accounting the protective effect of Chilean
berries. To the best of our knowledge, this work is the first
attempt for developing a model to study the prevalence of
cytoprotective mechanisms mediated by polyphenols
against the damage induced by free radicals in cell cul-
tures. Establishing the differences in the prevalence of pro-
tective mechanisms induced by polyphenols may be useful
in the design of novel strategies to maximize the efficiency
of healthy effects mediated by dietary polyphenols.
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Opuntia species have been used for centuries as food resources and in traditional folk medicine for their nutritional properties and
their benefit in chronic diseases, particularly diabetes, obesity, cardiovascular diseases, and cancer. These plants are largely
distributed in America, Africa, and the Mediterranean basin. Opuntia spp. have great economic potential because they grow in
arid and desert areas, and O. ficus-indica, the domesticated O. species, is used as a nutritional and pharmaceutical agent in
various dietary and value-added products. Though differences in the phytochemical composition exist between wild and
domesticated (O. ficus-indica) Opuntia spp., all Opuntia vegetatives (pear, roots, cladodes, seeds, and juice) exhibit beneficial
properties mainly resulting from their high content in antioxidants (flavonoids, ascorbate), pigments (carotenoids, betalains),
and phenolic acids. Other phytochemical components (biopeptides, soluble fibers) have been characterized and contribute to the
medicinal properties of Opuntia spp. The biological properties of Opuntia spp. have been investigated on cellular and animal
models and in clinical trials in humans, allowing characterization and clarification of the protective effect of Opuntia-enriched
diets in chronic diseases. This review is an update on the phytochemical composition and biological properties of Opuntia spp.
and their potential interest in medicine.

1. Introduction

Long historical and worldwide use of medicinal plants
and phytochemicals has demonstrated the efficacy of tra-
ditional medicine to prevent the onset and progression of
chronic diseases. In Mexico, among the number of plants
identified and used in folk medicine, Opuntia species (spp.)
exhibit a lot of beneficial properties and high biotechno-
logical potential. They grow in dry desert area where hard
environmental conditions prevail, and they have been used
for centuries as food resources and in folk medicine for the
treatment of chronic diseases (obesity, cardiovascular and
inflammatory diseases, diabetes, and gastric ulcer) and many
other illnesses [1]. Some species such as O. ficus-indica
are cultivated for economical and medicinal purposes in

Mexico area. Though differences in the phytochemical
composition exist between domesticated and wild Opuntia
spp., the presence of antioxidants (flavonoids, ascorbate),
pigments (carotenoids, betalains such as indicaxanthin),
or phenolic acids has been reported in all Opuntia products,
including seeds, roots, pears, cladodes, or juice. Antioxidants
could be responsible for the nutritional and protective
benefit of Opuntia-enriched diets in chronic diseases, in
which inflammation and oxidative stress play a major
involvement. Other plant materials such as biopeptides
or soluble fibers have been characterized and contribute
to the medicinal properties of Opuntia spp. This review is
an update on the active compounds and the biological and
medical benefit of wild and domesticated Opuntia spp. in
chronic diseases.
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2. Opuntia History and Production

2.1. Opuntia History. Plants are classified as succulent when
they exhibit pronounced water storage in one or more
organs. The Opuntioid cacti represent the most spectacular
species of succulent plants, which are characterized by a
shallow root system that permits rapid water uptake; a thick,
waxy cuticle that prevents excessive water loss; and crassula-
cean acid metabolism (CAM), an alternative photosynthetic
pathway, that allows plants to uptake atmospheric CO2 at
night when water loss is minimized [2]. Opuntioid cacti are
recognized as ideal crops for arid regimes because they
are extremely efficient at generating biomass under water-
deficient conditions [3].

Opuntia spp. is one of the most diverse and widely dis-
tributed genus in America [4], but the highest richness of
wild species are found in Mexico, as at least 126 species with
different degrees of domestication have been observed [5].
There are evidences that during the process of Opuntia
domestication, the continuous and systematic gather of
cladodes and fruit favored the development of exceptional
features, with the purpose to adapt plants to successfully live
in human-made environment and maximize yield or any
given selected feature [6, 7].

Wild species of the Opuntia genus have been grouped in
one line of domestication processes where the wildest species
are O. streptacantha and O. hyptiacantha. Others species are
semidomesticated like O. megacantha and O. albicarpa [5].
As a result of domestication, the Opuntia fruit has been
enhanced in flavor, size, shape, pulp texture, and decreased
seed hardness and quantity. Regarding cladodes, changes
occurred in shape, color, earliness, flavor, texture, and
mucilage quantity and quality [5]. O. ficus-indica is a long-
domesticated cactus crop that is important in agricultural
economies throughout arid and semiarid parts of the world.
It has been proposed thatO. ficus-indica is a spineless cultivar
derived from O. megacantha, a native species from central
Mexico [8, 9]. Bayesian phylogenetic analysis of nrITS DNA
sequences indicates that the center of domestication for this
species is located in central Mexico [10].

The easy of clonalOpuntia propagation probably explains
why it is easily distributed worldwide. Evidence exists for
the use of Opuntia as human food since at least 9000 years
ago [11] or even as early as 12,000 years ago [8, 12].

In the recorded history of the Old World, O. ficus-
indica was certainly known at the beginning of the 16th
century [6, 7] and it is believed that this species accompanied
Columbus in his first return to Lisbon in 1493 [4], placing
O. ficus-indica in the Caribbean by at least the late 1400s.
The plants are also recorded in cultivation in Tlaxcala,
Mexico, in 1519. O. ficus-indica fruits and shoots were
also reportedly consumed by the Maya of southeastern
Mexico [8]. There is also some evidence for the use of O.
ficus-indica by the Nazca of Peru [13]. The succulent, ever-
fresh cladodes were certainly a novelty to late 15th century
and later Europeans [14].

Actually, O. ficus-indica is as important as corn and
tequila agave in the agricultural economy of modern
Mexico [15] and represents important food and feed

resources. Its economic importance has gradually increased
around the world as a health-promoting food [16]. O. ficus-
indica is grown for the large, sweet fruits (often called
“tunas”), which are available in local and commercial mar-
kets worldwide [17]. In addition, the young cladodes (stem
segments) of O. ficus-indica are harvested as a vegetable crop
(often called nopalitos). Other uses have been reported,
including as a binding and waterproofing agent in adobe
and its medicinal properties [18, 19]. O. ficus-indica, along
with other Opuntia and Nopalea species, has been grown
from pre-Columbian times as a host plant for cochineal
insects (Dactylopiuscoccus) for the production of valuable,
vivid red and purple dyes [4, 20].

Interest in health care among consumers is increasing
steadily and has expanded to dietary intake, and as a result,
the food industry has started to produce new food types based
on “nopalitos” to reflect this change in consumerism [18].

2.2. Opuntia Production. Opuntia plants produce edible
stems known as pads, vegetable, cladodes, nopales, or pencas.
The tender young part of the cactus stem, young cladode or
“nopalitos”, is frequently consumed as vegetable in salads,
while the cactus pear fruit is consumed as a fresh fruit.Mexico
and Italy are the main producer countries and consumers,
from the approximately 590,000 ha cultivated worldwide,
México accounts for 70% and Italy for 3.3%. Under optimal
conditions, the annual production in Mexico can reach
350,000 tons [5].

Nowadays, Opuntia plants are grown in more than 30
countries; Chile and South Africa are producers with
1500 ha and 1000 ha, respectively. Israel and Colombia
account for with 300 ha cultivated. In the US, California is
the leading state with 200ha cultivated producing 4000 tons
of dry matter.

3. Cladodes Chemical Composition

Opuntia spp. have a high nutritional value, mainly due to
their mineral, protein, dietary fiber, and phytochemical
contents [21]. Table 1 indicates the chemical composition
of some wild and domesticated species (O. ficus-indica).
The main constituent of O. ficus-indica cladodes is water
(80–95%), followed by carbohydrates (3–7%), fibers (1-2%),
and proteins (0.5–1%). However, the chemical composition
of cladodes is modified by maturity stage, harvest season,
environmental conditions, postharvest treatment, and type
of species [22–24]. In some wild species such as O. robusta
(Tapon) and Blanco, 17.4 to 19% proteins can be reached
[22]. O. leucotricha (Duraznillo) yield high-quality cladodes,
since the pericarp can be easily removed and will neither fall
apart during boiling nor release mucilage [21].

It is well known that Opuntia cladodes are a good
source of dietary fibers [25], which may help in reducing
body weight by binding to dietary fat and increasing its
excretion [26]. This may explain why cladodes are consid-
ered as hypolipidemic.

Opuntia cladodes contain higher calcium (Ca) contents
relative to vegetables, fruits, and nuts [24, 27, 28]. Table 2
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shows the mineral composition of wild and domesticated
Opuntia spp.

Calcium content seems higher in Opuntia spp. than
in other plants such as spinach (1151mg/100 g), lettuce
(703mg/100g), cabbage (511mg/100g), and broccoli (43mg/
100 g). Aguilera-Barreiro et al. [29] reported that consump-
tion of cactus improves the bone mineral density in women
with low bone mass.

The Opuntia spp. cladodes are also widely known for
their strong viscous materials and hydrophilic polysac-
charides of large molecular weight due to their great capacity
to absorb and retain water [21]. The soluble dietary fiber and
calcium contents of Opuntia spp. cladodes are considered to
be very important elements for their physical properties
because the main cell wall polysaccharide consists of low
methoxyl pectin [19].

3.1. Total Phenolic and Flavonoid Content in Opuntia spp.
It is well known that the secondary metabolite accumula-
tion depends on biotic and abiotic factors. Since Opuntia
spp. used in this study were cultivated under the same
environmental conditions, then the differences in the amount
of metabolites should be related to each species biochemi-
cal characteristics. Table 3 shows the content of phenolic
acids and flavonoids present in wild and domesticated
Opuntia spp.

The beneficial properties of Opuntia spp. are related to
their content in chemical compounds as minerals, polyphe-
nols, vitamins, polyunsaturated fatty acids, and amino acids,
as recently reviewed by El-Mostafa et al. [30]. O. ficus-indica
is the most domesticated and studied species, and several

reports describe the main compounds found in cladodes,
flowers, and fruits [21, 30, 31]. However, other Opuntia
spp. used in folk medicine are important sources of bioactive
compounds. In this chapter, we report the antioxidant com-
position (phenolic acids, flavonoids, betalains, and vitamins)
of wild Opuntia spp. and the most recent information related
to O. ficus-indica.

3.1.1. Phenolic Compounds. The phenolic compounds are
important antioxidants since phenoxy radical intermediates
(PO) are relatively stable due to resonance and act as
terminators of propagation route by reacting with other free
radicals. On the other hand, the phenolic hydroxyl groups
can donate a hydrogen atom or an electron to a free radical
conferring radical scavenging activities. They also extended
conjugated aromatic system to delocalize an unpaired elec-
tron. Some phenolic compounds with dihydroxy groups
can conjugate transition metals, preventing metal-induced
free radical formation [32].

The total phenolic compound content in Opuntia spp. is
quite variable and is affected by the maturity stage, harvest
season, environmental conditions, postharvest treatment,
and species (Table 3). It has been reported thatO. ficus-indica
fruits contain 218mgGAE/100 g FW [30], but the wild
species O. stricta also exhibited high concentrations of these
metabolites (204mgGAE/100 g FW), followed by O. undu-
lata, O. megacantha, O. streptacantha, and O. dinellii (164.6,
130, 120, and 117mg/100 g FW pear, respectively) [33–36].
Important differences in the content of flavonoids among
species are described, ranging between 9.8 (in O. stricta)
and 50.24 (in O. megacantha) mgQE/100 g FW [33, 34].

In relation to the color of fruits, variations on metab-
olite contents can be observed. Purple fruits of O. ficus-
indica cultivated in Italy, Spain, USA, Tunisia, and Saudi
Arabia contain higher levels of phenolics (89–218.8mgGAE/
100 g FW) than the orange fruits (69.8mgGAE/100 g FW)
[33, 37–40]. However, the Mexican cultivars, O. megacantha
(orange fruits), O. streptacantha, and O. robusta (purple
fruits), exhibited a similar phenolic compound concentration
(120–140mgGAE/100 g FW) [34].

Pads are also source of polyphenols. It has been
reported that O. violacea, O. megacantha, O. atropes, and
O. albicarpa contain high concentration of phenolic acids
(17.8–20mgGAE/gDW), while O. rastrera and O. undulata
present the lowest values (0.39–0.95mgGAE/gDW) [22].
A recent comparative analysis realized with 15 Opuntia

Table 1: Chemical composition of wild and domesticated species in Mexico and other countries.

Species
Composition (%)

Phenolic acidsc Flavonoidsd
Protein Fat CF Ash

O. streptacanthaa 11.2 0.73 7.3 12.6 56.8 18.0

O. hyptiacanthaa 11.0 0.80 6.5 15.1 33.4 17.1

O. megacanthaa 10.7 0.69 6.5 13.6 44.7 16.8

O. albicarpaa 11.6 0.75 6.5 13.2 40.8 17.2

O. ficus-indicaa 11.2 0.69 5.9 14.4 40.1 19.4

O. humifusab 4.7 1.25 50.3 2.0 — —
aAstello-Garcia et al. [28]; bJun et al. [131]; cas mmol of gallic acid/g sample; das mmol of quercetin/g sample; CF: crude fiber.

Table 2: Mineral composition of wild and domesticated species in
Mexico and other countries.

Species
Mineral (mg/100 g sample)

K Ca Na P Fe Mn

O. streptacanthaa 2213 667 70 0.09 2.9 16.5

O. hyptiacanthaa 2690 740 87 0.09 3.9 9.8

O. megacanthaa 1960 683 137 0.08 5.1 13.3

O. albicarpaa 1956 647 77 0.09 0.7 24.1

O. ficus-indicaa 2403 627 63 0.09 8.6 13.8

O. humifusab 1269 1968 nd 1110 nd 1411
aAstello-Garcia et al. [28]; bJun et al. [131]; nd: not determined.
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Table 3: Content of antioxidants compounds present in Opuntia species.

Species Region Tissue Chemical compound Concentration Reference

O. albicapa México

Pads (Cristalino
cultivar)

Total phenolic acids 5.83–18mgGAE/gDW [22, 28]

Total flavonoids 2.5–5.62mgQE/gDW [22, 28]

Fruits (Reyna cultivar)
Total betalains 1mg/100 g FW [34]

Ascorbic acid 1.8mg/100 FW [34]

O. atropes México Pads (Blanco cultivar)
Total phenolic acids 5.2mgGAE/gDW [22]

Total flavonoids 9.7mgQE/gDW [22]

O. dinellii

Spain

Pads Total phenolic acids 16.1mgGAE/100 g FW [52]

Fruits
Total phenolic acids 117mgQE/100 g FW [35]

Ascorbic acid 29.7mg/100 g FW [35]

Taiwan Fruits

Total phenolic acids
91 (juice) and 133 (peel)

mgGAE/100 g FW
[132]

Total flavonoids acids
32.5 (juice), 29.2 (peel)
mgGAE/100 g FW

[132]

Catechin 22.7 (juice), 18 (peel) mg/100 g FW [132]

Epicatechin 10.9 (juice), 17.1 (peel) mg/100 g FW [132]

p-Coumaric acid 0.6 (peel) mg/100 g FW [132]

Ferulic acid 4mg/100 g FW (peel) [132]

Quercetin 4.6mg/100 g FW (peel) [132]

Egypt Fruit
Betacyanins 0.54mg/100mgDW [36]

Isorhamnetin-3-O-rutinoside 56μg/100mgDW [36]

O. ficus-indica

México Pads

Total phenolic acids 6.8–18mgGAE/gDW [22, 28]

Total flavonoids 5.3–6.1mgQE/gDW [28]

Quercetin 3-O-rhamnosyl-
(1-2)-[rhamnosyl-(1-6)]-

glucoside
nq [28]

Spain Pads Total phenolic acids 128.8mgGAE/100 g FW [133]

Italy Fruits
Total phenolic acids 89.2mgGAE/100 g FW [40]

Total betacyanins 39.3mg/100 g FW [40]

Portugal Fruit

Ferulic acid glucoside,
piscidic acid,

isorhamnetinpentosyl-
rutinoside, isorhamnetinpentosyl-
glucoside, isorhamnetinpentosyl-

rhamnoside

nq [42]

O. hyptiacantha México Pads
Total phenolic acids 5.39–6.14mgGAE/gDW [28]

Total flavonoids 4.86–5.62mgQE/gDW [28]

O. leucotricha Mexico
Pads (Duraznillo

cultivar)
Total phenolic acids 3mgGAE/gDW [22]

Total flavonoids 1.8mg QE/gDW [22]

O. lindheimeri

Mexico Pads
Total phenolic acids 0.75mgGAE/gDW [134]

Kaempferol 1.8 μg/gDW [134]

USA Fruits

Kaempferol 1.1 μg/g FW [37]

Quercetin 90.5μg/g FW [37]

Isorhamnetin 1.9 μg/g FW [37]

Ascorbic acid 121 μg/g FW [37]
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Table 3: Continued.

Species Region Tissue Chemical compound Concentration Reference

O. megacantha

México
Pads

Total phenolic acids 6.7–19.5mgGAE/gDW [22, 28]

Total flavonoid 3.2–5.62mgQE/gDW [22, 28]

Fruit (Naranjona
cultivar)

Total betalains 2.2mg/100 g FW [34]

Argentina Fruits
Total phenolic acids 36mgGAE/100 g FW [135]

Total betalains 27 μg/g FW [135]

Morocco Fruits
Total flavonoids 50.24 μgQE/g FW [136]

Total betalains 29.9μg/g FW [136]

O. rastrera Mexico Pads

Total phenolic acids 0.39mg/gDW [134]

Kaempferol 28.9 μg/gDW [134]

Isorhamnetin 199.8 μg/gDW [134]

Isorhamnetin-glucosyl-
rhamnoside

nq [134]

Isorhamnetin + hexose + pentose nq [134]

O. robusta México

Pads (Tapon cultivar)
Total phenolic acids 2mgGAE/gDW [22]

Total flavonoids 3.8mgQE/gDW [22]

Pads (Gavia cultivar) Total phenolic acids 0.561mgGAE/gDW [134]

Fruit (Camuesa
cultivar)

Total betalains 6.8mg/100 g FW [34]

Ascorbic acid 6mg/100 g FW [34]

Pads (Tapon cultivar)

Total phenolic acids 0.39mgGAE/gDW [134]

Kaempferol 45.6 μg/gDW [134]

Isorhamnetin 99.58 μg/gDW [30]

O.
streptacantha

Mexico
Pads

Total phenolic acids 0.66–11.07mgGAE/gDW [28, 134]

Total flavonoids 4.92–5.74mgQE/gDW [28]

Kaempferol 42.2 μg/gDW [134]

Isorhamnetin 58.9 μg/gDW [134]

Kaempferol 3-O-
arabinofuranoside

nq [28]

Fruit (Cardona
cultivar)

Total betalains 3.5mg/100 g FW [34]

USA Fruit (red-skinned)

Kaempferol 3.8 μg/g FW [37]

Quercetin 51 μg/g FW [37]

Ascorbic acid 815 μg/g FW [37]

O. stricta

Spain Fruits

Total phenolic acids 204.4GAE/100 g FW [33]

Total betalains 80.1mg/100 g FW [33]

Ascorbic acid 23.3mg/100 g FW [33]

Quercetin 87.5μg/g FW [33]

Isorhamnetin 50.3μg/g FW [33]

Kaempferol 7.7 μg/g FW [33]

Luteolin 15.6μg/g FW [33]

USA Fruits

Total flavonoids 9.8 μg/g FW [37]

Quercetin 9.8 μg/g FW [37]

Ascorbic acid 437 μg/g FW [37]
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cultivars from O. streptacantha, O. hyptiacantha, O. mega-
cantha, O. albicarpa, and O. ficus-indica, cultivated under
the same environmental conditions and at the same deve-
lopmental stage, showed that metabolite content in cladodes
was independent of domestication grade. Thus, differences
depend basically on the biochemical characteristics of each
species [28].

Flowers and peels could exhibit a higher phenolic content
than fruits and pads with about 45.7 g/100 g FW, so it is
recommended to exploit these materials to obtain biocom-
pounds with antioxidant characteristics [30, 36].

The phenolic profile in Opuntia is complex with
more than 30 compounds identified in cladodes of different
species [21, 22, 28, 31], more than 20 in seeds, and 44 com-
pounds in juices [41, 42]. The most common compounds
present in Opuntia tissues from wild and cultivated species
include kaempferol, quercetin, isorhamnetin, and isorhamne-
tin glucosides (Table 3). Kaempferol 3-O-arabinofuranoside
was detected only inO. streptacantha, quercetin 3-O-rhamno-
syl-(1-2)-[rhamnosyl-(1-6)]-glucoside was detected only in
O. ficus-indica cladodes [28], and isorhamnetin-3-O-rutino-
side was present in the juice and peel from O. dilleni [36].
The rare piscidic acid and derivatives, restricted to plants
exhibiting crassulacean acid metabolism and succulence,
were detected in juices from O. ficus-indica [42]. In seeds,
sinapoyl-glucose, sinapoyl-diglucoside, three isomers of
feruloyl-sucrose, catechin, rutin, and quercetin derivatives
were detected [43]. Taurine, an unusual sulfonic acid, was
identified in Sicilian and African cultivars [31].

3.1.2. Betalains. Betalains are water-soluble molecules with
two or three nitrogen atoms and about 55 structures known,
including the red-violet betacyanins and the yellow-orange

betaxanthins. Their characteristic is the N-heterocyclic
nature with betalamic acid being their common biosynthetic
precursor. Aldimine formation with cyclo-Dopa yields the
betanidin aglycone that is usually conjugated with glucose
and sometimes with glucuronic acid. On the other hand,
betaxanthins are conjugates of betalamic acid with amino
acids or amines [44].

Betalains are excellent radical scavengers with an antiox-
idant activity 3-4 times higher than ascorbic acid, rutin, and
catechin [45], twice higher than that measured for pear,
apple, tomato, banana, and white grape, and from the same
order as pink grapefruit, red grape, and orange [46]. The
monophenol nature of betanin and reducing intermediates
during the oxidation process may confer to the molecule a
higher H-atom or electron donation potential. In the case
of betaxanthins, the antioxidant power has been linked to
the presence of one or two phenolic hydroxy groups in their
structure. Betacyanins also have a potential to inhibit NO or
nitrogen radical species due to the presence of a catechol
group in betanidin structure [47, 48].

In the literature, it is reported that fruits of cactus pear
contain different betalains whose concentration depends on
species, cultivar, and geographic region. The betacyanins
identified in Opuntia fruits include betanidin, betanin, iso-
betanin, isobetanidin, neobetanin, phyllocactin, and gom-
phrenin I [3, 4, 24–26]. O. streptacantha (Cardona cultivar),
(Rojalisa cultivar), and O. megacantha (Naranjona cultivar)
contain traces of betanidin 5-O-β-sophoroside [34].

The presence of conjugates of betalamic acid with several
amino acids is reported in pears, corresponding to mirax-
anthine II (aspartic acid), indicaxanthin (proline), vulgaxantin
I (glutamine), vulgaxantin II (glutamic acid), vulgaxantin III
(asparagin), vulgaxantin IV (leucine), portulacaxanthin I

Table 3: Continued.

Species Region Tissue Chemical compound Concentration Reference

O. undulata

Mexico Pads

Total phenolic acids 0.95mgGAE/gDW [134]

Kaempferol 12.9 μg/gDW [134]

Isorhamnetin 326.9 μg/gDW [134]

Isorhamnetin-glucosyl-
rhamnosyl-rhamnoside

nq [134]

Isorhamnetin + 1 hexose +
1 methylpentose + pentose

nq [134]

Kaempferol-glucosylrhamnoside nq [134]

Spain Fruits

Total phenolic acids 164.6mgGAE/g FW [33]

Total betalains 42.4mg/100 g FW [33]

Total flavonoids 51.1μg/g FW [33]

Quercetin 30 μg/g FW [33]

Isorhamnetin 9.6 μg/g FW [33]

Kaempferol 5.6 g/g FW [33]

Luteolin 5.9 μg/g FW [33]

O. violacea México
Pads (Morado

cultivar)
Total phenolic acids 20mgGAE/gDW [22]

Total flavonoids 3.5mgQE/gDW [22]

nq: not quantified.
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(tyrosine), portulacaxanthin III (lysine), ɣ-aminobutyric
acid-betaxanthin, serine-betaxanthin, valine-betaxanthin,
isoleucine-betaxanthin, isoproline-betaxanthin, phenylala-
nine-betaxanthin, histidine-betaxanthin, phenethylamine-
betaxanthin, and muscaaurin [42, 46–52]. Using cactus pears
as a betalain source is of great interest because they are highly
flavored, with better nutritional properties than red beetroot.

3.2. Vitamins. The main vitamins present in Opuntia spp.
include vitamin E, vitamin C, vitamin K, and tocoph-
erols [30]. The vitamin levels depend on the cultivar
type. In O. ficus-indica, Italian varieties exhibit values rang-
ing 30–36mgVit C/100 g FW in fruits [40, 49, 52]; in O.
ficus-indica and O. streptacantha (red-skinned), O. stricta
(yellow-skinned), O. undulata, O. dinellii, and O. lindheimeri
(purple-skinned) cultivated in Texas, the values range from
12.1 to 81.5mgVit C/100 g, while in O. dillenii and O. ficus-
indica cultivars from Tenerife, the concentration ranged
from 17 to 29.7mg/100 g, respectively [35, 37]. Usually, the
highest ascorbic acid content is present in red-skinned fruits
(815mg/g FW) and the highest carotenoid content in yellow-
skinned fruits (23.7mg/g FW) [35].

Although other compounds present in the various
Opuntia parts may exhibit antioxidant properties, most
reports suggest that polyphenols, betalains, and vitamins
are the main compounds involved in their biological prop-
erties. Beside the use of pads or fruits, the seeds and peels
have a high promising potential for the development of new
nutraceutic products.

4. Biological and Medical Properties ofOpuntia
spp. in Chronic Diseases

Opuntia extracts have been used since centuries for nutri-
tional and medical purposes, and their therapeutical interest
has recently been made clear by in vitro and in vivo scientific
studies [30]. We report here the protective properties of
various Opuntia spp. in the development of atherosclerosis
and cardiovascular diseases, diabetes, obesity, and cancer.

4.1. Opuntia spp. in Cardiovascular Diseases. Atherosclerosis
and its related cardiovascular complications are the leading
worldwide cause of death related to chronic diseases [53].
Since the beginning of the last decade, even if the cardio-
vascular mortality rates tend to slightly decline in western
countries, they are fastly increasing in the developing world.
In Mexico, the mortality due to coronary artery diseases
(CAD) strongly increased in the last 30 years, representing
more than 11% of deaths in the country by 2006 [54]. The
lifelong risk factors for CAD in Mexico have been studied
and are similar to those reported in Western countries, that
is, hypertension, high cholesterol levels, smoking, diabetes,
and obesity [55, 56]. Interestingly, CAD and risk factors such
as diabetes were rare in Mexico before the second half of the
twentieth century, suggesting that lifestyle changes including
nutritional habits have contributed to the increased car-
diovascular risk in this country [56]. Strategies focusing on
changing lifestyles are thus becoming a priority, with partic-
ular focus on smoking and dietary habits. In this context,

there is an increasing interest for the nutritional benefit of
Opuntia spp. to prevent the development of CAD. The anti-
atherogenic properties of Opuntia spp. result from their high
antioxidant (polyphenols) content which could decrease lipid
peroxidation, an important risk factor in atherosclerosis [57],
and also from dietary fibers and proteins, which exhibit lipid-
lowering properties, in humans and in animals.

4.1.1. Cholesterol-Lowering properties of Opuntia. Several
reports point out the antioxidant and antiatherogenic prop-
erties ofOpuntia spp. [57]. First, the consumption ofOpuntia
juice and fruits naturally prevents oxidative stress and
improves the redox status in healthy humans [58]. Budinski
et al. [59] reported that the regular consumption of prickly
pears from O. robusta, by patients affected with familial
heterozygous hypercholesterolemia, significantly lowered
the plasma levels of LDL cholesterol and the plasma and
urine content of 8-epi-prostaglandin F2α, a F2 isoprostane
produced through the peroxidation of arachidonic acid. No
modifications were observed on HDL and triglycerides [59].
Likewise, the consumption by women affected with meta-
bolic syndrome, of dried leaves fromO. ficus-indica as dietary
supplement, showed a rapid increase in circulating HDL
cholesterol level concomitantly with a decrease in LDL cho-
lesterol and (slightly) in triglycerides, indicating that the
plant exerts an hypocholesterolemic effect [60]. These lipid-
lowering properties were confirmed by studies on mice fed
with a hypercholesterolemic diet. When the animals were
supplemented with a methanolic extract from O. joconostle
(polyphenol enriched) seeds, they exhibited a marked reduc-
tion in circulating LDL cholesterol and triglyceride levels, by
comparison with animals fed with a placebo [61].

The lipid-lowering properties of Opuntia spp. are not
well clarified. Antioxidants block lipid peroxidation, but
have usually no effect on plasma lipid profiles, except grape
polyphenols (such as resveratrol), which decrease plasma
triglyceride levels and alter the metabolism of VLDL [62].
In Opuntia, the lipid-lowering properties may rather result
from their content in dietary fibers, as supported by data
fromWolfram et al. [63]. These authors reported that prickly
pears from O. robusta lower the cholesterol levels in hyperli-
pemic nondiabetic human patients. They concluded that the
protective effect of Opuntia prickly pear may result from
pectin, a soluble fiber [63]. The mechanism elicited by pectin
could evoke an alteration of hepatic cholesterol metabolism
without affecting cholesterol absorption [64, 65]. Like-
wise, glycoprotein isolated from O. ficus-indica var. saboten
MAKINO (an Opuntia variety used in folk medicine in
Korea) exerts potent antioxidant and hypolipidemic pro-
perties evidenced by a protective effect on mice treated with
triton WR-1339, an inhibitor of lipoprotein lipase [66]. It is
to note that the ingestion of Opuntia prickly pears also
improves the platelet function and haemostatic balance, thus
contributing to prevent the atherosclerotic risk [63].

4.1.2. Antiatherogenic Properties of Opuntia spp. The early
stages of atherosclerosis development are characterized by
the retention in the intima of LDL, which undergo oxidation
upon the attack of their polyunsaturated fatty acid content by
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environmentally produced reactive oxygen species (ROS),
[67–70]. Several ROS-producing systems are involved in the
LDL oxidation process, among them the activation of
NADPH oxidase NOX2 [71], through a mechanism impli-
cating the scavenger receptor LOX-1 [72]. Oxidized LDL ini-
tiate inflammatory processes in the vascular wall, leading to
the recruitment of monocytes/macrophages and the accumu-
lation of foam cells, and finally to the formation of the fatty
streaks which are the early atherosclerotic lesions [69, 70].
Beside their role in fatty streak formation, oxidized LDL
behave as strong cytotoxines for vascular cells [70, 73]. Lipid
oxidation products (LPO) formed during the onset of LDL
oxidation are detected responsible for the proapoptotic
and proinflammatory properties of oxidized LDL [70, 74].
Furthermore, aldehydic LPO such as hydroxynonenal (HNE),
malondialdehyde (MDA), or acrolein form adducts on pro-
teins generating their progressive dysfunction and contribut-
ing to inflammation and apoptosis [74].

Most antioxidants are antiatherogenic as they neutralize
the formation of ROS by vascular cells and exhibit anti-
inflammatory and antiapoptotic properties against the effects
of oxidized LDL on vascular cells [70]. Our group recently
compared the antiatherogenic properties ofOpuntia powders
obtained from the cladodes of five different wild spp. (O.
streptacantha var. cardona, tuna loca, O. hyptiacantha, and
O. megacantha), medium (O. albicarpa), and domesticated
(O. ficus-indica) [75]. Precisely, the effect of cladodes was
tested on oxidation of LDL evoked by murine endothelial
cells (an in vitro model mimicking the mechanism of LDL
oxidation occurring in vivo in the vascular wall). Cladode
powdered and solubilized in the culture medium dose-
dependently inhibited LDL oxidation and the subsequent
formation of foam cells by macrophages, which suggests
that Opuntia spp. could inhibit the early steps of athero-
genesis [75]. This inhibitory effect of Opuntia spp. involves
an inhibition of NADPH oxidase (NOX2) resulting in a
decreased generation of intracellular and extracellular super-
oxide anion (O2

°-), amain ROS involved in the LDL oxidation
process [75, 76]. No major difference of protection was
observed between wild and domesticated Opuntia spp. Like-
wise, Opuntia spp. inhibit the nuclear translocation of the
redox-sensitive transcription factor NFκB and the subsequent
expression of ICAM-1 and VCAM-1 adhesion molecules
[76, 77] and thus exhibit anti-inflammatory properties re-
sulting from their inhibitory effect on cellular ROS produc-
tion. Additionally, wild O. streptacantha and domesticated
O. ficus-indica inhibit the toxicity of cell-oxidized LDL [75, 76]
and oxidized lipids such as 7-ketocholesterol [78] through
mechanisms implicating an inhibition of intracellular oxida-
tive stress and subsequent cytosolic calciumderegulation [78].

In vivo studies on apoE-KO mice, which spontaneously
develop atherosclerotic lesions in basal diet conditions, indi-
cated that the supplementation of the diet inO. streptacantha
or O. ficus-indica powdered cladodes (10mg/kg during
15 weeks) significantly reduced the development of athe-
rosclerotic lesions [76]. In addition, the lowering effect of
Opuntia spp. on LDL oxidation was supported by a decrease
in HNE-adduct accumulation in the intima [76]. In contrast
to the data reported by Osorio-Esquivel et al. [61], the intake

of O. streptacantha or O. ficus-indica cladodes did not reduce
the plasma cholesterol level [56]. This discrepancy may result
from the diet (basal or cholesterol-enriched) or from the
Opuntia components (cladodes versus seeds). Nevertheless,
both lipid-lowering and antioxidant properties of the differ-
ent wild and domesticated Opuntia spp. may support their
efficacy to prevent or slow down atherosclerotic lesion devel-
opment and subsequent cardiovascular diseases.

4.2. Opuntia spp. in Diabetes. Type 2 diabetes mellitus
(T2DM) is a multifactorial disease including genetic determi-
nants of individual susceptibility and environmental lifestyle
factors. It is considered as a major health problem worldwide,
with an increasing incidence and invalidating long-term
complications, affecting macro- and microvasculature, kid-
ney, heart, nerves, or eyes [79].

Several reports in diabetic patients and animals point out
the antihyperglycemic and antihyperinsulinemic properties
of Opuntia spp. The dietary intake of nopal (O. ficus-indica)
improves the postprandial response of glucose, insulin,
glucose-dependent insulinotropic peptide (GIP) index, and
the glucagon-like peptide 1 (GLP-1) index on T2DM patients
after consumption of a high-carbohydrate or high-soy-
protein breakfast [80]. The hypoglycemic efficacy could be
higher after heating Opuntia extracts, as reported by Frati-
Munari et al. [81], in patients consuming broiled O. strepta-
cantha extracts. Likewise, glycemia and glycated hemoglobin
are lowered to normal values in rats rendered diabetic after
treatment by streptozotocin (STZ) and supplemented with
an extract of O. fuliginosa prickly pear [82]. Likewise, O.
humifusa stems promote a blood glucose and cholesterol
decrease in STZ-treated rats [83].

In a recent study, Andrade-Cetto et al. [84] indicated that
O. streptacantha extracts do not reduce glycemia in STZ-
treated rats when compared to the control but exhibit an
antihyperglycemic effect when administered before an oral
glucose tolerance test (OGTT). A similar result was observed
in obese prediabetic patients (men and women) treated for 16
weeks with OpunDia™ (a mixture of O. ficus-indica cladode
and fruit extracts), that is, a net blood glucose decrease
when the mixture was given before OGTT, suggesting that
Opuntia spp. intake may reduce blood glucose in post-
prandial conditions [85].

The hypoglycemic mechanism evoked by Opuntia spp.
ingestion could be due to dietary fibers such as pectin and
mucilage [81], which may slow down the absorption of glu-
cose by increasing the viscosity of food in the gut [86, 87].
Likewise, polysaccharides isolated from O. ficus-indica or O.
streptacantha could exert a hypoglycemic effect in diabetic
mice [88]. The hydrolysis of disaccharide has been proposed
to explain the hypoglycemic effect of O. streptacantha, via an
inhibition of α-glucosidase inhibitors (AGIs) or through a
barrier function. However, this hypothesis was not verified
[89]. Another hypothesis is that Opuntia spp. stimulate insu-
lin secretion via a direct action on pancreatic beta cells [90], a
mechanism also observed after exercise in healthy subjects
and involved in fast glycogen resynthesis [91]. In addition,
the antioxidant properties of Opuntia spp. could play a role
in the prevention of cardiovascular complications due to
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T2DM. Indeed, oxidative stress plays a pivotal role in the
pathophysiology of T2DM, particularly in the development
of accelerated atherosclerosis lesions and cardiovascular dis-
eases which represent a main complication in diabetes [92].
Opuntia spp. may exert an inhibitory effect on the oxidative
environment generated by hyperglycemia, via their antioxi-
dant components, and as suggested by a recent report by
Berraaouan et al. [93] who showed that cactus pear seed oil
from O. ficus-indica L. Mill. prevents the development of
alloxan-induced diabetes in mice by quenching the genera-
tion of ROS. Though the protective mechanisms are not yet
clarified, all these reports confirm that Opuntia spp. extracts
exhibit antihyperglycemic and antidiabetic properties.

4.3. Opuntia spp. in Obesity. Obesity is becoming a major
public health concern all over the world. Worldwide obesity
has more than doubled since 1980 with approximately 66
million obese individuals in the world [94]. The obesity
prevalence has increased significantly as a result of rapid
urbanization and improvement in socioeconomic conditions.
In Mexico, the prevalence of obesity in adults is 32% (with a
higher prevalence in females) and is about 15% in children.
Mexico faces a challenging situation with one of the highest
and most rapidly increasing prevalence of obesity. Thus,
researchers, clinicians, and people looking to reduce body
weight are always in search of solutions.

The complex pathogenesis of obesity indicates the need
of different intervention strategies to confront this problem
with a simple drug therapy that is more acceptable to
patients. It is difficult for patients to follow diets and exercises
that would improve their symptoms. Therefore, investigation
of new efficient agents is an important medical field for
research. Herbal supplements and diet-based therapies for
weight loss are among the most common, complementary,
and alternative medicine modalities. The demand for weight-
loss products based on plants has increased during the last
decade. This demand clearly indicates that medicinal plants
for the treatment of obesity represent a current topic of
interest.O. ficus-indica fruits, stems, seeds, and cladodes have
been traditionally used in folk medicine to prevent and cure
chronic diseases. Therefore, clinical pharmacologic interest
in the efficacy and safety of the phytochemicals present in
the genus Opuntia has grown during recent years due to
the realization that many people self-medicate using this
plant [30, 95, 96]. Different approaches can be used, includ-
ing in vitro on cellular models, in vivo by the use of animal
models such as mice or rats fed diets enriched with Opuntia
extracts, and human clinical trials.

4.3.1. Cellular Models for In Vitro Analysis of Opuntia Effects.
Adipogenesis is a complex process that includes coordinated
changes in adipocytes morphology, hormone sensitivity, and
gene expression. Adipocytes play a central role in the main-
tenance of lipid homeostasis and energy balance by storing
triglycerides or releasing free fatty acids in response to
changes in energy demand. Obesity is not only caused by
adipose tissue hypertrophy but also by adipose tissue hyper-
plasia, which triggers the transformation of preadipocytes
into adipocytes. Adipocyte dysfunction is strongly associated

with the development of obesity. Many studies have shown
that Opuntia extracts such as the flavonoid kaempferol or
isorhamnetin can suppress lipid accumulation or inhibit
adipogenesis through adipogenic-responsible genes down-
regulation [97, 98]. The use of cellular models allows a better
knowledge of the gene regulations and the metabolic path-
ways in which plant extracts could interfere.

4.3.2. Animal Models. The use of animal models with diet-
induced obesity helped to evaluate the nutritional values
and some biological parameters of cactus seed supplements
[99, 100], dehydrated O. ficus-indica cladodes [101, 102], or
a combination of pre-Hispanic Mexican diet including nopal
and nopal seeds [103] on rat models. These studies have
shown that supplementation of diet with O. ficus-indica seed
powder may have a favorable effect on the serum lipid profile
and glucose, linked with beneficial effects on atherosclerosis,
diabetes, and obesity [99, 100]. It exerts a favorable impact on
insulin sensitivity through the regulation of genes involved in
adipocyte differentiation [102], it attenuates hepatic steatosis
in obese Zucker (fa/fa) rats [101], and it decreases metabolic
and cognitive abnormalities and gut microbiota dysbiosis
caused by a high-fat diet in rats [103]. To determine the
metabolic effect of an O. ficus-indica extract on a mouse
model of diet-induced obesity [104], the extract was added
to a high-fat diet and administered to mice for 12 weeks.
Mice fed with the high-fat diet supplemented with O. ficus-
indica extract gained less body weight and exhibited signifi-
cantly lower circulating cholesterol, LDL cholesterol, and
HDL cholesterol, when compared to mice fed with the
high-fat diet alone. In this study, the O. ficus-indica extract
prevented the development of metabolic abnormalities asso-
ciated with diet-induced obesity [104]. Thus, the use of dif-
ferent animal models provided many clues to the potential
effects of Opuntia extracts in terms of energy metabolism,
gene regulation, and insulin and glucose pathways regula-
tion, suggesting that cactus pears, given in different ways in
the diet, could be efficient in human treatment of obesity.

4.3.3. Clinical Trials. Antiobesity agents obtained from
natural products are gaining more and more interest in the
scientific community, and some of their active compounds
have reached clinical trials.

In their double-blind, randomized, placebo-controlled
clinical investigation, Grube et al. [105] used Litramine, a
natural fiber complex derived fromO. ficus-indica, associated
with a hypocaloric diet, plus moderate physical activity
(30 minutes walking or cycling). In a 12-week treatment on
a panel of 125 overweight and obese volunteers, they were
able to show a weight loss of at least 5% of the volunteers’
initial body weight compared to placebo. They showed sig-
nificantly greater reduction in BMI (body mass index), body
fat composition, and waist circumference. Importantly, they
noticed that Litramine fibers complement was well tolerated
and that no adverse reactions were reported. These results
suggest that the natural fiber complex Litramine can be effec-
tive in promoting weight loss. To go further, Uebelhack et al.
[26] and Chong et al. [106] determined that Opuntia-derived
fibers bind to dietary fat and increase its excretion and thus
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reduce its absorption; this leads to a lower energy intake and
weight loss. The safety assessment also revealed minimal
concerns as Litramine is well tolerated, unlike lipase inhibi-
tors usually used as weight loss complements acting on the
inhibition of enzymes responsible for the digestion of long-
chain triglycerides that present gastrointestinal negative side
effects up to possible liver damages. Another point to notice
is that acute and chronic effects of OpunDia induced a
significant decrease in blood glucose concentrations after
acute administration of 400mg OpunDia 30 minutes before
a 75 g glucose load. In the chronic phase of the study, supple-
mentation of OpunDia for 16 weeks significantly lowered
glucose concentrations (as described above), supporting the
use of O. ficus-indica for blood glucose management [85].

The meta-analysis from Onakpoya et al. [107] reveals
that even if many works report positive effects concerning
Opuntia, whatever the mode of administration, randomized
clinical trials do not indicate that supplementation with O.
ficus-indica generates statistically significant effects on body
weight and waist circumference. These conclusions may be
due to the inconsistent quality of recording and high het-
erogeneity observed in some analyses, which makes the
meta-analysis difficult to interpret. However, the results
also suggest thatO. ficus-indica ingestion results in significant
reduction in bodymass index, body fat percentage, and circu-
lating triglycerides. Thus, larger well-controlled randomized
clinical trials examining the effects of O. ficus-indica on body
composition and metabolic parameters are required to
conclude on the effects on body parameters. However,
consumption of fruits is widely recommended for healthy
lifestyle, and intake of cactus pears takes part in a well-
balanced diet. This type of dietary recommendations could
be adapted to different ethnic groups by incorporation of
native food, known for a long time to have beneficial medical
properties. Indeed, individuals at risk for diabetes, obesity, or
cardiovascular diseases will prefer to include local, beneficial
food in their diet as a way to improve the biochemical and
clinical abnormalities associated with metabolic syndrome
[108]. To achieve the potential benefits associated with the
concept of local beneficial food, it should include an approach
taking into account the genetic variation of the population as
nutrigenetics [108].

Finally, in many countries, these “antiobesity agents” are
marked as food supplements, which are exempted of strict
licensing regulations routinely imposed on synthetic drugs
or medicinal products before releasing them onto the market.
Then, the abuse and overdose of these products are common
practices, as consumers believe that increasing consumption
of these products will increase weight loss and treatment
efficacy [96].

Thus, even if the meta-analysis of Onakpoya et al. [107]
reveals a need for more studies to be conclusive, it seems that
the genus Opuntia is rich in healing properties and could be
of beneficial interest in weight loss and possibly in dealing
with chronic diseases such as metabolic syndrome.

4.4. Opuntia spp. in Cancer. Numerous studies have demon-
strated the cytotoxic effects of various parts of Opuntia,
namely the prickly pears (fruits), with or without peels and

seeds, the cladodes or stems, and even the roots, on cancerous
cell lines.

Antunes-Ricardo et al. [109] evaluated the cytotoxic
effects of O. ficus-indica cladode flour extracts (var. Jalpa)
or of purified isorhamnetin glycosides on two models of
human colon cancer cell lines, namely, HT-29 and Caco2,
representing apoptosis-resistant and apoptosis-susceptible
cell lines, respectively, while normal fibroblasts (NIH 3T3)
were used as controls. These authors reported that cladode
flour extract and purified isorhamnetin glycosides were more
cytotoxic to HT-29 cells than to Caco2 or to controls, with an
effect of the glycosylation pattern. These effects were related
to apoptosis induction through caspase cascade, which plays
a central role in apoptosis pathways. Naselli et al. [110]
studied the effect of O. ficus-indica fruit aqueous extract
and its betalain pigment indicaxanthin on the proliferation
of the human colon cancer cell line Caco2. These authors
showed a dose-dependent apoptotic effect on proliferating
cells, while no effect was reported on differentiated cells.
In this study, indicaxanthin presented an epigenomic effect
on the tumor suppressor gene p16INK4a, through de-
methylation of its promoter and activation of its expression.
Sreekanth et al. [111] reported that betanin, extracted from
O. ficus-indica fruits, was able to inhibit the growth of the
human chronic myeloid leukemia cell line K562, through
apoptotic intrinsic pathway.

Chavez-Santoscoy et al. [112] tested the cytotoxic effect
of filtered juices from prickly pears of various species of
Opuntia on several cancer lines. The PC3 prostate and the
Caco2 colon cell lines were the most affected, while the
growth of the mammary MCF-7 and the hepatic HepG2 cell
lines was diminished at a lesser extent. Normal fibroblasts
were used as controls. The most cytotoxic species on cancer
cells was O. rastrera rastrero that presented at the same time
the best antioxidant content and capacity among the various
species tested. In contrast, Kim et al. [113] showed that
extracts from O. humifusa cladodes were able to induce apo-
ptosis in MCF-7 cells and human colon SW-480 cells. Water-
partitioned fractions of fruits and stems of O. humifusa were
reported to suppress the growth of U87MG glioblastoma
cells, in association to an increase in ROS production in the
cells [114]. The same team reported a similar effect on HeLa
cervical carcinoma cells, while normal fibroblasts were unaf-
fected [115]. Serra et al. [116] showed that polyphenol-rich
juice concentrates of various Opuntia were cytotoxic to HT-
29 colon cancer cell lines, but not to Caco2, while natural
extracts from juice residues (peels and seeds) were reported
to be more effective than juice concentrates to induce a
cell-cycle arrest in the same cells. Interestingly, this effect
paralleled an increase of ROS in the cells, which suggests
a ROS-induced cell death probably due to the pro-oxidant
effects of the extracts. This pro-oxidant effect has been also
reported for ovarian cancer cells by Feugang et al. [117],
when compared to normal or immortalized cells. The use
of pertinent controls, that is, cells of the same type with the
same genetic background, is essential to conclude about the
potentially beneficial effect of compounds. To be qualified
as protective towards cancer, (phyto)-compounds need to
be more cytotoxic to cancer cells than to their normal
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counterparts. In addition, Keller et al. [75] reported a protec-
tive effect of various Opuntia cladode flour towards the cyto-
toxic effect of 4-hydroxynonenal, a dietary lipid oxidation
product possibly involved in the promoting effect of red meat
on colon cancer. This protective effect was observed only on
normal epithelial mouse colon cells, but not on the same cells
bearing the Apc mutation, which is a frequent and early event
in human colorectal carcinogenesis. Both normal and pre-
neoplastic cells were immortalized cells obtained by crossing
of normal or Min mice that carry the Apc mutation, with
Immortomouse® mice.

However, in vivo studies are important to confirm those
effects evidenced in vitro. Zou et al. [118] showed thatOpuntia
pear aqueous extracts suppressed tumor growth in nudemice,
in an extent similar to the one these authors observed
with the synthetic retinoid N-(4-hydroxyphernyl) retina-
mide (4-HPR) used as a chemopreventive model compound.
A protective effect ofO. humifusawas also reported by Hahm
et al. on HeLa cells xenografts [115]. Some authors reported
an effect of O. ficus-indica cladode extracts on oxidative
stress and genotoxicity induced in vivo by the mycotoxins
zearalenone and aflatoxin B1 [119–121]. Most of the time,
Opuntia extracts were given intraperitoneally. More studies
are needed to confirm the protective effects of Opuntia
spp., testing those compounds in a more physiological way
or for instance by oral route that will take into account the
digestibility and bioavailability of such compounds. In this
spirit, O. humifusa fruit lyophilized powder given in the pel-
leted diet was reported to be protective in two different animal
models of skin carcinogenesis, together with a reduction of
skin lipid peroxidation and skin inflammation [122, 123].

Taken together, all these studies show that Opuntia spp.,
as fruits, fruit juice, or nopal (Opuntia cladodes or stems),
could provide an interesting anticancer strategy.

4.5. Opuntia spp. in Skin Wound Healing. As the largest
organ of the human body and its location at the interface of
the organism and the external environment, the skin has
major protective properties, including a permeability barrier
function, the maintenance of body temperature, and a role as
a defense system against physical aggressions, ultraviolet
(UV) radiations, microorganisms, and xenobiotics. The skin
has also antioxidant and repair functions allowing removal of
the damaged biomolecules, thereby preventing their accumu-
lation and promoting wound healing.

The wound healing process is complex and fragile. It can
be altered in various pathological situations (diabetes and
arterial and metabolic diseases and infections and aging)
and by multiple local and systemic factors among them
(hypoxia and oxidative stress, decreased immune responses,
infectious agents, inflammatory cytokines, metalloprotease
activation, etc.); this leads to nonhealing chronic wounds
[124]. Nopal and other Opuntia spp. extracts have long been
used in traditional medicine for the treatment of burns, skin
disorders, and wound healing, and the recent demonstration
of their efficacy at the molecular and cellular levels justifies
their use in nowadays dermatologic preparations [125].

Several recent studies point out the wound healing prop-
erties of O. ficus-indica cladode extracts. Using keratinocytes

stimulated by benzopyrene or TNF-α, Nakahara et al.
showed that O. ficus-indica cladode extracts may protect
the epidermal barrier and the keratinocyte function by
upregulating the expression of filaggrin and loricrin, two pro-
teins present in differentiated keratinocytes and corneocytes.
The protective effect of the extract is characterized by an
inhibition of ROS production evoked by the inflammatory
agents. This could result from the activation of the aryl
hydrocarbon receptor, which in turn activates the transcrip-
tion factor Nrf2 and subsequently the antioxidant NAD(P)H:
quinone oxidoreductase 1 [126]. The cicatrizing properties of
O. ficus-indica cladodes may involve both high molecular
weight polysaccharide components such as a linear galactan
polymer and a highly branched xyloarabinan, as well as low
molecular weight components such as lactic acid, D-manni-
tol, piscidic, eucomic, and 2-hydroxy-4-(4′-hydroxyphenyl)-
butanoic acids. These extracts could fasten cell regeneration
on a scratched keratinocytes monolayer, suggesting that O.
ficus-indica components exhibit high anti-inflammatory
and high wound healing properties [127]. Likewise, poly-
saccharides extracted from cactus pear of O. ficus-indica
stimulate the proliferation of fibroblasts and keratinocytes
[128]. Among the protective agents present in the extracts,
isorhamnetin glycoside components, such as diglycoside
isorhamnetin-glucosyl-rhamnoside (IGR), could inhibit
COX-2 and the production of TNF-α and IL-6 as well as the
generation of nitric oxide (NO) evoked by lipolysaccharide
(LPS) [129]. Moreover, cladode extracts from O. humifusa
(Raf.) may regulate the production of hyaluronic acid (HA)
by increasing the expression of HA synthase in keratinocytes
exposed to UV-B treatment. Conversely, treatment using
cladode extracts from O. humifusa could decrease the UV-B
increased expression of hyaluronidase. Interestingly, the
same protective effect on HA was observed in SKH-1 hairless
mice exposed to UV-B, indicating that cladode extracts from
O. humifusa have strong skin care capacities [130]. Alto-
gether, these reports point out the ability of Opuntia spp. to
accelerate wound healing and their potential interest as
cotreatment of skin complications in diabetes and other
pathologies characterized by a defective wound healing.

5. Conclusion and Future Directions

The vegetative parts of wild and domesticated Opuntia spp.
have been used for centuries for nutritional and medicine
purposes and are traditionally considered healthy nutritional
sources for preventing chronic diseases such as diabetes, car-
diovascular diseases, metabolic syndrome, obesity, or aging,
as well as infectious or neurodegenerative diseases. Since
several years, scientific research has been interested in deep-
ening the knowledge on these plants, in order to better
understand their nutritional and therapeutic properties.
Moreover, there is also an interest in their development for
economical purposes, as they easily grow in arid desert area.
As reviewed in this article, a number of scientific studies have
analyzed the Opuntia properties, particularly their phyto-
chemical composition in fibers, antioxidants, vitamins, and
protective peptides. Some of the biological processes evoked
by the different Opuntia parts have been identified through
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in vitro studies and in vivo approaches, based on animal
models and clinical trials. These studies emphasize their
lipid-lowering, antidiabetic, and antiatherogenic properties,
as well as their ability to slow down tumoral cell proliferation.
Additional studies could be required to standardize the prop-
erties and the safety of Opuntia spp., knowing that their
properties may differ as function of the different wild or
domesticated species and the vegetative parts may exhibit
variations in their phytochemical composition and pro-
perties. Nonetheless, it is likely that Opuntia spp. can be
considered efficient functional food or nutraceuticals, able
to prevent or slow down chronic disease development and
promote a better health, quality of life, and longevity.
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The 3-azido-3-deoxythymidine or Zidovudine (AZT)was the first antiretroviral drug used in the treatment ofHIV patients, which
has good effectiveness but also hepatotoxic side effects that include cell cycle arrest and oxidative/nitrative mitochondrial damage.
Whether such an oxidative damage may affect the proliferative-regenerative capacity of liver remains to be clearly specified at
doses commonly used in the clinical practice. In this study, we described the oxidative-proliferative effect of AZT administered at a
common clinical dose in rat liver submitted to 70% partial hepatectomy (PH).The results indicate that AZT significantly decreased
DNA synthesis and the number of mitosis in liver subjected to PH in a synchronized way with the promotion of organelle-selective
lipid peroxidation events (especially those observed in plasma membrane and cytosolic fractions) and with liver enzyme release
to the bloodstream. Then at the dose used in clinical practice AZT decreased liver regeneration but stimulates oxidative events
involved during the proliferation process in a way that each membrane system inside the cell preserves its integrity in order to
maintain the cell proliferative process. Here, the induction of large amounts of free ammonia in the systemic circulation could
become a factor capable of mediating the deleterious effects of AZT on PH-induced rat liver regeneration.

1. Introduction

According to the World Health Organization at the end of
2015 there were 36.7 million persons infected with HIV in the
world (see Progress Report at http://www.who.int/hiv/data/
en/) and 1.1 million people are dead because of HIV. The
common treatment for those patients is the administration
of antiretroviral nucleosides (18.2 million of patients were
medicated with them in the middle of 2016 and that number
is expected to increase to 30 million in 2020). Among them,
the 3-azido-3-deoxythymidine or Zidovudine (AZT) was
the first antiretroviral drug used [1, 2] and its therapeutic

effect includes the blockade of the cytopathic effect and the
inhibition of the viral reverse transcriptase activity [3–5].
This antiretroviral agent shows good effectiveness but also
unfortunate (concentration and time of exposure dependent)
side effects. The specific molecular structure of AZT can
contribute to carcinogenesis causing DNA damage. The
initial phosphorylation to give AZT 5-monophosphate is
performed by thymidine kinase 1 (TK1), constituting the key
regulatory step in AZT metabolism and the activity of this
cytosolic TK1 is dependent on the cell cycle progression (in
comparison to the mitochondrial TK2 that is not relevant in
cell proliferation) [6]. The AZT-5-triphosphate formed can
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be incorporated into nuclear DNA instead of the thymidine
nucleotide [7, 8]. This DNA damage is repaired through
the Nucleotide Excision Repair (NER) pathways [9] and it
also involves cell cycle arrest by increasing the expression of
phosphorylated checkpoint kinase 1 and 2 [10].

Once AZT is transported into the mitochondria [11,
12], the AZT-5-triphosphate formed inside [8, 13] impairs
the bioenergetics and increments H

2
O
2
production, when

glutamate/malate were used as substrates. Indicating a severe
effect at the level of respiratory complex-I [14], particularly
at the sub-complex-I𝛽 [15]. The enhanced H

2
O
2
content

induces a large increase in reactive oxygen species (ROS)
and peroxynitrite production that causes single strand DNA
breaks, lipid peroxidation, protein oxidation/nitration, and
mitochondrialDNA (mtDNA) oxidation [16, 17]. Experimen-
tal evidence indicates that these prooxidative effects of AZT
(or AZT-5-triphosphate) are more related to mtDNA deple-
tion than premature chain termination of mtDNA synthesis
caused by inhibition of mitochondrial DNA-polymerase-
𝛾 [17–19]. AZT also increases lactate production but it is
unclear whether it is due to poly-ADP ribose polymerase
activation caused by ROS production, by direct inhibition
of NADH oxidation into the mitochondria or both [16,
18]. In cardiac cells the ROS production caused by AZT
also have epigenetic effects by altering the expression of 95
genes and reducing DNA methylation probably by reducing
S-adenosylmethionine abundance that, in turns, reduces
available substrates for new DNA methylation [19].

Based upon the aforementioned, hepatotoxicity is one of
the most common adverse side effects associated with AZT
involved in the oxidative/nitrativemitochondrial impairment
already described, which also promotes fat accumulation
by increasing fat synthesis and suppressing its degradation
pathway [20] causing hepatocellular damage manifested as
macro- and microvacuolar steatosis [21]. Whether such
oxidative damage may affect one of the major intrinsic
properties of the liver cells which is to proliferate, in order
to regenerate the whole hepatic tissue, remains to be more
clearly and widely understood particularly at doses com-
monly used in the clinical practice. In this regard, it is
known that, depending on its concentration and the cell
type experimentally used, AZT promotes cell cycle arrest and
alters gene expression for TK1 [8, 22]. On the other hand,
there is in vivo experimental evidence suggesting that lipid
peroxidation (LP), induced by ROS, plays a role during the
liver proliferative process [23]. In fact, it has been proposed
that controlled peroxidative modifications of membranes
could be playing a role in the early steps of liver regeneration
and that a decrease in the magnitude or in the time-course
of this partial hepatectomy (PH) induced an increase in lipid
peroxidation (LP), as it occurs after administration of 𝛼-
tocopherol, that could promote an early termination of the
intracellular preparative events required for the replicative
phase during the surgical-induced liver proliferation [23, 24].

Based on the anterior, it is possible that, at a dose
commonly used in clinical practice, AZT may alter the
proliferative potential of the liver and this may involve some
selective alterations in the oxidative events that occurred dur-
ing PH-induced rat liver regeneration. In vivo data presented

here contribute to having a wider and closer approxima-
tion to understand the hepatotoxicity induced by a single
clinically-used dose ofAZT, especiallywith regard to how this
antiretroviral alters the intrinsic capacity of the liver to regen-
erate and how such alterations may be related to other hepa-
tocellular oxidative events.Therefore, in the present study, we
described the liver oxidative-proliferative effects of a single
clinical AZT administration to rats subjected to 70% PH.

2. Methods

2.1. Materials. The [3H]-Thymidine (specific activity 2 Ci/
mmol) was purchased from Perkin Elmer. Other reagents
were obtained from Sigma Chemical Co. (St Louis MO) or
JT Baker Chemicals.

2.2. Animals and Treatments. Male Wistar rats (of ∼250 g
weight) were fed ad libitum and maintained under a 12-
hour light/dark period. Thereafter the animals were treated
according to the next experimental groups: Sham, Sham +
AZT, PH alone, and PH + AZT. The Sham (control) group
were the laparotomized rats that received the AZT vehicle
(0.9% NaCl) immediately after surgery and the Sham + AZT
group were orally administered (using a gastric cannula)
with 5mg/Kg of body-weight AZT (a dose commonly used
in the clinical practice). The PH group were those animals
subjected to two-thirds (∼70%) liver resection as described by
Higgins and Anderson [25].The PH +AZT group were those
animals that were also orally administered with a single dose
of 5mg/Kg of body-weight AZT. Each experimental group
comprised four animals that were independently analyzed
per experimental time-point (𝑛 = 4). All surgical procedures
were performed at about 9-10 AM, and rats were euthanized
at 6, 12, 24, 48, or 72 h after surgery always under sedation
with an overdose of sodium pentobarbital. All procedures
were done in accordance with the Mexican Federal Regu-
lations for Animal Care and Experimentation (Ministry of
Agriculture, SAGARPA, NOM-062-ZOO-1999).

2.3. Isolation of Subcellular Fractions. Around 4 g of liver
tissue was homogenized in 8mL of Buffer A (225 moles/L
sucrose, 10mmol/L Tris-HCl, and 0.3mmol/L EDTA, pH
7.4; thereafter, the homogenate was centrifuged at 1,800 g
15min at 4∘C. From here, the mitochondrial, cytosolic,
and microsomal fractions were obtained and purified as
described in detail by Aguilar-Delf́ın et al. [23]. To isolate
the plasmamembranes, this subcellular fractionwas achieved
by centrifuging through Percoll gradient, as described by
Loten and Redshaw-Loten [26]. Finally, the nuclear fraction
was isolated according to Sindić et al. [27]; briefly: 4 g of
liver tissue was homogenized in 8mL of buffer B (10mmol/L
HEPES pH 7.5, 5mmol/L MgCl

2
, 25mmol/L KCl); then,

1.4mL of buffer C (10mmol/L HEPES pH 7.5, 2mmol/L
MgCl

2
, and 2.4mol/L sucrose) was added and mixed by

inversion, followed by addition of another 26mL of buffer D
(10mmol/L HEPES pH 7.5, 2mmol/L MgCl

2
, and 2.3mol/L

sucrose). The whole mixture was placed on 7.5mL of cold
buffer D and spun at 120,000 g for 45min.The final pellet was
resuspended in 0.5mL of buffer A (10mmol/LHEPES pH 7.5,
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2mmol/LMgCl
2
0.25mol/L sucrose). All isolated subcellular

fractions were kept at −20∘C until used.

2.4. Parameters Indicative of Liver Cell Proliferation. The
cytosolic activity of thymidine kinase (TK) was assayed
according to Sauer and Wilmanns [28]; briefly: cytosolic
samples were incubated with a reaction mixture consisting
in 0.2mol/L Tris-HCl pH 8.0, 10mmol/L EDTA, 20mmol/L
MgCl

2
, 40mmol/L ATP, 450𝜇mol/L thymidine, and 4.5 𝜇Ci

[3H]-Thymidine for one hour at 37∘C. After stopping the
reaction, samples were spun and the supernatant was filtered
(with Grade DE81 ion exchange DEAE-cellulose Whatman
paper) and washed with 1mM ammonium formate.The filter
papers were dried and placed in 10mL of Tritosol scintillation
liquid and counted for dpm. Mitotic index was assessed with
an opticalmicroscope (Olympus, CH-30) taking into account
the number ofmitotic cells in 20microscopic fields with a 40x
objective.

2.5. Caspase-3 Activity Assay. After treatment, the tissue was
lysed in Caspase Assay Buffer (50mmol/L HEPES pH 7.4,
100mmol/L NaCl, 0.1% CHAPS, 1mmol/L EDTA, 10% glyc-
erol, and 10mmol/L DTT). Equal amounts of homogenate
extract (300 𝜇g of protein) from each sample were analyzed.
The assay was carried out by adding 100 𝜇mol/L of Ac-
DEVD-AMC (Sigma Chemical Co.) at 37∘C. The amount of
fluorescent product was monitored continuously for 60min
with a spectrofluorometer (FLx800 BIO-TEK Instruments,
Winooski, VT, USA) at an excitation wavelength of 355 nm
and an emission wavelength of 460 nm [29]. Data were
analyzed using the KC JUNIOR software (BIO-TEK Instru-
ments, Winooski, VT, USA), normalized to fluorescence
levels in vehicle-treated cells, and expressed as relative units
of fluorescence (RUF).

2.6. Parameters Indicative of Oxidant Stress in Lipids and
Proteins. The amount of some LP by-products, mainly mal-
ondialdehyde (MDA), conjugated dienes, and the protein
carbonyl content (protein oxidation) were determined as
previously reported, in detail [30]. In the case of the protein-
attached carbonyl groups (oxidized proteins), the denatu-
ralized proteins with trichloroacetic acid were stained with
2,4-dinitrophenylhydrazine and further precipitated with
6mol/L guanidine dissolved in 20mmol/L KH

2
PO
4
and

further measured at 375 nm and finally calculated by its
absorption coefficient, according to Levine et al. [31].

2.7. Determination of Blood Levels for MDA and Free
Ammonia and the Serum Enzyme Activities. Heparin-anti-
coagulated blood was obtained from the experimental
groups, and the serum was rapidly separated. Aliquots of
serum and red blood cells (RBC) package were placed in
ice-cold perchloric acid (8% w/v, final concentration). In
neutralized perchloric extracts, the levels of MDA [30], free
ammonia [32], and those of urea [33] were determined. In
serum, the following enzyme activities were quantified: lactic
dehydrogenase (LDH; EC 1.1.1.27), alanine aminotransferase
(ALT; EC 2.6.1.2), and ornithine carbamoyltransferase (OCT;
EC 2.1.3.3) by the methods described elsewhere [33]. As

to Arginase (ARG; EC 3.5.3.1), this enzymatic activity was
quantified according to Iyamu et al. [34].

2.8. Statistics. All results expressed asmeans± error standard
(SE) were analyzed using two-way analysis of variance,
followed by pairwise comparisons (Tukey’s-test). For indi-
vidual comparisons, statistical analysis was performed using
unpaired Student’s 𝑡-test. In all cases,𝑝 < 0.01was considered
to be statistically significant.

3. Results

3.1. Effect of AZT Administration on the Liver Proliferative
Profile. In the proliferating tissue, the activity of cytoso-
lic thymidine kinase 1 (TK1) usually increases to provide
thymidine triphosphate for its incorporation during DNA
synthesis. Here, the PH represented a physical and chemical
stimulus for cell proliferation that leads TK1 activity to reach
its maximum value at 24 h after surgery (Figure 1(a)). The
expression and activity of cytosolic TK1 is cell cycle depen-
dent and its increment meant that hepatocytes population
was prepared for DNA synthesis-phase and, a day after (48 h
after surgery), the whole cell cycle process was culminated
producing a maximal number of mitotic cells (Figure 1(b)).
After PH, the administered AZT (PH + AZT) induced a
significant decrease (∼3-fold) on the 24 h activity peak of TK1
that was sustained 24 h more and finally reached the basal
levels of the Sham and Sham + AZT control groups at 72 h
after surgery (data not shown); therefore, AZT significantly
decreased the activity of TK1, hence promoting a partial
inhibition on DNA synthesis. The same happened with the
number of mitotic cells as well (Figure 1(b)); the rate of
mitotic images was very scanty in the sham-control group,
which was unmodified by the treatment with AZT. On the
contrary, in animals subjected to PH and administered with
AZT (PH + AZT), we noted an almost 3-fold decrease in
cell mitosis (48 h after surgery) when compared with the
group of PH alone (Figure 1(b)). This partial inhibition of
rat liver regeneration induced by the administration of AZT
to PH-rats was not apparently accompanied by a stimulated
apoptosis, since the cytosolic caspase-3 activity remained
without significant changes in those PH-animals treated with
AZT (Figure 1(c)).

3.2. Effect of AZT Administration on the Liver Profile for
Lipoperoxidative Events and Oxidation of Proteins in Subcellu-
lar Fractions. The AZT promotes oxidative stress that alters
cell physiology in different ways. Experimental evidence
has associated lipid peroxidation to the proliferative process
during liver regeneration [23]; the results obtained here
indicate that oral administration of AZT alters the pattern of
lipid peroxidation according to each specific cellular fraction
isolated from livers submitted to a proliferative stimulus such
as 70% PH. In plasma membranes, LP (MDA and conjugated
dienes) significantly initiated at 12 h after surgery and then
decreased over time, while AZT administration induced an
earlier LP (at 6 h after surgery) that was maintained until 12 h
after surgery and then decreased thereafter (Figure 2(a)).The
magnitude of MDA production is expected to correlate with



4 Oxidative Medicine and Cellular Longevity
(n

m
ol

es
 o

f
3
H

-T
M

P·
h
−
1
)

(n
m

ol
es

 o
f

3
H

-T
M

P·
h
−
1
)∗

∗
∗

Sham
Sham + AZT

PH alone
PH + AZT

Time a�er treatment (h)

3.6

1.0

0.5

0

12 24 48

3.6

1.0

0.5

0

∗, ∗∗

(a) TK activity

N
um

be
r o

f m
ito

tic
 

N
um

be
r o

f m
ito

tic
 

im
ag

es
 p

er
 �

el
d

im
ag

es
 p

er
 �

el
d

Sham
Sham + AZT

PH alone
PH + AZT

Time a�er treatment (h)
12 24 48

10.5

7.0

3.5

0

10.5

7.0

3.5

0

∗ ∗

∗

∗, ∗∗

(b) Mitotic index
(R

FU
·m

in
−
1
)

Sham
Sham + AZT

PH alone
PH + AZT

Time a�er treatment (h)
12 24 48

2.1

1.4

0.7

0

(R
FU

·m
in

−
1
)

2.1

1.4

0.7

0

(c) Caspase-3 activity

Figure 1: Effects of AZT administration on some parameters indicative of cell proliferation and apoptosis at various times after 70%-PH.
Results are expressed as mean ± SE for four independent determinations per experimental point for panel (a). The activity of TK expressed
as nmoles of formed [3H]-TMP⋅h−1⋅mg−1 of cytosolic protein, in panel (b). The number of mitotic cells per microscopic field, as well as the
cytosolic activity of caspase-3 (apoptosis) expressed as Relative Fluorescence Units (RFU)⋅min−1⋅mg−1 of protein (panel (c)). Symbols for the
experimental groups at the bottom of each figure. Statistical significance: ∗𝑝 < 0.01 against Sham-operated (control) rats, and ∗∗𝑝 < 0.01
versus the PH group.
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Figure 2: Effects of AZT on parameters indicative of oxidant stress in plasmamembranes obtained from livers at various times after 70% PH.
Results are expressed as mean ± SE for four independent determinations per experimental point as nmoles⋅mg−1 of protein in panels (a) and
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as indicated in Figure 1.



Oxidative Medicine and Cellular Longevity 5

0

3

6

9

12

6

Sham
Sham + AZT

PH alone
PH + AZT

Time a�er treatment (h)
12 7224 48

(n
m

ol
es

)

(n
m

ol
es

)

0

3

6

9

12 ∗

∗
∗

∗, ∗∗

(a) MDA

0

3.5

7.0

10.5

14.0

0

3.5

7.0

10.5

14.0

(p
m

ol
es

)

(p
m

ol
es

)

6

Sham
Sham + AZT

PH alone
PH + AZT

Time a�er treatment (h)
12 7224 48

∗

∗
∗ ∗

∗

∗, ∗∗

∗, ∗∗
∗, ∗∗

∗, ∗∗

(b) Carbonyl groups
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conjugated dienes content, since the double conjugated bonds
located along the carbon chains of lipids represent reactive
(oxidable) sites for oxygen peroxides [35, 36]; therefore, when
the conjugated dienes are consumed by reacting with ROS-
derived peroxides, the amount ofMDA and other final LP by-
products will consequently increase. During the times con-
sidered in this study, control plasma membranes exhibited
a basal conjugated dienes content which was significantly
increased by PH along the times tested (Figure 2(b)). On
the contrary, those PH-rats treated with AZT depicted lower
values of conjugated dienes in plasma membranes, when
compared with the group of PH alone (Figure 2(b)). Here, it
should be noticed that, at 6 or 12 h after surgery, when the
rate of MDA was high for plasma membranes in the PH +
AZT group, the corresponding conjugated dienes levels were
decreased in this experimental group.

The content of carbonyl groups indicates the rate of
protein oxidation associated with an oxidative surround.
In plasma membranes, administration of AZT after PH
significantly decreased the levels of carbonyl groups through
the times studied compared to those in the PH alone group,
where we found an increase at 6 h, which diminished up
to 48 h, returning to control values thereafter (Figure 2(c)).
Together, these data indicated that in plasmamembrane AZT
influences the occurrence of oxidative events, mainly in the
rate of LP, which occurred at earlier times after surgery
rather than changing the magnitude of protein oxidation as
a response to liver cell proliferation.

Cytosolic LP was maximally increased showing a major
peak at 24 h after surgery that returned to control values
thereafter. AZT administration practically avoided the PH-
induced increase in cytosolic LP (Figure 3(a)). When the
amount of carbonyl groups was examined in the liver
cytosolic fractions from PH-rats, we detected only a modest
transient increase of oxidized proteins at 12 h after PH. On
the contrary, AZT administration elicited a drastic protec-
tive effect on cytosolic protein oxidation in Sham-operated
control animals and, when administered to PH-rats, the
nucleoside was also able to significantly decrease the content

of protein’s carbonyl groups in the cytosolic fraction obtained
from these animals (Figure 3(b)).

As to mitochondrial LP (MDA and conjugated dienes),
PH had not significant changes in this parameter and neither
had AZT administration after PH at 24 h (Figure 4(a)),
and we did not find significant changes in the con-
tent of conjugated dienes in these experimental groups
(Figure 4(b)). However, the amount ofmitochondrial protein
carbonyl groups was indeedmodified byAZT administration
(Figure 4(c)); whereas PH alone did not induce significant
changes in this parameter, AZT administration promoted
significantly lower levels of mitochondrial carbonyl groups
along all the times tested (Figure 4(c)). Data indicated that
under proliferative conditions AZT did not promote evident
oxidative events (not for lipids or for proteins) in the hepatic
mitochondrion.

In themicrosomal fraction, PH alone did not increase the
rate of LP, as assessed by MDA content, but AZT enhanced
this LP by-product at 6 and 72 h after surgery in animals
subjected to PH, when compared to those with PH alone
(Figure 5(a)). Whereas PH alone did not significantly modify
microsomal content of conjugated dienes, AZT changed this
parameter at the same experimental times (6 and 72 h after
surgery, resp.) but in an opposite manner (Figure 5(b)). The
carboxyl content in the microsomal fraction obtained from
PH-animals only showed an early significant increase (6 h
after surgery). Despite the scanty early (6 h) effects of PH
in this parameter, the concomitant administration of AZT
strongly decreased the rate of oxidized proteins in both sham-
control and PH along the times tested (Figure 5(c)).

Regarding the nuclear fraction, PH alone promoted an
early increase (6 h) in the amount of MDA, which rapidly
decreased thereafter (Figure 6(a)) and was not accompanied
by significant changes in the nuclear content for conjugated
dienes (Figure 6(b)). The AZT treatment after PH elicited a
significant lipid peroxidative effect at 24 and 72 h, respectively
(Figure 6(a)), whichwas also associatedwith an active forma-
tion of conjugated dienes at the same experimental post-PH
times (Figure 6(a)).
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Figure 4: Effects of AZT on parameters indicative of oxidant stress in isolated mitochondria obtained from livers at various times after 70%
PH. Results are expressed as mean ± SE for four independent determinations per experimental point as nmoles⋅mg−1 of protein in panels
(a) and (b), or in pmoles⋅mg−1 of protein (panel (c)). Symbols for the experimental groups at the bottom of each figure and the statistical
significance as indicated in Figure 1.
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Figure 6: Effects of AZT on parameters indicative of oxidant stress in nuclei obtained from livers at various times after 70% PH. Results are
expressed as mean ± SE for four independent determinations per experimental point as nmoles⋅mg−1 of protein in panels (a) to (c). Symbols
for the experimental groups at the bottom of each figure and the statistical significance as indicated in Figure 1.

In agreement with the absence of effects on parame-
ters indicative of LP, PH alone did not induce significant
changes in the nuclear content of protein carbonyl groups
(Figure 6(c)). On the contrary, in this subcellular fraction, the
administration of AZT also exerted an important “protective”
effect on nuclear protein oxidation in either control (Sham +
AZT) or hepatectomized (PH + AZT) animals, practically at
all postsurgery times tested (Figure 6(c)). It is noteworthy to
mention that these organelle-selective peroxidation changes,
already described, were not associated with apoptotic events
as indicated by caspase-3 activity, which was not changed by
either PH alone or AZT administration (Figure 1(c)).

3.3. Effect of AZT Administration on the Serum Enzyme
Activity. Clinical practice uses some enzyme serum activity
levels as indicative of liver damage, despite their levels inside
the organ are not changing [37]. As previously reported
[38] after PH, the serum activities of LDH, ALT, and OCT
were significantly increased in a synchronized manner to
DNA synthesis and mitosis showing the main peaks at
24 h after surgery and completely normalizing three days
after the surgery (Figures 7(a) and 7(b)). When AZT was
administered, the serum LDH activity was indeed early
increased (12 h) and remained high in animals subjected to
PH, whereas the profile for serum ALT induced by PH was
not significantly modified by the nucleoside administration
(Figure 7(a)). Regarding the OCT activity, the AZT induced
an early (12 h) and drastic increase of the serum activity
of this enzyme, which decreased thereafter, in a different
pattern when compared to PH-animals receiving only the
vehicle (Figure 7(b)). Moreover, another hepatic enzyme also

involved in the cytoplasmic component of the urea cycle,
namely, ARG, also shown changes in its “release” after PH.
The partial removal of the liver was also accompanied by
gradual increase in the serum activity of ARG, peaking at 24 h
after PH,whichwas also altered by the administration of AZT
to these animals in a similar fashion than that recorded for the
activity of OCT (Figure 7(b)). Therefore, the administration
of the nucleoside readily affected the magnitude and time-
course of the pattern of serum enzyme activities induced
by PH, which was not recorded in the control animals. As
a whole, AZT indeed modified the coordinated pattern of
enzyme’s release elicited by the PH.

3.4. Effect of AZT Administration on Blood Levels of MDA,
Ammonia, and Urea. As another parameter of liver damage,
we looked for possible peroxidative events in blood compart-
ments, serum, and RBC. In serum, PH induced a discrete
increase in theMDA level (compared to control groups) only
at 48 h, and the administration of AZT showed a lower value,
but similar to the control ones at that time. In RBC, PH also
elicited a first augmentation of MDA at 12 h, which decayed
in the next twelve hours after PH, raising again at 48 h after
surgery (Figures 8(a) and 8(b)). The AZT administration
promoted a distinct MDA pattern in RBC from PH-animals,
represented by a progressive decrement of this LP by-product
throughout the times tested, even reaching MDA levels
far lower than that of controls (Figures 8(a) and 8(b)). It
is interesting to notice that the presence of AZT in RBC
may induce oxidative events temporarily independent from
liver proliferation, since the Sham + AZT group showed a
sustained significant enhancement of oxidative by-products
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levels when compared with Sham controls alone throughout
this range of posttreatment time.

Blood ammonia levels can reflect liver dysfunction, which
results from a compromised hepatic handling for this cation,
that is, liver injury (Figures 8(c) and 8(d)). The serum
levels of ammonia were maintained within the normal range
and even decreased at 24 h after PH (Figure 8(c)). During
PH-induced rat liver regeneration, RBC levels of ammonia
almost disappeared, suggesting that an increment in blood
ammonia may be an adverse effect on the “primed” liver
cell proliferation promoted by PH (Figure 8(d)). In fact, a
single administration of AZT induced a drastic increase of
ammonia levels in both serum and RBC from sham-control
and PH-rats (Figure 8(d)). Therefore, the partial inhibition
in PH-induced rat liver regeneration caused by treatment
with AZT was also associated with a clear hyperammonemia
present in these animals, besides the alterations found in the
oxidant status (Figures 2 to 6). In order to determine whether
the AZT-induced increase in blood levels of ammonia was
due to a defective liver ureagenesis, we also measured this
nitrogen by-product in the blood compartments from our
experimental groups (Figures 8(e) and 8(f)). Despite the
fact that AZT administration elicited high blood levels, the
nucleoside did not significantly modify serum and RBC
levels of urea in control-laparotomized rats (Figures 8(e) and
8(f)). On the other hand, whereas PH alone did not change
levels of blood urea, the administration of AZT significantly
diminished serum levels of urea in PH-animals at 24 and 48 h
after surgery (Figure 8(e)), contrasting with an unexpected
and drastic accumulation of urea in RBC from the PH +
AZT group (Figure 8(f)). Indeed, these results indicated that

animals subjected to PH and administered with AZT had
similar values for urea permLofwhole blood (3.7±0.5 against
3.1 ± 0.4 𝜇moles⋅mL−1 of blood, at 24 h after PH). Therefore,
the augmented levels of ammonia in the blood of animals
treated with a single AZT dose did not seem to be due to an
ineffective liver production of urea induced by the nucleoside.

4. Discussion

Liver regenerationmust undergo changes in major metabolic
pathways in order to achieve DNA replication, cell divi-
sion, and restitution of liver mass [39]. Hence, synthesis of
thymidine triphosphate from thymidine by the cytosolic TK1
activity evidences an active DNA synthesis after PH; then the
surgery represented a proliferative physical stimulus that pro-
moted the DNA synthesis until a 24 h maximum peak which
was followed by another mitosis peak a day later (Figures 1(a)
and 1(b)). Here, AZT administration promoted a similar ∼3-
fold decrease onTK1 activity (associatedwithDNAsynthesis)
and on the number of mitosis (cell divisions). This effect on
proliferative response is in accordance with a previous report
[9] where it has been shown that, depending on its concentra-
tion, AZT arrests the hepatic cell cycle promoting phospho-
rylation of checkpoints 1 and 2 proteins that are involved in
cell cycle regulation at the S-phase.Therefore, themitotic rate
occurred as an evident consequence of the surgical stimulus
but at the dose administered here the azido-deoxynucleoside
made the number of mitotic cell divisions significantly
decreased (Figure 1(b)), due to a decreased DNA synthesis.
However, it has to keep in mind that, under our exper-
imental conditions, the AZT administration still allowed
an evident TK1 activity compared to the control groups,
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Figure 8: Effects of AZTon blood levels for MDA, ammonia, and urea in samples obtained at several times after 70% PH. Results of serum
enzyme activities are expressed asmean ± SEmean of four independent determinations per experimental point. Symbols for the experimental
groups at the bottom of each figure. Statistical significance as indicated in Figure 1.

which entailed a significant but discrete liver cell mitosis
24 h after the S-phase. Thus, at the clinical dose used, AZT
deeply reduced the enzyme activity but did not induce its
complete inhibition nor in the DNA synthesis or the mitotic
cell division. Hence, under our experimental conditions,

the cell cycle arrest induced by AZT may be partial, and
further information must be generated in that direction. It
is also interesting that the AZT-induced reduction on liver
cell proliferation was not accompanied by apoptotic events
mediated by caspases.
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After PH, lipid peroxidative events are associated with
and synchronized to proliferation but in an organelle-
selective way [23]. The administration of AZT promotes an
early (6–12 h) peroxidative stimulus that may represent a
change in fluidity of plasma membrane [40] that prepares a
posterior enzyme release to the extracellular space. In plasma
membrane peroxidation of lipids is chemically preferred over
proteins due to their structural double conjugated bonds
that constitute reactive sites for peroxide species [36, 37].
Then, lipids of plasma membrane may represent constitutive
scavengers that selectively avoid protein peroxidation. In
the cytoplasmic space, where lipids and proteins are not
organized and compacted as in intracellular membranes,
their conjugated dienes do not have the same chemical
potential to react with peroxide species. In the case of
PH-induced rat liver regeneration, the LP events occurred
only as a major transient event during the first 24 h of
the proliferative process, and the rate of proteins oxidation
was not significantly modified or even avoided when AZT
was administered. Under these conditions, the effect of the
administered AZT contrasted with the scheme observed for
plasma membrane where AZT administration induced an
early LP.

Apparently, the transient peroxidation occurred in
cytosol and the change in plasma membrane fluidity
(because of early LP) allows the release of active enzymes
(Figure 7) that may constitute extrahepatic signals that may
stimulate retrograde signals for some other organs that
may contribute to the whole liver regeneration process as
suggested by previous data obtained by our group [37, 38],
where enzyme release under proliferative conditions was
not associated with liver damage or necrosis. AZT seems
to promote an early 6 h postsurgery change in plasma
membrane fluidity, which was previous to the premature
release of some liver enzymes (Figure 7) that may represent
a signal involved in a decreased DNA synthesis and a lower
mitotic response.

In the mitochondria, the proliferative conditions did
not stimulate the peroxidative events (not for lipids neither
for proteins) at a significant level even in the presence of
AZT. Apparently, cell proliferation represents a stimulus
that permits cell homeostasis to establish a control that
prevails over the free radical-peroxidative uncontrolled chain
reactions in order to preserve mitochondria structure and
function, since it constitutes the main energy source for cell
division. Therefore, it was not expected that AZT promoted
the formation of any oxidative products in the mtDNA,
such as the well-known 8-oxo-deoxyguanosine, previously
reported [17].

The release into the blood of enzymes located at the
mitochondrial compartment, such as OCT, did occur at
high levels and at early times (before DNA synthesis and
mitosis peaks) probably because of the high demand for
extrahepatic retrograde signals. Besides, since the hepatic
cells are being physically stimulated to proliferate and, so
far, no ammonia production has been reported in blood
cells, it is also possible that such mitochondrial enzyme

release may be involved in some alterations of the urea
cycle that generated the high levels of ammonia detected in
the blood of PH and more notoriously in PH + AZT rats.
Somehow the accumulated ammonia may be expulsed from
the mitochondria to the bloodstream representing a possible
source of the great ammonia levels observed in the serum
and RBC of rats subjected to PH and particularly subjected
to PH and AZT administration. However, a previous report
from our group showed that despite the effect of PH in
dragging out enzymes by in vitro perfusing the proliferating
liver, the rate of urea cycle to remove ammonia is not
adversely affected [32]. Moreover, despite AZT significantly
increased blood levels of ammonia in control and PH-rats,
this nucleoside did not reduce the amount of urea in the
whole blood, but rather did change its distribution in the
blood compartments (Figure 8). We ignore the physiological
meaning of the differential distribution of these nitrogen-
compounds in the blood compartments but, in the present
study, we cannot explain theAZT-induced hyperammonemia
as a consequence of a diminished liver capacity for removing
this cation through forming urea. Another possibility is
that AZT is altering glutamine metabolism by increasing
its deamination to glutamic acid, with the corresponding
production of ammonia overwhelming urea cycle; however,
this hypothesis remains to be tested.

In the microsomal fraction, the activity of different
metabolic enzymes depends on the integrity of membrane
[41]. The increment induced by PH in lipid peroxidation
correlates with a decrease in the activity of cytochrome
P450E1 (CYP2E1) previously reported [42] and agrees with
the gradual reduction of protein oxidation over the time.
The clinical dose administration of AZT gradually reduced
lipid peroxidation events and maintained far low the rate
of protein oxidation during the proliferative process. In
fact, the integrity of microsomal membrane and metabolic
enzymes has to be preserved in order to generate the ade-
quate reductive biochemical surround required to transform
the azido-deoxynucleoside into the 3-azido-3-deoxy-5-
O-𝛽-D-glucopyranuronosylthymidine (GAZT) and then to
the final reduced 3-amino-3-deoxythymidine (AMT) by
NADPH-cytochrome P450 reductase and cytochrome b5
[43–45].

Under proliferative conditions the integrity of the nucleus
was practically preserved. Protein oxidation was very low
in the presence of AZT. Then, it seems that AZT might
exert a kind of “antioxidant” effect, mainly in this subcellular
fraction. Indeed, in the presence of AZT, final LP by-
products (MDA, for instance) were not completed and some
conjugated double bonds were left unreacted as observed
at 24 h when lipid peroxidation raised very discretely and
conjugated dienes were above the control group receiving
AZT. This would suggest that adequate conditions for cell
proliferation demand the preservation of nuclear integrity.

Persistent slight or modest increments in blood ammonia
level resulting from continuous intravenous infusion of the
cation depressed hepatic TK1 and ornithine decarboxylase
activities, as regenerative enzymes after 30% or 70% PH.
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Specifically, TK1 activity was similarly depressed by the large
transient amounts of ammonia but it was less affected by
the persistent smaller amounts [46]. These data strongly
indicated that ammonia can exert deleterious effects on rat
liver regeneration. In this study, administration of AZT to
both control Sham-operated rats and PH-animals induced a
drastic elevation of blood ammonia levels in either controls
and PH-animals (Figures 8(c) and 8(d)). In this regard,
despite the fact that AZT does not generate ammonia during
its catabolism, the fact that this cation increases mainly in
those animals undergoing PH can be considered as a noxious
factor that is promoting adverse actions on the rat liver
regeneration induced by PH.

5. Conclusion

The present model was designed to test the possible adverse
effects of AZT administered at clinical dosing, as an attempt
to resemble what happens with patients that need to be
treated with antiretroviral drugs and also have a liver com-
promised to regenerate, as this can be expected in patients
infected with HIV and coinfected with viral hepatitis (HBV
or HCV). In this model, administration of a single AZT dose
used here decreased parameters indicative of liver cell pro-
liferation in animals subjected to 70% PH, which coincided
with alterations in the PH-induced patterns of LP which
are shown to be characteristics during rat liver regeneration
induced by the surgery. Then the administered dose of AZT
used in clinical practice decreased liver regeneration that
correlated with a constant “antioxidant” effect on the rate of
protein oxidation in most of the subcellular fractions tested,
which highlights the importance of preserving the functional
integrity of all those proteins involved in this cell proliferative
process. Moreover, the induction of large amounts of free
ammonia in the systemic bloodstream could become a factor
capable of mediating the deleterious effects of AZT on PH-
induced rat liver regeneration.The fact that the production of
the ammonia-removing molecule, urea, was not significantly
affected by the administration of AZT raises the need of
exploring the effects of AZT on liver nitrogen metabolism
that could be involved in the pharmacological effects of this
nucleoside used in the antiretroviral therapy for patients
undergoing HIV infection.
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performed biochemical assays and analyzed the experimental
data; Alberto Aranda-Fraustro and Benito Chávez-Renteŕıa
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[6] S. Aufderklamm, T. Todenhöfer, G. Gakis et al., “Thymidine
kinase and cancer monitoring,” Cancer Letters, vol. 316, no. 1,
pp. 6–10, 2012.

[7] A. Zeller, J. Koenig, G. Schmitt, T. Singer, and M. Guérard,
“Genotoxicity profile of Azidothymidine in vitro,” Toxicological
Sciences, vol. 135, no. 2, pp. 317–327, 2013.

[8] J.-L. Fang, T. Han, Q. Wu et al., “Differential gene expression in
human hepatocyte cell lines exposed to the antiretroviral agent
zidovudine,” Archives of Toxicology, vol. 88, no. 3, pp. 609–623,
2014.

[9] Q. Wu, F. A. Beland, C.-W. Chang, and J.-L. Fang, “Role
of DNA repair pathways in response to zidovudine-induced
DNA damage in immortalized human liver THLE2 cells,”
International Journal of Biomedical Science, vol. 9, no. 1, pp. 18–
25, 2013.

[10] J.-L. Fang and F. A. Beland, “Long-term exposure to zidovudine
delays cell cycle progression, induces apoptosis, and decreases
telomerase activity in human hepatocytes,” Toxicological Sci-
ences, vol. 111, no. 1, pp. 120–130, 2009.

[11] Y. Lai, C.-M. Tse, and J. D. Unadkat, “Mitochondrial expression
of the human equilibrative nucleoside transporter 1 (hENT1)
results in enhanced mitochondrial toxicity of antiviral drugs,”
Journal of Biological Chemistry, vol. 279, no. 6, pp. 4490–4497,
2004.

[12] R. Govindarajan, G. P. H. Leung, M. Zhou, C.-M. Tse, J. Wang,
and J. D. Unadkat, “Facilitated mitochondrial import of antivi-
ral and anticancer nucleoside drugs by human equilibrative



12 Oxidative Medicine and Cellular Longevity

nucleoside transporter-3,” American Journal of Physiology—
Gastrointestinal and Liver Physiology, vol. 296, no. 4, pp. G910–
G922, 2009.

[13] E. S. Arnér and S. Eriksson, “Mammalian deoxyribonucleoside
kinases,” Pharmacology & Therapeutics, vol. 67, no. 2, pp. 155–
186, 1995.

[14] J. Pupure,M. A. S. Fernandes,M. S. Santos et al., “Mitochondria
as the target for mildronate’s protective effects in azidothymi-
dine (AZT)-induced toxicity of isolated rat liver mitochondria,”
Cell Biochemistry and Function, vol. 26, no. 5, pp. 620–631, 2008.

[15] L. F. Pereira, M. B. M. Oliveira, and E. G. S. Carnieri, “Mito-
chondrial sensitivity to AZT,” Cell Biochemistry and Function,
vol. 16, no. 3, pp. 173–181, 1998.

[16] E. Szabados, G. M. Fischer, K. Toth et al., “Role of reactive
oxygen species and poly-ADP-ribose polymerase in the devel-
opment of AZT-induced cardiomyopathy in rat,” Free Radical
Biology and Medicine, vol. 26, no. 3-4, pp. 309–317, 1999.
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enzyme release really associated with cell necrosis induced by
oxidant stress?” Oxidative Medicine and Cellular Longevity, vol.
2016, Article ID 3529149, 12 pages, 2016.
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The neovascularization of atherosclerotic lesions is involved in plaque development andmay contribute to intraplaque hemorrhage
and plaque fragilization and rupture. Among the various proangiogenic agents involved in the neovascularization process,
proatherogenic oxidized LDLs (oxLDLs) contribute to the formation of tubes via the generation of sphingosine 1-phosphate
(S1P), a major mitogenic and proangiogenic sphingolipid mediator. In this study, we investigated whether 4-hydroxynonenal
(4-HNE), an aldehydic lipid oxidation product abundantly present in oxLDLs, contributes to their proangiogenic properties.
Immunofluorescence analysis of human atherosclerotic lesions from carotid endarterectomy showed the colocalization of HNE-
adducts with CD31, a marker of endothelial cells, suggesting a close relationship between 4-HNE and neovessel formation. In
vitro, low 4-HNE concentration (0.5–1𝜇M) elicited the formation of tubes by human microvascular endothelial cells (HMEC-1),
whereas higher concentrations were not angiogenic. The formation of tubes by 4-HNE involved the generation of reactive oxygen
species and the activation of the sphingolipid pathway, namely, the neutral type 2 sphingomyelinase and sphingosine kinase-1
(nSMase2/SK-1) pathway, indicating a role for S1P in the angiogenic signaling of 4-HNE. Carbonyl scavengers hydralazine and
bisvanillyl-hydralazone inhibited the nSMase2/SK1 pathway activation and the formation of tubes onMatrigel� evoked by 4-HNE.
Altogether, these results emphasize the role of 4-HNE in the angiogenic effect of oxLDLs and point out the potential interest of
pharmacological carbonyl scavengers to prevent the neovascularization process.

1. Introduction

Angiogenesis, that is, the formation of new capillaries from
preexisting blood vessels, is required for embryonic vascular
development andwoundhealing and is involved in the patho-
physiology of various diseases, such as diabetic retinopathy,
cancer, and atherosclerosis [1]. In human normal arteries,
the adventitial vasa vasorum constitute a microvascular
network that supplies oxygen and nutrients to the outer
part of the arterial wall. In contrast, the inner part of the

arterial wall does not contain (or only few) capillaries and
is fed by diffusion from the lumen [2]. Angiogenesis from
vasa vasorum may be induced by an increased thickness
of the vascular wall. In atherosclerotic lesions, the relative
local hypoxia, which results from insufficient oxygen and
nutrient diffusion and from the enhanced demand due to
increased metabolism of inflammatory cells, activates the
HIF/VEGF pathway and the subsequent angiogenic response
[3–7]. Interestingly, in atherosclerosis prone areas of coronary
arteries, hypercholesterolemia induces neovascularization in
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the very early steps of intima hyperplasia, before the thicken-
ing of the vascular wall [8, 9]. This suggests that, beside the
activation of hypoxia-inducible transcription factors that
enhance the expression of angiogenic factors [10, 11],
some stimuli associated with hypercholesterolemia during
early steps of atherosclerosis may induce an angiogenic
signaling.

Atherosclerosis is a long and complex multifactorial
process which involves several classical pathogenic events,
including endothelial activation and injury, leukocyte
recruitment and activation, oxidative stress, LDL oxidation
andmodification, macrophagic foam cell formation, local in-
flammation, smooth muscle cell migration and proliferation,
and extracellular matrix (ECM) synthesis [12–16]. Early
atherosclerotic lesions are characterized by clusters of lipid-
laden macrophagic cells that form the fatty streaks, whereas
advanced atherosclerotic plaques are constituted by a central
core containing extracellular lipids (mainly cholesterol)
and cell debris, surrounded by macrophagic cells and a
collagenous fibrous cap [17, 18].

In atherosclerotic prone areas, activated vascular and
inflammatory cells induce a local oxidative stress and LDL
oxidation. In vitro, oxidized lipids exhibit a variety of bio-
logical properties, suggesting their potential role in the pro-
gression of atherosclerotic lesions [14, 19–22]. Various oxi-
dized lipids are generated during the peroxidation of polyun-
saturated fatty acids, in particular the unsaturated aldehyde 4-
hydroxynonenal (4-HNE), which is highly reactive with thiol
and amino groups and forms adducts with proteins and other
cellular components [23–25]. 4-HNE-adducts are abundant
in the center of the plaque and inmacrophagic cells of human
carotid atherosclerotic lesions [26, 27].

As atherosclerotic neovascularization develops mainly in
lipid-rich atheromatous and inflammatory areas, this sug-
gests that the association of atheromatous lipids with local
inflammationmay play a role in angiogenesis. Oxidized phos-
pholipids exhibit proinflammatory [28] and proangiogenic
properties [29]. Oxidation derivatives of arachidonic acid
may act as initiators of atherogenesis and trigger endothe-
lial cell proliferation and capillary network formation [30].
Oxidized LDLs (oxLDLs) exhibit a dual dose-dependent
angiogenic effect, since low oxLDL concentrations are angi-
ogenic, while higher concentrations are not angiogenic and
are rather cytotoxic [31–35]. The angiogenic effect of oxLDLs
is mediated by their binding to LOX-1 that triggers the
activation of signaling pathways involvingNAD(P)Hoxidase,
p38-MPAK, PI3 kinase/Akt/eNOS, and neutral sphingomye-
linase-2/sphingosine kinase-1/sphingosine-1-phosphate (nSMas-
e2/SK1/S1P) [31, 33, 35, 36] and the expression of angiogenic
genes (e.g., VEGFR-2, PDGFR, NOTCH-1, and NRP-1) [29,
34].

Low concentration of 4-HNE upregulates VEGF expres-
sion and thus potentially induces angiogenesis, in retinal
pigment epithelial cells [37]. In contrast, higher 4-HNE con-
centration upregulates chondromodulin-1 and inhibits angio-
genesis [38].

We aimed to evaluate whether 4-HNE exerts a pro- or
antiangiogenic effect on cultured endothelial cells, to investi-
gate the 4-HNE-induced angiogenic signaling and to prevent

the angiogenic effect by carbonyl scavengers and signaling
inhibitors.

2. Methods

2.1. Chemicals. Matrigel was from BD Biosciences (Le-Pont-
de-Claix, France). Calcein-AM bioreagent, trolox, dipheny-
lene iodonium (DPI), GW4869, Vas2870, and hydralazine
were from Sigma, and 4-HNE was from Calbiochem,
[methyl-14C]choline-sphingomyelin was from Perkin-Elmer.
5- (and 6-)Carboxy-2,7-dichlorodihydrofluorescein diac-
etate (H2DCFDA), was from Molecular Probes (Invitrogen
France). The anti-CD31 was from Abcam, the anti-4-HNE
Michael adducts were from Calbiochem, the anti-LOX-1
antibody (aLox1 Ab) was from R&D Systems, and the anti-
CD68 was from Thermo Fisher Scientific. Alexa Fluor 488-
conj-ugated and Alexa Fluor 546-conjugated secondary anti-
bodies were from Invitrogen. Cell culture reagents and other
materials were from WWR or Sigma. Bisvanillin (BV) and
bisvanillyl-hydralazone (BVH) were synthesized as reported
[39].

2.2. Cell Culture. Human microvascular endothelial cells
(HMEC-1) (CDC, Dr. Candal, Atlanta, US) were grown in
MCDB131 culture medium supplemented with 10% heat
inactivated fetal bovine serum (FBS), 100U/ml penicillin, and
100 𝜇g/ml streptomycin.

2.3. LDL Isolation and Oxidation Parameters. LDLs were
prepared by ultracentrifugation of pool of human sera and
mildly oxidized by UV irradiation [35, 36]. The extent of
LDL oxidation was monitored by the determination of the
thiobarbituric reactive substance (TBARS) content, using the
fluorimetric procedure of Yagi [40]. The 4-HNE-adduct
content was determined by ELISA (OxiSelect�HNE Adduct
Competitive ELISA Kit, Cell Biolabs Inc.), in the conditions
of the manufacturer.

Under standard conditions, these oxLDLs contained
78–97 nmol lipid hydroperoxide/mg apoB, 10–15 nmol 4-
HNE/mg apoB, and 8.7 nmol TBARS/mg apoB.

2.4. Intracellular ROS Determination. Intracellular ROS gen-
erated in cells upon treatment by oxLDL or 4-HNEwere eval-
uated bymeasuring the oxidation of H

2
DCFDA-AM [35, 36].

30min before the end of the experiment, the probewas added
to the culturemedium (5 𝜇Mfinal concentration) ofHMEC-1
previously seeded on 96-wellmicroplates. Cellswere carefully
washed twice with phosphate buffered saline (PBS), then
0.2ml fresh PBS was added to each well, and the fluorescence
of CFDA was measured using a fluorescence microplate
reader TECAN� (excitation/emission 495/525 nm). The data
are expressed as ratio of fluorescence/fluorescence of the
unstimulated control.

2.5. Determination of nSMase2 and SK1 Activities. The activ-
ity of nSMase2 was measured using radiolabeled [methyl-
14C]choline-sphingomyelin (Perkin-Elmer), and SK1 activity
was determined in HMEC-1 lysed in ice-cold lysis buffer,
after incubation with [33P]ATP (Perkin-Elmer), as reported
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[35, 36].The [33P]-labeled-S1Pwas extracted, isolated byTLC,
and counted by liquid scintillation.

Protein concentrationwas determined using the Bradford
reagent (Bio-Rad).

2.6. Capillary Tube Formation. HMEC-1were seeded (30,000
cells/well) in MCDB131 supplemented with 0.1% FCS (nega-
tive control) on 24-well plates coated withMatrigel and incu-
bated with 4-HNE freely added to the culture medium at the
indicated concentrations and the pharmacological agents,
when indicated. After 24 h at 37∘C, the cells were labeled with
Calcein-AM(1 𝜇M, 30minutes) and observed by fluorescence
microscopy (exc. 496/em. 516, resp.), under the previously
used conditions [35]. The number of capillary tubes (linked
cells) was counted and reported to the total cell number.

2.7. Immunofluorescence and Immunohistochemistry. Serial
3 𝜇m thin sections of human advanced carotid plaques ob-
tained after endarterectomy (Cardiovascular SurgeryDepart-
ment, CHU Toulouse) were characterized by hemalun/eosin
staining and were incubated with the antibodies, anti-CD31,
anti-4-HNE Michael adducts, and anti-CD68, and revealed
using either avidin-biotin horseradish peroxidase visualiza-
tion system (Vectastain, ABC Kit Elite, Vector Laborato-
ries) or Alexa Fluor 488-conjugated and Alexa Fluor 546-
conjugated secondary antibodies and confocal microscopy
(Zeiss 780).

2.8. Statistical Analyses. The results are presented as mean ±
SEM of 𝑛 experiments. Statistical significance was estimated
by analysis of variance (SigmaStat 3.5, Systat Software).When
test for normality and equal variance (Kolmogorov–Smirnov)
was passed, differences betweenmeans values were evaluated
byone-way ANOVA (several experimental groups) followed
by multiple comparisons by the Holm–Sidak test. Values of
𝑃 < 0.05 were considered significant.

3. Results

3.1. 4-HNE and Neovascularization in Human Atherosclerotic
Plaques. Immunohistological studies of human atheroscle-
rotic lesions of carotid endarterectomy show a staining for
4-HNE-adducts localized in areas labeled for CD68 (Fig-
ure 1(a)), thus suggesting that 4-HNE is generated in inflam-
matory areas. Confocal immunofluorescence shows that
CD31-positive tubular capillary structures are surrounded by
areas stained for 4-HNE-adducts (Figure 1(b), upper panels).
Sometimes, 4-HNE is colocalized with CD31 (Figure 1(b),
lower panels), thus suggesting that a relationship may exist
between 4-HNE and angiogenesis. This led us to investigate
whether 4-HNE exhibits an angiogenic effect in a model
system of HMEC-1 grown on Matrigel.

3.2. Pro- and Antiangiogenic Effect of 4-HNE on HMEC-
1 Grown on Matrigel. We used the HMEC-1 cell line in
angiogenesis experiments, because these endothelial cells of
microvascular origin are immortalized and stable over time,
in contrast to primary endothelial cells (e.g., HUVEC), which

originate frommultiple donors and exhibit phenotypic chan-
ges and limited lifespan.

4-HNE exhibited a biphasic dose-dependent effect on
tube formation by HMEC-1 cells grown on Matrigel (Fig-
ure 2(a)). Under the conditions used in Figure 2, the highest
angiogenic effect was observed at low concentration, between
0.5 and 1 𝜇M of 4-HNE. At concentrations higher than
1 𝜇M, the angiogenic effect decreased and was below the
baseline at 10𝜇M.The toxic effect evaluated bymorphological
apoptosis was detected at 10𝜇M and higher concentrations
(Figure 2(b)).

3.3. Intracellular ROS Mediate 4-HNE-Induced Tube Forma-
tion by HMEC-1 on Matrigel. 4-HNE is one of the major
RCCs present in oxLDLs that also exhibit angiogenic prop-
erties at low concentration [31, 35, 36]. This led us to inves-
tigate whether the same angiogenic signaling pathways were
involved in 4-HNE tube formation. Low concentration of 4-
HNE triggered a rise of intracellular ROS that peaked 30min
after 4-HNE addition to the culture medium (Figure 3(a)). 4-
HNE-inducedROSwere involved in the angiogenic response,
as shown by the inhibitory effect of the cell-permeant
antioxidant Trolox and the NADPH oxidase inhibitors DPI
and Vas2870 that blocked both ROS generation and tube
formation (Figures 3(b) and 3(c)). The inhibition of intracel-
lular ROS and tube formation by DPI and Vas2870 suggest
that ROS are generated by a NADPH oxidase, like those
triggered by oxLDLs, but through a different mechanism. It
may be noted that low oxLDL concentration triggers similar
signaling and angiogenic effect through a LOX-1-dependent
mechanism [31, 35], but, under the experimental conditions
used here, 4-HNE-induced ROS signaling and tube forma-
tion were not inhibited by anti-LOX-1 antibody (Figures 3(b)
and 3(c)), while oxLDL-induced capillary tube was inhibited
by anti-LOX-1 antibody (Figure 3(d)).

3.4. 4-HNE Activates the Neutral Sphingomyelinase-2/Sphin-
gosine Kinase-1 Pathway. As oxLDLs trigger a redox-depend-
ent activation of the neutral sphingomyelinase2/sphingosine
kinase-1 pathway (nSMase2/SK1 pathway) which is involved
in oxLDL-induced angiogenesis [35, 36], we investigated
whether the sphingolipid signaling pathway is implicated in
4-HNE-induced angiogenesis. As shown in Figure 4(a), incu-
bation of HMEC-1 with 4-HNE (0.5𝜇M) elicits nSMase2
activation, peaking at 90min, dependent on ROS genera-
tion, and inhibited by trolox. Moreover, as expected, nSMas-
e2 activation was inhibited by GW4869, a well-known
nSMase2 inhibitor (Figure 4(b)). 4-HNE induced SK1 acti-
vation that peaked at 90–120min (Figure 4(c)). In agree-
ment with the previously reported signaling cascade that
coordinates the activation of nSMase2 and SK1 [41], SK1
activation was blocked by trolox that acts upstream from
nSMase2, byGW4869 that inhibits nSMase2 but has no direct
inhibitory effect on SK1 and by DMS which is a classical
inhibitor of SK1 (Figure 4(d)). Interestingly, SK1 inhibition by
GW4869 or by DMS was associated with the inhibition of
capillary tube formation evoked by 4-HNE (Figures 4(d) and
4(e)), which is consistent with a role of SK1 in S1P generation,
in agreement with oxLDL-induced angiogenesis [35, 36].
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Figure 1: 4-HNE is colocalized with CD31 in human atherosclerotic lesions. Paraffin sections of human carotid plaques from endarterectomy
were analyzed. In (a), hematoxylin/eosin (H/E) staining and immunostaining for 4-HNE-adduct (HNE) and CD68 expression. In (b),
immunofluorescence analysis of 4-HNE-adduct expression (green) and CD31 (red), with nuclei counterstaining by DAPI. Int: intima. These
pictures are representative of analysis for 3 separate advanced carotid plaques.

3.5. 4-HNE-Induced Tube Formation Is Blocked by Hydrala-
zine (Hdz) and Bisvanillyl-Hydralazone (BVH). Hydralazine
(Hdz) is used for medical purposes as an antihypertensive
drug and in combination with isosorbide dinitrate (BiDil) for
the treatment of heart failure [42]. Its antiatherogenic effect
has been evaluated in several hypercholesterolemic mice
models [43–46]. We recently synthesized a new hydralazine
derivative, the bisvanillyl-hydralazone (BVH) (Figure 5(a)),
which associates antioxidant (bisvanillin) and carbonyl scav-
enger (hydralazine) activities and prevents both the carbonyl
stress and fatty streaks formation in apoE−/−mice [39]. This
led us to evaluate whether these carbonyl scavengers may
prevent the angiogenic response triggered by 4-HNE in our
experimentalmodel system. BothHdz andBVH inhibited the
4-HNE-induced ROS rise, SK1 activation, and the tube for-
mation by HMEC-1 (Figures 5(b)–5(d)). These data suggest
thatHdzmay prevent the oxidative stress triggered by 4-HNE
and the angiogenic response of endothelial cells.

4. Discussion

Thedata reported in this manuscript show that a low concen-
tration of 4-HNE may stimulate the formation of capillary
tubes by HMEC-1 on Matrigel. The angiogenic effect of 4-
HNE ismediated through a signaling pathway involving ROS
generation and the subsequent activation of the sphingolipid
pathway (nSMase2/SK1/S1P). These effects of 4-HNE can be
blocked by antioxidants and by inhibitors of the nSMase2/SK1
pathway and are prevented by carbonyl scavengers such as
Hdz and BVH.

The highly reactive 4-HNE is generated during lipid per-
oxidation of n-6 polyunsaturated fatty acids (PUFAs) under
various physio(patho)logical conditions [23]. In advanced
atherosclerotic lesions, 4-HNE-adducts accumulate in athe-
romatous areas [26, 27]. Oxidized lipids present in these areas
[21] induce a sustained ER stress in vascular cells [27, 46],
alter autophagy and efferocytosis, and reduce the mobility of
lipid-laden macrophages that are trapped in the lesion [14].
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Figure 2: Dual effect of 4-HNE on neocapillary formation by HMEC-1. (a) Dose-response effect of 4-HNE on capillary tubes formed by
HMEC-1. Cells were grown on Matrigel in MCDB131 culture medium supplemented with 0.1% FBS and PBS (negative control) or 4-HNE
(in PBS) varying from 0.1 to 20𝜇M. After 18 h incubation, the cells were stained with calcein (1 𝜇mol/1, 30min) and photographed (Nikon
Coolpix 995 camera) under a fluorescence microscope. Tube formation was expressed as linked cells per 100 cells. Results are means ± SEM
of 6 to 8 experiments. Right panel, representative pictures of the experiments. ∗𝑃 < 0.05; ns: not significant. (b) Live-dead experiment on
HMEC-1 stimulated by increasing 4-HNE concentrations and performed using the fluorescent DNA probes, permeant green Syto13 (0.6𝜇M)
and nonpermeant red propidium iodide (1 𝜇M).The results are expressed as the number (%) of living, apoptotic, or necrotic cells versus total
cells. Right panels, representative pictures of fluorescence microscopy of HMEC-1, incubated for 18 h without (control) or with 4-HNE 1 𝜇M
or 20 𝜇M. Means ± SEM of 3 experiments. ∗𝑃 < 0.05; ns: not significant.
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Figure 3: Implication of ROS in tube formation by 4-HNE. (a) Time-course of intracellular ROS production evoked by 4-HNE (0.5 𝜇M)
in HMEC-1 and measured fluorometrically using the H2DCFDA probe (5 𝜇M final concentration). Results are expressed as % of the
unstimulated control. (b) Effect of the antioxidant trolox (10𝜇M) and of NADPH oxidase inhibitors DPI and Vas2870 (10𝜇M each) and of
the anti-Lox-1 antibody (5𝜇g/ml) on ROS generated by HMEC-1 after 30min of contact with 4-HNE (0.5 𝜇M). (c) Effect of trolox, DPI, and
Vas2870 and anti-Lox-1 antibody, on tube formation elicited by 4-HNE (0.5 𝜇M). Representative pictures of tube formation in the presence
of 4-HNE (0.5 𝜇M) and without (none) or with inhibitors Vas2870 (Vas) or anti-Lox-1 Ab (aLox1). (d) Effect of the anti-Lox-1 Ab on tube
formation elicited by oxLDL (20 𝜇g/ml). Note that the anti-Lox-1 Ab has no effect on tubes formed by 4-HNE-stimulatedHMEC-1 but inhibits
tubes formed by oxLDL-stimulated cells. These data are means ± SEM of 5 separate experiments. ∗𝑃 < 0.05; ns: not significant.

In these areas, neovascularization developed by sprouting
angiogenesis from adventitial vasa vasorum invades pro-
gressively the atherosclerotic area and takes part in the
progression of lesions and complications observed in unsta-
ble plaques, such as hemorrhages and rupture [4–7, 47].
Neovascularization may be induced by classical angiogenic

pathways, such as hypoxia/HIF/VEGF in the hypoxic thick-
ened intima, and by other atherosclerotic factors, such as
inflammation, oxidative stress, and oxidized lipids [36]. RCC-
adducts, including 4-HNE-adducts, are highly concentrated
in the necrotic lipidic center of the plaque, where lipids are
not cleared and autooxidize [27, 48].
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Figure 4: Implication of nSMase2 and SK1 in tube formation elicited by 4-HNE. ((a), (b)) Time-course of nSMase2 activation by 4-HNE
(0.5 𝜇M) (a) and inhibitory effect of trolox (10𝜇M) and of the nSMase2 inhibitor GW4869 (5 𝜇M) on nSMase2 activation induced by 4-
HNE (b) after 90min incubation. (c), (d) Time-course of SK1 activation by 4-HNE (0.5 𝜇M) (c) and effect of trolox, GW4869 and of the
SK1 inhibitor DMS (1 𝜇M) on SK1 activation by 4-HNE (d), measured after 90min incubation. (e) Effect of trolox, GW4869, and DMS on
capillary tube formation on Matrigel elicited by 4-HNE (0.5 𝜇M). Means ± SEM. ∗𝑃 < 0.05; ns: not significant.

At the periphery of the lesions, the density of 4-HNE-
adducts is lower, but the fluorescent detection shows a faint
staining for 4-HNE-adducts, particularly around CD31 posi-
tive cells that form tubular capillary structures (Figure 1).This
is consistent with experiments on cell culture showing the
angiogenic effect of low 4-HNE concentrations. Similarly,
immunohistochemical studies of human aorta revealed the
presence of 4-HNE-adducts at low concentration in early
atherosclerotic lesions [26], while neovascularization is
present at early stages of coronary artery disease and is associ-
ated with epicardial endothelial dysfunction [49]. Moreover,
in experimental hypercholesterolemia in pigs, coronary neo-
vascularization occurs very early in atherogenesis, prior to
endothelial dysfunction [8, 9]. This suggests that the local

hemodynamic stress associated with hypercholesterolemia
may induce neovascularization, before intimal thickening
and local hypoxia, in atherosclerotic prone areas, where
inflammation and oxidative stress initiate lipid peroxidation
[14, 26, 50]. It is thought that lipid peroxidation occurring in
vivo in early atherosclerotic lesions is a slow process that
generates low levels of 4-HNE. This is consistent with the
angiogenic effect of very low 4-HNE concentration in our
HMEC-1/Matrigel system. Interestingly, similar concentra-
tion of 4-HNE (0.1 to 1𝜇M) promotes VEGF expression and
secretion in retinal pigment epithelial cells that induce a
paracrine angiogenic response [37]. However, under our
standard experimental conditions (cell culture in normoxia),
HMEC-1 do not release VEGF (or only very low level)
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Figure 5: Effect of hydralazine and BVH on the angiogenic signaling of 4-HNE. (a) Chemical structures of hydralazine (Hdz), bisvanillin (BV),
and bisvanillyl-hydralazone (BVH). (b) Effect of Hdz and BVH (10 𝜇M each), on ROS generated by HMEC-1 after 30min of contact with
4-HNE (0.5 𝜇M). (c) Effect of Hdz and BVH (10 𝜇M each), on SK1 activation by 4-HNE, measured after 90min incubation. (d) Effect of Hdz,
BVH, and BV (10 𝜇Meach) on tube formation elicited by 4-HNE (0.5𝜇M).These data are means ± SEM of 4 separate experiments. ∗𝑃 < 0.05;
ns: not significant.

and the angiogenic effect cannot be attributed to a VEGF-
mediated autocrine angiogenic response.This led us to inves-
tigate another angiogenic mechanism by analogy with that
involved in oxLDL-induced angiogenesis by HMEC-1 [35].
Low concentrations of oxLDLs trigger capillary tube forma-
tion by endothelial cells onMatrigel and angiogenesis in vivo
in the Matrigel plug assay [31, 35]. This angiogenic effect
of oxLDLs is mediated, at least in part, through LOX-1 and
NADPHoxidase activation [31, 35], but our data show that the
angiogenic effect of free 4-HNE does not require LOX-1.This
is consistent with the specificity of LOX-1 for modified
lipoproteins and 4-HNE-modified proteins [51]. Thus, 4-
HNE can react with cellular proteins or peptides either at the
plasma membrane or inside the cell, as previously reported
[24, 52–54]. However, in the reported experiments, the 4-
HNE-induced tube formation is not inhibited by anti-LOX-1

blocking Ab, suggesting that the binding of 4-HNE-modified
proteins with LOX-1 is not involved in the angiogenic
response to 4-HNE. In our model, ROS induced by 4-HNE
are generated by a NADPH oxidase, as suggested by the
inhibitory effect of DPI and Vas2870 and in agreement with
the 4-HNE-induced activation of NADPH oxidase, which is
mediated through lipoxygenase activation in macrophages
[55].

ROS generated upon 4-HNE stimulation act as an intra-
cellular signaling that activates the nSMase2/SK1 pathway.
This role of ROS in nSMase2 activation is consistent with the
redox-dependent activation of nSMase2 induced by TNF-
alpha [56], daunorubicin [57], H2O2 [41, 58], and oxLDLs
[35]. These data are consistent with the inhibitory effect of
trolox and of NADPH oxidase inhibitors, DPI and Vas2870
that concomitantly block the intracellular ROS rise, and
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the activation of nSMase2 and SK1, which also inhibit the
activation of the nSMase2/SK1 pathway by oxLDLs [35].
Interestingly, nSMase2 inhibition, either by antioxidants
and NADPH oxidase inhibitors or by the specific nSMase2
inhibitor GW4869, inhibits in turn SK1 and angiogenesis.
This suggests that nSMase2 plays a crucial role in 4-HNE-
induced angiogenesis, as also supported by the angiogenic
effect of low C6 ceramide concentration on HMEC-1 grown
on Matrigel [36]. Moreover, these data show that SK1 activa-
tion depends on nSMase2, since SK1 activation by 4-HNE is
blockedwhennSMase2 is inhibited, supporting a coordinated
signaling cascade as previously reported [41]. Interestingly,
although the starting point of angiogenic signaling triggered
by oxLDLs and free 4-HNE is not similar (dependent versus
independent from LOX-1), these atherogenic compounds
trigger an intracellular signaling that induces ROS generation
and activation of the nSMase2/SK1 pathway.This is consistent
with reports showing that cellular stresses inducing ROS
generation activate the sphingolipid pathway [41], which is
involved in physiological and pathological vascular biology
by regulating endothelial integrity, migration and prolifera-
tion, angiogenesis, vascular tone, and leukocyte recruitment
[59–62].

Finally, the angiogenic effect of 4-HNE depends on SK1
activation, since its inhibition blocks tube formation, in
agreement with the angiogenic effect of S1P [63–65] and with
oxLDL-induced angiogenesis [35]. Under the culture condi-
tions used here, 4-HNE did not elicit any significant expres-
sion of VEGF, like that observed with oxLDLs. However
crosstalks between the SK1/S1P and the VEGF/VEGFR path-
ways have been reported in the angiogenic effect of S1P and
VEGF [66–68] and oxLDLs [35].

Another aim of this study was to investigate the antian-
giogenic properties of hydralazine (Hdz), an antihypertensive
drug with carbonyl scavenger activity, and of its derivative
bisvanillyl-hydralazone (BVH), in which hydralazine is cova-
lently bound to bisvanillin, a phenolic antioxidant. These
compounds exhibit a potent antiatherogenic effect in the
apoE−/−murinemodel of atherosclerosis [30, 39].We report
here that both Hdz and BVH prevent the angiogenic effect of
4-HNE.Hdz is a potent carbonyl scavenger that reacts rapidly
with 4-HNE and prevents the formation of 4-HNE-protein
adducts [30]. BVH, which is constituted by two molecules of
Hdz associated with the antioxidant BV, is able to scavenge 4-
HNE and block intracellular ROS generated by cells [39]. In
our experimental model system, both Hdz and BVH prevent
almost completely the angiogenic effect of 4-HNE.

In conclusion, our data emphasize the role of 4-HNE in
the formation of tubes evoked by oxidized LDL and suggest
that, in vivo, these oxidized lipids may contribute to the neo-
vascularization of atherosclerotic lesions, particularly at the
periphery of the plaque where their concentration is lower.
In contrast, higher 4-HNE concentration in the lipid core
could contribute to the apoptosis of neovessels, thereby pro-
moting intraplaque hemorrhage and plaque rupture. In this
context, it could be of interest to evaluate in vivo the
ability of pharmacological carbonyl scavengers to prevent the
formation of neovessels together with the reduction of
atherosclerosis progression.
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and G. Nickenig, “Inhibition of diet-induced atherosclerosis
and endothelial dysfunction in apolipoprotein E/angiotensin II
type 1A receptor double-knockout mice,” Circulation, vol. 110,
no. 19, pp. 3062–3067, 2004.

[45] D. Weiss and W. R. Taylor, “Deoxycorticosterone acetate salt
hypertension in apolipoprotein E-/- mice results in accelerated
atherosclerosis:The role of angiotensin II,”Hypertension, vol. 51,
no. 2, pp. 218–224, 2008.

[46] S. Galvani, C. Coatrieux, M. Elbaz et al., “Carbonyl scavenger
and antiatherogenic effects of hydrazine derivatives,” Free Rad-
ical Biology and Medicine, vol. 45, no. 10, pp. 1457–1467, 2008.

[47] J.-B. Michel, J. L. Martin-Ventura, A. Nicoletti, and B. Ho-Tin-
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The effects of eleven 1,4-dihydropyridine derivatives (DHPs) used alone or together with prooxidant anticancer drug doxorubicin
were examined on two cancer (HOS, HeLa) and two nonmalignant cell lines (HMEC, L929). Their effects on the cell growth
(3H-thymidine incorporation) were compared with their antiradical activities (DPPH assay), using well-known DHP antioxidant
diludine as a reference.Thus, testedDHPs belong to three groups: (1) antioxidant diludine; (2) derivatives with pyridiniummoieties
at position 4 of the 1,4-DHP ring; (3) DHPs containing cationic methylene onium (pyridinium, trialkylammonium) moieties at
positions 2 and 6 of the 1,4-DHP ring. Diludine and DHPs of group 3 exerted antiradical activities, unlike compounds of group 2.
However, novel DHPs had cell type and concentration dependent effects on 3H-thymidine incorporation, while diludine did not.
Hence, IB-32 (group 2) suppressed the growth of HOS and HeLa, enhancing growth of L929 cells, while K-2-11 (group 3) enhanced
growth of every cell line tested, even in the presence of doxorubicin.Therefore, growth regulating and antiradical activity principles
of novel DHPs should be further studied to find if DHPs of group 2 could selectively suppress cancer growth and if those of group
3 promote wound healing.

1. Introduction

Growth modulation, that is, proliferation induction or
decline, is fundamental for cellular metabolic processes both
in the health and in disease, as well in pharmaceutical inter-
ventions. Particularly regenerative medicine needs nontoxic
proliferation inducers for cell, tissue, and organ regeneration.
On the other side, proliferation inhibitors are necessary for
the prevention and inhibition of uncontrolled growth of can-
cer cells. Recently [1] it was found that same 1-benzyl substi-
tuted 1,4-dihydropyridines (1,4-DHPs), activating SIRT1, are
proliferation inhibitors in the cancer cells and on the contrary
proliferation promoters in the wound healing. Direction of
the search of the compounds acting in dual mode seems to
be perspective.

Cellular redox signaling, including oxidative stress (OS)
related events, is connected with genetic and epigenetic
regulatory systems. Reactive oxygen species (ROS) and lipid

peroxidation products are not only cytotoxic but may also
perform and modulate signal transduction in cells. Accord-
ingly, antioxidants (AOs) and radical scavengers may be
considered as modifiers of cellular redox signaling, as well as
genetic and epigenetic events, and thus 1,4-dihydropyridines
being a group of synthetic antioxidants could be used for
modulation of cellular redox signaling. Oxidative stress may
have at least dual effects on cell proliferation and growth:
anticancer-like effects as well as protumorigenic effects. The
last ones are primarily related to induction of oxidative
DNA lesions (8-OH-G) and consequential increase of DNA
mutation frequency. These undesirable changes may, if not
repaired, lead to genome instability and an increased rate
of cellular proliferation [2]. Antineoplastic (anticarcinogenic,
antitumorigenic) effects of OS have been closely linked to
cellular processes of senescence and apoptosis, two major
molecular mechanisms that counteract tumor development
[3]. Which of these two actions will dominate depends on
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many factors including the metabolic status of the cell, as
recently reviewed [4]. Accordingly, many AOs, for instance,
curcumin [5], may be antineoplastic and cytotoxic by target-
ing mitochondria, affecting p53-related signaling and block-
ing NF-kappa B activation. A number of other curcumin
targets include the aryl hydrocarbon receptor, cytochrome
P450, glutathione S-transferase, serine/threonine kinases,
transcription factors, cyclooxygenase, ornithine decarboxy-
lase, nitric oxide synthase, matrix metalloproteinases, and
tyrosine kinases. Some of these targets are characteristic also
for DHPs antioxidant action [6].

Some of the amphiphilic compounds possessing self-
assembling properties and forming nanoparticles in an aque-
ous medium could form stable liposomes [7–10] which are
suitable as gene (pDNA) delivery agents in vitro, while
the cytotoxicity and antiradical activity (ARA) of these
amphiphilic 1,4-DHP derivatives were determined, too [10].

Biological activity of some of these compounds was
previously studied (for antioxidant diludine ([11], see as
cited in [6]), amphiphilic 1,4-DHP derivative,MDRmodifier
and suitable gene (plasmid DNA) delivery agent in vitro
K-2-11 [10], neuromodulator AP-12 [12, 13], and also close
compound Z41-74 [14] (see also Discussion part)). However,
physiological activity profile for most of mentioned com-
pounds has not been still determined and published.

Presented work includes studies about a set of 11 original
1,4-dihydropyridine derivatives (comprising different sub-
stituents at positions 4, 2, and 6 or 3 and 5, containing neutral
or cationic moieties, with diverse lipophilic or amphiphilic
properties).

The studied eleven DHP derivatives could be divided
into 3 groups considering structure fragments (see Figure 1,
Table 1):

(1) 1.4-Unsubstituted 1,4-DHP (I, compound (1) in
Table 1)

(2) 1,4-DHPs comprising N-quaternized pyridine moiety
at position 4 of the DHP ring (II, compounds (2)–(4)
in Table 1)

(3) 1,4-DHPs containing cationic oniummethylene moi-
eties at positions 2 and 6 of the DHP cycle (III,
compounds (5)–(11) in Table 1) (in this set previously
reported compound (12) (Z41-74) was included for
more detailed analysis of relationships)

These DHPs were studied as potential cell proliferation
modulators in two normal (human mammary epithelial cells
HMEC and murine fibroblasts L929) and in two malignant
cell lines (human osteosarcoma HOS and human cervical
carcinomaHeLa).The effects of tested DHPs occurred if they
were used alone or together with the well-known anticancer,
prooxidant drug doxorubicin. Namely, doxorubicin causes
long-lasting stimulation of ROS generation and OS in cancer
cells and in cardiomyocytes [15]. Therefore, it is assumed
that certain antioxidants (including DHPs) may influence
the undesired side effects of doxorubicin, like cardiotoxicity.
Some suggestions about DHP structure-activity relationships
and selectivity on the above-mentioned cell lines are pro-
posed.

2. Materials and Methods

All DHP derivatives (see further as listed in Table 1 and
given in the Results and Discussion part) provided for the
cell proliferation evaluation and used in this study have
been synthesized in the Laboratory of Membrane active
compounds of the Latvian Institute of Organic Synthesis
(Latvian IOS).

Compound AP-12 was obtained following an already
reported method [16]; A2-15 was obtained according to
procedure described byMakarova et al. [17]; compoundsK-2-
11, IOS-10003,D-3-59-1, andK2-71 were obtained following
an already reported method [10]; compound IOS-10004
was obtained based on analogy by reported method [10];
compounds V-1-32 and V-1-41 were obtained according to
procedure described by [18]; compound IB-32 was obtained
according to procedure described by [19].

2.1. Antiradical (Free Radical Scavenging) Activity (ARA).
ARAdata were obtained spectrophotometrically using decol-
oration reaction ability with 1,1-diphenyl-2-picrylhydrazyl
(DPPH) as a free radical scavenger [20], adapted for DHPs
[10, 16]. An aliquot (0.5mL) of the tested 1,4-DHP derivative
solution in EtOH was added to 3mL of freshly prepared
DPPH solution in EtOH (0.1mM). The final concentration
of the tested compounds was 0.086mM and the ratio of the
tested compound and DPPH was equimolar. The solution
was incubated for 30min in the dark and changes in the
optical density of solution were measured at 517 nm using a
UV/Vis Camspec M501 spectrometer (UK). Each assay was
performed in triplicate.

The scavenging activity was defined as the decrease in
sample absorbance versus absorbance of DPPH standard
solutions. Results were expressed as a percentage (%) of
the DPPH free radical scavenging, which is defined by the
following formula:

ARA (%) =
𝐴control − 𝐴 sample

𝐴control
× 100, (1)

where 𝐴control is the absorbance of the standard solution of
DPPH and 𝐴 sample is the absorbance value for the sample.

2.2. Basal Cytotoxicity Test. The Neutral Red Uptake (NRU)
Assay was performed according to the standard protocol of
[21] modified by NICEATM-ECVAM (Committee on the
Validation of Alternative Methods (ICCVAM) of National
Toxicology Program (NTP) InteragencyCenter for the Evalu-
ation of Alternative Methods (NICEATM)) validation study
[22]. The NRU cytotoxicity assay procedure is based on the
ability of viable cells to incorporate and bind neutral red, a
supravital dye. 3T3 (Mouse Swiss Albino embryo fibroblast)
cells (purchased from ATCC�) (9000 cells/well) were placed
into 96-well plates for 24 h in Dulbecco’s modified Eagle’s
medium (DMEM) containing 5% fetal bovine serum and
then exposed to the test compound over a range of eight
concentrations (1000, 316, 100, 31, 10, 3, and 1 𝜇g/mL) for
24 h. Untreated cells were used as a control. After 24 h, the
mediumwas removed from all plates.Then, 250𝜇L of neutral
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Figure 1: Core structures of studied 1,4-DHP derivatives (for details see Table 1).

red solution was added (0.05mg/mL NR in DMEM, 24 h,
preincubated at 37∘C and then filtered before use through
0.22𝜇m syringe filter). Plates were incubated for 3 h and
then cells were washed three times with PBS. The dye within
viable cells was released by extraction with amixture of acetic
acid, ethanol, and water (1 : 50 : 49). Absorbance of neutral
redwasmeasured using spectrophotometermultiplate reader
(TECAN, Infinite M1000) at 540 nm. The optical density
(OD) was calculated using the formula: OD (treated cells) ∗
100/OD (control cells). The IC

50
values were calculated using

the program Graph Pad Prism� 3.0.

2.3. Estimation of LD50 from IC50 Values. Data from the in
vitro tests were used for estimating the starting dose for
acute oral systemic toxicity tests in rodents (mice, rat). The
in vivo starting dose is an estimated LD

50
value calculated by

inserting the in vitro IC
50
value into a regression formula: log

LD
50
(mM/kg) = 0.439 log IC

50
(mM) + 0.621 [23]. The value

is recalculated to mg/kg and compounds are evaluated in
accordance with 4 toxicity categories [24]: category 1: LD

50
≤

5mg/kg (highly toxic); category 2: 5 < LD
50
≤ 50mg/kg

(moderately toxic); category 3: 50 < LD
50
≤ 300mg/kg

(slightly toxic); category 4: 300< LD
50
≤ 2,000mg/kg (practi-

cally nontoxic). Using an alternative in vitro method allows
comparisons of possible toxicity of new compounds and
selecting compounds for further study vastly reducing the
number of animal experiments.

Radioactive thymidine assay was used for quantification
of cell proliferation modulation properties of DHPs.

2.4. 3𝐻-Thymidine Assay. To test the effects of DHPs on the
growth of different types of cells in vitro we used the 3H-
thymidine incorporation assay reflecting the DNA synthesis
(i.e., the cell growth) of murine skin fibroblasts L929 cell line
(NCTC clone 929 [L cell, L-929, derivative of Strain L] (ATCC
CCL-1�)), human endothelial cells HMEC-1 (ATCC CRL-
3243�), human cervical carcinoma HeLa (ATCC CCL-2�),
and human osteosarcoma cell line HOS (ATCCCRL-1543�),
which in vitro grows resembling osteoblast cells.

For the 3H-thymidine incorporation assay, the cells were
seeded in microtiter plates (TPP, Swiss) at a density of 6 ×
104 cells/well and were treated with DHPs at three various
stepwise concentrations: 1𝜇g/mL, 10 𝜇g/mL, and 100𝜇g/mL
(approximately molar concentrations (∼1 𝜇M, ∼10 𝜇M,

∼100 𝜇M) could be calculated from molecular mass data
presented in the Table 1). Stock solutions of the compounds
were obtained, diluting 5mg of each compound in absolute
ethanol to get concentration of 10mg/mL. Some of the
substances were not completely soluble; therefore in this case
5–10% DMSO were added.

After 1 h preincubation, 3H-thymidine (methyl-3H-
thymidine, 25 Ci/mmol, Amersham) diluted with medium
at a 1 : 25 ratio was added and the cells were cultured in
humidified atmosphere containing 5% CO

2
in DMEM

culture medium supplemented with 5% fetal calf serum
(Sigma, USA) for the following 24 h. After that, the cells were
washed by cell harvester (Scatron, Norway) over a filter and
the radioactivity of incorporated 3H-thymidine was detected
in a beta-counter (Beckman LS 100C). Each group of cultures
comprised four samples.

Control cells were equally cultured but without the
presence of DHPs.

In the experiments with doxorubicin (Sigma) its stock
solution concentrationwas 1mg/mL (the 1mg content diluted
in 1mL H

2
O). Three doxorubicin concentrations used were

0.1 𝜇g/mL, 0.5 𝜇g/mL, and 1 𝜇g/mL.
Dilution of stock solutions was made as follows.
Stock solutions in concentration 10mg/mL were fur-

ther diluted in DMEM to final concentrations 1, 10, and
100 𝜇g/mL. The rest of the solutions were stored at +4∘C
in plastic micro tubes with screw caps and used in next
experiments.

The cells are plated in 96-well plates; cell cultures were
incubated in DMEM media, containing 2.5% FCS, 2 × 106
cells count in 6mL DMEM (0.3mL FCS) (each well of the
plate was filled with 1–5 × 104 cells (depending on the cell
line) in 90 𝜇L cultured medium). After 4 h the cells were
treated with the DHPs, while 1 h after that doxorubicin was
added. The radioactive thymidine was added to cultures and
left again for additional 24 h to incorporate 3H-thymidine,
when the assay was performed on beta-counter (Beckman LS
100C).

Incubation was performed as follows.
Incubation and its duration (added volume)

(1) cell culture→ 4-5 h (100 𝜇L)
(2) DHPs, DOXO→ 24 h (100 𝜇L (50 + 50 𝜇L))

(3) 3H TIM → 24 h (20𝜇L)
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Table 1: Studied 1,4-dihydropyridine derivatives, their chemical structures, molecular weight (𝑀
𝑤
) values, LD

50
values (on NIH 3T3, normal

mice embryonal fibroblast cells), and antiradical activity (ARA) determined by DPPH assay. The untreated level of the DPPH radical is
designated as 100%. Data are presented as mean ± SD.

Number Compound Chemical structures 𝑀
𝑤

LD
50
mg/kg ARA ± SD

%

Group I

(1) Diludine

N
H

OO

O O

H H

253.30

>2000
(>7.9mmol/kg)
(32,000mg/kg,

mice, ip)

40.5 ± 3.0

Group II

(2) AP-12

N
H

OO

O O

H

10
Br−

N+

579.61 692 0

(3) IB-32

N
H

OO

O O

O

O

H

Br−

N+

649.57 520 0

(4) A2-15

N
H

O

O O

O

OO

O

22 22

H

N+

O−

505.56 >2000
(>3.9mmol/kg) 0

Group III

(5) V-1-32
N
H

OO

O O

O O

H

Br− Br−

N+ N+

OCHF2

727.43 1706 95.1 ± 0.2
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Table 1: Continued.

Number Compound Chemical structures 𝑀
𝑤

LD
50
mg/kg ARA ± SD

%

(6) IOS-10003
N
H

OO

O O

O O
10 10

H

Br− Br−

N+ N+

970.01 NA 95.1 ± 0.2

(7) IOS-10004

N
H

OO

O O
10

H

10

Br− Br−

N+ N+

938.01 NA 54.0 ± 0.3

(8) V-1-41
N
H

OO

O O

O O

H

N+ N+
I− I−

721.32 >2000 70.7 ± 0.9

(9) K-2-11
N
H

OO

O O 1010

H

Br− Br−

N+ N+

925.91 1482 39.5 ± 0.3
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Table 1: Continued.

Number Compound Chemical structures 𝑀
𝑤

LD
50
mg/kg ARA ± SD

%

(10) D-3-59-1 N
H

OO

O O

NN

10 10

H

Br− Br−

N+ N+

1012.05 1706 27.5 ± 0.2

(11) K2-71
N
H

O

OO

O
10 10

H

Br− Br−

N+ N+

953.98 463 ± 19 (0.9 ±
0.09mmol/kg) 39.0 ± 2.7

(12) Z41-74
[14]

N
H

OO

O O

H

Br− Br−

N+ N+

577.35 2425 16.1 ± 0.7

NA: not applicable (the data are absent).

Three identical repeated experiments were done for each
treatment protocol of each cell line used.

3. Results

List of studied eleven 1,4-dihydropyridine derivatives, their
structural formulas, molecular weight data, LD

50
values in

mg/kg (on NIH 3T3 cells), and antiradical activity data
(DPPH assay, in %) (ARA) and data for previously reported
compound Z41-74 for more detailed analysis of relationships
are given in Table 1.

The respective estimated LD
50

values (see Table 1) for
tested 1,4-DHP derivatives are different. Some of the listed
compounds have the medium toxicity, some low according
to 4 toxicity categories. Compounds IB-32,AP-12, andK2-71
(in the lesser extentK-2-11,D-3-59-1) exerted toxicity, which
could be classified as dangerous, while other compounds

diludine, A2-15, and V-1-41 could be classified as nontoxic
DHPs.

3.1. Antiradical Activity (ARA) of Various DHPs. Relative
antiradical activity (ARA, expressed in %) was determined
using DPPH method [10, 20], for DHPs chosen upon the
results of cytotoxicity assays to be tested further in the cell
growth experiments.

Thus, a wide range of ARA, from relative high and
significant ARA for compounds IOS-10003, IOS-10004, V-
1-41, to the absence of ARA, as for compoundsAP-12,A2-15,
and IB-32, were revealed (see Table 1).

Medium ARA values were obtained for compoundsK-2-
11 and diludine, 40.5 and 39.5%, respectively.

One can notice that all studied compounds possessing
cationic (onium: trimethylammonium, methylcycloalkylam-
monium, or pyridinium) substituents at 2 and 6 methy-
lene of the DHP cycle have more or less significant ARA.
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In case of 2,6-methylmorpholiniummethylene substituents
(compounds IOS-10003 and V-1-32) the highest ARA are
detected (95% for each other).

Electron-donating substituents’ containing pyridinio-
methylene moieties at positions 2 and 6 of the 1,4-DHP
diminished the ARA (compound D-3-59-1), while DHPs
have shown ARA also in case of absence of electron-
withdrawing cationic groups at positions 2 and 6 of the 1,4-
DHP cycle (diludine). It should be mentioned here that
corresponding 4-phenyl analogue was practically inactive
(see [6]).

As showed in the previous studies, compound Z41-
74 stimulated HOS cell growth [14]. This compound has
trimethylammoniomethylene substituents at positions 2 and
6 of the DHP cycle and is relative structural analogue of
compounds V-1-32, IOS-10003 and IOS-10004 with satu-
rated cationic heterocyclic moieties at positions 2 and 6 of
the DHP cycle. However compound Z41-74 possesses lower
antiradical activity (16%), perhaps due to aliphatic (uncyclic)
trimethylammonio part in molecule.

There are 3 compounds with cationic N-quaternized
pyridinium moiety at position 4 of the 1,4-DHP cycle, A2-
15 and AP-12, that have shown perspective as bifunctional
growth modulating agent compound IB-32, lacking ARA.
These compounds lack cationic moieties at position 2 and 6
capable of forming labile hydrogen atom.

A group comprising compounds V-1-32 and V-1-41 (see
Table 1) having both 2,6-pyridiniomethylene substituents,
but with different variations at position 4 of the 1,4-DHP
cycle, gave relatively high values of ARA (68.8% and 70.7%
correspondingly). Therefore substituent in position 4 seems
to have less decisive effect than do variations at positions 2
and 6 of the 1,4-DHP molecule. Their influence on normal
and on tumor cells was less manifested; there was no differ-
ence in case of normal cell growth and in case of V-1-32,
either on HOS or on HeLa cells growth (except 100 𝜇g/mL
concentration which slightly retarded cell proliferation).
Nevertheless, compound V-1-41 increased growth of HeLa
cells andHOS cells indicating it could be used to study further
altered mechanisms of the malignant cell growth.

These compounds have shown low toxicity (1706mg/kg
and >2000mg/kg correspondingly) and did not suppress
growth of any cell type even at the concentration 100 𝜇g/mL.

These compounds have structure similarities with com-
pounds IOS-10003 (versus V-1-32) and K-2-11 (versus V-1-
41) that also share similar biological activities, although one
can notice some minor differences.

3.2. Dependence of the Cell Growth Regulating Activities of the
DHP Derivatives onTheir Structure and Concentrations Used.
The data regarding 1,4-DHPs growth modulating activities
were obtained using the 3H-thymidine incorporation assay
reflecting the cellular DNA synthesis (i.e., the cell growth).
Different types of cells in vitro were used: murine skin fibrob-
lasts L929 cell line (Figure 2), human endothelial cells HMEC
(Figure 3), human osteosarcoma cell line HOS, which in vitro
grows resembling osteoblast cells (Figure 4), and human cer-
vical carcinoma HeLa (Figure 5). Concentration/activity and
structure/activity relationship of tested 11DHPderivatives are
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Figure 2: Dependence of proliferation modulation activity (ex-
pressed as 3H-thymidine incorporation, in percentage (𝑦-axis) of
the respective, untreated control) on chemical structure and concen-
tration of eleven DHP compounds on L929 cells.
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Figure 3: Dependence of proliferation modulation activity (ex-
pressed as 3H-thymidine incorporation, in % of control, 𝑦-axis) on
chemical structure and concentration of elevenDHP compounds on
HMEC cells.

presented in Figures 2–5. In Figures 2–5 on ordinate axis the
value of proliferation activity as percentage of the untreated
controls is given. Three stepwise concentrations were used:
1 𝜇g/mL, 10 𝜇g/mL, and 100 𝜇g/mL. Since the different experi-
ments had different control levels of incorporation to compile
the data of 3 experiments it was calculated. Data are presented
as mean ± SD.

Further proliferation modulation activity of some DHPs
is compared with DOXO activity (see Figure 6).

All tested DHPs exerted cell type-dependent and concen-
tration dependent effects, as quantified by the 3H-thymidine
incorporation (DNA synthesis) of the cultured cells (see
Figures 2–5). Nonlinear dependence of effect on the con-
centrations of compounds used was observed. Medium
concentrations of DHP derivatives showed usually the most
pronounced effects, except usually cytotoxic effects of the
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Figure 5: Dependence of proliferation modulation activity (ex-
pressed as 3H-thymidine incorporation, in % of control, 𝑦-axis) on
chemical structure and concentration of elevenDHP compounds on
HeLa cells.

highest concentrations (see Figures 2–5). The more effective
one was concentration 10 𝜇g/mL (for compound K-2-11, on
all four cell lines, for IOS-10003, on L929 and HeLa cells).
The highest concentration 100 𝜇g/mL was however manifold
less effective than 10 𝜇g/mL or even cytotoxic (in the case of
K-2-11, on HeLa cells).

While all 4 substituted 1,4-DHPs, except diludine, were
completely abolishing the 3H-thymidine incorporation by
L929 cells if used at 100 𝜇g/mL concentration indicating even
cytotoxic activities of DHPs, the K-2-11, D3-59-1, and in
particular IB-32 and IOS-10003 on the other hand strongly
enhanced the growth of these fibroblasts, but only if used
at 10 𝜇g/mL concentration. However, compound IB-32 did
not show such growth enhancing effect for any other cell
line used. Actually compound IB-32 was toxic at 10 𝜇g/mL
concentration for HOS and for HeLa cells. Opposite to
that, compound K-2-11 enhanced the growth of every cell

line tested, if used at 10 𝜇g/mL concentration. The most
pronounced stimulating effect of compound K-2-11 was
observed for HMEC endothelial cells (Figure 3), while for
HeLa cells it was more or less enhancing (Figure 5). It
should also be mentioned that growth stimulating effects of
compound K-2-11 obtained at 10 𝜇g/mL concentration were
changed into strong suppression, that is, cytotoxicity in case
of 100𝜇g/mL concentration of K-2-11.

Themost similar effects to those of derivativeK-2-11were
effects of compound K2-71, with only exception of the even
higher efficiency of compound K2-71 in case of L929 cells
stimulation (Figure 2). Compound K2-71 was efficient DHP
stimulating L929, also HOS and HMEC cells (Figures 3 and
4) even more than compound K-2-11, while for all cell lines
tested it was toxic if used at 100𝜇g/mL concentration.

Interestingly, the well-known DHP antioxidant diludine
did not exert as strong effects as did the other DHPs; even
in case of 100 𝜇g/mL concentration diludine did not show
strong toxicity as did the other DHPs tested.

As in case of other physiological activities (antihyperten-
sive, anticancer, etc.), substituents at positions 4, 2 and 6, and
3 and 5 of the 1,4-DHP cycle and also the lipophilicity of the
molecule have important effects on the antiproliferative activ-
ity of 1,4-dihydropyridine derivatives. Regarding structure-
activity relationships, present work claims the importance of
hetaryl substituents at position 4 of theDHPs (compound IB-
32, see Table 1) (analogous as given in [25]). Active are aryl
(phenyl-) substituents too (see Table 1).

The length of alkyl chains of substituents at positions
3 and 5 may be shorter (methyl or ethyl esters), medium
(propoxyethoxy ester), or prolonged (till C-12: dodecyl ester),
substituents at positions 2 and 6 may be charged bilaterally.
The charge in position four seems to be important, while
activity is present both for lipophilic compounds (low activity
for diludine, see Table 1), and, especially, for amphiphilic
compounds too, analogues of K-2-11.

Compound V-1-32 containing N-methylmorpholini-
omethylene substituent at positions 2 and 6 analogue
comprising 4-[2-difluoromethoxyphenyl] moiety and short-
er (methyl) alkyl chains in ester groups at substituents 3 and
5, as well as V-1-41 (which is structural analogue of known
compound Z41-74 comprising methoxycarbonyl group
(V-1-41) at position 4 of the 1,4-DHP cycle instead of phenyl
group (Z41-74)) with pyridiniomethylene substituents at
positions 2 and 6, only insignificantly influences normal and
tumor cell proliferation.

On the contrary, DHP derivative K-2-11 possessing ARA
properties [10] significantly increased proliferation of HOS
cells at 10 𝜇g/mL concentration. The data obtained for HeLa
cells are contradictory: 10 𝜇g/mL concentrations increased
HeLa cells proliferation almost 10 times, but some experi-
ments revealed absence of statistically significant increase of
HeLa cells proliferation. Compound K-2-11 increased also
proliferation of normal cells (cell lines HMEC and L929).
At the concentration 100 𝜇g/mL the growth of cells was
suppressed, including also tumor cell lines HeLa and HOS.
Cytotoxicity on normal cells is low: NIH 3T3 is 1482mg/kg
(see Table 1).
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Figure 6: (a) Proliferation modulation activity of DOXO (columns 0) and of DHP derivatives K-2-11 and IB-32 (10𝜇g/mL) alone and
in the presence of DOXO on L929 cells (expressed as 3H-thymidine incorporation, in CPM, 𝑦-axis). Control cells (Ctrl) without DOXO
(0 𝜇g/mL) are presented in the 1st bar of each column. First column (0): control cells treated with DOXO, without DHPs. Added DOXO
concentrations were expressed as 𝜇g/mL: 0.1 𝜇g/mL, 0.5 𝜇g/mL, and 1 𝜇g/mL. Results were expressed as mean values of counts per minute
(CPM) ± SD. (b) Proliferation modulation activity of DOXO (columns 0) and of DHP derivatives K-2-11 and IB-32 (10𝜇g/mL) alone and in
the presence of DOXO on HMEC cells (expressed as 3H-thymidine incorporation, in CPM, 𝑦-axis). (c) Proliferation modulation activity of
DOXO (columns 0) and of DHP derivatives K-2-11 and IB-32 (10𝜇g/mL) alone and in the presence of DOXO on HOS cells (expressed as
3H-thymidine incorporation, in CPM, 𝑦-axis). (d) Proliferation modulation activity of DOXO (columns 0) and of DHP derivatives K-2-11
and IB-32 (10𝜇g/mL) alone and in the presence of DOXO on HeLa cells (expressed as 3H-thymidine incorporation, in CPM, 𝑦-axis).

Compound K2-71 containing 3-methylpyridiniometh-
ylene substituents at positions 2 and 6 is a close relative
(homologue) of compound K-2-11. It has medium ARA
(∼39%), low cytotoxicity, and enhanced growth of normal
cells at concentration of 10 𝜇g/mL, stimulating also HOS cells
(at 1 and 10 𝜇g/mL), but not HeLa cells, while at 100 𝜇g/mL
growth of all cell types was suppressed.

Compound IOS-10003 is intriguing compound: it has
high ARA (∼95%) [10]. It is effective proliferation promoter
at 10 𝜇g/mL for the L929 cells (Figure 2) and in HMEC cells
(Figure 3). At 100 𝜇g/mL concentration proliferation of L929
andHMECwas suppressed significantly similar to malignant
HOS and HeLa cells.

Compounds V-1-32 and V-1-41 have similar and also
different structural parameters comparing to IOS-10003
(versusV-1-32) andK-2-11 (versusV-1-41), so also properties

are at the same time similar in some sense, but one can
also notice difference. CompoundsV-1-32 andV-1-41 possess
high ARA (95.1 and 70.7% correspondingly); nevertheless
their influence on normal and tumor cells growth was less
manifested. There was no effect on normal cells growth; and
in case of compound V-1-32 there was also no influence
on HOS and HeLa cell growth. However, compound V-1-
41 increased the growth of HeLa and HOS cells. Both com-
pounds have low cytotoxicity (1706mg/kg and >2000mg/kg
correspondingly). They did not suppress growth of any cell
line even at concentration 100 𝜇g/mL.

Similarly, compound A2-15 (one representative from
compounds group II (A2-15, AP-12, and IB-32, but without
ARA)) was mainly inert regarding studied cell lines. Con-
cerning compound AP-12 one can mention its enhancing
effect on HMEC cells growth and diminishing effect for the
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growth of HeLa cells at 10 𝜇g/mL and 100 𝜇g/mL concentra-
tions.

On the contrary, IB-32 revealed quite unique properties,
enhancing growth of normal cells (especially L929) and sharp
diminishing or completely stopping the growth of HOS and
HeLa cells (at concentrations 10𝜇g/mL and 100 𝜇g/mL). For
L929 cells activity of compound IB-32 was remarkable in
the same activity range as for compound K-2-11 (Figures 2
and 6(a)), being more efficient with DOXO concentration
0.1 𝜇g/mL.

The activities of remaining 5 compounds (V-1-32; V-1-
41; IOS-10004; A2-15; AP-12) only insignificantly prevailed
over control levels (without DHPs addition). Accordingly, we
can define following groups of compounds concerning their
influence on tested cell cultures:

(1) Compounds significantly enhancing growth of cul-
tured cells in case of

(1a) Both normal and tumor cells: K-2-11 (ARA
39.5%)

(1b) Only normal cells: growth of tumor cells may
be suppressed:AP-12 (lacked ARA), IB-32 (also
lacked ARA), and IOS-10003 (ARA 95.1%)

(1c) Only tumor cells: V-1-41 (ARA 70.7%)

(2) Compounds revealing minor deviations on normal
and tumor cells growth: V-1-32 (ARA 95.1%), IOS-
10004 (ARA 54.1%), A2-15 (ARA close to 0%), and
AP-12 (ARA close to 0%)

3.3. Proliferation Modulation Activity of DHPs in Combi-
nation with Doxorubicin. The anticancer drug doxorubicin
(DOXO) was used at ranging concentrations: 0.1𝜇g/mL,
0.5 𝜇g/mL, and 1𝜇g/mL to test additional effects of com-
pounds K-2-11 and IB-32 (see Figures 6(a)–6(d)). In the
experiments with DOXO (see Figures 6(a)–6(d)) final con-
centration of both 1,4-DHP derivatives (K-2-11 and IB-32)
was 10 𝜇g/mL. Both compounds are representatives of 2
different groups of DHPs studied (IB-32: II group,K-2-11: III
group).

Addition of DOXO itself reduced the growth ofmost cells
(not significantly in case of HMEC cells), if used at high
concentrations, while it surprisingly enhanced both normal
cell line HMEC and cancerous cell line HeLa if used at lower
concentrations.

On the contrary, the growth enhancing effects of com-
pound IB-32 were more selective; that is, they were observed
only for normal cell lines L929 and HMEC, while IB-32
entirely retarded growth of tumor cells HOS and HeLa.
Compound K-2-11 alone stimulated growth of normal (L929
and HMEC) cell lines but also of tumor (HeLa) cells; in case
of HOS cells reduction of the cell growth was observed.

4. Discussion

4.1. Is Growth Regulating/Antiproliferative Activity Related
to Antioxidant and/or Antiradical Properties of DHP Com-
pounds? Previously ARA was found only for a part of the

11 compounds set: for diludine (see [6]) and K-2-11, Z41-74
[10, 14].

Comparison of proliferation modulation direction and
strength of cationic moieties containing compounds Z41-74
(see Table 1), compound, relative to K-2-11, IOS-10003 [10],
andV-1-32 andV-1-41 (see Table 1), and their dependence on
ARA or AOA of these compounds was performed.

Compound Z41-74 increased HOS cells growth attenu-
ating lipid peroxidation effects [14]; it has low antiradical
activity (16.1%).

Compounds having almost identical ARA had however
different effects on cell proliferation. Archetype of DHP
compounds, Hantzsch ester diludine, which is claimed as
possessing remarkable AOA and ARA (ARA ≈ 41% in
this study, see also appropriate citations in [6]) revealed
almost inert attitude to normal and tumor cell proliferation.
Compound K-2-11 has almost identical ARA (ARA ≈ 40%);
nevertheless it had significant influence on cell proliferation
(HMEC, L929, HOS, and also HeLa). This may indicate
that antioxidant properties of mentioned compounds (and
probably other DHPs) are not themost relevant ones for their
growth regulating effects.

Compound IOS-10003 has high ARA (93.9%, see Table 1
and text of Section 3.2.); nevertheless it in general had very
poor influence on normal and on tumor cells proliferation.
Its effects were concentration dependent. So, it increased
HMEC cell proliferation only at concentration 10𝜇g/mL and
decreased L929 cells proliferation at 10 𝜇g/mL and 100𝜇g/mL
concentration. It also slightly reduced HOS cells prolifera-
tion at all studied concentrations. Nevertheless influence on
HeLa cells was more remarkable; at 10 𝜇g/mL concentration,
proliferation rate was increased more than twice, while at
100 𝜇g/mL HeLa proliferation was stopped. At 100 𝜇g/mL for
all cell types a decrease of proliferation was noticed.

We assume that hormetic redox signaling that is influ-
enced by cellular stress could be important for the biological
effects of DHPs, causing their biphasic dose-response rela-
tionship,manifested by low-dose stimulation and a high-dose
inhibition of the cell growth, which seems to be true for most
antioxidants [26, 27].

However, it seems there is no obvious relationship of
ARA and influence of DHPs on cell proliferation, and the
probability of the prediction of proliferation/regeneration
inhibition or stimulation by DHPs using AOA or ARA
activity as a criterion is the open question.

According to the 3H-thymidine incorporation data
obtained using 11 DHPs to treat 4 cell lines we can conclude
that the most effective growth enhancing DHP was K-2-11,
which enhanced the growth of all cell lines, usually for 3-
fold, being the most effective in case of HMEC cells (8-fold
increase) and the least effective in case of HeLa cells (only
about 20% increase). The highest growth enhancing capacity
of K-2-11was also supported by its efficiency even at 1 𝜇g/mL
concentration. Interestingly, similar toK-2-11,K2-71,D3-59-
1, and IB-32 had strongest growth enhancing effects exerted
at 10 𝜇g/mL concentration, which was even stronger than in
case of K-2-11, but just of one cell line for each of these DHPs.
Hence, K2-71 and D3-59-1 were the most potent growth
stimulators for the HMEC cell line, while IB-32 enhanced
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only L292murine fibroblasts. While it is not likely that such a
specificity of IB-32 for L929 cells was due to themurine origin
of these cells, we can assume that it rather reflects certain
fibroblast cell growth enhancing capacity of IB-32. To verify
this assumption additional fibroblast cell lines should be
tested, since such an effect might be relevant for the possible
use of IB-32 to promote the wound healing, yet bearing a risk
of the scar formation. It is certainly interesting thatK2-71 did
not stimulate only the growth of L929 fibroblasts, so further
comparisons between these twoDHPsmight help elucidating
their activity principles.

The fact that most of the growth enhancing DHPs had
strongest effects for human endothelial cells (HMEC) might
indicate their possibly beneficial effects to support recovery
of the damaged blood vessels or the neovascularization. That
could be especially valuable for the promotion of the wound
healing but could perhaps represent certain risk for the
enhancement of the tumor neovascularization; therefore such
effects should be further studied, too.

However, it is certain that none of these DHPs bears
significant risk for enhancement of the cancer cell growth
because none of them supported HeLa cell growth, while
they all entirely abolished the growth of all cell lines tested
if used at 100 𝜇Mconcentration, except diludine.The growth
enhancement of human osteosarcoma cells (HOS) observed
upon K-2-11 and K2-71 does not necessarily have to be neg-
ative, because HOS cells are considered to be the osteoblast-
like cells and are therefore used often to evaluate the growth
of bone cells.

Since most of the DHPs used might be considered also
as potential antioxidants, while their effect of the cell growth
is cell type and concentration dependent, it is possible to
assume that they could affect the cellular redox signaling,
either directly or indirectly affecting the redox signaling
pathways. Of particular interest for further studies would
be analysis of potential interference of DHPs with lipid
peroxidation, notably with 4-hydroxynonenal (HNE), which
is considered to act as second messenger of free radicals and
as growth regulating factor showing effects similar to the
effects of the DHPs tested [4, 28–30].

It could be proposed that there can be also different
additional factors (binding with some nuclear factors and/or
receptors, modulation of gene and protein expression) rele-
vant for the results obtained. Thus, some water-soluble 1,4-
dihydropyridine derivatives without Ca2+-antagonist activity,
having proteolysis promoting activities, upregulate Psma6
mRNA expression in kidneys of intact and diabetic rats [31].

It should be mentioned also that in [32] instead of
prooxidant toxicity of DOXO new alternative mechanism of
doxorubicin antitumor effect is proposed, notably enhance-
ment of de novo synthesis of ceramide,which in turn activates
transcription factor CREB3L1. DOXO stimulates proteolytic
cleavage of membrane-bound precursor of CREB3L1 by Site
1 Protease and Site 2 Protease, allowing the NH(2)-terminal
domain of CREB3L1 to enter the nucleus and activate tran-
scription of genes which encode inhibitors of the cell cycle,
including p21. As mentioned above [31], water-soluble DHPs
have proteolysis promoting activity. This property as one
of the possible parts in cell growth regulating mechanism

further should be examined and verified (maybe it is not only
the case forwater-solubleDHPs) for proliferationmodulating
DHPs tested in present study.

4.2.The Sensitivity (or Selectivity) of the Used Cell Lines toward
Various DHP. The sensitivity (or selectivity) of the two
normal cell lines (human endothelial cellsHMECandmurine
fibroblasts L929) and the two cancerous cell lines (human
osteosarcoma HOS and human cervical carcinoma HeLa)
toward proliferative/antiproliferative activity of DHPs both
when used alone or in combination with DOXO appeared to
be cell type different.

Namely, if the results obtained are analyzed according to
the cell type used, it could observed that the most sensitive
ones for the growth enhancing effects of the DHPs were
human endothelial cells HMEC, while DHPs had hardly any
stimulating effects for human cervical carcinoma cells HeLa.

Using L929 cell culture (Figure 2), it was found that
compoundK-2-11 stimulates proliferation rate about 8 times.
In case of IB-32 (10 𝜇g/mL) the stimulation is about 9.5
times. In presence of 0.1 𝜇g/mL DOXO stimulation of cell
proliferation was inhibited. It is also worth mentioning that
IB-32 has shown growth stimulating effects only for L929
murine fibroblasts, while it was the most effective DHP
suppressing the growth of HOS and HeLa cells even if
used at 10 𝜇g/mL concentration, unlike the other tested 1,4-
DHP derivatives which were effective only at 100 𝜇g/mL
concentration.

In case of HMEC cell line (see Figure 6(b)) stimulation of
proliferation was observed mainly for compound K-2-11, as
well as in presence of DOXO at 0.1 𝜇g/mL.

As shown by Figure 6(c), compound IB-32 inhibited
HOS cell proliferation better than DOXO at 0.1 𝜇g/mL and
even 0.5 𝜇g/mL. Therefore, this compound seems to be very
potent proliferation inhibitor and perspective anticancer
drug. Compound K-2-11 per se partially inhibits HOS cells
proliferation and enhances inhibition of HOS cells prolifera-
tion in combination with 0.5 𝜇g/mL DOXO.

Compound K-2-11 stimulated proliferation (Figure 6(d))
of HeLa cells (both if used alone, without DOXO, and if
used in the presence of 0.1 𝜇g/mL DOXO). That makes it
less likely to be proposed as anticancer proliferationmodifier.
Surprisingly, DOXO too at 0.1 𝜇g/mL stimulated proliferation
rate.

On the contrary compound IB-32 inhibited proliferation
of HeLa cells both by itself and in the presence of DOXO.

4.3. Revealing Physiological Effects of Tested DHPs in relation
toTheir Growth Regulating Effects. Our present data are com-
plementary to those previously obtained and to the results of
other researchers concerning antioxidant, antiradical proper-
ties and growth regulating (proliferation modifying, both of
normal and of cancer cell lines), as well as anticancer, MDR
reversing, and other activities of studiedDHP derivatives and
their close analogues.

Growth regulation through redox signaling seems how-
ever not the only possible activity principles of the DHPs,
although some other growth regulating mechanisms (apop-
totic and antiapoptotic) could be also influenced by DHPs
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active as proliferation modulating agents. Namely, it was
shown that the type of substituents at positions 1 and 4, 2
and 6, or 3 and 5 and also the lipophilicity of the molecule
have substantial effects on the proliferation modulation and
anticancer activity of 1,4-dihydropyridine derivatives [1].

Antioxidant diludine enhances growth performance of
domestic animals, poultry, and fish; therefore it is claimed
as functional growth enhancer in vivo (see [6]). However,
diludine was until now never examined in cell proliferation
experiments (on these four cell lines), so these data indicated
it is probably metabolized/activated to become a growth
promotor in vivo.

Diludine and water-soluble dihydroisonicotinic acid
derivatives reveal antimutagenic and anticlastogenic proper-
ties and accelerate repair of oxidant and ionising radiation
generated DNA damage (see Duburs et al.’s [33]).

Three water-soluble 1,4-dihydroisonicotinic acid deriva-
tives were tested using 3H-thymidine incorporation and
trypan blue assay for liver cells growth and viability [34].
All three substances caused a dose-dependent decrease in
3H-thymidine incorporation, but in different concentration
ranges. Classical antioxidant Trolox caused very rapid decline
in 3H-thymidine incorporation. Thus, depending on the
structure and concentration, the cited 1,4-DHP derivatives
variously affected thymidine incorporation, cell prolifera-
tion, and growth, connected with OS and other metabolic
influences. Maybe further derivatization of the tested DHPs
(AP-12 and IB-32) with water-soluble substituents could be
worthwhile. Compounds K-2-11 and K2-71, as well as IOS-
10003, IOS-10004, and A2-15 have water-soluble properties.

Dual effects of a water-soluble 1,4-DHP compound
(sodium 3,5-bis-ethoxycarbonyl-2,6-dimethyl-1,4-dihydro-
pyridine-4-carboxylate) in X-irradiated L5178Y cells (murine
lymphoma sublines, double strand break (DSB) repair
competent LY-R and radiosensitive LY-S cells) are reported
by Dalivelya et al. [35]. Decreased fixation of radiation
inflicted DNA damage by increasing the rate of DNA repair
and enhancing the efficiency of checkpoint control were
postulated as activity principles of this DHP. However direct
confirmation of this assumption is necessary. Ryabokon et
al. [36] found that 1,4-DHP derivative reduces DNA damage
and stimulates DNA repair in human cells in vitro.

Amphiphilic DHP compound K-2-11 is claimed to be a
multidrug resistance (MDR) reverser [37]. MDR often devel-
ops in cancer cells to different chemotherapeutic drugs and is
essential factor in the failure of various chemotherapies [25],
including those based onDOXO. In the last twodecades some
1,4-DHPs and structurally related compounds were discov-
ered and approved as effective reversers of resistance to dox-
orubicin, daunomycin, vinblastine, and vincristine, as other
anticancer drugs [25, 38, 39]. The presence of a hetaryl group
at position 4ofDHP is claimed as effectively increasingMDR-
inhibiting activity [25]. MDR modulating activity was found
for near DHP analogues, thieno[2,3-b]pyridines too [40].

Compound K-2-11 was tested [37] on MDR1-expressing
mouse lymphoma cells and their parental control. K-2-11
enhanced the cytotoxic effects of doxorubicin, both in the
MDR and in parental cell line, while K-2-11 alone did not
affect cell viability. Our data however suggest that compound

K-2-11 could per se modulate proliferation activity, as well
in the presence of DOXO (in HMEC and HeLa cells, see
Figures 6(b) and 6(d)). Compound K-2-11 also acted as an
antioxidant, reducing the cellular generation of reactive oxy-
gen species (ROS). It is assumed that 1,4-DHP derivativeK-2-
11 blocks P-gp activity; thus cancer cells staymore chemosen-
sitive due to DOXO retention in the cells. CompoundK-2-11
could suppress also increase of ROS (caused by DOXO and
further doxorubicin semiquinone radical initiated reduction
of molecular oxygen and generation of superoxide radical,
which initiates ROS production chain reaction), preventing
in this way NF-𝜅B activation that could consequently lead
to a normal expression of MDR1 and antiapoptosis genes,
restoring chemosensitivity of cancer cells.

The ability of compound K-2-11 to modulate the growth
the of cells found on MDR1-expressing mouse lymphoma
cells and their parental control [37] was also confirmed in
current study (see Table 1, Figures 6(a)–6(d)). Unfortunately
K-2-11 several times enhanced the HeLa cell growth, thus
reducing its attractiveness to some extent (Figure 6(d)).

A novel amphiphilic (lipophilic) 1,4-dihydropyridine
derivative AP-12 (see Table 1) was studied in the present
article as proliferation modifier in the above-mentioned cell
systems. Recently, Jansone et al., 2016 [13], have described
memory-improving, anxiolytic effects of this compound
in transgenic AD model (TgAPPSweDI) male mice. It
was also shown [12] that this compound crosses the
blood-brain barrier and blocks neuronal (neuroblastoma)
and vascular (vascular smooth muscle cell line) calcium
channels, exerting Ca2+ antagonistic properties, and changed
brain protein expression (as postsynaptic membrane
protein Homer-1), with a particular focus on those of the
GABAergic system, and improved behavior. Previously direct
correlation between the length of the alkyl chain substituent
at structurally related N-quaternized 4-𝛽-pyridyl-l,4-
dihydropyridines and their improved “membranotropic”
effects was noticed, such as incorporation in the liposomal
membranes and bilayer fluidity could be one of essential
activity principles of this DHP [41].

Compound Z41-74 (as well as another lipophilic DHP
compound neuroprotectant cerebrocrast) was previously
tested for the influence on HOS (human osteosarcoma)
cell line [14]. Both compounds Z41-74 and cerebrocrast
caused increased metabolic rate and growth of these cells,
even attenuating suppressive effects of lipid peroxidation.
Herewith we must say that HOS cells are known not only
as sarcoma, but also as a model osteoblast cells, due to their
growth features in vitro.

It must be also mentioned that recently SIRT1 activation
and promotion of wound healing (proliferation) of normal
cells and contrary suppression of tumor cell proliferation
were found for some lipophilic 1-benzyl substituted 1,4-DHPs
[1], similar to our data obtained concerning N-unsubstituted
dually acting DHP compound IB-32.

Antihypertensive DHPs are structural analogues of
compounds surveyed in the present study as prolifera-
tion modifiers. Antiproliferative effect for these compounds
was reported as structure (substituent type and length,
stereochemistry of substances) and concentration dependent,
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as well as being connected with lipophilicity parameters.
Thus, lipophilic DHP calcium channel blockers lacidipine
and amlodipine reduced carotid intima-media thickness
by decreasing proliferative effect of oxidized low-density
lipoprotein (ox-LDL) (antiproliferative effect against pro-
proliferative effect of ox-LDL), whereas (S-)-amlodipine
had no antiproliferative effect. ROS-MAPKs (Mitogen Acti-
vated Protein Kinases) pathway might be involved in the
mechanism [42, 43]. Antihypertensive DHP drug azelni-
dipine (AZL, CS-905) being antioxidant compound inhib-
ited mesangial cell proliferation induced by highly concen-
trated insulin (INS) [44]. INS-increased phosphorylation
of extracellular signal-regulated kinase (MAPK/ERK) 1/2
was inhibited by 0.1 𝜇M AZL. At the same concentration
AZL blocked intracellular ROS production more effectively
than 0.1𝜇Mnifedipine. Azelnidipine inhibits insulin-induced
mesangial cell proliferation by inhibiting the production of
ROS.Thus, AZL is considered to be administered for diabetic
nephropathy.

Evaluation of DHP antihypertensive drug nifedipine
effects on Saccharomyces cerevisiae was recently performed
[45]. Surprisingly, nifedipine exercised a toxic effect on
Saccharomyces cerevisiae shown through measuring the fol-
lowing parameters: the cell proliferation, respiratory activity,
and the level of some OS biomarkers (CAT, MDA).

Effects of some structurally different 1,4-DHP Ca antag-
onists (four commercial 4-nitrophenyl 1,4-DHP derivatives:
nimodipine, nicardipine, nifedipine, and niludipine, two
originated from LIOS 1,4-DHPs, cerebrocrast and etaftoron,
as well as two metabolites of cerebrocrast) were studied on
rat spleen lymphocyte activation and proliferation in vitro
following stimulation with the mitogens: concanavalin A
and recombinant interleukin-2 (IL-2), as well as insulin and
insulin antibodies [46]. Ca2+ antagonists in a concentration
range of 10 𝜇M and higher are known to suppress Ca
transport into the lymphocyte cytosol, changing a normal
response of lymphocytes to mitogens and antigens and so
inhibiting their proliferation, as well as IL-2-induced cell
proliferation, and their receptor expression on the surface
of lymphocytes without cell cytotoxicity. Contrary results
with DHP compounds were found at lower concentrations.
Authors concluded that in low concentrations (0.1 𝜇M to
1 nM) the tested 1,4-DHP Ca antagonists, especially cere-
brocrast, stimulated the process of rat spleen lymphocyte
proliferation and DNA synthesis [46].

5. Conclusions

Some of the studied DHP compounds showed remarkable
proliferation regulation properties alone or in combination
with anticancer drug doxorubicin (DOXO).They were found
to show different concentration-dependence and selectivity
for the tested four cell lines (two normal (HMEC, L929)
and two malignant (HOS, HeLa)) treated. Nonlinear dose-
activity dependence and even bifunctional effects depending
on substance concentration were observed for some DHPs,
while most of them suppressed the cell growth if used at high
concentration.

Compound IB-32, alsoAP-12 and IOS-10003, has shown
promising dual activity, proliferation inhibition on cancer
cell line and proliferation stimulating effect on normal cell
line. Mentioned compounds comprise long alkyl (or aralkyl)
chains. Therefore, further search of the dual acting com-
pounds seems to be perspective.

There was no obvious relationship of antiradical activity
of the tested DHPs and their influence on cell proliferation
observed. Finally, it can be concluded that well-known
antioxidant DHP diludine was the least effective DHP used,
although it is well known for its numerous beneficial effects,
so we assume that some of the other DHPs testedmight allow
development of novel biomedical remedies.
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The human disease classical homocystinuria results from mutations in the gene encoding the pyridoxal 5-phosphate- (PLP-)
dependent cystathionine 𝛽-synthase (CBS), a key enzyme in the transsulfuration pathway that controls homocysteine levels, and
is a major source of the signaling molecule hydrogen sulfide (H2S). CBS activity, contributing to cellular redox homeostasis, is
positively regulated by s-adenosyl-l-methionine (AdoMet) but fully inhibited upon CO or NO∙ binding to a noncatalytic heme
moiety. Despite extensive studies, the molecular basis of several pathogenic CBS mutations is not yet fully understood. Here we
found that the ferrous heme of the reportedly mild p.P49L CBS variant has altered spectral properties and markedly increased
affinity forCO,making the proteinmuchmore prone thanwild type (WT)CBS to inactivation at physiological CO levels.Thehigher
CO affinity could result from the slightly higher flexibility in the heme surroundings revealed by solving at 2.80-Å resolution the
crystallographic structure of a truncated p.P49L.Additionally, we report that p.P49L displays impairedH2S-generating activity, fully
rescued by PLP supplementation along the purification, despite aminor responsiveness to AdoMet. Altogether, the results highlight
how increased propensity to CO inactivation of an otherwise WT-like variant may represent a novel pathogenic mechanism in
classical homocystinuria.

1. Introduction

Hydrogen sulfide (H2S) has emerged as a key signaling
molecule in human physiology and pathophysiology, being
implicated in the regulation of several processes such as
neuromodulation, angiogenesis, vasorelaxation, bioenerget-
ics/respiration, cell survival, and proliferation [1–4]. The gas
has a pivotal role in the control of cellular redox homeostasis

and prevention of oxidative stress, modulating the expression
of key antioxidant enzymes [2]. Similarly to other relevant
gaseous signaling molecules like CO and NO∙, at low con-
centrations H2S can exert cytoprotective effects or become
cytotoxic at higher concentrations.

At least three human enzymes have been identified as
key endogenous sources of H2S: cystathionine 𝛽-synthase
(CBS) and cystathionine 𝛾-lyase (CSE), both occurring in
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the transsulfuration pathway of methionine metabolism and
mercaptopyruvate sulfurtransferase (MST) [1]. Beyond ena-
bling conversion of homocysteine to cysteine through their
historically recognized canonical activities, CBS and CSE
catalyze a number of “alternative” reactions leading to
H2S synthesis, which has brought these enzymes into the
limelight [1, 5, 6]. Indeed, a growing number of human
pathologies, from cardiovascular and neurodegenerative dis-
eases to different cancer types, are reportedly associated
with disturbances of H2S metabolism related to CBS, CSE,
and/or MST [7]. CBS, in particular, has been shown to
be overexpressed in colorectal, ovarian, and breast cancer,
among other cancer types (reviewed in [8, 9]), as well as in
neurodegenerative diseases, such as amyotrophic lateral scle-
rosis [10]. The enzyme is therefore currently recognized as a
drug target [8].

CBS catalyzes the condensation of homocysteine and
serine (or cysteine) leading to formation of cystathionine
and H2O (or H2S). The human enzyme is a 551-amino acid
protein with a central catalytic domain, harboring a pyri-
doxal 5-phosphate (PLP) cofactor, flanked by a C-terminal
domain with a binding site for the allosteric positive regu-
lator s-adenosyl-l-methionine (AdoMet) and an N-terminal
domain, harboring a hexacoordinate hemewith C52 andH65
as endogenous Fe ligands [11]. Structural studies have shown
that whereas the AdoMet-binding domain occludes the sub-
strate entry site in the catalytic core, AdoMet binding induces
a conformational change clearing the path for substrates to
access the active site [11–13]. In the presence of AdoMet
enzymatic activity thus increases 2–5-fold, as measured with
isolated proteins and bacterial or human cell lysates. Another
interesting regulatory mechanism concerns the B-type heme
moiety in the N-terminal domain. While the enzyme is fully
active when the heme is in the oxidized state, reduction to
the ferrous state negatively impacts enzyme activity, possibly
through a ligand exchange mechanism involving the replace-
ment of C52 by a yet unknown neutral ligand [14, 15]. Such
change in the Fe coordination is accompanied by a notable
shift in the CBS heme Soret band from449 to 424 nm, leading
to an inactive protein species commonly referred to as “C-
424” [15]. Evenmore striking is that binding of NO∙ or CO to
the ferrous heme results in enzyme inhibition [16–20], with
different lines of evidence pointing to a physiological role
of this regulatory mechanism in vivo [21–27]. According to
structural and mutagenesis studies, changes in the heme
redox and ligation state are communicated to the PLP active
site through 𝛼-helix 8 [15, 28, 29].This regulatorymechanism
places CBS at the crossroad between the signaling pathways
of the three gasotransmitters (H2S, CO, and NO∙) in human
physiology [30]. More recently, it has been shown that
AdoMet enhances CBS sensitivity to CO and NO∙, further
highlighting an intricate interplay between the three domains
in the protein [20].

Classical homocystinuria (OMIM #236200) is an inborn
error of metabolism associated with mutations in the CBS
gene. With a variable incidence of 1 : 1,800 to 1 : 900,000, clas-
sical homocystinuria is biochemically detected by markedly
high homocysteine and methionine levels in plasma and

urine, with clinical presentation involving mental impair-
ment, vascular complications, dislocated lenses, and skeletal
abnormalities [31]. Notably, elevated homocysteine levels are
associated with oxidative stress conditions, well known to
contribute to the onset and progress of a broad spectrum of
diseases. Thus far, besides dietary methionine restriction,
the major therapeutic approach for classical homocystinuria
consists of administration of pyridoxine (vitamin B6), a
precursor of the PLP cofactor [31], although a significant
part of patients (approximately half) do not respond to this
treatment [32]. The vast majority of the mutations identified
in patients with classical homocystinuria are missense muta-
tions resulting in single amino acid substitutions. Whereas
most mutations affect the enzyme folding and/or activity [15,
28, 33–39], some of them have been shown to affect enzyme
regulation by AdoMet, pointing to such dysregulation as a
new pathogenicmechanism in classical homocystinuria [40].
The fact that several variants have impaired activity due to
protein misfolding is underlined by the demonstration that
some of them are amenable to be functionally rescued by
chemical chaperones [34, 36, 38, 39, 41, 42]. A novel ther-
apeutic approach is currently under development based on
enzyme replacement therapy using PEGylated recombinant
CBS, which has been shown to afford a marked decrease in
circulating homocysteine in a mouse model of homocystin-
uria [43]. This therapeutic approach might be particularly
relevant for PLP-unresponsive patients.

The 146 C>T transition in exon 1 of the CBS gene
generates the clinically relevant p.P49L variant, identified in
patients with classical homocystinuria [44–46].Themutation
results in mild to moderate symptoms and sporadic respon-
siveness to vitamin B6 treatment. When assayed in cell
extracts or after purification, the protein variant shows
impaired or wild type- (WT-) like canonical activity in the
absence or presence of PLP in the assays, respectively, and
milder to normal responsiveness to AdoMet [36, 37, 39,
40]. These findings point to defects in PLP incorporation,
although the protein variant as purified after recombinant
expression in Escherichia coli in the presence of suitable
chemical chaperones at optimal concentrations exhibits unaf-
fected PLP and heme incorporation, and unperturbed circu-
lar dichroism (CD) or UV-visible absorption spectra in the
oxidized state [39].

Herein we demonstrate that the p.P49L variant of human
CBS displays H2S-synthesizing activity largely sensitive to
PLP supplementation along the protein purification. The
crystallographic structure of a truncated version of CBS
p.P49L, devoid of the C-terminal AdoMet binding domain,
reveals no major differences at the level of the PLP catalytic
site with respect to theWTbut slightly increased protein flex-
ibility in the heme surroundings. As a novel finding we report
a markedly increased CO affinity of p.P49L as compared to
the wild type enzyme, en route to enzyme inactivation. The
obtained functional and structural data are discussed in light
of the proposal that in pathogenic variants of human CBS
increased reactivity towards exogenous ligands, such as CO,
represents a further molecular mechanism at the basis of
classical homocystinuria.
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2. Materials and Methods

2.1. Protein Expression and Purification. Recombinant full-
length human CBS p.P49L was expressed and purified as
previously described for WT CBS [19] in either the absence
or presence of 20𝜇M PLP, using the herein named pET28b-
CBS-p.P49L vector generated in [40]. With this vector as
template, site-directed mutagenesis was employed to obtain
also a truncated form of the protein (denoted by CBSΔ 409–551
p.P49L) devoid of the C-terminal 143 residues correspond-
ing to the AdoMet-binding domain. The 1227G>A mutant
(cDNA numbering) carrying a premature stop codon at
position 409 was generated from pET28b-CBS-p.P49L using
the XL Quick Change Kit (Agilent) and the primers 5-
GAAGAAGCCCTGGTGATGGCACCTCCGTG (forward)
and 5-CACGGAGGTGCCATCACCAGGGCTTCTTC (re-
verse). All vectors were checked for the correct mutation by
DNAsequencing. Expression andpurification ofCBSΔ 409–551
p.P49L were carried out as described in [20].

Purity of the isolated proteins was assessed by SDS-
PAGE and their concentration was determined by the Brad-
ford method [47], whereas the heme concentration in the
isolated oxidized proteins was determined using 𝜀428 nm =
92,700M−1 cm−1 [48].

Unless otherwise stated, the experiments were carried
out in 50mM KPi buffer, 300mM KCl, 10% glycerol, 100 𝜇M
EDTA, pH 7.0 (buffer A).

2.2. 𝐻2S Synthesis Assays. H2S production by recombinant
human CBS variants was measured at 37∘C, either by amper-
ometry using a H2S-selective electrode (World Precision
Instruments) or by the lead acetate method [5]. Purified
CBS (0.5–1𝜇M) was incubated for 10 minutes with 50𝜇M
PLP, 260U/ml catalase, and 0.4–2.0mMhomocysteine in the
absence or presence of 0.5mM AdoMet, after which 10mM
cysteine was added to trigger the reaction. Amperometric
assays were performed using an ISO-H2S-2 hydrogen sulfide
sensor coupled to an Apollo 4000 Free Radical Analyzer
(World Precision Instruments). After recording H2S produc-
tion for 3 minutes, the electrode was internally calibrated by

adding 4 𝜇M NaHS (corresponding to 2𝜇M H2S at pH 7.0).
Finally, 50𝜇M o-acetylserine and 200 nM Entamoeba his-
tolytica o-acetylserine sulfhydrylase were added to the reac-
tion mixture to remove H2S from solution and bring the
signal back to baseline [49]. Activity assays by the lead acetate
method were carried out in a thermostated cuvette under
stirring, according to [5]. Lead acetate (400 𝜇M) was added
to the reaction mix prior to cysteine addition and H2S pro-
duction monitored at 390 nm in an Agilent Cary-60 spectro-
photometer.

2.3. CO Titrations. UV-visible absorption spectra of oxidized
and reducedCBS p.P49L andWTwere recorded in anAgilent
Cary-60 spectrophotometer. Anaerobic titrations of reduced
CBS p.P49L with CO were performed at 20∘C in an Agilent
Cary-60 or a Shimadzu UVPC-1800 spectrophotometer. Gas
exchange was prevented either by filling the quartz cuvette
and sealing it with a rubber-cap or by adding mineral oil
on top of the aqueous medium. Anaerobic conditions were
ensured by nitrogen flushing and addition of glucose oxidase
(4 units⋅ml−1), catalase (13𝜇g⋅ml−1), superoxide dismutase
(12 units⋅ml−1), and glucose (3mM) to scavenge contaminant
oxygen, hydrogen peroxide, and superoxide anion. CBS
p.P49L and WT (1.4–1.6 𝜇M in heme) were reduced with
90 𝜇M sodium dithionite, diluted from a 45mM stock solu-
tion (quantitated using 𝜀314 nm = 8,043M−1⋅cm−1 [50]). CO
stock solutions were prepared by equilibrating thoroughly
degassed buffer A with the pure gas at 1 atm, yielding 1mM
CO at 20∘C. After each CO addition with gas-tight Hamilton
syringes, the spectral changes were visually inspected in real
time and a new addition was immediately made when no
more changes were observed.

According to [16, 19, 20, 51], two apparent 𝐾𝑑 (𝐾𝑑1 and𝐾𝑑2) were used to satisfactorily fit the CO affinity data. The
𝐾𝑑1 and 𝐾𝑑2 values were obtained by fitting the data to (1),
where 𝑃𝐿 is the concentration of CO-bound CBS p.P49L,
𝑃𝑇 and 𝐿𝑇 are, respectively, the total CBS p.P49L and CO
concentrations, and 𝛼1 and 𝛼2 are, respectively, the protein
fractions binding CO at higher (𝐾𝑑1) and lower (𝐾𝑑2) affinity.

𝑃𝐿 =
𝛼1 [(𝑃𝑇 + 𝐿𝑇 + 𝐾𝑑1) − √(𝑃𝑇 + 𝐿𝑇 + 𝐾𝑑1)2 − 4𝑃𝑇𝐿𝑇] + 𝛼2 [(𝑃𝑇 + 𝐿𝑇 + 𝐾𝑑2) − √(𝑃𝑇 + 𝐿𝑇 + 𝐾𝑑2)2 − 4𝑃𝑇𝐿𝑇]

2 . (1)

2.4. Stopped-Flow Measurements. Time-resolved absorption
spectroscopy experiments were carried out in a thermostated
stopped-flow instrument (DX.17MV, Applied Photophysics),
equipped with a photodiode-array (light path, 1 cm). To
avoid light-induced artifacts, the intensity of the white-light
incident beam was decreased and a filter cutting UV light at
𝜆 < 360 nmwas employed. Absorption spectra were recorded
with an acquisition time of 10ms per spectrum according to
a logarithmic time scale. All reactions were carried out at
25∘C in buffer A. CBS p.P49L was thoroughly flushed with
nitrogen, after which glucose oxidase (4 units⋅ml−1), catalase

(13 𝜇g⋅ml−1), superoxide dismutase (12 units⋅ml−1), and glu-
cose (3mM) were added to scavenge oxygen, hydrogen per-
oxide, and superoxide anion.The protein was then placed on
ice, protected from light to prevent possible damaging pho-
toreactions.When indicated, CBS p.P49L was incubated with
AdoMet for ≥10 minutes, prior to reduction with 90 𝜇M
sodium dithionite. CO association kinetics were studied by
mixing in the stopped-flow apparatus reducedCBS p.P49L, in
the absence or presence of AdoMet, with CO solutions and
the spectra recorded over time. CO dissociation kinetics were
evaluated by mixing the Fe(II)-CO adduct of CBS p.P49L
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with NO∙ stock solutions, prepared by equilibrating degassed
ultra-pure water with NO∙ gas at 1 atm, further kept on ice
protected from light.

2.5. Spectral Data Analysis. CO affinity titrations and CO
binding and dissociation kinetic data were analyzed with
the software MATLAB (Mathworks). Global fit analysis of
spectral data was performed by singular value decomposition
analysis combined with curve fitting [52].

2.6. Protein Crystallization. Initial crystallization screenings
for CBSΔ 409–551 p.P49L were performed in 96-well plates at
293K using a Cartesian mini-Bee nanoliter-drop dispensing
robot (Genomic Solutions). These screenings allowed for the
identification of one hit for CBSΔ 409–551 p.P49L from the
JCSGplus� screen (MolecularDimensions): G10 (0.15MKBr,
30%w/v PEG 2000MME). Crystals were optimized at the
microliter scale using sitting-drop vapor diffusionwith a drop
composition of 0.5𝜇l protein solution (27.4mg⋅ml−1 in buffer
Awith 20𝜇MPLP) and 0.5 𝜇l reservoir solution (0.15MNaBr,
35% PEG 2000MME) equilibrated against 500 𝜇l precipitant
solution in thewell. Dark orange colored small needles as well
as big rod-shaped crystals appeared after 12 h at 20∘C.

2.7. Data Processing and Refinement. Cryoprotection condi-
tions for diffraction experiments were achieved by transfer-
ring the crystals to a 5 𝜇l drop of 35% (w/v) PEG 2000MME,
5% (v/v) glycerol, and 0.15M NaBr. The crystals were flash-
cooled by quick plunging into liquid nitrogen. A single crystal
was used for data collection under a nitrogen-gas stream
(Oxford Cryosystems 700) on beamline ID30A-3 at the ESRF
synchrotron (Grenoble, France) using a PILATUS 6M detec-
tor (Dectris) at a wavelength of 0.9677 Å. After indexing and
calculation of a data collection strategy using EDNA [53], a
wedge of 360∘ of data was collected using a fine-slicing
strategy (0.1∘ rotation per image). The data set was indexed
and integrated with XDS [54], the space group assignment
was performed with POINTLESS [55], and scaling was per-
formed with AIMLESS [56], all within the autoPROC data-
processing pipeline [57]. At this stage an 𝑅free-flag set was
created corresponding to 5% of the measured reflections of
the data set. Crystals belonged to the monoclinic space group
P1 with unit cell parameters 𝑎 = 86.2 Å, 𝑏 = 86.8 Å, 𝑐 =
97.8 Å, 𝛼 = 102.6∘, 𝛽 = 103.1∘, and 𝛾 = 111.2∘. Data were
truncated at 2.80 Å. Data reduction and refinement statistics
are depicted in Table 1. The structure of the CBSΔ 409–551
p.P49L variant was solved by molecular replacement using
PDB entry 1JBQ devoid of any solvent and cofactors as search
model using phaser [58] within the PHENIX software suite of
programs [59]. Based on the Matthews coefficient, the search
was performed for six molecules. Automated model building
was performed using the AutoBuild wizard [60], also within
PHENIX. Initial refinement rounds were carried out with
BUSTER-TNT [61] using the macro that accounts for missing
parts of the model (“-L”). At this point, electron density
features attributed to the hememoietieswere easily identified.
Iterative cycles of manual model building and refinement
were carried out with COOT [62] and BUSTER-TNT until

Table 1: Data reduction and refinement statistics of CBS p.P49L
structure.

p.P49L CBS variant
PDB entry 5MMS
Data collection
Synchrotron ESRF (Grenoble, France)
Beamline ID30A-3
Wavelength (Å) 0.968
Space group P1
Unit cell
𝑎, 𝑏, 𝑐 (Å) 86.2, 86.8, 97.8
𝛼, 𝛽, 𝛾 (∘) 102.7, 103.1, 111.2

Resolution rangea (Å) 76.35–2.80 (2.90–2.80)
Total number of reflections 121227 (1141)
Number of unique reflections 58862 (571)
Completeness (%) 98.5 (95.6)
Multiplicity 2.1 (2.0)
⟨𝐼/𝜎(𝐼)⟩ 4.8 (1.5)
𝑅meas

b (%) 17.4 (68.7)
𝑅pim

c (%) 11.2 (45.1)
𝐶𝐶1/2d (%) 97.6 (62.1)
Wilson 𝐵-factor (Å2) 41.8
Refinement
𝑅cryst

e (%) 18.2 (27.2)
𝑅free

f (%) 22.1 (33.1)
Number of non-H atoms 16452
Protein 15916
Ligands 351
Waters 185

r.m.s.d bonds (Å) 0.010
r.m.s.d. angles (∘) 1.12
Protein residues 2077
Ramachandran plot
Most favoured (%) 96.6
Allowed (%) 3.2
Outliers (%) 0.3

Rotamer outliers (%) 0.3
Clashscore 0.46
MolProbity scoreg 0.88
B-factors (Å2) 45.4
Protein 41.3
Ligands 29.7

aInformation in parenthesis refers to the last resolution shell. b𝑅meas =

Σℎ𝑘𝑙(𝑛/𝑛 − 1)
1/2Σ𝑖|𝐼ℎ𝑘𝑙,𝑗 − ⟨𝐼ℎ𝑘𝑙,𝑗⟩|/Σℎ𝑘𝑙Σ𝑗𝐼ℎ𝑘𝐼,𝑗, where 𝑛ℎ denotes multi-

plicity and 𝑗 the𝑗-th reflection ℎ𝑘𝑙. c𝑅pim = Σℎ𝑘𝑙(1/𝑛 − 1)
1/2Σ𝑖|𝐼ℎ𝑘𝑙,𝑗 −

⟨𝐼ℎ𝑘𝑙, 𝑗⟩|/Σℎ𝑘𝑙Σ𝑖𝐼ℎ𝑘𝐼,𝑗, where 𝑛ℎ denotes multiplicity and j the j-th reflection
ℎ𝑘𝑙. d𝐶𝐶1/2 is as described previously [69]. e𝑅cryst = ∑ℎ𝑘𝑙 ‖𝐹obs(ℎ𝑘𝑙)| −
|𝐹calc(ℎ𝑘𝑙)‖/∑ℎ𝑘𝑙 |𝐹obs(ℎ𝑘𝑙)|, where 𝐹obs(ℎ𝑘𝑙) and 𝐹calc(ℎ𝑘𝑙) are the observed
and calculated structure factors for reflection (ℎ𝑘𝑙), respectively. f𝑅free was
calculated as 𝑅cryst but using only 5% of reflections randomly selected
and omitted from refinement. gMolProbity score provides a single number
that represents the central MolProbity protein quality statistics; it is a log-
weighted combination of Clashscore, Ramachandran not favored, and bad
side-chain rotamers, giving one number that reflects the crystallographic
resolution at which those values would be expected.

convergence. Validation was performedwithRAMPAGE [63]
andMolProbity [64] as implemented in PHENIX.
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Figure 1: Hydrogen sulfide production byWT and p.P49LCBS.H2S
producing activity of CBS purified in the absence (PLP-“untreated”)
or presence (PLP-“treated”) of PLP (20𝜇M). 𝑇 = 37∘C. Buffer:
50mM KPi, 300mM KCl, 10% glycerol, 100 𝜇M EDTA, pH 7.0.
Reaction mixture contained 50𝜇MPLP, 0.4–2.0mM homocysteine,
260U/ml catalase, and 10mM cysteine. Assays were carried out in
the absence (−) or presence (+) of 500 𝜇MAdoMet.

3. Results

3.1. Hydrogen Sulfide Synthesis by CBS p.P49L. H2S synthesis
by the CBS p.P49L variant using homocysteine and cysteine
as substrates was analyzed in comparison with the WT
enzyme by amperometric and colorimetric (lead acetate)
methods. Two sets of enzyme preparations, purified either in
the absence or in the presence of the PLP cofactor, were
evaluated in assays run in the presence of PLP. As shown
in Figure 1, the p.P49L CBS variant isolated in the absence
of PLP (PLP-“untreated”) displays a basal activity more
than 3-fold lower than that of the WT enzyme. Despite the
markedly impaired enzymatic activity of “untreated” CBS
p.P49L, activity stimulation by AdoMet is similar between
WT and p.P49L (respectively, 1.5- and 1.4-fold). Conversely,
the p.P49L CBS variant purified in the presence of PLP
(PLP-“treated”) displays a basal activity similar to the WT
enzyme, despite presenting impaired activity stimulation
by AdoMet (1.9-fold for WT to be compared with 1.1-
fold for p.P49L). The AdoMet activation factor (≤2-fold)
observed for the WT enzyme was slightly lower than usually
reported (2–5-fold). This could be related to a fraction of the
enzyme lacking the C-terminal domain, which was also
observed for the CBS p.P49L variant (see Supplementary
Figure S1 in the Supplementary Material available online at
https://doi.org/10.1155/2017/8940321).

3.2. Structure of CBS p.P49L Variant. In an attempt to
understand the structural impact of the proline-to-leucine
substitution at position 49 of human CBS, we have deter-
mined the X-ray structure of a truncated form of the

p.P49L variant (PDB entry 5MMS), lacking the C-terminal
143 residues (henceforth designated as CBSΔ 409–551 p.P49L),
similarly to the reported structure of truncated WT CBS
(PDB entry 1JBQ) [65]. Crystals belong to the triclinic space
group P1 with cell dimensions 𝑎 = 86.2, 𝑏 = 86.8, and 𝑐
= 97.8 Å, 𝛼 = 102.6∘, 𝛽 = 103.1∘, and 𝛾 = 111.2∘. XDS as
implemented in autoPROC clearly identifies two different
lattices in the diffraction pattern rotated by 121.4∘ relative to
each other.This diminishes the quality of the overall statistics
since in some directions an almost perfect superposition of
reflectionsmakes the integration difficult (data collection and
refinement statistics are depicted in Table 1).

There are six molecules in the asymmetric unit corre-
sponding to a Matthews coefficient [66] of 2.31 Å3⋅Da−1 and
a solvent content of approximately 47%. The structure was
refined to 2.80 Å resolution with 𝑅cryst of 18.2% and 𝑅free of
22.1%. The final model comprises the residues from R45 to
E400 (in chain D), 6 hemes, 6 PLP molecules, 3 sodium ions,
and 185 water molecules. The hemes are axially bridged by
C52 and H65 and the PLP moieties covalently linked to the
polypeptide chain through K119. The maps are generally of
good quality except for two disordered loops (T193 to S199
and Q295 to T300), for which only in chain D there were
complete electron densities.This contrasts with the published
structure of the truncated human CBS WT (PDB entry
1JBQ), where the T193-S199 loop could not be modeled. The
variant dimeric structure, shown in Figure 2(a), displays an
essentially identical overall fold with respect to the WT
enzyme (r.m.s.d. of 0.4 Å for 344 aligned C𝛼 carbon atoms
between chainD of CBSΔ 409–551 p.P49L and chain A of 1JBQ)
and highly conserved features in the PLP active site and the
N-terminally located heme moiety (Figure 2(b)).

3.3. Spectral Properties of Ferrous p.P49L CBS. In the absence
of clear structural clues for pathogenicity of the p.P49Lmuta-
tion, we sought to evaluate by UV-visible absorption spec-
troscopy the impact of this residue substitution on the protein
redox spectra, largely dominated by the heme absorption. In
WT CBS, heme reduction leads to notable changes in the
protein absorption spectrum, with a shift of the Soret band
from 428 nm to 449 nm (Figure 3(a)). Upon incubation of
the enzyme with AdoMet prior to reduction, the spectrum of
the reduced enzyme is affected by a decrease in the 449 nm
band intensity and the appearance of a feature centered at
∼424 nm (Figure 3(a), red solid line). Regardless of AdoMet,
in the oxidized state, p.P49L CBS exhibits no differences in
the absorption spectrum as compared to the WT protein
(Figure 3, dashed lines). In contrast, major differences can
be noted by comparing the spectra of the two proteins in
the reduced state, with the mutant displaying markedly
more pronounced appearance of the 424 nm spectral feature
and decrease of the 449 nm band (Figure 3(b), blue solid
line), both further elicited in the AdoMet-bound protein
(Figure 3(b), red solid line).

3.4. Enhanced Affinity of p.P49L CBS for CO. Prompted by
the observed spectral differences between reduced p.P49L
andWT CBS, we analyzed the affinity of the mutated protein
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Figure 2: Structure of CBS p.P49L. X-ray crystallographic structure of CBSΔ 409–551 p.P49L solved at 2.80 Å resolution (PDB entry 5MMS). (a)
Cartoon representation of the protein dimer, each monomer being represented in a different color. Pyridoxal 5-phosphate (PLP) and heme
moieties shown in stick representation. (b) Structure superposition of CBSΔ 409–551 p.P49L (PDB entry 5MMS) and truncatedWT CBS (PDB
entry 1JBQ), both colored in grey except for most relevant regions and residues, where CBSΔ 409–551 p.P49L is colored in red and CBSΔ 409–551
WT in blue; zoom in on the PLP and hememoieties, highlighting the proline-to-leucine substitution, as well as the R266 residue and 𝛼-helix 8
proposed to mediate communication between the heme and the PLP active site. Figure generated with PyMOL 1.8.2 (The PyMOLMolecular
Graphics System, Version 1.8 Schrödinger, LLC).
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Figure 3: Absorption spectra of WT and p.P49L CBS. Absorption spectra of WT (a) and p.P49L (b) CBS (1.4–1.6 𝜇M in heme) recorded
at 20∘C, in degassed buffer A (50mM KPi, 300mM KCl, 10% glycerol, 100𝜇M EDTA, pH 7.0), containing glucose oxidase (4 units⋅ml−1),
catalase (13𝜇g⋅ml−1), superoxide dismutase (12 units⋅ml−1), and glucose (3mM). Spectra were collected in the oxidized state (dashed lines)
and upon protein reduction (solid lines) by addition of 90𝜇M sodium dithionite, in the absence (blue lines) and presence (red lines) of
AdoMet (500𝜇M). Arrows highlight direction of the spectral changes caused by AdoMet in the reduced proteins.

for the physiologically relevant CO ligand by performing
anaerobic CO titrations. Similarly to the WT protein, con-
version of ferrous CBS p.P49L to the CO adduct resulted in
the appearance of a band centered at 422 nm (Figures 4(a) and
4(b)).Global fit analysis of the spectral data set acquired along
the titration revealed a much higher CO affinity (>50-fold)
of p.P49L CBS (Figure 4(c), full circles) as compared to the
WT enzyme (Figure 4(c), dotted line). Notably, as previously
reported by Vicente et al. [20] for WT CBS (Figure 4(c),
dashed line) and consistent with the effect of AdoMet on the

spectrum of reduced p.P49L CBS (Figure 3(b)), preincuba-
tion of the protein variant with AdoMet further enhances
the CO affinity (Figure 4(c), hollow squares). CO titrations
allowed us to estimate the following 𝐾𝑑 values: 𝐾𝑑CO,1 =
0.06 ± 0.03 𝜇M and 𝐾𝑑CO,2 = 21 ± 5 𝜇M (with 60% and
40% relative amplitude, respectively) for AdoMet-free p.P49L
CBS and 𝐾𝑑CO,1 ≤ 0.03 𝜇M and 𝐾𝑑CO,2 = 1.5 ± 0.6 𝜇M
(with 70% and 30% relative amplitude, respectively) for the
AdoMet-bound enzyme. It should be noted that the CO
affinity of the AdoMet-bound p.P49L variant is so high that
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Figure 4: Enhanced CO affinity of p.P49L CBS. Absorption spectra collected upon anaerobic titration of reduced CBS p.P49L (1.4–1.6𝜇M
in heme) with CO, in the absence (a) or presence (b) of AdoMet. 𝑇 = 20∘C. (c) Titration profiles obtained by global fit of the spectral data
acquired in the absence (full circles) or presence (hollow squares) of 500𝜇MAdoMet. Data were best fitted according to (1), yielding 𝐾𝑑CO,1
= 0.05 𝜇M (60%) and 𝐾𝑑CO,2 = 22.0 𝜇M (40%) for AdoMet-free CBS p.P49L and 𝐾𝑑CO,1 ≤ 0.03 𝜇M (70%) and 𝐾𝑑CO,2 = 2.1 𝜇M (30%) for the
AdoMet-bound enzyme.Gray lines represent titration curves for WT CBS in the absence (dotted line) and presence (dashed line) of 500𝜇M
AdoMet.

the𝐾𝑑CO,1 value actually represents an upper limit. A possible
direct interference of CO with AdoMet was ruled out by
performing a control experiment where an AdoMet solution
was equilibrated with CO gas (or N2 as control), yielding no
spectral changes (not shown).

3.5. Kinetics of CO Binding and Dissociation from p.P49L
CBS. The markedly higher CO affinity of p.P49L CBS as
compared to the WT enzyme led us to investigate by time-
resolved absorption spectroscopy the kinetics of CO binding
to and dissociation from ferrous p.P49LCBS (Figure 5). Upon
stopped-flowmixing reduced CBS p.P49Lwith 1mMCO, the
observed spectral changes were identical in shape to those
shown for the CO titrations in Figure 4, that is, the predom-
inant 449 nm Soret band and the 424 nm spectral feature
both shifted to 422 nm, with similar optical transitions for the

AdoMet-free and AdoMet-bound CBS p.P49L (inset to Fig-
ure 5(a)). Global fit analysis of the kinetic data revealed that
both AdoMet-free and AdoMet-bound p.P49L react with
CO according to multiphasic time courses (Figure 5(a)), as
previously shown for WT CBS [19, 20, 51, 67]. Interestingly,
despite the markedly increased CO affinity of p.P49L with
respect to the WT protein, under identical experimental
conditions CO binding to the either of the two proteins in
the absence of AdoMet proceeds at comparable rates (t1/2
= 26.2 ± 9.6 s for CBS p.P49L, Figure 5(a), to be compared
with 𝑡1/2 = 34.5 ± 10.5 s of WT, not shown). In the presence
of AdoMet, where the spectral changes (Figure 3) and the
enhanced CO affinity (Figure 4) of CBS p.P49L point to
significant effects on the heme properties, a marked increase
in CO association rates is observed, with t1/2 decreasing to 5.4± 3.1 s (Figure 5(a)), to be compared with t1/2 = 17.0 ± 2.7 s for
WT CBS (not shown).
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Figure 5: Kinetics of CO binding to ferrous CBS p.P49L. (a) Reaction time courses measured in the absence (dotted line) or presence of
AdoMet (500 𝜇Mbefore mixing; solid line). Spectral data collected after stopped-flowmixing 1mMCOwith reduced CBS p.P49L (1.5 𝜇M in
heme) at 25∘C, in 50mM potassium phosphate, 300mM KCl, 10% glycerol, pH 7.0, containing 2mM glucose, 4 units⋅ml−1 glucose oxidase,
13 𝜇g⋅ml−1 catalase, and 6 units⋅ml−1 superoxide dismutase. Fitted rate constants (% reaction amplitude): k1 = 0.48 s−1 (25%), k2 = 0.05 s−1
(30%), and k3 = 0.006 s−1 (45%) for AdoMet-free CBS p.P49L (t1/2 = 19.5 s) and k1 = 2.55 s−1 (35%), k2 = 0.26 s−1 (30%), and k3 = 0.022 s−1
(35%) for the AdoMet-bound enzyme (t1/2 = 2.3 s). Inset, optical transitions obtained by global fit analysis of the spectral data acquired in the
absence (dotted line) or presence of AdoMet (solid line). (b) Time courses of CO displacement from ferrous CBS p.P49L by 900𝜇M NO∙,
acquired in the absence (dotted line) or presence of AdoMet (solid line; 500𝜇M before mixing). Traces were best fitted with the following
rate constants (% reaction amplitude): k1 = 1.93 s−1 (75%) and k2 = 0.035 s−1 (25%) for AdoMet-free CBS p.P49L; k1 = 1.96 s−1 (75%) and k2
= 0.038 s−1 (25%) for the AdoMet-bound enzyme. Inset, optical transitions obtained by global fit analysis of the spectral data acquired in the
absence (dotted line) or presence of AdoMet (solid line).

The kinetics of CO dissociation from CBS p.P49L was
evaluated by anaerobically mixing in the stopped-flow appa-
ratus the CO-bound ferrous protein with authentic NO∙
(900 𝜇M after mixing) and monitoring the conversion of the
422 nm hexacoordinate CO-bound adduct spectrum into
that of the pentacoordinate NO∙-bound adduct with a broad
absorption band centered at 395 nm (inset to Figure 5(b)).
Global fit analysis of the kinetic data revealed that under
identical experimental conditions CO is displaced by NO∙
in CBS p.P49L at comparable rates (k1 = 2.0 ± 0.1 s−1 and
k2 = 0.37 ± 0.05 s−1, with 75% and 25% relative amplitude,
respectively) to the WT enzyme (k1 = 2.0 ± 0.1 s−1 and k2
= 0.33 ± 0.03 s−1, with 75% and 25% relative amplitude,
respectively; data not shown), showing no effect of AdoMet
(Figure 5(b)).

4. Discussion

Classical homocystinuria is an inborn error of metabolism
associatedwith deficiency in cystathionine𝛽-synthase (CBS),
a key enzyme in the transsulfuration pathway of methionine
metabolism. By catalyzing the conversion of homocysteine
and serine into cystathionine, the enzyme prevents an exces-
sive increase in homocysteine levels, a pathological condition
associated with oxidative stress and clinical complications
in the vascular, neurological, and skeletal systems. CBS also

has a relevant role in human physiology by being a major
source of H2S, a key endogenous signaling molecule whose
dysregulation is at the basis of several human patholo-
gies, from cardiovascular and neurodegenerative diseases to
cancer. Thus far, despite decades of research on classical
homocystinuria, a full understanding of themolecular events
at the basis of the pathogenicity of several CBS mutations
remains elusive, although protein misfolding, dysfunctional
regulation by AdoMet, and impaired enzymatic activity have
been put forward for some mutations [15, 28, 33–39].

This prompted us to investigate in the present study a
reportedly mild pathogenic mutation associated with clas-
sical homocystinuria, a proline-to-leucine substitution at
residue 49 in human CBS [44–46]. The recombinant CBS
p.P49L variant was expressed in E. coli, purified, and charac-
terized both structurally and functionally. In line with previ-
ous reports focused on the canonical cystathionine synthase
activity, this variant displayed a H2S synthesizing activity
remarkably sensitive to PLP supplementation along the
purification procedure [36, 37, 39, 40]. The functional rescue
of p.P49L H2S synthesis by PLP is indicative of a decreased
affinity of this variant for the cofactor, a frequently observed
consequence of missense mutations potentially associ-
ated with protein misfolding. The functional recovery of
p.P49L observed upon PLP supplementation during protein
purification was however not fully matched in terms of activ-
ity stimulation byAdoMet, as theH2S-synthesizing activity of
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p.P49L showed poor responsiveness to AdoMet (Figure 1) as
compared to its cystathionine synthase activity [36, 37, 39,
40]. This is not surprising since for other CBS variants it
has been shown that the extent of the stimulatory effect
of AdoMet can differ between the canonical cystathionine
synthase and the H2S-synthesizing activities [28].

Further attempting to understand the molecular basis of
pathogenicity of this mutation, the crystallographic structure
of a truncated form of the CBS p.P49L variant (CBSΔ 409–551
p.P49L) was obtained at 2.8 Å resolution and compared
with that of the truncated WT enzyme (PDB 1JBQ) [65].
Within the obtained resolutions, the structures display highly
conserved features (Figure 2), particularly inspecting the PLP
binding pocket with the cofactor covalently bound to K119,
the heme ligands C52 and H65, 𝛼-helix 8 (responsible for the
heme-PLP communication), the R266 residue forming a salt-
bridge with C52, and the flexible loop where the mutated P49
residue is located.Therefore, at first glance, the structural data
do not seem to provide a clue for the pathogenicity of the
mutation.

The effect of the mutation on the spectroscopic and
ligand-binding properties of the heme moiety was also
investigated. The first hint for a perturbation in the CBS
p.P49L hememicroenvironment arose from inspection of the
dithionite-reduced spectrum of this protein variant (Fig-
ure 3). Indeed, in the spectrum of reduced CBS p.P49L, the
dominating 449 nm band assigned to the hexacoordinate
ferrous heme with C52 and H65 as axial ligands shows
a significant intensity decrease as compared to the WT
enzyme and the appearance of a band at 424 nm (Figure 3(b)).
The latter spectral feature has been assigned to a ligand
exchange process in CBS leading to formation of an enzy-
matic species (called C-424), in which the cysteine thiolate
ligand is replaced by a neutral species [14, 15], negatively
impacting the enzymatic activity. In WT CBS, this ligand
exchange process occurs very slowly (>48 h at 37∘C, [14]) in
the presence of excess reductant. Similarly to p.P49L, other
CBS variants have been previously reported to display an
increased propensity to form the C-424 species, particularly
CBS variants withmutated residues in𝛼-helix 8 [28]. Further-
more, as observed for the WT CBS (Figure 3(a)), incubating
the p.P49L variant with AdoMet prior to reduction further
enhances the conversion of the “normal” 449 nm into the
ligand-exchanged C-424 species in the reduced protein (Fig-
ure 3(b)). Interestingly, among the several CBS variants stud-
ied by Yadav and coworkers [28], p.T257V shows the most
similar spectra to CBS p.P49L and, like this variant, it displays
WT-like (and PLP-dependent) H2S-generating activity and
impaired activation by AdoMet [28]. Altogether, the spectral
data herein reported point to changes at the heme moiety of
CBS p.P49L that were further explored by evaluating the CO
binding properties of the protein variant. CBS has been
shown to be inhibited in vitro by exogenous ligands like CO
andNO∙ [16–20], with different lines of evidence pointing to a
physiological relevance of this regulatory mechanism in vivo
[21–27] (see below).

By performing CO titrations under anaerobic conditions,
we observed spectral changes (Figure 4) consistent with the
formation of the hexacoordinate ferrous-CO adduct, with

the C52 thiolate or the yet unknown “X” ligand of the C-
424 species being replaced by CO, and the heme retaining
the H65 endogenous ligand. Notably, the CO affinity, herein
measured for the first time in a CBS variant, is markedly
increased (≥50-fold) in CBS p.P49L with respect to the WT
enzyme (Figure 4(c), [16, 20, 51]). As previously described for
WT CBS, the CO titrations followed a biphasic profile, which
has been previously attributed to heterogeneity in the heme
microenvironment [16] or anticooperativity between hemes
within a CBS dimer [51]. The remarkably higher CO affinity
of CBS p.P49L is essentially due to the extremely low 𝐾𝑑CO,1
(0.06 ± 0.03 𝜇M), close to the detection limit of the exper-
imental setup. Notably, and as previously observed for the
WT enzyme [20], incubation of CBS p.P49L with AdoMet
induced a further increase in CO affinity (Figure 4(c)) and,
therefore, only an upper limit value for 𝐾𝑑CO,1 (≤0.03 𝜇M)
could be estimated. In the WT enzyme, the increased
CO affinity observed in the presence of AdoMet is fully
matched with an enhanced propensity for CO inhibition of
the protein H2S producing activity [20]. Based on the
remarkable increase in CO affinity herein documented for
CBS p.P49L, this protein variant is expected to be more
prone to inhibition at low physiological CO levels. This may
represent a more general mechanism of pathogenesis in
classical homocystinuria, if other pathogenic CBS mutations
will be demonstrated to lead to enhanced CO affinity, as
shown for CBS p.P49L in the present study.

Although direct evidence for ferrous CBS formation in
vivo is still missing in the literature, several reports have
attested the physiological role of CBS inhibition by CO
(reviewed in [26, 27]), which requires the heme to be
in the ferrous state. Regarding regulation of cerebral micro-
circulation by hypoxia, decreased oxygen levels impair CO
production by heme oxygenase HO-2 and the release of
CBS inhibition by CO promotes H2S synthesis that in turn
mediates vasodilation of precapillary arterioles [23]. Stress-
inducible levels of CO in mice liver cause metabolomic
changes consistent with CBS inhibition, decrease in hepatic
H2S, and concomitant stimulation of HCO3

−-dependent bile
output in wild type, but not in heterozygous CBS knock-
out mice [22]. Another proposed mechanism concerns the
CO-mediated regulation of glucose utilization, where CBS
inhibition by CO drives the demethylation of phosphofruc-
tokinase/fructose bisphosphatase type-3 (PFKFB3), diverting
glucose from the glycolytic towards the NADPH-generating
pentose phosphate pathway, with implications in chemore-
sistance and oxidative stress resistance in cancer cells [24].
Moreover, Kabil et al. [25] have recently shown that, under
endoplasmic reticulum stress conditions, CBS inhibition by
CO, combined with CSE induction, flips the CSE substrate
preference from cystathionine to cysteine, transiently stim-
ulating H2S production. These multiple lines of evidence
provide compelling though still indirect evidence for the
formation of ferrous CBS in vivo. In line with these obser-
vations, an NADPH-dependent diflavin enzyme, methionine
synthase reductase, has been shown to reduce the CBS
heme in vitro in the presence of CO or nitrite, generating,
respectively, the ferrous-CO or ferrous-NO CBS adducts [18,
67, 68]. In light of this evidence, the high affinity of CBS



10 Oxidative Medicine and Cellular Longevity

His His His

Cys/X

Fe Fe Fe
koff,Cys/X

kon,Cys/X

−Cys/X

+Cys/X

kon,CO

koff,CO

+CO

−CO
CO

Scheme 1

p.P49L WT

N
N

1JBQ5MMS

His65
His65

Cys52Cys52

Pro49Leu49

Figure 6: Increased flexibility of the heme binding loop in p.P49LCBS. Representation of𝐵 factor variation along the structure of CBS p.P49L
(PDB entry 5MMS) andWT (PDB entry 1JBQ) monomer, displaying in first plane the regions encompassing the proline-to-leucine mutation
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yellow > green > blue). Figure generated with PyMOL 1.8.2 (The PyMOLMolecular Graphics System, Version 1.8 Schrödinger, LLC).

p.P49L for CO is fully compatible with the formation of the
ferrous-CO adduct at physiological CO concentrations.

To gain mechanistic insight into this high CO affinity, we
studied by stopped-flow absorption spectroscopy the kinetics
of CO association/dissociation to/from the reduced heme of
this protein variant (Figure 5). Similarly to theWT [19, 20, 51],
CO binding to reduced CBS p.P49L followed a multiphasic
time-course (Figure 5(a)). Taking into account the markedly
increased CO affinity of this protein variant, surprisingly the
reaction proceeded only slightly faster (t1/2 = 26.2 ± 9.6 s)
than for the WT enzyme (t1/2 = 34.5 ± 10.5 s) under identical
experimental conditions. Despite thisminor difference, in the
presence of AdoMet the fold increase in the CO association
rate was overall higher in the p.P49L variant (∼4.5-fold) than
in the WT enzyme (∼2-fold) under identical experimental
conditions. Furthermore, by analyzing the kinetics of CO
replacement by NO∙ in this protein variant, we observed
essentially identical kinetic traces for the AdoMet-free and
AdoMet-bound CBS p.P49L (Figure 5(b)) and for the WT
enzymeunder the same experimental conditions (not shown).

The kinetics of CO association and dissociation therefore
do not provide a clear cut explanation for the markedly
higher CO affinity of CBS p.P49L, which requires further
inspection. In Scheme 1 are represented the reaction steps for
conversion of the hexacoordinate ferrous CBS, with the heme
Fe ligated to H65 and either C52 or the unknown “X” ligand
in the C-424 species, into the ferrous-CO adduct. It has been
previously postulated for theWTenzyme that COassociation
to the ferrous CBS heme is rate-limited by dissociation of

C52 [19, 20, 51]. Since we observed similar CO associa-
tion kinetics for WT and p.P49L, where a fraction of the
mutant enzyme is likely to be in the ligand-exchanged C-424
state, the CO association appears to be limited by the off-
rate of the endogenous ligand regardless of its nature, C52
or “X” (𝑘off ,Cys/X (p.P49L) ≈ 𝑘off ,Cys/X (WT) in Scheme 1). Taking
into account the fact that the kinetics of CO dissociation
were almost identical for WT and p.P49L CBS, regardless
of AdoMet being present (𝑘off ,CO (p.P49L) ≈ 𝑘off ,CO (WT) in
Scheme 1), the dramatic increase in CO affinity of the
p.P49L variant compared to the WT should be related to
a slower rebinding of the endogenous ligand, C52 or “X”
(𝑘on,Cys/X (p.P49L) ≪ 𝑘on,Cys/X (WT) in Scheme 1), and/or a
faster combination of CO with the transiently generated
pentacoordinate species (𝑘on,CO (p.P49L) ≫ 𝑘on,CO (WT) in
Scheme 1).

Regardless of these mechanistic details, the perturbed
spectrum of the reduced protein and its remarkably higher
affinity for CO point to possibly subtle structural changes in
the CBS p.P49L variant affecting heme reactivity. To this end,
we further compared the structures of the variant and WT
enzymes in terms of local flexibility evaluated based on the B
factor (Figure 6). This analysis interestingly reveals that the
differences in flexibility are mostly located in specific regions
of the protein.The𝛼-helix 8,where somemutations have been
shown to affect the heme spectral properties and the H2S-
generating activity similarly to p.P49L, displays comparable
rigidity between CBS p.P49L and the WT enzyme. We thus
looked in greater detail at the heme binding region (Figure 6)
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and found in CBS p.P49L an increased flexibility of the
loop surrounding the C52 ligand, which expands to the
regions between the C52 and H65 ligands and even after the
latter residue. The p.P49L structure therefore displays a
higher flexibility in the region harboring both heme ligands,
which provides a possible structural basis for the proposed
slower rebinding of the endogenous C52/X ligands upon CO
dissociation, thereby accounting for the increased affinity of
CBS p.P49L for CO.

5. Conclusions

Cystathionine 𝛽-synthase (CBS) is a key enzyme in the
transsulfuration pathway that prevents oxidative stress con-
ditions, both controlling homocysteine levels and promoting
the expression of antioxidant enzymes through the synthe-
sis of H2S. Being implicated in metabolic, oncologic, and
neurodegenerative diseases, CBS is currently recognized as
a promising drug target. Mutations in the CBS gene can lead
to classical homocystinuria, a human disease associated with
oxidative stress that affects the vascular, neurological, and
skeletal systems. Protein misfolding, enhanced propensity to
aggregation, decreased cofactor affinity, and dysfunctional
regulation by the allosteric activator AdoMet, together with
impaired enzymatic activity, have been proposed to account
for the pathogenicity of several CBS mutations. As a novel
finding, herein we reported that a clinically relevant variant
of CBS (p.P49L) has markedly increased affinity for CO,
a known inhibitor of CBS. On this basis, this variant is
expected to be much more prone than WT CBS to be
inactivated by CO at the physiological levels occurring in
vivo, thereby contributing to pathogenicity. The enhanced
affinity for inhibitory gaseous ligands documented here may
represent a new pathogenic mechanism at the basis of CBS-
related diseases, like classical homocystinuria.
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The current studies were aimed at evaluating the efficacy of intranasal pentoxifylline (Ptx) pretreatment in protecting mesodo-
paminergic system and hippocampus fromoxidative damage of lithium-pilocarpine induced status epilepticus (SE) and the involve-
ment of nuclear factor erythroid 2-related factor 2- (Nrf2-) antioxidant response elements pathway. Pentoxifylline was administered
to rats intranasally or intraperitoneally 30 minutes before inducing SE. Our results showed the impaired visuospatial memory,
the defected mesodopaminergic system, and the oxidative damage and the transient activation of Nrf2 in SE rats. The transient
activation of Nrf2 in SE rats was enhanced by Ptx pretreatment, which was followed by the upregulation of heme oxygenase-1
and NAD(P)H:quinone oxidoreductase-1. Ptx pretreatment to SE rats significantly suppressed the epileptic seizures, decreased the
levels of lipid peroxide and malondialdehyde, and elevated the ratio of reduced glutathione/oxidized glutathione. Compared with
intraperitoneal injection, intranasal Ptx delivery completely restored the visuospatialmemory and the activity ofmesodopaminergic
system in SE rats. Intranasal administration of Ptx may hopefully become a noninvasive, painless, and easily administered option
for epileptic patients.

1. Introduction

Epilepsy is a life-threatening medical emergency that warra-
nts immediate treatment to prevent seizure activity and ass-
ociated neuronal damage [1]. Status epilepticus (SE) is one of
the most severe conditions of epilepsy [2]. Patients with SE
are at risk of neurologic complications. Early intervention is
frequently needed to shorten seizure duration [3].The sooner
seizures are treated, themore likely theywill be controlled [4].
However, intramuscular or intravenous injection cannot be
implemented immediately outside of hospital settings, thus
delaying or missing the best treatment time and threatening
the human life. The intranasal route to administer drugs
is quick and effective in targeting the brain [4, 5] and
potentially provides a direct delivery of the drug to the central

nervous system [6, 7] bypassing the blood-brain barrier and
exerting therapeutic effects at terminating epileptic seizures.
Intranasal drug administration is noninvasive, painless, and
easily administered for epileptic patients [4] in the home
treatment of prolonged seizures and in the treatment of
prehospital seizures by emergency medical technicians [8].

The first-line drugs to stop seizures are benzodiazepines
[9], which manipulate 𝛾-aminobutyric acid receptors and
make neurons resistant to excitation. In addition to control-
ling neuronal hyperactivity and excitotoxicity, one important
factor that should be dealt with is oxidative stress in epilep-
tic seizures [10–12]. Oxidative stress means an imbalance
between oxidation and antioxidation in vivo, which leads
to excessive oxygen free radical and reduced antioxidative
capacity [13–15]. Excessive oxygen free radical generated
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in SE dramatically impairs the structure and function of
neurons [16–18]. Nuclear factor erythroid 2-related factor
2 (Nrf2), as a transcription factor, controls the basal and
inducible expression of an array of antioxidant and detoxi-
fication enzymes to degrade oxygen free radical [13, 19, 20].
Disruption of Nrf2-antioxidant response elements (ARE)
pathway results in an increased susceptibility to oxidative
insults and other toxicants [21]. Activation of Nrf2-ARE
pathway protects neurons against oxidative damage and
excitotoxic damage [13, 22–24].

Pentoxifylline (Ptx), a potent antioxidant and modula-
tor of a variety of transmitters, was initially introduced for
the treatment of respiratory and peripheral circulatory dis-
orders. Currently, a beneficial effect of Ptx is found on pre-
venting epileptic seizures [25, 26].The frequency and severity
of epileptic seizures are ameliorated and oxidative dam-
age is attenuated in Ptx-treated SE rats [25, 26]. Clinical
and experimental studies have suggested the implication of
dopaminergic system in seizures [27], such as a decreased
DA content in hippocampus (Hip) and striatum of SE rats
[26, 28], as well as the reduced dopamine transporter (DAT)
in substantia nigra (SN) and midbrain of epilepsy patients
[29, 30]. Therefore, in the present study, the efficacy of
intranasal Ptx delivery in epileptic seizures was investigated
by analyzing the alteration of mesodopaminergic system and
hippocampus in SE rats induced by lithium-pilocarpine (Li-
Pc), based on the severe implication of mesodopaminer-
gic system and Hip in SE [26, 29]. Meanwhile, oxidative
stress parameters and Nrf2-ARE pathway were examined to
evaluate whether Nrf2 was involved in the effects of Ptx
treatment on mesodopaminergic system and hippocampus
of SE rats. For comparison purposes, the same observations
were performed in SE rats that experienced intraperitoneal
Ptx treatment.

2. Materials and Methods

2.1. Animals and Housing. Three-month-old male Sprague
Dawley rats were supplied by the Experimental Animal
Center of Hebei Medical University and were housed under
controlled conditions with 12-hour light-dark diurnal cycle
at 22 ± 2∘C, with humidity at 50–60% and with free access
to food and water. The experimental procedures followed the
rules in the “Guidelines for the Care and Use of Mammals in
Neuroscience and Behavioral Research” and were approved
by the Committee of Ethics on Animal Experiments at Hebei
Medical University.

2.2. Ptx Treatment and Induction of SE. Ptx was administered
to rats either via nostril instillation or by intraperitoneal
injection. For intranasal experiment, experimental rats were
assigned to the following groups: CON-in (𝑛 = 25), LICI-in
(𝑛 = 25), PTX-in (𝑛 = 25), SE-in (𝑛 = 35), and PTX.in-SE
(𝑛 = 35).The rats in PTX-in and PTX.in-SE were intranasally
given Ptx. Intranasal Ptx delivery was performed as described
[31]. Briefly, fully conscious rats were held and laid upside
down.The solution of Ptx (prepared in saline) was introduced
by the pressure with a micropipette into one nasal cavity,
without introducing the pipette tip directly into the nasal

cavity, and the rats were immobilized in this position for
15 s by gently pulling the tail to prevent sneezing. The rats
were discarded if sneezing happened. The same procedure
was repeated in the other nostril. For intraperitoneal injection
experiment, rats were divided into five groups consisting of
CON-ip (𝑛 = 25), LICI-ip (𝑛 = 25), PTX-ip (𝑛 = 25),
SE-ip (𝑛 = 35), and PTX.ip-SE (𝑛 = 35). The rats in PTX-
ip and PTX.ip-SE received intraperitoneal Ptx injection. SE
was induced in SE-in, SE-ip, PTX.in-SE, and PTX.ip-SE rats
by administering an aqueous solution of lithium chloride
(Li, 127mg/kg, BDH Laboratory Supplies) intraperitoneally,
followed (20 hrs later) by injecting pilocarpine hydrochloride
(Pc, 20mg/kg, Sigma) subcutaneously. Ptx was administered
intranasally or intraperitoneally at the dose of 60mg/kg (30
minutes before Pc injection) to rats corresponding to PTX.in-
SE and PTX.ip-SE, respectively. The rats in CON-in, LICI-
in, and PTX-in as well as CON-ip, LICI-ip, and PTX-ip
received saline, lithium chloride, and Ptx (60mg/kg, Sigma)
correspondingly. After Pc injections, the rats were observed
for the signs of seizure activity. Based on Racine’s scale [32],
the rats that showed consecutive seizures with a score of 3
or above fell in SE [25, 32]. The latency and incidence of
seizures as well as mortality within 24 hrs were recorded.The
ratswere sacrificed 24 hrs (for oxidative parameters andNrf2-
ARE pathway) or 7 days (for Morris water maze test and
parameters of mesodopaminergic system as well as oxidative
parameters and Nrf2-ARE pathway) following Pc treatment.
For the rats that were treated similarly in the groups CON-in
(and ip), LICL-in (and ip), or SE-in (and ip), since the param-
eters were not substantially different (ANOVA), the data
collected from them in the two experiments were clustered
(cl) for analysis as CON-cl, LICL-cl, or SE-cl correspondingly,
except for the data collected by Western blot.

2.3. Morris Water Maze Test. The rats in each group were
tested for visuospatial memory 24 hrs after the Pc injection
using Morris water maze test as described previously [24].
The water maze included a circular water tank (180 cm in
diameter, 80 cmhigh) that was partially filledwithwater (23±
1∘C). The water was made opaque by adding milk to prevent
visualization of the platform. The pool was divided virtually
into four equal quadrants. A colorless escape platform (10 cm
in diameter) was hidden 1 cm below the surface of the water
in a fixed location. The maze was located in a quiet room,
surrounded by visual cues outside of the maze, which was
used by the rats for spatial orientation.The experiments were
conducted two sessions per day for 5 consecutive days, each
session including four trials, with an intertrial interval of 60 s
and an intersession interval of 2 hrs. In each trial, the animals
were gently placed in the middle of the circular edge in a
randomly selected quadrant, with the nose pointing toward
the wall. If animals failed to find the escape platform within
120 s by themselves, they were placed on the platform for 10 s
by the experimenter and their escape latency was accepted as
120 s. After climbing onto the platform, the animal remained
there for 30 s before the commencement of the next trial. On
the sixth day, a probe trial without the platform was assessed,
and the time spent in the target quadrant where the platform
had been located was recorded.
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Table 1: Validation parameters of the LC-MS/MS method.

Analyte 𝑟 LLOQ (ng/g) Recovery (%) Intraprecision (RSD%) Interprecision (RSD%)
DA 0.9969 2.0 94.6 ± 8.7 10.3 12.4
DOPAC 0.9982 72.0 93.4 ± 6.6 8.9 7.5
HVA 0.9977 50.0 95.3 ± 7.4 7.7 11.3
DA: dopamine; DOPAC: 3,4-dihydroxyphenylacetic acid; HVA: homovanillic acid.

2.4. Sample Preparation. For biochemical, real-time quan-
titative PCR (qPCR) and Western blot analyses, the rats
in each group were sacrificed by decapitation. The brains
were removed quickly.The tissue block containing substantia
nigra and ventral tegmental area (SN-VTA; between 3.00mm
and 4.08mm) or caudate putamen (CPu; between 8.64mm
and 10.08mm) and Hip (between 5.40mm and 6.08mm)
relatively rostral to the interaural axis was dissected on ice-
cold plate using a scalpel for ophthalmic surgery and a
stereomicroscopy.The tissue blocks of rats in each groupwere
processed forWestern blot or liquid chromatography coupled
with tandem mass spectrometry (LC-MS/MS) assay and the
tissue blocks of others were chosen for lipid peroxide (LPO),
malondialdehyde (MDA), reduced glutathione (GSH), and
oxidized glutathione (GSSG) assay by spectrophotometry or
prepared for qPCR analysis based on the study purposes.

2.5. Biochemical Analysis. For LPO, MDA, GSH, and GSSG
assay, SN-VTA or Hip tissue block was weighed and homog-
enized with 10 times (w/v) ice-cold 0.1M phosphate buffer,
PH 7.4. The homogenates were used to assess LPO, MDA,
GSH, and GSSG spectrophotometrically using detection kits
following the manufacturer’s instruction (Nanjing Jiancheng
Bioengineering Institute, China).

For dopamine (DA) and metabolites assay, CPu or Hip
tissue block was weighed and homogenized in 80% aceto-
nitrile containing 0.1% formic acid (5𝜇L/mg). The homo-
genates were centrifuged at 14,000 rpm for 10min at 4∘C.
The supernatants were collected and stored at −80∘C. DA,
3,4-dihydroxyphenylacetic acid (DOPAC), and homovanillic
acid (HVA) were determined by LC-MS/MS. The LC sepa-
ration was performed on Agilent 1200 LC system (Agilent,
Santa Clara, USA) using a Synergi Fusion-RP C18 column
(50mm × 3.0mm, 4𝜇m) provided by Phenomenex. MS/MS
detection was carried out using a 3200 QTRAP� LC-MS/MS
System (Applied Biosystems, Foster City, CA, USA). The
multiple-reaction monitoring mode was used for the quan-
tification. The principal validation parameters of the LC-
MS/MSwere set up as shown in Table 1, based on the previous
study [33].

2.6. qPCR. 2 𝜇g of total RNA from the SN-VTA or Hip tissue
block was subjected to reverse transcription using random
primer to obtain the first-strand cDNA template. qPCR was
performed with 0.8 𝜇L cDNA (diluted 1 : 10), specific primers
2 𝜇L, and 2 × GoTaq� Green Master Mix (Promega, USA)
with a final volume of 20𝜇L. PCR was performed as follows:
an initial cycle at 95∘C for 10min, followed by 40 cycles at
95∘C for 15 s, 58∘C for 20 s, and 72∘C for 27 s.Then PCR prod-
ucts were analyzed bymelting curve to confirm the specificity

of amplification. Expression of tyrosine hydroxylase (TH),
dopamine transporter (DAT), Nrf2, heme oxygenase-1 (HO-
1) and NAD(P)H:quinone oxidoreductase-1 (NQO-1) genes
was detected.The relative quantification was calculated using
the 2−ΔΔct method. GAPDH was used as reference gene
in all calculations. The sets of primers were as follows:
TH (5-GCTTCTCTGACCAGGTGTATCG-3 and 5-GCA-
ATCTCTTCCGCTGTGTAT-3), DAT (5-ACTCTGTGA-
GGCATCTGTGTG-3 and 5-TGTAACTGGAGAAGG-
CAATCAG-3), Nrf2 (5-GACCTAAAGCACAGCCAA-
CACAT-3 and 5-CTCAATCGGCTTGAATGTTTGTC-
3), HO-1 (5-TGTCCCAGGATTTGTCCGAG-3 and 5-
ACTGGGTTCTGCTTGTTTCGCT-3), NQO-1 (5-GGG-
GACATGAACGTCATTCTCT-3 and 5-AGTGGTGAC-
TCCTCCCAGACAG-3), and GAPDH (5-TGAACGGGA-
AGCTCACTG-3 and 5-GCTTCACCACCTTCTTGATG-
3).

2.7. Western Blot Analysis. For detection of TH and DAT
protein levels, SN-VTA, CPu, or Hip tissue block was
homogenized in Radioimmunoprecipitation Assay (RIPA)
buffer containing 1% Triton X-100, 0.1% SDS, 0.5% sodium
deoxycholate, and protease inhibitors (phenylmethanesul-
fonyl fluoride 100𝜇g/mL, aprotinin 30 𝜇g/mL, and sodium
orthovanadate 1mM) and then sonicated for 4 × 10 s. After
centrifugation at 12,000×g for 20min at 4∘C, the supernatant
was collected and centrifuged again as above. The final
resulting supernatant was stored at −80∘C until use. Samples
from SN-VTA, CPu, or Hip were diluted in 2x sample buffer
(50 mM Tris, pH 6.8, 2% SDS, 10% glycerol, 0.1% bromophe-
nol blue, and 5% 𝛽-mercaptoethanol) and heated for 5min
at 95∘C before SDS-PAGE on a 10% gel and subsequently
transferred to a PVDF membrane. The membrane was
incubated for 2 h with 5% nonfat dry milk in Tris-buffered
saline (TBS) containing 0.05% Tween-20 (TBST) (20mM
Tris–Cl, 137mMNaCl, 0.1% Tween 20, pH 7.6) at room temp-
erature. The membrane was rinsed in three changes of TBST
and then incubated overnight with mouse anti-TH mono-
clonal antibody (1 : 10,000, Sigma) or rabbit anti-DAT poly-
clonal antibody (1 : 4000, Millipore) at 4∘C. After three
washes, the membrane was incubated for 1 h in IRDye�
800-conjugated goat anti-mouse second antibody (1 : 3000,
Rockland) or goat anti-rabbit second antibody (1 : 3000,
Rockland) at room temperature.The relative density of bands
was analyzed on an Odyssey infrared scanner (LI-COR
Biosciences). Following stripping, each PVDF membrane
was subsequently immunoblotted with mouse anti-𝛽-actin
monoclonal antibody (1 : 6000, Santa Cruz Biotechnology).
The labeling densities for TH or DAT were compared with
those of 𝛽-actin, which were the endogenous control.
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Figure 1: Effects of intranasal and intraperitoneal Ptx pretreatment on the visuospatial memory of SE rats induced by Li-Pc. (a) The escape
latency to reach the platform. (b)The number of crossings. (c)The time spent in the target quadrant.The results were expressed as the means
± SD. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01.

For detection of Nrf2, HO-1, or NQO-1 protein levels,
SN-VTA or Hip tissue block was homogenized in ice-cold
lysis buffer (10mmol/L HEPES, pH 7.9, 10mmol/L KCl,
0.1mmol/L EDTA, 1mmol/L DTT, and 0.1mmol/L EGTA)
for 15min. After adding NP-40, the homogenate was cen-
trifuged at 10,000 rpm at 4∘C for 3min and the supernatant
was collected as cytoplasmic protein for HO-1 and NQO-
1. The pellets were homogenized in ice-cold lysis buffer
(20mmol/L HEPES, pH 7.9, 400mmol/L NaCl, 1mmol/L
EDTA, and 0.1mmol/L EGTA) for 15min. Then the pellets
were centrifuged at 12,000 rpm at 4∘C for 10min, and the
supernatant was collected. Phenylmethanesulfonyl fluoride
was added to the supernatant with the final concentra-
tion of 1mmol/L as the nuclear protein for Nrf2. Samples
from SN-VTA or Hip (50𝜇g) were separated by SDS/PAGE
and transferred onto PVDF membranes. Membranes were
blocked with 5% skimmed milk for 1 h at room temper-
ature and then were probed with polyclonal rabbit anti-
Nrf2 antibody (1 : 500, Abcam), polyclonal rabbit anti-HO-
1 antibody (1 : 200, Abcam), or polyclonal rabbit anti-NQO-
1 antibody (1 : 200, Abcam) overnight at 4∘C. After washing
three times with phosphate buffered saline with 1% Tween
20, IRDye 800-conjugated goat anti-rabbit second antibody
(1 : 3000, Rockland) incubated with membranes for 1 h at
room temperature.The relative density of bands was analyzed
on an Odyssey infrared scanner (LI-COR Biosciences). The
densitometry values were normalized with respect to the
values of anti-histone 3 for Nrf2 or anti-𝛽-actin for HO-1 and
NQO-1 immunoreactivity.

2.8. Statistical Analysis. Measurement data were described
withmean± SD. Levene’s test was applied to test homogeneity
of variance. If both normal distribution (𝑃 > 0.1) and
homogeneity of variance (𝑃 > 0.1) were found, then para-
metric test was performed by one-way analysis of variance
(one-way ANOVA) followed by a Student-Newman-Keuls
(SNK) post hoc test for multiple comparisons. Otherwise,
nonparametric statistics were done by Kruskal-Wallis test

followed by Mann–Whitney U test for post hoc analysis bet-
ween groups. A difference was considered statistically signif-
icant at a 𝑃 value of less than 0.05.

3. Results

3.1. Antiepileptic Effects of Ptx Pretreatment. The effects of
intranasal Ptx pretreatment on epileptic activities were ana-
lyzed. All the rats in SE-cl developed into epileptic seizures
and then into SE after the injection of Pc. 10% of them
died over a period of 24 hrs. Ptx pretreatment significantly
extended the latency to first seizure and decreased epileptic
seizures. 17.14% of rats in PTX.in-SE and 20% of rats in
PTX.ip-SE developed into seizures. No rats in PTX.in-
SE and PTX.ip-SE developed into SE and died (Table 2).
Intranasal Ptx administration lessened epileptic activities as
intraperitoneal injection of Ptx did and had antiepileptic
effects.

3.2. Visuospatial Memory. Behavioral parameters in water
maze test were analyzed to reveal the effects of intranasal
Ptx pretreatment on visuospatial memory of SE rats. Group
differences in the escape latency (Figure 1(a), 1 d: 𝜒2 = 23.338
and 𝑃 < 0.01; 2 d: 𝜒2 = 26.167 and 𝑃 < 0.01; 3 d: 𝐹(6, 47) =
17.824 and 𝑃 < 0.01; 4 d: 𝜒2 = 30.381 and 𝑃 < 0.01;
5 d: 𝜒2 = 32.735 and 𝑃 < 0.01), the number of crossings
(Figure 1(b), 𝜒2 = 33.250 and 𝑃 < 0.01), and the time in the
target quadrant (Figure 1(c), 𝜒2 = 32.996 and 𝑃 < 0.01) were
found among the CON-cl, LICL-cl, PTX-in, PTX-ip, SE-cl,
PTX.in-SE, and PTX.ip-SE rats.The post hoc test showed that
the rats in SE-cl exhibited the longer escape latency to reach
the platform (𝑃 < 0.01), the reduced number of crossings
(𝑃 < 0.01), and the less time in the target quadrant (𝑃 < 0.05),
compared with rats in CON-cl. Intranasal or intraperitoneal
Ptx pretreatment to SE rats shortened the escape latency to
reach the platform (𝑃 < 0.05) and increased the number
of crossings and the time spent in the target quadrant
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Table 2: Effects of pentoxifylline pretreatment on status epilepticus rats.

Group 𝑛 Seizures (%) Latency to first seizure (min) SE (%) Mortality (%) within 24 h
CON-cl 50 0 (0) — — 0
LICL-cl 50 0 (0) — — 0
PTX-in 25 0 (0) — — 0
PTX-ip 25 0 (0) — — 0
SE-cl 70 100 13.87 ± 4.73 100 10
PTX.in-SE 35 17.14∗ 37.78 ± 6.25∗ 0 0
PTX.ip-SE 35 20∗ 28.08 ± 7.10∗ 0 0
∗
𝑃 < 0.01 versus SE group.

(𝑃 < 0.01). There were no differences in the behavioral para-
meters of rats between PTX.in-SE and PTX.ip-SE. The
behavioral parameters of rats in PTX.in-SE were completely
restored to CON-cl rats, compared with rats in PTX.ip-SE.
Intranasal Ptx pretreatment ameliorated the poor visuospa-
tial memory of SE rats.

3.3. Mesodopaminergic System. To reveal whether intranasal
Ptx pretreatment ameliorated themesodopaminergic activity
in SE rats, the markers of mesodopaminergic system were
analyzed.

3.3.1. DA and Its Metabolites. Group differences among
CON-cl, LICL-cl, PTX-in, PTX-ip, SE-cl, PTX.in-SE, and
PTX.ip-SE rats were observed in DA (CPu: 𝜒2 = 37.676 and
𝑃 < 0.01; Hip: 𝐹(6, 47) = 78.847 and 𝑃 < 0.01), DOPAC
(CPu: 𝐹(6, 47) = 45.800 and 𝑃 < 0.01; Hip: 𝐹(6, 47) =
146.455 and 𝑃 < 0.01), and HVA content (CPu: 𝐹(6, 47) =
73.834 and 𝑃 < 0.01; Hip: 𝐹(6, 47) = 55.916 and 𝑃 < 0.01)
(Table 3). The post hoc test revealed the decreased DA,
DOPAC, andHVA in CPu andHip of rats in SE-cl, compared
with rats in CON-cl (𝑃 < 0.01). Intranasal or intraperitoneal
Ptx pretreatment to SE rats increased DA and its metabolites
in CPu and Hip (𝑃 < 0.01). No differences in DA and its
metabolites were shown in CPu and Hip of rats between
PTX.in-SE and PTX.ip-SE. Intranasal Ptx pretreatment com-
pletely restored DA and its metabolites of SE rats to the levels
of CON-cl rats, compared with rats in PTX.ip-SE.

3.3.2. TH and DATmRNAs. Group differences in THmRNA
(Figure 2(a), 𝐹(6, 47) = 62.738 and 𝑃 < 0.01) and DAT
mRNA (Figure 3(a), 𝜒2 = 37.814 and 𝑃 < 0.01) were detec-
ted in SN-VTAof rats amongCON-cl, LICL-cl, PTX-in, PTX-
ip, SE-cl, PTX.in-SE, and PTX.ip-SE.The post hoc test found
that the levels of TH and DAT mRNAs were lower in SE-
cl rats than in CON-cl rats (𝑃 < 0.01). Intranasal or intra-
peritoneal Ptx pretreatment to SE rats significantly increased
TH and DAT mRNAs in SN-VTA (𝑃 < 0.01). No differences
in TH and DAT mRNAs were shown in SN-VTA between
PTX.in-SE rats and PTX.ip-SE rats. Intranasal Ptx pretreat-
ment completely restored TH and DAT mRNAs of SE rats to
the levels of CON-cl rats, compared with rats in PTX.ip-SE.

3.3.3. TH and DAT Proteins. Western blot was used to reveal
the protein levels of TH and DAT extracted from SN-VTA,

CPu, and Hip. TH and DAT were located at approximately
60 and 80 kDa, respectively. The group differences among
CON-in, LICL-in, PTX-in, SE-in, and PTX.in-SE rats were
found in the expression of TH (Figures 2(b) and 2(d), SN-
VTA: 𝐹(4, 22) = 144.914 and 𝑃 < 0.01; Figure 2(e), CPu:
𝐹(4, 22) = 50.721 and 𝑃 < 0.01; Figure 2(f), Hip: 𝐹(4, 22) =
18.219 and 𝑃 < 0.01) and DAT (Figures 3(b) and 3(d), SN-
VTA: 𝜒2 = 14.314 and 𝑃 < 0.01; Figure 3(e), CPu: 𝜒2 =
16.289 and 𝑃 < 0.01; Figure 3(f), Hip: 𝜒2 = 17.015 and
𝑃 < 0.01), as well as in that of TH (Figures 2(c), 2(g)–2(i);
SN-VTA, CPu, and Hip: 𝑃 < 0.01) and DAT (Figures 3(c),
3(g)–3(i); SN-VTA, CPu, and Hip: 𝑃 < 0.01) among CON-ip,
LICL-ip, PTX-ip, SE-ip, and PTX.ip-SE rats.The post hoc test
revealed the decreased TH and DAT in SE-in rats and in SE-
ip rats, compared with corresponding control rats (𝑃 < 0.01).
Intranasal delivery, as well as intraperitoneal injection, of Ptx
to SE rats elevated the levels of TH andDAT in SN-VTA, CPu,
and Hip (𝑃 < 0.01). There were no differences in the levels
of TH and DAT between PTX.in-SE rats and PTX.ip-SE rats.
Intranasal Ptx pretreatment to SE rats completely restoredTH
and DAT proteins in SN-VTA, CPu, and Hip, compared with
rats in PTX.ip-SE.

3.4. LPO, MDA, GSH, and GSSG. To assess whether the
amelioratory effects of intranasal Ptx pretreatment to SE rats
was associated with the oxidative stress, LPO, MDA, and the
ratio of GSH/GSSG in SN-VTA andHip were analyzed.There
were group differences in LPO (Figure 4(a), SN-VTA (24 hrs):
𝜒2 = 32.447 and 𝑃 < 0.01; SN-VTA (7 days): 𝜒2 = 33.837
and 𝑃 < 0.01; Figure 4(b), Hip (24 hrs): 𝜒2 = 31.413 and
𝑃 < 0.01; Hip (7 days): 𝜒2 = 36.309 and 𝑃 < 0.01), MDA
(Figure 4(c), SN-VTA (24 hrs): 𝜒2 = 33.813 and 𝑃 < 0.01;
SN-VTA (7 days): 𝜒2 = 35.623 and 𝑃 < 0.01; Figure 4(d), Hip
(24 hrs): 𝜒2 = 36.381 and 𝑃 < 0.01; Hip (7 days): 𝜒2 = 26.853
and 𝑃 < 0.01), and the ratio of GSH/GSSG (Figure 4(e),
SN-VTA (24 hrs): 𝜒2 = 38.609 and 𝑃 < 0.01; SN-VTA (7
days): 𝜒2 = 30.277 and 𝑃 < 0.01; Figure 4(f), Hip (24 hrs):
𝐹(6, 47) = 42.160 and 𝑃 < 0.01; Hip (7 days): 𝐹(6, 47) =
13.550 and 𝑃 < 0.01) among the CON-cl, LICL-cl, PTX-in,
PTX-ip, SE-cl, PTX.in-SE, and PTX.ip-SE rats. The post hoc
test detected the increased LPO andMDA contents as well as
the decreased ratio of GSH/GSSG in SN-VTA and Hip of SE-
cl rats, compared with CON-cl rats (𝑃 < 0.01). The reduced
levels of LPO and MDA and the elevated ratio of GSH/GSSG
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Figure 2: Effects of intranasal and intraperitoneal Ptx pretreatment on TH at mRNA and protein level of SE rats induced by Li-Pc. (a) TH
mRNAs were detected in SN-VTA by qPCR. (b–i) TH protein was detected in SN-VTA, CPu, and Hip by Western blot. The results were
expressed as the means ± SD. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01.

in SN-VTA andHipwere detected in rats of PTX.in-SE aswell
as PTX.ip-SE, compared with the rats in SE-cl (𝑃 < 0.01).
Intranasal Ptx pretreatment to SE rats mitigated the oxidative
damage in SN-VTA and Hip.

3.5. Nrf2-ARE. To evaluate whether the Nrf2-ARE pathway
was involved in the alleviation of the oxidative damage in SN-
VTAandHip of intranasal Ptx-pretreated SE rats, Nrf2,HO-1,
and NQO-1 were examined at mRNA and protein levels.

3.5.1. Nrf2, HO-1 and NQO-1 mRNAs. Group differences
among the CON-cl, LICL-cl, PTX-in, PTX-ip, SE-cl, PTX.in-
SE, and PTX.ip-SE rats were found in the levels of Nrf2, HO-
1, and NQO-1 mRNAs in SN-VTA (Figure 5(a), Nrf2 (24 hrs):

𝜒2 = 36.650 and𝑃 < 0.01; Nrf2 (7 days): 𝜒2 = 34.573 and𝑃 <
0.01; Figure 6(a), HO-1 (24 hrs): 𝜒2 = 37.430 and 𝑃 < 0.01;
HO-1 (7 days): 𝐹(6, 47) = 28.400 and 𝑃 < 0.01; Figure 7(a),
NQO-1 (24 hrs): 𝐹(6, 47) = 27.723 and 𝑃 < 0.01; NQO-1 (7
days): 𝜒2 = 35.171 and 𝑃 < 0.01), and Hip (Figure 8(a), Nrf2
(24 hrs): 𝜒2 = 35.997 and 𝑃 < 0.01; Nrf2 (7 days): 𝐹(6, 47) =
37.925 and 𝑃 < 0.01; Figure 9(a), HO-1 (24 hrs): 𝜒2 = 39.571
and 𝑃 < 0.01; HO-1 (7 days): 𝜒2 = 36.662 and 𝑃 < 0.01;
Figure 10(a), NQO-1 (24 hrs):𝐹(6, 47) = 15.841 and𝑃 < 0.01;
NQO-1 (7 days): 𝜒2 = 40.301 and 𝑃 < 0.01).The post hoc test
revealed the elevation of Nrf2, HO-1, and NQO-1 mRNAs in
SN-VTA and in Hip of SE-cl rats 24 hrs following Pc injection
(𝑃 < 0.01) and the significant reduction of them 7 days after
Pc administration (𝑃 < 0.01), compared with CON-cl rats.
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Figure 3: Effects of intranasal and intraperitoneal Ptx pretreatment on DAT at mRNA and protein level of SE rats induced by Li-Pc. (a)
DAT mRNA was detected in SN-VTA by qPCR. (b–i) DAT protein was detected in SN-VTA, CPu, and Hip byWestern blot. The results were
expressed as the means ± SD. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01.

In SN-VTA, the increased Nrf2, HO-1, and NQO-1 mRNAs
were detected in PTX.in-SE and PTX.ip-SE rats (𝑃 < 0.05),
compared with SE-cl rats, except NQO-1 mRNA in PTX.ip-
SE rats 24 hrs following Pc injection (𝑃 = 0.234). In Hip,
the elevated Nrf2, HO-1, and NQO-1 mRNAs were observed
only in PTX.in-SE and PTX.ip-SE rats 7 days following Pc
injection, compared with SE-cl rats (𝑃 < 0.05).

3.5.2. Nrf2, HO-1, and NQO-1 Proteins. The protein levels of
Nrf2, HO-1, and NQO-1 extracted from SN-VTA and Hip
were detected by Western blot. Nrf2, HO-1, and NQO-1 were
located at approximately 110, 32, and 31 kDa, respectively.The
group differences among CON-in, LICL-in, PTX-in, SE-in,
and PTX.in-SE rats were found in the expression of Nrf2,

HO-1, and NQO-1 in SN-VTA (Figures 5(b) and 5(c), Nrf2
(24 hrs): 𝐹(4, 22) = 15.882 and 𝑃 < 0.01; Nrf2 (7 days):
𝐹(4, 22) = 84.169 and 𝑃 < 0.01; Figures 6(b) and 6(c),
HO-1 (24 hrs): 𝜒2 = 21.011 and 𝑃 < 0.01; HO-1 (7 days):
𝐹(4, 22) = 71.535 and 𝑃 < 0.01; Figures 7(b) and 7(c),
NQO-1 (24 hrs): 𝜒2 = 21.705 and 𝑃 < 0.01; NQO-1 (7
days): 𝜒2 = 17.290 and 𝑃 < 0.01), and Hip (Figures 8(b)
and 8(c), Nrf2 (24 hrs): 𝜒2 = 20.481 and 𝑃 < 0.01; Nrf2 (7
days): 𝐹(4, 22) = 27.035 and 𝑃 < 0.01. Figures 9(b) and 9(c),
HO-1 (24 hrs): 𝜒2 = 19.504 and 𝑃 < 0.01; HO-1 (7 days):
𝐹(4, 22) = 78.424 and 𝑃 < 0.01; Figures 10(b) and 10(c),
NQO-1 (24 hrs): 𝜒2 = 17.695 and 𝑃 < 0.01; NQO-1 (7 days):
𝐹(4, 22) = 67.737 and 𝑃 < 0.01), as well as in the levels
of Nrf2 (Figures 5(b) and 5(d), SN-VTA; Figures 8(b) and
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Figure 4: Effects of intranasal and intraperitoneal Ptx pretreatment on oxidative damage in SN-VTA and Hip of SE rats induced by Li-Pc
24 hrs and 7 days after Pc injection. (a) LPO in SN-VTA. (b) LPO in Hip. (c) MDA in SN-VTA. (d) MDA in Hip. (e) GSH/GSSG in SN-VTA.
(f) GSH/GSSG in Hip. The results were expressed as the means ± SD. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01.
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Figure 5: Effects of intranasal and intraperitoneal Ptx pretreatment on Nrf2 in SN-VTA of SE rats induced by Li-Pc 24 hrs and 7 days after Pc
injection. (a) Nrf2 mRNA was detected by qPCR. (b–d) Nrf2 protein was measured byWestern blot. The results were expressed as the means
± SD. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01.

8(d), Hip; 𝑃 < 0.01), HO-1 (Figures 6(b) and 6(d), SN-VTA;
Figures 9(b) and 9(d), Hip; 𝑃 < 0.01), and NQO-1 (Figures
7(b) and 7(d), SN-VTA; Figures 10(b) and 10(d), Hip; 𝑃 <
0.01) among CON-ip, LICL-ip, PTX-ip, SE-ip, and PTX.ip-
SE rats. The post hoc test showed that the expression of Nrf2,
HO-1, and NQO-1 significantly increased in SN-VTA and
in Hip of SE-in and SE-ip rats 24 hrs following Pc injection
(𝑃 < 0.05) and then significantly decreased 7 days after Pc
administration (𝑃 < 0.01), compared with corresponding
control rats, respectively. In SN-VTA, Ptx pretreatment either
by intranasal or intraperitoneal administration to SE rats
elevated the levels of Nrf2, HO-1, and NQO-1 (𝑃 < 0.05). In
Hip, exceptNrf2 in PTX.in-SE (𝑃 < 0.05), the increased levels
of Nrf2, HO-1, and NQO-1 were not found in PTX.in-SE and
in PTX.ip-SE rats 24 hrs following Pc treatment, compared
with SE rats. Seven days following Pc administration, the
levels of Nrf2, HO-1, and NQO-1 of Hip were higher in Ptx-
pretreated rats than in SE rats (𝑃 < 0.05). Nrf2, HO-1, and

NQO-1 were involved in the attenuation of oxidative damage
by intranasal Ptx pretreatment to SE rats.

4. Discussion

The present studies revealed that the epileptic seizures,
the impaired visuospatial memory, and the defected
mesodopaminergic system in SE rats induced by Li-Pc
were effectively ameliorated by pretreatment of Ptx via
intranasal delivery, as well as via intraperitoneal injection.
Ptx pretreatment decreased the levels of LPO and MDA,
increased the ratio of GSH/GSSG, and enhanced the
transient activation of Nrf2 in SE rats. The enhanced
transient activation of Nrf2 was followed by the upregulated
HO-1 and NQO-1 in Ptx-pretreated SE rats. Compared with
intraperitoneal injection, the poor visuospatial memory
and the reduced levels of DA and its metabolites as well
as TH and DAT were completely restored to normal levels
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Figure 6: Effects of intranasal and intraperitoneal Ptx pretreatment on HO-1 in SN-VTA of SE rats induced by Li-Pc 24 hrs and 7 days after
Pc injection. (a) HO-1 mRNA was detected by qPCR. (b–d) HO-1 protein was measured by Western blot. The results were expressed as the
means ± SD. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01.

by intranasal pretreatment of Ptx to SE rats. The results
above demonstrated the amelioration of epileptic seizures,
the alleviation of oxidative damage, and the involvement of
Nrf2-ARE pathway in SE rats pretreated by intranasal Ptx.

Lithium-pilocarpine is used to induce SE to reproduce
the most features of human SE [25, 26]. The SE rodent model
induced by Li-Pc is one of the suitable experimental models
in analyzing the pathophysiology of SE [25, 26, 34, 35].
Pilocarpine alone at higher doses not only results in a greater
likelihood of induction of SE but also increases mortality rate
[36, 37]; however, lithium chloride preadministered within
24 hrs effectively potentiates the epileptogenic action of Pc
and simultaneously reduces the mortality of animals [38, 39].
The previous study found that, 30 minutes prior to induction
of SE, intraperitoneal injection of Ptx at the dose of 60mg/kg
ameliorated the epileptic seizures best among the dose of 0,
20, 40, and 60mg/kg [26]. Thus, 20mg/kg Pc and 60mg/kg
Ptx were used in the present studies. Consistent with the pre-
vious studies [25, 26], it was found that all the rats treated by

Li-Pc alone exhibited SE, the impaired visuospatial memory,
the defected mesodopaminergic system, and the oxidative
damage. Intranasal Ptx pretreatment to SE rats significantly
delayed the epileptic seizures, ameliorated the deficits in visu-
ospatial memory, restored the mesodopaminergic function,
and attenuated the oxidative stress, which indicated that Ptx
pretreatment to SE rats had neuroprotective effects.

Oxidative stress is one of the major factors detrimental to
neurons in seizures [16, 40]. Epileptic seizures decrease the
antioxidant capability and increase oxidative damage [16, 40,
41]. Redox status is a sensitive index of intracellular oxidative
stress. GSH/GSSG is a biomarker of redox status in biological
systems. We analyzed the ratio of GSH/GSSG by measuring
GSH and GSSG in SN-VTA and Hip. GSH, the reduced form
of glutathione, was significantly decreased and GSSG, the
oxidized form of glutathione, was increased in SN-VTA and
Hip of SE rats. GSH andGSSG are redox couples. Glutathione
peroxidase catalyzes the reduction of two peroxidemolecules
using GSH to produce GSSG and water [42]. The diminution
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Figure 7: Effects of intranasal and intraperitoneal Ptx pretreatment on NQO-1 in SN-VTA of SE rats induced by Li-Pc 24 hrs and 7 days after
Pc injection. (a–c) NQO-1 mRNA was detected by qPCR. (b–d) NQO-1 protein was measured byWestern blot. The results were expressed as
the means ± SD. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01.

of GSH and elevation ofGSSG aswell as the decreased ratio of
GSH/GSSG demonstrated the changes of redox status in SN-
VTA and Hip of SE rats. Furthermore, two important lipid
peroxidation markers, LPO and MDA, were detected in our
studies. LPO and MDA are the products of the peroxidation
of lipoproteins and phospholipids of biological membranes
[43]. The present studies detected the high levels of LPO and
MDA in SN-VTA and Hip of SE rats, which suggested that
there was oxidative damage to cells in these brain regions
of SE rats. Oxidative damage to cells in both Hip and SN-
VTAmight underlie the poor visuospatial memory of SE rats.
Compared with SE rats, the reduced LPO and MDA as well
as the increased ratio of GSH/GSSG suggested the higher
antioxidative ability in SN-VTA and inHip of PTX.in-SE rats.
Increased antioxidative ability might be related to Nrf2-ARE
pathway, one of important antioxidative defense systems in
suppressing oxidative damage to neurons [44–47].

Nrf2 is a transcription factor and constitutes themain oxi-
dative stress response in cells [13, 48]. Under the physiology

condition, Nrf2 is located in the cytoplasm. When Nrf2 is
activated, it is translocated into the nucleus and combined
with the ARE to induce a series of cytoprotective enzymes
such as HO-1 [49, 50] and NQO-1 [51, 52] to enhance
the antioxidant capacity of cells and protect cells from the
oxidative injury [53, 54]. In the present studies, the elevation
of Nrf2, HO-1, andNQO-1 at mRNA and protein levels found
in SE rats 24 hrs but not 7 days following Li-Pc injection
indicated that epileptic seizures could transiently activate
Nrf2-AREpathway [55].The transient activation ofNrf2-ARE
pathwaymight be a response to the oxidative stress caused by
SE [55], but SE-induced Nrf2 activation was not enough to
protect neurons from oxidative damage, which underlay the
defects in mesodopaminergic system, as well as the elevated
LPO and MDA in SN-VTA and Hip of SE rats in the present
studies. However, Nrf2-ARE pathway provides a potential
target in controlling epileptic seizures [24, 55].

The relevance of Nrf2 in mesolimbic dopaminergic sys-
tem has not been fully studied; however, it is known that
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Figure 8: Effects of intranasal and intraperitoneal Ptx pretreatment on Nrf2 in Hip of SE rats induced by Li-Pc 24 hrs and 7 days after Pc
injection. (a) Nrf2 mRNA was detected by qPCR. (b–d) Nrf2 protein was measured byWestern blot. The results were expressed as the means
± SD. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01.

Nrf2 plays more important role in maintaining normal nigral
dopaminergic activity and protects the nigral dopaminer-
gic neurons from neurodegeneration by reducing oxidative
stress in Parkinson’s disease [56–58]. Activation of Nrf2-
ARE pathway reduces MPTP-induced neurotoxicity and the
death of nigral dopaminergic neurons to a certain extent
[46, 57]. Nigral dopaminergic neurons are more susceptible
to MPTP-induced damage in Nrf2−/− mice than Nrf2+/+
mice [56–58]. Compared with SE rats, the significant ele-
vation of Nrf2, HO-1, and NQO-1 in SN-VTA and Nrf2
in Hip of intranasal Ptx-pretreated SE rats 24 hrs following
Pc injection indicated the region-specific involvement of
Nrf2-ARE pathway. The following reasons might account
for the discrepancy between SN-VTA and Hip. The first
might be the fact that Nrf2 differed between various neuronal
subpopulations and regulated different gene products in the
nigral neurons versus hippocampal neurons [59].The second
reasonmight be related toDA.TheneurotransmitterDA itself
can be a source of oxidative stress. Prior to SE, dopaminergic

neurons themselves experience the oxidative stimulus due to
autooxidation of DA [60, 61].

Pentoxifylline, as a nonspecific phosphodiesterase
inhibitor, might exert its pharmacological effects during
the acute phase of SE by decreasing inflammatory cytokine
production [62, 63]. Moreover, based on our observations
on rats treated by Ptx alone, Ptx did not work as Nrf2
activator, which was consistent with the results published by
Ahmed and El-Awdan [64]. Administration of Ptx to rats
did not alter Nrf2 expression [64]. Evidences demonstrate
that the protective role of Nrf2-ARE pathway is mediated
by HO-1 and NQO-1 [24]. Compared with control rats or
SE rats 24 hrs following Pc, we found that intranasal Ptx
pretreatment to SE rats significantly increased the levels
of Nrf2, followed by upregulation of HO-1 and NQO-1 at
mRNA and protein levels in Ptx-pretreated SE rats, which
suggested that intranasal administration of Ptx might
increase the antioxidative capability of cells by enhancing the
SE-induced transient activation of Nrf2. Due to the fact that
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Figure 9: Effects of intranasal and intraperitoneal Ptx pretreatment on HO-1 in Hip of SE rats induced by Li-Pc 24 hrs and 7 days after Pc
injection. (a) HO-1mRNAwas detected by qPCR. (b–d) HO-1 protein wasmeasured byWestern blot.The results were expressed as themeans
± SD. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01.

the half-life of Nrf2 is very short [65] and at 24 hrs from SE
it could be degraded, the time points we choose were 24 hrs
and 7 days after administration of Pc as they encompassed
both the acute and latent epileptic conditions [66]. How
Nrf2 was enhanced in SE rats by Ptx pretreatment might
not be determined 24 hrs following Pc injection. Earlier
time points in Nrf2 induction of Ptx-pretreated SE rats
following Pc injection are necessary to actually unravel if Ptx
is cooperating with SE to induce Nrf2 in the future studies.

The large surface area of the nasal mucosa and the abun-
dant blood supply of the nasal cavity make intranasal admin-
istration a viable option for delivery of diverse therapeutic
compounds [67, 68]. The unique anatomical connection
between the nasal cavity and the brain provides direct nose-
to-brain delivery of drugs to target the brain through path-
ways along the olfactory and trigeminal nerves innervating
the nasal cavity [5, 7].The restoration of impaired visuospatial
memory and mesodopaminergic activity in PTX.in-SE rats
indicated that intranasal administration of Ptx effectively

targets the brain. Compared with PTX.ip-SE rats, the param-
eters in visuospatial memory and mesodopaminergic system
observed in PTX.in-SE rats were completely recovered to the
level of control rats 7 days after Pc injection; however, the par-
tial parameters in visuospatial memory and mesodopamin-
ergic system were still lower in PTX.ip-SE rats than in
controls. Intranasal administration of Ptx seemed more
efficient in controlling SE than intraperitoneal injection. In
addition to nose-to-blood-to-brain route (an extensive nasal
absorption of the Ptx to the bloodstream), direct nose-to-
brain route might be involved in targeting a substantial
fraction of Ptx to the brain. Furthermore, Ptx administered
intranasally might be reaching the brain expectedly much
earlier than through intraperitoneal administration prior
to coming insults. Whether a direct transport of Ptx was
occurring from nose to the brain, Ptx concentration levels
in different cerebral regions and the corresponding rostral-
to-caudal biodistribution patterns should be determined
following both routes of administration in the future studies.
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Figure 10: Effects of intranasal and intraperitoneal Ptx pretreatment on NQO-1 in Hip of SE rats induced by Li-Pc 24 hrs and 7 days after Pc
injection. (a–c) NQO-1 mRNA was detected by qPCR. (b–d) NQO-1 protein was measured by Western blot. The results were expressed as
the means ± SD. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01.

In conclusion, intranasal delivery of Ptx to rats signific-
antly suppressed the epileptic seizures induced by Li-Pc,
ameliorated the deficits in visuospatial memory and in
mesodopaminergic system, and enhanced the transient acti-
vation of Nrf2 in SE rats. Intranasal administration of Ptx
could effectively protect cells from oxidative damage in SE
andmay hopefully become a noninvasive, painless, and easily
administered option for epileptic patients.
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Objective. Oxidative stress and endothelial dysfunction contribute to pulmonary arterial hypertension (PAH). The role of the
nitrovasodilator pentaerythritol tetranitrate (PETN) on endothelial function and oxidative stress in PAH has not yet been defined.
Methods and Results. PAH was induced by monocrotaline (MCT, i.v.) in Wistar rats. Low (30mg/kg; MCT30), middle (40mg/kg;
MCT40), or high (60mg/kg;MCT60) dose ofMCT for 14, 28, and 42 dwas used.MCT induced endothelial dysfunction, pulmonary
vascular wall thickening, and fibrosis, as well as protein tyrosine nitration. Pulmonary arterial pressure and heart/body and
lung/body weight ratio were increased in MCT40 rats (28 d) and reduced by oral PETN (10mg/kg, 24 d) therapy. Oxidative stress
in the vascular wall, in the heart, and in whole blood as well as vascular endothelin-1 signaling was increased in MCT40-treated
rats and normalized by PETN therapy, likely by upregulation of heme oxygenase-1 (HO-1). PETN therapy improved endothelium-
dependent relaxation in pulmonary arteries and inhibited endothelin-1-induced oxidative burst in whole blood and the expression
of adhesion molecule (ICAM-1) in endothelial cells. Conclusion. MCT-induced PAH impairs endothelial function (aorta and
pulmonary arteries) and increases oxidative stress whereas PETN markedly attenuates these adverse effects. Thus, PETN therapy
improves pulmonary hypertension beyond its known cardiac preload reducing ability.

1. Introduction

In humans, pulmonary arterial hypertension (PAH) is
defined by amean pulmonary arterial pressure of ≥25mmHg
at rest. It is a complex, multifactorial disease that involves
endothelial dysfunction, oxidative stress, and remodeling of
pulmonary vessels [1]. Concerning the pathophysiology of
PAH the imbalance of the endothelial-derived vasoactive
molecules nitric oxide (NO), prostacyclin (PGI2), superoxide
(O2
∙−), and endothelin-1 (ET-1) plays a critical role [2–

4]. Decreased bioavailability of NO, caused by increased

formation of ROS, will result in an uncontrolled proliferation
of smooth muscle cells (SMC), increased vascular tone, and
therefore increased vascular resistance [5, 6]. Importantly,
oxidative stress can stimulate both, the expressions of the
ET-1 gene in endothelial cells and in SMC [7, 8]. Likewise,
ET-1 signaling can trigger the production of reactive oxygen
species (ROS) and inhibition of ET-1 receptor (A and B) by
bosentan reduces oxidative stress in pulmonary hypertension
[9].

In rodent models of PAH several enzymatic sources
being responsible for increased ROS production have been
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identified such as the NADPH oxidase (Nox), xanthine oxi-
dase (XO), an uncoupled endothelial NO synthase (eNOS),
and mitochondria [10–14]. In patients suffering from PAH,
increased oxidative stress and XO activity have been demon-
strated [15]. 3-nitrotyrosine (3-NT) levels, a foot print for in
vivo formation of the NO and superoxide (O2

∙−) reaction
product peroxynitrite (ONOO−), have been shown to be
increased in lung biopsy samples of patients suffering from
PAH [16]. These data clearly indicate that lungs of PAH
patients are exposed to chronic oxidative stress likely leading
to reduced NO bioavailability [15, 16].

Organic nitrates, given acutely, are potent NO dependent
vasodilators used for the treatment of chronic stable angina
and unstable angina, myocardial infarction, congestive heart
failure, and arterial hypertension [17]. Although organic
nitrates are theoretically beneficial in PAH, because of their
properties as a vasodilator, they have been used with limited
clinical results because of the lack of pulmonary selectivity
[18]. Therefore, inhaled NO and nitroglycerin (NTG) were
tested for the treatment of PAH [19–21]. In experimental
MCT-induced PAH, the organic nitrate and K+-channel
opener, nicorandil, showed beneficial effects: right ventricu-
lar systolic pressure (RVSP) was decreased, accompanied by
higher expression of eNOS and less endothelial damage [22].

Pentaerythritol tetranitrate (PETN; IUPAC 2,2-
Bis[(nitrooxy)methyl]propane-1,3-diyl dinitrate, Figure 3(a))
is an organic nitrate with fewer side effects on the vasculature
than other nitrates like NTG, isosorbide-5-mononitrate
(ISMN), or isosorbide dinitrate (ISDN) [17, 23, 24]. In
humans PETN causes side effects like headache, hypotension,
or tachycardia. However, the therapeutic range is broad since
LD50/24 h in rats is >900mg/kg [25, 26]. Due to its limited
solubility in water (43mg/L at 25∘C) oral treatment is
preferably performed by diet [27]. In contrast to ISMN or
NTG, PETN improved vascular function in animal models of
diabetes and hypertension [27, 28]. The beneficial effects and
favorable side effects profile of PETN have been attributed to
the induction of the antioxidant enzymes heme oxygenase-1
(HO-1), ecSOD, and ferritin [28–32].

Since PAH is improved byHO-1 induction [33, 34], PETN
is a potential candidate drug for treatment of this severe
disease, currently investigated within the CAESAR clinical
trial (“ClinicAl Efficacy Study of Pentalong� for PulmonAry
Hypertension in HeaRt Failure”; EudraCT Number: 2009-
015059-26). We therefore focused on the influence of the
organic nitrate PETN on pulmonary arterial pressure, vascu-
lar function, and oxidative stress in MCT-induced PAH.

2. Methods

For isometric tension studies, NTG was obtained from a
Nitrolingual infusion solution (1mg/mL) from G. Pohl-
Boskamp (Hohenlockstedt, Germany). The Bradford reagent
was obtained from BioRad (Munich, Germany). PETN
(20%)/lactose (80%) mixture was a kind gift of Actavis
Deutschland GmbH (now PUREN Pharma GmbH & Co.
KG, Munich, Germany). There is no measurable degradation
of PETN when stored dry and solid but in this state PETN

is pressure-sensitive and highly explosive. For this reason
PETN is stored and shipped as a lactose mixture (usually
>80w/w% lactose). The solubility of PETN in DMSO is
excellent: stock solutions of >100mM are easy to prepare and
can be stored for months at −20∘C without serious loss of
PETN. In aqueous solutions PETN is slowly hydrolyzed over
days. All other chemicals were obtained from Fluka, Sigma-
Aldrich, or Merck.

2.1. Animals and In Vivo Treatment. 90 male Wistar rats (8
weeks, 250 g) were used for the experiments. All animals were
treated in accordance with the Guide for the Care and Use of
Laboratory Animals as adopted by the US National Institutes
of Health. Approval was granted by the Ethics Committee
of the University Hospital Mainz and the Landesunter-
suchungsamt (#23 177-07/G 10-1-039).Monocrotaline (MCT)
injection was used as a model for pulmonary arterial hyper-
tension. For characterization of the model, isometric tension
studies were performed 2, 4, and 6 weeks after single i.v.
injection of 30, 40, and 60mg/kg body weight MCT into
the vena dorsalis penis. In regard to effectiveness of PAH
induction and mortality of the animals, the 40mg/kg MCT
dose for 4 weeks was chosen for experiments with the organic
nitrate and PETN (10mg/kg/day, p.o.) therapy by diet (Ssniff
Spezialdiäten, Soest, Germany) was started 3 days after MCT
injection.The control andMCT group received standard diet
without PETN. After 3.5 weeks of PETN treatment, rats were
killed by exsanguination in isoflurane anaesthesia, and the
blood, aorta, pulmonary artery, and heart were collected.

2.2. Isometric Tension Recordings. Perivascular fat was
removed from every aorta and pulmonary arteries.
Concentration-relaxation curves in response to increasing
concentrations acetylcholine (ACh) were performed as
described [35].

2.3. Histological Staining of Lung Tissue. Trichrome staining
(according to Oelze et al.) was performed with paraffin-
embedded samples of lung tissue upon deparaffination as
described [36]. Afterwards the nuclei were prestained with
haematoxylin (according to Meloan and Puchtler) [37].
Then samples were stained for 5 minutes with Mallory
red containing 100% acetic acid, fuchsine acid, and Orange
G (Merck, Darmstadt, Germany), then for 15 minutes in
1% molybdatophosphoric acid hydrate (VWR, Darmstadt,
Germany), and then for 5 minutes in acid light green. Finally
tissue sampleswere dehydrated in glacial acetic acid and 100%
ethanol and coverslipped in Entellan�.

2.4. Determination of Heart to Body (h/b) and Lung to Body
(l/b) Weight Ratio. Heart to body and lung to body weight
ratio were determined by weighing animals prior to sacrifice.
After organ removal weight of heart and lung was measured.
Every individual body weight was set into relation to heart
and lung weight of the animal.

2.5. Small Animal Echocardiography. Anaesthesia of rats was
induced in a chamber (2–4% isofluranemixed with 0.2 L/min
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100% O2) and maintained with a face mask (1-2% isoflurane
with 0.2 L/min 100%O2). Animals were kept on a heated table
mounted on a rail system (Visual Sonics, Toronto, Canada).
Ultrasound was performed with the Vevo 770 System and
a 25MHz transducer (VisualSonics). Heart rate was moni-
tored; body temperature was monitored using a rectal probe
and maintained at 37∘C. Two-dimensional images of the
pulmonary valve were obtained from the parasternal short-
axis view at the level of the aortic valve and pulsed-wave
Doppler recordings of the blood flow at the tips of the cusps
of the pulmonary valve were obtainedwith the beam oriented
parallel to the flow. The sweep speed for the Doppler flow
recordings was 400–800mm/s. Pulmonary arterial accel-
eration time (PAT) was measured and systolic pulmonary
arterial pressure (sPAP) was calculated as described [38].

2.6. Dot Blot and Western Blot Analysis. 3-nitrotyrosine
positive proteins were assessed by dot blot analysis [28]. For
detection of 3-NT, a primary mouse monoclonal nitroty-
rosine antibody (Millipore, Billerica, USA) was used at
a dilution of 1 : 1000. Detection and quantification were
performed by ECL with peroxidase conjugated secondary
antibodies against mouse (1 : 10000, Vector Lab., Burlingame,
CA). Densitometric quantification of antibody-specific dots
was performed with a ChemiLux Imager (CsX-1400M, Intas,
Göttingen, Germany) and Gel-Pro Analyzer software (Media
Cybernetics, Bethesda, MD).

Isolated aortic and pulmonary tissue from rat was
frozen in liquid nitrogen and homogenized in buffer (Tris-
HCl 20mM, saccharose 250mM, ethylene glycol-bis(𝛽-
aminoethyl ether)-N,N,N,N-tetraacetic acid (EGTA) 3mM,
ethylene diamine tetraacetic acid (EDTA) 20mM, protease
inhibitor cocktail (Roche complete, 1 tablet in 100mL),
and Triton-X-100 1 v/v%). Proteins were separated by SDS-
Page and blotted onto nitrocellulose membranes [23]. After
blocking, immunoblotting was performed with the following
antibodies: monoclonal mouse 𝛽-actin (42 kDa) as a control
for loading and transfer and polyclonal mouse NADPH
oxidase 2 (Nox2, 1 : 500, BD Bioscience, USA). Detection
and quantification were performed by ECL with peroxidase
conjugated anti-mouse (1 : 10,000, Vector Lab., Burlingame,
CA). Densitometric quantification as described above.

2.7. Detection of Oxidative Stress in Cardiac Membrane
Fractions, Pulmonary Arteries, Aortic Vessels, and Serum
and Blood Samples. Reactive oxygen species formation was
measured by oxidative burst of leukocytes in whole blood
(stimulated with the phorbol ester PDBu, 10𝜇M) or NADPH
oxidase activity in the heart by ECL (100 𝜇M L-012 and 5𝜇M
lucigenin plus 200𝜇M NADPH, respectively) [39]. For ROS
formation in pulmonary vessels, isolated pulmonary artery
rings were OCT-embedded (Tissue Tek, USA) and upon
staining with dihydroethidium (DHE, 1 𝜇M) oxidative fluo-
rescence microtopography was determined as reported [40].
Xanthine oxidase activity was measured in serum, which was
diluted 1 : 1 with cytochrome c (100 𝜇M) in PBS containing
either hypoxanthine (1mM) or allopurinol (1mM) [41]. The
superoxide-driven reduction of cytochrome c was measured

by the absorption of ferrous cytochrome c at 550 nm as the
difference between hypoxanthine and allopurinol containing
buffer. Superoxide formation rates were calculated using
𝜀550 = 19,500mM−1 cm−1 for reduced cytochrome c. Total
serum antioxidant capacity wasmeasured by the reduction of
the stabilized 2,2-diphenyl-1-picrylhydrazyl radical (DPPH∙)
(50 𝜇M) by serum antioxidants tracing the absorption at
517 nm [27].

2.8. Reverse Transcription Real-Time PCR (qRT-PCR).
mRNA expression was analyzed with quantitative real-time
RT-PCR as previously described [42]. Briefly, total RNA
from rat lung was isolated (RNeasy Fibrous Tissue Mini Kit;
Qiagen, Hilden, Germany), and 50 ng of total RNA was used
for real-time RT-PCR analysis with the QuantiTectTM Probe
RT-PCR kit (Qiagen). TaqMan� Gene Expression assays
for heme oxygenase (HO-1), vascular adhesion molecule-1
(VCAM-1), endothelin-1 (ET-1), endothelin-1 a receptor,
endothelin-1 b receptor, endothelin converting enzyme-
1 (ECE-1), intercellular adhesion molecule-1 (ICAM-1),
and TATA box binding protein (TBP) were purchased as
probe-and-primer sets (Applied Biosystems, Foster City,
CA). The comparative Ct method was used for relative
mRNA quantification. Gene expression was normalized to
the endogenous control (TBP mRNA), and the amount of
target gene mRNA expression in each sample was expressed
relative to that of control.

2.9. Chemiluminescence-Based Detection of Oxidative Burst of
Leukocytes in Whole Blood. Human samples were obtained
and handled in accordance with the Declaration of Helsinki
and our institutional ethical guidelines. Whole blood was
obtained from at least four different healthy volunteers by
vein puncture. Oxidative burst mainly reflects NADPH oxi-
dase (Nox) and myeloperoxidase activity and was therefore
used as a read-out for the degree of activation of white
blood cells in whole blood. Briefly, blood was incubated with
PETN, stimulated with the ET-1 analog BQ-3020 (0.05 𝜇M,
0.5 𝜇M, and 5 𝜇M), and ROS formation was assessed in PBS
containing Ca2+/Mg2+ (1mM) by L-012 (100𝜇M) enhanced
chemiluminescence (ECL).

2.10. ICAM-1 Expression in Cultured Endothelial Cells. The
human endothelial cell line EA.hy 926 was a gift from C.-
J. S. Edgell (University of North Carolina at Chapel Hill,
USA). EA.hy 926 cells were grown at 10% CO2 in Dulbecco’s
modified Eagle’s medium (DMEM, Sigma) with 10% fetal calf
serum, 2mM l-glutamine, 1mMsodiumpyruvate, 100 IU/mL
penicillin, and 100 𝜇g/mL streptomycin. Semiconfluent cells
(6-well plates) were used for further experiments. Cultured
endothelial cells (Ea.hy) were incubated with 5 𝜇M BQ3020
(endothelin-1 analog), 100 𝜇M PETN, or solvent (DMSO).
After 24 hours cells were lyzed in GIT-buffer (guani-
dinium isocyanate, sodium-citrate, and N-lauroylsarcosine)
and mRNA was isolated by phenol extraction.

2.11. Statistical Analysis. Results are expressed as mean ±
SEM. Two-way ANOVA (with Bonferroni’s correction for
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comparison of multiple means) was used for comparisons of
vasodilator potency and efficacy and kinetic traces of whole
blood oxidative burst. 𝑇-test was used for comparison of
MCT-induced changes in endothelial function (expressed
as changes in efficacy (maximal relaxation)) between two
groups. One-way ANOVA (with Bonferroni’s or Dunn’s
correction for comparison of multiple means) was used for
comparisons of heart/body and lung/body weight, echocar-
diography, blood, cardiac, aortic, and whole blood ROS
formation, and protein and mRNA expression. 𝑝 values <
0.05 were considered as statistically significant.

3. Results

3.1. MCT Induces PAH, Pulmonary Fibrosis, and Nitro-
Oxidative Stress. Four weeks following MCT40 treatment,
PAP of rats was significantly increased up to 53.96 ± 5.28
mmHg versus 26.63 ± 2.26 mmHg in controls (𝑝 < 0.05).
PAH caused vascular wall thickening in small and medium
sized vessels as well as fibrosis (Figure 1(a)). MCT40 and
MCT60 treatment significantly increased staining of 3-NT
positive proteins in the lungs, while MCT30 showed no
difference to control (Figure 1(b)). The total antioxidant
capacity in serum was significantly decreased by MCT40
(Figure 1(c)).

3.2. Effects of MCT-Induced PAH on Vascular Function of
Aorta and Pulmonary Arteries. MCT treatment impaired
endothelium-dependent relaxation of the aorta to ACh dose-
dependently, with a significant difference in the MCT60
group compared to controls (Figure 2(a)). Also endothelial
function of pulmonary arteries was significantly impaired in
response to middle and high dose of MCT (Figure 2(b)).
To further characterize the MCT-induced pulmonary hyper-
tension model, vascular function in response to the highest
MCT60 dose was tested in a time-dependent fashion (2
and 4 weeks, longer treatment (for 6 weeks) resulted in
significant (>50%) mortality of the animals). Endothelium-
dependent vasodilation in aorta (Figure 2(c)) and pulmonary
arteries (Figure 2(d)) was examined 2 and 4 weeks afterMCT
administration. Vascular function was impaired significantly
in response to 4 weeks of treatment for aorta and all treat-
ment durations for pulmonary arteries. The dose of MCT40
(40mg/kg for 4 weeks) was used for all other experiments.

3.3. Effects of PETN on Pulmonary Arterial Pressure and Car-
diac and Lung/Pulmonary Artery Hypertrophy in PAH. Heart
to body (h/b) and lung to body (l/b) weight ratio of MCT40
treated rats were increased as a sign for cardiac hypertrophy
due to high cardiac afterload and pulmonary hypertension
(Figures 3(b) and 3(c)). Additionally, pulmonary arteries
were dilated (Figure 3(d)). The organic nitrate PETN sig-
nificantly improved these morphological changes. PETN
treatment prevented a further significant increase in PAP in
the MCT40 group (Figure 3(e)).

3.4. Effects of PETN on Vascular Function of Pulmonary
Arteries and Nitro-Oxidative Stress in PAH. PETN did not

significantly improve PAH induced endothelial dysfunction
of the aorta (Figure 4(a)) while ameliorating endothelial
function of pulmonary vessels in the PAH group (MCT40)
(Figure 4(b)). DHE fluorescence increased throughout the
wall (endothelium, media, and adventitia) of pulmonary
arteries in the setting of PAH and was normalized by PETN
(Figure 4(c)). The content of 3-NT positive proteins in lung
tissue, determined by dot blot analysis, was significantly
increased in the PAH group and reduced by PETN (Fig-
ure 4(d)).

3.5. Effects of PETN Therapy on Systemic Oxidative Stress in
PAH. Cardiac NADPH oxidase (Nox) activity, which was
markedly increased in PAH, was completely normalized by
PETN treatment (Figure 5(a)), which was supported by Nox2
protein expression showing a similar pattern (Figure 5(f)).
The oxidative burst measured in whole blood (as a read-
out for phagocytic NADPH oxidase activity) was increased
in MCT40 rats and normalized in the PETN group (Fig-
ure 5(b)). Furthermore, activity of xanthine oxidase (XO)was
increased by MCT treatment and completely normalized by
PETN therapy (Figure 5(c)). mRNA levels of the antioxidant
enzyme HO-1 in lung tissue were significantly increased in
pulmonary hypertension and the administration of PETN led
to an additional increase in HO-1 expression (Figure 5(d)).
It might be speculated that prevention of the nitro-oxidative
stress by PETN therapy also ameliorated the inflammatory
phenotype in theMCT40 animals as demonstrated by assess-
ment of VCAM-1 mRNA expression (Figure 5(e)).

3.6. Effects of PETN Therapy on Endothelin-1 Signaling in
PAH. InMCT-treated groups the pulmonarymRNA expres-
sion levels of ET-1, endothelin converting enzyme (ECE-1),
ETA (ET-1a), and ETB (ET-1b) receptor were significantly
increased compared to healthy control rats. Treatment of
pulmonary hypertension with PETN led to a normalization
of ET-1, ECE-1, ET-1a, and ET-1b mRNA expression levels
(Figures 6(a)–6(d)). Incubation of human whole blood with
the ET-1 analogBQ-3020 induced a concentration-dependent
increase of oxidative burst (Figure 6(e)), whereas PETN
incubation significantly reduced the oxidative burst in BQ-
3020/zymosan A-stimulated blood (Figure 6(f)). Further-
more, longer incubations (24 hours) with the ET-1 ana-
log BQ-3020 induced adhesion molecule (ICAM-1) mRNA
expression in cultured endothelial cells (EA.hy), which was
ameliorated by PETN coincubation (Figure 6(g)).

4. Discussion

The results of the present study demonstrate that the
organic nitrate PETN reduces oxidative stress and improves
endothelial function of pulmonary arteries inmonocrotaline-
induced PAH.We identified modulation of heme oxygenase-
1 expression and endothelin-1 signaling to be responsible
for the beneficial effects of PETN in PAH. Recent treatment
guidelines recommend treatment of PAH with macitentan
(endothelin-1 receptor blocker), sildenafil (PDE5-inhibitor),
iloprost (prostacyclin analog), or newly introduced riociguat
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Figure 1: Characterization of morphological changes and protein nitration in lung tissue and serum antioxidant capacity of monocrotaline-
treated rats. (a) Trichrome staining of paraffinated lung tissue (magnification of 100x, 200x, and 400x). (b) Levels of 3-NT positive proteins in
lung tissue were assessed by dot blot analysis and specific antibodies. Representative blots are shown below the densitometric quantification.
(c) Antioxidant capacity was determined by DPPH∙ assay (ΔE 517 nm).The data are mean ± SEM from 3–8 (a, b) and 3–6 (c) animals/group.
∗𝑝 < 0.05 versus control and #𝑝 < 0.05 versus MCT30.
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Figure 2: Characterization of vascular function in the model of monocrotaline-induced pulmonary hypertension. Endothelium-dependent
(ACh) maximum relaxation was determined by isometric tension studies in aortic ring segments (a, c) and pulmonary ring segments (b, d)
from rats treated with different doses of MCT and different time protocols for the induction of pulmonary hypertension. A total number of
4–22 (a, b) and 6–14 (c) and 6 (d) aortic and pulmonary artery ring segments from at least 3 male rats were used. ∗𝑝 < 0.05 versus control
(a–d); #𝑝 < 0.05 versus MCT30 (a, b) or 2 weeks (c, d); §𝑝 < 0.05 versus MCT40 (a, b).

(sGC stimulator) [43]. All compounds improve PAH mainly
via dilation of the pulmonary vessels and therefore reduction
of pulmonary vascular resistance (PVR). A vasodilating drug
with additional anti-inflammatory and antioxidant proper-
ties could be a useful tool to improve therapy of PAH.
Additionally, PETN was shown to reduce ET-1 plasma levels
in human, which might be another approach for protective
effects in PAH [44].

MCT is a toxic alkaloid from Crotalaria spectabilis and
was used for induction of PAH. In theMCT PAH-model vas-
cular wall thickening and pulmonary inflammation involving
neutrophil infiltration lead to high afterload of the right
ventricle, which consequently results in cardiac hypertrophy
[45]. Antioxidant capacity in serum of MCT-treated animals
was reduced and 3-nitrotyrosine-positive protein content in
pulmonary vessels was increased dependent on the MCT
dose used. Accordingly, endothelium-dependent relaxation
not only in pulmonary arteries but also in aorta was impaired
in a MCT-dose dependent fashion. Investigations on the
effect of the natural phenol and antioxidant resveratrol on

MCT-induced pulmonary hypertension revealed the impor-
tant role of oxidative stress in PAH [10]. In pulmonary hyper-
tensive rats, resveratrol attenuated right ventricular blood
pressure, pulmonary artery remodeling (SMC proliferation),
and pulmonary inflammation (reduced leukocyte infiltra-
tion). The latter study as well as other preclinical and clinical
investigations on pulmonary hypertension underlines the
role of oxidative stress in the pathogenesis of PAH [15, 16, 46–
48].

As we demonstrated before, the organic nitrate PETN
is different to other nitrates like nitroglycerin (NTG) or
isosorbide dinitrate (ISDN) [17, 49, 50]. Acute treatment with
organic nitrates such as NTG has potent vasodilator and anti-
ischemic effects in patients with acute coronary syndromes,
congestive heart failure, and arterial hypertension. However,
long-term treatment is associated with nitrate tolerance and
endothelial dysfunction, which reduces the therapeutic effi-
cacy of these drugs. PETN seems to be different and human
studies in healthy volunteers and patients with coronary
artery disease showed preserved vasodilatatory potency and
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Figure 3: Effects of PETN therapy on heart/body and lung/body weight ratio, pulmonary artery dilation, and pulmonary arterial pressure
in monocrotaline-treated rats (MCT40, 4 weeks). (a) Chemical structure of PETN. (b) Lung/body and (c) heart/body weight ratio were
determined. (d) Pulmonary artery dilation was qualitatively envisaged by photographic images. (e) Echocardiography was used to measure
pulmonary arterial pressure. The data are mean ± SEM of 4 (b, c) and 3-4 (d, e) animals per group ∗𝑝 < 0.05 versus control and #𝑝 < 0.05
versus MCT.
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Figure 4: Effects of PETN therapy on endothelial function, oxidative stress, and protein tyrosine nitration of aorta and pulmonary artery in
monocrotaline-treated rats (MCT40 4 weeks). (a, b) Endothelium-dependent (ACh) relaxation was determined by isometric tension studies
in rat aortic ring segments and pulmonary ring segments. (c) DHE (1 𝜇M) oxidative fluorescencemicrotopographywas used to assess vascular
oxidative stress. (d) Levels of 3-NT positive proteins in lung tissue were assessed by dot blot analysis and specific antibodies. Representative
blots are shown below the densitometric quantification. A total number of 6–22 aortic (a) and 6–17 pulmonary tissue (b–d) ring segments
from male rats were used. ∗𝑝 < 0.05 versus control and #𝑝 < 0.05 versus MCT40.
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Figure 5: Effects of PETN therapy on prooxidative protein activity (Nox, XO), oxidative burst in whole blood, and antioxidant HO-
1 mRNA expression in pulmonary hypertension (MCT40, 4 weeks). (a) Cardiac NADPH oxidase (Nox) activity was measured by the
chemiluminescence probe lucigenin (5𝜇M) in the presence of NADPH (200 𝜇M). (b) Leukocyte-derived oxidative burst in whole blood was
examined by the chemiluminescence probe L-012 (100𝜇M) upon stimulation with PDBu (10𝜇M). (c) Xanthine oxidase (XO) activity was
assessed by a photometric assay using cytochrome c (change in absorbance: ΔA 550 nm). qRT-PCR was used to determine mRNA expression
levels of the antioxidant enzyme (d) heme oxygenase-1 (HO-1) and (e) vascular adhesion molecule-1 (VCAM-1) in lung tissue. (f) NADPH
oxidase 2 (Nox2) protein expression was determined byWestern blot analysis. The data are mean ± SEM from 3–6 animals/group. ∗𝑝 < 0.05
versus control; #𝑝 < 0.05 versus MCT40.

no induction of oxidative stress or endothelial dysfunc-
tion [51–53]. Also animal studies revealed a prevention of
endothelial dysfunction as well as progression of vascular
lesions in established atherosclerosis by PETN [54], which
might bemediated by upregulation of the antioxidant defense
protein HO-1 [55]. Recently we demonstrated that HO-1
is a regulator of vascular function in arterial hypertension
via modulation of inflammatory monocytes [56] and we
showed HO-1 expression to be induced by PETN in a rat
model for type 1 diabetes and arterial hypertension [27,
28]. HO-1 induction seems to be a potent mechanism to
reduce oxidative stress and tissue inflammation, not only in
arterial, but also in pulmonary hypertension. Shimzu et al.
showed attenuation of pulmonary hypertension and reduced
pulmonary inflammation by HO-1 induction using hemin

[33]. HO-1 catalyzes the degradation of heme into biliverdin
(which is converted to the antioxidant bilirubin), the gaseous
transmitter carbon monoxide (CO), and free iron, the latter
leading to upregulation of ferritin and reduced free iron levels
in the long run. Therefore, HO-1 induction is considered
as an essential physiological stress response pathway confer-
ring antiatherosclerotic and beneficial effects on endothelial
function [27, 28, 57]. Here we found an additive increase
in HO-1 mRNA expression by PETN in lung tissue of PAH
rats providing an attractive explanation for the beneficial
effects of PETN therapy on vascular and pulmonary oxidative
stress parameters and subsequent improvement of endothe-
lial function in pulmonary arteries, PAP, and morphological
changes (heart/body, lung/body ratio) observed in MCT-
treated animals.
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Figure 6: Effects of PETN therapy on endothelin-1 signaling (ET-1, ECE-1, and ET-1a/b receptor) and oxidative burst in whole blood. qRT-
PCR was used to determine mRNA expression levels of (a) endothelin-1, (b) endothelin-1 converting enzyme-1, (c) endothelin-1 a receptor,
and (d) endothelin-1 b receptor in lung tissue. (e) Leukocyte-derived oxidative burst in whole blood was examined by the chemiluminescence
probe L-012 (100𝜇M) upon stimulation with the endothelin-1 agonist BQ-3020 (0.05–5 𝜇M). (f) Effect of PETN (100𝜇M) on BQ-3020
(5𝜇M)/zymosan A (0.5 𝜇g/mL) stimulated whole blood oxidative burst. (g) qRT-PCR was used to determine mRNA expression levels of
ICAM-1 in EA.hy cells upon stimulation with BQ-3020 and PETN.The data are mean ± SEM from 6 animals/group (a–d) and 16 (e-f) or 3–7
(g) independent experiments. ∗𝑝 < 0.05 versus control; #𝑝 < 0.05 versus MCT40.

Chen et al. demonstrated increased iNOS expression
in MCT-induced PAH and ROS levels are known to be
elevated in PAH [46, 58]. This can be explained by mono-
cyte/macrophage extravasation in pulmonary tissue and
increased iNOS expression by these cells. Since Nox-derived
ROS are known to participate in the pathogenesis of pul-
monary hypertension, increased 3-NT positive proteins indi-
cate vascular inflammation and Nox activation. On the other
hand, elevated ROS levels react with eNOS-derived NO
to ONOO−, which reduces NO bioavailability and thereby
contributes to endothelial dysfunction. In turn, reduced NO
bioavailability explains not only the observed endothelial
dysfunction, but also smooth muscle cell (SMC) prolifer-
ation and fibrosis in small and medium sized pulmonary
vessels as previously reported [6].We assessed nitro-oxidative

stress levels in lung tissue by 3-NT positive protein content
reflecting peroxynitrite (ONOO−) formation and DHE fluo-
rescencemicrotopography in pulmonary arteries. Both nitro-
oxidative stress parameters were clearly increased in MCT-
treated animals and normalized by PETN therapy.

Endothelin-1 is known to play an essential role in the
pathogenesis of PAH [3] and blockade of the ET-1 receptor
with macitentan or bosentan is an established treatment
option for PAH underlining the relevance of ET-1 signaling
in PAH. Furthermore, it has been shown that oxidative stress
leads to increased endothelial synthesis of endothelin-1 [8].
In this study, PETN therapy downregulated ET-1, ECE-1,
and ET-1a/b receptor mRNA expression in MCT-induced
pulmonary hypertension. Furthermore, PETN suppressed
ET-1 (BQ-3020) dependent oxidative burst in whole blood
and normalized ICAM-1 mRNA expression in cultured
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endothelial cells (Ea.hy). It might be speculated that the
beneficial effects of PETN on ET-1 signaling are mediated
by suppression of oxidative stress, a potent trigger of ET-1
signaling.

5. Conclusions

PETN improves to a minor extent vascular remodeling and
endothelial function and more potently suppresses oxidative
stress as well as pathological changes in heart/body and
lung/body weight ratio in an experimental model of PAH
by induction of HO-1 but also by interference with ET-
1 signaling. The MCT model clearly demonstrates some
limitations as a model of clinical PAH, especially since
morphological changes develop quite fast and are not easily
prevented by therapeutical interventions. Most importantly,
clinical data are needed to proof our experimental findings.
The ongoing CAESAR clinical trial (“ClinicAl Efficacy Study
of Pentalong for PulmonAryHypertension inHeaRt Failure”)
will answer the question, whether PETN represents a new
option for the treatment of patients with PAH.
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Isoliquiritigenin (ISL), a natural antioxidant, has antitumor activity in different types of cancer cells.However the antitumor effect
of ISL on human tongue squamous carcinoma cells (TSCC) is not clear. Here we aimed to investigate the effects of synthetic
isoliquiritigenin (S-ISL) on TSCC and elucidate the underlying mechanisms. S-ISL was synthesized and elucidated from its nuclear
magnetic resonance spectrum and examined using high performance liquid chromatography. The effects of S-ISL on TSCC cells
(Tca8113) were evaluated in relation to cell proliferation, apoptosis and adhesion, migration, and invasion using sulforhodamine B
assay, fluorescence microscopy technique, flow cytometry (FCM) analysis, and Boyden chamber assay. The associated regulatory
mechanisms were examined using FCM and fluorescence microscopy for intracellular reactive oxygen species (ROS) generation,
Gelatin zymography assay for matrix metalloproteinase (MMP) activities, andWestern blot for apoptosis regulatory proteins (Bcl-
2 and Bax). Our data indicated that S-ISL inhibited Tca8113 cell proliferation, adhesion, migration, and invasion while promoting
the cell apoptosis. Such effects were accompanied by downregulation of Bcl-2 and upregulation of Bax, reduction of MMP-2 and
MMP-9 activities, and decreased ROS production. We conclude that S-ISL is a promising agent targeting TSCC through multiple
anticancer effects, regulated by its antioxidant mechanism.

1. Introduction

Squamous cell carcinoma of the tongue (TSCC) is one of
the most common malignant tumors in the oral cavity
and accounted for approximately 30% of all oral cancers
in the United States in 2006 [1]. Moreover, its incidence
has increased over the past decades worldwide [2]. Despite
advances in chemotherapy, radiotherapy, and surgical ther-
apy, the clinical outcomes and overall survival rates of TSCC
have not been significantly improved over the last decades
with overall five-year survival rate of less than 50% [3].

The high morbidity and mortality of oral cancers are largely
due to rapid tumor growth, frequent tumor recurrence, and
metastasis. Therefore, it is important to identify and develop
novel agents which could simultaneously target abnormal
proliferation, apoptosis, invasion, and metastasis of tongue
cancer.

Isoliquiritigenin (ISL), 2, 4, 4-three hydroxychalcone
(molecular structure shown in Supplementary Figure a in
Supplementary Material available online at https://doi.org/
10.1155/2017/1379430), mainly presents in roots of licorice
and many other plants, foods, beverages, and tobaccos [4].
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ISL possesses a wide variety of potent biological and
pharmacological activities, including anti-inflammatory [5],
antivirus [6], antioxidative [5], antiaging [7], and antidiabetic
activities [8]. We previously showed that ISL could signif-
icantly reduce cardiac reactive oxygen species (ROS) level
during hypoxia/reoxygenation, rendering protection against
myocardial ischemic injury [9] and inhibiting the growth of
prostate cancer cells [10]. ISL is reported to have anticar-
cinogenic effects in both in vivo and in vitro experimental
models. In vivo studies revealed that ISL inhibited chemically
induced colonic tumorigenesis [11], skin papilloma formation
[12], and lung metastasis of murine renal carcinoma cells
[13]. In vitro studies showed that ISL had antiproliferation
activities in skin [14], pulmonary [13], breast [15], prostate
[10], and gastric cancer cells [16]. A recent study showed
that ISL induced human oral squamous cell carcinoma cell
cycle G2/M phase arrest, apoptosis, and DNA damage [17],
implying that ISL is a promising chemopreventive agent
against oral cancer. However the antitumor effect of ISL on
TSCC is not fully characterized. In the present study, we
aimed to further investigate antiproliferative, proapoptotic,
and antimetastatic effects of ISL on human tongue squamous
carcinoma cells and elucidate the underlying mechanisms.
Since natural ISL compound preparation is expensive with
poor extraction rates and particularly wastes or destroys
natural resources, we selected to observe antitumor effects
of chemically synthesized ISL (S-ISL) in the study, which
has great advantages in future preclinical development and
clinical use, for example, reducing production costs and
protecting licorice natural resources.

2. Materials and Methods

2.1. The Synthesis of S-ISL. S-ISL was synthesized and
elucidated from its nuclear magnetic resonance spectrum
(Supplementary Figure) as previously described [18]. The
mixture of ethanol (5.6mL), 2, 4-dihydroxyacetophenone (1,
6.8 g, 44.7mmol) and 4-hydroxybenzaldehyde (2, 5.6 g,
45.9mmol) was added to aqueous potassium hydroxide
(41.6mL, 60%w/w). The above suspension was heated at
100∘C for 1.5 h and then stored overnight at room temper-
ature. The reaction mixture was poured onto ice (100 g)
and acidified to pH 4 using cold hydrochloric acid. The
precipitated yellow solid was filtered, washed with water
(200mL), and air-dried to a yellow solid (3, 7.5 g, 65%). 1H
NMR (400MHz, (CD3) CO): 𝛿 6.37 (s, 1 H), 6.47 (d, J =
8.0Hz, 1H), 6.93 (d, J = 8.0Hz, 2H), 7.74∼7.86 (m, 4H),
8.13 (d, J = 8.0Hz, 1H), 9.00 (s, 1 H), 9.47 (s, 1 H), 13.65 (s,
1 H); 13C NMR (100MHz, (CD3) CO): 𝛿 103.85, 108.76,
114.61, 116.86, 118.37, 127.67, 131.88, 133.38, 145.24, 161.07, 165.61,
167.67, 192.93 (Supplementary Figures b and c). Finally the
purity of S-ISL was analyzed by high performance liquid
chromatography (HPLC) method [19] with a C18 column
(5 𝜇m,4.6× 250mm),mixture ofmethanol andwater (80 : 20,
v : v) with rate of 1.0mL/min, and detected at 370 nm. Each
sample solution (10 𝜇L) was injected into the analysis system
(Supplementary Figure e). The purity of S-ISL acquired was
more than 95% and used in the subsequent studies.

2.2. Cell Culture. For comparison of specificity and sen-
sitivity of S-ISL in carcinoma cells, we initially screened
human tongue squamous carcinoma Tca8113 cells, human
liver carcinoma HepG2 cells, and rat pheochromocytoma
PC12 cells obtained from Chinese Academy of Sciences
(Shanghai, China). The cells were grown in complete Dul-
becco’s modified Eagle’s medium (DMEM; Invitrogen, Gibco,
Grand Island, NY, USA) and supplemented with 10% heat-
inactivated fetal bovine serum at 37∘C in a humidified atmo-
sphere containing 95% air/5% CO2. Exponentially growing
cells were used for experiments. S-ISL was dissolved in
dimethylsulfoxide (DMSO) to make a 10mg/mL stock solu-
tion, which was further diluted to appropriate concentration
with culture medium before each experiment.

2.3. Cell Viability Analysis Using Sulforhodamine BAssay. The
effects of S-ISL on the viability of Tca8113, HepG2, and PC12
cells were determined using sulforhodamine B (SRB) assay
(Sigma) [20]. Tca8113 cells (3.5 × 104 cells/mL), HepG-2 cells
(7 × 104 cells/mL), and PC12 cells (7 × 104 cells/mL) were
seeded in 96-well plates and were separately treated with
various concentrations of S-ISL for 24 h, 48 h, and 72 h. The
optical density in each well was read using microplate reader
at 570 nm.The experiment was repeated at least three times.

2.4. Determination of Intracellular ROS Generation. Intra-
cellular ROS generation was evaluated using dichlorodihy-
drofluorescein diacetate (DCFH-DA) assay (Sigma, St Louis,
MO,USA), which is a specific probe for hydrogen peroxide to
form fluorescent dichlorofluorescein [9]. All groups were
added with stimulant H2O2 (100 𝜇M) except the vehicle
group (0.5% DMSO) prior to treatment with 10 𝜇M DCFH-
DA at 37∘C for 30min. After incubation, cells were immedi-
ately submitted to fluorescencemicroscopy or flow cytometry
and estimated using FL-1 channel.

2.5. Cell Cycle Analysis Using Flow Cytometry. Cell cycle
analysis was carried out using flow cytometry (FCM) [21].
After Tca8113 cells were treated as described above, the cells
were harvested and washed twice with ice-cold phosphate-
buffered saline (PBS) and fixed with precooled ethanol (70%
v/v) overnight. Subsequently the cells were stained with
propidium iodide in PBS added with RNase in the dark
at room temperature for 30min. The sample was read on
a Coulter Epics XL flow cytometry (Beckman-Coulter Inc,
Fullerton, CA, USA).

2.6. Apoptosis Detection with Double Dye Annexin V-FITC/PI
and 4, 6-Diamidino-2-Phenylindole Dihydrochloride (DAPI)
Staining. The double dye Annexin V-FITC/PI was used to
distinguish between living cells, early and late apoptotic
cells, and necrotic cells [22]. The cells were treated in the
same manner as the cell cycle analysis, except no cooled
70% ethanol was added. For FCM analysis, the cells were
stained with Annexin V-FITC/PI and detected by FCM
using Annexin V-FITC cell Apoptosis Detection Kit (Sigma)
according to manufacturer’s instructions.
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For fluorescence microscope examination, Tca8113 cells
treated with S-ISL as described above were washed with ice-
cold PBS twice, fixed with ethanol for 30min, and stained
with DAPI (0.1𝜇g/mL, 2min) at room temperature away
from light. The stained cells were photographed with a flu-
orescence microscope (Olympus, Japan) at excitation wave-
length of 480 nm and emission wavelength of 530 nm.

2.7. Western Blotting Analysis. The proteins in total cell
lysates were separated on a 10% sodium dodecyl sulphate
(SDS)-polyacrylamide gel electrophoresis and transferred
onto polyvinylidene fluoride membrane (Millipore, Bed-
ford, MA, USA). Membranes were blocked with 5% nonfat
milk in tris-buffered saline buffer (pH 7.4) containing 0.1%
Tween-20 for 1 h and subsequently incubated with pri-
mary antibodies (1 : 1000 dilution) against Bcl-2, Bax (Santa
Cruz Biotechnology, Texas, USA) and GAPDH (Proteintech,
Rosemont, USA) at 4∘C overnight. Immunoreactive bands
were detected using anti-rabbit horseradish peroxidase-
conjugated secondary antibodies (1 : 3000 dilution) (Bey-
otime Biotechnology, Jiangsu, China) and visualized using
LumiPico� ECL Reagent (Beyotime Biotechnology). The
densities of immunoblotting bands were analyzed using a
scanning densitometer (model GS-800; Bio-Rad, Shanghai,
China) coupled with Bio-Rad personal computer analysis
software.

2.8. Assays for Adhesion, Migration, and Invasion. Cell-
matrix adhesion assay was carried out as described previ-
ously [23]. Briefly the 96-well plates were precoated with
0.04 𝜇g/𝜇L matrigel 50 𝜇L in triplicate overnight at 4∘C and
then washed with wash buffer (0.1% bovine serum albumin
in medium). S-ISL pretreated cells were seeded in the pre-
coated 96-well plates and incubated at 37∘C. After 2 hours,
nonadherent cells were washed away and attached cells were
counted (Image-plus) and photographed from six randomly
selected fields under an inverted microscope (Olympus, Bei-
jing, China). The cell migration assay in vitro was performed
by using a modified Boyden chamber (Millipore, Billerica,
MA, USA) inserted with polyethylene terephthalate filter
membrane containing 8 𝜇m pores in 24 well culture plates
[24]. For cell migration assay, Tca8113 cells (2 × 105 cells/mL)
in serum-free medium, with or without S-ISL, were seeded
in triplicate in the upper chamber. Complete medium was
placed in the lower wells.The culture plates were incubated at
37∘C in a 5% CO2 atmosphere. After incubation, the medium
in the upper chamber was removed and washed with PBS
twice. The cells remaining on the upper surface of the filter
membrane were removed with cotton swabs and the cells
on the opposite surface of the filter membrane were stained
with 0.1% crystal violet for 5min. The migrated cells were
subjected to microscopic examination as described for the
adhesion assay. For invasion assay, the whole process was the
same as migration assay except that Tca8113 cells were loaded
on presolidified matrigel.

2.9. Gelatin Zymography Assay. The activities of matrix
metalloproteinase (MMP)-2 and MMP-9 in the conditioned

medium were determined by Gelatin zymography assay [25].
Briefly, the serum-free medium was collected by centrifuga-
tion to remove cells and cell debris and subsequently loaded
under nonreducing sample buffer onto SDS-polyacrylamide
gel polymerized with 1% Gelatin (Sigma). Following elec-
trophoresis, the gel was washed twice with rinsing buffer at
room temperature for 1.5 h to remove SDS and then incubated
in a developing buffer at 37∘C overnight. Gels were stained
with 0.1% Coomassie Brilliant Blue R-250 and destained in
the same solution without dye. Gelatinase activity was
visualized as clear bands against the blue-stained Gelatin
background.

2.10. Statistical Analysis. Data were expressed as mean ±
SD of multiple separate experiments. Statistical comparisons
were performed using analysis of variance (ANOVA) fol-
lowed by Student-Newman-Keuls’ post hoc test for multiple
comparisons using the computer statistical package (SPSS
21.0 forWindow). Differences with 𝑃 < 0.05were considered
statistically significant.

3. Results

3.1. Effects of S-ISL on Proliferation of Tca8113, HepG2, and
PC12 Cells. The effects of S-ISL on the proliferation of
Tca8113, HepG2, and PC12 cells were analyzed using SRB
analysis. S-ISL markedly inhibited the proliferation of the
above cells (Figure 1(a)), particularly Tca8113 cells and the
IC50 values were 17.70 𝜇g/mL, 10.04 𝜇g/mL, and 9.67𝜇g/mL
after 24 h, 48 h, and 72 h treatment, respectively. HepG2 cells
displayed intermediate responses to S-ISL and the IC50 values
were 19.07 𝜇g/mL, 15.08 𝜇g/mL, and 14.95 𝜇g/mL, respec-
tively, after the same treatment time. However, PC12 cell line
was particularly resistant to S-ISL and the IC50 values were
38.13 𝜇g/mL, 30.94𝜇g/mL, and 26.85𝜇g/mL, respectively. As
the present study demonstrated that Tca8113 were the most
sensitive cells responding to S-ISL treatment, the subsequent
studies were then focused on observing the effects of S-ISL on
Tca8113.

3.2. Effects of S-ISL on Intracellular ROS Generation. ROS
production was measured in Tca8113 cells using DCFH-
DA by fluorescence microscopy and FCM. As shown in
Figure 2(a), when S-ISL was incubated with Tca8113 cells at
varied concentrations from 12.5∼50𝜇g/mL, relative to H2O2
treatment alone, S-ISL groups reduced the fluorescence
values by 2.7%, 9.3%, and 18.6%, respectively. Likewise, H2O2
increased ROS production by 48.7% as compared with the
vehicle group under FCM analysis (Figure 2(b)). Compared
with H2O2 treatment alone, pretreatment with S-ISL at
concentrations ranging from 12.5∼50 𝜇g/mL resulted in a
decrease of intracellular ROS production and inhibition rate
was 9.03%, 4.31%, and 26.22%, respectively. These results
indicated that S-ISL suppressed intracellular ROS production
of Tca8113 cells.

3.3. Effects of S-ISL on Cell Cycle in Tca8113 Cells. Compared
to the vehicle control, S-ISL (6.25∼12.5 𝜇g/mL) induced cell
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Figure 1: Effect of S-ISL on proliferation and cell cycle of cancer cells:The effects of S-ISL (3.125∼50 𝜇g/mL) on Tca8113, HepG2 and PC12 cells
were observed for 24 h, 48 h, and 72 h using SRB assay (a) and the effects of S-ISL (6.25∼50 𝜇g/mL) on Tca8113 cell cycle were observed using
FCM analysis (b). SRB results were expressed as the mean ± SD of three experiments with five replicates. S-ISL: synthetic isoliquiritigenin;
SRB: sulforhodamine B; OD: optical density; IC50: 50% growth inhibition concentration; FCM: flow cytometry. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01 versus
the vehicle group.
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Figure 2: Effects of S-ISL on intracellular ROS levels: all groups were added with stimulant H2O2 (100𝜇M) except the vehicle group. The
change of ROS levels in response to S-ISL (12.5∼50 𝜇g/mL) was examined usingDCFH-DA analysis (a) and FCM analysis (b). S-ISL: synthetic
isoliquiritigenin; ROS: reactive oxygen species; DCFH-DA: 2, 7- dichlorodihydrofluorescein diacetate; FCM: flow cytometry.

accumulation in S phase with a corresponding decrease in
G2 phase while S-ISL 25∼50𝜇g/mL markedly induced cell
accumulation in G1 phase with a corresponding decrease in
S phase (Figure 2(b)). Cell cycle studies indicated a biphasic
effect of S-ISL, with a lower-concentration accumulation of
the cells in the S phase and a higher-concentration in G1
phase.

3.4. Effects of S-ISL on Apoptosis in Tca8113 Cells. As shown
in Figure 2(b), a fraction of cells with hypodiploid DNA
content representing apoptosis can be detected using cell
cycle analysis. S-ISL (25∼50𝜇g/mL) increased the percentage
of sub-G1 DNA content in Tca8113 cells as compared with the
vehicle treated groups.

Further, apoptotic cells were identified by chromatin
morphology using DAPI. After 24 h and 48 h treatment,
S-ISL (6.25–50𝜇g/mL) induced chromatin condensation in
Tca8113 cells compared to the vehicle cells (Figure 3(a)). The
ratio of apoptotic cells to total cells was 0.2%, 6.2%, 10.4%,
and 16.3%, respectively, after 24 h treatment of S-ISL, and
the ratio for 48 h treatment was 1.6%, 12.3%, 14.6%, and
30.4%, respectively. The morphological characteristics of the
vehicle cells demonstrated good spreading and flattening
with no DAPI staining of nuclei (Figure 3(a)). On the other
hand, Tca8113 cells pretreated with S-ISL (6.25∼50𝜇g/mL)
for 24 h and 48 h displayed cell rounding, weak spreading,
shrinking, and retracting of cellular processes. S-ISL treat-
ment resulted in brighter stained nuclei of Tca8113 cells

with condensed chromatin forming crescent-shaped profiles
around the periphery of the nuclei.

In addition, the apoptosis-inducing effect of S-ISL was
evaluated by double staining with Annexin V-FITC/PI to
distinguish between living cells, early and late apoptotic cells,
and necrotic cells. As shown in Figure 3(b), whenTca8113 cells
were treated without S-ISL, 97.9% of cells were in a normal
condition. After the cells were incubated with S-ISL (6.25∼
50 𝜇g/mL) for 24 h, 39.3%, 29.2%, 15.9%, and 4.86% of cells
were in early phase of apoptosis whereas there were few cells
in the late apoptotic/necrotic stage. These results indicated
that S-ISL had a negative concentration-dependent effect on
Tca8113 cell apoptosis induction, especially in the early phase
of apoptosis.

3.5. Changes of Bax and Bcl-2 Protein Expressions in Response
to S-ISL Treatment. Western blotting assay was performed to
evaluate the change of apoptosis regulators (Bax and Bcl-2) in
response to S-ISL treatment (Figure 4). Relative to the vehicle
group, S-ISL incubation from 12.5∼100 𝜇g/mL significantly
decreased Bcl-2 protein expression and increased Bax protein
expression in Tca8113 cells.

3.6. Effects of S-ISL on Tca8113 Cells Adhesion, Migration,
and Invasion. Cell-matrix adhesion assay showed that S-ISL
treatment remarkably decreased adhesion abilities of Tca8113
cells on matrigel-coated surface. As shown in Figure 5(a),
when the concentrations of S-ISL varied from 6.25 𝜇g/mL to
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Figure 3: Effects of S-ISL on apoptosis: The effects of S-ISL (6.25∼50 𝜇g/mL) on Tca8113 cell apoptosis were examined using fluorescence
microscopy technique (a) and FCM analysis (b). Apoptosis cells with powerful fluorescence bodies of nuclear fragmentation were marked by
arrows. S-ISL: synthetic isoliquiritigenin; FCM: flow cytometry.

50𝜇g/mL, the inhibitory adhesion rates were 39.18%, 51.55%,
54.64%, and 64.95%, respectively (𝑃 < 0.05 compared with
the control group).

Further, the effect of S-ISL on the migration of Tca8113
cells was examined using Boyden chamber assay. As shown
in Figure 5(b), the number of Tca8113 cells passing through
the polycarbonate membrane in S-ISL pretreated groups was
significantly less than that in the vehicle group (𝑃 < 0.05).
The inhibitory migration rates of S-ISL from 6.25 𝜇g/mL
to 50 𝜇g/mL were 21.33%, 58.59%, 62.73%, and 79.30%,
respectively.

As shown in Figure 5(c), S-ISL from 6.25𝜇g/mL to 50𝜇g/
mL also significantly inhibited Tca8113 cells invasion com-
pared to the vehicle group (𝑃 < 0.05) and the inhibitory rates
were 28.29%, 51.05%, 51.33%, and 58.04%, respectively. These
results indicated that S-ISL inhibited the adhesion,migration,
and invasion abilities of Tca8113 cells in a concentration-
dependent manner.

3.7. Changes of MMP-2 and MMP-9 Activities in Response
to S-ISL. In order to explore the possible antimetastatic
mechanism of S-ISL in Tca8113 cells, the activities of MMP-
2 and MMP-9 were tested using Gelatin zymography assay.
S-ISL treatment (6.25∼50𝜇g/mL) showed a concentration-
dependent reduction in MMP-2 and MMP-9 activities. The

inhibitory rates of MMP-2 were 13.57%, 21.02%, 24.45%, and
38.09%, and those of MMP-9 were 13.03%, 14.01%, 17.53%,
44.76%, respectively (Figure 6).These results indicate that the
inhibition of MMP-2 and MMP-9 by S-ISL might play a key
role in invasion and metastasis of Tca8113 cells.

4. Discussion

Our study shows that S-ISL has multiple anticancer effects on
human tongue squamous carcinoma cells, including specific
and biphasic effects of inhibiting proliferation, inducing cell
apoptosis and impeding adhesion, migration, and invasion.
The anticancer effects are attributed to increased levels of
apoptotic Bax/Bcl-2 ratio and decreased activity of MMP-2
and MMP-9, which is likely to be mediated via antioxidant
mechanisms of S-ISL.

The intracellular level of ROS is generally elevated in
cancer cells, affecting all characteristics of cell behaviour,
including cell cycle progression and proliferation, cell sur-
vival, and apoptosis and metastasis [26]. Like its natural
counterpart, our data showed that S-ISL also had the same
antioxidant capacity, providing the rational basis for our
ongoing investigation of its antitumor effects.

Firstly we observed the effects of S-ISL on the prolifer-
ation of human tongue squamous carcinoma line Tca8113,
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Figure 4: Bax and Bcl-2 protein expression in response to S-ISL: Western blots illustrate protein abundance of Bax and Bcl-2 using
representative samples from each group above the graph. Graphs show Bax and Bcl-2 protein abundance normalized into GAPDH after
S-ISL (12.5∼100 𝜇g/mL) treatment. S-ISL: synthetic isoliquiritigenin. Values are Mean (SD). ∗𝑃 < 0.05, ∗∗𝑃 < 0.01 versus the vehicle group.

in comparison with human liver carcinoma HepG2 cells
and rat pheochromocytoma PC12 cells. S-ISL inhibited the
growth of Tca8113, HepG2, and PC12 cells in a concentration-
and time-dependent manner. Amongst these cells, Tca8113
cells exhibited the strongest response to S-ISL treatment.The
inhibitory concentration of S-ISL observed was similar to the
reports using the natural ISL [10, 16]. These results suggest
that the effect of S-ISL against Tca8113 cells is specific and
provide a first glimpse of the types of cancer cells that may
benefit from such treatment. Further we revealed that the
inhibitory effect of S-ISL on Tca8113 growth was due to a
biphasic effect of S-ISL on Tca8113 cell cycle with a lower-
concentration accumulation in the S phase and a higher-
concentration in G1 phase. Such effect is apparently different
fromG2/Mphase arrest induced by ISL in human lung cancer
cell line A549 and human oral squamous cell carcinoma
[17, 27], confirming the specific effects of S-ISL on Tca8113
cells.

Under physiological development, cell proliferation and
apoptosis maintain proper balance. Compelling evidence
indicates that some oncogenic mutations disrupt apoptosis,
leading to tumor initiation, progression, or metastasis [28].
To test whether S-ISL could induce tumor cells apoptosis, we
employed a variety of techniques including flow cytometry,
DAPI staining, and double staining with Annexin V-FITC/PI
to observe cell apoptosis related changes. Our data showed
that S-ISL significantly increased the number of dead cells in
a dose- and time-dependent manner. However, the dose

dependent effects from both assays of DAPI staining and
Annexin V-FITC/PI are contradictory in that the low dose
of S-ISL showed strongest apoptosis-inducing effect using
Annexin V-FITC/PI method while DAPI staining demon-
strated a positive concentration-dependent effect of S-ISL on
Tca8113 cell apoptosis induction. We argue that the appar-
ent discrepancy is possibly attributed to different phases/
aspects of apoptosis examined and different regulatory
mechanisms of ISL in different concentrations. Annexin
V-FITC/PI is used to detect early phase of apoptosis by
probing phosphatidylserine translocated from the internal
part of the plasma membrane to the external portion of the
membrane. In contrast, DAPI staining is used to examine
the morphological changes to quantify the apoptotic cells
which are likely to happen in the late phase of apoptosis.Thus
the same concentration of S-ISL may have different effects
if examined in different phases of the apoptotic process.
Additionally, we cannot exclude the possibility that different
cell signalling pathways may be initiated to regulate the cell
death under different concentrations of ISL exposure, which
need further studies. In analyzing morphological character-
istics, Tca8113 cells pretreated with S-ISL had typical changes
including cell rounding, reduced spreading, shrinking and
retracting of cellular processes, and brighter stained nuclei
with condensed chromatin forming crescent-shaped profiles
around the periphery of the nuclei. All of these changes
indicated that S-ISL caused apoptosis of Tca8113 cells. One of
the major genes that regulate apoptosis is the Bcl-2 family,
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Figure 5: Effects of S-ISL on adhesion, migration, and invasion: The representative images were shown in regard to adhesion (a), migration
(b), and invasion (c) of Tca8113 cells in response to S-ISL (6.25∼50 𝜇g/mL) treatment using an inverted microscope. S-ISL: synthetic
isoliquiritigenin.

which plays a critical role in the mitochondrial pathway of
apoptosis as either promoters (e.g., Bax) or inhibitors (e.g.,
Bcl-2) of the cell death process [29]. Therefore, the alteration
of intracellular Bax andBcl-2 expression ratio can affectmito-
chondrial content release [30] and determine susceptibility to
apoptosis [31]. In agreementwith the previous studies [10, 32],
Tca8113 cells with S-ISL treatment had an increase of Bax
and a decrease of Bcl-2 protein expression and alteration of
proapoptotic Bax/antiapoptotic Bcl-2.We therefore conclude
that the mechanism that S-ISL promoted apoptosis may be
via changing the levels of the Bcl-2 family and the ratio of
Bax and Bcl-2.

The majority of cancer related deaths are caused by
metastases. Therefore, it is important to develop therapeutic
interventions specifically targeting the metastatic process.
The metastatic cascade includes a succession of six dis-
tinct steps: localized invasion, intravasation, translocation,

extravasation, micrometastasis, and colonization [33]. The
basic strategy of our interventions is aimed at disturbing
cancer cells’ adhesion,migration, and invasion abilities which
are basic steps of metastasis. In this study, S-ISL inhibited
Tca8113 cells adhesion, migration, and invasion abilities,
indicating that S-ISL is a potential antimetastasis drug. MMP
is regarded as a key player of tumor invasion and metastasis.
The proteolytic activity of MMP is able to degrade extra-
cellular matrix (ECM) proteins and subsequently induces
or enhances tumor survival, invasion, and metastasis [34].
ROS in cancer not only regulate the expression of MMPs,
but also inactivate their inhibitors TIMP (tissue inhibitor of
metalloproteinase) [26]. Indeed, Tca8113 cells treated with S-
ISL with antioxidant characteristic showed a concentration-
dependent reduction of MMP-2 and MMP-9 activities. Thus
anti-invasion and metastasis effects of S-ISL on Tca8113 are
likely to be achieved via inhibiting MMP activities.
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Figure 6: MMP-2 and MMP-9 activities in response to S-ISL: MMP-2 and MMP-9 proteolytic activities were measured in Tca8113 cells
pretreated with S-ISL (6.25∼100 𝜇g/mL) at various concentrations for 24 h using Gelatin zymography assay. S-ISL: synthetic isoliquiritigenin;
MMP: matrix metalloproteinase. Values are Mean (SD). ∗𝑃 < 0.05, ∗∗𝑃 < 0.01 versus the vehicle group.

Finally S-ISL showed a concentration-dependentmanner
in promotion of apoptosis, inhibiting proliferation, adhesion,
migration, and invasion of Tca8113 cells, with an effective and
optimal concentration from 25 to 50 𝜇g/mL. Previously, Lee
and colleagues reported that plasma ISL concentration could
reach 4.16 ± 1.80mg/mL after 30min of administration of a
50mg/kg intravenous dose of ISL to rats [35]. A recent study
showed that intraperitoneal administration of 1mg/kg of ISL
significantly decreased tumor size and inhibited the viability
of cancer cells in xenograft mouse model without apparent
side effects on normal cells [36].Therefore the concentrations
of S-ISL used in this study are highly achievable in vivo,
further supporting its promise in clinical application.

5. Conclusions

In summary, our data showed that S-ISL had antiproliferative,
proapoptotic, and antimetastatic effects on human tongue
squamous carcinoma cells through its antioxidant mecha-
nism and potentially could be a therapeutic agent against
tongue cancer.
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Recently, the cytotoxic effects of apigenin (4,5,7-trihydroxyflavone), particularly its marked inhibition of cancer cell viability both
in vitro and in vivo, have attracted the attention of the anticancer drug discovery field. Despite this, there are few studies of apigenin
in cervical cancer, and these studies have mostly been conducted using HeLa cells. To evaluate the possibility of apigenin as a new
therapeutic candidate for cervical cancer, we evaluated its cytotoxic effects in a comprehensive panel of human cervical cancer-
derived cell lines including HeLa (human papillomavirus/HPV 18-positive), SiHa (HPV 16-positive), CaSki (HPV 16 and HPV
18-positive), and C33A (HPV-negative) cells in comparison to a nontumorigenic spontaneously immortalized human epithelial
cell line (HaCaT). Our results demonstrated that apigenin had a selective cytotoxic effect and could induce apoptosis in all cervical
cancer cell lines which were positively marked with Annexin V, but not in HaCaT (control cells). Additionally, apigenin was able
to induce mitochondrial redox impairment, once it increased ROS levels and H

2
O
2
, decreased the Δ𝜓𝑚, and increased LPO. Still,

apigenin was able to inhibit migration and invasion of cancer cells. Thus, apigenin appears to be a promising new candidate as an
anticancer drug for cervical cancer induced by different HPV genotypes.

1. Introduction

At present, cervical cancer is the fourth leading cause of
cancer among women worldwide, despite the existence of
highly effective prevention and screening methods [1, 2].
Persistent high-risk human papillomavirus (HR-HPV) infec-
tion is the central factor in the development of cervical
cancer, and HPV 16 and HPV 18 account for approximately
70% of all cases of this cancer [1–4]. Chemoradiotherapy is
a standard treatment option for patients with unresectable
and locally advanced cervical cancer [5]. The 5-year survival

rate of advanced cervical cancer has significantly improved
due to the application of concurrent chemoradiotherapy in
recent years.However, local recurrence anddistantmetastasis
are still common posttreatment manifestations in patients
with advanced cervical cancer. Once posttreatment failure
occurs, prognosis becomes worse: the 1-year survival rates of
patients with such failures are less than 20% [6]. Moreover,
various side effects are produced that can greatly influence
a patient’s quality of life [7]. Despite these alarming facts,
efficient methods of treatment are still lacking.
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In recent decades, various natural products have been
evaluated as potential anticancer drugs, both in unmodified
(naturally occurring) and modified (synthetically modified)
forms [8]. Almost 50% of all anticancer agents that have
entered clinical use since 1940 are either natural products or
their direct derivatives [9]. Flavonoids are a class of plant sec-
ondary metabolites that exhibit a variety of activities, includ-
ing antibacterial, antiviral, antioxidant, and anticancer effects
[10]. Flavonoids comprise approximately 6,000 compounds
that are characterized and are distinguished from other aro-
matic compounds by having a common phenylchromanone
structure (C6-C3-C6) consisting of two benzene aromatic
rings (A and B rings) linked by three carbons that are usually
in an oxygenated central pyrone ring (C ring) [11–13]. Based
on the saturation level and opening of the central pyran ring,
flavonoids can be classified into distinct subclasses including
flavanols, flavanones, flavanonols, flavonols, anthocyanidins,
isoflavones, and flavones [14–16]. Flavones and flavonols
are structurally similar compounds, with flavonols having
an extra hydroxyl substitution at the carbon 3-position.
Apigenin is a flavonoid belonging to the flavone structural
class and chemically known as 4,5,7,-trihydroxyflavone (Fig-
ure 1). Apigenin is a low molecular weight flavonoid (MW
270.24) structurally forming yellow needles in pure form. It is
incompatiblewith strong oxidizing agents [17]. Apigenin exist
in propolis as well as in vegetables and fruits such as onions,
oranges, and parsley [14, 18]. Apigenin possesses significant
actions that suppress inflammation, viruses, oxidation, and
carcinogenesis [19].

Apigenin is of particular interest as an antitumor agent
since it exhibits lower intrinsic toxicity and is not muta-
genic compared to other structurally related flavonoids [20–
23]. Furthermore, apigenin has shown marked effects in
inhibiting cancer cell growth in cell culture systems and
in in vivo tumor models [14, 19] of a variety of human
cancers, including colon, breast, pancreatic, oral squamous,
lung, ovarian, prostate, and skin cancer as well as leukemia,
by regulation of diverse signaling pathways [21, 24–30].
Apigenin has also been demonstrated to inhibit tumor cell
invasion and metastasis [19, 31]. According to previous
studies, apigenin inhibits insulin-like growth factor 1 (IGF-1)
induced cell cycle progression and insulin receptor substrate-
1 (IRS-1) tyrosine phosphorylation and upregulates insulin-
like growth factor binding protein 3 (IGFBP-3) through
modulation of IGF axis signaling in prostate cancer [32, 33].
IGF-1 promotes intercellular signaling through links with
the IGF-1 receptor which exists in various primary cells.
IGF-1 receptor signaling is associated with activation of
phosphatidylinositol 3-kinase (PI3K) and mitogen-activated
protein kinase (MAPK) pathways that stimulate proliferation
and apoptosis of cells [34]. In addition, apigenin inhibits
proliferation of lung cancer cells by inhibiting vascular
endothelial growth factor (VEGF) transcriptional activation
and by inhibiting the phosphorylation of AKT and P70S6K
[35]. Moreover, apigenin suppresses aflatoxin B1 which is the
most toxic aflatoxin involved in hepatocellular carcinoma
and stimulates cell cycle arrest and reduction of CDK4 with
an increase in p53 and p21, respectively, in hepatocellular
carcinoma [36–38].

O

OHO

OH

OH

Figure 1: Chemical structure of apigenin.

Although apigenin represents a promising chemothera-
peutic agent for cancer therapy, little information is available
regarding the effects of apigenin against cervical cancer, and
the available data were mostly obtained in the HeLa cell line
[39–42]. HeLa cells were derived from a case of adenocar-
cinoma of the uterine cervix in 1952 and contain integrated
HPV 18 [43]. Notably, previous studies did not assess the
cytotoxic activity of apigenin in cell lines containing HPV 16,
which is the most prevalent genotype and the main causative
agent of squamous cell cervical cancer (approximately 50%
of total) [1, 4, 44]. Additionally, the cytotoxic activity of
apigenin has not been evaluated in cell lines derived from
squamous cell cervical cancer, which is the most common
type of cervical cancerworldwide (75%–85%of total) [45, 46].

In the present study, we investigated the antitumoral
effects of apigenin in a comprehensive panel of human
cervical cancer-derived cell lines, including HeLa (HPV 18-
positive), SiHa (HPV 16-positive), CaSki (HPV 16 and 18-
positive), and C33A (HPV-negative), compared to a nontu-
morigenic human epithelial cell line (HaCaT).The objectives
of this study were to investigate effects of apigenin on HeLa,
SiHa, CaSki, C33A, and HaCaT cells with respect to (i)
cell cytotoxicity, migration, and invasion of those cells; (ii)
cell death pathway and cellular oxidative stress. Our results
demonstrated that apigenin has a selective cytotoxic effect: it
induced apoptosis in all cervical cancer cell lines, but not in
HaCaT cells. Additionally, apigenin induced mitochondrial
redox impairment and inhibited cancer cell migration and
invasion.

2. Materials and Methods

2.1. Chemicals. Apigenin (4,5,7-trihydroxyflavone) with ≥
98% purity was purchased from Cayman Chemical Com-
pany (Cat No. 10010275, Ann Arbor, MI, USA). Dimethyl
sulfoxide (DMSO), diphenyl-1-pyrenylphosphine (DPPP),
Dulbecco’s modified Eagle’s medium (DMEM), violet crystal,
and tetramethylrhodamine ethyl ester (TMRE) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Fetal
bovine serum (FBS), penicillin/streptomycin, trypsin/EDTA
solution, and trypan blue were purchased from Gibco
(Grand Island, NY, USA). Annexin V/FITC, MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] and
propidium iodide were obtained from Invitrogen (Eugene,
OR, USA). X-Gal was obtained from Life Technologies
(Grand Island, NY, USA). 2,7-Dichlorodihydrofluorescein
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diacetate (H
2
DCFDA) was obtained from Molecular Probes

(Eugene, OR, USA). Matrigel was purchased from Becton–
Dickinson (San Jose, CA, USA). All other reagents were
purchased from Synth (Diadema, SP, BR).

2.2. Cell Lines and Culture Conditions. Human cell lines
derived from invasive cervical cancer, including the HeLa
(integrated HPV 18), SiHa (1 to 2 copies of HPV 16 integrated
per cell), and CaSki (approximately 600 copies of HPV
16 integrated per cell, as well as sequences of HPV 18)
lines, as well as the spontaneously immortalized human
epithelial cell line HaCaT (nontumorigenic control cells)
[47, 48], were kindly donated by Dr. Luisa L. Villa (ICESP,
School of Medicine, University of São Paulo/Brazil) and Dr.
Silvya S. Maria-Engler (Faculty of Pharmaceutical Sciences,
University of São Paulo). The C33A cell line, a human cell
line derived from invasive cervical cancer, was purchased
from the American Type Culture Collection (Rockville, MD;
HTB-31). All cell lines were maintained in a culture flask in
DMEM supplemented with 10% fetal bovine serum (FBS)
and 0.5U/mL of penicillin/streptomycin at 37∘C in a 5% CO

2

atmosphere at 100% humidity. HaCaT cells were maintained
under the same conditions but were cultured with high-
glucose DMEM.

2.3. Treatments. Apigenin was dispersed in dimethyl sulfox-
ide (DMSO) at a concentration of 200mM and stored at
−20∘C.After reaching subconfluence (70%–80% confluency),
cells were exposed to apigenin diluted in DMEM (2.5–
100 𝜇M) [40, 41] for 24, 48, and 72 h. Cells treated with
DMEMorDMSO alone (0.5% final concentration) were used
as negative controls in all assays.

2.4. Cell Cytotoxicity Assays. Cell cytotoxicity was deter-
mined by both MTT and trypan blue assays. Briefly, HeLa,
SiHa, CaSki, C33A, and HaCaT cells (5 × 104 cells/mL per
well) were inoculated into 96-well plates upon reaching
subconfluence (70%–80% confluency) and were treated with
2.5–100𝜇M apigenin as described above for 24, 48, or 72 h.

After the incubation, MTT (5mg/mL) was added to each
well, and the plates were incubated in the dark at 37∘C for
4 h. At the end of the incubation, the medium was removed,
the resulting formazan was dissolved in 150𝜇L DMSO, and
the optical density (OD) was measured at 570 nm using
a multiwell microplate reader (Bio Tek-Power Wave XS,
VT, USA). The 3-(4,5-dimethyl- 2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) assay is based on the ability
of living cells to reduce MTT to insoluble formazan crystal
violet via mitochondrial dehydrogenase [49].

For the trypan blue exclusion staining [50], after the
incubation period, the medium was removed, the cells were
washed with phosphate-buffered saline (PBS), and 200 𝜇L of
0.25% trypsin/EDTA solution was added to detach the cells
from the plate. Cell viability was assessed by counting live
versus dead cells using standard trypan blue (0.4% in PBS) on
a hemocytometer under an inverted microscope (EVOS FL
Cell Imaging System, Life Technologies, CA, USA). For both
the MTT and trypan blue assays, the results were expressed
as a percentage of the control cells, which was considered

to represent 100% cell viability. The data are shown as the
mean values ± standard deviation (SD) of three independent
experiments conducted in triplicate.

IC
50

(i.e., the concentration that inhibited cell growth
by 50% compared to untreated controls) and IC

90
(i.e., the

concentration that inhibited cell growth by 90% compared to
untreated controls) values were obtained by nonlinear regres-
sion analysis usingGraphPad Prism (GraphPad Software, San
Diego, CA).

Additionally, each cell line (5 × 104 cells/mL) was inoc-
ulated onto 6-well plates and cultured in 10% FBS-DMEM
medium at 37∘C in a humidified atmosphere with 5% CO

2
.

After reaching subconfluence, the cells were treated with
10% FBS-DMEM medium containing 2.5, 60, and 100 𝜇M
apigenin. Untreated cells were used as controls. The growth
state and morphology of the cells were observed after 72 h
under an inverted microscope (EVOS FL Cell Imaging
System, Life Technologies, CA, USA).

2.5. Colony Forming Assay. To determine the long-term cyto-
toxicity effects of apigenin, a clonogenic assay was used [51].
All cell lines were seeded in 60mm plates at a density of 600
cells/plate/4mL.After 24 h, the cellswere exposed to apigenin
and incubated in ideal conditions for 14 days (medium was
changed every 3 days). Additionally, the recovery ability of
colonies was evaluated. For this purpose, we treated the plates
with apigenin, which had exhibited toxic effects after 14 days
of exposure in previous studies, for 1, 6, 18, 24, 48, or 72 h or 7
days. After each exposure time, supernatants were exchanged
for fresh DMEM medium with 10% FBS without dye, and
the cell cultures were kept for 14 days. The colonies formed
from each cell line were stained with crystal violet after
fixation with methanol and counted manually. The results
are expressed as survival fractions, which were obtained by
dividing the number of colonies that arose after treatment by
the number of cells seeded and plate efficiency (PE: number
of colonies formed by untreated cells/number of cells seeded)
multiplied by 100.

2.6. Analysis of Senescence. Cell senescence was evaluated as
described by Gary and Kindell (2005) using 𝛽-galactosidase
[52]. Briefly, cell lines were incubated with apigenin (IC

50

of each cell line) for 48 h before 𝛽-galactosidase activity
determination. Then, the cells were washed twice in PBS
and fixed in fixation solution containing 0.5% glutaraldehyde
for 15min. The fixation solution was removed by washing
the cells twice with PBS containing MgCl

2
, and then X-Gal

staining solution was added. The cells were then incubated
at 37∘C in a CO

2
-free environment for 4 h. Doxorubicin was

used at a concentration of 5𝜇g/mL as a positive control. Cells
with blue-stained cytoplasm were considered senescent, and
the percentage of such cells was determined after counting
three random fields of 100 cells each. Data are shown as
the mean value ± SD of three independent experiments
conducted in triplicate.

2.7. Analysis of Cell Death by Apoptosis. Apoptosis was
assayed using Annexin V-FITC/propidium iodide (PI) based
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on a previously described protocol with some modification
[53]. Briefly, 1.0 × 104 cells/well were seeded overnight in 24-
well plates. The cells were treated with apigenin (IC

50
of each

cell line) for 48 h. After treatment, the cells in the supernatant
and the adherent cells were washed with PBS and binding
buffer (10mM HEPES, pH 7.5, containing 140mM NaCl and
2.5mM CaCl

2
) and stained with 1 𝜇g of FITC-conjugated

Annexin-V for 15min and 40 𝜇g/mL of PI for 5min. Camp-
tothecin (20 𝜇M) and digitonin (80 𝜇M)were used as positive
controls for apoptosis and necrosis, respectively. Cells not
treated with apigenin were used as negative controls. Each
sample was analyzed using an inverted flow microscope
(EVOS FLCell Imaging System, Life Technologies, CA, USA)
to distinguish apoptotic (green fluorescence) and necrotic
cells (red fluorescence).

2.8. Analysis of Cell Membrane Integrity. Cell membrane
integrity was evaluated as described by Britta et al. (2012)
withminormodifications, using PI to determine whether cell
death triggered by apigenin involved the necrotic death path-
way [54]. To accomplish this, cells were treated with apigenin
(IC
50
according to each cell line) for 48 h, washed with PBS,

and incubated with 4 𝜇g/mL PI for 10min. Digitonin (80 𝜇M)
was used as a positive control, and untreated cells were
used as negative controls. Fluorescence was determined at an
excitation wavelength of 480 nm and an emission wavelength
of 580 nm under a fluorescencemicroplate reader (Victor X3,
PerkinElmer, Finland). Arbitrary units (relative fluorescence
units, RFU)were directly based on fluorescence intensity, and
the fluorescence was normalized to the number of cells [55].

2.9. Assessment of Cellular Oxidative Stress. Total reactive
oxygen species (ROS), mitochondrial transmembrane poten-
tial, lipid peroxidation, and extracellular H

2
O
2
levels were

measured using spectrofluorometric assays with a fluores-
cence microplate reader (Victor X3, PerkinElmer, Finland).
Arbitrary units (RFU) were based directly on fluorescence
intensity, and the fluorescence was normalized to the number
of cells. For all assays, cells not treated with apigenin were
used as negative controls.

2.9.1. Measurement of Total Reactive Oxygen Species. Total
ROS production was measured based on an increase in
fluorescence caused by the conversion of nonfluorescent
dye to highly fluorescent 2,7-dichlorodihydrofluorescein
diacetate (H

2
DCFDA) [56]. Cells (2.5 × 105 cells/mL) were

plated in 24-well plates and incubated at 37∘C inCO
2
for 24 h.

Then, the cells were incubated with apigenin (IC
50
according

to cell line) for 48 h, centrifuged, washed, and resuspended
in PBS (pH 7.4). Afterwards, the cells were treated with
10 𝜇MH

2
DCFDA, a permeable probe, in the dark for 30min.

H
2
O
2
(200𝜇M) was used as a positive control. Fluorescence

intensity was analyzed at an excitation wavelength of 488 nm
and an emission wavelength of 530 nm.

2.9.2. Detection of Extracellular H
2
O
2
Levels. We assessed the

production of H
2
O
2
, a type of ROS, using an Amplex Red

assay kit (Molecular Probes, Life Technologies) according to

the manufacturer’s instructions. Cells (2.5 × 105 cells/mL)
were plated in 24-well plates, treated with apigenin (IC

50

according to each cell line) and incubated for 48 h at 37∘C
in CO

2
. Following the treatments, trypsinized cells were

suspended in PBS containing Amplex Red reagent (12 𝜇M)
and horseradish peroxidase (0.05U/ml). H

2
O
2
(200𝜇M)was

used as a positive control. Fluorescence was determined at an
excitation wavelength of 563 nm and an emission wavelength
of 580 nm.

2.9.3. Determination of Mitochondrial Transmembrane
Potential (ΔΨ𝑚). Changes in mitochondrial transmembrane
potential (ΔΨ𝑚) were analyzed using a TMRE (tetramethyl-
rhodamine, ethyl ester) assay [57]. Briefly, cells (2.5 × 105
cells/mL)were seeded in 24-well plates and incubated for 48 h
at 37∘C in CO

2
. Then, they were treated with apigenin (IC

50

of each cell line) for 48 h at 37∘C in a CO
2
incubator. Super-

natants were removed from the culture dishes, and adherent
cells were detached with trypsin-EDTA. The cells were
collected by centrifugation, resuspended in staining solution
with 25 nM TMRE, and incubated at 37∘C in CO

2
for 30min

in the dark. Carbonyl cyanide m-chlorophenylhydrazone
(CCCP) was used as a positive control (100𝜇M). Fluores-
cence intensity was analyzed at an excitation wavelength of
540 nm and an emission wavelength of 595 nm.

2.9.4. Lipid Peroxidation Assay. The extent of lipid perox-
idation (LPO) was determined based on the amount of
diphenyl-1-pyrenylphosphine (DPPP), which is essentially
nonfluorescent until it is oxidized to a phosphine oxide
(DPPP-O) by peroxides [58]. Cells (2.5 × 105 cells/mL) were
plated in 24-well plates and incubated at 37∘C in CO

2
. Then,

they were treated with apigenin (IC
50

according to each cell
line) for 48 h, followed by treatment with 50 𝜇M DPPP for
15min at room temperature.Hydrogenperoxidewas used as a
positive control (200𝜇M). Fluorescencewas determined at an
excitation wavelength of 355 nm and an emission wavelength
of 380 nm.

2.9.5. Catalase Activity Measurement. We measured the
activity of catalase, an enzyme involved in the cell antioxidant
system, based on the ability of the enzyme to break down
H
2
O
2
. Briefly, cells (5 × 105 cells/mL) were plated in 6-well

plates. Then, they were treated with apigenin (IC
50
and IC

90

for each cell line) for 48 h at 37∘C in CO
2
. Following the

treatments, the cells were lysed with RIPA buffer for protein
extraction on ice. The lysates were added to 1M Tris buffer
containing 5mM EDTA and 50mMH

2
O
2
(pH 8.0). The rate

of H
2
O
2
decomposition was monitored spectrophotometri-

cally (UV-2550, Shimadzu, Japan) at 240 nm for 60 seconds.
Catalase activity was expressed asH

2
O
2
consumed/min×mg

protein (𝜀, 33.33 M−1 × cm−1) [59].

2.10. Cell Migration and Invasion Analysis

2.10.1. Wound-Healing Migration Assay. Wound-healing
assays were performed as previously described [60]. Suspen-
sions of each cell line were seeded in 6-well plates (2.5 × 104
cells/mL) and cultured in medium containing 10% FBS.
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Confluent monolayers of the cells were then mechanically
scratched with a blue pipet tip (1000 𝜇L), and cell debris
was removed by washing with PBS. Then, the wounded
monolayer was incubated with apigenin (IC

30
treatment),

DMSO, and culture medium (controls). Cell migration into
the scratched region was recorded using an inverted micro-
scope (EVOS FL Cell Imaging System, Life Technologies,
CA, USA) at 0, 24, 48, and 72 h. Wound closure after 24, 48,
and 72 h was compared to the initial measurements.

2.10.2. Invasion Assay. Transwell invasion chambers contain-
ing polycarbonate filters (8 𝜇m, Costar Corp., Cambridge,
MA)were coated on the upper surfacewithMatrigel (Becton-
Dickinson, San Jose, CA). Cervical cancer cell lines (5 × 104
cells/mL) were suspended in serum-free DMEM and added
to the upper chamber. Both the lower and upper chambers
contained DMEM and apigenin (IC

50
and IC

90
of each cell

line). Cells not treated with apigenin were used as a negative
control. All cells were incubated for 48 h at 37∘C in CO

2
. Cells

on the upper surface of the filter were completely removed
by wiping them with a cotton swab. Cells that had invaded
through the Matrigel and reached the lower surface of the
filter were fixed in 10% formalin, stained with a toluidine
blue solution, and counted under a light microscope at 20x
magnification. The mean number of cells in 10 fields was
calculated, and the assay was performed in triplicate [61].

2.11. Statistical Analysis. Data distributions were expressed
as mean ± standard deviation (SD) of independent exper-
iments in triplicate. Significant differences among means
were identified using the GraphPad Prism� 6.0 software (CA,
USA). The ANOVA test followed by Tukey–Kramer test was
used to calculate the multiple comparisons, for example, cell
death by apoptosis, cellmembrane integrity, cellular oxidative
stress, reactive oxygen species, cells migration, and invasion
analysis. The Student’s 𝑡-distribution was used to compare
cytotoxic effects of apigenin on cervical cancer cell lines to
control cells. Values of 𝑃 < 0.05 were considered statistically
significant.

3. Results

3.1. Apigenin Inhibits Cervical Cancer Cell Viability but Is Not
Cytotoxic to HaCaT Cells. To study the effects of apigenin
treatment on tumor cells as well as normal cells, we exposed
four cervical cancer cell lines, the HeLa (integrated HPV 18),
SiHa (integrated HPV 16), CaSki (integrated HPV 16 and
HPV 18), and C33A (without HPV) cell lines, as well as a
human immortalized keratinocyte (HaCaT) cell line (control
cells), to increasing doses of apigenin over a maximum of
72 h.

As indicated in Figures 2(a)–2(c), apigenin exerted
concentration-dependent cytotoxic effects on all cervical
cancer cell lines tested, with an IC

50
of 10 𝜇MforHeLa, 68𝜇M

for SiHa, 76 𝜇M for CaSki, and 40 𝜇M for C33A cells at 72 h.
Apigenin showed selective action in cancer cells, as it was not
able to significantly reduce HaCaT cell viability at the tested
concentrations. The IC

50
values are shown in Figure 2(b).

The dose-response graph obtained from the MTT assays
and trypan blue dye exclusion tests shows a significant
decrease in the percentage of cell viability of all cervical
cancer cell lines compared to the HaCaT cells after apigenin
exposure (Figure 2(a)). More specifically, among the cervical
cancer cell lines tested, the HeLa cells showed a higher
reduction of cell viability at a lower apigenin concentration
(10 𝜇M) at 48 h (𝑃 = 0.0012) and 72 h (𝑃 = 0.001) of
exposure. The CaSki and SiHa cell lines showed similar
decreases in cell viability, reaching significant levels at 40 𝜇M
at 48 h (𝑃 = 0.029 and 𝑃 = 0.017, resp.) and at 72 h (𝑃 =
0.012 and 𝑃 = 0.008, resp.). Additionally, the C33A cell line
showed a significant reduction in cell viability at 40𝜇M (𝑃 =
0.021), but only after 72 h of apigenin exposure. Additionally,
apigenin did not significantly reduce HaCaT cell viability at
any concentration or time tested (𝑃 = 0.321), highlighting
the selective action of apigenin towards cancer cells.

The cell growth inhibition induced by apigenin was
further verified by microscopic observation. The results in
Figure 2(c) show that the growth of HeLa, SiHa, CaSki, and
C33A cells was effectively inhibited after exposure to 2.5–
100 𝜇M apigenin for 72 h, whereas HaCaT cell growth was
unaffected. Apigenin also induced pronounced morpholog-
ical changes due to cell death when the cervical cancer cell
lines were exposed to 60𝜇M and 100 𝜇M concentrations for
72 h. The cells exhibited retraction of cytoplasmic expansion
and detachment from the plate due to cell death. Morpholog-
ical changes were not observed in HaCaT cells exposed to the
same concentrations of apigenin for the same length of time.

To further examine the long-term cytotoxicity of api-
genin, clonogenic assays were performed. For this purpose,
we exposed all cervical cancer cell lines and HaCaT cells to
subtoxic doses of apigenin (IC

30
). After 14 days of incubation,

colony formation was inhibited by 100% in the HeLa, SiHa,
CaSki, and C33A cells compared with untreated cells (Fig-
ure 3). In the HaCaT cells, colony formation was equivalent
after 14 days of incubation with apigenin compared to the
untreated cells. Based on this finding, we tested the capability
of the cells to recover from damage after 1, 6, 18, 24, 48,
and 72 h and 7 days of exposure to apigenin, followed by the
addition of DMEM.The results presented in Figure 3 indicate
that although recovery occurred after 1 h of exposure, there
was a decrease in the number of colonies after this time.

These data indicate that apigenin exerts concentration-
dependent cytotoxic effects on HeLa, SiHa, CaSki, and C33A
cells. More importantly, apigenin showed selective action
towards cancer cells, as it did not reduce HaCaT viability.

3.2. Apigenin Does Not Induce Cell Senescence. Cell senes-
cence was studied by staining [52] with 𝛽-galactosidase,
a biomarker for senescence in mammalian cells, which
exhibit lysosomal-galactosidase activity at an optimal pH
of 4.0. Cells that are in a state of replicative senescence
express senescence-associated galactosidase activity, which
is measured at pH 6.0. Senescence was not observed after
apigenin exposure in any cervical cancer cell line or in the
HaCaT cells, as blue SA-b-Gal staining was not observed.
Therefore, we found that apigenin did not effectively induce
senescence in cervical cancer cells (data not shown).
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Figure 2: Continued.
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Figure 2: Cytotoxic effects of apigenin on cervical cancer cell lines (HeLa, SiHa, CaSki, and C33A cells) and a human keratinocyte cell line
(HaCaT cells). (a) Dose-response curves indicating the viability of the cervical cancer cell lines and the HaCaT cells (control cells) following
exposure to apigenin (2.5–100𝜇M) for 24, 48, and 72 h. A statistically significant difference in cell viability was observed between the HeLa,
SiHa, CaSki, and C33A cells and the HaCaT cells. (∗), (∗∗), and (∗∗∗) represent statistically significant (𝑃 < 0.05) differences (24, 48, and 72 h,
resp.) between the cancer cell lines and the control cells. (b) Approximate IC

50
values determined according to the cell viability obtained in (a).

∗For the HaCaT cells, the IC
50
value was > 100𝜇M. Each line represents the mean ± SD of three separate experiments conducted in triplicate.

(c) Differential effects on cell morphology induced by apigenin after 72 h of exposure. Cell photomicrographs were taken (20xmagnification),
and the percentage of cell death was determined by Trypan blue staining. Note that the HaCaT cells do not show morphological changes.

3.3. Apigenin Induces Apoptotic Death in Cervical Cancer
Cells. As described above, apigenin treatment induces a
significant decrease in cancer cell viability. To determine the
type and extent of cell death, we analyzed whether apigenin
could induce apoptosis in cervical cancer cells via anAnnexin
V-FITC/PI assay using fluorescence imaging. Annexin V
staining detects the translocation of phosphatidylserine from
the inner to the outer cell membrane during early apopto-
sis (green fluorescence), and PI can enter the cell during
necrosis or late-stage apoptosis; it can also enter dead cells
(red fluorescence) [53]. Apigenin induced apoptosis in all
cervical cancer cell lines after 48 h of exposure. As shown in
Figure 4(a), cellular apoptosis considerably increased in the
apigenin-treated cancer cells compared to the control group.
More specifically, at the IC

50
of each cancer cell line, apigenin

induced significant apoptosis, as the cells were positively
marked with Annexin V (green) but not induced to undergo
necrosis (unmarked PI-red). Apigenin did not induce death
in HaCaT cells (unmarked by either Annexin V or PI).

In Figures 4(b)–4(f), the histograms show the mean %
AnnexinV-positive cells in the cell lines treatedwith apigenin
(IC
50

of each cancer cell line) for 48 h. Mean Annexin V-
positive cell numbers of approximately 100% were found in
the HeLa (𝑃 = 0.0001; Figure 4(b)), SiHa (𝑃 = 0.00015;
Figure 4(c)), CaSki (𝑃 = 0.00012; Figure 4(d)), and C33A
(𝑃 = 0.00016; Figure 3(e)) cells, whereas approximately 5–
15% of cells were PI-positive. In Figure 4(f), the histogram
shows that apigenin exposure for 48 h did not induce death
in HaCaT cells; only approximately 4% of these cells were
marked with Annexin V (𝑃 = 0.2879) and PI, similar to the

negative control. These data demonstrate that apigenin can
selectively induce apoptosis in cervical cancer cells.

To further confirm the mechanism of cell death triggered
by apigenin, we evaluated plasma membrane integrity in
cervical cancer cell lines and HaCaT cells treated with
apigenin and stainedwithPI,which diffuses across permeable
membranes and binds to nucleic acids [54]. As shown in
Figure 5, all cervical cancer cell lines showed significantly
lower fluorescence than the positive control (HeLa, 𝑃 =
0.011; SiHa, 𝑃 = 0.024; CaSki, 𝑃 = 0.001; C33A, 𝑃 = 0.0013)
and HaCaT cells (𝑃 = 0.0112) after apigenin exposure (IC

50
).

These data indicate that apigenin exposure did not induce
the cell membrane rupture that occurs in necrosis and late
apoptosis and confirm that apoptosis is the death pathway
triggered by apigenin.

3.4. Apigenin Induces Oxidative Stress in Cervical Cancer Cell
Lines. We next investigated oxidative stress because of the
high antioxidant potential attributed to apigenin [14, 62].
We began studying the mechanistic action of this compound
by examining the production of total ROS. To accomplish
this, we evaluated the effects of total ROS production after
apigenin exposure in the cervical cancer cell lines and
HaCaT cells usingH

2
DCFDA, a fluorescent probe.This probe

primarily detects H
2
O
2
and hydroxyl radicals and fluoresces

after forming dichlorofluorescein [63]. Our results showed
that apigenin significantly increased total ROS production
in all cervical cancer cell lines compared with the negative
control (untreated cells) (HeLa, 𝑃 = 0.013; SiHa, 𝑃 = 0.015;
CaSki, 𝑃 = 0.0021; C33A, 𝑃 = 0.011). This increase in ROS
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Figure 3: Continued.
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Figure 3: The effect of apigenin exposure on the clonogenicity of cervical cancer cell lines and human keratinocytes at 1, 6, 18, 24, and 48 h
and 7 and 14 days followed by culture with DMEM. The graph indicates that colony recovery diminished with increasing times of exposure
in cervical cancer cell lines ((a) HeLa; (b) SiHa; (c) CaSki; (d) C33A) and increased with time of exposure in HaCaT cells (e). Data are shown
as the mean values ± SD of three independent experiments conducted in triplicate. Photos indicate that exposure to apigenin reduced colony
formation by 7 days and prevented colony formation after 14 days in HeLa (a), SiHa (b), CaSki (c), and C33A (d) cells. In HaCaT cells (f),
colony formation continued to be equivalent after 7 and 14 days of apigenin exposure.

productionwas similar to that induced by the positive control
(cells treated only with H

2
DCFDA). Moreover, total ROS

productionwas not changed in theHaCaT cells after exposure
to apigenin (𝑃 = 0.214); rather, the cells maintained ROS
levels similar to the negative control (Figure 6(a)). Because
increased ROS generation in the cytosol occurs in most
apoptotic cells, these results further support that apoptosis
is the cell death pathway caused by apigenin and that this is
likely a result of oxidative stress.

Next, we assessed the production of H
2
O
2
, which is a

type of ROS. Extracellular H
2
O
2
levels were detected using

an Amplex Red assay. Our results showed that apigenin sig-
nificantly increasedH

2
O
2
levels in all cervical cancer cell lines

compared with the negative control (untreated cells) (HeLa,
𝑃 = 0.0164; SiHa, 𝑃 = 0.0212; CaSki, 𝑃 = 0.0055; C33A, 𝑃 =
0.0005). H

2
O
2
production was not changed after exposure to

apigenin in HaCaT cells (𝑃 = 0.0506) (Figure 6(b)).
We next evaluated the effect of apigenin exposure on

mitochondrialmembrane potential (ΔΨ𝑚).Δ𝜓𝑚 changes are
an additional indication of apoptosis;Δ𝜓𝑚 contributes to the
process that facilitates the exit of many apoptogenic factors
to the cytosol. We used a TMRE assay, which quantifies
changes in mitochondrial membrane potential in live cells,

and a cell-permeable, positively charged, red-orange dye that
readily accumulates in active mitochondria due to their rel-
ative negative charge. Depolarized or inactive mitochondria
exhibit decreased Δ𝜓𝑚 and failure to sequester TMRE [57].
Our results showed that apigenin significantly decreased the
Δ𝜓𝑚 in all cervical cancer cell lines compared with the
negative control (untreated cells) (HeLa, 𝑃 = 0.0032; SiHa,
𝑃 = 0.0393; CaSki, 𝑃 = 0.0055; C33A, 𝑃 = 0.0081).
Furthermore, Δ𝜓𝑚 did not change in HaCaT cells after
exposure to apigenin (𝑃 = 0.0668) (Figure 6(c)).

Next, we evaluated the effect of apigenin exposure on lipid
peroxidation (LPO), which can be defined as a cascade of
biochemical events resulting from the action of free radicals
on the unsaturated lipids of cell membranes.This process pri-
marily generates alkyl, peroxyl, and alkoxyl radicals, leading
to the destruction of unsaturated lipid structure, the failure
of mechanisms that exchange metabolites, and the induction
of cell death by apoptosis. Therefore, LPO can be used as
an indicator of cellular oxidative stress [58]. We determined
the amount of diphenyl-1-pyrenylphosphine (DPPP) that is
essentially nonfluorescent until it is oxidized to a phosphine
oxide (DPPP-O) by peroxides. Our results showed that
apigenin significantly increased LPO in all cervical cancer
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Figure 4: Continued.
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Figure 4: Assessment of death pathway associated with apigenin in cervical cancer cell lines and HaCaT cells. (a) Representative figures of
cancer cell lines (HeLa, SiHa, CaSki, and C33A) and HaCaT cells exposed to apigenin (IC

50
of each cell line) at 48 h stained with the apoptosis

marker Annexin V (green fluorescence) and the necrosis marker propidium iodide (PI) (red fluorescence). (b, c, d, e, and f) Histograms show
the mean % Annexin V-positive cells (HeLa, SiHa, CaSki, C33A, and HaCaT cells, resp.) treated with apigenin (IC

50
of each cancer cell line)

for 48 h. Camptothecin (20𝜇M) and digitonin (80 𝜇M) were used as positive controls for apoptosis and necrosis, respectively (PC), and cells
not treated with apigenin were used as negative controls (NC). Data are shown as themean ± SD of three independent experiments conducted
in triplicate. ∗𝑃 < 0.05 versus the negative control. Magnification: 20x.

1000

800

600

400

200

0

PI
 (a

rb
itr

ar
y 

un
its

)

HeLa SiHa CaSki C33A HaCaT

∗
∗

∗

∗

∗

Negative control
Positive control
IC50

Figure 5: Effects of apigenin on cell membrane integrity in cervical
cancer cell lines and HaCaT cells. HeLa, SiHa, CaSki, C33A, and
HaCaT cells were exposed to apigenin (IC

50
of each cell line),

and cell membrane integrity was detected using a PI fluorescence
probe. Arbitrary units (relative fluorescence units, RFU) were
based directly on fluorescence intensity. Data are expressed as the
mean fluorescence (in arbitrary units) ± SD of three independent
experiments conducted in triplicate. ∗𝑃 < 0.05 versus the positive
control.

cell lines comparedwith the negative control (untreated cells)
(HeLa, 𝑃 = 0.0001; SiHa, 𝑃 = 0.001; CaSki, 𝑃 = 0.0008;
C33A 𝑃 = 0.0022). LPOwas not changed in HaCaT cells after
exposure to apigenin (𝑃 = 0.1934) (Figure 6(d)).

Finally, we measured the activity of catalase, an enzyme
involved in the cell antioxidant system that is responsible
for maintaining low levels of ROS and cell homeostasis.
As shown in Figure 7, the catalase activity in HaCaT cells
gradually increased after apigenin exposure (IC

50
and IC

90
,

resp.). In HeLa, CaSki, and C33A cells, an increase in enzyme
activity occurred following exposure to the IC

50
of apigenin,

whereas reduced activity was observed following exposure to
the IC

90
. In contrast, SiHa cells exhibited reduced catalase

activity after exposure to the IC
50

of apigenin, and an even
greater reduction was observed following exposure to the
IC
90
.

3.5. Apigenin Inhibits Cervical Cancer Cell Migration and
Invasion. The wound-healing assay revealed that apigenin
(IC
30
) effectively inhibited cell migration in all cancer cell

lines studied; the greatest reduction in basal migratory ability
was for HeLa cells, followed by C33A, SiHa, and CaSki cells.
For the C33A and HeLa cells, apigenin significantly inhibited
cell migration by up to twofold at all times tested (𝑃 = 0.0059
and 𝑃 = 0.029, resp.). Additionally, apigenin inhibited CaSki
and SiHa cell migration at later exposure times. For the SiHa
cells, inhibition was higher than in all other cancer cell lines
analyzed (up to threefold) at 72 h (𝑃 = 0.0038). Finally,
the CaSki cells showed significant inhibition of migration
(approximately twofold) only at 72 h of apigenin exposure
(𝑃 = 0.016) (Figure 8).

Invasion ability was measured by the number of cells that
migrated through a reconstitutedMatrigel layer to the bottom
surface of a porous membrane in a Transwell chamber assay.
As shown in Figure 9, both concentrations of apigenin (IC

50

and IC
90

of each cell line) reduced the number of cells in
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Figure 6: Effects of apigenin on cellular oxidative stress. (a) Total ROS production was evaluated during exposure of cervical cancer cell lines
(HeLa, SiHa, CaSki, and C33A) and HaCaT cells to apigenin using the fluorescence probe H

2
DCFDA. The positive control was treated with

10𝜇MH
2
DCFDA in the dark. (b) Detection of extracellular H

2
O
2
levels in all cell lines exposed to apigenin was conducted using an Amplex�

Red assay kit. H
2
O
2
was used as a positive control. (c) Mitochondrial membrane potential (Δ𝜓𝑚) after exposure to apigeninmeasured using a

TMRE fluorescence probe. Carbonyl cyanide m-chlorophenylhydrazone (CCCP) was used as a positive control. (d) Lipid peroxidation (LP)
after exposure to apigenin using the fluorescence probe diphenyl-1-pyrenylphosphine (DPPP). Hydrogen peroxide was used as a positive
control. Arbitrary units (relative fluorescence units, RFU) were based directly on fluorescence intensity. Data are expressed as the mean ± SD
of three independent experiments conducted in triplicate. ∗𝑃 < 0.05 versus negative control.

the bottom surface of the Transwell chamber, indicating a
decrease in the invasiveness of all four cell lines. There was a
further significant reduction in cell invasion observed at the
IC
50
and IC

90
of apigenin in the HeLa (𝑃 = 0.0018 and 𝑃 =

0.0008, resp.), SiHa (𝑃 = 0.0021 and𝑃 = 0.0005, resp.), CaSki
(𝑃 = 0.0025 and 𝑃 = 0.0012, resp.), and C33A (𝑃 = 0.0015
and 𝑃 = 0.0001, resp.) cells compared to the control cells.

4. Discussion

In the present study, we evaluated the cytotoxic effects
of apigenin in a comprehensive panel of human cervical

cancer-derived cell lines, including HeLa (HPV 18-positive),
SiHa (HPV 16-positive), CaSki (HPV 16 and 18-positive),
and C33A (HPV-negative) cells, compared to a nontumori-
genic spontaneously immortalized human epithelial cell line
(HaCaT). The results demonstrated that apigenin exposure
had a selective time- and dose-dependent cytotoxic effect in
all cervical cancer cell lines, but not in HaCaT cells. Apigenin
induced cancer cell death via apoptosis, which was triggered
by mitochondrial redox impairment. Additionally, apigenin
inhibited cancer cell migration and invasion.

Only three previous studies have evaluated the activity
of apigenin specifically on cervical cancer cells; all showed
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a cytotoxic effect on HeLa cells [39–41]. Our results are
in agreement with these reports and highlight additional
important information, particularly that apigenin has a sig-
nificant time- and dose-dependent cytotoxic effect on non-
HeLa human cervical cancer-derived cell lines, including
SiHa, CaSki, and C33A cells. Apigenin exerted cytotoxic
effects on HeLa cells (IC

50
of 10 𝜇M), SiHa cells (IC

50
of

68 𝜇M), CaSki cells (IC
50
of 76 𝜇M), and C33A cells (IC

50
of

40 𝜇M) at 72 h. Among these cell lines, the HeLa cells showed
the greatest reduction in cell viability at the lowest apigenin
concentration (10𝜇M) after 48 h and 72 h of exposure. The
CaSki and SiHa cells showed similar decreases in cell viability,
reaching significant levels at 40 𝜇Mapigenin at 48 h and 72 h.
The C33A cells showed a significant reduction in cell viability
at 40 𝜇M apigenin, but only after 72 h of exposure. Thus,
apigenin showed cytotoxic effects at the lowest exposure
concentration and time in cancer cell lines immortalized by
HPV (HeLa followed by SiHa and CaSki cells), indicating its
potential for the treatment of cervical cancers caused byHPV
16 andHPV 18, which account for approximately 70% of cases
[1–4].

Regarding the cytotoxic effect of apigenin on HeLa
cells, our study showed lower IC

50
values than others, with

reported IC
50
values of 40 𝜇M at 30 h [39] and 37 𝜇M at 24 h

[41]. We have knowledge of only one study that investigated
the cytotoxic activity of apigenin on SiHa and C33A cells
[64] that used the same concentrations and times used here
(0–100𝜇M at 72 h). The results from that study are similar
to ours: apigenin was cytotoxic for both SiHa and C33A
cells with IC

50
values of 50.14 𝜇M and 45.10 𝜇M, respectively.

Likewise, only one study evaluated CaSki cell cytotoxicity
after apigenin exposure. In the referenced study, 20𝜇M
apigenin was applied for 24 h, and unlike our results, a
cytotoxic effect of apigenin on CaSki cells was not detected
[65].

In contrast to its cytotoxic effects on cancer cells, we
showed that apigenin did not significantly reduce HaCaT
cell viability at any concentration or time tested. These data
highlight the selective effect of apigenin towards cancer cells,
similar to studies of other human cancer types that reported
its low intrinsic toxicity and differential effects in normal
versus cancer cells [21–23]. We also evaluated the cytotoxic
effect of apigenin using microscopy and found that apigenin
induced pronounced morphological changes in all cervical
cancer cell lines tested; in all cases, retraction of cytoplasmic
expansion and detachment from the plate due to cell death
occurred. Finally, we examined the long-term cytotoxicity of
apigenin using a clonogenic assay. We found that subtoxic
doses of apigenin resulted in 100% inhibition of colony
formation in HeLa, SiHa, CaSki, and C33A cells compared
with untreated cells. In contrast, HaCaT cells maintained
colony formation after apigenin exposure. Based on these
findings, we tested the capability of the cells to recover from
damage after 1, 6, 18, 24, 48, and 72 h and 7 days of exposure
to apigenin. The results indicated that although recovery
occurred after 1 h of exposure, there was a decrease in the
number of colonies after that time. Overall, these results show
that apigenin decreased colony formation at subtoxic doses
and had a strong and selective cytotoxic effect on cervical
cancer cells immortalized by HPV 16, HPV 18, and HPV 16
and 18 together, as well as on cells not induced by HPV.

To determine the cell death pathway that results from
apigenin exposure, we studied senescencewith blue SA-b-Gal
staining. Cellular senescence is believed to represent a natural
cellular process to suppress tumor formation [66].Our results
did not show that apigenin caused cell death by inducing
senescence. Next, we evaluated cell death by apoptosis and
necrosis by stainingwith fluorescentAnnexinV (detects early
apoptosis) and PI (detects necrosis or late apoptosis). We
found that apigenin induced death by apoptosis in all cervical
cancer cell lines after 48 h exposure. To further support these
results, we evaluated membrane integrity by staining with
fluorescent PI, which diffuses through permeablemembranes
and binds to nucleic acids in necrotic cells. Our data indicate
that apigenin exposure did not induce the cell membrane
rupture that occurs in necrosis and late apoptosis. Together,
these data indicate that apigenin exposure induces cancer cell
death via apoptosis, in agreement with previous studies of
different cancer cell lines, including HeLa cells [40, 41, 66].

To develop effective chemopreventive and chemothera-
peutic approaches for target organ carcinogenesis, a promis-
ing strategy is to take advantage of the biochemical dif-
ferences that exist between cancer cells and their normal
counterparts. In this respect, agents capable of inducing
selective apoptosis of cancer cells are receiving consider-
able attention as novel cancer-prevention options [67, 68].
The intrinsic pathway of apoptosis is related to oxidative
stress, a condition in which there is an imbalance between
ROS production and detoxification [69]. ROS play a role
in regulating the intrinsic pathway of apoptosis and are
associated with reduced mitochondrial membrane potential
[70–73]. We investigated whether apigenin exposure induces
oxidative stress in cervical cancer cells using assays to detect
total ROS and H

2
O
2
production, changes in mitochondrial
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Figure 8: Cell migration analysis using a wound-healing assay. HeLa (a), SiHa (b), CaSki (c), and C33A (d) cells were tested in 6-well plates
(2.5 × 104 cells/well) after scratching in the absence (negative control) and presence of apigenin. The results were calculated by comparing
wound closure after 24, 48, and 72 hwith themeasurements taken at the initial time, and data are shown as themean± SDof three independent
experiments conducted in triplicate. ∗𝑃 < 0.05 versus the negative control.

membrane potential (ΔΨ𝑚), lipid peroxidation (LPO) levels,
and catalase activity. We detected significantly increased
production of total ROS and extracellular H

2
O
2
, increased

LPO levels, and significantly decreased Δ𝜓𝑚 and catalase
activity in HeLa, SiHa, CaSki, and C33A cells, but not in
HaCaT cells. Collectively, our data provide evidence that
apigenin induces oxidative stress, which leads to cervical
cancer cell death via the intrinsic pathway of apoptosis. Our
results are in accordance with previous studies reporting
that apigenin can induce the following: (1) increased ROS
production in various cancers, including skin [25], colon
[66], and lung [74] cancer, as well as in HeLa cells [75,
76]; (2) apoptosis mediated by increased ROS production
in human colorectal cancer cells [66]; (3) increased H

2
O
2

production in the K562 human myelogenous leukemia cell
line [77]; and (4)mitochondrial membrane potential collapse
in choriocarcinoma cells [78]. In relation to catalase activity,

mechanistic studies of compounds that induce apoptotic
cell death via ROS have demonstrated the importance of
catalase activity inhibition on the accumulation of ROS and
consequently cell death by apoptosis [79]. Our evidence that
catalase activity was reduced in cancer cell lines after apigenin
exposure is compatible with the mechanism of action of
apoptosis induction. Likewise, our evidence of increased LPO
levels is in accordance with the theory that LPO is a toxic
free radical produced by ROS and an indicator of cellular
oxidative stress [80].

Still, our results of mitochondrial stress and apoptotic
death after exposure to apigenin are in agreement with others
in relation to structure activity of these flavone. The activity
of apigenin was associated with hydroxyl group on its B ring
in position 4 and its ability to react with free radicals. More
specifically, apigenin and kaempferol exhibit similar B ring
structure but the presence of a hydroxyl group in position 3
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Figure 9: Effects of apigenin on cell invasion. Cervical cancer cell
lines (HeLa, SiHa, CaSki, and C33A) were seeded onto Matrigel-
coated filters in Boyden chambers. After 48 h of apigenin treatment
(IC
50
and IC

90
of each cell line), the number of cells present on the

bottom side of the filter was quantified and expressed as a percentage
of the negative control. The values are presented as the mean ± SD
of three independent experiments conducted in triplicate. ∗𝑃 < 0.05
versus the negative control.

(kaempferol) decrease its cytotoxicity inHeLa cells compared
to apigenin. The higher activity of apigenin compared to
kaempferol in this study was at least partially dependent on
its ability to react with ROS that are important to induction
of apoptosis [81].

Regarding the effect of apigenin on the migration and
invasion of human cervical cancer-derived cell lines, Czyz et
al. (2005) showed that apigenin inhibited cell motility, which
correlated with reduced invasive potential of HeLa cells after
exposure to 30 and 50 𝜇M apigenin for 24 h [40]. Noh et
al. (2010) reported that 5 𝜇M apigenin inhibited the in vitro
invasion ofCaSki cells [65].Other studies of choriocarcinoma
[78], colorectal cancer [76, 82] and prostate cancer [14] also
showed that apigenin suppresses cell migration and invasion.
Our results from the wound-healing assays and Matrigel
migration and invasion assays showed that, similar to the
above-mentioned studies, apigenin inhibited cancer cell
migration,with the greatest reduction in basalmigratory abil-
ity observed inHeLa cells, followed byC33A, SiHa, andCaSki
cells, and also significantly decreased cell motility and inva-
sion.These data suggest that apigenin exerts antitumorigenic
effects not only by influencing cervical cancer cell cytotoxicity
but also by affecting cell motility and thus invasion. This
evidence is consistent with the large number of mechanisms
that has been attributed to apigenin, including antioxidant
properties and their influence on gene expression. The most
common activity noted for majority of plant flavones include
their role as potent antioxidants and free radical scavengers,
with their biological activities related to anti-inflammatory,
antimicrobial, antiviral, antimutagenic, and anticancer func-
tions. These biological activities are considered to be related

to their interactions with several enzymes and proteins,
including calcium phospholipid-dependent protein kinase,
DNA topoisomerases, tyrosine protein kinase, phosphory-
lase kinase, phosphatidylinositol 3-kinase, cytochrome 1A1
expression, and the total cellular glutathione level [83–85].

In conclusion, we found that apigenin has a selective
dose-dependent cytotoxic effect and could induce apoptosis
in HeLa, SiHa, CaSki, and C33A cells, but not in HaCaT
cells. Additionally, apigenin induced mitochondrial redox
impairment and inhibited cancer cell migration and invasion.
These results show that apigenin had a strong and selective
antitumoral effect on cervical cancer cells immortalized by
HPV 16, HPV 18, and HPV 16 and 18 together, indicat-
ing its potential to be a powerful candidate in developing
therapeutic agent for all cervical cancer types. Thus, our
data support additional preclinical and clinical studies for
further validation of antitumor effects of apigenin applicable
to cancer cervical in the future.
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