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Cardiometabolic disorders (CMD) are a cluster of metabolic
derangements that increases the susceptibility to insulin
resistance and type II diabetes mellitus, systemic hyperten-
sion, central obesity, and dyslipidaemia [1, 2]. The rise in
the prevalence of CMD is a global phenomenon involving
developed nations and underdeveloped and developing
countries, leading to a double burden of disease in the tropics.
CMD is a multifactorial disorder caused by an intricate inter-
action between genetics and environmental factors, which
lead to increased insulin resistance and circulatory free fatty
acids (FFA), lipid and glucose dysmetabolism, and elevated
levels of adipokines and cytokines [1, 3-7].

Studies have linked OS with incident CMD [8]. The
observed dwindling antioxidant level in advanced age has
been shown to reduce cardiotolerance [9]. This is accompa-
nied by arterial thickening, atherosclerosis, vascular damage,
and remodeling [10, 11]. These contribute to the develop-
ment of CMD. Indepth knowledge of the impact of OS in
the development of CMD will help to identify possible effec-
tive treatment modalities to improve cardiometabolic status.

The purpose of this special issue is to illuminate the effect
of OS in the etiopathogenesis of CMD and open new man-
agement opportunities. This special issue, oxidative stress
and cardiometabolic disorders, contains contributions from
34 reputable scientists from 17 different institutions across
the globe.

The first article, “Orosomucoid 1 Attenuates Doxorubicin-
Induced OS and Apoptosis in Cardiomyocytes via Nrf2 Sig-
naling,” by X. Cheng et al. documents the rescue effect of oro-
somucid 1 on doxorubicin-induced cardiotoxicity. The
authors clearly demonstrated that orosomucid 1, an acute-
phase protein, attenuated inflammation and ischemic stroke
in an animal model via upregulation of nuclear factor-like 2
(Nrf2) and suppression of heme oxygenase 1 (HO-1) [12].
In addition, there was a reversal of the impact of ORM1
on doxorubicin-induced OS and apoptosis in cardiac mus-
cles when Nrf2 was silenced. Their study lends credence
to the use of orosomucid as a therapeutic strategy for
doxorubicin-induced cardiotoxicity.

In the second article, “The Free Radical Scavenging and
Anti-Isolated Human LDL Oxidation Activities of Pluchea
indica (L.) Less. Tea Compared to Green Tea (Camellia
sinensis),” K. Sirichaiwetchakoon et al. challenged isolated
human low-density lipoproteins (LDL) with either 2,2’
-azobis (2-amidinopropane) dihydrochloride (AAPH), cop-
per, or 3-morpholinosydnonimine hydrochloride (SIN-1)
to induce LDL oxidation [13]. Pluchea indica (L.) Less. Tea
(PIT) showed antioxidant potential in all test systems and
its capacity to mop off peroxynitrite. PIT performed signifi-
cantly better than the green tea, Camellia sinensis tea (CST),
in DPPH and peroxynitrite scavenging assays. Although the
antioxidant activities of flavonols and polyphenol catechins
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in CST have reported earlier [14-17], the study of K. Siri-
chaiwetchakoon et al. opens a new opportunity for a novel
nutraceutical.

N. Zhao et al, in the third article, “Role of Oxidation-
Dependent CaMKII Activation in the Genesis of Abnormal
Action Potentials in Atrial Cardiomyocytes: A Simulation
Study,” probed the influence of oxidation-dependent Ca*/-
calmodulin-dependent protein kinase II (CaMKII) activa-
tion in the genesis of abnormal atrial action potentials
(AP) [18]. Zhao and his colleagues explored the intrinsic
pathophysiology of OS-induced arrhythmia in the atria.
They observed that OS triggered early after depolarizations
of AP by modifying the dynamics of transmembrane cur-
rents and intracellular calcium cycling. OS caused a rise in
cytoplasmic calcium ions via enhancement of L-type Ca**
current and calcium release by the sarcoplasmic reticulum.
The resultant increases in intracellular calcium level, ele-
vated Na+/Ca2+ exchange current, and reduced repolariza-
tion of the action potential. This culminated in prolonged
AP and consequent early after depolarizations.

The study in the fourth article “Qiligiangxin Improves
Cardiac Function through Regulating Energy Metabolism
via HIF-la-Dependent and Independent Mechanisms in
Heart Failure Rats after Acute Myocardial Infarction,”
authored by Y. Wang et al. was designed to evaluate the influ-
ence of Qiligiangxin, QL, on energy metabolism in experi-
mental myocardial infarction and the role of hypoxia-
inducible factor la (HIF-1«) signaling [19]. Acute myocar-
dial infarction (AMI) was established by ligating the left ante-
rior descending coronary artery in adult male Sprague
Dawley rats, and animals with an ejection fraction < 50% at
two weeks postoperation were considered animals with heart
failure. They randomized rats into sham, MI-induced, MI
+QL, and MI+ QL+2-MeOE2 groups. They found out that
QL significantly improved cardiac function and myocardial
capillary density, reduced serum NT-proBNP, and attenu-
ated myocardial fibrosis. This was accompanied by enhanced
glucose and free fatty acid uptake, glycolysis, and ATP pro-
duction, as well as upregulation of the protein expression of
vascular endothelial growth factor (VEGF), myocardial glu-
cose oxidation enzyme expression, and CD 31 via regulation
of HIF-1a/VEGEF signaling.

The fifth article, “Dracocephalum moldavica L. Extracts
Protect H9¢2 Cardiomyocytes against H202-Induced Apo-
ptosis and OS,” evaluated the cardioprotective potential of
Dracocephalum moldavica L., a phytomedicinal plant used
in the management of cardiovascular diseases in China
against H,0,-induced apoptosis and OS in H9c2 cells. M.
Jin et al. pretreated H9c2 cells with Dracocephalum molda-
vica L. before challenging with H,O, [20]. Dracocephalum
moldavica L. therapy was found to attenuate H,O,-induced
decline in cell viability, SOD activity, and mitochondrial
membrane potential. The phenol- and flavonoid-rich Draco-
cephalum moldavica L. also abrogated H,O,-induced eleva-
tions in ROS generation and concentrations of MDA and
lactate dehydrogenase. Dracocephalum moldavica L. cardio-
protective activities were revealed to be mediated through
upregulation of the Bcl-2 expression and downregulation of
the Bax and caspase 3 expression.
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In the sixth article, “Multimodal a-Glucosidase and «a-
Amylase Inhibition and Antioxidant Effect of the Aqueous
and Methanol Extracts from the Trunk Bark of Ceiba pen-
tandra,” T.B. Nguelefack et al. explored the postprandial
modulatory activities and antioxidant potentials of Ceiba
pentandra aqueous and methanolic stem bark extracts
[21]. They demonstrated that the phenol- and flavonoid-
rich extracts of Ceiba pentandra significantly reduced post-
prandial hyperglycemia by inhibiting protein oxidation, a-
amylase, and a-glucosidase through scavenging reactive
oxygen species. These findings are extensions of their previ-
ous studies that revealed that Ceiba pentandra promotes
glucose utilization and reduces hepatic glucose release [22],
upregulates glycogen synthesis, and impairs gluconeogenesis
[23], inhibits lipid peroxidation and shows antioxidant
activity against DPPH and hydroxyl radical [22], and dem-
onstrated antidiabetic properties in dexamethasone-treated
rats [24] and high-fat diet/streptozotocin-treated rats [25].

We hope our readers will find these articles interesting
and stimulating. The articles and recommendations of the
contributing experts will hopefully spur further discussion
and expand research in these biomedical areas.
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Doxorubicin (DOX) is an effective anticancer drug, but its therapeutic use is limited by its cardiotoxicity. The principal mechanisms
of DOX-induced cardiotoxicity are oxidative stress and apoptosis in cardiomyocytes. Orosomucoid 1 (ORM1), an acute-phase
protein, plays important roles in inflammation and ischemic stroke; however, the roles and mechanisms of ORM1 in DOX-
induced cardiotoxicity remain unknown. Therefore, in the present study, we aimed to investigate the function of ORM1 in
cardiomyocytes experiencing DOX-induced oxidative stress and apoptosis. A DOX-induced cardiotoxicity animal model was
established in C57BL/6 mice by administering an intraperitoneal injection of DOX (20 mg/kg), and the control group was
intraperitoneally injected with the same volume of sterilized saline. The effects were assessed after 7 d. Additionally, H9¢2 cells
were stimulated with DOX (10 M) for 24 h. The results showed decreased ORM1 and increased oxidative stress and apoptosis
after DOX stimulation in vivo and in vitro. ORM1 overexpression significantly reduced DOX-induced oxidative stress and
apoptosis in H9¢2 cells. ORMI significantly increased the expression of nuclear factor-like 2 (Nrf2) and its downstream protein
heme oxygenase 1 (HO-1) and reduced the expression of the lipid peroxidation end product 4-hydroxynonenal (4-HNE) and
the level of cleaved caspase-3. In addition, Nrf2 silencing reversed the effects of ORM1 on DOX-induced oxidative stress and
apoptosis in cardiomyocytes. In conclusion, ORM1 inhibited DOX-induced oxidative stress and apoptosis in cardiomyocytes by
regulating the Nrf2/HO-1 pathway, which might provide a new treatment strategy for DOX-induced cardiotoxicity.

1. Introduction

Heart failure is a prevalent disease worldwide, representing a
severe manifestation and end stage of most heart diseases.
The number of patients with heart failure in China has
reached 1-2% of the total population. Heart failure not only
significantly decreases the quality of life of patients and
causes a substantial economic burden on patient families
and society but is also associated with a high mortality rate.
Over 50% of patients with chronic heart failure die within
five years of diagnosis. Therefore, heart failure is also known
as “the final battlefield of cardiovascular disease of the 21st
century”.

The incidence rate of cancer is more than one-third
worldwide, and cardiovascular disease is the two causes of

death in developed countries. Doxorubicin (DOX), a cardio-
toxic anthracycline chemotherapy drug, was first isolated
from Streptomyces peucetius caesius in 1967 [1, 2]. DOX plays
an important role in the treatment of many cancers, as 32%
of patients with breast cancer, 57-70% of elderly patients with
lymphoma, and 50-60% of children with cancer have been
treated with anthracycline drugs [3-6]. DOX has been
included in the World Health Organization (WHO) model
list of essential medicines, as a milestone of cancer therapy
development and one of the most commonly used antitumor
anthracycline antibiotics.

However, the cardiotoxic effects of DOX limit its use in
cancer patients with irreversible degenerative cardiomyopa-
thy and heart failure. More than half of the elderly patients
and children who survive lymphoma and other cancers,
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respectively, show a high risk of cardiotoxicity after DOX
treatment [7]. Therefore, it is essential to study DOX-
induced myocardial injury to increase survival rates and
improve the quality of life of patients. Numerous studies have
shown that oxidative stress and apoptosis are important
mechanisms of DOX-induced myocardial injury [8, 9].
Therefore, an effective antioxidant and antiapoptotic agent
that improves DOX-induced myocardial injury is urgently
needed.

Orosomucoid 1 (ORMI) is an acute-phase protein that
was first discovered by Tokita and Schmid more than 100
years ago. It is mainly synthesized in the liver, but many
extrahepatic tissues have also been reported to produce
ORMI under various conditions [10, 11]. ORMI1 performs
various activities, acting as an acute-phase reactant and dis-
ease marker, regulating immunity, maintaining the capillary
barrier function, regulating sphingomyelin metabolism, and
scavenging reactive oxygen species (ROS) [12-14]. However,
the current understanding of ORM1 is limited [15, 16], and
its role in cardiovascular disease is not clear.

Nuclear factor-like 2 (Nrf2) is an important member of
the cap collar family of basic leucine zipper transcription
factors; it plays a role in the antioxidant defense system by
regulating the expression of antioxidant enzymes [17, 18].
During conditions of oxidative stress, Nrf2 is activated,
translocated to the nuclear region, and combined with the
antioxidant response element located in the promoter region
of phase II antioxidant enzyme genes, such as heme
oxygenase 1 (HO-I). It results in the detoxification of 4-
hydroxylnonenal (4-HNE) and a decrease in ROS level,
which releases the level of apoptosis [19, 20]. In previous
studies, it was found that DOX decreases the expression of
Nrf2, resulting in an increase in oxidative stress and cell apo-
ptosis [21]. However, it is not clear whether ORM1 plays a
protective role during oxidative stress and cell apoptosis by
regulating Nrf2.

In our study, we aimed to investigate the potential rela-
tionship between ORM1 and Nrf2 and clarify the roles of
ORMI in the oxidative stress and cell apoptosis resulting
from DOX-induced cardiomyocyte toxicity.

2. Materials and Methods

2.1. Animals and In Vivo Experimental Design. Eight-week-
old male C57BL/6] mice were acquired from Southern Ani-
mal Model Co., Ltd. (Nanjing, China) and housed in a non-
pathogenic animal facility at an ambient temperature of
23 £ 2°Cand on a 12 h dark/light cycle for 2 wk. DOX (Sigma,
USA) was dissolved in sterilized saline to a final concentra-
tion of <2%. Forty mice were randomly divided into the fol-
lowing two groups with 20 mice in each group: control
(saline) and DOX (20 mg/kg DOX). Mice in the DOX group
were intraperitoneally injected with 10 mg/kg DOX on the
first and fourth days, leading to a cumulative DOX dose of
20 mg/kg. Mice in the control group were intraperitoneally
injected with the same volume of saline at the same times.
These doses of DOX and sterilized saline were selected based
on previous studies [22]. Seven days after the first DOX
injection, all mice were euthanized. All animal experiments
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complied with the “Guiding Principles for the Care of Exper-
imental Animals” and “Guidelines for the Care and Use of
Experimental Animals” (NIH publication 86-23, revised
1985). Animal care and procedures were approved by the
Committee on the Care and Use of Laboratory Animals of
the General Hospital of Northern Theater Command.

2.2. Cell Culture, Transfection, and In Vitro Experimental
Design. The H9c2 cell line was purchased from the Chinese
Academy of Sciences, Shanghai Institute for the Cell
Resource Center and cultured in 5% CO, at 37°C. Adenoviral
vectors (Ad-control and Ad-ORM1) were purchased from
Hanbio Biotechnology (China). Nrf2 siRNA and control
siRNA were purchased from Thermo Scientific (USA).
H9c2 cells were seeded onto 6-well plates (2 x 10° cells per
well), and fetal bovine serum (FBS, USA) was added to
2mL of normal culture medium without antibiotics. After
the cells reached a confluence of 60-70%, they were trans-
fected using Lipo iMAX (Thermo Scientific, USA) to control
siRNA or target siRNA double strands (100 pM). After 48 h
of transfection, the cells were collected for further experi-
ments. DOX was dissolved in sterile saline.

Before the experiment, sterile saline was used as a control.
In the preliminary in vitro experiment, the cells were divided
into the following four groups: (1) control, (2) ORM1 (100
MOI) treated (ORM1), (3) DOX (10 uM) treated (DOX),
and (4) DOX+ORM1 treated (DOX+ORM]1). In the subse-
quent in vitro experiments, the cells were divided into the fol-
lowing groups: (1) control, (2) Nrf2 siRNA treated (Nrf2), (3)
DOX treated (DOX), (4) DOX+Nrf2 siRNA treated, (5) DOX
+ORM1 treated, and (6) DOX+ORMI1+Nrf2 siRNA treated.
After treatment, the cells were collected for further analyses.

2.3. Echocardiography. Seven days after the first DOX injec-
tion, the mice were anesthetized with 1.5% isoflurane to sta-
bilize the heart rate at 400-500 bpm. The size and function of
the hearts were measured by M-mode echocardiography
using the ms-400 linear transducer echocardiography system
(Visual Sonics Vevo 2100, Toronto, CA). All measurements
are the average of five consecutive heartbeat cycles.

2.4. Measurement of Plasma Levels of Lactate Dehydrogenase
(LDH) and Creatine Kinase Isoenzyme (CKMB). Blood sam-
ples were taken from mice in the control and DOX groups
and poured into EDTA tubes to prevent clotting. Plasma
was separated by centrifugation. LDH and CKMB levels in
plasma were determined using the standard enzyme-linked
immunosorbent assay (ELISA) kit (Roche, Switzerland) and
presented in U/L. All procedures were performed according
to the manufacturer’s instructions.

2.5. Wheat Germ Agglutinin (WGA) Staining. Hearts were
collected from five mice in the control and DOX groups,
respectively, and then fresh-frozen heart tissues were stained
with WGA (Sigma, USA) according to the manufacturer’s
instructions (200 cross-sectional areas per mouse). Fluores-
cence images were examined using a Zeiss Axio Imager 2
microscope (Zeiss, Germany).
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2.6. Terminal Deoxynucleotidyl Transferase dUTP Nick End
Labeling (TUNEL) Assay. Hearts were collected from five
mice in the control and DOX groups, respectively. Frozen
heart tissues were cut into 5 ym thick sections, and H9c2 cells
were cultured on cover glass. H9¢2 cells were transfected with
ORMI virus, Nrf2 siRNA, or the corresponding control.
After 48h of transfection, cells were stimulated with DOX
for 24h and fixed with 4% paraformaldehyde. Apoptosis in
myocardial tissues was analyzed using a TUNEL staining
kit (Roche, Switzerland), and H9¢2 cells were analyzed using
a different TUNEL staining kit (Abcam, UK) according to the
manufacturer’s instructions. Fluorescence images were
examined using a Zeiss Axio Imager 2 microscope (Zeiss,
Germany).

2.7. Liquid Chromatography-Tandem Mass Spectrometry
(LC/MS). The hearts were collected from mice in the control
and DOX groups, and three mice from each group were
sent to Bio Miao Biological and processed according to
the corresponding procedure. The peptide mixtures in each
group of samples were labeled with different isobaric tags
for relative and absolute quantification (iTRAQ) reagents;
equal amounts of the labeled peptides in each sample were
prepared. Finally, LC/MS detection and analysis were
performed.

2.8. Immunohistochemical Staining. Mouse hearts were fixed
in 4% paraformaldehyde (pH 7.4) overnight, embedded in
paraffin, and continuously sectioned at a thickness of 5 ym.
For dewaxing, sections were sealed with phosphate-buffered
saline (PBS) containing 5% normal target serum and 1%
bovine serum albumin (BSA) and then incubated overnight
at 4°C under humidified conditions with anti-ORM1
(Abcam, UK), anti-Nrf2 (Abcam, UK), anti-HO-1 (Abcam,
UK), anti-4-HNE (Abcam, UK), and anticleaved caspase-3
(Cell Signaling Technology, USA). A routine histological
examination was performed using light microscopy. Images
were examined with a Zeiss Axio Imager 2 microscope (Zeiss,
Germany).

2.9. Analysis of Cell Viability. Cell survival rate was deter-
mined using the Cell Counting Kit-8 (CCK-8, Beyotime,
China) according to the manufacturer’s instructions. H9c2
cells (1 x 10*) were seeded onto 96-well plates and subjected
to the treatments described above. CCK-8 solution (10 L)
was added to 100 uL of culture medium in each well and
incubated for 2h at 37°C, before the optical density (OD)
was measured at 450nm with a Thermo Multiskan FC
microplate reader (Thermo, USA). Cell survival rates were
expressed as the ratio of the OD value of the experimental
well to that of the control well. Each treatment was per-
formed six times. Cell survival rates were expressed as the
ratio of the OD value of the experimental well to that of the
control well.

2.10. Malondialdehyde (MDA) Determination. To analyze
oxidative stress parameters, we examined the MDA content.
H9c2 cells (1% 10*) were seeded onto 96-well plates and
subjected to the treatments described above. Blood samples
were collected from mice in the control and DOX groups.

We determined the MDA content using a commercially
available MDA detection kit (Beyotime, China) according
to the manufacturer’s instructions.

2.11. Dichlorodihydrofluorescein  Diacetate (DCFH-DA)
Assay. The production of ROS was established using a
DCFH-DA staining kit (Beyotime, China). H9¢2 cells were
seeded onto 96-well plates and subjected to the treatments
described above, then incubated with 10 uM DCFH-DA for
30min in the dark at 37°C. Fluorescence intensities were
immediately measured by spectrophotometry using a micro-
plate reader; the excitation and emission wavelengths were
488 and 522 nm, respectively. The fluorescence intensity of
the control group was set to 100%. The accumulation of
ROS in H9¢2 cells was analyzed by confocal microscopy
(red staining), and the fluorescence intensity of DCFH-DA
was quantified using the Image Pro Plus software (Media
Cybernetics Inc., USA).

2.12. Polymerase Chain Reaction (PCR) Analysis. Trizol
(Invitrogen, USA) was used to extract total RNA from heart
tissues and cells, and the concentration and purity of RNA
were determined by spectrophotometry. The PrimeScript
RT Kit (Takara, Japan) was used to synthesize cDNA accord-
ing to the manufacturer’s instructions. Quantitative PCR
was performed using the CFX96 Real-Time System (Bio-
Rad) to detect differences in gene expression. Relative gene
expression of each protein of interest was calculated using
the 274" method and normalized to GAPDH expression.
All reactions were performed in triplicate, and the specificity
was monitored by melting curve analysis. The primers were
purchased from RiboBio (China) (see S-Fig4 for the PCR
primers used).

2.13. Western Blot Analysis. After collecting cells and heart
samples from the different treatment groups and extracting
proteins, the protein concentrations were determined using
a bicinchoninic acid (BCA) protein assay (Thermo Scientific,
USA). The samples from each group were separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a polyvinylidene fluoride
(PVDF) membrane. The membrane was blocked by incuba-
tion with 5% skimmed milk (containing 0.1% Tween-20)
for 2h at room temperature. After incubation, the membrane
was further incubated with the primary antibodies anti-
ORM1 (Abcam, UK), anti-Nrf2 (Abcam, UK), anti-HO-1
(Abcam, UK), anti-4-HNE (Abcam, UK), and anticleaved
caspase-3 (Cell Signaling Technology, USA). Next, the mem-
brane was washed in Tris-buffered saline Tween (TBST) and
incubated with the corresponding secondary antibody
(Abcam; at a dilution of 1:5000) for 2 h at room temperature.
The Amersham Imager 680 (GE, USA) was used to detect the
bands, and the signal was quantified.

2.14. Statistical Analysis. The data are expressed as the
mean * standard error of the mean (SEM). Data were ana-
lyzed using the SPSS 19.0 statistical software (SPSS Inc.,
USA). Differences between two groups were calculated using
the t-test, and one-way analysis of variance (ANOVA) with
Tukey’s post hoc test was used when comparing multiple
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(TUNEL) staining (n =5). Data are expressed as the mean + standard error of the mean (SEM). **P < 0.01.

groups. Differences with a P value < 0.05 were considered
significant.

3. Results

3.1. DOX Caused Cardiac Dysfunction and Heart Injury in
C57BL/6 Mice. All experimental mice were weighed to deter-
mine weight loss during each treatment. The results showed
that the weight of DOX-treated mice was higher than that
of the control group. After sacrificing, it was found that the
hearts of DOX-treated mice were significantly atrophic, and
the heart weight was significantly reduced compared to that
of the normal group, indicating DOX-induced cardiac atro-
phy (Figures 1(a)-1(d)). DOX caused acute cardiac dysfunc-
tion in male mice, leading to a significant decrease in systolic
and diastolic functions relative to those of the control group
(Figures 1(e) and 1(f), Supplementary Figure la). To
determine the levels of myocardial injury caused by DOX,
we tested the serum LDH and CKMB levels and found that
the difference was statistically significant between the DOX-
treated and control groups (Supplementary Figure 1b-c).
To evaluate cell damage induced by DOX, we measured the
B-type natriuretic peptide (BNP) and A-type natriuretic
peptide(ANP) levels 7d after DOX administration and
found that the mRNA levels of BNP and ANP were
significantly increased in DOX-treated mice, indicating
obvious heart failure (Figure 1(g), Supplementary Figure 1d).

According to previous studies, one of the main mecha-
nisms of DOX-mediated myocardial injury is oxidative stress
injury. Therefore, we examined the serum MDA levels in the
mice and found that the level in the DOX group was signifi-
cantly higher than that in the control group (Figure 1(h)). To
evaluate the DOX-induced damage to cardiomyocytes, we
stained murine heart sections with WGA and found that car-
diomyocytes from DOX-treated mice were significantly

reduced, which is in accordance with the observed atrophy
(Figures 1(i) and 1(j)). To evaluate the level of cardiomyocyte
apoptosis, we conducted TUNEL staining of the myocardial
tissues of the mice. The results showed that compared with
the control group, the DOX group exhibited a significantly
higher apoptosis index (Figures 1(k) and 1(1)).

3.2. DOX Treatment Evoked the Downregulation of ORM]I
and Upregulation of Oxidative Stress and Apoptosis in
Murine Myocardial Tissue. First, we collected the hearts from
control and DOX-treated mice and performed LC/MS analy-
sis. The heat map shows differentially expressed genes
between the cardiac tissues of control and DOX-treated mice.
Low expression is depicted in green, and high expression is
depicted in red. We found that ORM1 levels were signifi-
cantly decreased in DOX-treated mice (Figure 2(a)). We then
examined the mRNA levels of ORMI, Nrf2, and HO-1
in vivo. Compared with those in the control group, the
mRNA levels of ORMI, Nrf2, and HO-1 were significantly
reduced in the DOX group (Figure 2(b)). The protein levels
of ORMI, Nrf2, and HO-1 were also significantly reduced
in the DOX group, which was consistent with the effect on
the mRNA levels (Figures 2(c) and 2(d)). In addition, 4-
HNE is the downstream molecule of HO-1, which can cause
extensive oxidative damage and cell apoptosis, and cleaved
caspase-3 is a marker of cell apoptosis. Therefore, we chose
to examine 4-HNE and cleaved caspase-3 to evaluate the
effects of DOX on the level of oxidative stress and cell apo-
ptosis. Compared with those in the control group, the protein
levels of 4-HNE and cleaved caspase-3 were significantly
increased in the DOX group (Figures 2(c) and 2(d)). The
results of immunohistochemical staining of the myocardia
from DOX-treated and control mice confirmed the above
findings (Figures 2(e) and 2(f)).
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Data are expressed as the mean +standard error of the mean (SEM). **P < 0.01 and *P < 0.05.

3.3. DOX Treatment Produced the Downregulation of ORM1
and Upregulation of Oxidative Stress and Apoptosis in H9c2
Cells. In H9¢2 cells, different concentrations of DOX (0, 2,
5, and 10 uM) were used to examine the effect of DOX on cell
viability. The results showed that DOX significantly reduced
cell viability in a concentration-dependent manner; the effect
was most obvious when the concentration was 10 uM (Sup-
plementary Figure 2). Therefore, 10 uM DOX was used in
subsequent experiments.

The mRNA and protein levels of ORM1, Nrf2, and HO-1
in H9c2 cells treated with DOX were significantly decreased
(Figures 2(g)-2(i)). In addition, the levels of 4-HNE and
cleaved caspase-3 were significantly increased in H9c2 cells
after DOX stimulation (Figures 2(h) and 2(i)). These results
were consistent with the in vivo results and indicated that
decreased levels of ORM1 might play an important role in
DOX-induced cardiotoxicity.

3.4. ORMI1 Reduced DOX-Induced Oxidative Stress and
Apoptosis in H9c2 Cells. To explore the protective effect of
ORMI against DOX in H9c2 cells in vitro, the effect of
ORMI on the viability of H9¢2 cells was measured. A con-
centration of ORM1 below 100 MOI produced no cytotoxic
effects. However, a higher concentration slightly reduced
the viability of H9c2 cells (Supplementary Figure 3a).
Cotreatment of 10 yM DOX and either 10, 30, 50, or 100
MOI ORMI1 caused a concentration-dependent increase in
cell viability compared to that of the control group
(Supplementary Figure 3b). Further experiments were
carried out using 10 uM DOX.

Next, we more closely examined the effects of 100 MOI
ORMI on H9¢c2 cells treated with DOX. Western blot analy-
sis demonstrated that the addition of exogenous ORMI
reduced the oxidative level and apoptosis index in cardio-
myocytes, reversing the DOX-induced effects (Figures 3(a)
and 3(b)). The CCK-8 assay was utilized to further examine
the protective effects of ORM1 in H9c2 cells. The results
showed that the cell survival rate significantly increased in
DOX+ORMI1-treated cells compared with that in cells
treated with DOX only (Figure 3(c)).

MDA is a parameter of oxidative stress, and its content in
cells was significantly upregulated by DOX (Figure 3(d)).
Under various pathological conditions, the initiation of
oxidative stress and the overproduction of ROS play a
key role in the development of cardiac dysfunction. A
DCFH-DA assay was utilized to analyze the production
of cellular ROS, and the fluorescence intensity increased
with the production of reactive metabolites. The combina-
tion of ORMI1 and DOX effectively inhibited ROS produc-
tion (Figures 3(e) and 3(f)). A subsequent TUNEL assay
of H9c2 cells showed that DOX significantly increased
apoptosis, while ORM1 produced the opposite effect
(Figures 3(g) and 3(h)).

3.5. Nrf2 Knockdown Reversed the Protective Effects of ORM1
in DOX-Treated H9c2 Cells. To study the role of the Nrf2-
mediated transcription network in the DOX-induced cardio-
protective effects of ORM1, Nrf2 was knocked down by spe-
cific Nrf2 siRNA. Western blot analysis showed that Nrf2
knockdown did not affect the ORMI level, it downregulated



BioMed Research International

Cleaved
caspase-3

4-HNE

()
ek

TINYO+X0d

Xod

- TINIO

- [103U0)

60

[ Control
[ ORMI1

I DOX

Hm DOX+ORMI1

S[oA9] ura01d aaneay

TNJO+X0d

XOoda

TINFO

[onuo)

()

T T
(=} (=)
A N

(urayoxd Gu/jowru)
JUU0d VAN

TINYO+X0d

Xoda

- TINJO

k3

- [o13u0)D

150

HO-1 [ W——— --‘

Nrf2

ORM1

4-HNE

caspase-3 | W—_

Cleaved
GAPDH

T
(=3
n

100

(10103 %) AIMIqeIA [0

Kk

kk

(d)

(c)
DOX DOX+ORM1

ORM1

Control

NI O+D0d

XOoda

1848:(0)

[onuo)

)

FiGure 3: Continued.



BioMed Research International

Control ORM1 DOX

(g)

9
DOX+ORMI 60 -
sk sk
A

X

%40 -
=)
£
2
g

2 20
o
(¥
<

0 -

Control
ORM1

DOX
DOX+ORM1

(h)

FIGURE 3: ORM1 reduces doxorubicin- (DOX-) induced oxidative stress and apoptosis in H9¢2 cells. (a, b) Western blot analysis of ORM1,
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deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining images with calculated apoptosis indices. Data are expressed as

the mean + standard error of the mean (SEM); n=6. **P < 0.01.

HO-1 expression and upregulated 4-HNE and cleaved
caspase-3 levels in the DOX+ORMI1+Nrf2 siRNA group
compared to the corresponding levels in the DOX+ORM1
group (Figures 4(a) and 4(b)). CCK-8 analysis showed that
compared with cells expressing Nrf2, Nrf2-knockdown cells
exhibited an aggravated reduction of cell viability in DOX
group, while silencing Nrf2 significantly reduced cell viability
in the DOX+ORM1+Nrf2 siRNA group compared to the
corresponding levels in the DOX+ORMI group in H9¢2 cells
(Figure 4(c)). Similarly, silencing Nrf2 significantly pro-
moted the production of ROS and MDA in DOX-treated
H9c2 cells, and Nrf2 knockdown reversed the protection of
ORMI in DOX-treated H9c2 cells. In conclusion, inhibition
of Nrf2 activation reversed the antioxidative effects of
ORMI against DOX-induced myocardial toxicity in H9c2
cells (Figures 4(d)-4(f)). TUNEL analysis showed that Nrf2
siRNA reversed the protective effects of ORMI in DOX-
treated H9c2 cells (Figures 4(g) and 4(h)). These findings
confirmed that the Nrf2 pathway was involved in the protec-
tive function of ORM1 in cardiomyocytes affected by DOX-
induced oxidative stress and apoptosis.

4. Discussion

DOX has been used for more than half a century as an anti-
cancer drug and is the cornerstone of chemotherapy in chil-
dren and adults; however, its cardiotoxicity poses a serious
threat. Accumulating evidence shows that oxidative stress
and cell apoptosis play key roles in the pathogenesis of
DOX-induced myocardial injury [23, 24], which is caused
by the elevated production of ROS and 4-HNE (the final
product of lipid peroxidation [25, 26]) and leads to cardio-
myocyte apoptosis.

In our study, LC/MS technology was used to identify and
quantify candidate proteins that are differentially expressed
in response to DOX-induced cardiotoxicity. We found that

ORML1 levels were significantly decreased, and analyses of
in vivo and in vitro DOX-induced myocardial injury models
confirmed this result. We also found that the levels of oxida-
tive stress and apoptosis were increased and that ORM1
inhibited oxidative stress and apoptosis in HIC2 cells via
Nrf2 signaling. Many studies have shown that various
molecular mechanisms and signaling pathways can regulate
oxidative stress and cardiomyocyte apoptosis; for example,
activation of the Nrf2/HO-1 pathway can affect DOX-
induced myocardial injury [19-21]; our study produced con-
sistent findings and showed that the Nrf2/HO-1 pathway also
participates in the antiapoptotic action of ORM1 in DOX-
treated H9c2 cells.

Nrf2 is the master regulator of cellular redox homeostasis
and is also involved in maintaining mitochondrial redox
homeostasis by providing reduced forms of glutathione (GSH)
and mitochondrial antioxidant enzymes such as GSH peroxi-
dase, superoxide dismutase, and peroxiredoxin. Nrf2 deficiency
results in impaired mitochondrial fatty acid oxidation, respira-
tion, and adenosine triphosphate (ATP) production. Recent
studies have shown that Nrf2 also affects mitochondrial func-
tion in cardiomyocyte regeneration and neural stem/progenitor
cell survival [27-29]. However, the function of Nrf2 in myocar-
dial injury caused by DOX is not completely understood. In
future studies, we intend to further analyze the function of
Nrf2 in the mitochondria of DOX-treated mice.

The addition of exogenous ORM1 reduced both the oxi-
dative stress and apoptosis caused by DOX. DOX-induced
oxidative stress was significantly reversed when H9¢2 cells
were treated with a combination of ORM1 and DOX, confirm-
ing the antioxidative power of ORM1. Cardiomyocyte apopto-
sis is another hallmark of acute DOX-induced cardiotoxicity,
and ORMI reportedly exhibits protective effects against
apoptosis under various pathogenic conditions [12-14]. The
results from the TUNEL assay confirmed the antiapoptotic
effect of ORM1, as the protein significantly inhibited DOX-
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staining images with calculated apoptosis indices. Data are expressed as the mean + standard error of the mean (SEM); n=6. **P < 0.01

and *P <0.05.

induced apoptosis in vitro. Nrf2 silencing negated the protec-
tive effects of ORM1 against DOX-induced cardiomyocyte
injury, suggesting that ORM1 regulates DOX-induced cardio-
myocyte oxidation and apoptosis by upregulating Nrf2/HO-1
signaling and other important antioxidative Nrf2-related
pathways that influence cell apoptosis [30, 31].

There were several limitations to this study. First, the
effects of ORM1 on DOX-induced oxidative stress and apo-
ptosis in cardiomyocytes were only examined in vitro.
ORMI cardiac-specific transgenic mice or knockout mice
will be considered in future studies to clarify the key role of
ORM1 in vivo. Moreover, it is not clear whether there was
an Nrf2 binding site in the promoter region of the ORM1
gene. Chromatin immunoprecipitation and luciferase
reporter gene assays will be used to clarify the details of the
relationship between ORM1 and Nrf2.

5. Conclusions

In summary, our study showed that ORMI could attenuate
DOX-induced oxidative stress and apoptosis in cardiomyo-
cytes via Nrf2 signaling, suggesting that ORM1 might be an
effective therapeutic target for the treatment of DOX-
induced cardiotoxicity. This finding provides novel insights
that may contribute to significant advances in the field of
oncology.
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Fig. S1: DOX causes heart failure on C57BL/6 mice. (a) The
level of FS valve (n = 20). (b) Serum LDH (» = 10). (c) Serum
CK/MB (n=10). (d) Relative ANP mRNA levels of hearts
(n=10). Data are expressed as the mean + standard error of
the mean (SEM) ; **P < 0.01. Fig S2: DOX causes a dose-
dependent inhibition of cell viability in H9¢2 cells (n =3).
Data are expressed as the mean + standard error of the
mean (SEM); *P<0.05 and **P<0.01. Fig. S3: ORM1
upregulated cell viability in DOX-induced cardiomyocytes.
(a) The cell viability with different dose ORM1 (n = 3). (b)
ORM1 upregulated cell viability in DOX-induced cardio-
myocytes (n=3). Data are expressed as the mean+
standard error of the mean (SEM); **P<0.01. Fig S4
sequences of the primers used for real-time RT-PCR analysis.
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Tea is one of the most popular beverages in the world. Camellia sinensis tea (CST) or green tea is widely regarded as a potent
antioxidant. In Thailand, Pluchea indica (L.) Less. tea (PIT) has been commercially available as a health-promoting drink. This
study focused on free radical scavenging activities of PIT, and its ability to protect isolated human low-density lipoproteins
(LDL) from oxidation by chemical agents. A preliminary study to investigate the antioxidant nature of PIT was undertaken.
These included common antioxidant assays involving 2,2-Diphenyl-1-picrylhydrazyl (DPPH), 2,2-azinobis-(3-
ethylbenzothiazoline)-6-sulfonic acid (ABTS), hypochlorous acid (HOCI), and its potential to scavenge peroxynitrite. In
separated experiments, isolated human LDL was challenged with either 2,2'-azobis(2-amidinopropane) dihydrochloride
(AAPH), copper (Cu®"), or 3-Morpholinosydnonimine hydrochloride (SIN-1) to induce LDL oxidation. PIT exhibited
antioxidant activity in all test systems and performed significantly better than CST in both DPPH (P <0.05;
IC,,PIT =245.85+ 15.83 and CST =315.41 + 24.18 yg/ml) and peroxynitrite scavenging assays. PIT at 75 ug/ml almost fully
prevented the peroxynitrite over a 5h period. Moreover, it displayed similar properties to CST during the antioxidation of
isolated human LDL using AAPH, Cu*, SIN-1, and hypochlorous acid scavenging assays. However, it revealed a significantly
lower ABTS scavenging activity than CST (P <0.05; IC,PIT =30.47+2.20 and CST =21.59 +0.67 yg/ml). The main
constituents of the PIT were identified using LC-MS/MS. It contained 4-O-caffeoylquinic acid (4-CQ), 5-O-caffeoylquinic acid
(5-CQ), 3,4-O-dicaffeoylquinic acid (3,4-CQ), 3,5-O-dicaffeoylquinic acid (3,5-CQ), and 4,5-O-dicaffeoylquinic acid (4,5-CQ).
In conclusion, caffeoyl derivatives in PIT could play an important role in potent antioxidant properties. So, it may be further
developed to be antioxidant beverages for preventing atherosclerosis and cardiovascular diseases associated with oxidative stress.

1. Introduction

Oxidative stress is defined as the imbalance between the pro-
duction of free radicals and defense mechanisms, which are
natural physiological processes in biological systems [1].
The excesses of intracellular reactive oxygen species (ROS)
and reactive nitrogen species (RNS) is the major causes of
oxidative stress that is associated with the development of

chronic and degenerative diseases such as cancer, arthritis,
aging, autoimmune disorders, cardiovascular, and neurode-
generative diseases [2-5]. Moreover, oxidative stress may
also modify the structure and function of certain biomole-
cules, including proteins, lipids, and DNA [6].

Oxidative stress may also result in the oxidation of
human LDL. LDL oxidation may result in lipid peroxidation
or the direct oxidation of apolipoprotein. Oxidized LDL is
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thought to have a vital role in the etiology of atherosclerosis,
which ultimately has a profound effect on cardiovascular
function [7-9].

Herbal supplements derived from fruit and vegetables
tend to be rich in both water and lipid-soluble antioxidants
[10]. One of the most popular herbal supplements is a bever-
age, such as a tea infusion. Many herbal tea infusions have a
strong antioxidant capacity [11-14], and it has the potential
to prevent diseases associated with oxidative stress such as
atherosclerosis [15, 16].

Tea is the most widely consumed beverage in the
world, second only to water [17], and one of the most
popular beverages in Southeast Asia. Green tea is derived
from the tea plant Camellia sinensis. It has been demon-
strated that some of the components of green tea have
potent antioxidative properties and have free radical scav-
enging properties towards the DPPH, ABTS, and Fluores-
cence Recovery After Photobleaching (FRAP) assays [18].
Also, flavonols from green tea have potent antioxidant
capacities and reduced oxidative stress [19]. Moreover,
green tea can prevent lipid oxidation induced by copper
ions [20]. The main active ingredients of green tea are
polyphenol catechins. The major catechins present in green
tea are Epicatechin (EC), Epigallocatechin gallate (EGCG),
Epicatechin gallate (ECG), Epigallocatechin (EGC), and
Gallocatechin gallate (GCG) [21]. EGCG, which acts as
an antioxidant, might exert a preventive effect against car-
diovascular disease [22].

The plant Pluchea indica (L.) Less. (P. indica) is a large
evergreen shrub found abundantly in salt marshes. It is
widely distributed in India, Southern China, and Southeast
Asia. In Thailand, The PIT has been commercially available
for approximately ten years as a health-promoting drink
[23]. The various biological activities of P. indica leaves have
been widely reported. Several studies revealed that its metha-
nolic extract had diuretic [24], hypoglycemic, and antihyper-
glycemic effects [25]. Moreover, the ethyl acetate fraction
from an ethanolic extract of P. indica in lipopolysaccharide-
(LPS-) stimulated RAW 264.7 macrophages displayed anti-
inflammatory activities [26]. Besides, the volatile oil of P.
indica exhibited antioxidant activity [27]. Although some
biological activities of P. indica have been reported, there is
little information published on the antioxidative properties
of the aqueous tea.

The aim of this study was to examine the free radical
scavenging potential of PIT with regard to established antiox-
idant assays and its potential to inhibit the oxidation of iso-
lated human LDL by Cu®', AAPH, or SIN-1. The
antioxidant properties of PIT were compared to a commer-
cially available green tea.

2. Materials and Methods

2.1. Tea Materials. PIT was supplied by the Crystal Biotech-
nology Company, Thailand. Commercial green tea was pur-
chased from a supermarket in the United Kingdom. The tea
samples were kept in the dark, dry place until required. Bev-
erages were prepared by brewing ground tea leaves in 80°C 1x
phosphate buffer saline (PBS) for 5 min and filtered by What-
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man No. 1 filter paper. The concentration of PIT was calcu-
lated from the ground tea leaves dry weight in PBS volume
(ug/ml). Tea samples were kept at -20°C until used.

2.2. Chemicals and Reagents. 2,2-Diphenyl-1-picrylhydrazyl
(DPPH), 2,2-azinobis-(3-ethylbenzothiazoline)-6-sulfonic
acid (ABTS), potassium persulfate, sodium hypochlorite
(NaOCl), catalase, sulfanilamide, naphthylethylenediamine
dihydrochloride (NED), 3-Morpholinosydnonimine hydro-
chloride (SIN-1), Diethylene-triamine-pentaacetic acid
(DTPA), Evans blue, iodixanol (Optiprep™), 2,2 -azobis (2-
amidinopropane) dihydrochloride (AAPH), copper sulfate
(Cu,SO,), trichloroacetic acid (TCA), thiobarbituric acid
were purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA). 4-O-caffeoylquinic acid (4-CQ), 5-O-
caffeoylquinic acid (5-CQ), 3,4-O-dicaffeoylquinic acid
(3,4-CQ), 3,5-O-dicaffeoylquinic acid (3,5-CQ), and 4,5-O-
dicaffeoylquinic acid (4,5-CQ) were purchased from
Chengdu Biopurify Phytochemicals Ltd., China. Other
reagents used were all analytical grade.

2.3. DPPH Scavenging Assay. The %DPPH scavenging activ-
ity of PIT and CST were evaluated by the method of Brand-
Williams et al. [28] with slight modifications. In brief, 0-
300 ug/ml of the tea extracts was prepared using 0.002%
DPPH reagent in a 96-well plate. The samples were suitably
mixed prior to incubation in the dark at room temperature
for 30 min. PBS was used as a negative control. The absor-
bance of all samples was measured at 515 nm. Radical scav-
enging activity was repeated for six times and expressed as
a DPPH scavenging percentage as,

0D, - OD
9%DPPH scavenging = <1 — _sample Sa‘“"lebla“k) x 100.

ODcontrol - ODsample blank

(1)

2.4. ABTS Scavenging Assay. The ABTS scavenging activity of
PIT was measured and compared with CST. The ABTS" rad-
ical cation was prepared by mixing 7mM ABTS stock solution
with 2.45mM potassium persulfate (final concentration) in
methanol and kept them in the dark at room temperature
for 16h. The solution was adjusted to an absorbance of 0.70
(+0.02) with ethanol. The reaction was performed in a 96-
well plate by mixing and shaking 90 yl ABTS" radical cation
solution with 10 ul of the test sample at various concentrations
(0-40 pg/ml final concentration) for 45 seconds. The absor-
bance was measured at 734nm. The assay was repeated six
times, and the percentage inhibition of absorbance was
reported as an ABTS scavenging percentage as

OD
OD

OD

control

%ABTS scavenging = (1 -
sample blank

sample — ODsample blank) % 100

(2)

2.5. Hypochlorous Acid (HOCI) Scavenging Assay. This assay
was performed as previously described by Aruoma and Halli-
well [29] with minor modifications. HOCI was generated by
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adjusting the pH of a 10% (v/v) solution of NaOCI to 6.2%
with 0.6 M H,SO,. The HOCI was mixed with 50 mM phos-
phate buffer (pH 6.8), catalase (7.2 M), and tea samples at
various concentrations (0-300 ug/ml) in 96 well-plate. The
mixture was incubated at 25°C for 20 min. The scavenging
activity was measured by the decrease in absorbance of cata-
lase at 404 nm. The assay was performed in triplicate. %HOCI
scavenging was calculated as

oD
~ OD

sample blank — ODsample % 100
sample blank — OD control

(3)

%HOCI scavenging = (1

%Nitric oxide radical scavenging = (1 -

2.7. Peroxynitrite Scavenging Assay. SIN-1 was used as a
peroxynitrite donor, and peroxynitrite scavenging activity
was measured by an Evans blue bleaching assay. Briefly,
the reaction mixture comprised of 50mM phosphate
buffer (pH7.4), 0.l mM DTPA, 90mM NaCl, 5mM KCI,
12.5uM Evans blue, 1mM SIN-1, 37.5, and 75ug/ml of

%Optical density of Evans blue = (1

2.8. LDL Isolation by Ultracentrifugation Technique. The Liv-
erpool John Moores University (LJMU) ethics committee
approved the use of human blood and the preparation of
LDL. Whole blood was obtained from the vein of healthy vol-
unteers aged between 24 and 70 years who were normolipi-
demic, nonsmoking, had not taken any medications or
supplements within the last two weeks. Whole blood was
added to 3.8% (w/v) sodium citrate at a ratio of blood against
anticoagulant as 9:1. The whole blood was centrifuged at
1500 x g for 20min, and the platelet-poor plasma was
transferred to a separate plastic tube. LDL was isolated by
density gradient ultracentrifugation using a method devel-
oped by Graham et al. (1996) with minor modifications
[30]. In brief, 0.5ml of 60% (v/v) iodixanol (Optiprep™)
was mixed with 4.5ml of plasma and transferred to an
11.2 ml capacity Optiseal tube. Then, it was overlayered with
5ml of 12% v/v iodixanol prepared with human plasma, and
PBS was used to fill the rest of the tube. The tubes were cen-
trifuged in a Beckman L8-80 ultracentrifuge using a vertical
rotor V65.1 at 350,000 x g for 3h. An Auto Densi-Flow gra-
dient fractionator (Labconco, UK) was used for fractionating

2.6. Nitric Oxide (NO) Scavenging Assay. SIN-1 was used for
generating RNS in this experiment. One of the end products
of RNS chemistry is nitrite. Nitrite concentration was deter-
mined using the Griess assay. The test solution was prepared
in a 96-well plate by mixing 025mM SIN-1 with PBS
(pH7.4) and various doses of tea samples (0-100 pg/ml final
concentration). The test solutions were incubated at 25°C for
30min. Then, 80yl of 0.33% sulfanilamide in 20% glacial
acetic acid was added to the produced solution and was suit-
ably shaken for 5min before adding 80 ul of 0.1% NED and
incubated at 25°C for 15min. The nitric oxide scavenging
was measured spectrophotometrically at 540 nm against a
blank sample. All tests were repeated six times, and %Nitric
oxide radical scavenging was expressed as

ODsample - ODsample blank % 100 <4)
oD - 0D ’

control sample blank

either PIT or CST in a 96-well plate. The mixture was
incubated at 37°C for 300min, and the absorbance was
measured at 611nm every 30min. The assay was per-
formed six times. The percentage scavenging of peroxyni-
trite at various times was calculated by the %Optical
density of Evans blue as;

OD
OD

sample blank OD
-0OD

Sample) x 100. (5)

sample blank control

the gradient by unloading the gradient from the top to the
bottom of the tube. Each tube of 11.2 ml was fractionated into
0.5 ml aliquots per tube. All fractions were measured for tri-
glycerides, cholesterol, LDL, and apoB100 components by
using reagents and standards from Randox (Eire). Pooled
LDL fraction was measured protein concentration by Brad-
ford assay and stored at -20°C until required.

2.9. AAPH Induce LDL Oxidation Assay. AAPH is a reactive
oxygen species generator. The sample solution was prepared
by adding 20 mM AAPH to 50 ug/ml of LDL protein. Either
50 ug/ml or 75 yg/ml of PIT or CST was added in the test
samples. The control sample was 50 yg/ml of LDL protein
added with PBS. The LDL protein was added with AAPH
20 mM. All samples were incubated at 37°C. At this temper-
ature, AAPH produces a range of ROS. At a specific time
point (0, 30, 60, 90, 120, 150, and 180 min), sample aliquots
were removed and placed at -20°C prior to thiobarbituric
acid reactive substances (TBARS) measurements. The first
stage of the TBARS assay was to precipitate protein by the
addition of 20% v/v TCA. The samples were then spun at



10,000 rpm for 10 min at 4°C. The supernatant was collected
and treated with 1% w/v thiobarbituric acid. The samples
were heated at 95°C for 20 min. TBARS concentration was
determined by UV absorption at 532 nm. The malondialde-
hyde (MDA) concentration was determined by a calibration
curve. The assay was performed in triplicate.

2.10. Copper Induce LDL Oxidation Assay. LDL protein was
challenged with Cu** by adding Cu,SO, at a final concentration
of 40 uM to 50 pg/ml of LDL protein. The negative control sam-
ple was 50 pg/ml of LDL protein with PBS. The positive control
was 50 yug/ml of LDL protein incubated with 40 uM Cu,SO,.
The 15 pg/ml of PIT or CST was added in the test samples that
contained 50 pg/ml LDL protein plus 40 uM Cu,SO,. All sam-
ples were incubated at 37°C for 3 h. At various time points, the
samples were assessed for MDA equivalence as TBARS prod-
ucts. The assay was performed in triplicate.

2.11. SIN-1 Induce LDL Oxidation Assay. SIN-1, which is a
peroxynitrite donor, has been used to investigate RNS-
mediated LDL oxidation. In this assay, 50 g/ml of LDL protein
was challenged with 1 mM of SIN-1. In test samples, 15 pg/ml
of PIT or CST was mixed with 50 yg/ml of LDL protein and
1 mM of SIN-1. The samples were incubated at 37°C for 18 h.
Finally, the samples were stored at -20°C before further analysis
by TBARS assay. The assay was repeated three times.

2.12. LC-MSIMS Instrument and Conditions. LC-MS/MS
technique has been used for identifying the main chemical
constituents of PIT as previously described by Kongkiatpai-
boon et al. [23]. The combination of chromatographic sepa-
ration of LC-MS/MS system was combined by Agilent
HPLC 1290 Infinity and mass analyzer 6490 Triple Quad
LC/MS Agilent Technologies, which equipped with an elec-
trospray ionization (ESI) source system. Agilent ZORBAX
Rapid Resolution High Definition (RRHD) SB-C18, 2.1 mm
id x 150 mm (1.8 ym) was used for chromatographic separa-
tion. The mobile phase system used 1% formic acid in water
as solvent A and 1% formic acid in acetonitrile as solvent B.
The gradient of the mobile phase was set at a ratio of solvent
A :solvent B, 100:0, with gradient elution, from 30% solvent
B at 10min and 100% solvent B at 30 min at a flow-rate of
0.2 ml/min. The sample injection volume was 5 uL, and the
column was set at 25°C. 4-CQ, 5-CQ, 3,4-CQ, 3,5-CQ, and
4,5-CQ were used as standard.

2.13. Statistical Analysis. All the data were presented as a
mean + standard deviation (S.D.) or standard error of the
mean (S.E.M.). Statistical analysis was performed using SPSS
version 18.0. The significant statistical differences between
groups of DPPH, ABTS, HOCI, and NO scavenging assay
were analyzed by an independent ¢-test, whereas peroxyni-
trite, Cu>*, AAPH, and SIN-1 scavenging assay were com-
pared by one-way analysis of variance (ANOVA) with a
Tukey’s HSD post hoc test. Values were considered statisti-
cally significant when P < 0.05, and data were the representa-
tive of at least three independent experiments.
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3. Results

3.1. DPPH Scavenging Assay. The activities of both teas were
investigated using the DPPH radical scavenging assay. The
antioxidant activity was calculated spectrophotometrically
at 515nm. The result indicated that PIT generated signifi-
cantly stronger antioxidant capacity than CST at a concen-
tration of 75 pug/ml to 300 ug/ml CST (P < 0.05) (Figure 1).
At a concentration of 300 ug/ml, the %DPPH scavenging
value of PIT and CST was 51.19 + 4.02 and 41.46 + 3.83,
respectively. The IC., value of PIT was determined at
245.85+ 15.83 ug/ml, which was lower than CST at
315.41 +24.18 pug/ml.

3.2. ABTS Scavenging Assay. This assay shows the abilities of
the extract to quench the ABTS" radical. The extracts interacted
with ABTS", which decreased the absorbance of the solution.
The absorbance was measured spectrophotometrically at
734nm. Figure 2 displays %ABTS radical scavenging of PIT
and CST. CST significantly inhibited ABTS" radical stronger
than PIT at 5-40 yg/ml (P < 0.05). The IC;, of PIT and CST
was 30.47 £ 2.20 and 21.59 + 0.67 ug/ml, respectively.

3.3. Hypochlorous Acid Scavenging Assay. The hypochlorous
acid scavenging activity of the PIT and CST are shown in
Figure 3. The results showed that PIT significantly scavenged
more hypochlorous acid than CST at a concentration of
18.75 ug/ml (P < 0.05). Nevertheless, the other strengths of
PIT inhibited more hypochlorous acid than CST but not
significantly.

3.4. Nitric Oxide Scavenging Assay. Nitric oxide scavenging
could be detected by determining the nitrite concentration
using the decolorization by the Griess reaction method.
Figure 4 shows % inhibition of nitric oxide of PIT and CST.
The result indicated that the %nitric oxide scavenging activ-
ity of PIT was significantly higher than CST (P < 0.01). The
IC;, of PIT was 116.48 + 5.08 ug/ml, while the IC;, of CST
was 178.42 + 15.52 pg/ml.

3.5. Peroxynitrite Scavenging Assay. Evans blue assay is used
to measure peroxynitrite scavenging, which is generated by
SIN-1. The peroxynitrite is thought to bleach the Evans blue
dye. The results are shown in Figure 5. At higher concentra-
tions, PIT (75 ug/ml) almost fully prevented the peroxynitrite
bleaching the dye over a 5h period. Whereas at 37.5 ug/ml,
the %peroxynitrite scavenging was 64.50 + 8.07% at 2h. In
contrast, a higher concentration of CST (75 pug/ml) exhibited
significantly lower peroxynitrite scavenging activity com-
pared to PIT.

3.6. AAPH Induce LDL Oxidation Assay. The ROS induce
LDL oxidation scavenging effect has been investigated by
challenging isolated human LDL with AAPH, which is
ROS. PIT and CST at 50 and 75 ug/ml were used for the
experiment. The samples were incubated for 3 h, and aliquots
were collected at various times for analysis using the TBARS
assay. The result indicated that after 60 min of AAPH activ-
ity, both teas could significantly decrease the TBARS forma-
tion (Figure 6). Furthermore, a stronger effect was observed
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FiGURrk 2: The ABTS radical scavenging activity. PIT: P. indica (L.) Less. tea; CST: C. sinensis tea at concentrations ranging from 0-40 pg/ml.
The data represent the percentage of ABTS inhibition. Each value represents mean + S.D. (n = 6). ** indicates a significant difference between

groups at P < 0.01.

at higher concentrations of both teas. The lag time of LDL
oxidation was increased from 40 to 70 min at all strengths
of testing teas. These results suggest that both teas have
approximately similar LDL oxidation scavenging properties.

3.7. Copper Induce LDL Oxidation Assay. Isolated human
LDL was incubated with either PIT or CST at 15 ug/ml and

challenged with Cu®*. The result was presented as MDA
equivalence (nmol/mgprotein), which was calculated from
the MDA calibration standard curve. Figure 7 showed that
in the Cu**-treated group, the MDA equivalence was contin-
ually increased by 210 min at 222.73 + 2.22 nmol/mgprotein,
while the PIT and CST treated group could almost entirely
prevent Cu”" oxidation of human LDL.
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0-150 pg/ml in various concentrations. The data represent the percentage of nitric oxide inhibition. Each value represents mean + S.D.
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3.8. SIN-1 Induce LDL Oxidation Assay. SIN-1, which is an
RNS generator, is used to induce LDL oxidation. Isolated
human LDL was incubated with SIN-1 and tea extracts.
The result expressed the RNS scavenging effect of both

PIT and CST at a dose of 15ug/ml (Figure 8). PIT and
CST displayed nearly similar properties and could decrease
MDA concentration from 86.73 +2.55 to 20.41 £ 2.55 and
23.81 + 3.90 nmol/mgprotein, respectively.
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3.9. LC-MS/MS Analysis of PIT. In this experiment, ESI-MS  dards using the Multiple Reaction Monitoring (MRM)
analysis used negative ion mode and identified the chemical =~ modes. Two pairs of MRM transitions were selected at m/z
constituents by comparing the profiles with authentic stan- ~ 353.1 — 191.0 and 515 — 353. Table 1 displayed that 4-CQ,
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5-CQ, 3,4-CQ, 3,5-CQ, and 4,5-CQ were detected in the PIT
(Table 1). Moreover, the results showed a concentration of
3,5-CQ, which was the highest peak of the chromatogram
at 169.93 pg/ml of 1,500 ug/ml PIT (data not showed).

4. Discussion

Free radicals encompassing the ROS and RNS are derived
from both endogenous sources (mitochondria, peroxisomes,
endoplasmic reticulum, phagocytic cells, etc.) and exogenous
sources (pollution, alcohol, tobacco smoke, heavy metals,

transition metals, industrial solvents, pesticides, certain
drugs like halothane, paracetamol, and radiation) [31]. The
imbalance between free radical and antioxidant systems can
cause extensive damage to tissues and biomolecules [32],
leading to various diseases especially degenerative diseases
of aging such as cancer, immune-system decline, brain dys-
function, and cardiovascular [33]. Antioxidants derived from
the diet assist physiological protective mechanisms in pre-
venting damage from ROS or RNS. Dietary antioxidants
can be derived from either supplements, fruit, vegetables, or
herbal beverages, including teas. These are popular with
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TaBLE 1: The main chemical constituent of P. indica tea. was
analyzed by Liquid Chromatography-Mass Spectrometer/Mass
Spectrometer (LC-MS/MS).

Main chemical constituent Detection
4-O-caffeoylquinic acid (4-CQ) +
5-O-caffeoylquinic acid (5-CQ)
3,4-O-dicaffeoylquinic acid (3,4-CQ)
3,5-O-dicaffeoylquinic acid (3,5-CQ)
4,5-O-dicaffeoylquinic acid (4,5-CQ)

+ + + +

consumers and are widely used to prevent the diseases gener-
ated by free radicals [34, 35].

PIT has been used for health-promoting tea, but its anti-
oxidative properties have not been fully explored. In this
study, the antioxidative properties of PIT were compared
with a well-known and commercially available green tea.
The properties were investigated using well-established tech-
niques, including DPPH and ABTS. The properties of the tea
to scavenge peroxynitrite, RNS, and hypochlorous acid and
prevent the oxidation of isolated human LDL were also
undertaken.

DPPH radical scavenging assay has been widely used in
the determination of the antioxidant activity of natural anti-
oxidants from plant sources [28, 36]. This assay determines
the reduction of DPPH radical by measuring the color chang-
ing from the violet color of DPPH radical to yellow of the
nonradical DPPH derivative at 515 nm. Several studies indi-
cated that CST scavenged the DPPH radical [37, 38]. Inter-
estingly, PIT showed significantly stronger antioxidant
activity in this assay than CST at all concentrations. These
results are in substantial agreement with Srisook et al. [39]
that hot water extract of P. indica leaves shows the DPPH
radical scavenging activity (ECs, value = 23.8 + 1.0 pg/ml).

ABTS" radical cation decolorization assay was used to mea-
sure the antioxidant capacity of PIT compared to CST. These
results provide evidence that CST could significantly reduce
ABTS" radical better than PIT. This higher action of CST
may come from various classes of polyphenols in CST, which
act as a potent antioxidant for the ABTS" radical [40, 41].

Hypochlorous acid is a weak acid that could inactivate
the antioxidant enzyme catalase by breaking down the heme
prosthetic group [42]. Our results demonstrated that PIT was
a higher potent hypochlorous acid scavenger than CST,
which has been previously reported its hypochlorous acid
scavenging capacity [43, 44].

Nitric oxide has an important role in several physiologi-
cal processes like neural signal transmission, immune
response, control vasodilation, and control of blood pressure
[45, 46]. Nevertheless, the elevation of the nitric oxide causes
inflammation and sustained levels of nitric oxide results in
tissue toxicity and several pathological, including in vascular
disease [47]. The present study examined the nitric oxide
scavenging effect of PIT. Tsai et al. reported that CST had
IC,, values of nitric oxide scavenging less than 500 ug/ml
and was proven to be a good nitric oxide suppressor [48].

Interestingly, our findings provide evidence that PIT displays
significantly higher nitric oxide scavenging activity than CST.

Peroxynitrite, which is one of the nitrogen-containing
species, is indicated as RNS. Excess peroxynitrite represents
a crucial pathogenic mechanism in conditions, such as
stroke, myocardial infarction, chronic heart failure, diabetes,
circulatory shock, chronic inflammatory diseases, cancer,
and neurodegenerative disorders [49]. PIT at a concentration
of 75 pg/ml had the capacity to fully inhibit the ability of per-
oxynitrite to bleach the color of Evan blue dye. Noticeably,
PIT demonstrated significantly better peroxynitrite scaveng-
ing activity than the green tea preparation at the same con-
centration of 75 yg/ml. Chung et al. reported that catechins,
a galloyl group containing in green tea, inhibited peroxyni-
trite formation by both SIN-1 and scavenged peroxynitrite
itself [50]. These findings lead us to believe that the effect of
PIT on DPPH, ABTS, hypochlorous acid, nitric oxide, and
peroxynitrite scavenging is better than CST.

LDL lipid oxidation is considered to be essential in the
pathogenesis of atherosclerotic vascular diseases [51]. Several
lines of evidence suggest that the important mechanisms of
LDL lipid oxidation occur by ROS, RNS, and Cu*" [52].
The natural compounds with anti-LDL oxidation activity
could have some beneficial effects in the prevention of the
disease [53, 54]. The investigation of anti-LDL oxidation
activity in vivo can be measured in vitro by using whole plas-
ma/serum [55]. In this study, we measured the LDL oxida-
tion in AAPH, Cu®*, and SIN-1 challenged isolated human
LDL using the TBARS assay and presented the results by
MDA equivalence. AAPH is a ROS generator that can initiate
lipid peroxidation and protein oxidation in isolated LDL par-
ticles. One measure of antioxidative protection in LDL is the
lag-time. The inclusion of both PIT and CST extended the lag
time compared to the control. From the results, the antioxi-
dative properties of CST observed toward AAPH activity
are consistent with those of Liu et al. reported that the poly-
phenolic components derived from green tea leaves are effec-
tive antioxidants against AAPH-initiated photosensitized
LDL oxidation [56]. Noticeably, our studies found that PIT
demonstrated better AAPH scavenging activity than green
tea from 150 min onward. Besides, the Cu** scavenging activ-
ity effect of both PIT and CST was also investigated. The
results expressed that PIT could favorably inhibit Cu®*
induced LDL oxidation compared to CST. It was reported
by Yokozawa et al. that green tea extract markedly delayed
Cu”" induced LDL oxidation with a dose-dependent pattern
[57]. Green tea contains a rich array of polyphenols, and
these may chelate the copper ions from solution, the same
may be true for PIT. Moreover, SIN-1, which is an RNS gen-
erator, was also used to investigate LDL oxidation. The RNS,
which is generated by SIN-1, was scavenged by both teas.
This result is consistent with the Evan blue dye study pre-
sented in this study. These results suggest that PIT may have
a role in preventing the initial stages of atherogenic events by
inhibiting ROS, RNS, and Cu*" induce lipid peroxidation.

The PIT has been investigated as the main chemical con-
stituent by using LC-MS/MS technique. The result expressed
that caffeoylquinic acid derivatives were the main chemical
compositions of PIT. This result is in correspondence with
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the study from Kongkiatpaiboon et al. [23], which reported
that PIT contained six caffeoylquinic acid derivatives. Inter-
estingly, caffeoylquinic acid derivatives were reported that
they had potent antioxidant properties [58]. Caffeoylquinic
acid derivatives from Dipsacus asper Wall (Dipsacaceae)
showed antioxidant activity against free radical and Cu®*-
mediated LDL oxidation. They may have an essential role
in preventing the development and progression of athero-
sclerotic disease [58]. Furthermore, these derivatives also
showed high DPPH-radical and peroxynitrite scavenging
activity [59, 60]. These findings provide evidence that the
antioxidative nature, which is free radical scavenging activi-
ties and anti-LDL oxidation, of PIT, is better than or approx-
imately equal CST. These effects may be acted by
caffeoylquinic acid derivatives rather than polyphenolic cate-
chins found in CST [12].

5. Conclusion

The results of the present work show free radical scavenging
activities and anti-LDL oxidation effects of PIT. The PIT has
the potential to be developed as a health supplement product
to provide antioxidants for atherosclerosis or other diseases
associated with oxidative stress prevention. Further studies
should focus on in vivo investigation, including pharmacoki-
netics, pharmacodynamic, efficacious, and safe dose in
humans.
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1. Introduction
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Atrial fibrillation is a common cardiac arrhythmia with an increasing incidence rate. Particularly for the aging population,
understanding the underlying mechanisms of atrial arrhythmia is important in designing clinical treatment. Recently,
experiments have shown that atrial arrhythmia is associated with oxidative stress. In this study, an atrial cell model including
oxidative-dependent Ca®"/calmodulin- (CaM-) dependent protein kinase II (CaMKII) activation was developed to explore the
intrinsic mechanisms of atrial arrhythmia induced by oxidative stress. The simulation results showed that oxidative stress
caused early afterdepolarizations (EADs) of action potentials by altering the dynamics of transmembrane currents and
intracellular calcium cycling. Oxidative stress gradually elevated the concentration of calcium ions in the cytoplasm by
enhancing the L-type Ca** current and sarcoplasmic reticulum (SR) calcium release. Owing to increased intracellular calcium
concentration, the inward Na'/Ca®" exchange current was elevated which slowed down the repolarization of the action
potential. Thus, the action potential was prolonged and the L-type Ca®" current was reactivated, resulting in the genesis of EAD.
Furthermore, based on the atrial single-cell model, a two-dimensional (2D) ideal tissue model was developed to explore the
effect of oxidative stress on the electrical excitation wave conduction in 2D tissue. Simulation results demonstrated that,
under oxidative stress conditions, EAD hindered the conduction of electrical excitation and caused an unstable spiral wave,
which could disrupt normal cardiac rhythm and cause atrial arrhythmia. This study showed the effects of excess reactive
oxygen species on calcium cycling and action potential in atrial myocytes and provided insights regarding atrial arrhythmia
induced by oxidative stress.

(RyRs) [12-18], and phospholamban (PLB) [12, 17, 19, 20].
Overexpression of CaMKII increases fractional sarcoplasmic

Atrial fibrillation (AF) is the most common cardiac arrhyth-
mia [1-3]. To design optimal treatment of AF, the mecha-
nisms underlying AF need to be better understood. Both
reactive oxygen species (ROS) and Ca**/calmodulin- (CaM-)
dependent protein kinase II (CaMKII) have been shown to
be associated with the development of cardiac arrhythmias
[4, 5]. The kinase CaMKII is ubiquitously expressed in the
cardiomyocytes [4, 6]. It is involved in numerous cellular sig-
naling cascades, such as phosphorylation of L-type Ca*"
channels [7-9], Na™ channels [10, 11], ryanodine receptors

reticulum (SR) Ca®* release [13] and SR Ca** leakage [16],
enhancing the activation of RyRs during both systole and
diastole. As mentioned, it has been reported that CaMKII
can also phosphorylate PLB [20]. In its unphosphorylated
state, PLB acts as an endogenous inhibitor of sarco/endoplas-
mic reticulum Ca®*-ATPase (SERCA). Therefore, phosphor-
ylation of PLB by CaMKII will enhance SERCA activity [21].
In addition to SR Ca** dynamics, many ion channels show
CaMKII-dependent phosphorylation. Phosphorylation of L-
type Ca** channels induced by CaMKII is associated with
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Ca®"-dependent Ca** current facilitation [22, 23]; CaMKII-
dependent phosphorylation of Na™ channels may cause an
increase in the late sodium current, which predisposes cardi-
omyocytes to arrhythmias [10, 11].

Conventionally, CaMKII is activated by Ca**-bound cal-
modulin (Ca-CaM). Recently, a novel mechanism of CaMKII
activation, which is ROS dependent, has been revealed [19,
24]. Previous studies have demonstrated that oxidative stress
is closely associated with cardiac arrhythmias through alter-
ation of the electrical activity and intracellular calcium
dynamics of cardiac myocytes [25-27]. Oxidative stress is
the main manifestation of cell metabolism disorders with
excessive ROS. This oxidation-induced CaMKII activation
is in relation to apoptosis [28], sinus node dysfunction [29],
heart injury [30], and arrhythmias [31]. Although both
ROS and CaMKII are associated with cardiac arrhythmias,
the role of oxidative-dependent CaMKII activation in the
development of atrial arrhythmias is not yet well understood.

In previous studies of cardiac arrhythmias, in vivo and
in vitro experiments provide insights into mechanisms
underlying arrhythmogenesis [5, 31]. However, these
approaches have several limitations. For example, it is diffi-
cult to record the electrophysiological properties at different
physical scales (from subcellular level to organ level) at the
same time in one experiment. The electrophysiological prop-
erties recorded from different experiments, such as patch
clamp and optical mapping, might be affected by gradual
changes in cell or tissue properties. In addition to in vivo
and in vitro experiments, a common method widely used in
cardiac arrhythmia studies is in silico modeling. In this study,
to simulate the effects of ROS-dependent CaMKII activation
on regulations of intracellular Ca** and ionic currents, we
first developed a Markov chain model of CaMKII, including
both the autophosphorylation and oxidation pathways.
Then, the effect of CaMKII on related proteins and ion chan-
nels was integrated to establish a computational model of the
atrial cell to simulate changes in the electrophysiology under
oxidative stress conditions, including ion currents, ion con-
centrations, calcium cycling, and transmembrane potential.
Finally, the two-dimensional (2D) spiral wave was induced
and the electrical excitation propagation was analyzed under
normal and oxidative stress conditions.

2. Methods

2.1. CaMKII Model, including Both Autophosphorylation-
and Oxidation-Dependent Activation. A six-state Markov
chain model of CaMKII developed by our previous study of
Zhang et al. [32] was incorporated into a human atrial model
developed by Grandi et al. [33] to simulate autophosphoryla-
tion- and oxidation-dependent CaMKII activation.

The CaMKII monomer consists of three domains (an
association domain, a regulatory domain, and a catalytic
domain). When CaMCa4 (one calmodulin bound with four
Ca®") binds to the regulatory domain, the catalytic domain
will be exposed, leading to CaMKII activation. In this state,
CaMKII can be further autophosphorylated or oxidized, pro-
ducing a long-lasting activation, even if CaMCa4 dissoci-
ates from CaMKII. Finally, CaMKII is fully deactivated by
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dephosphorylation with protein phosphatases, or reduction
with methionine sulfoxide reductases (MsrA). Based on
the four-state model of CaMKII developed by Chiba
et al. [34], two oxidized states, with and without CaMCa4
binding with CaMKII, were added (see Figure S1 in the
Supplementary Material for illustration), corresponding to
the conformational change of oxidation-dependent CaMKII
activation. Since there is no evidence to show that oxidation
and autophosphorylation can occur at the same time, in this
study, autophosphorylation and oxidation of CaMKII were
treated as two independent processes [24]. The CaMKII
autophosphorylation was based on the model developed by
Chiba et al. [34]. The parameters of CaMKII oxidation were
fitted to the experimental data recorded by Erickson et al.
[24]. The detailed parameters of the CaMKII model are
listed in Table S1 in the Supplementary Material.

2.2. Effects of CaMKII on Ion Channels. Previous studies
showed that the jon channels influenced by CaMKII
included the fast Na* current (Iy,) and the L-type Ca**
current (I, ) [7-11]. According to the method developed
by O’Hara et al. [35], the current of each ion channel (I)
was divided into two parts:

I= (1 - (D)Ibase + (DICaMK’ (1)

where Iy, is the part of ion channel current not affected by
CaMKII, I\ is the part of jon channel current affected
by CaMKII, and @ is the proportion affected by CaMKII
using the following equations:

— CaMKactive ( 2)
CaMKactive +K CaMK

where CaMK, . is the fraction of CaMKII activation and
Keamxnr i the Michaelis constant with the same value in
O’Hara et al. [35]. For I, the time constant of gate j was slo-
wed down by 1.46-fold [32]. And for I, experimental data
showed that CaMKII activation produced an increased
amplitude and a slowed inactivation of I,; [36]. Therefore,
in this study, the time constant of gate f was slowed down
by 1.5-fold and the part of I, affected by CaMKII was
increased by Al vk shown in Equation (3).

CaMKHthive . (3)
CaMKHZCtive +K CaMK

Al CaL,CaMK —

2.3. Effects of CaMKII on Ca”* Cycling. Both RyR and PLB are
primary regulatory proteins, controlling SR Ca>* release and
uptake; these are crucial processes, maintaining the balance
of intracellular Ca®*. CaMKII activation-induced RyR phos-
phorylation can increase RyR opening probability and SR
Ca®" release. CaMKII activation-induced PLB phosphoryla-
tion can reduce SERCA inhibition, increasing SR Ca”* uptake
during diastole. The RyR and PLB models developed by Soltis
and Saucerman [37] were used to simulate the effects of
CaMKII activation on intracellular Ca** cycling. The rate
constants controlling RyR opening (k qzc,) and SR leakage
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FiGure 1: The S1-S2 protocol used in 2D simulations. The red bar in (a) and the red square in (b) represent the regions where SI and S2

stimuli were applied.

(Kjearc) Were modified (Equations (4) and (5)) under CaMKII
activation to increase RyR opening in both systolic and dia-
stolic conditions. Meanwhile, the half maximal saturation
constant of SERCA (Kmf) was modified (Equation (6)) to
mimic the phenomenon of increased SERCA pump calcium
sensitivity, which is induced by Thr17 phosphorylation of
PLB under CaMKII activation.

|:RYR2815p] 20

1\ k
kosrca = | Tt = = = | o2, (4)
She RyRpo] 3 3 kcase
RyR
Ky = 2.5 m +0.5, (5)
[RYRTot]
PLB
Ko =Kop 1—0.5@ . (6)
[PLBTOJ

2.4. Single Atrial Cell Model. The cell membrane of an atrial
myocyte was mimicked as an electrical circuit. The AP in a
human atrial cell was calculated using the following ordinary
differential equation [33]:

av

Cm d—tm = _Iion + Istim’ (7)

where C,, is the cell capacitance, V, is the transmembrane
voltage, ¢ is time, I, is the total transmembrane ionic cur-
rent, and I, is the stimulus current. I, , was calculated as

Iion = INa + INabk + Ito + IKur + IKr + IKS + IKI + INaK (8)

+car + Toapk + Tpca + Inex + Taica + Ik

where I, is the fast Na* current, I, is the background Na*
current, I, is the transient outward K" current, Iy, is the
ultrarapid delayed rectifier K* current, I, is the rapid acti-
vating K" current, Iy, is the slowly activating K" current,
Iy, is the inward rectifier K" current, I, is the Na*/K"
pump current, I, is the L-type Ca®* current, I, is the

background Ca** current, I pCa 18 the sarcolemmal Ca** pump
current, I oy is the Na*/Ca®" exchange current, I, is the
Ca’"-activated Cl~ current, and Iy, is the background Cl-
current.

In this study, 0.5, 1, and 2Hz stimulation frequencies
were used to investigate the frequency dependency of CaM-
KII activation. Action potentials of atrial cells were produced
by applying a stimulus current with an amplitude of
—12.5pA/pF and a duration of 5ms. The time step used in
the simulation was 0.1 ms using the CVODE solver of the
SUite of Nonlinear and DIfferential/ALgebraic equation
Solvers (SUNDIALS) to solve initial value problems for ordi-
nary differential equation systems. These simulation results
were consistent with the ones using forward Euler with a time
step of 0.005ms. Under the control condition, the value of
H,0, in the CaMKII model was 0uM, and the one was
200 uM under the oxidative stress condition. To ensure that
the model reached a quasistable steady state, the simulations
were carried out for more than 50 s under the control condi-
tion and 150 s under the oxidative stress condition.

2.5. Excitation Wave Conduction in 2D Tissue. In this study, a
monodomain model was used for 2D simulations in an ideal
square tissue. The excitation wave propagation was simulated
using the following equation:

oV I
m _ _ “ion D ,
TH C +V(DVV ) 9)

m

where D is the diffusion tensor describing the conductivity of
the tissue and V is the spatial gradient operator.

In 2D simulations, the 2D ideal isotropic tissue was con-
structed as a sheet of 1000 x 1000 nodes to investigate the sta-
bility of the spiral waves, as used in [38]. The time step At was
set at 0.005 ms, and the space step Ax was 0.1 mm along both
direction axes, as used in [39]. The S1-S2 stimulation proto-
col was used to produce spiral waves. An S1 stimulus was
applied to the five column nodes on the left side to induce a
plane wave (Figure 1(a)). After the nodes in the middle line
(the dashed line in Figure 1(b)) reached the end point of
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FIGURE 2: Action potential traces produced by our simulation and
previous mathematical models and experiments at 1Hz. Traces
labeled “Courtemanche et al.,” “Nygren et al.,” and “Grandi et al.”
were reproduced from mathematical models [33, 43, 44].

the refractory period, an S2 stimulus was applied in the left
lower quadrant to induce a spiral wave (Figure 1(b)).

The conduction velocity (CV) was measured using the
following equation:

Xy =X

CV = ,
L=t

(10)

where x,; and x, are the positions and ¢, and ¢, are the times
when the excitation reaches the two recording points. In 2D
simulation, the tissue was isotropic and the diffusion tensor
(D) along both direction axes was set to 0.029 mm?/ms to
produce a CV of 69 cm/s in control conditions, which was
consistent with the CV (70 cm/s) previously used for human
atrial tissue simulation [40-42].

3. Results

3.1. Electrophysiological Properties of a Single Atrial Cell
under Control Conditions. The action potential (AP) in a
single-cell model was generated by applying a series of 1 Hz
stimuli. The time trace of the simulated AP is presented in
Figure 2, along with other AP traces from previous mathe-
matical models [33, 43, 44]. The resting membrane potential
(RMP), maximum upstroke velocity (dV/dt,,,), action
potential amplitude (APA), and action potential duration at
90% repolarization (APD,,) were measured as —75.2mV,
160mV/ms, 110 mV, and 312 ms, respectively. These param-
eters were consistent with previous models developed by
Grandi et al. [33], Courtemanche et al. [43], and Nygren
et al. [44], and APD,, was within the scope of previously
reported experimental data [45-48], as listed in Table 1.

To further validate the model, the ionic currents and
intracellular calcium cycling process were investigated and
compared with those from the model of Grandi et al. [33]
at 1Hz, as shown in Figure 3. These results demonstrated
an elevation in the repolarization phase of the AP and, there-
fore, a longer action potential duration (APD) in our model
(Figure 3(a)). This was attributed to the change in I, . In
our model, I,; showed a larger amplitude and a slowed
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TaBLE 1: Comparison of action potential characteristics.

RMP dV/dt,, APA APD,,
(mV) (mV/ms) (mV) (ms)
-79.5 216 106 297
-76.4 116 103.8 245
-74.5 135 105 294
-75.2 160 110 312

Model and experimental data

Courtemanche et al. [43]
Nygren et al. [44]
Grandi et al. [33]

Our model

Dawodu et al. [45] — — — 361x71
Katoh et al. [46] — — —  255+39
Bosch et al. [47] — — — 255+45
Kim et al. [48] — — —  258+25

inactivation (Figure 3(b)), which was consistent with the
effect of CaMKII activation on I, [36]. In addition to the
AP, the variation in I, altered intracellular calcium regula-
tion, as I,; was the main influx of intracellular Ca®". The
increase in I,; caused a larger Ca®" influx, leading to a larger
SR Ca®" release (Figure 3(c)) and thus a larger intracellular
Ca* concentration (Figure 3(d)). The accumulation of intra-
cellular Ca*" finally caused an elevation in the concentration
of SR Ca”" (Figure 3(e)). Interestingly, the peak inward I oy
in our model declined even when the intracellular Ca** con-
centration increased (Figure 3(f)). This may be explained by
the fact that the elevation of the membrane potential during
the repolarization phase suppressed the inward Na® flux
and decreased Iycx.

To justify the increase of intracellular Ca®" concentra-
tion in our model, the Ca** concentration was compared
with previous studies. The calcium transient amplitude in
our model was ~0.53 uM, which was consistent with the
studies of Courtemanche et al. and Colman et al. (0.45-
0.55 uM) [43, 49], although the Ca®* transient amplitude in
the study of Nygren et al. was reported to be even larger
(~1.2uM) [44].

The variations in I, and intracellular calcium cycling
were caused by adding the effect of CaMKII activation in
our model. Previous studies demonstrated that CaMKII acti-
vation was significantly influenced by pacing frequencies. In
our simulation, CaMKII activation and intracellular Ca**
dynamics were investigated at 0.5, 1, and 2Hz.
Figure 4(a)shows that the fraction of CaMKII activation
increased with increasing pacing rate. Meanwhile, the time
required for CaMKII activation was also decreased, indicating
a faster activation at a higher pacing rate (Figure 4(a)). The
frequency-dependent activation of CaMKII was mainly due
to the intracellular Ca** concentration. With increasing pac-
ing rate, both RyR Ca®" release and intracellular Ca®" con-
centration increased (Figure 4(b)), causing an increase in
CaMCa4 and, therefore, augmenting CaMKII activation.

3.2. Electrophysiological Properties of a Single Atrial Cell
under Oxidative Stress Conditions. The simulation results
showed that an EAD was induced in the AP under conditions
of oxidative stress at a pacing rate of 1 Hz (Figure 5(a)). In
this case, the elevated ROS concentration (0.2 mM) induced
a significant increase in CaMKII activation (Figure 5(b)).
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ROS-enhanced CaMKII activation further enlarged I,  which further induced a dramatic increase in intracellular
Iycxo fraction of RyR phosphorylation, and fraction of PLB  Ca”* concentration (Figure 5(j)) and a decrease in minimum
phosphorylation (Figures 5(c)-5(f)). Under oxidative stress SR Ca** (Figure 5(k)). However, there was no obvious change
conditions, the intracellular Ca** dynamics were remarkably in the intracellular Na™ concentration (Figure 5(1)).

changed. Enhanced RyR and PLB phosphorylation caused As CaMKII activation showed frequency-dependent
significant increases in Jyg, /> and e, (Figures 5(g)-5(i)), ~ behavior, ROS-induced EADs are rate dependent as well.
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Under oxidative stress conditions, the occurrence of EADs in
50 s became more prominent with decreasing pacing rate, as
shown in Figure 6. Under control conditions, the CaMKII
activation (without ROS-induced activation) gradually
decreased with decreasing pacing rate (Figure 4(b)). This
meant that more CaMKII could be activated by ROS under
oxidative conditions at low pacing rates. Consequently, the
CaMKII activation induced by ROS gradually increased with
decreasing pacing rate (green bars in Figure 6). Therefore,
under oxidative stress conditions, more EADs were induced
at low pacing rates.

3.3. Mechanisms Underlying the Genesis of EAD under
Oxidative Stress Conditions. In the case of EAD, I, and
Inex were the main currents significantly influenced by oxi-
dative stress. Blocking I, at the point of I, reactivation
abolished EAD (data not shown), implying that I-,; was a
main factor contributing to the genesis of EAD. However,
blocking Iycox did not guarantee elimination of EAD.
Figure 7 indicated the effects of blocking Iy at different
times from the point of I,; reactivation (70 ms) to the time
of the peak of EAD (350ms). With the delay in blocking
Inex (Figure 7(a)), the reactivation of I, became more
prominent (Figure 7(b)) and the APD gradually increased
(Figure 7(c)). When blocking Iycx in the interval 70-
210 ms, the reactivation of I ,; did not induce AP depolariza-
tion and therefore abolished EAD. On blocking Iycx during
the interval 210-280ms, the enlarged reactivation of I,
started to transfer AP repolarization to depolarization. How-
ever, in this time interval, AP depolarization was not obvious
and no EAD was induced. When blocking Iy during the
interval 280-350ms, the reactivation of I-,; was able to
induce AP depolarization. Consequently, in this time inter-
val, blocking I-x could not eliminate EAD (Figure 7(c)).
Therefore, Iycx played an important role in I,; reactivation
and thus in triggering EAD.

In our model, Iycx was not directly regulated by ROS. As
the main efflux of intracellular Ca®*, Iycx was regulated by
intracellular Ca** concentration; Ca®* cycling was another
important process affected by ROS-induced CaMKII activa-
tion. Three factors associated with intracellular cycling in
our model were directly regulated by ROS-induced CaMKII
activation, namely, I¢,;, /.o, and J,,. Under oxidative stress
conditions, intracellular Ca®" concentration significantly
increased (Figure 5(j)). To investigate the role of [Ca®']; reg-
ulation in the genesis of EAD, decreased I, reduced ],
and enhanced ], were independently applied to reduce the
[Ca®*]; under oxidative stress conditions, as shown in
Figure 8. Figure 8(a) shows that decreasing I~,; by 10% abol-
ished EAD. This was due not only to [Ca®*], decline but also
to a decrease in I,; reactivation. Reducing SR Ca" release
postponed the occurrence of EAD but did not successfully
eliminate EAD (Figure 8(b)). Although a reduction in SR
Ca’" release temporarily reduced [Ca®'], it caused Ca**
accumulation in SR, which finally induced [Ca?*]; elevation
(data not shown) and EAD. Increasing SR Ca®" uptake by
10% had a similar effect to that of reducing SR calcium
release (Figure 8(c)). Nonetheless, further increasing J, by
20%-30% abolished EAD. In these two cases, the SR Ca**
uptake and release reached a new balance and maintained
[Ca®*], and [Ca*']gy at a steady state (data not shown).

3.4. Effect of Oxidative Stress on Excitation Wave Propagation
in 2D Tissue. The excitation wave propagation was investi-
gated in 2D ideal tissue under control and oxidative stress
conditions. Spiral waves were induced using the S1-S2 proto-
col. Under control conditions with the S1-S2 interval of
550 ms, a stationary spiral wave was produced, with its tip
anchored in the central region of the square tissue, as shown
in Figure 9. Under oxidative stress conditions, the ROS con-
centration was set to 0.2 mM for all nodes in the tissue. In this
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case with the S1-S2 interval of 730 ms, a nonstationary spiral
wave was induced. As the EAD was induced under this con-
dition, the region to which the S2 stimulus was applied
showed a prolonged depolarization (Figure 10, 1125ms)
and a second wavefront was induced at 1450 ms, as shown
in Figure 10. When the wavefronts reached the region to
which the S2 stimulus was applied (Figure 10, 1650 ms), the
nodes were not fully repolarized, owing to the prolonged
APD induced by EAD. Therefore, the excitation wave prop-
agation was suppressed (Figure 10, 1650 ms). Finally, the
tip of the spiral wave wandered across the tissue and pro-

duced a nonstationary spiral wave. When oxidative stress
only occurred in the right third of the tissue, the spatial het-
erogeneity further aggravated the instability of the nonsta-
tionary spiral wave and gave rise to a breakup of the spiral
wave (data not shown).

4. Discussion

In this study, the effects of ROS-dependent CaMKII activa-
tion on regulations of intracellular Ca** and ionic currents
were investigated in silico using the updated human atrial cell
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model including the CaMKII model with autophosphoryla-
tion- and oxidation-dependent activation at the single-cell
level and 2D tissue model. Our major findings follow: (i) A
new Markov chain model of CaMKI], including both the
autophosphorylation and oxidation pathways, was devel-
oped, and the effects of CaMKII on ion channels and Ca**
cycling were incorporated into the computational model of
the atrial myocyte. (ii) The mechanisms of oxidative stress-
induced EADs in atrial cells were thoroughly examined
which are helpful to further understand or investigate the
mechanisms underlying oxidative stress-induced AF. The
simulation results at the single-cell level illustrated that oxi-
dative stress resulted in EADs of the AP at the normal pacing
rate of 1 Hz. It was contributed by reactivation of I,; and
intracellular Ca** elevation induced by CaMKII activation
under oxidative stress conditions. (iii) The 2D simulations
provide insights into reentry in atrial tissue under the oxida-
tive stress condition, which plays significant roles in AF
mechanisms. In 2D simulation, oxidative stress aggravated
the instability of the excitation wave and gave rise to a non-
stationary spiral wave, owing to the EAD induced by oxida-
tive stress hindering the electrical conduction.

4.1. Model Development of ROS-Dependent CaMKII
Activation. Previous experimental studies have revealed that
both ROS and CaMKII are associated with the development
of atrial arrhythmia [4, 5]. In addition, it has recently been
reported that CaMKII can keep persistent activity by oxida-
tion [24]. However, the role of ROS-dependent CaMKII acti-
vation in the genesis of atrial fibrillation is not yet well
understood. In this study, we developed a computational
model of human atrial cell including both ROS-dependent
and autophosphorylation-dependent CaMKII activation to
investigate effects of CaMKII activation on atrial electrophys-
iology under oxidative stress condition. In this CaMKII
model, a pathway of ROS-dependent CaMKII activation
was introduced which was different from previous CaMKII
models only including the autophosphorylation-dependent
CaMKII activation [34, 35, 50]. Christensen et al. [39] also
developed a model of CaMKII activity including oxidation
and autophosphorylation activation pathways. However, dif-
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ferent from their model, the oxidation and autophosphoryla-
tion activation pathways in our six-state CaMKII are mutual
independence, implying that there is no such a state with
both oxidation and autophosphorylation activation simulta-
neously. This fact is consistent with the experimental obser-
vations reported in [24].

The effect of CaMKII on I,, I, RyR, and PLB was
integrated into the human atrial myocyte model, producing
action potential characteristics (such as RMP, dV/dt,,,,
APA, APD,,, and the calcium transient amplitude) consis-
tent with previous models and experimental data of human
atrial myocytes [33, 43-49] (Figure 2 and Table 1).

4.2. Mechanisms Underlying the Genesis of EAD under
Oxidative Stress Conditions. The generation of EADs
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associated with ectopic (triggered) activity can be contributed
by CaMKII activation [51-55]. Animal experiments have
shown that oxidative stress can promote EADs in the ventri-
cle of guinea pigs and rabbits [56]. Therefore, this study
explored the intrinsic mechanisms of EADs associated with
atrial arrhythmia induced by oxidative stress, using the devel-
oped CaMKII model.

First, simulation results demonstrated that the charac-
teristics of AP and calcium cycling generated by our model
were consistent with previous computational and experi-
mental studies [43-49]. After model validation, the role of
oxidation-dependent CaMKII activation on the AP was
investigated in a single atrial cell model. The simulation
results demonstrated that, under oxidative stress conditions,
increasing ROS concentrations in the cytoplasm enhanced
CaMKII activation and consequently augmented I, RyR
phosphorylation, and PLB phosphorylation (Figures 5(c),

9 10

Time (s)

(©

by 10%, 20%, and 30%, and (c) increasing Iup by 10%, 20%, and 30% on the

5(e), and (f)), inducing an enhanced Ca*" influx, a larger SR
Ca’" release, and a promoted SR Ca** uptake (Figures 5(g)
and 5(h)). These effects generated a remarkable elevation in
intracellular Ca** concentration and therefore enlarged Icx
via promoted Ca** extrusion (Figure 5(d)). Iycx augmenta-
tion provided a depolarization component to counterbalance
the repolarization reserve and prolong the APD. The elevated
and prolonged AP in phase 3 gradually caused reactivation of
I, (Figure 5(c)), which ultimately induced action potential
depolarization and produced EAD (Figure 5(a)), consistent
with previous studies [57-59].

In this process, as I,; was the direct depolarization cur-
rent inducing EAD, blocking I, completely abolished
EAD. However, blocking Iy at different time points had
different effects on EAD. If Iy-x was blocked before I
reactivation could induce AP depolarization, EAD was elim-
inated (Figure 7). This phenomenon suggested that Icx
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augmentation acted as a trigger of I, reactivation. EAD
can be induced only when the trigger is large enough. Under
oxidative stress condition, ROS elevation did not affect Iycx
directly and the increase of [Ca**]; primarily accounted for
Inex augmentation. Therefore, the effects of ROS-induced
CaMKII activation on intracellular calcium cycling also
played a crucial role in the genesis of EAD.

To examine the role of ROS-induced [Ca®*]; elevation in
the genesis of EAD, Ca®" influx and SR Ca®" release and
uptake were modified to reduce ROS-induced [Ca®*]; eleva-
tion. First, I,; was reduced by 10% to inhibit Ca®" influx,
causing a decline of [Ca?*]. Together with the decreased
reactivation of I, the [Ca*"], decline caused by reducing
I, abolished EAD (Figure 8(a)). Second, partial inhibition
of SR Ca** release (by 10%-30%) temporarily reduced
[Ca%*].. However, inhibition of SR Ca®" release gradually
caused SR Ca** accumulation and ultimately gave rise to fur-
ther [Ca?*], elevation, which accounted for the fact that partial
inhibition of SR Ca®" release could only postpone the occur-
rence of EAD but could not abolish EAD (Figure 8(b)).
Increasing SR Ca®* uptake by 10% had a similar effect to par-
tial inhibition of SR Ca®* release. Interestingly, on further
increasing SR Ca®" uptake by 20% and 30%, [Ca?*], declined
and EAD was abolished. This phenomenon might be attrib-
uted to a new balance of increased SR Ca** uptake and ROS-
induced [Ca**], release (Figure 8(c)). Therefore, the dynamic
balance between SR Ca’" release and uptake is the key factor
in maintaining [Ca®']; at a steady state.
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4.3. Effect of Rate-Dependent CaMKII Activation on EAD
under Oxidative Stress Conditions. Under control conditions,
CaMKII activation gradually decreased with a decrease in the
pacing rate, as Ca** concentration gradually decreased at low
pacing rates. However, under oxidative stress conditions,
once CaMKII was activated, the high ROS concentration
tended to maintain CaMKII activation. Therefore, under oxi-
dative stress conditions, fractions of CaMKII activation at
different pacing rates were similar and maintained at a high
level (about 75%). This indicated that, at low pacing rates,
ROS-induced CaMKII activation played a more important
role. At low pacing rates, intracellular Ca®" concentration
could be dramatically increased by ROS-induced CaMKII
activation and therefore could induce more EADs
(Figure 6). Although the heart rate is not so slow such as
0.5Hz and 0.33 Hz under normal conditions, it may be such
slow under some pathological conditions, such as bradycar-
dia [60]. The purpose of exploring up to such slow pacing fre-
quencies is to investigate whether the occurrence of EAD is
linear with the decrease of pacing frequency or not. The
results showed that the occurrence of EAD was more
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dependent on ROS-induced CaMKII activation rather than
the pacing frequencies.

4.4. Effect of Oxidative Stress on Excitation Wave Propagation
in 2D Tissue. The spiral wave is a well-known approach to
understanding reentry in cardiac tissue, which plays signifi-
cant roles in AF mechanisms [61]. This study investigated
the stability of the spiral wave in 2D ideal tissue under control
and oxidative stress conditions. In tissue with a uniform dis-
tribution of oxidative stress (Figure 10), the region to which
the S2 stimulus was applied had a prolonged depolarization
phase, owing to the ROS-induced EAD, forming a spiral
wave barrier. In addition, the ROS-induced EAD produced
a second excitation wavefront during wave propagation.
These effects finally produced a nonstationary spiral wave.
In the case of nonuniform distribution of oxidative stress, a
breakup of the spiral wave was induced, which might disrupt
normal cardiac rhythm and cause atrial arrhythmia [62-64].

4.5. Model Limitations and Future Directions. The present
model was based on models of Grandi et al. [33] and O’Hara
et al. [35] and thus inherited the same limitations of both
models. The main limitation of the current model, which will
be addressed in the future, is that the ROS concentration is
constant. In future versions, pathways of ROS production
and scavenging should be added. Another issue for model
development is to expand the model into real 2D heart tissue
and 3D organ models, to explore electrical wave propagation
induced by abnormal action potentials, and electrocardiogra-
phy in real heart geometry.

Although the S1-S2 interval in 2D simulation to produce
the spiral wave was dependent on the tissue size, it is reason-
able to investigate the difference in the stability of the spiral
wave using the same tissue size under control and oxidative
stress conditions. Further work is required to measure the
range of S1-S2 intervals for producing the spiral wave (vul-
nerable window) varying from control to oxidative stress
conditions to further determine the proarrhythmic effect of
oxidative stress.

5. Conclusions

In this study, we have investigated the role of oxidation-
dependent CaMKII activation in the genesis of abnormal
action potentials in atria. It was shown that, at the atrial cell
level, oxidation-dependent CaMKII activation-induced I,
reactivation and [Ca**], elevation contributed to EAD gener-
ation. Moreover, at the 2D tissue level, oxidative stress-
induced EAD contributed to the instability of excitation
waves, facilitating atrial arrhythmia. This study investigated
the role of ROS-dependent CaMKII activation in the devel-
opment of atrial arrhythmias, shedding light on the genesis
of atrial arrhythmias under oxidative stress conditions.
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The present study is aimed at investigating whether Qiligiangxin (QL) could regulate myocardial energy metabolism in heart failure
rats after acute myocardial infarction (AMI) and further exploring the underlying mechanisms. AMI was established by
ligating the left anterior descending coronary artery in adult male SD rats. AMI rats with ejection fraction (EF) < 50% at
two weeks after the operation were chosen as heart failure rats for the main study. Rats were randomized into the sham,
MI, MI+QL, and MI+QL+2-MeOE2 groups. The results showed that compared with the MI group, QL significantly improved
cardiac function, reduced serum NT-proBNP level, and alleviated myocardial fibrosis. QL also increased myocardial capillary density
by upregulated protein expressions of vascular endothelial growth factor (VEGF) and CD31 by regulating the HIF-1a/VEGF
pathway. Moreover, QL promoted ATP production, glucose uptake, and glycolysis by upregulating HIF-1a and a series of
glycolysis-relevant enzymes in a HIF-1a-dependent manner. QL also improved myocardial glucose oxidation enzyme expression and
free fatty acid uptake by a HIF-1a-independent pathway. Our results indicate that QL treatment improves cardiac function through
regulating glucose uptake, FFA uptake, and key enzymes of energy metabolism via HIF-1a-dependent and independent mechanisms.

1. Introduction

Heart failure (HF) is one of the most important cardiovascu-
lar diseases (CVD) that is associated with high morbidity and
mortality [1]. Myocardial ischemia is one of the major causes
of heart failure. Although reperfusion therapy has improved
the prognosis of ST-elevation myocardial infarction (STEMI),
the progression to HF can still occur in 30% of patients post
myocardial infarction (MI) [1]. Despite recent advances in
medical and surgical therapy, patients with HF have a 5-year
mortality rate of around 50% [2, 3]. Thus, new approaches
for HF treatments are needed. Targeting myocardial metabo-
lism might be an attractive therapeutic option for HF. There is

a vicious metabolic circle in heart failure as the activated
adrenergic system could lead to an increase in the serum free
fatty acid (FFA), which inhibits mitochondrial function at
the level of acyl carnitine transferase (ACT), thus inhibiting
fatty acid (FA) oxidation and synthesis of ATP [4, 5]. Further-
more, this increase in the serum FFA also inhibits pyruvate
dehydrogenase (PDH) activity via the Randle cycle to
promote anaerobic glycolysis rather than oxidative metabo-
lism [6]. Previous studies have shown that the metabolic shift
from oxidative metabolism (including FA and glucose
oxidative metabolism) to glycolysis and the substrate shift
from primarily fatty acids to glucose could result in decreased
myocardial ATP production, which might play a crucial role
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in the development of heart failure [7, 8]. Accordingly, there is
accumulating evidence that modulating cardiac energy
metabolism, either by increasing glucose oxidation or by
decreasing serum FFA concentrations and FA oxidation, can
improve cardiac function [9, 10].

Hypoxia-inducible factor 1o (HIF-1a) is an important
cellular adaptation mediator against hypoxia, which can reg-
ulate the delivery of oxygen by promoting vascular endothe-
lial growth factor (VEGF) expression and angiogenesis [11].
Furthermore, HIF-1a can also modulate energy metabolism
by activating the expression of glucose metabolic key
enzymes (e.g., hexokinase 2 (HK2), pyruvate dehydrogenase
K1 (PDKI1), lactic dehydrogenase (LDHA)), and glucose
transporter vectors 1/4 (GLUT1/4)) and mitochondrial pro-
teins [12]. Recent studies have suggested that upregulated
HIF-1a activity is closely linked with cardioprotective effects
induced by myocardial infarction; the related mechanism
promotes angiogenesis [13] and improves metabolism [14].
Another study also showed that the HIF-1« activity in endo-
thelial cells was required for the cardioprotective effects
induced by ischemic preconditioning (IPC), while in HIF-
la-/- mice, the cardioprotective effect of IPC was diminished
[15]. This evidence suggested that the upregulation of HIF-
la might be a potential therapeutic option for treating heart
failure post AML

Qiligiangxin is a compound preparation of traditional
Chinese medicine, which is extracted from 11 types of Chi-
nese herbs, including Radix Astragali, Aconite Root, Gin-
seng, Salvia miltiorrhiza, Semen Lepidii Apetali, Cortex
Periplocae Sepii Radicis, Rhizoma Alismatis, Carthamus
tinctorius, Polygonatum Odorati, Seasoned Orange Peel,
and Rumulus Ginnamomi. The 17 chemical constituents of
QL mainly include ginsenoside Rgl, phenolic acids, flavo-
noids and alkaloids, astragaloside, calycosin-7-glucoside,
and sinapine [16]. QL has shown satisfactory efficacy in the
treatment of HF patients in China [17]. Previous studies
found that QL improved cardiac metabolism and mitochon-
drial function in heart failure induced by pressure overload,
while QL also enhanced the metabolism of H9C2 cardiomyo-
cytes by regulating peroxisome proliferator-activated recep-
tor gamma (PPARy) coactivator-la (PGC-la) expression
[18, 19]. Our previous studies also demonstrated that QL
could increase cardiac angiogenesis both in rats post MI
and in hypoxic cardiac microvascular endothelial cells [16,
20]. However, it remains unknown to what extent the
changes in energy metabolism contributed to the beneficial
effects of QL in MI rats.

The present study is aimed at investigating the effects of
QL on energy metabolism in rats with experimental MI and
exploring whether HIF-1a signaling is actively involved in
these effects.

2. Materials and Methods

2.1. Experimental Animals. Adult male SD rats (with an aver-
age weight of 200 + 20 g) were purchased from the Shanghai
SLAC Laboratory Animal Co., Ltd. (Shanghai, China). Rats
were housed in a temperature-controlled laboratory animal
center (22-24°C) under circadian conditions with free access
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to standard chow and tap water. The study was approved by
the ethical committees of the Zhongshan Hospital Affiliated
to Fudan University, and all the experimental procedures
were performed in accordance with the Guide for the Care
and Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised
1996).

2.2. Induction of Myocardial Infarction in Rats. After 1 week
of adaptive feeding, the rats were anesthetized with sodium
pentobarbital (30 mg/kg, intraperitoneally), intubated, and
connected to a SAR-830/A Small Animal Ventilator (CWE,
Inc., Weston, WI, USA). Thereafter, MI was created by exte-
riorizing the heart through a left thoracic incision, placing a
6-0 silk 3-4 mm below the tip of the left auricle, and making
a slipknot. The complete occlusion of the vessel was con-
firmed by the presence of myocardial blanching in the perfu-
sion bed. After ligation, the chest of the animal was closed
with three 5-0 prolene sutures, which was followed by 4-0
polyester sutures to close the skin. For the sham group, the
needle was passed around the artery without ligation.

Two weeks later, the rats that survived after the MI oper-
ation (the survival rate was 65%) were subjected to an echo-
cardiographic examination and those with left ventricular
ejection fraction (EF) of <50% were chosen for subsequent
studies. The distribution of EF in MI rats before treatment
was 35%-45%, and there was no significant difference
between groups; those rats whose EF was not at this range
were excluded.

2.3. Experimental Groups. Rats were randomly divided into
the following groups (n=7 per group). The sham group
and the MI group both received the same volume of 0.5%
sodium carboxymethyl cellulose (CMC-Na). The other two
groups were the MI+QL group and the MI+QL+2-MeOE2
group. QL at 0.5g/kg was given daily by gavage, while 2-
MeOE2 (HIF-1« inhibitor) at 30 mg/kg was given daily by
gavage. According to our previous study [16], we planned
to give this medicine for 6 weeks.

The QL compound was supplied by Yiling Pharmaceuti-
cal Corporation (Shijiazhuang, China); the compound was
suspended in 0.5% sodium carboxymethyl cellulose (CMC-
Na) at a 10% concentration before administration.

2.4. Small-Animal Positron Emission Tomography Imaging
Analysis. Micro-PET/CT (Metis PET, Madic, Shandong,
China) was performed before and 6 weeks after various inter-
ventions to evaluate the changes in the myocardial glucose
metabolism. After anesthesia with sodium pentobarbital
(30 mg/kg, IP), 2-deoxy-2-fluoro-D-glucose ('*F-FDG)
(approximately 1250 uCi/kg) was injected via the tail vein
of the rats. One hour later, the myocardial glucose metabo-
lism level was examined. The emission scan was acquired in
one bed position with a total acquisition time of 30 minutes.
During the entire PET examination process, anesthesia was
maintained with 1.5% isoflurane delivered in pure oxygen
at a rate of 1.21/min via a face mask and the rats were placed
within the aperture of the tomography in a prone position.
The Metis Viewer Version 1.0 for Windows was used for
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TaBLE 1: Primer sequences for HIF-1a and glucose metabolism-related genes.

Genes Forward primer Reverse primer
HIF-1a 5'-CTCCCTTTTTCAAGCAGCAG-3' 5'-GCTCCATTCCATCCTGTTCA-3'
GLUT4 5'-AGGCACCCTCACTACCCTTT-3’ 5'-AGCATAGCCCTTTTCCTTCC-3'

HK2 5 -CTCTGGGTTTCACCTTCTCG-3'

PFK1 5 -GTTCTGGGGATGCGTAAGAG-3’
PKM2 5" -TCCCATTCTCTACCGACCTG-3’
LDHA 5'-GTCAGCAAGAGGGAGAGAGC-3’
B-Actin 5'-GAAGTGTGACGTTGACATCCG-3'

5'-ACCACATCTCTGCCTTCCAC-3'
5'-CCTCAGTTTCAGCCACCACT-3'
5' " TTCAGTGTGGCTCCCTTCTT-3'
5'-CACTGGGTTTGAGACGATGA-3'
5'-TGCTGATCCACATCTGCTGGA-3'

image analysis. After this, the standardized uptake value
(SUV), which is equal to the PET count/injected radioactivity
per body weight (Bq/g), was calculated and normalized
according to body weight and the injected dose of "*F-FDG.
Finally, the mean standardized '*F-FDG-uptake values
(Suv were obtained by a professional observer.

mean)

2.5. Echocardiography and Blood and Myocardial Sample
Collection. Echocardiography was performed under anesthe-
sia 6 weeks after the interventions. The rats were placed in the
proper posture after the precordial region was shaved.
M-mode images of LV long axis were obtained at the level
of the papillary muscle tips using an animal specific instru-
ment (VisualSonics Vevo770; VisualSonics Inc., Toronto,
ON, Canada) as previously described [21-23]. Left ventricu-
lar internal diameter at end diastole (LVIDd) and left ventric-
ular internal diameter at end systole (LVIDs), fractional
shortening (FS), and EF were measured. Parameters were
obtained and averaged from three consecutive cardiac cycles
and performed by one experienced echocardiographer who
was blinded to the treatment protocol.

Blood samples were collected by cardiac puncture and
centrifuged at 3000 rpm/min for 20 minutes at 4°C. After
this, the serum was collected and stored at -80°C. The heart
was immediately excised after euthanasia, which was irri-
gated clean with cold saline. The ventricular transection
was separated into 2 equal parts. The top half of the trans-
versely dissected heart tissue was fixed in 4% paraformalde-
hyde, while the other half of the tissue was divided into the
infarct border zone and noninfarcted left ventricular myocar-
dium, which was stored at -80°C. After 6 hours, the tissues
fixed in 4% paraformaldehyde were divided into 2 equal parts
again: the top part was made into frozen embedded tissues
immediately, while the other part was fixed for 48 hours
and made into paraffin-embedded tissues used for hematox-
ylin/eosin (H&E) and Sirius red staining.

2.6. Serum Concentrations of NT-proBNP and Free Fatty Acid
(FFA) Level. The serum NT-proBNP level was measured
using the enzyme-linked immunosorbent assay (ELISA)
according to the manufacturer’s instructions (Cloud-Clone
Corp., USA). The serum FFA level was measured by a
commercial assay kit according to the manufacturer’s
instructions (BioSino Bio-Technology & Science Inc., Bei-
jing, China).

2.7. Detection of ATP Production and Citrate Synthase (CS)
Activity. The ATP level was measured using an ATPlite assay
kit (Beyotime Biotechnology, Shanghai, China). The tissues
around the border zone (20mg) were homogenized in
200 pl of the ATP assay buffer before being centrifuged at
12,000 g for 5min at 4°C. A total of 100 ul of samples or
standards was mixed with 100yl of the ATP Reaction Mix
in duplicate wells of a 96-well plate. Luminescence was
detected using a fluorescent plate reader (Synergy™ H4,
BioTek Instruments, Inc., USA).

In the present study, we detected the CS activity to eval-
uate the effect of QL on glucose oxidative metabolism accord-
ing to the manufacturer’s instructions (Sigma-Aldrich Co.
LLc., USA). Briefly, the border zone tissue samples (10 mg)
were homogenized in 100 ul of the CS Assay Buffer, kept on
ice for 10 minutes, and centrifuged at 10,000 g for 5 minutes
at 4°C. We added 50 gl of the samples (containing 20 ul of
supernatants and 30 ul of CS Assay Buffer) or 50 ul of the
standard buffer to the 96-well plate. After this, we added
50 ul of the reaction mix, which includes the CS Assay Buffer,
CS Developer, and CS Substrate Mix, to each well. We
incubated the plate at 25°C, before both the initial and final
absorbance at 412 nm was measured. Finally, we calculated
the CS activity according to the following mathematical for-
mula:  CSactivity (nmol/min/ul) = Sa/(reaction time) x Sv,
where Sa represents the amount of GSH (nmol) generated
in the sample wells between Tinitial and Tfinal from the stan-
dard curve and Sv is the sample volume. Finally, we used the
following formula: reactive time = Tfinal — Tinitial.

2.8. Histology and Fibrosis Assessment. After 6 weeks of the
intervention, hearts were excised, cut into 2 mm thick trans-
verse sections, and fixed in 4% phosphate-buffered formalin.
After this, the paraffin-embedded tissues were cut into 5 ym
slices and stained with hematoxylin/eosin (H&E) and Sirius
red. Sections were examined by light microscopy, and the
images were analyzed with Image] software to quantify the
collagen percentage as previously described [24]. Images of
five randomly chosen fields round the border zone were
photographed under a microscope (Leica, Germany). The
myocardial collagen volume fraction (CVF) was obtained
by calculating the ratio of fibrotic area (red) to the total
myocardial area using Image] software (NIH, Bethesda,
MD, USA).
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Ficure 1: Qiligiangxin (QL) improved cardiac function and decreased serum NT-proBNP levels via the HIF-1« signaling pathway. (a) QL
improved cardiac function with preserved left ventricular ejection fraction (EF), left ventricular fractional shortening (FS), left ventricular
internal diameter at end-diastole (LVIDd), and left ventricular internal diameter at end systole (LVIDs), while the HIF-1« inhibitor partly
suppressed these protective effects of QL (n = 7/group). (b) QL decreased serum NT-proBNP levels in a HIF-1a-dependent manner (n =7
/group). Data are expressed as means + SEM. *p < 0.05 and **p < 0.01 compared with the sham group; “p < 0.05 and **p < 0.01 compared
with the MI group; *p < 0.05 and ¥¥p < 0.01 compared with the MI+QL group.

2.9. Detection of Myocardial Microvessel Density by
Immunofluorescence Staining. CD31 was used to evaluate
the level of angiogenesis. The frozen embedded tissues were
cut into 8 um frozen slices. Frozen tissue sections were placed
at room temperature for 30 minutes and washed with
phosphate-buffered saline (PBS) three times before immuno-
fluorescence staining. After blocking with goat serum for
30min, the sections were incubated with rabbit anti-rat
CD31 (1:20 dilution, Santa Cruz Biotechnology, Inc., USA)
primary antibody overnight at 4°C. On the next day, after
being washed with PBS four times (10min for each), the
slides were incubated with goat anti-rabbit secondary anti-
bodies (Alexa Fluor 555, Invitrogen, Carlsbad, CA, USA)
for 1.5 hour at 37°C in the dark. Nuclei were counterstained

with DAPI Images of five randomly chosen fields round
the border zone were photographed under a microscope
(Leica, Germany), and the vessel density was analyzed by
Image] software (NIH, Bethesda, MD, USA).

2.10. Fluorescent Quantitative RT-PCR Analysis. The total
RNA was extracted from 10 mg of the left ventricular infarc-
tion border zone tissue using the TRIzol Reagent according
to the manufacturer’s protocol (Invitrogen, Carlsbad, CA,
USA). The total RNA (1ug) was reverse transcribed into
cDNA using a RT Reagent Kit (TaKaRa, Tokyo, Japan).
Real-time PCR was performed with the SYBR® Premix Ex
Taq™ kit in a 10 pl reaction volume (TaKaRa, Tokyo, Japan).
The primers used for PCR are shown in Table 1. qRT-PCR
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was performed on the CFX Connect ™ Real-Time System
(Bio-Rad Laboratories, Inc., California, USA). The standard
2744Ct relative quantification method was applied with
B-actin used as the endogenous control.

2.11. Western Blot Analysis. Approximately 10 mg of the left
ventricular border zone tissue samples was lysed and homog-
enized in 200 yl of the lysis buffer on ice, which was followed
by centrifugation at 12,000g for 20min at 4°C. Protein
concentration was measured by the BCA protein assay
(Beyotime Biotechnology, Shanghai, China). Aliquots of
30 ug of the protein lysates were electrophoresed on 8%,
10%, or 12% SDS-PAGE gels and then transferred to PVDF
membranes (Millipore, Billerica, MA, USA). After being
blocked with 5% bovine serum albumin (BSA) for 1 hour at
room temperature, the blots were incubated overnight at 4°C

with specific rabbit/mouse anti-rat antibodies for HIF-1«
(Novus International Inc.,, USA, 1:1000), GLUT4 (Cell
Signaling Technology, USA, 1:800), PKM2 (Cell Signaling
Technology, USA, 1:1000), LDHA (Cell Signaling Technol-
ogy, USA, 1:1000), PDH (Cell Signaling Technology, USA,
1:1000), CS (Cell Signaling Technology, USA, 1:1000),
CD36 (Cell Signaling Technology, USA, 1:1000), PGC-1«
(Cell Signaling Technology, USA, 1:1000), VEGF (Cell Sig-
naling Technology, USA, 1:1000), VEGFR2 (Cell Signaling
Technology, USA, 1:1000), and CD31 (Santa Cruz Biotech-
nology, Inc., USA, 1:200). On the next day, membranes were
washed with TBST three times (10 min for each) before being
incubated with horseradish peroxidase- (HRP-) conjugated
secondary antibodies (1: 10000, Kangchen, China) for 2 hours
at room temperature. The HRP-conjugated monoclonal rab-
bit anti-rat S-actin antibody (1:10000, Kangchen, China)
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FIGURE 4: QL treatment promoted myocardial glucose uptake and glycolysis in a HIF-1a-dependent manner. (a) QL upregulated mRNA
expression of HIF-1a, GLUT4, HK2, PKM2, PFK1, and LDHA, which were significantly abolished by 2-MeOE2 (n = 7/group). (b—e) QL
upregulated protein expressions of HIF-1a, GLUT4, PKM2, and LDHA, which were also abolished by 2-MeOE2 (n = 7/group). Data are
expressed as means = SEM. *p <0.05 and **p < 0.01 compared with the sham group; “p < 0.05 and *p < 0.01 compared with the MI

group; ¥p < 0.05 and ¥*p < 0.01 compared with the MI+QL group.

was used to detect S-actin levels. Finally, the antibody com-
plexes were visualized and quantified by the Gel Doc™ XR+
System (Bio-Rad Laboratories, Inc., California, USA) and
Image Lab Software. The results were expressed as density
values that were normalized to -actin.

2.12. Statistical Analyses. Data were presented as mean +
SEM. For the comparison between two groups, the differ-
ences in the mean values were evaluated by Student’s ¢-test
and the Mann-Whitney U test. For the comparison among
three or more groups, differences were determined by one-
way ANOVA with Tukey’s post hoc test. A value of p < 0.05
was considered to be statistically significant. All statistical
analyses were performed with SPSS 17.0 software.

3. Results

3.1. QL Treatment Preserved Cardiac Function and Decreased
the Level of Serum NT-proBNP in MI Rats in a HIF-la-
Dependent Manner. Compared with the sham group,
increased LVIDd, LVIDs, and NT-proBNP levels, in addition
to decreased EF and FS were found in the MI group. QL
treatment for 6 weeks significantly improved cardiac func-
tion and decreased NT-proBNP levels, while these protective
effects were partly attenuated in the presence of a HIF-1«
inhibitor (Figures 1(a) and 1(b)).

3.2. QL Ameliorated Myocardial Derangement and Fibrosis
via a HIF-1a-Dependent Pathway. As shown in Figure 2(a),
the surviving myocardial cells in the infarct border zone were
obviously irregularly arranged, the myocardial cells displayed
lysis and breakage of cardiac muscle fibers, while numerous
infiltrated inflammatory cells were detectable, which was par-
tially reversed by QL treatment. However, cotreatment with
the HIF-1a inhibitor 2-MeOE2 attenuated the beneficial
effects of QL again. Myocardial fibrosis is a hallmark of
cardiac remodeling after AMI. Sirius red staining revealed
significantly enhanced cardiac fibrosis in the MI group com-
pared to the sham group, while QL significantly alleviated
cardiac fibrosis, and this effect could be partially blocked by
treatment with 2-MeOE2 (Figures 2(b) and 2(c)).

3.3. QL Treatment Promoted Myocardial Glucose Uptake and
ATP Production via a HIF-1« Signaling Pathway. Before drug
administration, we used PET to detect the cardiac glucose
uptake of MI rats and sham rats. The results showed that
compared with the sham group, the myocardial glucose
uptake was significantly lower in MI rats (Figure 3(a)).
After 6 weeks, the results revealed significantly higher myo-
cardial "*F-FDG uptake and ATP production in the MI+QL
group compared with the MI group, while treatment of the
specific HIF-1a inhibitor significantly blocked these effects.
This suggests that the HIF-1a pathway played a critical role
in QL-induced metabolic improvement (Figures 3(b) and 3(c)).
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FiGURE 5: QL treatment promoted glucose oxidation and free fatty acid (FFA) uptake in a HIF-1a-independent manner. (a) QL promoted CS
protein activity (n = 7/group). (b and ¢) QL elevated PDH and CS protein expressions, while the HIF-1a inhibitor did not significantly
attenuate this effect (n =7/group). (d) QL decreased serum FFA levels (n = 7/group). (e and f) QL significantly promoted FFA uptake by
increasing the expressions of CD36 and PGC-la, which were downregulated in the MI group, and the HIF-1la inhibitor could not
reversed this effect (n = 7/group). Data are expressed as means + SEM. *p < 0.05 and **p < 0.01 compared with the sham group; “p < 0.05

and *p < 0.01 compared with the MI group.

Moreover, both mRNA and/or protein expressions of
HIF-1a, GLUT4, HK2, PKM2, PFK1, and LDHA were
upregulated in the MI+QL group compared with MI group,
while the HIF-la inhibitor attenuated these effects
(Figures 4(a)-4(e)). HK2, PKM2, PFK1, and LDHA are the
key enzymes of glycolysis, and GLUT4 was the key glucose
transporter, so these results further indicated that QL pro-
moted myocardial glucose uptake and glycolysis via the
HIF-1« signaling pathway.

3.4. QL Treatment Activated Enzyme Expression of Glucose
Oxidation and Serum Fatty Acid Uptake in a HIF-la-
Independent Manner. PDH and CS are key enzymes involved
in glucose aerobic oxidation. We found that protein expressions
of PDH and CS, in addition to CS activity, were significantly
increased after QL, while HIF-1« inhibition did not significantly
affect this effect (Figures 5(a)-5(c)). The present study also
demonstrated significantly decreased CD36 and PGC-la
protein expressions and increased serum FFA levels in the
MI group compared with the sham group. QL treatment
upregulated CD36 and PGC-la expressions and lowered
serum FFA levels, which was not significantly affected by
HIF-1« inhibition (Figures 5(d)-5(f)). This indicates that QL
promoted fatty acid uptake in a HIF-1a-independent manner.

3.5. QL Treatment Promoted Microvascular Angiogenesis of
Myocardial Tissue via a HIF-1a/VEGF Pathway. CD31
immunofluorescence staining and Western blot analysis were
performed to detect the effects of QL on myocardial micro-
vascular density. Representative images are shown in
Figure 6(a). CD31-positive endothelial cells are shown in
red and nuclei in blue. Our data revealed a significantly
higher CD31-positive microvascular density in the MI+QL
group than in the MI group, which was significantly attenu-
ated by treatment with 2-MeOE2. Western blot results also
showed that QL could upregulate VEGF, VEGFR2, and
CD31 expression, while treatment with a HIF-1« inhibitor
attenuated the QL-induced effect (Figures 6(b)-6(d)). Collec-
tively, our data implied that QL treatment promoted the
angiogenesis of infarcted myocardium partly via upregulat-
ing the HIF-1a/VEGF pathway.

4. Discussion

In the present study, we observed the effects of QL on myo-
cardial energy metabolism and explored the underlying
mechanisms. The results revealed that QL reversed myocar-
dial remodeling by promoting glycolysis via the HIF-la-
dependent pathway, while QL can also increase the enzyme
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FIGURE 6: QL treatment promoted myocardial angiogenesis. (a) CD31 immunofluorescence staining (20x, scale bar = 100 ym) showed that
QL significantly increased myocardial angiogenesis, which was significantly attenuated by pretreatment with the HIF-1a inhibitor. Red
indicates CD31-positive signals; blue indicates DAPI nuclei. The newborn capillary density was quantified as the number per high-power
field (n =4/group). Western blot analysis showed that QL significantly upregulated myocardial VEGF (b), VEGFR2 (c), and CD31 (d)
protein expressions, while pretreatment with the HIF-la inhibitor attenuated these effects (n=7/group). Data from at least four
independent experiments were calculated and expressed as means+ SD. *p <0.05 and **p <0.01 compared with the sham group;
#p <0.05 and p < 0.01 compared with the MI group; **p < 0.01 compared with the MI+QL group.
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expression of glucose oxidation and free fatty acid uptake via
a HIF-1a-independent mechanism.

The reduced substrate utilization capacity served as one
important pathological mechanism of cardiac dysfunction
in heart failure, which was the result of reduced substrate
uptake, oxidation, or a combination of both [25]. There are
conflicting results in the previous studies regarding substrate
utilization in heart failure [26]. These previous studies found
that glucose utilization was increased in early heart failure
but substantially declined in advanced heart failure [27-30].
Results on the changes in fatty acid utilization in heart failure
are also inconsistent [26], but most studies show that it
remained unchanged or slightly increased early in heart
failure, before having decreased in advanced heart failure
[31-33]. In this study, we found that compared with the
sham group, myocardial glucose uptake, oxidation, and
ATP production were reduced, while the serum FFA level
was elevated in MI rats. These factors might contribute to
the observed cardiac dysfunction in MI rats. QL treatment
significantly increased myocardial glucose uptake, glycolysis,
oxidation, and ATP production; decreased serum FFA; and
improved cardiac function. The upregulation of the levels
of HIF-1a, GLUT4, PDH, CD36, and PGC-la expression
was involved in the observed beneficial effects of QL.

HIF-1la is a master transcription factor that regulates
many target genes (such as VEGF, VEGF receptor 1, and
GLUT4), whose protein products play a critical role in
improving angiogenesis and vascular remodeling, glucose
metabolism, cell survival, and oxygen delivery [12, 34-38].
VEGF is a major mediator of neovascularization in physio-
logical and pathological conditions by promoting vessel for-
mation [39]. Significantly upregulated HIF-1a and VEGF
have been found in the rat ischemic myocardium 1 week after
MI, while their expressions were only slightly increased com-
pared with the sham group 2 weeks and 4 weeks after MI
[40-42]. The expression levels of VEGF and HIF-1a were
positively related with the increasing microvessel density in
the infarct area. In the present study, the protein expressions
of HIF-1a and VEGF were similar between the two groups.
The reason may be that the initial activation of HIF-1a and
VEGF promotes angiogenesis and improves blood and oxy-
gen supply, which leads to the gradual decrease of expression.
QL treatment significantly upregulated their expressions and
promoted neovascularization. Results from the CD31 immu-
nofluorescence staining and Western blot assay also demon-
strated that QL increased neonatal capillary density and
CD31 protein expressions, while inhibition of HIF-1a and
VEGEF activity abolished these beneficial effects of QL.

In addition to promoting angiogenesis and oxygen
delivery, HIF-1a also activates several downstream genes
encoding transporters and enzymes related to glucose metab-
olism. Glucose transportation into cardiomyocytes deter-
mines the efficiency of glucose utilization. This is insulin
dependent and requires the most important (quantitatively)
glucose transporter expressed in the myocardium, which
can be activated by HIF-1a. Previous studies have shown that
the myocardial expression of GLUT4 is reduced in rats with
heart failure [18, 43], which leads to impaired cardiac glucose
metabolism. Metabolic gene expression in the failing human
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heart showed decreased GLUT1, GLUT4, and PDK2 mRNA
expression [29]. Consistent with previous studies, we found
that the mRNA and protein expressions of GLUT4 in the
myocardium of MI rats were significantly reduced. Impor-
tantly, compared with the MI group, QL treatment signifi-
cantly upregulated GLUT4 mRNA and protein expressions,
which were attenuated by the HIF-1« inhibitor. Furthermore,
PET imaging also suggested that QL could promote myocar-
dial glucose uptake by regulating the HIF-1a signal pathway.

Apart from glucose transporters, several key enzymes
including HK2 [36, 44], PFK1, and PKM2 [45] play an
important role in glucose metabolism by converting glucose
to pyruvate, which is also regulated by HIF-1a. Pyruvate
can be converted to acetyl-CoA by PDH or to lactic acid by
LDHA. HIF-1« can activate pyruvate dehydrogenase kinase
1 (PDK1) and LDHA expression to switch cells from aerobic
metabolic to anaerobic glycolysis [46, 47], since PDH can be
phosphorylated and inactivated by PDK1. In our study, we
found that compared with the sham group, the mRNA
expressions of HK2, PFK1, PKM2, and LDHA were reduced,
but the protein expression of PKM2 and LDHA remained
unchanged in the MI group; QL treatment significantly
upregulated their expressions, which could be suppressed
by pretreatment with the HIF-la inhibitor. These results
indicated that QL could promote the myocardial glycolysis
of post-MI hearts in a HIF-1a-dependent manner.

Moreover, QL also increased PDH and CS activity in a
HIF-1a-independent manner. CS is a mitochondrial enzyme
found in all cells that is capable of oxidative metabolism and
is involved in lipogenesis, cholesterogenesis, and energy
production. Its activity follows a circadian pattern, with the
results indicating that QL could also enhance glucose aerobic
metabolism. However, HIF-1a-mediated induction of PDK1
has been found to prevent the entry of pyruvate into the
tricarboxylic acid cycle [46], which seems contradictory to
our results. Nevertheless, activated HIF-la could promote
angiogenesis as well as recover blood and oxygen supply, which
might favor mitochondrial respiration and aerobic metabolism.
Thus, this may explain these conflicting outcomes. On the
other hand, our results showed that QL promoted PDH and
CS expression via HIF-1a-independent pathways.

PGC-1a is a powerful transcriptional coactivator and a key
regulator in cardiac mitochondrial biogenesis and oxidative
metabolism, which works by cooperating with numerous tran-
scription factors (such as nuclear respiratory factor-1 or 2 and
estrogen-related receptor &) to promote related genes [48]. It
plays a critical role in upregulating antioxidant genes and
interacting with peroxisome proliferator-activated receptors
(PPARs) to increase fatty acid oxidation and angiogenesis
[49]. Fatty acid translocase (FAT)/CD36 is a key protein in
the translocation of fatty acids across the sarcolemmal mem-
brane of cardiomyocytes [5]. CD36 and CPT-1 are the target
genes of PPAR, which was coactivated by PGC-1a. There were
studies showing that QL could increase PGC-1a and CPT-1
expression in rats with heart failure from pressure overload
and H9C2 cardiomyocytes [18, 19]. Due to heart failure, serum
FFA concentrations increased significantly, which could
decrease glucose oxidation by inhibiting PDH activity [7].
On the other hand, there were studies presenting decreased
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circulating FFA concentrations, which could promote glucose
uptake and oxidation indirectly [9]. In accordance with a pre-
vious study, we found that QL significantly upregulated the
expression of the PGC-1a and CD36 protein, which may pro-
mote FFA uptake and decrease serum FFA levels in a HIF-1a-
independent pathway. It is important to note that decreased
serum FFA concentration might further promote glucose
oxidation indirectly through activating PDH expression. A
previous study also showed that QL and its main chemical
property (astragaloside) could improve diastolic and systolic
function by promoting AMPK phosphorylation and PPARy,
PPAR«, and PGC-1a expression [18, 50-54], which are key
regulators of energy metabolism. So, we postulate that the
AMPK, PPAR, and PGC-1a pathway might be the possible
mechanisms for QL to promote aerobic metabolism, and
which were independent of the HIF-1« pathway.

5. Conclusions

In summary, the present study demonstrated that QL restored
the microstructure of myocardium, attenuated myocardial
fibrosis, and improved cardiac function in heart failure rats post
ML In the present study, we found that the enhancement of
enzyme expression of myocardial glucose and fatty acid metab-
olism with elevated ATP level may account for the observed
beneficial effects of QL. The activation of the HIF-1« signaling
pathway and its downstream target genes proved to be at least
partly involved in these benefits, including promoted glycolysis
and ATP level. Although the effect of QL on promoting enzyme
expression of glucose oxidation and FFA uptake is achieved via
a HIF-1a-independent pathway, the exact mechanism behind
this effect requires further study. Our data provided a novel
potential working mechanism of QL regarding its impact on
myocardial glucose and fatty acid metabolic balance with an ele-
vated ATP level in this rat model of heart failure after myocar-
dial infarction.
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Background and Objectives. Dracocephalum moldavica L. is an herbal medicine used to treat cardiovascular diseases in China. The
purpose of this study was to assess the cardioprotective effect of D. moldavica L. extracts against H,0O,-induced apoptosis and
oxidative stress in H9¢2 cells and to explore the mechanism behind this effect. Materials and Methods. The petroleum ether
(petrol), dichloromethane (CH,CL,), ethyl acetate (EtOAc), and n-butyl alcohol (n-BuOH) fractions were isolated from alcohol
extracts of D. moldavica L. Total phenolic and flavonoid contents and in vitro antioxidant activities of different fractions were
evaluated. H9c2 cells were then treated with D. moldavica L. extracts before challenging with H,0,. Cell viability was
determined by colorimetric assay, and ELISA was used to measure the levels of lactate dehydrogenase (LDH), malondialdehyde
(MDA), and superoxide dismutase (SOD). Apoptosis levels and mitochondrial membrane potential were measured by flow
cytometry. The expressions of cell apoptosis regulatory proteins caspase-3, Bax, and Bcl-2 were determined by western blotting.
Results. Our results demonstrated that the EtOAc fraction from D. moldavica L. ethanol extract, which is rich in phenolic
and flavonoid active constituents, had the strongest free radical scavenging activity. Additionally, this fraction increased
H,0,-induced reduction in cell viability, SOD activity, and mitochondrial membrane potential. It also reduced H,O,-induced
elevation in ROS production, contents of LDH and MDA, and H9c2 apoptosis. We further found that the EtOAc fraction
increased Bcl-2 expression, while it decreased caspase-3 and Bax expressions induced by H,O, in H9¢2 cells. Conclusions. Our
data revealed that the EtOAc fraction from D. moldavica L. ethanol extract ameliorates H,O,-induced cardiotoxicity via
antiapoptotic and antioxidant mechanisms.

1. Introduction

Ischemic heart disease (IHD), the most common cause of
death worldwide, is a chronic disease leading to myocardial
ischemia, hypoxia, and necrosis [1]. The mechanisms
involved in IHD are complicated. Accumulating evidence
has revealed that oxidative stress plays an important role in
the pathogenesis of myocardial ischemia-reperfusion (I/R)

injury [2]. Oxidative stress occurs as a consequence of a
redox imbalance in cells between prooxidants and antiox-
idants [3]. The overproduction of reactive oxygen species
(ROS) and impairment of endogenous antioxidant systems
may lead to the release of inflammatory cytokines and the
enhancement of reactive aldehydes such as malondialde-
hyde (MDA) [4]. The increase in oxidative stress may also
result in mitochondrial dysfunction, eventually leading to
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the activation of cardiac apoptotic signaling, further exac-
erbating ischemic injury [5]. The exogenous administra-
tion of antioxidants or the upregulation of endogenous
antioxidants is an important approach for the prevention
of I/R-induced cardiac injury [6]. Therefore, a pharmaco-
logical agent with antioxidant properties might be an
effective strategy for cardioprotection. Plants often contain
several potential active components which possess antioxi-
dant properties such as phenols, flavonoids, terpenoids,
and saponins [7]. Recently, several studies have revealed
that herbal extracts containing antioxidant compounds
exert a cardioprotective effect [8, 9].

Dracocephalum moldavica L. is a common perennial
species that is widely used as a folk medicine for the treat-
ment of cardiovascular diseases [10]. Several studies have
shown that the extracts of D. moldavica L. possess high
antioxidant activity [11, 12]. Previous studies also con-
firmed that the total flavonoid extract of D. moldavica L.
can efficiently attenuate ischemia-induced myocardial
injury, and its mechanism may be related to the improve-
ment of myocardial oxidative stress states and regulation
of the antiapoptotic signaling pathways [13, 14]. D. molda-
vica L. has been reported to contain flavonoids, glycoside,
tannins, steroid, saponins, and phenolic compounds [15].
However, the antioxidant fraction and antioxidative stress
mechanism of the alcohol extracts of D. moldavica L. have
not been comprehensively described. This work is aimed
at identifying the antioxidant fraction of D. moldavica L.
extracts and at further investigating its antioxidant stress
effects. Moreover, the cardioprotective effects of D. molda-
vica L. component in H9¢2 cardiomyocytes under H,O,-
induced oxidative stress and its underlying mechanisms
were also investigated.

2. Materials and Methods

2.1. Chemicals and Reagents. 2,2-Diphenyl-1-picrylhydrazyl-
radical (DPPH), dimethyl sulfoxide (DMSO), 2,2 -azinobis
(3-ethylbenzothiazoline-6-sulfonicacid) diammonium salt
(ABTS), potassium persulfate, and hydrogen peroxide
(H,0,) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). The cell culture products were purchased from
Thermo Fisher Scientific Inc. (Waltham, MA, USA). The kits
used to determine the MDA content and lactate dehydroge-
nase (LDH) and superoxide dismutase (SOD) activities were
obtained from Jiancheng Bioengineering Institute (Nanjing,
China). The fluorescent dye 5,5',6,6'-tetrachloro-1,1",3,3’
-tetraethylbenzimidazolyl-carbocyanine iodide (JC-1) was
purchased from Sigma-Aldrich (St. Louis, MO, USA), and
the annexin V/propidium iodide (PI) apoptosis detection
kit was obtained from Invitrogen (Eugene, OR, USA). Gen-
eral laboratory reagents were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Beijing, China). Antibodies of
anti-Bax and anti-cleaved-caspase-3 were purchased from
Millipore (Beverly, MA, USA), and antibodies of anti-Bcl-2,
anti-pro-caspase-3, and anti-f-actin were purchased from
Sangon Biotech (Shanghai, China). All chemical reagents
were at least of analytical grade.
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2.2. Plant Material and Extract Preparation. The aerial parts
of D. moldavica L. were collected from the county of
Tongliao, Inner Mongolia, China. The plant materials were
air-dried and ground into a powder. The plant powder and
the solvent (1: 10 v/v) were placed in the flask of a constant-
speed blender with a digital display (60 W, China) for reflux
extraction twice with the following conditions: ethanol and
water (65:35 v/v) as the solvent, 60°C as the extraction tem-
perature, and 120 min as the extraction time. Subsequently,
the extracts were concentrated in a rotary evaporator (Yarong
RE-2000A, China) under reduced pressure for ethanol
removal. The obtained ethanol extracts were then separated
with petroleum ether (petrol), dichloromethane (CH,Cl,),
ethyl acetate (EtOAc), and n-butyl alcohol (n-BuOH) using
separating funnels. The resultant fractions were concentrated,
dried, and stored at -20°C for further analyses.

2.3. Quantification of the Total Phenolic and Flavonoid
Contents. The total phenolic content of each fraction was
determined using the Folin-Ciocalteu method [16], whereas
the total flavonoid content was measured using a spectropho-
tometric method as described previously [16]. Moreover,
high-performance liquid chromatography (HPLC) was used
for the qualitative analysis of the EtOAc fraction of D. molda-
vica L. ethanol extract with the standards (tallianine, ros-
marinic acid, luteolin, apigenin, and diosmetin) as the
references as described previously [17].

2.4. In Vitro Antioxidant Activity. The DPPH radical and
ABTS radical scavenging activity was measured using the
method as described previously [18]. Briefly, different dilu-
tions of each fraction of D. moldavica L. ethanol extract were
prepared. An aliquot of each dilution was mixed vigorously
with a methanol solution of DPPH or with a water solution
of ABTS. The absorbance was measured at 517nm or
734nm. Methanol or water was used as a blank control.
The superoxide anion radical scavenging activity and the
hydroxyl radical scavenging activity of each fraction were
determined using a commercially available kit obtained from
Jiancheng Bioengineering Institute (Nanjing, China).

2.5. Cell Culture and Treatment. The embryonic rat heart-
derived H9c2 cell line was obtained from the Bank of the
Chinese Academy of Sciences (Shanghai, China). Cells were
cultivated in DMEM with 10% FBS and 100 mg/mL penicil-
lin/streptomycin under atmospheric conditions of 95%
air/5% CO, at 37°C. H9c2 cells were then divided into three
groups: control, model, and EtOAc fraction groups. The
EtOAc fraction groups were pretreated with various concen-
trations of D. moldavica L. extracts (0.01, 0.05, 0.1, 0.3, 0.5,
and 1.0 ug/mL) for 24 h. No extracts were exposed to the con-
trol group and the model group. The model group and the
EtOAc fraction groups were then exposed to H,O,
(150mM) for 4h, and the control group was treated with
DMEM medium.

2.6. Cell Viability. Cell viability was determined using the Cell
Counting Kit-8 (DOJINDO, Tokyo, Japan) according to the
manufacturer’s instructions. The absorbance of the culture
medium in each well was recorded at 450nm using a
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microplate reader (Bio-Rad, Hercules, CA, USA) to deter-
mine the cell viability. All experiments were repeated at least
three times.

2.7. Measurement of MDA, LDH, and SOD Levels. The cul-
tured supernatant and cells were collected after different
treatments to determine the LDH and SOD activities as well
as the MDA level using the corresponding commercially
available kits obtained from Jiancheng Bioengineering
Institute (Nanjing, China) following the manufacturer’s
instructions.

2.8. Determination of Intracellular ROS. The intracellular
ROS levels in the H9¢2 cells were measured using the
fluorescent probe, 2',7’dichlorodihydroﬂuorescein diacetate
(DCFH-DA, Sigma-Aldrich, St. Louis, MO, USA). The cells
were stained with 10 mM DCFH-DA for 20 min in the dark
at 37°C. Then, fluorescence was measured using a fluorome-
ter (U-RFLT50, OLYMPUS, Japan) at an excitation wave-
length of 485 nm and an emission wavelength of 530 nm.

2.9. Detection of Apoptosis. Apoptosis was measured by flow
cytometry using an annexin V-FITC apoptosis detection kit
(Sigma-Aldrich, St. Louis, MO, USA) according to the
manufacturer’s instructions. Cells were incubated with 5uL
of FITC-annexin V and 1uL of PI working solution
(100 ug/mL) for 15min in the dark at room temperature.
Cellular fluorescent detection and quantitative determina-
tion were then performed using a flow cytometer (Beckman
Coulter, USA).

2.10. Determination of the Mitochondrial Transmembrane
Potential. JC-1 was used to detect changes in the mito-
chondrial transmembrane potential. Cells were incubated
with 10uL of 200uM JC-1 (final concentration, 2uM)
for 30min in the dark and analyzed using an SC500 flow
cytometer.

2.11. Western Blotting. Equal amounts of protein from each
sample cell were separated by SDS-PAGE and transferred
to polyvinylidene difluoride membranes. The membranes
were then blocked with 5% (w/v) nonfat milk powder for
2h and incubated overnight with primary antibodies at 4°C.
After washing, the membranes were incubated with horse-
radish peroxidase-conjugated secondary antibody for 1h
at room temperature. Finally, the protein bands were visu-
alized using the ECL chemiluminescence detection system
(Amersham, USA).

2.12. Statistical Analysis. Descriptive analyses were used to
present the results of the chemical composition analysis
and the antioxidant activity assays. The analysis of variance
and Tukey’s multiple range test were used to test the differ-
ences between groups, and a P value less than 0.05 was con-
sidered significant. The data were analyzed using SPSS 17.0
software (SPSS, Chicago, IL, USA).

3. Results

3.1. Identification of the Antioxidant Fraction. Four in vitro
antioxidant activity assays were performed to identify the
fraction of D. moldavica L. ethanol extract that exhibits the
antioxidant activity, including DPPH, ABTS, hydroxyl, and
superoxide anion radical scavenging assays. As shown in
Figure 1, the EtOAc fraction of D. moldavica L. ethanol
extract possessed the highest scavenging ability, as demon-
strated by the four assays. Moreover, the highest total
flavonoid content was found in the EtOAc fraction,
followed by the n-BuOH, CH,Cl,, and petrol fractions.
Similarly, the total phenolic contents were ranked in the
order of EtOAc>n-BuOH>CH2CI2>petrol (Table 1). Addi-
tionally, the chromatograms also showed that rosmarinic
acid, tilianin, luteolin, apigenin, and disometin were found
in the EtOAc fraction (Figure S1).

3.2. The EtOAc Fraction of D. moldavica L. Ethanol Extract
Protected H9c2 Cells against H,0,-Induced Cytotoxicity. To
assess the effects of the EtOAc fraction of D. moldavica L.
ethanol extract on H,0,-induced cytotoxicity in H9¢2 cells,
the cell viability was determined. As shown in Figure 2(a),
the cell viability was significantly decreased in the H,O,-
treated group compared with the control group. The EtOAc
fraction at the doses of 0.1, 0.3, 0.5, and 1.0 yg/mL signifi-
cantly attenuated H,O,-induced reduction in cell viability,
in comparison with the model group. The results further
showed that cell viability was increased in a dose-dependent
manner when the EtOAc fraction concentration was
increased from 0.1 to 0.5 ug/mL. However, compared with
the model group, the EtOAc fraction had no significant
effect on cell viability at the doses of 0.01 and 0.05 ug/mL.
Therefore, the doses of 0.1, 0.3, and 0.5 ug/mL of the EtOAc
fraction were selected for further experiments. Moreover,
cytotoxicity was studied by determining the LDH activity.
The LDH activity was remarkably high in the model group
as compared to control. There were significant decreases in
the LDH activity after increasing the doses of the EtOAc frac-
tion (0.1, 0.3, and 0.5 ug/mL) in comparison with the model
group (Figure 2(b)).

3.3. The EtOAc Fraction of D. moldavica L. Ethanol Extract
Inhibited H,O,-Induced Oxidative Damage in H9c2. To
determine whether or not the EtOAc fraction can protect
H9c2 cells in response to H,O, injury, we examined H,0,-
induced alterations in ROS production and MDA level in
the presence of the EtOAc fraction in H9¢c2 cells. Our results
showed that the EtOAc fraction treatment significantly
reduced ROS production (Figure 3(a)). The EtOAc fraction
treatment also significantly prevented the H,O,-induced
MDA levels in a dose-dependent manner (Figure 3(b)). We
further measured the effects of the EtOAc fraction on the
expression of free radical scavenging enzymes as well as the
level of total SOD. As shown in Figure 4, the EtOAc fraction
treatment significantly increased the expression of CAT and
HO-1 compared with the control group. Besides, the EtOAc
fraction treatment restored the H,O,-induced decrease in
the total SOD in a dose-dependent manner.
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TaBLE 1: Total phenolic content (TFC) and total flavonoid content
(TPC) of different polar fractions of D. moldavica L. ethanol
extract®.

Fractions  Yield (mg/g) TFC (mgRE/g) TPC (mg GAE/g)
Petrol 8.51+0.09 7.65+0.26 16.49 £0.24
CH,CI, 8.62 +0.07 19.15+0.24 142.45+1.52
EtOAc 9.33+£0.06 65.04+0.57 511.05+1.91
n-BuOH 19.55+£0.21 50.13+0.32 294.38 £1.54

*Values are presented as the mean + SD.

3.4. The EtOAc Fraction of D. moldavica L. Ethanol Extract
Inhibited H,0,-Induced Mitochondrial Damage in H9¢2. To
determine whether or not the EtOAc fraction can protect
mitochondria in response to H,O, injury, we examined
H,0O,-induced alterations in mitochondrial membrane
potential in the presence of 0.5ug/mL EtOAc fraction in
H9c2 cells using JC-1 dye. We found that the EtOAc fraction
prevented the H,0,-induced impairment in mitochondrial
membrane potential in a dose-dependent manner (Figure 5).

3.5. The EtOAc Fraction of D. moldavica L. Ethanol Extract
Inhibited H,O,-Induced H9c2 Apoptosis. To examine the
effects of the EtOAc fraction on H,O,-induced H9¢2 apopto-

sis, the percentage of apoptotic cells was detected by flow
cytometry. The apoptotic rate was increased in the H,O,
group, while the EtOAc fraction treatment decreased the
apoptotic rate in a dose-dependent manner (Figure 6).

3.6. The EtOAc Fraction of D. moldavica L. Ethanol Extract
Regulated the Apoptosis-Related Protein Expression in H9c2.
The effects of the EtOAc fraction on apoptosis-related
protein expression were also measured by western blotting.
We found that the EtOAc fraction treatment significantly
decreased the expression of the proapoptotic proteins
caspase-3 and Bax, while it enforced the expression of antia-
poptotic protein Bcl-2 in a dose-dependent manner when
compared with the model group (Figure 7).

4. Discussion

D. moldavica L. is one of the most widely used medicinal
herbs in traditional Chinese medicine. Previous studies
demonstrated that the extracts of D. moldavica L. display
antioxidant activities [19]. The myocardial protective func-
tion of total flavonoid extract from D. moldavica L. has also
been reported [13, 20]. Recently, our group further demon-
strated that D. moldavica L. attenuated cerebral ischemia-
reperfusion injury in rats by inhibiting inflammation and
oxidative stress [21]. To date, however, the exact molecular
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FiGure 3: Effects of the EtOAc fraction of D. moldavica L. ethanol extract on ROS production and MDA level in H,O,-treated H9¢c2 cells. (a)
ROS production. (b) MDA level. Values are presented as the mean + SD. *P < 0.05, vs. the model group. #P < 0.05, vs. the control group.

mechanisms of action of D. moldavica L. on responses to
H,0,-induced injury in H9¢2 cells have not been clearly
defined. In the study, we identified the antioxidant fraction
of D. moldavica L. ethanol extract and investigated its cardi-
oprotective effects and possible mechanisms.

The preliminary antioxidant activity results showed
that the EtOAc fraction of D. moldavica L. ethanol extract
exhibited the remarkable highest antioxidant activity in the
four obtained fractions. Additionally, our results revealed
that the EtOAc fraction contained the highest abundance
of flavonoids and phenols, which are shown to have strong
antioxidant activities [22, 23]. As shown in Figure SI, we
further found that tilianin and rosmarinic acid were the main

compounds in the EtOAc fraction of D. moldavica L. ethanol
extract. The presence of rosmarinic acid in D. moldavica L.
has antioxidant potential and radical scavenging activity [24].
Tilianin from D. moldavica L. was proved to display anti-
inflammatory activity [25]. Therefore, the antioxidant
properties of the EtOAc fraction can be explained by
its phytoconstituents, such as tilianin and rosmarinic
acid, which were representative phenolic and flavonoid
compounds of D. moldavica L. These results confirmed
for the first time that the EtOAc fraction mediated the
antioxidant properties of D. moldavica L.

In this study, we showed that the EtOAc fraction signifi-
cantly increased the cell viability, reduced LDH release,
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(right) levels. Values are presented as the mean + SD. *P < 0.05, vs. the model group. #P < 0.05, vs. the control group.

inhibited ROS production, and decreased MDA level in
H,0,-treated H9¢2 cells. Additionally, the EtOAc fraction
enhanced the SOD level and the expression of CAT and
HO-1. It is well-known that these critical antioxidant
enzymes play a major role in ROS scavenging [26]. As
already mentioned, extracts of D. moldavica L. could reduce
the MDA level and increase the contents of SOD and CAT
in diabetic rats [27]. Our results were consistent with pre-
vious findings. Overall, the results confirmed that the
EtOAc fraction prevents H9c2 cells against H,O,-induced
oxidative stress.

It is reported that oxidative stress-induced excess intra-
cellular ROS can damage the mitochondrial membrane
potential and result in cell apoptosis [26]. In the present
study, we evaluated the effect of the EtOAc fraction on the
mitochondrial membrane potential of H9c2 cells exposed to
oxidative stress. We found that the EtOAc fraction main-
tained the mitochondrial function and inhibited the apopto-
sis of H9¢c2 cells in response to oxidative stress. Previous
studies also demonstrated that total flavonoid extract from
D. moldavica L. attenuated ischemia-reperfusion-induced
myocardial apoptosis [14], which agreed well with our results.
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FiGure 7: Effects of the EtOAc fraction of D. moldavica L. ethanol extract on the apoptotic rate and apoptosis-related protein expression in
H,0,-treated H9¢2 cells. (a) Effects of the EtOAc fraction of D. moldavica L. ethanol extract on the apoptotic rate. (b) Representative western
blotting analysis of the protein expression levels of caspase-3, active caspase-3, Bax, and Bcl-2. (c—f) Densitometry analysis of caspase-3, active
caspase-3, Bax, and Bcl-2 levels, respectively. Values are presented as the mean + SD. *P < 0.05, vs. the model group. #P < 0.05, vs. the

control group.

To further understand the effect of the EtOAc fraction on
apoptosis, we measured the expression of apoptosis-related
proteins by western blotting analysis. Our results showed
that the EtOAc fraction can increase the expression of
the antiapoptotic protein (Bcl-2) and inhibit the expres-
sion of proapoptotic proteins (Bax), which play crucial
pathophysiological roles in cardiomyocyte apoptosis fol-
lowing H,O, injury. The result is in agreement with previ-
ous studies [28]. This study further revealed that the
EtOAc fraction decreased H,O,-induced caspase-3 activity,
which was the most important apoptotic factor [29]. These
results suggested that regulation of mitochondrial function
and apoptosis partially contributed to the EtOAc fraction-
induced cardioprotection against oxidative stress. Further
studies might be required to investigate the effect of other
pathways on H,O,-induced myocardial injury.

In conclusion, the present study provided, for the first
time, evidence that the EtOAc fraction of D. moldavica L.
ethanol extract exhibited significant antioxidant activity.
Meanwhile, the study revealed that the EtOAc fraction pro-
tected H9¢c2 cardiomyocytes against H,0,-induced cytotox-
icity and oxidative stress. The underlying mechanisms are
possibly associated with the preservation of the mitochon-
drial function and attenuation of cardiomyocyte apoptosis.
However, further studies are needed to investigate other
pathways involved in the cardioprotective effect of the EtOAc
fraction of D. moldavica L. ethanol extract. These findings

provide a scientific basis for its ethnomedical use in the treat-
ment of cardiovascular diseases.
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Postprandial hyperglycemia and oxidative stress are important factors that worsen the health condition of patients with type 2
diabetes. We recently showed that extracts from Ceiba pentandra mitigate hyperglycemia in dexamethasone- and high
diet/streptozotocin-induced diabetes. Herein, we evaluated the postprandial regulatory properties and the antioxidant effects of
the aqueous (AE) and methanol (ME) extracts from the stem bark of Ceiba pentandra. The phytochemical analysis of AE and
ME was performed using the LC-MS technique and the total phenolic and flavonoid assays. Both extracts were tested for their
ability to inhibit superoxide anion (O,"), hydrogen peroxide (H,O,), protein oxidation, alpha-amylase, and alpha-glucosidase
activities. The mode of enzyme inhibition was also determined in a kinetic study. AE and ME were both rich in phenolic and
flavonoid compounds. ME was 2.13 and 1.91 times more concentrated than AE in phenolic and flavonoid compounds,
respectively. LC-MS allowed the identification of 5 compounds in both extracts. ME and AE inhibited O,* with IC,, of 51.81
and 34.26 ug/ml, respectively. On H,O,, they exhibited IC;, of 44.84 and 1.78 ug/ml, respectively. Finally, they exhibited IC, of
120.60 and 140.40 pug/ml, respectively, in the inhibition of protein oxidation induced by H,O,, while showing ICy, of 39.26 and
97.95 ug/ml on the protein oxidation induced by AAPH. ME and AE inhibited alpha-amylase with IC;, of 6.15 and 54.52 ug/ml,
respectively. These extracts also inhibited alpha-glucosidase, demonstrating IC, of 76.61 and 86.49 pg/ml. AE exhibited a mixed
noncompetitive inhibition on both enzymes, whereas ME exhibited a competitive inhibition on «-amylase and a pure
noncompetitive inhibition on a-glucosidase. These results demonstrate that ME and AE scavenge reactive oxygen species and
prevent their effects on biomolecules. Besides, ME and AE inhibit carbohydrate digestive enzymes. These properties may
contribute to reduce postprandial hyperglycemia and regulate glycemia in diabetic patients.

1. Introduction

Diabetes mellitus is becoming a serious and leading health
threat in low- and middle-income countries. It is one of the
largest global health emergencies of the 21st century with
increasing prevalence. Approximately 463 million adults
aged 20 to 79 years are currently living with diabetes, and
by 2045, this will rise to 700 million. Diabetes accounted
for 4.2 million deaths worldwide in 2019 [1]. Chronic hyper-
glycemia is a common feature in all diabetic patients. There-

fore, the main strategy in the management of diabetes is the
achievement of an adequate glycemic control. Fasting glyce-
mia is routinely measured as a determinant of glycemic con-
trol, but although necessary, it is insufficient. To achieve an
effective blood glucose control, postprandial glycemia should
also be taken into consideration. In fact, the loss of postpran-
dial glycemic control has been shown to be an early step of
glucose homeostasis disorder that occurs earlier than fasting
glycemia impairment [2, 3]. Recent evidences have demon-
strated that postprandial hyperglycemia is an independent
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risk factor for both microvascular and macrovascular com-
plications in both type 1 and type 2 diabetes mellitus [4, 5].
Micro- and macrovascular changes are a preeminent cause
of diabetes-related death and disability [6].

Besides, hyperglycemia has been associated with excess
free radical production [7] which results in oxidative stress
(OS). OS is a key component in diabetic complications acting
through various mechanisms including increased flux of the
polyol pathway, advanced glycation end product formation
and accumulation, overactivation of the hexosamine path-
way, and protein kinase C activation [8, 9].

One current approach in the management of postpran-
dial hyperglycemia consists in slowing down the absorption
of carbohydrates using inhibitors of digestive enzymes such
as acarbose, voglibose, and miglitol. Although these drugs
have beneficial effects such as weight loss, they have unpleas-
ant gastrointestinal side effects that frequently result in
therapy abandonment [10]. The search for other therapeutic
alternatives is therefore encouraged, especially those which
can address both postprandial hyperglycemia and oxidative
stress.

Plants are important sources of antioxidants. Hydroxy-
tyrosol, for example, a phenolic compound obtained from
the olive tree, is currently considered the most powerful anti-
oxidant [11]. Among the groups of secondary metabolites
most known for their antioxidant activities, polyphenols
and especially flavonoids are of particular interest. Intensive
literature has demonstrated their benefits and their
structure-related activities [12, 13].

Previous studies performed by our research team showed
that Ceiba pentandra (L.) Gaertn. stimulates glucose utiliza-
tion and reduces glucose release by the liver [14], promotes
glycogen synthesis and prevents gluconeogenesis [15],
exhibits antioxidant activity against DPPH and hydroxyl rad-
ical, prevents lipid peroxidation and red blood cell hemolysis
[14], and possesses antidiabetic effects on dexamethasone-
treated rats [16] and on high-fat diet/streptozotocin-treated
rats [17]. Based on these studies, we undertook to quantify
the total phenolic and flavonoid contents in the methanol
and aqueous extracts of Ceiba pentandra trunk bark, to char-
acterize and compare by LC-MS the chemical composition of
the aqueous and methanol extracts, to investigate their scav-
enging activities on other oxidant systems yet unstudied, and
to evaluate the effects of these extracts on the carbohydrate
digestive enzymes.

2. Materials and Methods

2.1. Extract Preparation. Fresh barks from the trunk of Ceiba
pentandra were harvested in Yaoundé (center region of Cam-
eroon) in 2016 by a botanist, Dr. Tsabang Nol¢, and authen-
ticated at the Cameroon National Herbarium by comparison
with an existing specimen no. HNC 43623. The barks were
air dried, and the dry barks were powdered using a grinder.
Two hundred grams (200g) of the obtained powder were
boiled for 20 minutes in 21 distilled water. The filtrate was
freeze dried and yielded 8.86 g of aqueous extract that was
stored at 2°C until use.
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The methanol extract was prepared as follows: 200 grams
of powder were macerated in 21 of methanol for 48 hours.
The filtrate was concentrated on a rotary evaporator. After
collection, the extract was put in an oven at 40°C for 24 h to
remove residual methanol. The resulting 3.9g of pellets
representing the methanol extract was stored at 2°C until use.

2.2. Chemicals. Folin-Ciocalteu’s reagent, sodium carbonate,
aluminum chloride, sodium nitrate, potassium hydroxide,
methanol, gentamycin, ethylene diamine tetra-acetic acid,
sodium hydroxide, gallic acid, quercetin, sodium hydrogen
phosphate, sodium dihydrogen phosphate, trichloroacetic
acid, nitroblue tetrazolium, Tris, nicotinamide adenine
dinucleotide, phenazine methosulfate, hydrogen peroxide,
ascorbic acid, bovine serum albumin (BSA), Coomassie blue,
sodium chloride, 2',2"-azobis (2-methylpropionamidine)
dihydrochloride (AAPH), 5,5'-dithiobis (2-nitrobenzoic
acid) acid, potassium cyanide, a-amylase, a-glucosidase,
dinitrosalicylic acid, starch, p-nitrophenyl glucopyranoside,
glucose, and dimethyl sulfoxide were all purchased from
Sigma-Aldrich Chemical Co. (Taufkirchen, Germany).

2.3. Experimental Protocols

2.3.1. Determination of Total Phenolic Content. The amount
of total phenols in the extracts was determined spectrophoto-
metrically by the Folin-Ciocalteu reagent method [18]. Opti-
cal density was read at 750 nm. The concentration of total
phenols in the extracts was determined from the gallic acid
standard curve and expressed as milligrams of gallic acid
equivalent per 100g of dry mass extract (mg EAG/100g).
The experiment was done in triplicate.

2.3.2. Determination of Total Flavonoids (TF). Colorimetric
determination of total flavonoid content in C. pentandra
extracts was performed using aluminum chloride as
described by Chang et al. [19] with quercetin as a standard.
Optical density was read at 510nm. The concentration of
total flavonoids in the extracts was determined from the
quercetin standard curve and expressed in milligrams of
quercetin equivalent per 100g of dry mass of extract (mg
EQ/100 g). The assay was done in triplicate.

2.3.3. LC-MS Analysis. The following parameters were used
for the LC-MS analysis: spray voltage of 4.5kV and capillary
temperature of 200°C. Nitrogen was used as sheath gas
(101/min). The spectrometer was attached to an UltiMate
3000 UHPLC System (Thermo Fisher Scientific, USA) con-
sisting of an LC pump, diode array detector (DAD) (A: 190-
600 nm), autosampler (injection volume 10 ul), and column
oven (40°C). The separations were performed using a Synergi
MAX-RP 100A (50 x 2 mm, 2.5 ym particle size) with a H,O
(+0.1% HCOOH) (A)/acetonitrile (+0.1% HCOOH) (B) gra-
dient (flow rate 500 ul/min, injection volume 10 pl). Samples
were analyzed using a gradient program as follows: 95% A
isocratic for 1.5min and linear gradient to 100% B over
6min, and after 100% B isocratic for 2min, the system
returned to its initial condition (90% A) within 1 min and
was equilibrated for 1min. High-resolution mass spectra
were obtained with a QTOF Spectrometer (Bruker,
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Germany) equipped with a HESI source. The spectrometer
was operated in positive mode (mass range: 100-1500, with
a scan rate of 1.00 Hz) with automatic gain control to provide
high-accuracy mass measurements within 0.40 ppm devia-
tion using Na formate as calibrant.

2.3.4. Superoxide Scavenging Test. The radical scavenging
activity of the aqueous and methanol extracts from C.
pentandra trunk bark was assessed on superoxide anion
using a method described by Robak and Gryglewski [20] with
some modifications. Superoxide anions were generated in a
phenazine methosulfate- (PMS-) NADH system. The reaction
mixture was made of 0.5 ml test solution, 0.95ml 0.1 M phos-
phate buffer (pH7.4), 0.5ml 20mM PMS, 156 mM NADH,
and 25 mM NBT in phosphate bufter (pH 7.4). Extracts were
used at concentrations of 1, 3, 10, 30, 100, and 300 pg/ml. Gal-
lic acid was tested at the same concentrations and used as a
reference drug. Reduction of nitroblue tetrazolium was moni-
tored at 560nm on a Helios Epsilon Spectrophotometer
(Thermo Fisher Scientific). The test was carried out in tripli-
cate. The percent inhibition was calculated as follows:

OD control — OD sample

%inhibition = 100 x 0D control
contro

(1)

2.3.5. Hydrogen Peroxide Scavenging Activity. A method
previously described by Ruch et al. [21] was used to assess
the ability of plant extracts to decompose hydrogen peroxide
(H,0,). Briefly, a 40 mM solution of H,O, prepared in phos-
phate buffer (pH 7.4) was mixed with graded concentrations
(1-300 pg/ml) of extracts or ascorbic acid. After 10min of
incubation, optical densities were read at 230 nm against a
blank solution made up of phosphate buffer without H,O,.
The percentage of H,0, scavenging activity was calculated as
in the previous test.

2.3.6. H,0,- and AAPH-Induced Protein Oxidation Assay.
The effect of plant extracts against protein oxidation was
evaluated according to the method of Simplicio et al. [22]
with some modifications. Zero point five milliliter aliquots
of BSA (30mg/ml) prepared in phosphate buffer saline
(50 mM, pH7.4) were incubated with 0.5ml of extracts or
gallic acid. Fifteen minutes later, 0.5 ml of H,O, (20 mM) or
AAPH (2'2'-azobis (2-methylpropionamidine)  dihy-
drochloride) solution (50 mM) in another set of experiment,
was added to the reaction medium and incubated at 37°C for
30 minutes and 1 hour, respectively. Proteins were precipi-
tated with ammonium sulfate (70%) followed by vigorous
shaking and centrifugation at 3000 rpm. The pellet obtained
was resuspended in 1.5ml of PBS, and 0.2ml of Ellman’s
reagent was introduced. The level of thiol groups was mea-
sured 10 minutes later at 412 nm.

2.3.7. a-Amylase Inhibitory Test. The alpha-amylase inhibi-
tory test was performed using a modified procedure of
McCue and Shetty [23]. A volume of 250 pl of extract or acar-
bose (1-300 mg/ml) was mixed with 250 ul of 0.02 M sodium
phosphate buffer (pH 6.9) containing a-amylase at a concen-
tration of 0.5 mg/ml. The mixture was preincubated at 25°C

for 10 minutes. Then, 250ul of 1% starch solution in
0.02M sodium phosphate buffer (pH6.9) was added and
incubated at 25°C for another 10 minutes. The reaction was
stopped by adding 500 ul of dinitrosalicylic acid (DNS).
The tubes were then incubated in a water bath at 95°C for 5
minutes and cooled at room temperature followed by
dilution with 5ml distilled water. The optical density was
measured at 540nm. The inhibitory activity on alpha-
amylase was calculated as percent inhibition using the fol-
lowing formula:

OD control — OD extracts
OD control

%inhibition = ( ) x100.  (2)

2.3.8. Determination of the Inhibitory Mode of Extracts on
a-Amylase. To determine the mode of inhibition of the
plant extracts on the activity of alpha-amylase, the kinetic
of action of these extracts was evaluated using three con-
centrations: 1C;)/2, ICs,, and ICs, x 2. The method used
was a modification of that described by Ali et al. [24].
Extract solution (250 ul) was preincubated with 250 ul of
a-amylase solution (7.5U/ml) for 10 minutes at 25°C.
Two hundred and fifty microliters (250 ul) of starch solu-
tion at increasing concentrations (3, 6, 9, 12, and
15mg/ml) were added to start the reaction. The reaction
mixture was incubated for 10 minutes at 25°C and then
at 95°C for 5 minutes after the addition of 500yl DNS
to stop the reaction. In control tubes, extracts were
replaced by phosphate buffer (pH6.9). Optical densities
were red at 540nm and converted into reaction rates. A
double reciprocal graph (1/v versus 1/(S)), where v is the
reaction rate and (S) the concentration of the substrate,
was plotted. The mode of inhibition of the extract on «a-
amylase activity was determined using the Lineweaver-
Burk curve [25].

2.3.9. a-Glucosidase Inhibitory Test. The ability of C. pentan-
dra extracts to inhibit the activity of a-glucosidase was
assessed according to Kim et al’s [26] protocol. Shortly,
a-glucosidase (1 U/ml) from Saccharomyces cerevisiae was
preincubated with 250ul extracts for 10 minutes. P-
nitrophenyl glucopyranoside substrate solution (pNPG,
3 mM) prepared in 20 mM phosphate buffer (pH 6.9) contain-
ing 2 mg/ml BSA was added to start the reaction. The reaction
mixture was incubated at 37°C for 20 minutes and stopped
with 1 ml of Na,CO; (1 M). a-Glucosidase activity was deter-
mined by measuring paranitrophenol released from pNPG at
405 nm. The percent inhibition was calculated as follows:

OD control — OD sample)
OD control

%inhibition = (( ) x100.  (3)

2.3.10. Determination of the Inhibitory Mode of Extracts on «-
Glucosidase. Three different concentrations of extracts,
namely, 1C5,/2, ICy;, and ICs, x 2, were used to determine
the mode of inhibition of a-glucosidase by C. pentandra
extracts. A modified method of Ali et al. [24] in 2006 was used.
Indeed, different extract concentrations at 250 ul each were
preincubated with 500 4l of a-glucosidase solution for 10



minutes at 25°C. Then, 250 ul of pNPG substrate at increasing
concentrations (1.25, 2.5, 5, 10, and 20 mM) were added to the
reaction mixture. This reaction mixture was further incubated
for 10 minutes at 25°C, and Na,CO; was added to stop the
reaction. The optical densities were measured and converted
to reaction rate. The mode of inhibition was determined using
the Lineweaver-Burk curve as previously described.

2.3.11. Statistical Analyses. Data are expressed at mean +
standard error of the mean. IC;, values were obtained after
logarithmic transformation of the concentration-response
curve using GraphPad Prism Software 5.01. The one-way
analysis of variance (ANOVA) followed by the posttest of
Tukey was used to analyze the data from total phenol and fla-
vonoid content. The nonlinear regression (curve fit) with the
sigmoidal dose-response equation was used to analyze data
from all the other tests except for the enzyme kinetics, and
the best fit parameters (logIC., and top) were compared. Dif-
ferences were considered significant when the probability
threshold p was less than 0.05. Where necessary, the effi-
ciency index was calculated using the following formula [14]:

Efficiency index = .
ICy,

3. Results

3.1. Phenolic and Flavonoid Content in the Extracts. The
results presenting the total phenolic and flavonoid content
in C. pentandra extracts are shown in Figure 1(a). Regardless
of the type of secondary metabolite evaluated, the methanol
extract was always richer than the aqueous extract. The
phenolic content was 2.13 times significantly (p < 0.001)
higher in the methanol extract (12.62+0.12EAG/100g)
than in the aqueous extract (5.88 +0.51 EAG/100g). Simi-
larly, the flavonoid content in the methanol extract
(6.99 £0.21 EQ/100 g) was 1.91 times significantly (p < 0.01)
higher than in the aqueous extract (3.66 + 0.60 EQ/100 g).

3.2. LS-MS Phytochemical Analysis. The fingerprint of the LC
presented in Figure 1(b) shows common peaks in AE and ME
as well as peaks only present in each of the extracts. The com-
bination of data from the literature and information from the
MS spectra allows tentative identification of a total of five
compounds presented in Figure 1(c). Compounds 1 and 3
were present in both extracts. Compound 2 was only present
in AE, while compounds 4 and 5 were visible only in ME.
Compound 1 appears at RT 2.3 min with [M +H]|" at m/z
257 and was identified as 8-(formyloxy)-8a-hydroxy-4a-
methyldecahydro-2-naphthalene carboxylic acid [27, 28].
Compound 2 (RT 2.6min) showed [M+H]" at m/z 185
and was identified as 2,4,6-trimethoxyphenol [29, 30].
Compound 3 appears at RT 3.6min with [M +H]" at m/z
345 and was identified as 5,3'-dihydroxy-7,4",5'-tri-
methoxyisoflavone or vavain [31, 32]. Compound 4 (RT
4.7min) showed [M+H]" at m/z 295 and was identified
as 17-hydroxlinoleic acid [33, 34]. Compound 5 showed a
peak at 5.9min, [M+H]|" at m/z 413 and was identified
as stigmasterol [34].
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3.3. Superoxide Amion Radical Scavenging Activity. As
depicted in Figure 2(a), both the aqueous and the methanol
extracts from the trunk bark of C. pentandra exhibited a
concentration-dependent radical scavenging activity on
superoxide anion. A significant difference (p <0.03) was
observed between the activities of the tested substances. With
respect to the efficiency index (Table 1), gallic acid was the
most effective compound followed by the methanol extract
and the aqueous extract.

3.4. Hydrogen Peroxide Radical Scavenging Activity of Ceiba
pentandra Extracts. The results obtained from this test
showed that only the ascorbic acid and the methanol extract
were capable of scavenging H,O, (Figure 2(b)). The aqueous
extract was a poor H,0, scavenger with an E_ . of 22.64%
produced at a concentration of 10 yg/ml. Considering ICg,
and the efficiency index (E,,,/ICs), the best efficiency was
attributed to ascorbic acid that was significantly (p < 0.005)
effective than the methanol and the aqueous extracts
(Table 1).

3.5. Inhibitory Effect of Ceiba pentandra against Hydrogen
Peroxide-Induced Protein Oxidation. The ability of the
extracts to prevent the oxidation of proteins induced by
hydrogen peroxide is shown in Figure 2(c). It can be seen
that, similar to the H,O, scavenging test, the aqueous
extract exhibited almost no antioxidant activity against
H,0,-induced protein oxidation. Although the methanol
extract had the same maximum effect as that of gallic acid,
the latter was shown to be significantly (p <0.0001) and
four times more potent than the methanol extract
(Table 1).

3.6. Inhibitory Effect of Ceiba pentandra against AAPH-
Induced Protein Oxidation. As depicted in Figure 2(d), all
tested substances exhibited a concentration-dependent
inhibitory effect against peroxyl radical- (AAPH-) induced
protein oxidation. The best plant extract activity was
obtained with the methanol extract, which was found to be
more potent (p < 0.0001) than gallic acid, used in this exper-
iment as the reference drug (Table 1).

3.7. Inhibitory Effect of Ceiba pentandra Extracts on the
Activity of Alpha-Amylase. It can be observed from Figure 3
that all tested substances substantially inhibited a-amylase
activity in a concentration-dependent manner. At the highest
concentrations used, inhibition percentages produced by
both extracts were nearly the same as that of acarbose. Max-
imum inhibitions were 84%, 91%, and 88%, respectively, for
acarbose, methanol extract, and aqueous extract. Consider-
ing both IC;, and EI (Table 1), it appears that the methanol
extract (EI =14.93) was approximately 4 times (p <0.001)
more active than acarbose (EI=4.03) and about 9 times
(p < 0.0001) more active than the aqueous extract (EI = 1.63).

The evaluation of the mode of inhibition shows that the
methanol extract exhibited a competitive inhibition
(Figure 4(a)), while the aqueous extract exerted a mixed non-
competitive inhibition (Figure 4(b)).
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FIGURE 2: In vitro antioxidant effects of the aqueous and methanol extracts of the stem bark of Ceiba pentandra. (a) Inhibitory effect of
extracts on superoxide anion. (b) Inhibitory effect of extracts on hydrogen peroxide. (c) Inhibitory effect of extracts on protein oxidation
by hydrogen peroxide. (d) Inhibitory effect of extracts on protein oxidation by AAPH. Each point is the mean + SEM of 5 repetitions.

3.8. Inhibitory Effect of Extracts on the Activity of Alpha-
Glucosidase. The methanol extract inhibited alpha-
glucosidase more effectively than the aqueous extract with a
maximum effect of 87.79% at the highest concentration used
(300 pg/ml) versus 63.73% for the aqueous extract (Figure 5).
Nevertheless, the inhibitory effect of acarbose was
(p<0.0001) 10 times greater than that of the methanol
extract and more than 15 times the magnitude of the aqueous
extract according to the efficacy index (Table 1).

The evaluation of the inhibition mode showed that the
methanol extract has a pure noncompetitive (Figure 6(a))
mode of action, while the aqueous extract exhibited a mixed
noncompetitive inhibition (Figure 6(b)).

4. Discussion

Type 2 diabetes is a metabolic disorder culminating in the
development of cardiovascular and neurological dysfunc-
tions through the generation of oxidative stress [7]. The pres-
ent study was designed to get more insight into the
antioxidant mechanisms of C. pentandra on one hand, and
to investigate its ability to prevent postprandial hyperglyce-
mia on the other hand.

Reactive oxygen species (ROS) and mostly superoxide
anion are generated from the mitochondrial respiratory
chain, and their excessive production may result in oxidative
stress. Although superoxide anion is a weak oxidant, it is
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TaBLE 1: Summary of the antioxidant and carbohydrate digestive enzyme inhibitory effects of C. pentandra extracts.

Antioxidant activities

Carbohydrate digestive enzymes

Super.oxide Hydrogen AAPH protein H,O0, protein a-Amylase a-Glucosidase
anion peroxide

ICy, EI ICy, EI ICs, EI ICy, EI ICy, EI ICy, EI
Methanol extract 51.81 1.3 44.84 1.5 39.26 1.09 120.6 0.44 6.15 14.93 76.61 1.14
Aqueous extract 34.26 1.26 1.78 12.07 97.95 0.28 140.4 0.04 54.52 1.62 86.49 0.78
Gallic acid 55.66 1.43 90.17 0.64 299 1.74
Ascorbic acid 13.84 4.77
Acarbose 20.97 4.03 8.49 11.76
F 2.77 6.13 33.65 74.23 64.54 270.40
p 0.0384 0.0058 <0.0001 <0.0001 <0.0001 <0.0001

IC;: concentration of the tested substance able to inhibit 50% of the activity; EI efficiency index, calculated as maximal activity/ICs,. The statistical analysis was
performed with nonlinear regression and the best fit parameters (log IC;, and top) were compared.
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FIGURE 3: Aqueous and methanol extracts of the stem bark of Ceiba pentandra concentration-dependently inhibit a-amylase activity. Each

point represents the mean + standard error of 5 repetitions.

known as an initial radical and plays an important role in the
formation of other ROS, such as hydrogen peroxide [35].
Targeting superoxide appears to be the best way to tackle oxi-
dative stress as this will stop the reaction cascade leading to
the formation of other ROS. The present study showed that
both extracts and mostly the methanol extract successfully
scavenged superoxide anion, suggesting that these plant
extracts could be useful tools in the fight against oxidative
stress-induced tissue damages.

It is well known that superoxide can spontaneously [36]
or enzymatically dismutate into H,O, [37]. In a recent study,
it has been proven that H,O, mediates pathways leading to
hyperglycemia via ERK and p38 MAPK in human pancreatic
cancer [38]. The ability of C. pentandra to scavenge this mol-
ecule was evaluated, and it was observed that only the meth-
anol extract exhibited an antioxidant activity against H,O,.
This difference in activity may be due to the difference in
composition of both extracts and further demonstrate that

compound 1 common to the two extracts and more abun-
dant in the aqueous extract is not responsible for this activity.

In order to effectively verify whether these extracts were
able to protect cellular components against the direct delete-
rious effect of hydrogen peroxide on biological molecules
such as proteins, the inhibition of the oxidation of albumin
was carried out. Consistent with the previous test, the aque-
ous extract had no effect, and the methanol extract inhibited
by 53% the oxidative action of hydrogen peroxide on albu-
min. This result suggests that in case of oxidative stress, with
overproduction of H,O, like that observed in diabetes or car-
diovascular diseases, the methanol extract of C. pentandra
would be an important asset to limit the degradation of cell
molecules.

It was then evident that the aqueous extract was unable to
protect proteins against oxidation induced by H,O, which is
generally at the initiation phase; but whether C. pentandra
extracts could prevent oxidation from free radicals and at
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the propagation phase is still unknown. Peroxyl radicals
(ROO?) are the main oxidants responsible from the propaga-
tion phase [39] which is also called the amplification phase.
Hence, the ability of the plant extracts to inhibit peroxyl
radical-induced protein oxidation was investigated using
AAPH. The methanol extract of Ceiba pentandra inhibited
this oxidation by 42% and the aqueous extract by 27%.
Although having a moderate activity, the methanol extract
was more effective than gallic acid used as reference. This
result shows that the methanol extract is an inhibitor of both
initiation and propagation of peroxidation reactions, while

the aqueous extract has a moderate effect only on the propa-
gation phase. Protein oxidation plays an important role in the
etiology of diabetes and cardiovascular dysfunctions by mod-
ifying the structure and function of essential membrane pro-
teins [40, 41] and enzymes. As a result, treatment with the
methanol extract of C. pentandra could prevent cell dysfunc-
tions and tissue damage associated with the oxidation of
proteins.

All results obtained so far have shown that the extracts
from the bark of the trunk of Ceiba pentandra have antioxi-
dant properties. These effects may be attributable to the
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presence of certain secondary metabolites. The reason being
that, polyphenols, a heterogeneous group of phenolic com-
pounds (flavonoids, anthocyanins, phenolic acids, etc.) have
an ideal chemical structure for trapping free radicals [42].
The evaluation of the polyphenol and flavonoid contents
shows that the methanol extract contains nearly twice as
much polyphenols and flavonoids than the aqueous extract.
Besides, the LC-MS shows the presence of compounds that
could enable them to be good antioxidant candidates.
Although none of the identified compounds have been
shown to possess antioxidant activities, their derivatives are
well known antioxidants. Indeed, many isoflavones [43, 44]
and trimethoxyphenol [45, 46] derivatives have exhibited
antioxidant activities. The presence and the concentration
of these substances in both extracts could explain, on one
hand, why these extracts both have antioxidant activities,
and on the other hand, why the methanol extract has a scav-
enging activity greater than that of the aqueous extract.

Type 2 diabetes is a progressive disease whose first step is
the loss of postprandial glycemic control [47]. The resulting
postprandial hyperglycemia is an independent risk factor of
cardiovascular diseases and neurological dysfunctions. One
of the mechanisms through which postprandial hyperglyce-
mia induces vascular damages is oxidative stress [48]. Thus,
postprandial glucose control is important not only for regu-
lating glycemia but also for helping mitigate diabetes exacer-
bation and complications.

Several studies have shown that polyphenols have hypo-
glycemic effects at different levels: the protection of pancre-
atic B-cells against glucotoxicity, inhibition of carbohydrate
digestion by inhibition of a-glucosidases, inhibition of intes-
tinal glucose uptake, inhibition of glucose production by the
liver, improvement of glucose uptake in peripheral tissues,
and inhibition of AGE formation [49]. Fofié et al. [14] have

shown that extracts from Ceiba pentandra prevent glucose
production from the liver and enhance glucose consumption.
Moreover, AGE formation was shown to be prevented by C.
pentandra extracts [15]. As these mechanisms were already
investigated, we further elucidated the property of these
extracts to inhibit a-glucosidases.

The a-amylase inhibition test shows that the methanol
extract was three times more effective at inhibiting this
enzyme than acarbose and about 9 times more effective than
the aqueous extract. The evaluation of the inhibition mode
shows that the methanol extract has a competitive mode. In
this case, the extract and the substrate (starch) have the same
binding site on a-amylase and they compete for this site. The
implication of this mode of inhibition is that an excess of
polysaccharide in food can significantly reduce its action.
Therefore, its dose has to be calibrated depending on the
quantity of food to be absorbed. As for the aqueous extract,
the inhibition mode was a noncompetitive mixed one. In this
case, the inhibitor found in the extract will bind to the
enzyme whether or not the enzyme has already bound the
starch molecules. However, this effect can be partially over-
come by a high substrate concentration. Inhibition of a-glu-
cosidase shows that the methanol extract has an efficiency 1.5
times greater than that of the aqueous extract. The mode of
inhibition of the methanol extract is a pure noncompetitive
type meaning that the affinity of the enzyme for the inhibitor
is not changed whether bound to the substrate or not. This
implies that, no matter the quantity of carbohydrate
absorbed, the effect of the inhibitor would not be affected.
The inhibition mode of the aqueous extract is a mixed non-
competitive type. Most of the carbohydrates we eat are in
the form of poly- and disaccharides. These require prior
digestion into monosaccharides in order to be absorbed
through the intestinal epithelium. Inhibition of this digestion
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is ensured by the extracts therefore making it possible to
reduce the influx of glucose and fructose into the hepatic por-
tal vein and thus limiting the amplitude of postprandial
hyperglycemic peaks and the risks of diabetes onset and its
complications [50]. This inhibition of digestive enzymes by
the extracts may be attributable to the presence of isoflavones
as many have been shown to possess inhibitory properties on
a-amylase and a-glucosidase activity [51, 52].

5. Conclusion

Results of the present work show that the aqueous and meth-
anol extracts from the bark of Ceiba pentandra have scaveng-
ing properties which underlie their capacity to prevent the
oxidation of biological molecules and thus maintain cell
and tissue integrity. This ability is probably related to the
presence of the phenolic compounds they contain. In addi-
tion, these extracts prevent postprandial hyperglycemia in
part by inhibiting the activity of intestinal enzymes involved
in the digestion of carbohydrates. These data thus suggest
that extracts of Ceiba pentandra are excellent therapeutic
candidates for the remediation of diabetes and its associated
complications.
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