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Cardiovascular and cerebrovascular diseases are the leading
causes of death worldwide. According to the current epi-
demiological data, it is expected that, till 2020, coronary
artery disease and cerebral hemorrhage are still the first
and second causes of death of human beings, even though
the order of the death causes due to human diseases would
be changed significantly. Despite various advances in the
understanding of the diseases, pharmacological treatment by
conventional medicine has not obtained satisfactory results.
However, recent studies suggest that natural products and
traditional herbal medicine are a potential candidate for the
preventative treatment of the disorders. Therefore, we have
invited the researchers to contribute few research/review
papers to provide solid evidence that supports the application
of bioactives/traditional herbal medicine (THM) in preven-
tion and treatment of cardiovascular and cerebrovascular
diseases.

The first paper of this special issue investigates the role
of peroxisome proliferator-activated receptors (PPAR𝛿) in
ginseng-induced modification of cardiac contractility. It was
suggested that ginseng could enhance cardiac contractility
through increased PPAR𝛿 expression in cardiac cells. The
second paper investigates the role of musclin, a novel skeletal
muscle-derived factor found in the signal sequence trap
of mouse skeletal muscle cDNAs, using animal model of
hypertension and characterizes its direct effect on vascular
contraction. This paper provides the evidence that supports
the fact that musclin is involved in hypertension and, thus,
it is appropriate to consider as a novel target for treatment
of hypertension, and another paper in this issue suggests
that allantoin, as imidazoline I-1 receptors (I-1R) agonist,

has the potential to develop as a new therapeutic agent for
hypertension.

Amarogentin prevents platelet activation through the
inhibition of PLC𝛾2-PKC cascade and MAPK pathway. This
hypothesis is well presented in this special issue and findings
suggest that amarogentin may offer therapeutic potential
for preventing or treating thromboembolic disorders. Many
clinical reports have suggested that the ascorbyl free radical
(Asc∙) can be treated as a noninvasive, reliable, real-time
marker of oxidative stress, but its generation mechanisms in
human blood have rarely been discussed. A paper in this
issue studied upstream substances, enzyme inhibitors, and
free radical scavengers to delineate the mechanisms of Asc∙
formation in human platelet-rich plasma (PRP). This paper
shows a well-defined protocol that adopts the hypothesis that
Asc∙ formation is associated with the inhibitors of NADPH
oxidase (NOX), cyclooxygenase (COX), lipoxygenase (LOX),
cytochrome P450 (CYP450), mitochondria complex III,
nitric oxide synthase (NOS), and mitochondria in human
PRP. Another subsequent paper shows that the cardioprotec-
tive effect of hypertonic saline is associated with inhibitory
effect on macrophage migration inhibitory factor in sepsis;
the authors of this paper suggest that hypertonic saline
improves endotoxemia-inducedmyocardial contractility and
prevents circulatory failure, contributing to the improvement
of intracellular calcium handling process.

Another interesting paper in this special issue presents a
pig model of myocardial ischemia/reperfusion (MIR) injury
to investigate the maximum rate of change of left ventricular
pressure, left ventricular end-diastolic pressure, and left intra-
ventricular pressure. The role of 𝛿-opioid receptor activation
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using D-Ala2, D-Leu5-enkephalin (DADLE) in both early
(D1) and late (D2) phases of cardioprotection is identified
in this paper and shows that DADLE after the ischemia
has no benefit but combined treatment with anisodamine,
a naturally occurring atropine-like compound, seems to
have amarked postischemic cardioprotection.Therefore, this
paper recommends that anisodamine is helpful in combina-
tion with DADLE for postischemic cardioprotection. Rutae-
carpine (RUT), a major bioactive ingredient isolated from
the Chinese herb Evodia rutaecarpa, possesses a wide spec-
trum of biological activities, including anti-inflammation
and prevention of cardiovascular diseases. A derivative of
this compound, bromo-dimethoxyrutaecarpine (Br-RUT),
has been taken for a study in this special issue to evaluate
its cardioprotective role. This paper establishes that Br-RUT
has very low cytotoxicity in RAW 264.7 macrophages but
retains its activities against inflammation and vasodilation via
enhanced expression of transient receptor potential vanilloid
type 1 and activated endothelial nitric oxide synthase (NOS)
that could be beneficial for cardiovascular disease therapeu-
tics.

We anticipate that readers will find that this special
issue reports the important contests, prospects, and existing
advances that are presently being oppressed in cardiovascular
research with the potential to encourage the application
of novel drug development for elevating the attention and
treatment of patients with cardiovascular disease.

Joen-Rong Sheu
Philip Aloysius Thomas

Juei-Tang Cheng
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Thermal injury and tissue sticking are two major concerns in the electrosurgery. In the present study, the effect of lateral thermal
injury caused by different electrosurgical electrodes on wound healing was investigated. An electrosurgical unit equipped with
untreated (SS) and titanium oxide layer-coated (TiO

2

-coated) stainless steel needle-type electrodes was used to create lesions on
the rat brain tissue. TiO

2

layers were produced by radiofrequency plasma andmagnetron sputtering in the form of amorphous (TO-
SS-1), anatase (TO-SS-2), and rutile (TO-SS-3) phase. Animals were sacrificed for evaluations at 0, 2, 7, and 28 days postoperatively.
TO-SS-3 electrodes generated lower levels of sticking tissue, and the thermographs showed that the recorded highest temperature
in brain tissue from the TO-SS-3 electrode was significantly lower than in the SS electrode. The total injury area of brain tissue
caused by TO-SS-1 and TO-SS-3 electrodes was significantly lower than that caused by SS electrodes at each time point.The results
of the present study reveal that the plating of electrodes with a TiO

2

film with rutile phases is an efficient method for improving the
performance of electrosurgical units and should benefit wound healing.

1. Introduction

Electrosurgery has been widely accepted by physicians to
aid in the removal of tumors since its original application
by Bovie and Cushing in the 1920s. The basic components
of a monopolar electrosurgery consist of the high-intensity
radiofrequency (RF) generator, the active electrode, the
dispersive pad, and the patient. RF alternating current flows
through tissue from an active electrode to a dispersive pad,
resulting in tissue cutting, coagulation, and ablation [1].

RF tissue ablation makes thermal lesions and tissue
coagulation around the tip of an active needle electrode.
Although needle ablation has been widely applied to cardiol-
ogy, urology, neurosurgery, and otolaryngology, there are still
rare but occasionally serious complications that accompany
the procedure [2].The heat can destroy the targeted tumor in
a range of 65–75∘C, and the temperatures above 75∘C cause
significant adjacent structures destruction [3]. Nontarget
thermal damage to vital structures and tissue destruction
adjacent to targeted lesions are the common complications
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from the needle ablation due to a rapid local temperature
rise from the high current density. Carbonized charred tissue
sticking to the electrode causes an abrupt drop in current
density and eventually ceasing the operation [4]. Meanwhile,
the sufficient lesion depth and diameter are difficult to obtain.
To address these concerns, the RF ablation has incorporated
different strategies to minimize the lateral spread of thermal
energy and carbonized charred tissues, such as the automatic
thermal monitoring system [5], the image-guide system
[6], and the percutaneous saline-enhanced and impedance-
controlled system [7]. Recently, a relative simple method, the
surface modification of the electrode, has been introduced to
prevent lateral thermal damage and increase the precision of
the lesion depth and diameter. Çeviker et al. [8] introduced
the Teflon- (tetrafluoroethylene, PTFE-) coated electrode
substrate to reduce the level of tissue sticking and charring.
Simmons et al. [9] compared the gold- and platinum-coated
electrodes on myocardial lesion size and suggested that
deeper lesions should be able to be made when RF energy
is delivered to a gold rather than platinum tip electrode.
However, the optimal approach is still under development
and an alternative coating material, titanium dioxide (TiO

2

),
has attempted to overcome the clinical drawbacks in the
present study.

TiO
2

was used in a wide range of technological applica-
tions due to its high refractive index, excellent transmittance,
and photocatalytic property [10, 11]. Recently, TiO

2

has been
reported to be good biocompatible and blood compatible.
The TiO

2

group is composed of three types of crustal
structures, and especially the rutile and anatase phases have
evolved as the model system in the surface coatings for
biomedical materials [12]. Rutile and anatase phases have
similar band-gap energies and they can be changed from
insulator to a semiconductor by means of altering processing
parameters [13].

The present study was directed toward quantification and
comparison of the lesion position and thermal distribution
produced by the monopolar RF energy application with
different coatings. Specifically, the present study evaluated the
effect of the various coatings of monopolar on the short-term
histologic properties of brain tissue in an in vivo rat model.

2. Materials and Methods

2.1. TiO
2

Thin Film Deposition and Property Evaluations. A
deposition process that combined radiofrequency plasma
and magnetron sputtering system equipped with one pure
Ti target (99.99% purity) was utilized to deposit the TiO

2

filmon commercial electrode (needle-type austenite AISI 304
stainless steel denoted as a SS electrode). All of the substrates
were cleaned in an ultrasonic bath with a sequence of acetone
and ethanol for 15min followed by air drying before being
loaded into the chamber. Subsequently, the chamber was
evacuated at vacuum pressure 2.0 × 10−6 torr for 15min
and then the substrates were presputtered by Ar+ cleaning
for 10min to remove the native adsorbed contaminants
and impurities under a radiofrequency power 225W with
chamber running pressure 8.0 × 10−3 torr. After cleaning

process, amixture ofO
2

/Arwith a fixedflow ratio (40/60)was
introduced through mass flow controller to keep a working
pressure of 8.0 × 10−3 torr. Then, the substrate holder was
heated and kept at 300∘Cduring the following deposition.The
untreated Ti was treated at a negative bias voltage of 200V
and the varying powers for 30min, creating a controlled
TiO
2

layer. For ease of identification, the SS electrodes coated
with TiO

2

layer at the amorphous, anatase, and rutile phases
were labeled as TO-SS-1, TO-SS-2, and TO-SS-3 electrodes,
respectively.

Raman spectra were recorded using the Horiba HR800
(Protrustech Co., Ltd., Taipei, Taiwan) with a 633 nm laser
to detect the TiO

2

phases. Topographical analyses were
conducted using an atomic force microscope (AFM, DPN
5000, NanoInk, Skokie, IL, USA). The silicon nitride probe
was scanned over a 1𝜇m× 1 𝜇marea in the tappingmode.The
contact angles of the specimens were assessed by dropping
0.4mL of distilled water on specimens and measured using
a video-based goniometer (EA-01, Jeteazy Co., Ltd., Hsinchu,
Taiwan).The specimens were tested 6 times to obtain average
contact angle values.

2.2. In Vivo Study

2.2.1. Animal Models. RF-induced thermal lesion experi-
ments were conducted in normal rat brainmodel.The animal
procedures were approved and conducted by the Institutional
Animal Care and Use Committee at Taipei Medical Univer-
sity (number LAC-99-0037). A total of 48 male Sprague-
Dawley rats (weighing 276–300 g, BioLASCO Taiwan Co.,
Ltd., Taipei, Taiwan) were purchased and housed in cages
for 14 days prior to experimentation. Food and water were
available ad libitum. The animals were randomly allocated
into 3 different experimental groups of 16 animals each.

2.2.2. Surgical Procedures. Aseptic precautions were utilized
in all surgical procedures. The animals were positioned in a
stereotactic frame under pentobarbital anaesthesia (40mg/kg
IP). Bilateral cranial burr holes (1mm) were drilled on the
right and the left, at the coronal suture 4.0mm lateral to the
midline. Lesions were performed bilaterally using an ERBE
ICC 300 RF generator (Elektromedizin GmbH, Tübingen,
Germany). A monopolar current at 20W power setting was
used and the duration of each penetration was 3 s. Three
TiO
2

-coated electrodes (TO-SS-1, TO-SS-2, and TO-SS-3)
were evaluated and the regular SS electrode without any
coatings was used as the control (SS). The TiO

2

-coated
electrode was applied to one side and the SS electrode to the
other. Performance of each electrode group was determined
based on thermometry, tissue sticking, and histological
examination.

2.2.3. Real-Time Thermometry and Quantification of Tissue
Sticking. Real-time thermometry data was recorded from
the initiation to completion of each lesion using a thermal-
imaging infrared camerawith the thermal analysis simulation
software (Advanced Thermo TVS-500EX, NEC Avio Tech-
nologies, Tokyo, Japan). The weight of each electrode was
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Table 1: Surface roughness, contact angle, and water drop profiles for SS and TiO2-coated electrodes.

Description TiO2 phase Roughness (nm) Contact angle
(degree) Water drop profiles

SS Untreated 5.73 ± 0.31 70.3 ± 1.4

TO-SS-1 Amorphous 2.41 ± 0.37 89.3 ± 3.1

TO-SS-2 Anatase 2.52 ± 0.21 91.9 ± 2.2

TO-SS-3 Rutile 3.44 ± 0.27 92.8 ± 2.4

measured before and after the operation.The degree of tissue
stickingwas calculated as theweight of sample after operation
minus the weight of sample before operation.

2.2.4. Injury Area and Histological Examination. Rats in each
group were sacrificed after 0, 2, 7, and 28 days’ recovery
period (𝑛 = 4). Perfusion was done with 0.9% saline
and then paraformaldehyde. Brains were taken and fixed
in 10% buffered formalin and the samples covering lesions
were cut from the brain specimens. They were treated in a
graded alcohol series and embedded in paraffin. Continuous
tissue sections (3 𝜇m) for all brain samples were taken for
hematoxylin and eosin (H&E, 3008-1&3204-2, Muto, Japan).
Stained samples were observed under a light microscope
(BX51, Olympus, Japan). The total injury area in lesions for
each group was quantified by the image software (SPOT basic
software, SPOT imaging solutions, MI, USA).

2.3. Statistical Analysis. Statistical analyses were performed
using the commercially available software program, SPSS
14.0 (Statistical Package for the Social Sciences, SPSS Inc.,
Chicago, IL, USA). For each experiment, data from 6 repli-
cates were expressed as mean ± standard deviation (SD) per
variable, which were repeated to ensure validity. Analysis of
variance (ANOVA) for comparison between groups was first
performed and then Student-Newman-Keuls test was used in
every other group. The statistical significance level was set at
𝑃 < 0.05.

3. Result and Discussions

Raman spectra of TiO
2

-coated electrodes are shown in
Figure 1. No peaks were observed in the Raman spectra of
the TO-SS-1 electrode. For the TO-SS-2 electrode, the Raman
lines at 151, 409, 515, and 633 cm−1 were assigned as the
Eg, B1g, A1g or B1g, and Eg modes of the anatase phase,
respectively, indicating that an anatase phase was formed in
the SS electrode [14]. For the TO-SS-3 electrode, a band at
142.3 cm−1 was related to the long-range ordered structure
of the crystalline rutile phase [15]. The 245.2 cm−1 mode is
frequently observed in nanophase TiO

2

, whereas the mode
at 442.2 is associated with the Eg phase of the rutile phase,
and 609.5 cm−1 is associated with the A1g modes of the rutile
phase [16].

Figure 2 shows the surface morphologies of the SS and
TiO
2

-coated electrodes using an AFM, which were acquired
in a scanned range of 5 × 5 𝜇m2. The SS electrode exhibited
relatively planar surfaces with parallel polishing traces, as
shown in Figure 2(a). The TiO

2

-coated electrodes exhibited
similar topographies as shown in Figures 2(b) to 2(d), which
exhibited the formation of a more uniform and denser
TiO
2

layer nanostructure with round grains. Table 1 lists the
average surface roughness values. There was no difference
between groups.

The contact angle of distilled water on SS and TiO
2

-
coated surfaces was examined, with results shown in Table 1.
The SS surfaces had the lowest value (70.3 ± 1.4), whereas
TO-SS-1 surfaces exhibited comparative hydrophobicity, with
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Figure 1: Raman spectrum of SS and TiO
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-coated electrodes.
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Figure 2: AFM tapping mode images (scan area 5 𝜇m × 5 𝜇m) of (a) SS, (b) TO-SS-1, (c) TO-SS-2, and (d) TO-SS-3 electrodes ((a, c) are 2D
mode and (b, d) are 3D mode).
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Figure 3: Comparisons of (a) thermographs, (b) the peak temperature, and (c) adherent weight for SS and TiO
2

-coated electrodes.

a value of 92.8 ± 2.4. One-way ANOVA revealed a significant
difference between the SS and TiO

2

-coated electrodes (𝑃 <
0.05). However, no significant difference between the TiO

2

-
coated electrodes was observed (𝑃 > 0.05).

The temperature distributions in ex vivo rat brain tissue
around the SS and TiO

2

-coated electrodesmeasured using an
infrared thermal imaging camera are shown in Figure 3(a).

A similar temperature distribution was found in experiments
carried out with each needle type. Carbonization and tissue
sticking occurred at the needle tips of each electrode, where
the maximum temperatures were found in a concentric ring
3–5mm. The highest temperature recorded while applying a
SS sample was 176.18 ± 10.87∘C. The highest temperatures
recorded for TO-SS-1, TO-SS-2, and TO-SS-3 electrodes were
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Figure 4: Gross observations showed the injury site created by SS (left) and TO-SS-3 (right) electrodes at (a) day 0, (b) day 2, (c) day 7, and
(d) day 28.

68.73 ± 5.12∘C, 119.85 ± 5.01∘C, and 78.83 ± 4.92∘C, respec-
tively, whichwere significantly lower than that in the SS group
(𝑃 < 0.01) (Figure 3(b)). Electrodes were weighed before and
after the operation for each group in order to measure the
amount of tissue sticking to the needle tip (Figure 3(c)). The
SS electrode needle tip showed a significantly higher amount
of adhering tissue than the TiO

2

-coated electrode (𝑃 < 0.05).
Among the TiO

2

-coated electrodes, the TO-SS-2 electrode
exhibited the lowest amount of tissue adherent.

Pictures shown in Figure 4 reveal the difference in the
total lesion areas caused by SS and TO-SS-3 electrodes. The
injury created by the SS electrode was larger than that of
the TO-SS-3 electrode as shown in Figure 4(a). The borders
of the lesions sites for both electrodes were beginning to
heal by the end of day 2, being both wider and shallower
than immediately after the operation (Figure 4(b)). By day
7 the lesion areas were smaller for both the SS and TO-SS-
3 electrodes, and few blood cells remained (Figure 4(c)). By
the end of day 28, the lesion created by TO-SS-3 electrodes
was healed, and the small lesion site created by SS electrodes
still remained as shown in Figure 4(d).

Histological examination of specimens for all electrode
types showed varying amounts of coagulation necrosis and
bleeding, indicating heat damage to the tissue as shown in
Figure 5. When TO-SS-3 and TO-SS-1 electrodes were used,
no obvious bleeding was detected postoperatively in treated
tissues. In contrast, hemorrhaging caused by SS and TO-SS-2
electrodes was evident. At day 2, hemorrhaging in SS groups
was markedly higher than in the other groups, and infections
and apoptosis were observed at the treated site. The thermal-
injury areas caused by SS electrodes were larger than those
by the TiO

2

-treated electrodes, with the least tissue damage
found when using the TO-SS-3 electrode.The thermal-injury
areas tended to diminish for all groups at the end of day 7.

Commercially available electrosurgical electrodes are
usually coated with Teflon to avoid tissue sticking. However,
surgical smoke with an unfavorable flavor encouraged the
advanced approaches. The objective of the present study was
to establish an in vivo rat model to study the thermal effects
on damage to brain tissue caused by electrosurgical ablation
with TiO

2

-coated needle-type electrodes.
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Figure 5: Histological observation of injury area caused by SS and TiO
2

-coated electrodes at the end of day 0, day 2, day 7, and day 28.

It is well known that titanium possesses its excellent
biocompatibility due to its very stable and corrosion resistant
oxide layer [17, 18]. TiO

2

layers have been considered a
promising coating for implants with proven biocompatibility
and blood compatibility [13, 19]. Therefore, coatings of TiO

2

layers have been deposited on various devices via various
technologies to increase clinical effectiveness. By means of
radiofrequency plasma and magnetron sputtering, a layer of

rutile, anatase, or amorphous phase TiO
2

layer was deposited
on commercially available electrodes.

Tissue thermographs showed that temperatures recorded
for TO-SS-3 electrodes were significantly lower than those
for SS electrodes under the same RF power setting. This can
be attributed to the high electric and thermal conductivity of
rutile phase TiO

2

film [20]. Hence a TO-SS-3 electrode can
deliver electrical energy to the target tissue more efficiently.
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This can prevent overheating of the electrode substrate
and reduce the incidence of thermal injury. Macroscopic
observation and histological examination showed clearly that
TO-SS-3 electrodes produce a smaller area of injury than
commercial SS electrodes.

4. Conclusion

A TiO
2

film accompanied with hydrophobic surface can be
formed and bonded on the needle-type electrode substrate
via radiofrequency plasma andmagnetron sputtering system.
The enhanced thermal conductivity and surface hydropho-
bicity of TiO

2

coatings with rutile phase can improve the
performance of electrosurgical electrodes, in terms of tissue
sticking and thermal injury. TO-SS-3 electrodes had lower
levels of sticking tissue with lower surgical temperatures
during electrosurgery.The total injury area of rats brain tissue
treated with TO-SS-3 electrodes was significantly smaller
than those of rat brain tissues treated with SS electrodes at
all time points. This study reveals that the plating of TiO

2

coatings on electrode substrates is a simple and effective
means of improving the performance of electrosurgical units.
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Amarogentin, an active principle of Gentiana lutea, possess antitumorigenic, antidiabetic, and antioxidative properties. Activation
of platelets is associated with intravascular thrombosis and cardiovascular diseases. The present study examined the effects of
amarogentin on platelet activation. Amarogentin treatment (15∼60𝜇M) inhibited platelet aggregation induced by collagen, but not
thrombin, arachidonic acid, and U46619. Amarogentin inhibited collagen-induced phosphorylation of phospholipase C (PLC)𝛾2,
protein kinase C (PKC), and mitogen-activated protein kinases (MAPKs). It also inhibits in vivo thrombus formation in mice.
In addition, neither the guanylate cyclase inhibitor ODQ nor the adenylate cyclase inhibitor SQ22536 affected the amarogentin-
mediated inhibition of platelet aggregation, which suggests that amarogentin does not regulate the levels of cyclic AMP and cyclic
GMP. In conclusion, amarogentin prevents platelet activation through the inhibition of PLC𝛾2-PKC cascade and MAPK pathway.
Our findings suggest that amarogentin may offer therapeutic potential for preventing or treating thromboembolic disorders.

1. Introduction

Gentiana lutea is a plant that belongs to the family Gen-
tianaceae, which grows in the mountains of central and
southern Europe and in western Asia [1]. It is commonly
used to treat digestive diseases. The extract of this plant
was reported to inhibit cell proliferation of vascular smooth
muscle cells [2] and exhibit antioxidant and radioprotective
activities [3, 4]. It contains some of the most bitter-tasting
compounds known and is used as a scientific basis for the
measurement of bitterness.The active principle amarogentin,
which is isolated from the extract of Gentiana lutea, is a
bitter-tasting secoiridoid glycoside that was found to activate
the human bitter taste receptor hTAS2R50 [5]. Amarogentin

has also been reported to possess antitumorigenic [6, 7] and
antidiabetic activities [8].

It is well-known that blood platelets play important roles
in haemostatic processes and wound repair. When blood
vessels are damaged, blood platelets will form platelet plugs
on the sites of vessel injury in order to prevent blood loss
[9]. However, deregulation of platelet activity may cause a
wide variety of cardiovascular diseases, such as intraluminal
thrombosis and atherosclerosis. Therefore, the development
of antiplatelet agents that can prevent heart attack and
ischemic stroke is warranted.

Although previous studies have suggested that amaro-
gentin effectively prevents vascular diseases, its effects on
platelet activation and thrombosis remains unclear. Since
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our preliminary study showed that amarogentin (15∼60𝜇M)
inhibits collagen-induced platelet aggregation in human
platelets, we further systematically investigated the detailed
mechanisms underlying the amarogentin-mediated inhibi-
tion of platelet activation.

2. Materials and Methods

2.1. Materials. Amarogentin (88.9%) was purchased from
ChromaDex (Irvine, CA). Arachidonic acid (AA), collagen
(type I), 9,11-dideoxy-11𝛼,9𝛼-epoxymethanoprostaglandin
(U46619), luciferin-luciferase, thrombin, SQ22536, phorbol-
12,13-dibutyrate (PDBu), and 1H-[1,2,4]qxadiazolo[4,3-
a]quinoxalin-1-one (ODQ) were purchased from Sigma (St.
Louis, MO). The anti-phospho-c-Jun N-terminal kinase
(JNK) (Thr183/Tyr185) and anti-phospho-p38 mitogen-
activated protein kinase (MAPK) monoclonal antibodies
(mAbs), and the anti-phospho-p44/p42 extracellular signal-
regulated kinase (ERK) (Thr202/Tyr204), anti-phospholipase
C𝛾2 (PLC𝛾2), and anti-phospho (Tyr759) PLC𝛾2 polyclonal
antibodies (pAbs) were purchased from Cell Signaling
(Beverly, MA). The anti-phospho-p38 MAPK Ser182 mAb
was purchased from Santa Cruz (Santa Cruz, CA). The
anti-𝛼-tubulin mAb was purchased from NeoMarkers
(Fremont, CA). The anti-phospho-Akt (Ser473) and anti-Akt
mAbs were purchased from Biovision (Mountain View,
CA). The horseradish peroxidase- (HRP-) conjugated
donkey anti-rabbit immunoglobulin G (IgG), the Hybond-P
polyvinylidene difluoride (PVDF) membrane, the sheep
anti-mouse IgG, and the enhanced chemiluminescence
western blotting detection reagent were purchased from
Amersham (Buckinghamshire, UK). The amarogentin was
dissolved in DMSO and stored at 4∘C.

2.2. Platelet Aggregation and ATP Release. The methods
described by Sheu et al. [10] and Lin et al. [11] were followed
for the preparation of human platelet suspensions. Blood was
collected from healthy human volunteers (informed consent)
who did not take medication during the preceding 2wk
and was mixed with acid-citrate-dextrose solution (1 : 9).
The blood samples were subjected to centrifugation at 120 g
for 10min, and platelet-rich plasma (PRP) was collected.
PRP was supplemented with PGE

1

(0.5 𝜇M) and heparin
(6.4 IU/mL) and then incubated for 10min at 37∘C. After
centrifugation at 500 g for 10min, the platelet pellets were
suspended in Tyrode’s solution containing 3.5mg/mL bovine
serum albumin (BSA), pH 7.3 (NaCl 11.9mM, KCl 2.7mM,
MgCl

2

2.1mM, NaH
2

PO
4

0.4mM, NaHCO
3

11.9mM, and
glucose 11.1mM). Then, PGE

1

(0.5 𝜇M), apyrase (1.0U/mL),
and heparin (6.4 IU/mL) were added, and the mixture was
incubated for 10min at 37∘C. The mixtures were centrifuged
at 500 g for 10min and subjected for the repeated washing
procedure. Finally, the platelet pellets were resuspended by
Tyrode’s solution, and then calcium chloride was added to
platelet suspensions in which the concentration of Ca2+ was
1mM. This study wasapproved by the Institutional Review
Board of Taipei Medical University and conformed to the
directives of the Helsinki Declaration.

As previously described [10, 11], platelet aggregation was
measured according to the turbidity of platelet suspensions
and recorded by a Lumi-Aggregometer (Payton Associates,
Scarborough, ON, Canada). Before the addition of agonists
to induce platelet aggregation, the platelet suspensions (3.6 ×
108cells/mL) were pretreated with various concentrations
of amarogentin or an isovolumetric solvent control (0.5%
DMSO) for 3min. Light-transmission unit was used to
present the extent of platelet aggregation. For the measure-
ment of ATP release, a 20𝜇L of luciferin-luciferase mixture
was added 1min before adding amarogentin or agonists, and
the relative amount of ATP release was compared to the
solvent control.

2.3. Western Blotting. Western blotting assay was performed
as described previously [11]. Briefly, after pretreatment of
various concentrations of amarogentin, agonists were added
to the washed platelets (1.2 × 109 cells/mL) for the indicated
time to trigger platelet activation. The platelet pellets were
collected after centrifugation and then immediately lysed in
extraction buffer. Samples containing 80𝜇g of protein were
subjected to sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE, 10–12%) and electrotransferred onto
the polyvinylidene difluoride (PVDF) membranes by Bio-
Rad semidry transfer unit (Hercules, CA). Blots were blocked
with 5% BSA in TBST (10mM Tris-base, 100mM NaCl, and
0.01% Tween 20) for 1 h and probed with the various primary
antibodies (1 : 1000) for 2 h. The membranes were incubated
with horseradish peroxidase- (HRP-) conjugated anti-mouse
IgG or anti-rabbit IgG (1 : 3000) for 1 h. Immunoreactivity
was detected by an enhanced chemiluminescence system.
The quantitative data were obtained by scanning the reactive
bands and quantifying the optical density using a comput-
ing densitometer and Bio-profil Biolight software, version
V2000.01 (Vilber Lourmat, Marne-la-Vallée, France).

2.4. Fluorescein-InducedThrombus Formation in theMicroves-
sels of Mouse Mesentery. The protocols conformed to the
Guide for the Care and Use of Laboratory Animals (NIH
publication no. 85-23, 1996).Themethods tomeasure throm-
bus formation was performed as described previously [11, 12].
In brief, an external jugular vein was cannulated with a PE-
10 to intravenously administer the dye and drugs after mice
were anesthetized. Venules (30–40 𝜇m) were selected under
a microscope. After administering 15 𝜇g/kg sodium fluores-
cein, the selected venules were irradiated at wavelengths
below 520 nm to produce a microthrombus, and the time
required to occlude the microvessel as a result of thrombus
formation (occlusion time) was recorded. In this study, 9
and 18mg/kg amarogentin were administered to evaluate its
antithrombotic effects.

2.5. Statistical Analysis. The results are presented as the
mean ± SEM at least 3 independent experiments (𝑛 = 3).
Each experiment performs with blood from different donors.
For the in vivo study, Paired Student’s 𝑡-test was used to eval-
uate the differences of the occlusion time in the same mouse.
For the in vitro study, if appropriate, the one-way analysis of
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Figure 1: Amarogentin inhibits collagen-induced platelet aggregation and ATP release. Washed platelets (3.6 × 108 cells/mL) were incubated
with solvent control (0.5% DMSO) or amarogentin (15𝜇M∼120𝜇M) for 3min in an aggregometer cuvette. Then, 1𝜇g/mL collagen (a),
0.01 IU/mL thrombin (b), 60𝜇M arachidonic acid (AA) (c), or 1 𝜇M U46619 (d) was added to induce platelet aggregation and ATP-release
((a), upper tracings) for 6min. Profiles ((a)–(d)) are representative of 3 independent experiments.

variance (ANOVA) followed by the Student-Newman-Keuls
test was used to determine the statistical differences among
groups. 𝑃 < 0.05 was considered statistically significant.
Statistical analyses were performed using SAS, version 9.2
(SAS Inc., Cary, NC).

3. Results

3.1. Amarogentin Inhibits Platelet Aggregation and ATP Re-
lease. Amarogentin (15∼60𝜇M) showedmore potent activity
in inhibiting platelet aggregation and ATP release induced
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Figure 2: Effects of amarogentin on collagen-induced PLC𝛾2 and PKC activation. Washed platelets (1.2 × 109 cells/mL) were incubated with
solvent control (0.5% DMSO) or amarogentin (15𝜇M∼120𝜇M) for 3min. Then, 1𝜇g/mL collagen was added to induce the phosphorylation
of PLC𝛾2 (a) and p47 (b) for 5min and 10min, respectively. ((a) and (b))The subcellular extracts were analyzed for PLC𝛾2 (a) and p47 (b) by
western blotting. (c)Washed platelets (3.6× 108 cells/mL) were incubated with solvent control (0.5%DMSO) or amarogentin (15𝜇M∼120𝜇M)
for 3min and then treated with 150 nM PDBu to induce platelet aggregation. Data ((a) and (b)) are presented as the mean ± SEM (𝑛 = 3).
∗∗

𝑃 < 0.01 and ∗∗∗𝑃 < 0.001, compared with the solvent control group (resting); ##𝑃 < 0.01, compared with the positive control group
(collagen only). Profiles (c) are representative of 3 independent experiments.
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Figure 3: Effects of amarogentin on the phosphorylation of MAPK and Akt induced by collagen in human platelets. Washed platelets (1.2 ×
109 cells/mL) were incubated with solvent control (0.5% DMSO) or amarogentin (15𝜇M∼60 𝜇M) and then treated with 1𝜇g/mL collagen
to induce platelet activation. The subcellular extracts were analyzed for the phosphorylation of p38 (a), ERK2 (b), JNK1 (c), and Akt (d) by
western blotting. Data are presented as the mean ± SEM (𝑛 = 3). ∗∗∗𝑃 < 0.001, compared with the solvent control group (resting); #𝑃 < 0.05
and ##
𝑃 < 0.01, compared with the positive control group (collagen only).

by collagen (1 𝜇g/mL) (Figure 1(a)). However, amarogentin
(120𝜇M) did not affect platelet aggregation triggered by
0.01 IU/mL thrombin, 60 𝜇M AA, or 1 𝜇M U46619 (Figures
1(b)–1(d)). The half maximal inhibitory concentration (IC

50

)
of amarogentin for platelet aggregation induced by collagen
was approximately 30 𝜇M. Moreover, the solvent control
(0.5%DMSO) did not affect platelet activity (data not shown).

The agonist collagen was used to investigate the antiplatelet
mechanisms of amarogentin.

3.2. Effects of Amarogentin on the Phosphorylation of PLC𝛾2
and p47. The PLC enzyme hydrolyzes phosphatidylinositol
4,5-bisphosphate (PIP

2

) to generate diacylglycerol (DAG)
and inositol 1,4,5-trisphosphate (IP

3

). Subsequently, DAG
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Figure 4: Effects of amarogentin on cyclic nucleotides in human platelets and on thrombus formation in mice. (a) Washed platelets (3.6 ×
108 cells/mL) were preincubated with 10 𝜇M nitroglycerin (NTG), 0.5 nM prostaglandin E

1

(PGE
1

), or 60𝜇M amarogentin with or without
10𝜇M ODQ or 100𝜇M SQ22536, followed by treatment with 1𝜇g/mL collagen to induce platelet aggregation. ((b) and (c)) Mice were
administered 0.5% DMSO (solvent control; ctl) and amarogentin (9- or 18mg/kg). Then, mesenteric venules were selected and irradiated
to induce microthrombus formation. The data in the bar graphs are presented as the mean ± SEM of the occlusion time which is seconds
(𝑛 = 5). ∗∗𝑃 < 0.01 compared with the individual solvent control group (ctl).
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Figure 5:Hypothesis regarding the inhibitory signaling of amarogentin in platelet activation. Amarogentinmay inhibit both the PLC𝛾2-PKC-
p47 cascades and MAPK signaling pathway, ultimately inhibiting platelet activation. DAG: diacylglycerol; IP

3

: inositol 1,4,5-trisphosphate.

triggers PKC activation, thereby leading to protein phos-
phorylation and ATP release in agonist-stimulated platelets
[13].Then, PKC phosphorylates p47 protein (pleckstrin) [13].
While platelets were treated with amarogentin, it attenuated
the phosphorylation of PLC𝛾2 and p47 triggered by collagen
in a concentration (15∼60 𝜇M)-dependent manner (Figures
2(a) and 2(b)) but did not affect PDBu-induced platelet
aggregation (Figure 2(c)).

3.3. Effects of Amarogentin on the Phosphorylation of MAPKs
and Akt. Previous studieshave suggested that MAPKs and
Akt are involved in platelet activation and thrombosis [14, 15].
Thus, we determined these signaling molecules in collagen-
activated platelets to investigate the antiplatelet mechanisms
of amarogentin. We found that amarogentin concentration
dependently (30∼60 𝜇M) inhibited collagen-induced phos-
phorylation of p38, ERK2, and JNK1 (Figures 3(a)–3(c)) but
did not affect the phosphorylation of Akt (Figure 3(d)).These
findings suggest that amarogentin inhibits collagen-induced
platelet activation via MAPKs, but not Akt.

3.4. Effects of Amarogentin on Cyclic Nucleotides in Human
Platelets. As shown in Figure 4(a), both ODQ (10 𝜇M) and
SQ22536 (100 𝜇M) significantly reversed the inhibition of
platelet aggregation mediated by nitroglycerin (10𝜇M)- and
PGE
1

(0.5 nM), respectively. However, these inhibitors do
not reverse the amarogentin (60 𝜇M)-mediated inhibition
of collagen-induced platelet aggregation, which indicates

that cyclic AMP (cAMP) and cyclic GMP (cGMP) are not
involved in the antiplatelet effects of amarogentin.

3.5. Effects of Amarogentin on Thrombus Formation in Mice.
For the in vivo study, fluorescein sodium (15 𝜇g/kg) was intra-
venously administrated and irradiated to induce thrombus
formation in the mesenteric microvessels of mice and the
time of occlusion was found to be approximated at 60 s
(Figure 4(b)). Treatment of mice with 18mg/kg amarogentin
prolonged the occlusion time (75.2 ± 6.7 s) of thrombus
formation, compared with the solvent control (53.0 ± 4.0 s)
(Figure 4(c)).

4. Discussion

We investigated the effect of amarogentin, an active principle
ofGentiana lutea, on platelet activation in vitro and thrombus
formation in a mouse model. In the present study, we
demonstrated for the first time that amarogentin inhibits
platelet activation in vitro via inhibiting PLC𝛾2-PKC/MAPK
cascade and in vivo through reversing thethrombus forma-
tion. Our results revealed that amarogentin concentration
dependently inhibited collagen-induced platelet activation.
Moreover, amarogentin did not affect the responses stimu-
lated by AA, U46619, and thrombin in human platelets.These
findings indicate that amarogentin mainly inhibits collagen-
induced platelet activation.

GPVI, a member of the immunoglobulin superfamily, is
required for collagen-induced platelet activation [9]. When
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platelets are exposed to collagen, a signaling complex, includ-
ing LAT, SLP-76, and Gads, activates PLC𝛾2, leading to PKC
activation andCa2+ release [9]. In the present study, we found
that amarogentin could inhibit the phosphorylation of PLC𝛾2
and PKC. However, amarogentin did not affect the PKC
activator PDBu-stimulated platelet aggregation, indicating
that amarogentin may act on the upstream of PKC.

It is well established that MAPKs, including ERKs, JNKs,
and p38, have been identified in platelets [16], where they
are activated by collagen and thrombin, and are involved
in thrombosis [14]. The ERK and p38 play important roles
in stimulating the secretion of granules and facilitating clot
retraction [17].During platelet activation, theAAmetabolism
may offer a positive feedback amplifier to activate p38,
followed by the stimulation of cytosolic phospholipase A

2

,
which promotes thromboxaneA

2

formation [18]. In addition,
JNK1 is reportedly involved in collagen-induced platelet
aggregation and thrombus formation [19]. The time of
thrombus formation was significantly prolonged in JNK1−/−
arterioles in an in vivo model and platelet secretion was
impaired in JNK1−/− platelets in vitro [20]. In this study, we
demonstrated that the activation of MAPKs is inhibited by
amarogentin, suggesting that amarogentin attenuated platelet
activation and thrombus formation, at least in part, through
MAPK cell-signaling pathway. In addition, several studies
showed that PI3K/Akt plays an important role in regulating
platelet aggregation and thrombus formation [15, 21, 22].
Thus, we also observed the influence of amarogentin on Akt
and found that Akt was not associated with amarogentin-
mediated inhibition of platelet activation.

cAMP and cGMP have been known to inhibit many
aspects of platelet activation, including Ca2+ release, G-
protein activation, granule release, and platelet adhesion and
aggregation [23]. cAMP and cGMP strongly attenuate the
elevation of cytosolic Ca2+ concentrations, at least in part, via
phosphorylating IP

3

receptor, and are also reported to block
p38 activation in platelets [23]. We found that SQ22536 and
ODQdid not reverse the amarogentin-mediated inhibition of
platelet aggregation. These results revealed that amarogentin
did not regulate the level of cAMP and cGMP.

In conclusion, we demonstrated that amarogentin abro-
gates platelet activation probably via inhibiting the PLC𝛾2-
PKC-p47 cascades and MAPK signaling pathway (Figure 5),
finally reducing thrombus formation. Our findings suggest
that amarogentin may provide therapeutic potential for
preventing or treating thromboembolic disorders.
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Some reports indicate that several steroid derivatives have activity at cardiovascular level; nevertheless, there is scarce information
about the activity exerted by the testosterone derivatives on cardiac injury caused by ischemia/reperfusion (I/R). Analyzing these
data, in this study, a new testosterone derivative was synthetized with the objective of evaluating its effect on myocardial injury
using an ischemia/reperfusion model. In addition, perfusion pressure and coronary resistance were evaluated in isolated rat hearts
using the Langendorff technique. Additionally, molecular mechanism involved in the activity exerted by the testosterone derivative
on perfusion pressure and coronary resistance was evaluated by measuring left ventricular pressure in the absence or presence
of the following compounds: flutamide, prazosin, metoprolol, nifedipine, indomethacin, and PINANE TXA

2

. The results showed
that the testosterone derivative significantly increases (𝑃 = 0.05) the perfusion pressure and coronary resistance in isolated heart.
Other data indicate that the testosterone derivative increases left ventricular pressure in a dose-dependent manner (0.001–100 nM);
however, this phenomenon was significantly inhibited (𝑃 = 0.06) by indomethacin and PINANE-TXA

2

(𝑃 = 0.05) at a dose of
1 nM. In conclusion, these data suggest that testosterone derivative induces changes in the left ventricular pressure levels through
thromboxane receptor activation.

1. Introduction

Several reports indicate that myocardial infarction is a major
cause of death and disability worldwide [1, 2]; this cardio-
vascular disease is due to cell death of cardiac myocytes
caused by prolonged myocardial ischemia. Acute myocardial
infarction can produce alterations in the topography of both
the infarcted and noninfarcted regions of the ventricle [3].
There are some reports which show that the most effective
method of limiting necrosis is restoration of blood flow; how-
ever, the effects of reperfusion itself may also be associated
with tissue injury [4]. A study [5] showed that ischemic

preconditioning (PC) upregulates the expression and activity
of COX-2 in the heart and that this increase in COX-
2 activity mediates the protective effects of the late phase
of PC against both myocardial stunning and myocardial
infarction. Another study [6] indicates that activation of
COX-2 produces cardioprotection via synthesis or release
of prostanoids such as PGI

2

and PGE
2

which induce a
cardiac protective effect against ischemia-reperfusion injury
in experimental animals [7–9]. It is important to mention
that there are studies which suggest that the release of these
prostanoids may be the result of the effect induced by some
steroids on the COX-2 activity; this phenomenon results in
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a decrease in the ischemia-reperfusion injury [10–13]. For
example, there is a study which shows that 17𝛽-estradiol
reduced injury by ischemia/reperfusion via activation of PGI

2

in an animal model [14]. However, another data showed that
administration of other types of steroid (testosterone) is asso-
ciated with a reduced susceptibility to myocardial ischemia
and this phenomenon results in the regulation of intra-
cellular calcium levels on ischemia/reperfusion injury [15].
In addition, another study shows that testosterone exerted
activation of STAT3 (signal transducers and activators of
transcription 3) and SOCS3 (suppressor of cytokine signaling
3) after ischemia/reperfusion injury [16]. Another report
indicates that testosterone indirectly regulates the activation
of Akt (protein kinase) during cardiac ischemia/reperfusion
[17]. However, other reports suggest that endogenous testos-
terone may have a negative effect on the heart subjected to
acute ischemia/reperfusion via androgen receptor [18, 19].
Furthermore, a study [20] demonstrated that administra-
tion of a derivative of testosterone (nandrolone) increases
ischemia/reperfusion by changes in the concentrations of
both AMP (adenosine monophosphate) and TNF𝛼 (tumor
necrosis factor alpha). Another data indicate that another
type of testosterone derivative (dehydroepiandrosterone)
regulates gene expression of both VEGF (vascular endothe-
lial growth factor) and interleukins (IL-1 and IL-6) on
ischaemia/reperfusion injury [21]. All these experimental
results indicate that testosterone and its derivatives exert
effects on ischemia/reperfusion injury; however, the cellular
site and actual molecular mechanisms of testosterone and
its derivatives are very confusing; therefore, data are needed
for characterizing the activity induced by this steroid and
its derivative on ischemia-reperfusion injury. To provide
this information, the present study was designed to inves-
tigate the effects of testosterone and its derivative in an
ischemia/reperfusion injury model. In addition, the activity
of testosterone and its derivative on perfusion pressure and
coronary resistance were evaluated in isolated rat hearts
using the Langendorff technique. In order to evaluate the
molecular mechanism involved in the activity induced by
the testosterone derivative on left ventricular pressure the
following compounds were used as pharmacological tools:
flutamide (androgenic receptor antagonist) [22], prazosin
(𝛼
1

adrenoreceptor antagonist) [23], metoprolol (selective
𝛽
1

receptor blocker) [24], nifedipine (antagonist of calcium-
channel) [25], indomethacin (a nonselective inhibitor of
cyclooxygenase) [26], and PINANE TXA

2

(thromboxane
receptor antagonist) [27].

2. Material and Methods

2.1. Chemical Synthesis. The compounds evaluated in this
study were purchased from Sigma-Aldrich Co., Ltd. The
melting point for the testosterone derivative was determined
with an Electrothermal (900 model). Infrared spectra (IR)
were recorded using KBr pellets on a Perkin Elmer Lambda
40 spectrometer. 1H and 13C NMR (nuclear magnetic res-
onance) spectra were recorded on a Varian VXR-300/5
FT NMR spectrometer at 300 and 75.4MHz (megahertz)

in CDCl
3

(deuterated chloform) using TMS (tetramethyl-
silane) as internal standard. EIMS (electron impact mass
spectroscopy) spectra were obtained with a Finnigan Trace
Gas Chromatography Polaris Q Spectrometer. Elementary
analysis data were acquired from a Perkin Elmer Ser. II
CHNS/0 2400 elemental analyzer.

2.1.1. Synthesis of 1-[4-(2-Amino-ethylimino)-4-(4-fluoro-
cyclohexyl)-butyl]-4-(4-chloro-phenyl)-piperidin-4-ol (Com-
pound 3). A solution of haloperidol (100mg, 0.26mmol),
ethylenediamine (80 𝜇L, 1.19mmol), and boric acid (40mg,
0.65mmol) in 10mL of methanol was stirred for 72 h at
room temperature. The reaction mixture was evaporated to
dryness under reduced pressure; the residue washed 4 times
with water. Then the precipitate was separated and dried at
room temperature.

2.1.2. Synthesis of 4-(4-Chloro-phenyl)-1-{4-(4-fluoro-phenyl)-
4-[2-(17-hydroxy-10,13-dimethyl-1,2,6,7,8,9,10,11,12,13,14,15,16,
17-tetradecahydro-cyclopenta[a]phenanthren-3-ylideneami-
no)-ethylimino]-butyl}-piperidin-4-ol (Compound 5). A
solution of compound 3 (100mg, 0.24mmol), testosterone
(70mg, 0.24mmol), and boric acid (40mg, 0.65mmol) in
10mL of methanol was stirred for 72 h at room temperature.
The reaction mixture was evaporated to dryness under
reduced pressure; the residue washed 3 times with water.
Then the precipitate was separated and dried at room
temperature.

2.2. Biological Method. All experimental procedures and
protocols used in this investigation were reviewed and
approved by the Animal care and use Committee of Univer-
sity Autonomous of Campeche (no. PI-420/12) and were in
accordancewith theGuide for theCare andUse of Laboratory
Animals [28]. Male Wistar rats (𝑛 = 105), weighing
200–250 g, were obtained from University Autonomous of
Campeche.

2.3. Reagents. All drugs were dissolved in methanol and dif-
ferent dilutionswere obtained usingKrebs-Henseleit solution
(≤0.01%, v/v).

2.4. Experimental Design. Briefly, the male rat (200–250 g)
was anesthetized by injecting them with pentobarbital at
a dose rate of 50mg/Kg body weight. Then the chest was
opened, and a loose ligature passed through the ascending
aorta. The heart was then rapidly removed and immersed in
ice cold physiologic saline solution. The heart was trimmed
of noncardiac tissue and retrograde perfused via a non-
circulating perfusion system at a constant flow rate. The
perfusion medium was the Krebs-Henseleit solution (pH =
7.4, 37∘C) composed of (mmol) 117.8, NaCl; 6, KCl; 1.75,
CaCl
2

; 1.2, NaHPO
4

; 1.2, MgSO
4

; 24.2, NaHCO
3

; 5, glucose; 7
and 5, sodium pyruvate. The solution was actively bubbled
with a mixture of O

2

/CO
2

(95 : 5/5%). The coronary flow
was adjusted with a variable speed peristaltic pump. An
initial perfusion rate of 15mL/min for 5min was followed
by a 15min equilibration period at a perfusion rate of
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10mL/min. All experimental measurements were done after
this equilibration period.

2.5. Perfusion Pressure. Evaluation of measurements of per-
fusion pressure changes induced by drugs administration in
this studywas assessed using a pressure transducer connected
to the chamber where the hearts were mounted and the
results entered into a computerized data capture system
(Biopac).

2.6. Inotropic Activity. Contractile function was assessed by
measuring left ventricular developed pressure (LV/dP), using
a saline-filled latex balloon (0.01mm, diameter) inserted into
the left ventricle via the left atrium. The latex balloon was
bound to cannula which was linked to pressure transducer
that was connected with the MP100 data acquisition system.

2.6.1. First Stage

Activity Induced by Testosterone and Its Derivative Using an
Ischemia/ReperfusionModel.After 15minutes of equilibration
time, the hearts were subjected to ischemia for 30 minutes
by turning off the perfusion system [29]. After this period,
the system was restarted and the hearts were reperfused by
30 minutes with Krebs-Henseleit solution. The hearts were
randomly divided into 3 major treatment groups with 𝑛 = 9.

Group I. Hearts were subjected to ischemia/reper-
fusion but received vehicle only (Krebs-Henseleit
solution).
Group II. Hearts were subjected to ischemia/reper-
fusion and treated with testosterone at a dose of
0.001 nM before ischemia period (for 10 minutes) and
during the entire period of reperfusion.
Group III. Hearts were subjected to ischemia/reper-
fusion and treated with the testosterone derivative at
a dose of 0.001 nM before ischemia period (for 10
minutes) and during the entire period of reperfusion.

It is noteworthy that, at the end of each experiment,
the perfusion pump was stopped and 0.5mL of fluorescein
solution (0.10%) was injected slowly through a sidearm port
connected to the aortic cannula. The dye was passed through
the heart for 10 sec to ensure its uniform tissue distribution.
The presence of fluorescein was used to demarcate the tissue
that was not subjected to regional ischemia, as opposed to
the risk region. The heart was removed from the perfusion
apparatus and cut into two transverse sections at right angles
to the vertical axis. The right ventricle, apex, and atrial tissue
were discarded.The areas of the normal left ventricle nonrisk
region, area at risk, and infarct region were determined using
the technique reported by both and coworkers [29]. Total area
at risk was expressed as the percentage of the left ventricle.

2.6.2. Second Stage

Effect Induced by Testosterone and Its Derivative on Perfusion
Pressure. Changes in perfusion pressure as a consequence of

increases in time (3 to 18min) in the absence (control) or
presence of testosterone and its derivative at a concentration
of 0.001 nM were determined. The effects were obtained in
isolated hearts perfused at a constant flow rate of 10mL/min.

Evaluation of Effects Exerted by the Testosterone and Its
Derivative on Coronary Resistance. The coronary resistance
in the absence (control) or presence of testosterone and its
derivative at a concentration of 0.001 nM was evaluated. It
is noteworthy that Coronary resistance was calculated as
the ratio of perfusión pressure at coronary flow assayed
(10mL/min).

2.6.3. Third Stage

Effects Induced by Testosterone and Its Derivative on Left
Ventricular Pressure through Androgen Receptors. Intracoro-
nary boluses (50 𝜇L) of testosterone and its derivative (0.001
to 100 nM) were administered and the corresponding effect
on the left ventricular pressure was determined. The dose-
response curve (control) was repeated in the presence of flu-
tamide at a concentration of 1 nM (duration of preincubation
with flutamide was by a 10min equilibration period).

Effects Induced by the Testosterone Derivative on Left Ven-
tricular Pressure through 𝛽

1

-Adrenergic Receptor. Intracoro-
nary boluses (50 𝜇L) of the testosterone derivative (0.001
to 100 nM) were administered and the corresponding effect
on the left ventricular pressure was determined. The dose-
response curve (control) was repeated in the presence of
metoprolol at a concentration of 1 nM (duration of preincu-
bation withmetoprolol was by a 10min equilibration period).

Effects Exerted by the Testosterone Derivative on Left Ven-
tricular Pressure through 𝛼

1

-Adrenergic Receptor. Intracoro-
nary boluses (50 𝜇L) of the testosterone derivative (0.001
to 100 nM) were administered and the corresponding effect
on the left ventricular pressure was determined. The dose-
response curve (control) was repeated in the presence of pra-
zosin at a concentration of 1 nM (duration of preincubation
with prazosin was by a 10min equilibration period).

Effects of the Testosterone Derivative on Left Ventricular
Pressure through the Calcium Channel. Intracoronary boluses
(50 𝜇L) of the testosterone derivative [0.001 to 100 nM]
were administered and the corresponding effect on the left
ventricular pressure was evaluated. The dose-response curve
(control) was repeated in the presence of nifedipine at a
concentration of 1 nM (duration of the preincubation with
nifedipine was for a period of 10min).

Effect Exerted by the Testosterone Derivative on Left Ventric-
ular Pressure in the Presence of Indomethacin. The boluses
(50 𝜇L) of the testosterone derivative [0.001 to 100 nM] were
administered and the corresponding effect on the left ventric-
ular pressure was evaluated.The bolus injection administered
was done in the point of cannulation. The dose-response
curve (control) was repeated in the presence of indomethacin
at a concentration of 1 nM (duration of the preincubation
with indomethacin was for a period of 10min).
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Figure 1: Synthesis of 1-[4-(2-amino-ethylimino)-4-(4-fluoro-cyclohexyl)-butyl]-4-(4-chloro-phenyl)-piperidin-4-ol (3). Reaction of
haloperidol with ethylenediamine using boric acid as catalyst (i) to form the compound 3.

Effects of the Testosterone Derivative on Left Ventricular
Pressure through the TXA2 Receptor Activation. Intracoro-
nary boluses (50 𝜇L) of the testosterone derivative [0.001
to 100 nM] were administered and the corresponding effect
on the left ventricular pressure was evaluated. The dose-
response curve (control) was repeated in the presence of
PINANE TXA

2

at a concentration of 1 nM (duration of
the preincubation with PINANE TXA

2

was for a period of
10min).

2.6.4. Fourth Stage

Activity Induced by Indomethacin and PINANE TXA2 in
Presence y Absence of the Testosterone Derivative Using an
Ischemia/ReperfusionModel.After 15minutes of equilibration
time, the hearts were subjected to ischemia for 30 minutes
by turning off the perfusion system [29]. After this period,
the system was restarted and the hearts were reperfused by
30 minutes with Krebs-Henseleit solution. The hearts were
randomly divided into 3 major treatment groups with 𝑛 = 6.

Group I. Hearts were subjected to ischemia/reper-
fusion but received vehicle only (Krebs-Henseleit
solution).
Group II. Hearts were subjected to ischemia/reper-
fusion and treated with the testosterone derivative
at a dose of 0.001 nM before ischemia period (for 10
minutes) and during the entire period of reperfusion.
Group III. Hearts were subjected to ischemia/reper-
fusion and treated with testosterone derivative at
a dose of 0.001 nM before ischemia period (for 10
minutes) and during the entire period of reperfusion.
Thedose-response curve (control) was repeated in the
presence of indomethacin at a concentration of 1 nM.
Group IV. Hearts were subjected to ischemia/reper-
fusion and treated with testosterone derivative at
a dose of 0.001 nM before ischemia period (for 10

minutes) and during the entire period of reperfusion.
The dose-response curve (control) was repeated in
the presence of PINANE TXA

2

at a concentration of
1 nM.
Group V. Hearts were subjected to ischemia/reper-
fusion and treated with the indomethacin at a dose
of 0.001 nM before ischemia period (for 10 minutes)
and during the entire period of reperfusion.
Group VI. Hearts were subjected to ischemia/reper-
fusion and treated with the PINANE TXA

2

at a dose
of 0.001 nM before ischemia period (for 10 minutes)
and during the entire period of reperfusion.

The areas of the normal left ventricle nonrisk region,
area at risk, and infarct region were determined using the
technique reported by both and coworkers [29]. Total area at
risk was expressed as the percentage of the left ventricle.

2.7. Statistical Analysis. The obtained values are expressed
as average ± SE. The data obtained were put under analysis
of variance (ANOVA) with the Bonferroni correction factor
using the SPSS 12.0 program [30]. The differences were
considered significant when𝑃was equal or smaller than 0.05.

3. Results

The yielding of compound 3 (Figure 1) was of 85% with
melting point of 78–80∘C. In addition, the spectroscopic
analyses showed signals for IR (𝑉max, cm

−1) at 3412, 3382,
and 3330. The chemical shifts of the spectroscopic analyses
of 1H NMR and 13C NMR for compound 3 are showed in
Tables 1 and 2. Finally, the results of mass spectroscopy (MS)
(70 eV) are shown, 𝑚/𝑧 417.10 [M+, 10]. Additionally, the
elementary analysis data for compound 3 (C

23

H
29

ClFN
3

O)
was calculated (C, 66.10; H, 6.99; Cl, 8.48; F, 4.55; N, 10.05; O,
3.83) and found (C, 66.08; H, 6.97).

Furthermore, other results (Figure 2) showed a yielding
of 64% and a melting point of 170–172∘C, for the testosterone
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Figure 2: Synthesis of 4-(4-chloro-phenyl)-1-{4-(4-fluoro-phenyl)-4-[2-(17-hydroxy-10,13-dimethyl-1,2,6,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-cyclopenta[a]phenan thren-3-ylideneamino)-ethylimino]-butyl}-piperidin-4-ol (5). Reaction of 1-[4-(2-amino-ethylimino)-
4-(4-fluoro-cyclohexyl)-butyl]-4-(chloro-phenyl)-piperidin-4-ol (3) with testosterone (2) to form the compound 3. (ii) = boric acid.

Table 1: 1H NMR (300MHz, CDCl3) data for the haloperidol
derivative (compound 3).

1.52–1.69 (m, 4H), 1.71 (t, 2H, 𝐽 = 6.9Hz), 2.31 (t, 2H, 𝐽 = 6.9Hz),
2.50 (t, 2H, 𝐽 = 6.9Hz), 2.753.03 (m, 4H), 3.08 (t, 2H,𝐽 = 6.5Hz,),
3.51 (t, 2H, 𝐽 = 6.5Hz), 4.63 (s, 3H), 7.06–8.10 (m, 8H) ppm.

Table 2: 13C NMR (300MHz, CDCl3) data for the haloperidol
derivative (compound 3).

26.15, 28.47, 38.40, 41.02, 47.04, 53.63, 54.09, 70.12, 115.08, 126.80,
128.64, 129.15, 134.40, 136.17, 145.22, 162.11, 163.30 ppm.

derivative (compound 5). Additionally, the spectroscopic
analyses showed signals for IR (𝑉max, cm

−1) at 3410, 3,338,
and 2912. The chemical shifts of the spectroscopic analyses
of 1H NMR and 13C NMR for the testosterone derivative
are showed in Tables 3 and 4. Finally, the results of mass
spectroscopy (MS) (70 eV) are shown, 𝑚/𝑧 687.32 [M+,12].
Additionally, the elementary analysis data for compound 5
(C
42

H
55

ClFN
3

O
2

) was calculated (C, 73.28; H, 8.05; Cl, 5.15;
F, 2.76; N, 6.10; O, 4.65) and found (C, 73.26; H, 8.04).

3.1. Biological Evaluation

3.1.1. First Stage

Activity Induced the Testosterone Derivative Using an
Ischemia/Reperfusion Model. The results (Figure 3) showed
that the testosterone derivative significantly reduced
(𝑃 = 0.06) infarct size (expressed as a percentage of the area
at risk) compared with both testosterone and vehicle-treated
hearts.

3.1.2. Second Stage. In this study, the activity induced by
the testosterone and its derivative on perfusion pressure and
coronary resistance in the isolated rat heart was evaluated.

Table 3: 1H NMR (300MHz, CDCl3) data for the testosterone
derivative (compound 5).

0.80 (s, 3H), 0.96–1.02 (m, 3H), 1.05 (s, 3H), 1.08–1.48 (m, 6H),
1.54 (m, 2H), 1.58–1.62 (m, 3H), 1.64 (m, 2H), 1.69 (m, 1H), 1.74 (t,
2H, 𝐽 = 6.54), 1.86–2.38 (m, 7H), 2.42 (t, 2H, 𝐽 = 6.54), 2.54 (t,
2H, 𝐽 = 6.54), 2.78–3.00 (m, 4H), 3.60 (m, 1H), 3.70 (t, 2H,
𝐽 = 6.54), 3.80 (t, 2H, 𝐽 = 6.54), 4.74 (broad, 2H), 5.86 (m, 1H),
6.90–8.10 (m, 8H) ppm.

Table 4: 13C NMR (300MHz, CDCl3) data for the testosterone
derivative (compound 5).

11.10, 17.70, 21.08, 23.32, 26.78, 28.72, 30.26, 30.38, 31.10, 31.28, 31.70,
35.20, 35.34, 36.66, 38.30, 42.80, 47.04, 50.20, 50.56, 51.70, 52.40,
54.22, 70.00, 80.78, 115.08, 115.38, 126.80, 128.60, 129.15, 136.17,
136.72, 145.18, 157.40, 162.12, 163.84, 165.82 ppm.

The results obtained (Figure 4) from changes in perfusion
pressure as a consequence of increases in the time (3–18min)
showed that the testosterone derivative at a dose of 0.001 nM
significantly increases the perfusion pressure (P = 0.05)
in comparison with the control conditions and testosterone
[0.001 nM]. Other result (Figure 5) showed that coronary
resistance, calculated as the ratio of perfusion pressure at
coronary flow assayed (10mL/min), was significantly higher
(P = 0.05) in the presence of steroid derivative [0.001 nM]
than in control conditions and testosterone [0.001 nM].

3.1.3. Third Stage. Figure 6 showed that the testosterone and
its derivative induce an increase on left ventricular pressure in
a dose-dependent manner [0.001 to 100 nM]; however, only
the effect exerted by testosterone was significantly inhibited
by flutamide at a dose of 1 nM (P = 0.06).

On the other hand, other experiments showed that the
testosterone derivative increased left ventricular pressure in a
dose-dependentmanner [0.001 to 100 nM] and this effect was
not inhibited in presence of prazosin ormetoprolol (Figure 7)
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Figure 3: Effect exerted by the testosterone and its derivative (TEST-
DER) on cardiac ischemia/reperfusion. The results showed that the
testosterone derivative significantly reduced infarct size expressed as
a percentage of the area at risk compared with testosterone and the
vehicle-treated hearts (P = 0.06). Each bar represents the mean ±
SE of 9 experiments.
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Figure 4: Effect induced by the testosterone and its derivative
on perfusion pressure. The results showed that the testosterone
derivative significantly increases perfusion pressure (P = 0.05)
through time in comparison with the control conditions and
testosterone. Each bar represents the mean ± SE of 9 experiments.

at a concentration of 1 nM.Additionally, other results indicate
that effect induced by the testosterone derivative on left
ventricular pressure (Figure 8) in presence of nifedipine at a
concentration of 1 nM was not blocked. Finally, other results
(Figure 9) indicate that activity exerted by the testosterone
derivative [0.001 to 100 nM] on left ventricular of testosterone
was significantly blocked in presence of indomethacin (P =
0.05) and PINAME TXA

2

(P = 0.05) at a dose of 1 nM.

3.1.4. Fourth Stage. The results (Figure 10) showed that the
testosterone derivative significantly reduced (𝑃 = 0.06)

Coronary flow (mL/min)
9.0 9.5 10.0 10.5 11.0

C
or

on
ar

y 
re

sis
ta

nc
e (

m
m

H
g/

m
L/

m
in

)

0

1

2

3

4

5

6

7

Control
Testosterone [0.001 nM]
Testosterone derivative [0.001 nM]

∗

Figure 5: Activity exerted by the testosterone derivative and its
derivative on coronary resistance. The results show that coronary
resistance was higher (P = 0.05) in the presence of the testosterone
derivative in comparison with the control conditions and testos-
terone. Each bar represents the mean ± SE of 9 experiments.

infarct size (expressed as a percentage of the area at
risk) compared with vehicle-treated hearts. However, this
effect was partially blocked by indomethacin and PINANE
TXA
2

. Other data indicate that Indomethacin significantly
decreased infarct size (𝑃 = 0.05) in comparison with
testosterone derivative, PINANE TXA

2

, and vehicle-treated
hearts.

4. Discussion

4.1. Chemical Synthesis. There are many procedures for
preparation of several androgen derivatives; nevertheless,
despite its wide scope, have some drawbacks; for example,
several agents used have limited stability and their prepara-
tion requires special conditions [31, 32]. Analyzing these data,
we report a straightforward route for synthesis of an androgen
derivative using some strategies. The first stage was achieved
by the synthesis of 1-[4-(2-amino-ethylimino)-4-(4-fluoro-
cyclohexyl)-butyl]-4-(4-chloro-phenyl)-piperidin-4-ol (3)
which has an imine group (Schiff base) involved in their
chemical structure (Figure 1). It is noteworthy that there are
several procedures for the synthesis of imine groups which
are described in the literature [33, 34]. However, in this
study, the synthesis of compound 3 was developed by the
reaction of haloperidol with ethylenediamine using boric
acid as catalyst to form 3. The structure of compound 3
was confirmed using IR and NMR spectroscopy (Tables 1
and 2). The IR spectra contained characteristic vibrations at
3412 for hydroxyl group; at 3382 for amino group; at 3330
for imino groups, and 2910 piperidine ring. The 1H NMR
spectrum of 3 shows signals at 1.52–1.69 ppm for piperidine
ring; at 1.71–2.50 ppm for methylene groups bound to both
imino and piperidine groups; at 2.75–3.03 ppm for piperidine
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Figure 6: Effects induced by the testosterone and its derivative on
LVP through androgen receptor. Intracoronary boluses (50 𝜇L) of
the testosterone and its derivative [0.001 to 100 nM] were admin-
istered and the corresponding effect on the LVP was determined.
The dose-response curve (control) was repeated in the presence of
flutamide (duration of preincubation with flutamide was by a 10min
equilibration period). The results showed that only the activity
exerted of testosterone on LVP was significantly inhibited (P =
0.06). Each bar represents the mean ± SE of 9 experiments. LVP:
left ventricular pressure.
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Figure 7: Activity exerted by the testosterone derivative on LVP
through of adrenergic receptors. Testosterone derivative [0.001 to
100 nM] was administered (intracoronary boluses, 50 𝜇L) and the
corresponding effect on the LVP was evaluated in the absence and
presence of prazosin or metoprolol. The results showed that activity
induced by the testosterone derivative on LVP was not inhibited
in the presence of prazosin or metoprolol. Each bar represents the
mean ± SE of 9 experiments. LVP: left ventricular pressure.
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Figure 8: Effects induced by the testosterone derivative on LVP
through calcium channel activation. Intracoronary boluses (50𝜇L)
of the testosterone derivative [0.001 to 100 nM] were administered
and the corresponding effect on the LVP was determined in the
absence and presence of nifedipine. The results showed that the
testosterone derivative increases the LVP in a dose-dependent man-
ner and this effect was not inhibited in the presence of nifedipine.
Each bar represents the mean ± SE of 9 experiments. LVP: left
ventricular pressure.

ring; at 3.08–3.51 ppm for methylene groups bound to both
imino and amino groups; at 4.63 ppm for both hydroxyl
and amino groups; at 7.06–8.10 ppm for both phenyl groups.
The 13C NMR spectra showed chemical shifts at 26.15, 28.47,
and 53.63 ppm for methylene groups bound to both imino
and piperidine groups; at 38.40, 47.04, and 70.12 ppm for
piperidine ring; at 41.02 and 54.09 ppm for methylene groups
bound to both amino and imino groups; at 115.08–145.22
and 163.30 ppm for both phenyl groups; at 162.11 ppm for
imino group. Finally, the presence of testosterone derivative
was further confirmed from mass spectrum which showed a
molecular ion at𝑚/𝑧 417.12.

The second stage was achieved by the synthesis of the
testosterone derivative by the reaction of compound 3 with
testosterone using boric acid as catalyst to form a new
imino group involved in the chemical structure of the steroid
derivative. The structure of the testosterone derivative was
confirmed using IR and NMR spectroscopy (Tables 3 and
4). The IR spectra contained characteristic vibrations at 3410
for hydroxyl group; at 3338 for both imino groups and 2912
piperidine ring. The 1H NMR spectrum of the testosterone
derivative shows signals at 0.80 and 1.05 ppm for methyl
groups bound to steroid nucleus; at 0.96–1.02, 1.08–1.48, 1.58–
1.62, 1.69, 1.86–2.38, 3.60, and 5.86 ppm for steroid nucleus;
at 1.54, 1.64 and 2.78–3.00 ppm for piperidine ring; at 1.74
and 2.42–2.54 ppm for methylene groups bound to both
piperidine ring and imine groups; at 3.70 and 3.80 3.99 ppm
for methylene groups bound to both imino groups. Finally,
two signals at 4.74 ppm for both hydroxyl groups and at 6.90–
8.10 ppm for phenyl groups were found.
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Figure 9: Effects induced by the testosterone derivative on LVP
through prostaglandins synthesis and thromboxane receptor. Intra-
coronary boluses (50 𝜇L) of the testosterone derivative [0.001 to
100 nM]were administered and the corresponding effect on the LVP
was determined in the absence and presence of indomethacin and
PINANE TXA

2

. The results showed that the testosterone derivative
increases the LVP in a dose-dependent manner and this effect was
significantly inhibited in the presence of indomethacin (𝑃 = 0.05)
and PINANE TXA

2

(𝑃 = 0.05). Each bar represents the mean ± SE
of 9 experiments. LVP: left ventricular pressure.

On the other hand, the 13C NMR spectra showed chem-
ical shifts at 11.10 and 17.70 ppm for both methyl groups
bound to steroid nucleus; at 21.08–23.32, 30.26–30.66, 42.80,
50.20–50.56, 80.78, 115.38, and 157.40 ppm for steroid nucleus;
at 26.78–28.72 and 54.22 ppm for methylene groups bound
to both piperidine and imino groups; at 38.30, 47.04, and
70.00 ppm for piperidine ring; at 51.70–52.40 ppm for methy-
lene groups bound to both imino groups; at 115.06, 126.80,
136.72, and 163.84 ppm for phenyl group bound to imino
group; at 128.60–136.17 and 145.18 ppm for phenyl group
bound to piperidine ring; at 162.12 and 165.82 ppm for both
imino groups. Finally, the presence of testosterone derivative
was further confirmed from mass spectrum which showed a
molecular ion at𝑚/𝑧 687.36.

4.2. Biological Evaluation. In this study, the activity of
the testosterone derivative on myocardial injury using an
ischaemia/reperfusion model was evaluated. The results
showed that the testosterone derivative significantly reduced
infarct size (expressed as a percentage of the area at risk)
compared with both testosterone and vehicle-treated hearts.
This effect can be conditioned by changes in the chemical
structure of testosterone which may consequently bring
activation of some biological structures (e.g., ionic channels
or specific receptors) involved in the endotheliumof coronary
artery [35] or by the influence exerted by the testosterone
derivative on blood pressure which consequently bring
reduction in the infarct size and decrease the myocardial
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Figure 10: Effect exerted by indomethacin (INDOMET) and
PINANE TXA2 (PINANE) in presence and absence of testos-
terone derivative (T-D) on cardiac ischemia/reperfusion.The results
showed that T-D significantly reduced infarct size expressed as
a percentage of the area at risk compared with testosterone and
the vehicle-treated hearts (P = 0.06). However, this effect was
partially blocked by INDOMET and PINANE. Other data indicate
that INDOMET significantly decreased infarct size (𝑃 = 0.05) in
comparison with PINANE. Each bar represents the mean ± SE of 6
experiments.

injury after ischemia/reperfusion similar to other reports
for other types of steroids [36]. To assess these hypotheses,
the effect induced by the testosterone and its derivative on
blood vessel capacity and coronary resistance, translated as
changes in perfusion pressure, was evaluated in an isolated
rat heart model. The experimental results showed that the
testosterone derivative significantly increases the perfusion
pressure over time (3–18min) compared with testosterone
and the control conditions. These data suggest that activity
induced by the testosterone derivative on perfusion pressure
could modify vascular tone and coronary resistance of heart.
Therefore, in this study, the activity exerted by testosterone
and its derivative on coronary resistance was evaluated. The
results indicate that coronary resistance was increased in
presence of the steroid derivative. These data suggest that
the testosterone derivative exerts effects on vascular tone
through the generation or activation of vasoactive substances
such as intracellular calcium. This phenomenon is similar
to the activity exerted by other compounds such as the
carbamazepine-alkyne derivative [37].

In order to characterize the molecular mechanism of this
phenomenon and analyze the reports of some investigations
which indicate that testosterone induces its effect on blood
pressure via activation of the androgen receptor [38], we
used flutamide (androgen-receptor blocker) to determine if
the effects of testosterone and its derivative on perfusion
pressure were via the androgen receptor. Our results showed
that only the effect of testosterone was significantly inhibited
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in presence of flutamide; however, the testosterone derivative
was not inhibited by the androgen-receptor blocker, sug-
gesting that the molecular mechanism for the testosterone
derivative is not via the androgenic receptor. In search of
molecular mechanism involved in the activity of the testos-
terone derivative and analyzing a study which indicates that
some androgens such as dehydroisoandrosterone 3-sulfate
stimulate catecholamines production and this phenomenon
may induce a positive inotropic effect [39, 40] which has
an important role in the development or maintenance of
elevated blood pressure [41]. For this reason, in this study, the
effect exerted by the testosterone derivative on left ventricular
pressure was evaluated in the absence or presence of prazosin
ormetoprolol.The experimental results showed that the effect
induced by the testosterone derivativewas not inhibited in the
presence of these compounds. These data indicated that the
molecular mechanism involved in the activity of testosterone
derivative is not via adrenergic system.

Analyzing the results obtained and other reports which
indicate that some steroid derivatives can induce changes
on blood pressure by increasing calcium levels [42]; in this
study, we also considered validating the effect induced by
the testosterone derivative on left ventricular pressure via the
calcium channels activation using as pharmacological tool
to nifedipine. The results showed that the effect induced by
the testosterone derivative was not inhibited in the presence
of nifedipine. These results indicate that activity of the
testosterone derivative was not through calcium channels
activation.

On the other hand, in the search of the molecular
mechanism involved in effect induced by the testosterone
derivative on left ventricular pressure and analyzing previous
reports, which indicate that some steroids exert its effect on
left ventricular pressure via prostaglandins synthesis [43].
In this sense, other alternative experiments were conducted
to evaluate the possibility that the activities exerted by
the testosterone derivative on left ventricular pressure
involve stimulation and secretion of prostaglandins using
as pharmacological tool indomethacin. The results showed
that effect induced by the testosterone derivative on left
ventricular pressure was blocked by indomethacin. These
results indicate that the molecular mechanism involved
in the effect exerted by the testosterone derivative was via
prostaglandins. To assesswhether the activity exercised by the
derivative of testosterone on left ventricular pressure involves
the activation or release of a specific prostaglandin such as
thromboxane A

2

as (TXA
2

) which is a substance that induces
a vasoconstriction effect in heart [44]. In addition, it is impor-
tant to mention that TXA

2

has been found into the coronary
circulation in patients with ischemic heart disease [45].
Therefore, in this study, other experiments were conducted
using thromboxane receptor antagonist (PINANE TXA

2

) as
pharmacological tool. The results indicate that effect exerted
by the testosterone derivative was significantly inhibited by
PINANE TXA2; these experimental data suggest that activity
of the testosterone derivative on left ventricular pressure
could be through receptor thromboxane A2 activation which
consequently brings decrease in the ischemia/reperfusion
injury. To assess this hypothesis, several experiments were

conducted to evaluate the activity of indomethacin and
PINANE TXA

2

on ischemia/reperfusion injury in the
presence or absence of the testosterone derivative. The
results showed that effect exerted by steroid derivative on
ischemia/reperfusion injury was inhibited partiality with
indomethacin and PINANE TXA

2

. Additionally, other
data showed that beneficial effects on ischemia/reperfusion
injury induced by indomethacin and PINANE TXA

2

were
higher in comparison with testosterone derivative. All
these data indicate that; (1) indomethacin blocked the
activity of COX and this phenomenon consequently bring
inhibition of synthesis or release to two prostaglandins
such as PGI2 (prostaciclin) and TXA2 (tromboxane A

2

)
which exert effects on ischemia/reperfusion injury such
as happening in other types of studies [7–9, 14]; (2) the
testosterone derivative decreases the ischemia/reperfusion
injury through thromboxane receptor activation; (3) the
steroid derivative could induce an imbalance in the relation
of PGI

2

/TXA
2

which may consequently bring changes in
the metabolism of myocardium and induce a decrease of the
ischemia/reperfusion injury.

5. Conclusions

The testosterone derivative is a particularly interesting
drug, because the activity induced for this compound on
ischemia/reperfusion injury involves amolecularmechanism
different in comparison with other drugs. This phenomenon
may constitute a novel therapy for ischemia/reperfusion
injury.
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en ratas con coartación aórtica mediante microdiálisis,” Revista
Argentina de Cardiologia, vol. 67, pp. 769–773, 1999.

[31] M. E. Herr and F. W. Heyl, “‘Enamine’ derivatives of steroidal
carbonyl compounds. III. The synthesis of C11-oxygenated
testosterones,” Journal of the American Chemical Society, vol. 75,
no. 23, pp. 5927–5930, 1953.

[32] D. E. Stevenson, J. N. Wright, and M. Akhtar, “Synthesis
of 19-functionalised derivatives of 16𝛼-hydroxy-testosterone:
mechanistic studies on oestriol biosynthesis,” Journal of the
Chemical Society—Chemical Communications, vol. 16, pp. 1078–
1080, 1985.

[33] A. K. Shirayev, I. K. Moiseev, and S. S. Karpeev, “Synthesis
and cis/trans isomerism of N-alkyl-1,3-oxathiolane-2-imines,”
Arkivoc, vol. 2005, no. 4, pp. 199–207, 2005.



BioMed Research International 11

[34] D. J. Uppiah, M. G. Bhowon, and S. J. Laulloo, “Solventless
synthesis of imines derived from diphenyldisulphide diamine
or p-Vanillin,” E-Journal of Chemistry, vol. 6, no. 1, pp. S195–
S200, 2009.

[35] D. Bouı̈s, G. A. P. Hospers, C. Meijer, G. Molema, and N. H.
Mulder, “Endothelium in vitro: a review of human vascular
endothelial cell lines for blood vessel-related research,” Angio-
genesis, vol. 4, no. 2, pp. 91–102, 2001.

[36] S. Beer, M. Reincke, M. Kral et al., “Susceptibility to cardiac
ischemia/reperfusion injury is modulated by chronic estrogen
status,” Journal of Cardiovascular Pharmacology, vol. 40, no. 3,
pp. 420–428, 2002.

[37] L. Figueroa-Valverde, F. Dı́az-Cedillo, M. López-Ramos, E.
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ToonamicrocarpaHarms is a tonic, antiperiodic, antirheumatic, and antithrombotic agent in China and India and an astringent and
tonic for treating diarrhea, dysentery, and other intestinal infections in Indonesia. In this study, we prepared ethyl-acetate extract
from the air-dried leaves of Toona microcarpaHarms and investigated the anticoagulant activities in vitro by performing activated
partial thromboplastin time (APTT), prothrombin time (PT), and thrombin time (TT) assays. Antiplatelet aggregation activity of
the extract was examined using adenosine diphosphate (ADP), collagen, and thrombin as agonists, and the inhibitions of factor Xa
and thrombin were also investigated. Bleeding and clotting times inmice were used to determine its anticoagulant activities in vivo.
It is found that Toona microcarpa Harms leaf extract (TMHE) prolonged APTT, PT, and TT clotting times in a dose-dependent
manner and significantly inhibited platelet aggregation induced by thrombin, but not ADP or collagen. Clotting time and bleeding
time assays showed that TMHE significantly prolonged clotting and bleeding times in vivo. In addition, at the concentration of 1
mg/mL, TMHE inhibited human thrombin activity by 73.98 ± 2.78%. This is the first report to demonstrate that THME exhibits
potent anticoagulant effects, possibly via inhibition of thrombin activity.

1. Introduction

Many traditional Chinese herbal medicines have been used
for thousands of years in clinical practice because of their
proven efficacy, wide indications, high safety profile, and
low toxicity [1]. Toona microcarpa Harms, a tree reaching
10m, is a perennial hardwood of the family Meliaceae that
is found in India, Bhutan, Laos, Malaysia, Myanmar, Papua
New Guinea, Thailand, Sikkim, Indochina, and southern
China.This species yields excellent timber and has long been
used as a traditional Chinese medicine (TCM) for treating
various conditions as its leaves, seeds, and root bark have
medicinal effects. Specifically, the bark is used as a powerful
astringent and purgative, and the leaf extract has antithrom-
botic effect and antibiotic activity against Staphylococcus, with
leaf tip concoctions applied to swellings. Toona microcarpa
Harms is considered a tonic, antiperiodic, antirheumatic, and

antithrombotic agent in China and India and is used as an
astringent and tonic for treating diarrhea, dysentery, and
other intestinal infections in Indonesia [2]. However, there
are few reports about the antithrombotic activities of Toona
microcarpaHarms and the mechanism is unknown.

Thrombosis is a major cause of morbidity and mortality
and is closely related to activated platelet adhesion, aggre-
gation, secretion functions, and activation of intrinsic and
extrinsic coagulation systems, which cause blood coagulation
and fibrin formation [3]. In TCM, thrombotic disorders are
described as blood stasis syndrome.ToonamicrocarpaHarms
has some effects on activating blood circulation to dissipate
blood stasis; however, themechanismunderlying its effect has
been poorly studied. In this study, we prepared ethylacetate
extract from the air-dried leaves of Toona microcarpaHarms
and investigated its antithrombotic activity and underlying
mechanism.
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2. Materials and Methods

2.1. Preparation of Toona microcarpa Harms Leaf Extract
(TMHE). The aerial parts of Toona microcarpa Harms were
collected in February 2013 from the Jinghong region of
Yunnan Province, China. The plant was identified by Dr.
Rong Li, and a voucher specimen (KIB 13-02-08) was
deposited in the State Key Laboratory of Phytochemistry
and Plant Resources in west China, Kunming Institute of
Botany, Chinese Academy of Sciences. Air-dried and pow-
dered leaves ofToonamicrocarpaHarms (1 kg) were extracted
with 90% ethanol (5000mL × 2) at room temperature and
concentrated in vacuo to yield crude extract. The dry extract
was resuspended in distilled water (1000mL) and extracted
twice with petroleum (30–60∘C) to remove pigments and
lipids, followed by two more extractions with ethylacetate
using liquid-liquid partitioning. After removing the solvent
using a rotary vacuum evaporator, the ethylacetate fraction
was used to determine its bioactivity. TMHE was dissolved
in dimethylsulfoxyde to obtain stock solutions of 50mg/mL.
Working solutions were obtained by dilution with distilled
water.

2.2. Activated Partial Thromboplastin Time (APTT), Prothro-
mbin Time (PT), and Thrombin Time (TT) Assays In Vitro.
Male imprinting control region (ICR) mice (28–32 g) were
supplied by the animal center of Nanjing Medical University.
All animal experiments were approved by the Animal Care
andUseCommittee ofTheFirst AffiliatedHospital ofNanjing
Medical University. Blood was drawn from the eyeball of
ICR mice and separately centrifuged at 3000 rpm for 15min
to obtain platelet poor plasma (PPP). For in vitro APTT
assays, 50 𝜇L normal citrated PPP was incubated with 50𝜇L
TMHE (0.5, 1, 2, 3, or 4 mg/mL) and 50 𝜇L APTT reagent for
3min at 37∘C. APTT clotting time was immediately recorded
after the addition of 100 𝜇L calcium chloride (20mM). For
in vitro PT assays, 50 𝜇L normal citrated PPP was incubated
with 50𝜇L (0.5, 1, 2, 3, or 4mg/mL) TMHE for 3 min
at 37∘C. Clotting time was immediately recorded after the
addition of 100𝜇LPT reagent [4]. For in vitroTT assay, 100 𝜇L
normal citrated PPP was incubated with 100𝜇L (0.5, 1, 2, 3,
or 4mg/mL) TMHE for 2min at 37∘C. Clotting time was
immediately recorded after the addition of 100 𝜇L TT reagent
[5]. All coagulation assays were performed in triplicate.
Heparin (1mg/mL) and argatroban (TIPR Pharmaceutical
Responsible Co., Ltd., 0.05mg/mL) were used as positive
controls, and the extract solvents were used as negative
controls.

2.3. Platelet Aggregation Test. Male New Zealand rabbits (4-
5 kg) were supplied by the animal center of Nanjing Medical
University. All animal experiments were approved by the
Animal Care and Use Committee ofThe First Affiliated Hos-
pital of Nanjing Medical University. After application of the
local anesthetic lidocaine, blood was drawn from the carotid
artery of male New Zealand rabbits and directly collected
into vials containing sodium citrate (1 : 9 v/v) mixture. The
blood samples were centrifuged at 1000 rpm for 10min at
room temperature to prepare platelet rich plasma (PRP),

and the residue was centrifuged at 3000 rpm for 15min at
room temperature to obtain PPP [6]. Briefly, 270𝜇L PRP
and 30 𝜇L TMHE were incubated at 37∘C in an aggregome-
ter. After a 3 min preincubation, 30 𝜇L of agonists (ADP,
collagen, or thrombin, the final concentrations are 5 𝜇M,
2 𝜇L/mL, and 1NIH/mL) was added to initiate aggregation,
which was monitored for 6min. The extract solvents were
used as negative controls; aspirin (1mg/mL) and argatroban
(0.005mg/mL) were used as positive controls. The inhibition
rate was calculated as follows: inhibition rate = (Av – At)/Av
× 100%; Av is the platelet aggregation percent of negative
control and At is the platelet aggregation percent of the
TMHE group, respectively.

2.4. Thrombin Inhibition Assay. TMHE (20𝜇L) (0.1, 0.2, 0.3,
0.5, 0.8, or 1mg/mL) and 20𝜇L human thrombin (5NIH/mL)
(Hyphen-BioMed, France) in 20𝜇L Tris-HCl buffer (0.05M,
pH 7.5) were incubated for 15min in a 96-well plate.The reac-
tion was initiated by adding 20𝜇L thrombin chromogenic
substrate CS-01(38) (2.5mg/mL), and the absorbance at
405 nm was recorded every 0.5min for 5min. The back-
ground absorbance was measured just before adding the
substrate. In A-t curve, the curve slope was considered the
reaction rate (V). The enzyme inhibition percentage (𝐼) was
determined as follows: 𝐼 = (𝑉

0

− 𝑉
𝑖

)/𝑉
0

× 100%. 𝑉
0

is the
rate of extract solvents, and 𝑉

𝑖

is the rate of TMHE. Extract
solvents were used as negative controls, whereas argatroban
(TIPR Pharmaceutical Responsible Co., Ltd., 5 𝜇g/mL) was
used as a positive control.The results were expressed as mean
± SD for three independent experiments.

2.5. Factor Xa InhibitionAssay. Thesame protocol as describ-
ed for thrombin was followed using 20 𝜇L human factor
Xa (2.5 𝜇g/mL) (Hyphen-BioMed) in 20𝜇L PBS buffer (1/15
M, pH 8.34) and 20 𝜇L CS-11(22) substrate (2.5mg/mL).
Rivaroxaban (Bayer, 0.5𝜇g/mL) was used as a positive con-
trol. The results were expressed as mean ± SD for three
independent experiments.

2.6. APTT and PT Assays Ex Vivo. ICR mice (18–22 g) were
divided into five treatment groups (both sexes, six per
group) and orally administered extract solvents (control), low
dose TMHE (20mg/kg body weight), medium dose TMHE
(40mg/kg body weight), high dose TMHE (80mg/kg body
weight), and dabigatran etexilate (Boehringer Ingelheim,
20mg/kg body weight). Blood was collected intracardially at
120min after dosing [5]. The APTT and PT assays were per-
formed as described in Section 2.2, except that test samples
were not added to the blood samples.

2.7. Clotting Time Assay In Vivo. Whole blood clotting time
in mice was measured by the capillary glass tube method
[7]. ICR mice (18–22 g) were divided into five groups (both
sexes, six per group) and orally administered extract solvents
(control), low dose TMHE (20mg/kg body weight), medium
dose TMHE (40mg/kg body weight), high dose TMHE
(80mg/kg body weight), and dabigatran etexilate (20mg/kg
body weight). Each group was administered drug for four
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Figure 1: Anticoagulant assays in vitro. (a) TMHE prolonged the APTT clotting time in a dose-dependent manner. (b) TMHE prolonged
PT clotting time in a dose-dependent manner. (c) TMHE prolonged PT clotting time in a dose-dependent manner. ∗∗𝑃 < 0.01, ∗𝑃 < 0.05,
compared with extract solvent.

consecutive days. Ninety minutes after the last administra-
tion, blood samples were collected via the retroorbital plexus
with a glass capillary tube and kept on a slide to allow clotting.
The blood was stirred with a dry needle every 30 s until the
needle wire provoked a fibrous protein, which was defined as
clotting time [3].

2.8. Bleeding Time Assay In Vivo. ICR mice (18–22 g) were
divided into five groups (both sexes, six per group) and orally
administered extract solvents (control), low dose TMHE
(20mg/kg body weight), medium dose TMHE (40mg/kg
body weight), high dose TMHE (80mg/kg body weight), and
dabigatran etexilate (20mg/kg body weight). Each group was
administered drug for four consecutive days. Ninety minutes
after the last administration, the mice tails were marked with
a tag approximately 5mm long and then cut at the mark.
Then, the tip of the tail was immersed in saline at 37∘C,
and the time from cutting the tip of the tail to stopping the

bleeding was recorded; this interval was defined as bleeding
time [8].

2.9. Acute Toxicity. The acute toxicity of TMHE was evalu-
ated in mice according to the description of Wang et al. [9].
Six ICRmice (18–22 g) of both sexes were orally administered
with TMHE (2 g/kg body weight) by gavage. Four hours after
administration, the mice were observed for toxic symptoms
continuously. Finally, the number of survivors was noted after
24 h and these animals were then maintained for further 13
days with observations made daily.

3. Results

3.1. APTT, PT, and TT Assays In Vitro. For in vitro coagu-
lation assays, TMHE prolonged APTT, TT, and PT clotting
times in a dose-dependent manner (Figure 1). It prolonged
APTT clotting time from 34.67 ± 1.53 to 59 ± 3.61 s
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Figure 2: Thrombin inhibition of TMHE. TMHE inhibited the
activity of thrombin in a dose-dependent manner.

(Figure 1(a)), PT clotting time from 12.67 ± 0.76 to 19.83 ±
1.26 s (Figure 1(b)), and TT clotting time from 14.5 ± 0.7 to
21.63 ± 0.55 s (Figure 1(c)) at the concentration of 4mg/mL.
Heparin prolonged APTT and PT clotting times more than
120 s and 60 s, respectively, at a concentration of 1mg/mL.
Argatroban prolonged TT clotting times more than 120 s at
a concentration of 0.05mg/mL.

3.2. In Vitro Antiplatelet Aggregation Assay. The potential
antiplatelet aggregation activity of TMHE was investigated
using antiplatelet aggregation assays using ADP or collagen
or thrombin as agonists. TMHE at a concentration up to
8mg/mL did not significantly inhibit platelet aggregation
induced by the two platelet agonists. However, TMHE inhib-
ited the thrombin stimulated platelet aggregation activity by
31.41 ± 7.84% at the concentration of 1mg/mL. Argatroban
inhibited the thrombin stimulated platelet aggregation activ-
ity by 78.21 ± 3.29% at the concentration of 0.005mg/mL.

3.3. Thrombin and Factor Xa Inhibition Assays. As shown in
Figure 2, TMHE inhibited the activity of human thrombin
in a dose-dependent manner. Specifically, it inhibited human
thrombin activity by 73.98 ± 2.78% at a concentration of
1mg/mL, whereas at a concentration of 5 𝜇g/mL argatroban
inhibited thrombin activity by 36.32 ± 2.24%. However,
TMHE did not inhibit the activity of human factor Xa.

3.4. APTT and PT Assays Ex Vivo. For ex vivo coagulation
assays, mice were treated with 20, 40, or 80mg/kg body
weight TMHE. An increase in APTT clotting time was
observed withmedium and high doses of TMHE 90min after
oral administration (Figure 3(a)). However, no significant
changes were observed in PT clotting time (Figure 3(b)).

3.5. Clotting and Bleeding Times In Vivo. Compared to the
control group,mediumandhigh doses of TMHE significantly
prolonged the clotting time, indicating that TMHE has
anticoagulant effects (Figure 3(c)). Moreover, the dabigatran

etexilate treated group had longer bleeding times than the
TMHE treatment groups (Figure 3(d)).

3.6. Acute Oral Toxicity. No death was recorded in the 14
days observation period in the mice given 2 g/kg of TMHE
orally. All of animals did not show any changes in the general
appearance during the observation period.

4. Discussion

Toona microcarpa Harms has traditionally been used as an
herbal medicine in Chinese culture for activating blood
circulation to remove stasis. In this study, we used bleeding
and clotting times in mouse models to investigate the in
vivo hematological effect of TMHE. The results showed that
TMHE significantly prolonged bleeding and clotting times
in a dose-dependent manner, indicating that TMHE has
potent antihemostatic effects. Hemostasis is divided into
two consecutive stages: platelet aggregation and coagulation
cascade. Therefore, both platelet and coagulation factors
play roles in blood hemostasis. An increase in bleeding
and clotting times suggests a defect or inhibition of either
platelet aggregation or blood coagulation pathways. Firstly,
we evaluated the potential antiplatelet activity of TMHE
using ADP, collagen, and thrombin as agonists. The results
showed that TMHE can inhibit platelet aggregation induced
by thrombin, but not by ADP and collagen.

Secondly, the anticoagulant activities of TMHE were
measured by APTT, PT, and TT. APTT is used to evaluate the
coagulation factors such as VIII, IX, XI, XII, and prekallikrein
in intrinsic coagulation pathway while PT is used to evaluate
the coagulation factors V, VII, and X in extrinsic coagulation
pathway [10]. TT reflects the blood coagulation status that
transforms fibrinogen into fibrin, which is directly induced by
the addition of thrombin. The test only detects disturbances
in the final stages of coagulation, especially dysfibrinogen-
emia or the presence of thrombin inhibitors [11]. In our
study, the results of APTT, PT, and TT assays in vitro
showed that TMHE significantly prolonged APTT, PT, and
TT clotting times in a dose-dependent manner; the ex vivo
coagulation assays results showed that an increase in APTT
clotting time was observed with medium and high doses of
TMHE while no significant changes were observed in PT
clotting time.These results indicated that TMHEmaymainly
exhibit anticoagulant activity correlating with the intrinsic
coagulation process.

Thirdly, to further investigate the anticoagulant activity
or mechanism of TMHE, coagulation factors (thrombin and
FXa) inhibition tests were used. Thrombin and FXa are two
highly validated targets that function at key steps in the
coagulation cascade [12]. Many clinically used anticoagulant
drugs are thrombin inhibitors (e.g., argatroban) or FXa
inhibitors (e.g., rivaroxaban).Thrombin plays a central role in
maintaining the integrity of hemostasis, interacts with most
zymogens and their cofactors, and plays multiple procoagu-
lant and anticoagulant roles in blood coagulation [13]. FXa,
in combination with its cofactor Va, converts prothrombin to
thrombin, resulting in initial fibrin formation. It sits at the
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Figure 3: Anticoagulant assays in vivo. (a) APTT clotting time increased at medium and high doses of TMHE. (b)There were no significant
changes in PT clot time. (c) Effect of TMHE on clotting time. (d) Effect of TMHE on bleeding time. ∗∗𝑃 < 0.01, ∗𝑃 < 0.05, compared with
control group.

junction of the extrinsic and the intrinsic pathways and plays
a critical role in controlling the hemostatic network [4]. In
this study, we found that TMHE inhibited thrombin activity
in a dose-dependent manner but had no significant effect on
FXa activity. Thrombin appears as the major target of the
TMHE.

In summary, TMHE prolonged APTT, PT, and TT
clotting times, inhibited the thrombin but not ADP or
collagen stimulated platelet aggregation, and prolonged the
whole bleeding and clotting time, possibly via inhibition of
thrombin. These results will be helpful to understand the
antithrombotic mechanism of Toona microcarpaHarms.

Many TCMs have been demonstrated to have anticoag-
ulant activity. Danggui (Radix angelicae Sinensis), Honghua
(Flos carthami), and Danshen (Salvia miltiorrhiza Bunge)
are examples of TCM herbs that are used to activate blood
circulation to remove blood stasis [14]. In addition, Taoren

(Persicae semen) and Honghua (Flos carthami) used in pair
named as Taoren-Honghua herb pair have also been used for
many years to promote blood circulation to dissipate blood
stasis [15]. In some studies, herbs extracts were found to have
anticoagulant activities; for example, Xin et al. found that 95%
ethanol extract of dragon’s blood inhibits platelet aggregation
and prolongs anticoagulation activities [16]. Zeng et al. found
that the methanol extract of Geum japonicum at a concen-
tration of 2mg/mL has significant anticoagulant activity in
the extrinsic coagulation pathway [17]. Han et al. found that
70%ethanol fraction froman aqueous extract ofRubus chingii
leaves is themost antithrombotic fraction in vitro and in vivo,
and flavonoidsmake an important contribution [18].Wang et
al. found that the Erigeron breviscapus extract has anticoag-
ulant activity [19]. However, these studies mostly focused on
their anticoagulant or antiplatelet activities, without implying
the role of coagulation factors or platelet. Few studies further
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studied the effects of herb on the coagulation factors or
platelet. Ku et al. found that persicarin and isorhamnetin
which are isolated from Oenanthe javanica inhibit not only
the activities of thrombin and FXa but also the generations of
thrombin and FXa in human umbilical vein endothelial cells
[20]. Robert et al. found that the leaf extracts especially the
aqueous extract of Croton zambesicus Müell. Arg exhibited
both the thrombin and FXa inhibition but no antiplatelet
activity [21]. In this study, we also investigated TMHE’s effect
on coagulation factors or platelet and found that TMHEcould
inhibit the thrombin activity, but no effects on FXa or platelet.

In conclusion, this is the first report to demonstrate that
TMHE has anticoagulant activity, most likely via its ability to
inhibit thrombin activity. Toona microcarpa Harms may be
a thrombin inhibitor that can function as an anticoagulant
therapeutic. However, the anticoagulant activity of TMHE is
weaker comparedwith positive control drugs such as heparin,
argatroban, and dabigatran etexilate. It may be due to that
TMHE ismerely raw product which is extracted from the air-
dried leaves of Toona microcarpa Harms by ethylacetate. We
will perform further separation and purification for the active
components.
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It has been indicated that activation of peripheral imidazoline I
2

-receptor (I-2R) may reduce the blood pressure in spontaneously
hypertensive rats (SHRs). Also, guanidinium derivatives show the ability to activate imidazoline receptors. Thus, it is of special
interest to characterize the I-2R using guanidinium derivatives in blood vessels for development of antihypertensive agent(s).
Six guanidinium derivatives including agmatine, amiloride, aminoguanidine, allantoin, canavanine, and metformin were applied
in this study. Western blot analysis was used for detecting the expression of imidazoline receptor in tissues of Wistar rats. The
isometric tension of aortic rings isolated frommale rats was also estimated.The expression of imidazoline receptor on rat aorta was
identified. However, guanidinium derivatives for detection of aortic relaxation were not observed except agmatine and amiloride
which induced a marked relaxation in isolated aortic rings precontracted with phenylephrine or KCl. Both relaxations induced
by agmatine and amiloride were attenuated by glibenclamide at concentration enough to block ATP-sensitive potassium (KATP)
channels. Meanwhile, only agmatine-induced relaxation was abolished by BU224, a selective antagonist of imidazoline I

2

-receptors.
Taken together, we suggest that agmatine can induce vascular relaxation through activation of peripheral imidazoline I

2

-receptor
to open KATP channels. Thus, agmatine-like compound has the potential to develop as a new therapeutic agent for hypertension in
the future.

1. Introduction

Hypertension is known as the main risk parameters in
patients with cardiovascular diseases, such as myocardial
infarction and stroke. Many agents used in clinics are men-
tioned to produce side effects.Thus, development of the better
agent to handle hypertension is urgent [1].

Imidazoline receptors are introduced to play a role in car-
diovascular regulation [2, 3]. In recent, 3 subtypes of imi-
dazoline receptors have been proposed; activation of I-
1 receptors regulates the blood pressure through central
nervous system [4], whereas I-3 receptors participate in

insulin release [5] and activation of I-2 receptors (I-2R)
increases glucose uptake into muscle cells [6, 7]. The clinical
used antihypertensive agent rilmenidine may reduce blood
pressure via an activation of imidazoline I

1

-receptors in brain
to lower sympathetic tone [8, 9]. But, application of rilmeni-
dine in hypertension is usually to produce some side effects
such as mental depression, insomnia, and drowsiness. Thus,
development of new agent formanagement of hypertension is
essential. Recently, an activation of peripheral imidazoline I

2

-
receptor (I-2R) was documented to produce antihypertensive
actions in spontaneous hypertensive rats (SHRs) [10]. Thus,
peripheral I-2R seems a potential target in development of
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antihypertensive drugs without side effects of sympathetic
inhibition.

It has been documented that compounds with guanidine-
like structures may bind to imidazoline receptors [11]. Thus,
it is of special interest to investigate the effect of guanidinium
derivatives on peripheral I-2R for vasodilatation. Then, this
may help the development of new agent(s) for hypertension
in the future.

2. Material and Methods

2.1. Animals. The male Wistar rats, weighing from 250 to
300 g, were obtained from the Animal Center of National
Cheng Kung University Medical College. Animals were
housed individually in plastic cages under standard labo-
ratory conditions. We kept them under a 12 h light/dark
cycle and had free access to food and water. All experiments
were performed under anesthesia with 2% isoflurane to
minimize the animals’ suffering. The animal experiments
were approved and conducted in accordance with local
institutional guidelines for the care and use of laboratory
animals, and the experiments conformed to the Guide for the
Care and Use of Laboratory Animals as well as the guidelines
of the Animal Welfare Act.

2.2. Preparation of Isolated Aortic Rings. Isolation of aortas
was performed as described previously [10] from Wistar
rats. After sacrifice under anesthesia with pentobarbital
(50mg/kg), the thoracic aortas were removed to put in the
oxygenated Krebs’ buffer (95% O

2

, 5% CO
2

). Aortas were cut
into ring segments about 3mm without fat and connective
tissue.Then, as described previously [10], they were mounted
in the organ baths containing 10mL oxygenated Krebs’ buffer
(95% O

2

, 5% CO
2

) at 37∘C.
Similar to previous report [10], each ring was connected

to strain gauges (FT03; Grass Instrument, Quincy,MA, USA)
to measure the isometric tension through chart software
(MLS023, Powerlab; AD Instruments, Bella Vista, NSW,
Australia). Samples were mounted to stabilize for 2 h. Each
ring was then stretched gradually for optimal resting tension
at 1 g.

2.3. Vasodilatation Caused by Guanidinium Derivatives.
After the stabilization of resting tone, a solution of either phe-
nylephrine (Sigma-Aldrich, St. Louis, MO, USA) or KCl
prepared in distilled water was added to the bathing buffer
to induce a marked raise in vascular tone followed by a
stable vasoconstriction (tonic contraction). The final con-
centration in the organ bath of both phenylephrine and
KCl was 1 𝜇mol/L and 50mmol/L, similar to previous
report [10]. Rings of the treated group were exposed to
agmatine, amiloride, metformin, allantoin, canavanine, and
aminoguanidine (10𝜇M) for recording the alterations in tonic
contraction (vasodilatation). Relaxation is expressed as the
decreased percentage in maximal tonic contraction.

2.4. Effects of Blockers on Guanidinium Derivatives-Induced
Vasodilatation. Aortic rings were exposed to BU224

(Research Biochemical, Wayland, MA, USA), a selective
antagonist of imidazoline I

2

-receptors, for 15min prior to
the addition of guanidinium derivatives into the organ bath.
Glibenclamide (Tocris Cookson, Bristol, UK), as blocker
specific for KATP channels, was administered in the same
manner. The changes of vasodilatation after treatment with
inhibitor were compared to vehicle-treated groups.

2.5. Western Blotting Analysis. Western blotting analysis was
performed as the previous method [10] and we extracted
protein from tissue homogenates using ice-cold radioim-
munoprecipitation assay (RIPA) buffer supplemented with
phosphatase and protease inhibitors (50mmol/L sodium
vanadate, 0.5mM phenylmethylsulphonyl fluoride, 2mg/mL
aprotinin, and 0.5mg/mL leupeptin). Concentrations of pro-
tein were determined with a Bio-Rad protein assay (Bio-
Rad Laboratories, Inc., Hercules, CA, USA). Total proteins
(30 𝜇g) and were separated by SDS/polyacrylamide gel elec-
trophoresis (10% acrylamide gel) using a Bio-Rad Mini-
Protein II system. The protein was transferred to expanded
polyvinylidene difluoride membranes (Pierce, Rockford, IL,
USA) with a Bio-Rad Trans-Blot system. After transfer, the
membranes were washed with PBS and blocked for 1 h at
room temperature with 5% (w/v) skimmed milk powder in
PBS. The manufacturer’s instructions were followed for the
primary antibody reactions. Following blocking, the blots
were developed using antibodies for imidazoline receptors
(IR) (Abcam, Cambridge, UK). The blots were subsequently
hybridized using horseradish peroxidase-conjugated goat
anti-goat IgG (Jackson ImmunoResearch Laboratories, Inc.,
PA, USA) and developed using the Western Lightning
Chemiluminescence Reagent PLUS (PerkinElmer Life Sci-
ences Inc., Boston, MA, USA). Densities of the obtained
immunosblots at 37 KDa for imidazoline receptors (IR) and
43KDa for actin were quantified using Gel-Pro analyser
software 4.0 (Media Cybernetics, Silver Spring, MD, USA).

2.6. Statistical Analysis. Results were expressed as mean ±
SE of each group. Statistical analysis was carried out using
Student’s 𝑡-test analysis. Statistical significance was set as 𝑃 <
0.05.

3. Results

3.1. Identification of Imidazoline Receptor Expression in Tissues
Using Western Blotting Analysis. The anti-NISCH (imida-
zoline) antibody positively reacted with the tissue lysate
prepared from heart, aorta, pancreas, skeletal muscle, kidney,
prostate, and urinary bladder using western blotting analysis
(Figure 1). The expression of imidazoline receptor in aorta
can thus be identified.

3.2. Effects of Guanidinium Derivatives on Vascular Tone.
Six guanidinium derivatives of agmatine, amiloride, met-
formin, allantoin, canavanine, and aminoguanidine were
tested in current study. Aortic ring strips are markedly
contracted by the application of phenylephrine (1 𝜇mol/L)
or KCl (50mmol/L) as described previously [12]. Similar
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Figure 1: Detection of the expressions of imidazoline receptors
in tissue homogenates by western blot analysis. The anti-NISCH
(imidazoline receptors) antibody positively reactedwith tissue lysate
of heart, liver, aorta, skeletal muscle (SM), kidney, prostate, and
bladder by western blot analysis. All values are presented as mean ±
SEM (𝑛 = 8).

to the previous report [13], most guanidinium derivatives
did not modify the vascular tone of aortic rings at the
pharmacological concentration (10𝜇mol/L) but agmatine
and amiloride significantly relaxed the tonic contraction of
rats’ aortic rings induced by phenylephrine. Similarly, KCl-
induced tonic vasoconstriction was relaxed by agmatine and
amiloride (Figure 2).

3.3. Effects of Imidazoline Receptor Antagonism on Agmatine
or Amiloride-Induced Vasodilatation. Agmatine or amiloride
at concentration of 10 𝜇mol/L attenuated the tonic con-
traction of aortic rings induced by phenylephrine similar
to that observed in KCl-induced tonic vasoconstriction.
BU224 (0.01–1𝜇mol/L) produced a concentration-dependent
inhibition of agmatine-induced relaxation in phenylephrine-
or KCl-precontracted aortic rings (Figure 3(a)). However,
BU224 did not modify the vascular relaxing action of
amiloride (Figure 3(b)).

3.4. The Role of ATP-Sensitive K+ (K
𝐴𝑇𝑃

) Channels in Agma-
tine- or Amiloride-Induced Vasodilatation. Glibenclamide
(0.1–10 nmol/L) produced a concentration-dependent inhibi-
tion of agmatine-induced vasodilatation in phenylephrine- or
KCl-precontracted aortic rings (Figure 4(a)). Similar inhibi-
tions were also observed in amiloride-induced vasodilatation
(Figure 4(b)). However, as shown in these figures, gliben-
clamide at 10 nmol/L abolished amiloride-induced vasodi-
latation totally but not agmatine-induced vasodilatation.

3.5. Enhanced Vasodilatation in Aortic Rings by Cotreatment
with Agmatine and Amiloride. At themaximal concentration
(10 𝜇mol/L), agmatine or amiloride relaxed the tonic con-
traction of aortic rings induced by phenylephrine in a way
similar to that in KCl-induced tonic vasoconstriction. The

vasodilatation in aortic ring was enhanced by cotreatment
with agmatine and amiloride (Figure 5).

4. Discussion

In the present study, we identified the expression of
imidazoline receptor in aortic tissues isolated from rats.
This is consistent with a previous report [10]. Then, we
investigated the vasodilatation of guanidinium derivatives
using agmatine, amiloride, metformin, allantoin, canava-
nine, and aminoguanidine. But only two agents, agma-
tine and amiloride, were effective for further characteriza-
tions. BU224, the well-known antagonist of imidazoline I

2

-
receptors, showed no effect on amiloride-induced vascular
relaxation at the dose effective to block agmatine-induced
relaxation. Both agmatine- and amiloride-induced relax-
ations were attenuated by glibenclamide at concentration
sufficient to block ATP-sensitive potassium (KATP) channels.
However, glibenclamide with the concentration effective
to abolish amiloride-induced vasodilatation failed to block
agmatine-induced vasodilatation totally (Figure 4). Also,
enhanced vasodilatationwas observed in aortic ring receiving
the cotreatment with agmatine and amiloride at maximal
concentration. Thus, agmatine-induced vascular relaxation
seems not through the same mechanism as amiloride, while
agmatine is known as the ligand of imidazoline receptors.

The imidazoline receptors are known to involve in car-
diovascular regulations [14, 15]. Vascular tone is introduced
as the main parameter in blood pressure regulations [16].
Actually, blood pressure is regulated by complicated factors;
changes of blood pressure are widely used as the total periph-
eral resistance which is primarily a function of the resistance
terminal arterioles [17]. Compounds with guanidine-like
structures are known to bind with imidazoline receptors
[11]. In this study, we employed six guanidinium derivatives
including agmatine, amiloride, metformin, allantoin, canava-
nine, and aminoguanidine to screen the effects on vascular
tone under the pharmacological dosage of 10 𝜇M.The results
show that only agmatine and amiloride significantly relaxed
the phenylephrine- or KCl-induced tonic contraction of
aortic rings isolated from rats to consist with the previous
reports [10, 18].

It has been mentioned that metformin can inhibit
phenylephrine-mediated aortic contraction at the dosage
of 2mM [19]. It seems different with our results. Actually,
the dosage used at 2mM seems too high and the result is
mostly considered as nonspecific action. Moreover, allantoin
failed to produce vasodilatation in isolated aortic ring. This
finding is further supporting our previous report showing
that antihypertensive effect of allantoin is mainly through
an activation of imidazoline receptor in central nervous
system [20]. However, before now, no report mentioned
the vasodilatation of canavanine or aminoguanidine. It is
possible that the guanidine derivatives including canavanine
and aminoguanidine may induce vasodilatation at the dose
higher than that used in current study and this view needs
more investigation in the future.

In an attempt to know the role of imidazoline I-2 receptor
(I2-R) in agmatine- or amiloride-induced vasodilatations,
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Figure 2: Screening of guanidinium derivatives for vasodilatation. Guanidinium derivatives (10𝜇mol/L), agmatine, amiloride, metformin,
allantoin, canavanine, and aminoguanidine induced relaxation in isolated aortic rings precontracted with 1𝜇mol/L phenylephrine (a) or
50mmol/L KCl (b). Data represent the mean ± SEM of eight animals in each column. All values are presented as mean ± SEM (𝑛 = 8).
∗

𝑃 < 0.05 as compared to the precontracted value.
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Figure 3: Effects of imidazoline receptor blockade on agmatine- or amiloride-induced vasodilatation. Effect of BU224 on concentration-
dependent inhibition of agmatine- and amiloride- (10 𝜇mol/L) induced relaxation in isolated aortic rings precontracted with 1𝜇mol/L
phenylephrine ((a) and (b)) or 50mmol/L KCl ((c) and (d)). All values are presented as mean ± SEM (𝑛 = 8). ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 as
compared to agmatine-treated group.
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Figure 4: Effects of KATP blockade on agmatine- or amiloride-induced vasodilatation. Inhibitory effect of glibenclamide on the agmatine-
or amiloride- (10 𝜇mol/L) induced relaxation in isolated aortic rings precontracted with 1 𝜇mol/L phenylephrine ((a) and (b)) or 50mmol/L
KCl (c and d). All values are presented as mean ± SEM (𝑛 = 8). ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 as compared to the precontracted
value.
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Figure 5: Vasodilatation in isolated aortic ring after cotreatment with agmatine and amiloride. Vasodilatation was enhanced by cotreatment
with agmatine (10𝜇mol/L) and amiloride (10 𝜇mol/L) in isolated aortic rings precontracted with 1 𝜇mol/L phenylephrine (a) or 50mmol/L
KCl (b). All values are shown as mean ± SEM (𝑛 = 8). ∗∗𝑃 < 0.01 and ∗∗∗𝑃 < 0.001 as compared to the precontracted value.

imidazoline I-2R specific antagonist named BU224 was
applied. Actually, the relaxation of agmatine was markedly
reduced by pretreatment with BU224 at a concentration
sufficient to block imidazoline I-2Rs. Thus, a direct effect of
agmatine on I-2Rs can be identified. However, BU224 failed

to modify the amiloride-induced vascular relaxation. The
vessel dilatation of amiloride seems not to be through the
activation of I-2Rs.

Due to a guanidino structure, amiloride binds to imida-
zoline I

2AR through a high affinity for blockade of I
2AR at
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0.1 𝜇M and inhibition of I
2BR at a higher concentration of

2 𝜇M [21]. Thus, amiloride is widely used to distinguish the
subtype of imidazoline I-2Rs. Previous study has also indi-
cated that amiloride can induce vascular relaxation through
an activation of Na+-H+ exchanger and consequently affect
the KATP channel activity [22, 23]. In this study, BU224 failed
to modify the 10 𝜇M amiloride-induced vascular relaxation.
It is possible that vasodilatation induced by amiloride at the
concentration of 10𝜇M is mainly through the activation of
KATP channels.

Potassium channels are mentioned as important in
vascular relaxation [24]. ATP-sensitive potassium (KATP)
channels are known to have four inwardly rectifying K+
channel subunits and four regulatory sulfonylurea receptors
[25]. Many contractions-induced endogenous substances are
related to inhibition of KATP channels [25, 26]. Activation
of KATP channels may produce hyperpolarization to relax
vascular tone consequently. KATP channels dysfunction in
aortic cells has been introduce to the impaired vasodilatation
and/or hypertension observed in deoxycorticosterone acetate
(DOCA) salt hypertensive rats [27]. In the present study, the
relaxation induced by agmatine or amiloride in rat aortic
rings was abolished by pretreatment with glibenclamide at a
concentration sufficient to block KATP channels, as described
previously [10, 23, 28, 29]. Thus, there is no doubt that KATP
channels are involved in the aortic relaxation induced by
agmatine or amiloride. However, agmatine-induced aortic
relaxation seems not so simple although KATP channel is
responsible for vasodilatation in PE- orKCl-induced contrac-
tions.

Agmatine has been introduced as an endogenous ligand
of imidazoline receptors [30]. Activation of imidazoline I-
2R by agmatine has also been mentioned in adrenal gland
[31]. In this study, we demonstrated that BU224 at the
dose enough to block imidazoline I-2Rs inhibited agmatine-
induced vasodilatation. Thus, we suggest that agmatine has
the ability to activate imidazoline I-2R on peripheral arte-
rioles. As additional evidence, vasodilatation induced by
agmatine atmaximal dose was enhanced by cotreatment with
amiloride. It means that amiloride has the ability to produce
vasodilatation regardless of the total activation of imidazoline
receptors. Amiloride seems not effective on imidazoline
receptors only. Another mechanism for action of amiloride
shall be investigated in the future.

5. Conclusion

According to the obtained data, we suggest that agmatinemay
act as peripheral antihypertensive agent through activation
of imidazoline I-2 receptor for vasodilatationmainly through
open ofKATP channel.Thus, agmatine-like compoundbut not
based on guanidinium structure has the potential to develop
as a new antihypertensive agent in the future.
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Objectives. The influence of 5-hydroxyadamantane-2-on was studied on the rats’ brain blood flow and on morphological state
of brain tissue under the condition of brain ischemia. The interaction of the substance with NMDA receptors was also studied.
Methods. Study has been implemented using the methods of local blood flow registration by laser flowmeter, [3H]-MK-801binding,
and morphological examination of the brain tissue. We used the models of global transient ischemia of the brain, occlusion of
middle cerebral artery, and hypergravity ischemia of the brain. Results. Unlike memantine, antagonist of glutamatergic receptors,
the 5-hydroxyadamantane-2-on does not block NMDA receptors but enhances the cerebral blood flow of rats with brain ischemia.
This effect is eliminated by bicuculline. Under conditions of permanent occlusion ofmiddle cerebral artery, 5-hydroxyadamantane-
2-on has recovered compensatory regeneration in neural cells, axons, and glial cells, and the number of microcirculatory vessels
was increased. 5-Hydroxyadamantane-2-on was increasing the survival rate of animals with hypergravity ischemia. Conclusions.
5-Hydroxyadamantane-2-on, an adamantane derivative, which is not NMDA receptors antagonist, demonstrates significant
cerebrovascular and neuroprotective activity in conditions of brain ischemia. Presumably, the GABA-ergic system of brain vessels
is involved in mechanisms of cerebrovascular and neuroprotective activity of 5-hydroxyadamantane-2-on.

1. Introduction

The brain ischemia is accompanied by a cascade of patho-
physiological and biochemical processes caused by oxygen
and energy deficiency as well as functional changes like
failure of balance between excitatory and inhibitory pro-
cesses in CNS, which leads to irreversible damage of the
neural tissue. The decrease in the rate of aerobic glycolysis
brings, to intracellular acidosis, decrease in work efficiency
of the sodium-potassium pump, changes in ionic gradients,
enhanced discharge of excitatory amino acid glutamate, high
concentrations of which cause increased flow of calcium ions
into the cell, and activation of enzyme systems. Under these
conditions the process of oxidative phosphorylation fails and
toxins and free radicals, including NO, are produced; lipid

peroxidation is activated and oxidative stress develops. All
this results in damage of cytoplasmic organelles’ membrane
proteins and molecules of DNA and RNA, while expression
of immediate early genes triggers themechanism of cell death
through necrosis or apoptosis [1–4].

It should be noted that GABA system is of high interest
in conditions of brain ischemia, as GABA-ergic mechanisms
play important role in terms of removing the imbalance
between excitatory and inhibitory systems in CNS. It was
demonstrated that concentration of GABA increases in early
stages of ischemia and the high concentration of agonist
usually leads to decreased sensitivity of receptors through
negative feedback mechanism [5, 6]. There are also literature
data stating that compounds, enhancing GABA-ergic trans-
mission, have neuroprotective activity. These are agonists
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and modulators of GABAA receptors, inhibitors of GABA
transaminase, and GABA reuptake inhibitors [6]. GABA
system, along with participation in inhibitory processes,
plays important role in regulation of cerebral vascular tone.
It is known that brain vessels contain GABA, as well as
enzymes synthesizing and metabolizing GABA [7–9]. In pial
vessels a high affinity of binding with GABAA receptors was
observed atmuscimol, aGABAA receptor agonist [10]. Earlier
we showed that substances with GABA-ergic mechanism of
action cause selective improvement of cerebral blood flow in
conditions of ischemic damage of the brain [11–15].

Our attention was attracted by adamantane derivatives,
which are able to block NMDA receptors and are widely used
in neurological practice. Amantadine and memantine are
used in the treatment of neurodegenerative diseases.Meman-
tine in experiments prevents the development of neurotoxic-
ity provoked by activation of NMDA receptors. It also blocks
N-cholinoreceptors. Memantine improves cognitive func-
tions in patients with mild to moderate vascular insufficiency
[16, 17]. An adamantane derivative, 5-hydroxyadamantane-2-
on, has ability to improve the blood supply of lower extrem-
ities in patients with chronic occlusive (obliterative) arterial
disease of lower extremities [18].

In compliance with this, the aim of the current study was
the comparative investigation of effects of 5-hydroxyadaman-
tane-2-on and memantine on cerebral blood flow of intact
rats and rats exposed to global transient brain ischemia. The
study aimed also to investigate neuroprotective activity of 5-
hydroxyadamantane-2-on in conditions of local permanent
brain ischemia caused by occlusion of middle cerebral artery,
with evaluation of morphological state of brain tissue. The
survival rate of rats with hypergravity ischemia also was the
objective of the study. There are some materials included in
current study that analyze the mechanism of cerebrovascular
and neuroprotective activity of studied substance.

2. Materials and Methods

Experiments of studying the brain blood flowwere conducted
on 76 narcotized (urethane 1.2 g/kg, i/p) nonlinear male rats
weighting 180–400 g. Experiments of middle cerebral artery
occlusion were conducted on 28 nonlinear male rats weight-
ing 250–300 g, narcotized with chloral hydrate (400mg/kg,
i/p). 50 wakeful rats were involved in experiments with
hypergravity ischemia and brains of 6 maleWistar rats (200–
250 g) were used in experiments of radioligand binding.

The state of cerebral blood circulation in animals was esti-
mated by the method of laser Doppler flowmetry. To register
the local cerebral blood flow in parietal lobe of the brain
cortex, BIOPAC MP100 system (USA) with laser Doppler
flow module LDF100C was used; LD channel was calibrated
in TPU (tissue perfusion unit) because this unit has better
(∼1) proportion to mL/min/100 grams of tissue than BPU
(default unit for LDF100C). The 08mm diameter needle-
shaped detector of flowmeter was placed on the parietal
lobe of the brain cortex of rats using micromanipulator and
balancing arm. Changes of arterial pressure were registered
simultaneously through a polyethylene catheter, preliminary
inserted into the femoral artery. Based on data of detectors

of blood flow and pressure, vascular resistance was estimated
in real time. The recording of characteristics of blood flow,
arterial pressure, and vascular resistance was conducted on
polygraph “BIOPAC” (USA), connectedwith a personal com-
puter. Investigating substances were administered through
the polyethylene catheter into the femoral vein of animals.

The global transient ischemia in rats was achieved by
10-minute occlusion of both common carotid arteries with
simultaneous decrease of arterial pressure down to 40–
50mmHg, using method of bloodletting and following
reperfusion.

The local permanent ischemia was obtained by the
method of Tamura et al. [19],modified by Topchian et al. [20].

The morphological state of brain tissue was assessed on
6th and 12th days after occlusion of middle cerebral artery.
These intervals were chosen based on existing literature data,
according to which the most profound structural changes
in the brain after occlusion of middle cerebral artery in rats
are seen on 6th and 12th days [20, 21]. Animals were decap-
itated on 6th or 12th day after operation. The brain was
extracted and fixed in 10% neutral solution of formaldehyde
during the preparation for morphological examination and
then sagittal incision was done including tissue supplied by
middle cerebral artery. Furthermore, the tissue was fixed in a
paraffin block. This block was sliced step by step into tissue
specimens and was stained with universal histological dye,
hematoxylin/eosin.

The first two series of morphological examination were
done on two control groups of animals which underwent an
occlusion ofmiddle cerebral artery andwere decapitated after
6 and 12 days, respectively.

In the following series of experiments animals were
involved with occlusion of middle cerebral artery and treated
with 5-hydroxyadamantane-2-on (100mg/kg, i/p, once daily)
30minutes after the occlusion and the following 6 and 12 days,
respectively.

To study the survival rate of animals in conditions of
hypergravity loading [22] wakeful rats were placed into
special containers of centrifuge in craniocaudal orientation
relatively to the vector of acceleration. In case of craniocaudal
vector of acceleration (9 g during 12 minutes) the movement
of blood occurs towards caudal orientation: as a result, the
perfusion pressure falls dramatically down to the zero in all
vessels of the head and brain ischemia develops.

2.1. Binding to NMDAReceptors. Binding to NMDA receptor
subtype was studied using the method [23] with modifi-
cations. Tritium-labeled MK-801 (dizocilpine) with a spe-
cific activity of 210 Ci/mol was used [24]. The rat’s hip-
pocampal tissue was homogenized in a Potter homogenizer
(Teflon glass) in 10 volumes of 5mM HEPES/4.5mM Tris
buffer (pH 7.6) containing 0.32M sucrose (buffer-1). The
homogenate was diluted with 50 volumes of buffer-2 (5mM
HEPES/4.5mM Tris buffer, pH 7.6) and centrifuged for
10min at 1000 g. The supernatant was taken and again cen-
trifuged for 20min at 25000 g. The pellet was homogenized
in 50 volumes of buffer-2 and centrifuged for 20min at
8000 g.The supernatant and its soft unstable upper coat were
taken and centrifuged for 20min at 25000 g. The resulting
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Figure 1: The influence of 5-hydroxyadamantane-2-on (100mg/kg, IV) on CBF of intact rats (a) and animals with global transient brain
ischemia (b).

precipitate was suspended in buffer-3 (5mMHEPES/4.5mM
Tris buffer containing 1mM NaEDTA, pH 7.6), and the
suspension was centrifuged again. This washing procedure
was repeated four times, with EDTA being excluded in the
last wash.The final precipitate was resuspended in 5 volumes
of buffer-2 and then stored in liquid nitrogen. The reaction
mixture (final volume 0.5mL) contained 200 𝜇l of buffer-2,
50𝜇l of labeled ligand (50 nM solution), and 250𝜇l of protein
suspension. The nonspecific binding was determined at the
presence of 50𝜇l of unlabeled ligand. The reaction mixture
was incubated at room temperature (20∘C) for 2 h. After the
incubation, the samples were filtered through GF/B filters
(Whatman) which were presoaked in 0.3% polyethylenimine
for 2 h at 4∘C. Each test tube was washed 1 time with cold
buffer-2, and the filters were then washed three times with
the same buffer volume. The filters were dried on air and
transferred to the scintillation vials. The radioactivity was
determined on a Wallac 1411 scintillation counter with a
counting efficiency of approximately 45%.

3. Statistical Analyses

The statistical analysis of data was carried out using the
software Statistica 8.0 (Statistica Inc., USA). The normal
distributionwas defined by Shapiro-Wilk test. Generally, nor-
mal distribution was lacking; thus for the following analysis
nonparametrical method of Wilcoxon signed-rank test was
used. Survival data of animals in conditions of circulatory
ischemia was calculated by Fisher criterion. GraphPad Prism
5 software was used in experiments of radioligand binding.
Results were considered statistically significant, when 𝑃 <
0.05.

4. Results

4.1. The Influence of Adamantane Derivatives, 5-Hydroxyada-
mantane-2-on and Memantine, on Local Blood Flow of
Brain Cortex in Intact Rats and Those with Global Tran-
sient Ischemia. Experiments on intact rats revealed that 5-
hydroxyadamantane-2-on with intravenous administration
of dose 100mg/kg does not cause significant changes in
blood flow of rats’ brain cortex (Figure 1(a)).The adamantane
derivative causes decrease of blood pressure in intact rats
from 30 to 90 minutes by average of 11–14%.

In 10 minutes after intravenous administration of
memantine (5mg/kg) to intact narcotized rats, the decrease

of local cerebral blood flow by 15% in average was registered.
Further decrease of blood flow was observed, which reached
53% by the end of experiment. Memantine virtually did not
affect the level of arterial blood pressure.

On the next series of experiments the influence of
adamantane derivatives was studied on the brain blood
flow after global transient ischemia. It was shown that
5-hydroxyadamantane-2-on (100mg/kg, IV) causes slowly
developing increase of local cerebral blood flow, which
reaches its peak after 60 minutes (76.5%). This improvement
of cerebral blood flow over the initial level lasts till the end of
experiment (90 minutes and more) (Figures 1(b) and 2(b)).
In these conditions, adamantane derivative lowers arterial
pressure in rats by 11% in average.

Memantine (5mg/kg) decreased (though in a less degree)
local cerebral blood flow in the brain cortex of experimental
animals as well as of intact rats. In the same experiment
with memantine, arterial blood pressure failed statistically
significantly by 14% in average.

Thus, the conducted experiments established that cere-
brovascular effect of 5-hydroxyadamantane-2-on, unlike
memantine, develops in conditions of ischemic brain damage
and is absent in intact animals. It should be noted that
increase of blood flow is a result of the influence of the sub-
stance on brain vascular tone. The results of rated resistance
prove this, as adamantane derivatives along with increase in
brain blood flow cause decrease in arterial pressure.

4.2. The Investigation of Neurochemical Mechanisms of Action
of 5-Hydroxyadamantane-2-on. It is known that amino
derivatives of adamantane (amantadine, memantine) pos-
sess their protective effects via noncompetitive antagonism
with glutamate for NMDA receptors. However, there is no
evidence of such mechanism for hydroxy derivatives, par-
ticularly 5-hydroxyadamantane-2-on. Thus, we observed the
influence of this substance on binding of ligand of receptor’s
channel site, [3H]-MK-801 (dizocilpine), with hippocampal
membranes of rat. This effect was compared with that of
memantine (Figure 6).

Results suggest that memantine actively competes with
labeled dizocilpine in size of IC

50

= 1.14 𝜇M (95% confi-
dence intervals: 0.82–1.57𝜇M, GraphPad Prism 5), while 5-
hydroxyadamantane-2-on has no effect through the all range
of concentrations.

In further studies we observed the influence of 5-
hydroxyadamantane-2-on on local brain blood flow while
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Figure 2:The influence of 5-hydroxyadamantane-2-on (100mg/kg, IV) (5HA-2-on) on local cerebral blood (CBF), blood pressure (BP), and
rated resistance (RR) of rats after global transient ischemia of the brain (a) and with action of bicuculline (b).
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Figure 3:Morphological picture of brain tissue of rats with occlusion ofmiddle cerebral artery. (a) An expressed perivascular and pericellular
edema of the brain, stasis in arterioles, and foci of empty neural and glial cells (staining hematoxylin/eosin ×400). (b) Against the background
of necrobiosis, anuclear shadow cells of neurons as well as dystrophic neural and glial cells are seen (staining hematoxylin/eosin ×400).

blocking with bicuculline, a GABAA receptor blocker. This
was reasonable, as substances with GABA-ergic mechanism
of action reveal vasodilating activity in ischemic condi-
tions. Bicuculline was administered by dose 0.5mg/kg after
ischemic damage of the brain, and then adamantane deriva-
tive was administered after 30 minutes. It was found out
that, while blocking of GABA-receptors with bicuculline, 5-
hydroxyadamantane-2-on does not increase the local brain
blood flow (Figure 2(b)).These results indicate the participa-
tion of GABA-ergic mechanisms of cerebrovascular effects of
5-hydroxyadamantane-2-on in brain ischemia.

4.3. The Influence of 5-Hydroxyadamantane-2-on on Morpho-
logical State of Brain Tissue after the Occlusion of Middle
Cerebral Artery. To study the neuroprotective activity of
5-hydroxyadamantane-2-on, its influence was observed on
morphological injury of brain tissue provoked by occlusion
of middle cerebral artery.

The morphological examination of specimens of control
group (with occlusion of middle cerebral artery and without
treatment) revealed an expressed perivascular and pericel-
lular edema of brain tissue. In edematous brain tissue there
are visible cells with dystrophy of neuronal cytoplasm and
nucleus, zones of karyorrhexis, karyopyknosis, and karyolysis

of neural and glial cells. Capillars and arterioles in state
of stasis and microthrombosis are seen along with empty
microcirculatory vessels. These arterioles are surrounded by
emptied neural and glial cells (Figure 3(a)).There are zones of
necrobiosis through all layers of cortical cells with wash-out,
lysis of neural and large glial cells’ nucleoplasm. Anuclear,
necrotizing shadow cells as well as areas of dystrophic neu-
rosecretory cells of paraventricular and supraoptic nuclei are
detectible against the background of necrobiosis of cortical
pyramidal cells (Figure 3(b)). Borders of all cortical layers
are cleared. Several hypertrophic neurons with hyperchromic
nuclei are seen between or near the profound ischemic foci.
This indicates the intracellular regeneration of individual
intact neural and glial cells. There are also proliferation
zones of oligodendrocytes and astrocytes. Similar changes are
registered also in neurosecretory cells located in the basin
of middle cerebral artery. Punctuate and linear hemorrhages,
meningeal edema, stasis in vessels of pia, and dura mater are
seen in intercellular substance. Zones of hemosiderosis are
also visible.

These obtained results correspond to the literature
data of previous studies that showed up bilateral distur-
bances of brain blood flow, hypoxic damage of cortical
neurocytes, and conduction pathways synaptic terminals



BioMed Research International 5

(a) (b)

Figure 4: Morphological picture of brain tissue of rats with occlusion of middle cerebral artery after treatment with 5-hydroxyadamantane-
2-on. (a) Hypertrophic pyramidal cells with preserved neuritis (staining hematoxylin/eosin ×400); (b) along with hypertrophic cells, those
without axons and with wrinkled cytoplasm and nucleus are seen (staining hematoxylin/eosin ×400).

in analogous periods after occlusion of middle cerebral
artery.

In the next two series the influence of 5-hydroxiadama-
ntane-2-on (100mg/kg, i/p) was studied on morphological
state of brain tissue of rats with occlusion of middle cerebral
artery after 6 (3rd group) and 12 (4th group) days of
treatment.

Themorphological changes of brain tissuewere examined
on sagittal incisions of brain. This made it possible to detect
tissue changes in regions of both left and rightmiddle cerebral
arteries and to provide comparative morphological picture of
occluded (left) and not occluded (right) hemispheres.

Some neurons and groups of neurons are seen in the state
of necrobiosis on serial tissue specimens of the 3rd group of
animals, in the left hemisphere. Small foci of empty neural
and glial cells and dystrophic changes of pyramidal cells
of brain cortex are also seen. Pericellular and perivascular
edema is marked slightly, vessels of microcirculatory bed
are hyperemic as well as foci of extravasates, and old small
hemorrhageswith hemosiderin pigment are seen. Foci of glial
cells’, oligodendrocytes’, and astrocytes’ proliferation are also
found.

Processes of dystrophy and individual cells in condi-
tions of necrosis and necrobiosis are seen in neurosecretory
cells of paraventricular and supraoptic nuclei. Against the
background of above-described changes large hypertrophic
neurosecretory cells are detected in paraventricular and
supraoptic nuclei with the presence of multiple neurosecre-
tory granules.

Similar changes and compensatory-regenerative pro-
cesses are observed in all pyramidal cells of the cortex
(Figure 4(a)). Axons of above-mentioned hypertrophic neu-
rons are preserved through all length.

There are cells without neurites in the basin of middle
cerebral artery, on the left side, with wrinkled cytoplasm and
nucleus (Figure 4(b)). In ependymal cells of brain ventricles
proliferation is observed, while in sinusoidal vessels hyper-
emia is observed. In response to harmful, polycystic changes
there is a focal lymphoid-macrophagal reaction in individual
preserved zones of necrosis and edema (Figure 5). There are
also microvessels with obliterating white thrombotic bodies.

Figure 5: Morphological picture of brain tissue of rats with
occlusion ofmiddle cerebral artery after treatment with 5-hydroxya-
damantane-2-on. Lymphoid-macrophagal reaction is observed in
zones of necrosis and marked edema in response to impaired poly-
cystic changes of brain tissue (staining hematoxylin/eosin ×400).

In the 4th group of animals the treatment with 5-hydro-
xiadamantane-2-on was conducted in the course of 12 days
after occlusion of middle cerebral artery and the observed
morphological changes had more reparative-regenerative
and proliferative character. In general, the disposition of lay-
ers of cortical cells is preserved. There is a slight pericellular
and perivascular edema of meninges and brain tissue along
with hyperemia of microcirculatory vessels. Small foci of
shadow neural and glial cells are visible. In the basin of
left middle cerebral artery there are generally wide zones of
pyramidal neurosecretory and glial cells of normal size, with
precise borders between cytoplasm and nucleus and with
available nucleolus. Granules of neurosecretory substance are
observed in neurosecretory cells.There are ischemic zones in
certain parts of third ventricle, where contours of neurons,
glial cells, neuritis, and neuropile are vague. Hypertrophic
neurocytes with hyperchromic nuclei are observed near these
zones as well as functionally active neurosecretory cells with
multiple secretory granules.

The morphological picture of the right hemisphere in
basin of right middle cerebral artery was also examined
on the same tissue specimens and a following comparison
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Table 1: The influence of 5-hydroxyadamantane-2-on (5-HA-2-on) on survival rate of animals in conditions of hypergravity loading.

Control 5-HA-2-on 5-HA-2-on 5-HA-2-on 5-HA-2-on
50mg/kg 100mg/kg 150mg/kg 200mg/kg

𝑁 % 𝑁 % 𝑁 % 𝑁 % 𝑁 %
Number of survived animals 2 20 2 20 8∗ 80 6 60 6 60
Number of dead animals 8 80 8 80 2 20 4 40 4 40
∗

𝑃 ≤ 0.05.
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characteristic ofmorphological picturewasmade (the picture
of secondary control on the same animals).There are insignif-
icant perivascular and pericellular edema, hyperemia of
microcirculatory bed in all series of the experiment (in con-
trol groups and groups treated with 5-hydroxyadamantane-
2-on for 6 and 12 days), on the right hemisphere. There are
compensatory-regenerative processes, that is, intracellular
regeneration of organelles, hypertrophy of pyramidal cells
and large glial cells, and increase in number of microcircu-
latory vessels. These processes are more significant on the
12th day after occlusion. Typically, in conditions of damage
of one part of the brain, other parts of brain or another
hemisphere (right—in this case) compensate and repair
morphofunctional balance of the CNS.

4.4. The Influence of 5-Hydroxyadamantane-2-on on Survival
Rate of Animals in Conditions of Hypergravity Loading. Anti-
ischemic properties of adamantane derivative were observed
on trials with wakeful rats in conditions of hypergravity
loading. 5-Hydroxyadamantane-2-on was studied in doses

50–100–150–200mg/kg injected intraperitoneally. Experi-
ments revealed that the mortality rate from hypergravity
overload is 80% in control group, while survival rate is
20%. After administration of adamantane derivative by the
dose 100mg/kg, survival rate rises up to 80% (Table 1). In
doses 150–200mg/kg survival rate was 60%. In these cases
the data are not statistically significant. It can be concluded
that adamantane derivative in doses 100mg/kg reveals anti-
ischemic effects in conditions of hypergravity ischemia like
its effects in global permanent ischemia.

5. Conclusions

This paper introduces new data about cerebrovascular
and neuroprotective activities of adamantane derivative, 5-
hydroxyadamantane-2-on. Comparative study of cerebrovas-
cular activity was done between two adamantane derivatives:
5-hydroxyadamantane-2-on and memantine, antagonist of
glutamate receptors. There was revealed a substantial dif-
ference between their effects on blood flow of ischemic
brain. 5-Hydroxyadamantane-2-on enhances blood flow and
decreases vascular tone of rats with global permanent brain
ischemia and has no such cerebrovascular effects on brains
of intact rats, while memantine decreases blood flow in both
intact and ischemic brains.

Further experiments studied the influence of 5-hydro-
xyadamantane-2-on on NMDA receptors taking into con-
sideration that many adamantane derivatives, memantine
particularly, are able to block NMDA receptors. It was
found out that unlike memantine and many other amino
derivatives of adamantane, 5-hydroxyadamantane-2-on does
not interact with this site ofNMDAreceptors.Moreover, both
of these compounds did not compete with [3H]-7OH-DPAT
for the binding site of dopamine receptors as well as with
[3H]-8OH-DPAT and [3H]-ketanserin for the binding site of
5-HT1A- and 5-HT2A receptors, respectively.

The investigation of neuroprotective activity of 5-hydro-
xyadamantane-2-on in conditions of permanent occlusion
of middle cerebral artery in rats was the other objective
of this study. The compound was administered (100mg/kg)
30 minutes after occlusion, once daily during 6 and
12 days. Experiments have shown that 5-hydroxyadamanta-
ne-2-onpromotes the recovery of compensatory regeneration
processes in neural cells, axons, glial cells. It also increases the
quantity of vessels of microcirculatory bed. Results obtained
indicate the neuroprotective effects of compound that was
confirmed by results from experiments with hypergravity
ischemia in rats, where survival rate of animals was increased
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by treatment with the same dose of 5-hydroxyadamantane-2-
on.

One of neuroprotective mechanisms demonstrated for
5-hydroxyadamantane-2-on was its capacity to enhance the
blood flowof ischemic brain, whichwas notmanifested in the
background of action of specific GABAA-receptor antagonist
bicuculline. This proves the participation of GABA-ergic
mechanisms in regulation of brain vessels’ tone to realize
cerebrovascular effects of studied compound.

As a conclusion, it should be noted that 5-hydroxya-
damantane-2-on, an adamantane derivative, which is not a
NMDA receptor antagonist, has significant cerebrovascular
and neuroprotective activity in conditions of global and
local brain ischemia which is manifested by enhancement
of blood flow of ischemic brain, prevention of structural
disturbances, and increase in survival rate of animals with
global ischemia provoked by hypergravity loading. It can
be supposed that GABA-ergic system of brain vasculature
has a great value in cerebrovascular and neuroprotective
activities of 5-hydroxyadamantane-2-on. Our results con-
form to the literature data as well as to the results of our own
preview studies, according to which compounds enhancing
GABA-ergic conduction, agonists andmodulators of GABAA
receptors, inhibitors of GABA transaminase, GABA reuptake
inhibitors, possess neuroprotective activity [6, 11–15].
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The present study investigated the merit of ginseng in the improvement of heart failure in diabetic rats and the role of peroxisome
proliferator-activated receptors 𝛿 (PPAR𝛿). We used streptozotocin-induced diabetic rat (STZ-rat) to screen the effects of ginseng
on cardiac performance and PPAR𝛿 expression. Changes of body weight, water intake, and food intake were compared in three
groups of age-matched rats; the normal control (Wistar rats) received vehicle, STZ-rats received vehicle and ginseng-treated STZ-
rats. We also determined cardiac performances in addition to blood glucose level in these animals. The protein levels of PPAR𝛿 in
hearts were identified usingWestern blotting analysis. In STZ-rats, cardiac performances were decreased but the food intake, water
intake, and blood glucose were higher than the vehicle-treated control. After a 7-day treatment of ginseng in STZ-rats, cardiac
output was markedly enhanced without changes in diabetic parameters. This treatment with ginseng also increased the PPAR𝛿
expression in hearts of STZ-rats. The related signal of cardiac contractility, troponin I phosphorylation, was also raised. Ginseng-
induced increasing of cardiac output was reversed by the cotreatment with PPAR𝛿 antagonist GSK0660. Thus, we suggest that
ginseng could improve heart failure through the increased PPAR𝛿 expression in STZ-rats.

1. Introduction

Diabetes ranks among the main risk factors in the develop-
ment of chronic heart failure (CHF) [1, 2]. Many patients
with CHF and hyperglycemic symptoms have accompanying
abnormalities including obesity, dyslipidemia, and hyperten-
sion that also lead to structural and functional disorders of
heart in cardiac dysfunction and CHF [3–6].

Ginseng varieties have been garnering increasing interest
recently for their effects on the cardiovascular system [7]. It
has been demonstrated that ginseng could prevent cardiac
hypertrophy and heart failure through a mechanism likely
involving the prevention of calcineurin activation [8] and the

latter representing a key factor for myocardial hypertrophy
and remodeling [9, 10].

Peroxisome proliferator-activated receptors (PPARs) are
introduced as the ligand-activated transcriptional factors to
regulate the expression of genes [11]. It has been classified
into three subtypes: PPAR𝛼, PPAR𝛾, and PPAR𝛿 to modulate
the gene expressions for various bioactivities [11]. PPAR𝛼 is
expressed in tissues with a high oxidative capacity, such as
liver and heart, while PPAR𝛾 is observed in limited tissues,
primarily the adipose tissue [11, 12]. PPAR𝛿 is known to
increase lipid catabolism in both adipose and muscles [11],
while PPAR𝛿-dependent cardiac function is also identified
[13–15]. Deletion of cardiac PPAR𝛿 is mentioned to result in
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decreased contraction and lowered cardiac output, showing
an incidence of cardiac failure [13].

A marked decrease of PPAR𝛿 expression in the hearts
of streptozotocin-induced hyperglycemic rats (STZ-rats) [16]
has been shown. It has also been indicated that impaired
relaxation is the prominent cardiac abnormality due to the
depressed troponin function in the hearts of STZ-rats [17, 18].
Thus, cardiomyopathy in STZ-rats is mainly associated with
the reduced PPAR𝛿 expression in hearts [16].

It has been documented that cardiac agents, such as
digoxin and dobutamine, can restore the cardiac contractility
in diabetic rats [19–21]. Also, cardiac agent improved cardiac
contraction in STZ-rats is mainly related to the increased
expression of cardiac PPAR𝛿 [16]. Thus, in the present study,
we employed STZ-rats to investigate the merits of ginseng
in the restoration of cardiac performance in diabetic rats
showing heart failure.

2. Material and Methods

2.1. Materials. GSK0660 (a specific PPAR𝛿 antagonist) was
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA). Antibodies specific to PPAR𝛿, cardiac troponin
I (TnI), and phospho-troponin I (p-TnI) (Ser 23/24) were
all the products of Cell Signaling Technology (Beverly, MA,
USA).

2.2. Animals. We purchased the male Wistar rats, weighing
from 250 to 280 g, from the Animal Center of National
Cheng Kung University Medical College. All experiments
were performed under the anesthesia with 2% isoflurane
and all efforts were made to minimize suffering. The animal
experiments were performed in accordance with the Guide
for the Care and Use of Laboratory Animals as well as the
guidelines of the Animal Welfare Act.

2.3. Animals and Experimental Protocol. Diabetes was
induced by an intravenous injection of 60mg/kg strepto-
zotocin (STZ) [1]. Animals were considered to be useful
as the plasma glucose concentration is up to 20mmol/L
or greater in addition to polyuria and other hyperglycemic
features. The concentration of plasma glucose was measured
by the glucose oxidase method (Quik-Lab, Ames, Miles,
Inc., Elkhart, IN, USA). All studies were carried out 10 weeks
after induction of diabetes in rats showing cardiomyopathy
as described previously [2]. The STZ-rats received ginseng
powder (150mg/kg/day, orally) for 7 days. Another group
of STZ-rats received same volume of vehicle; saline (0.9%
sodium chloride, orally) was used for comparison, while
the age-matched normal rats received same treatment with
vehicle were taken as normal control. Then, they were
anesthetized for cannulation in the right femoral artery
with polyethylene catheters (PE-50). Mean arterial pressure
(MAP) and heart rate (HR) were then measured in a
polygraph (MP35, BIOPAC, Goleta, Calif) as described in
our previous report [22]. Basically, all rats were kept under
artificial ventilation while the cardiac output (CO) was
calculated from the aortic blood flow, and the stroke volume

(SV) was expressed as CO divided by HR according to our
previous method [22]. After the experiment, hearts were
isolated to rinse with ice-cold phosphate-buffered saline
(PBS) and weighed.

2.4. Treatment of Antagonist. We used GSK0660 (1mg/kg)
as specific antagonist of PPAR𝛿 as described previously [23].
GSK0660 from Tocris bioscience (Bristol, UK) dissolved in
vehicle (Dimethyl sulfoxide, DMSO, 0.1%) was prepared to
the desired dose in each assay. STZ-rats received ginseng
powder (150mg/kg/day, orally) for 7 days were injected with
antagonist at one hour before the application of ginseng daily.
Then, animals were anesthetized for determination of cardiac
performance as described above.

2.5. Characterization of Hemodynamic dP/dt. We used
hemodynamic 𝑑𝑃/𝑑𝑡 to measure the cardiac contractility as
described in our previous report [24]. Basically, the pacing
electrode of LV (IX-214; iWorx Systems, Inc., Dover, NH,
USA) was placed in the anterior wall through the superior
vena cava. After femoral artery and venous insertion using
the Seldinger technique [25], pressure transducer was wired
into the heart to monitor the RV, aortic, mean blood,
and LV pressures. Pressure catheters and pacing leads were
connected to the machine devise (iWorx Systems, Inc.,
Dover, NH, USA) to monitor the heart rate and to calculate
hemodynamic signals. Body temperature was kept at 37.5∘C
in whole experiment.

2.6.Western Blotting Analysis. Weused the ice-cold radioim-
munoprecipitation assay (RIPA) buffer to extract the protein
from tissue homogenates or cell lysates as described in our
previous method [16]. The protein level was characterized
using Biorad protein assay (Biorad Laboratories, Inc., Her-
cules, CA, USA). After separation of proteins (30 𝜇g) by
SDS/polyacrylamide gel electrophoresis (10% acrylamide gel)
through a Biorad Miniprotein II system, it was transferred to
the expanded polyvinylidene difluoride membranes (Pierce,
Rockford, IL, USA) with a Biorad Trans-Blot system. Then,
the membranes were washed and blocked for 1 h at room
temperature with 5% (w/v) skimmed milk powder according
to our previous method [16].The primary antibody reactions
were performed following the manufacturer’s instructions.
The blots were incubated with goat polyclonal antibody
(1 : 1000) to bind actin that served as the internal control.
After removal of primary antibody, the washed blots were
incubated with the appropriate peroxidase-conjugated sec-
ondary antibody for 2 h at room temperature. The blots
were then developed using an ECL-Western blotting sys-
tem (Amersham International, Buckinghamshire, UK). Each
immunoblot, including PPAR𝛿 (50 kDa), cardiac troponin I
(28 kDa), or phospho-troponin I (28 kDa), was then quanti-
fied by a laser densitometer.

2.7. Statistical Analysis. Results were expressed as mean ±
SE of each group. Statistical analysis was carried out using
ANOVA analysis and Newman-Keuls post hoc analysis.
Statistical significance was set as 𝑃 < 0.05.
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Table 1: Characteristics of normal rats, diabetic rats, and ginseng-treated diabetic rats.

Parameters Normal rats Diabetic rats Ginseng-treated diabetic rats
Food intake (g/day) 23.8 ± 3.6 42.5 ± 8.3

∗∗

43.6 ± 4.7
∗∗

Water intake (g/day) 41.5 ± 6.9 176.3 ± 11.9
∗∗

178.2 ± 11.3
∗∗

Plasma glucose (mmol/L) 5.8 ± 0.7 30.4 ± 3.8
∗∗∗

31.2 ± 2.8
∗∗∗

Body weight (g) 386.8 ± 13.5 247.6 ± 11.2
∗∗

253.4 ± 14.6
∗∗

Systolic blood pressure (mmHg) 117.3 ± 3.6 84.5 ± 8.2
∗∗

109.8 ± 4.7
##

Diastolic blood pressure (mmHg) 81.7 ± 5.4 51.9 ± 7.2
∗∗

78.7 ± 7.6
##

Heart rate (beats/min) 374.7 ± 23.2 303.4 ± 18.6
∗

297.3 ± 14.5
#

Cardiac output (mL/min) 24.7 ± 0.5 12.4 ± 0.8
∗

19.2 ± 0.7
##

Values were obtained from normal rats, vehicle-treated diabetic rats and ginseng-treated diabetic rats. All values were presented as mean ± SEM (𝑛 = 6 per
group).The ginseng-treated group received the ginseng (150mg/kg/day, orally for 7 days). ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 as compared with normal
rats. #𝑃 < 0.05 and ##

𝑃 < 0.01 as compared with vehicle-treated diabetic rats.

3. Results

3.1. Effects of Ginseng on Cardiac Abnormalities in Diabetic
Rats. Streptozotocin (STZ) induced the characteristic symp-
toms of diabetes including hyperglycemia, hypoinsulinemia,
and decreased body weight gain along with increased food
and water intake when compared with age-matched normal
rats (Table 1). The systolic pressure, diastolic pressure, and
cardiac output in STZ-rats were markedly lower than those
in normal rats (Table 1). The reduced systolic pressure and
diastolic pressure in STZ-rats were recovered by ginseng
after repeated treatments for 7 days (Table 1). The cardiac
output in STZ-diabetic rats was also markedly enhanced by
ginseng (Table 1). However, the ginseng-treated STZ-rats did
not modify the blood glucose (Table 1). Also, ginseng did not
influence the mean ratio of heart and body weight in STZ-
rats as compared to the age-matched vehicle-treated STZ-rats
(Table 1).

3.2. Effect of Ginseng on PPAR𝛿 in the Heart of Diabetic
Rats. The level of PPAR𝛿 protein was significantly reduced
in the heart of diabetic rats as compared with the normal rats
(Figure 1). However, a marked increase in the expression of
PPAR𝛿 was observed in the heart from ginseng-treated STZ-
rats (Figure 1).

3.3. Level of TnI Phosphorylation Was Restored by Gin-
seng in Diabetic Rats. Change in TnI phosphorylation has
been introduced to produce a profound effect on cardiac
contractility and pumping [26] because phosphorylation of
TnI increased cross-bridge cycling rate and enhanced the
contraction power [26, 27].The present study showed that the
reduced level of TnI phosphorylation in the hearts of STZ-rats
was markedly recovered by ginseng treatment (Figure 2).

3.4. The Recovery of Cardiac Output by Ginseng in Diabetic
Rats Was Diminished by Blockade of PPAR𝛿 Using GSK0660.
Phosphorylation of cTnI is known to induce a marked
increase in myofilament Ca2+ sensitivity and the force of
cardiac contraction [28]. Thus, we investigated the cardiac
output in STZ rats. The volume of cardiac output was
markedly raised in ginseng treated-STZ group. But, as shown
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Figure 1: PPAR𝛿 expressions in the heart isolated from vehicle-
treated diabetic rats, ginseng-treated diabetic rats, or Wistar rats.
Changes in PPAR𝛿 expressions were investigated in age-matched
Wistar rats (Control rats), vehicle-treated diabetic rats, and ginseng-
treated diabetic rats. The expression of PPAR𝛿 was measured using
Western blotting analysis. All values are expressed as mean ± SEM
(𝑛 = 8 per group). ∗∗∗𝑃 < 0.001 as compared with Wistar rats.
###
𝑃 < 0.001 as compared with vehicle-treated diabetic rats.

in Figure 3, this action of ginseng was inhibited by PPAR𝛿
antagonist named GSK0660 at an effective dose mentioned
in previous report [23].

3.5. The Recovery of Cardiac Contractility by Ginseng in
Diabetic Rats Was Diminished by Blockade of PPAR𝛿 Using
GSK0660. The 𝑑𝑃/𝑑𝑡max was also restored by ginseng after
the repeated treatment for 7 days in STZ-rats, as compared
with the vehicle-treated STZ-rats. However, as shown in
Figure 4(a), this response disappeared in STZ-rats receiving
coadministration of GSK0660 at the effective dose described
in previous report [29]. Treatment of ginseng did not modify
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Figure 2: Troponin I phosphorylation in the heart isolated from
vehicle-treated diabetic rats, ginseng-treated diabetic rats, orWistar
rats. Changes in Troponin I phosphorylation were investigated in
age-matchedWistar rats (Control rats), vehicle-treated diabetic rats,
and ginseng-treated diabetic rats. Troponin I phosphorylation was
measured using Western blotting analysis. All values are expressed
as mean ± SEM (𝑛 = 8 per group). ∗∗∗𝑃 < 0.001 as compared with
Wistar rats. ###𝑃 < 0.001 as compared with vehicle-treated diabetic
rats.

the heart rate but produced a slight increase in blood pressure
that was also blocked by GSK0660 (Figures 4(b) and 4(c)).

4. Discussion

The present study found that administration of ginseng
caused a marked recovery of cardiac output in addition to
the lowered cardiac PPAR𝛿 expression and troponin I phos-
phorylation in type 1-like diabetic rats. As shown in Table 1,
the reduced cardiac output in diabetic rats was also markedly
reversed by this repeated treatment of ginseng (150mg/kg,
orally) for 7 days that showed the most effective period. In
anesthetized STZ-rats, cardiac contraction (𝑑𝑃/𝑑𝑡max) was
also significantly restored by ginseng and this change was
blocked by GSK0660. However, ginseng did not modify
the heart beating at this dosing. Thus, to the best of our
knowledge, this is the first study to show that ginseng could
restore heart failure through an activation of PPAR𝛿 in type
1-like diabetic rats.

Multiple actions of ginseng are related to the treated
concentrations. It has been indicated that oral administration
of ginseng (12mg/kg a daily for a 2 weeks) showed neu-
ronal protective effect on rat with Parkinson’s disease [30].
Also, rat treated with ginseng (250 or 500mg/kg) inhibited
the myocardial infarction after acute myocardial ischemia
reperfusion injury [31] and isoproterenol-induced cardiac
injury in rats [32]. Moreover, it was mentioned that ginseng
(400mg/kg) may enhance cardiac performance through an
increase in the expression of PPAR𝛿 and without altering the

25.0

20.0

15.0

10.0

5.0

0.0

(m
L/

m
in

)

∗∗

##

STZ STZ + ginseng STZ + ginseng +
GSK0660

Figure 3: Changes of cardiac output in vehicle-treated diabetic
rats (STZ), ginseng-treated diabetic rats (Ginseng-treated STZ) and
ginseng-treated diabetic rats received GSK0660 (Ginseng-treated
STZ + GSK0660). All values were presented as mean ± SEM (𝑛 = 8
per group). The ginseng-treated group was obtained from diabetic
rats received the treatment of ginseng (150mg/kg/day, orally for 7
days). ∗∗𝑃 < 0.01 as compared with vehicle-treated diabetic rats
(STZ rats). The ginseng-treatment plus GSK0660 group (Ginseng-
treated STZ + GSK0660) was obtained from diabetic rats received
the treatment of ginseng and injected with GSK0660 (1mg/kg) at
one hour before the treatment of ginseng daily. ##

𝑃 < 0.01 as
compared with the ginseng-treated diabetic rats.

heart rate in normal rats [33]. In the present study, the cardiac
performance in diabetic rats was also improved by repeated
oral intake of ginseng at 150mg/kg/day for one week and this
used dose is markedly lower than used in previous reports
for cardiac diseases [7, 8, 32, 34]. Also, this dose is equal to
human oral dose about 1452mg/kg by using the U.S. FDA
HED (human equivalent dose) equation for calculation [35–
37].

It has been indicated that type 1-like diabetes in STZ-
induced animal is characterized by bradycardia and hypoten-
sion [38]. In conscious rats, the cardiomyopathy in this kind
of animalmodel for heart failure was expressed by low indices
of contractility and relaxation [39]. Actually, we observed the
decreased cardiac 𝑑𝑝/𝑑𝑡 and cardiac output in STZ-induced
diabetic rats similar to previous reports [22, 40].

In vivo and in vitro investigations have revealed a number
of significant actions of ginsenosides and ginseng extracts
in cardioprotection, such as reducing myocardial ischemia-
reperfusion induced damage via NO pathway in rats and
mice [41], slowing down deterioration of cardiac contrac-
tions, preventing the development of arrhythmias [42], and
relaxing the muscles of the aorta [43]. Also, it has been
documented that ginseng increases cardiac lipid metabolism
by enhancement of PPAR𝛿 expression and this action of
ginseng can be blocked by the specific antagonist GSK0660
[44]. In this study, we found that ginseng could increase
PPAR𝛿 expression and TnI phosphorylation in the heart of
diabetic rats.
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Figure 4: Effects of ginseng on cardiac performance in anesthetized rats. The effects of coadministration of ginseng and/or GSK0660 were
investigated in the anesthetized STZ-rats. The changes in hemodynamic 𝑑𝑃/𝑑𝑡 (a), mean blood pressure (MBP) (b), and heart rate (HR) (c)
were recorded continuously throughout the whole experiment. All values are presented as mean ± SEM (𝑛 = 8). ∗∗∗𝑃 < 0.001 as compared
to normal rats. ###𝑃 < 0.001 as compared with the ginseng-treated diabetic rats.

It has been established that PPAR𝛿 plays an important
role in the regulation of cardiac performance [17–19]. In this
study, we demonstrated that ginseng increases cardiac con-
tractility without affecting heart rate in STZ-rats. Also, this
cardiac tonic action of ginseng was reversed by blockade of
PPAR𝛿 using antagonist. Furthermore, activation of PPAR𝛿
using ginseng may enhance the hemodynamic 𝑑𝑃/𝑑𝑡max in
the STZ-rats. Both actions of ginseng were inhibited by
GSK0660 at a dose sufficient to block PPAR𝛿 [39, 40]. The
restoration of cardiac contractility in STZ-rats by ginseng
through an activation of PPAR𝛿 is then characterized.

The decreased level of TnI phosphorylation was reversed
by ginseng in STZ-diabetic rats. Previous study showed an
increase of TnI phosphorylation in rats after induction of dia-
betes for 8weeks [45]. However, the reduced phosphorylation
of TnIwas observed in the failing heart of human studies [46].

In the present study, the reduction of TnI phosphorylation
may indicate severe contractile defects in the heart of rats
after induction of diabetes for 12weeks ormore. Furthermore,
the lower TnI phosphorylation was also raised in the heart of
STZ-diabetic rats by ginseng. Previous study indicated many
phosphorylation sites on cardiac troponin I (cTnI) in physio-
logical and pathophysiological cardiac function [47]. Studies
of proteomic analysis on human heart samples taken from
end-stage heart failure and rat heart samples demonstrate that
Ser23/Ser24 are the major and perhaps the only sites likely to
be relevant to control cardiac function [48]. Previous studies
have demonstrated that TnI phosphorylation most likely acts
through an enhanced off rate during Ca2+ exchange with
TnC, leading to acceleration of relaxation and an increase
in cardiac output [45, 46, 49–51]. It is suggested that the
influence of ginseng on increased phosphorylation of TnI
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may be mediated through increasing Ca2+ concentrations.
However, this view needs more investigations to support in
the future.

The inotropic action of ginseng showed cardiac output
and cardiac 𝑑𝑝/𝑑𝑡 was reversed by blockade of PPAR𝛿 using
chemical antagonist namedGSK0660 as described previously
[23]. In the present study, the increased cardiac output or
cardiac 𝑑𝑝/𝑑𝑡 by ginseng was inhibited in diabetic rats
receiving combined treatment with antagonist of PPAR𝛿.
Thus, we conclude that activation of PPAR𝛿 is involved in the
ginseng-induced increase of cardiac contractility known as
inotropic action.However, the effects of GSK0660 on changes
of downstream signals and cardiac TnI phosphorylation or
others shall be investigated in the future.

A change in heart rate is the most serious side effect of
cardiac agents [41, 42]. In the present study, we showed that
ginseng generated cardiac tonic action in animals without
impacting the heart rate.Thus, ginseng can be used as cardiac
agent without side effect of arrhythmia.

In cardiac agents, the PPAR𝛿 agonist (GW0742)
enhanced cardiac contractility was higher than that in the
dobutamine treated samples. The increase in cardiac output
caused by GW0742 was also higher than dobutamine in
animals. Also, there is a slight elevation of mean blood
pressure with no change of heart rate in rats treated with
GW0742. This result is different to the action of dobutamine
[24]. Also, the effects of ginseng on STZ rats are similar to
the actions of digoxin in STZ rats and both agents restored
the expression of PPAR𝛿 and the cardiac contractility in
STZ rats [22]. However, ginseng shows no side effect on
heart rate unlike digoxin or other clinical used agents. Thus,
application of ginseng to enhance cardiac performance
through the activation of PPAR𝛿 may be a good therapeutic
strategy.

5. Conclusion

According to these findings, we suggest that the expression of
PPAR𝛿 restored by ginseng results in cardiac troponin phos-
phorylation in STZ-rats. Subsequently, the cardiac perfor-
mance is reversed. Taken together, ginseng restored cardiac
contractility through an increase in PPAR𝛿 expression at the
dose that did not modify the heart beating in STZ-rats. Thus,
ginseng could be developed as a good cardiac agent without
the side effect on heart rate in treatment of diabetic heart
failure.
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The agonists of imidazoline I-1 receptors (I-1R) are widely used to lower blood pressure. It has been indicated that guanidinium
derivatives show an ability to activate imidazoline receptors. Also, allantoin has a chemical stricture similar to guanidinium
derivatives. Thus, it is of special interest to characterize the effect of allantoin on I-1R. In conscious male spontaneous hypertensive
rats (SHRs), mean blood pressure (MBP) was recorded using the tail-cuff method. Furthermore, the hemodynamic analyses in
catheterized rats were applied to measure the actions of allantoin in vivo. Allantoin decreased blood pressures in SHRs at 30
minutes, as the most effective time. Also, this antihypertensive action was shown in a dose-dependent manner from SHRs treated
with allantoin. Moreover, in anesthetized rats, allantoin inhibited cardiac contractility and heart rate as showing in hemodynamic
𝑑𝑃/𝑑𝑡 max significantly. Also, the peripheral blood flow was markedly increased by allantoin. Both actions were diminished by
efaroxan at the dose sufficient to block I-1R. Thus, we suggest that allantoin, as I-1R agonist, has the potential to develop as a new
therapeutic agent for hypertension in the future.

1. Introduction

Neurotransmitters after binding to specific receptors are
known to involve in the regulation of cardiovascular func-
tions, especially the arterial blood pressure. In this regu-
lation, noradrenaline, acetylcholine, serotonin, angiotensin
II, and g-amino-butyric acid are widely introduced as the
central regulators of blood pressure [1]. Potentially, most
of neurotransmitters and/or receptors in brain could be
considered as the targets in development of centrally acting
antihypertensive agents [2].

Allantoin is known rich contained in in yam (Dioscorea
spp.) as the principle active compound [3]. Yam is an impor-
tant plant that iswidely used in drug industry, whileDioscorea
rhizome contained ureides including allantoin for the preven-
tion of inflammation and ulcers [4]. Actually, the herbs from

Dioscoreaceae are introduced to bemerit in the improvement
of diabetic disorders [5]. In Chinese traditional medicine,
Shan-Yaw (Dioscorea opposita) is effective to improve insulin
resistance [6] and it has also been characterized in animals
[7], while allantoin is mentioned to be contained in this
herb [8].

The presence of imidazoline receptors in brain seems to
be related to the central regulation of blood pressure [9]. It has
been dissociated the centrally mediated effects of clonidine
(an imidazoline compound) on blood pressure from those
of catecholamines [9]. Accordingly, the detailed radioligand
binding studies largely confirmed the presence of imidazoline
receptors [10]. After the characterization of agmatine as the
endogenous ligand of this receptor, 3 subtypes of imidazoline
receptors have been proposed; activation of I-1 receptors
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regulates blood pressure [11], whereas I-3 receptors partic-
ipate in insulin release [12] and activation of I-2 receptors
(I-2R) increases glucose uptake into muscle cells [13, 14].
Moreover, it has been documented that compounds with
guanidine-like structures may bind to imidazoline receptors
[15], while metformin has been identified to this group [16].
Because allantoin also belongs to guanidinium derivative, it
is of special interest to understand the effect of allantoin on
I-1R. Thus, we speculated that allantoin may have central
antihypertensive activity through activation of I-1R. Then,
in the present study, we investigated the antihypertensive
action of allantoin in relation to I-1R in both normal rats and
spontaneous hypertensive rats (SHRs).

2. Material and Methods

2.1. Animals. Twelve-week-old male Wistar rats and spon-
taneously hypertensive rats (SHR), weighing from 250 to
300 g, were obtained from the Animal Center of National
Cheng Kung University Medical College. The rats were
housed individually in plastic cages under standard labo-
ratory conditions. They were kept under a 12 h light/dark
cycle and had free access to food and water. All experiments
were performed under anesthesia with 2% isoflurane, and
all efforts were made to minimize the animals’ suffering.
The animal experiments were approved and conducted in
accordance with local institutional guidelines for the care and
use of laboratory animals, and the experiments conformed to
the Guide for the Care andUse of Laboratory Animals as well
as the guidelines of the Animal Welfare Act.

2.2. Drug Administration. Animals were randomly assigned
into four groups: (I) the control group (𝑛 = 8) treatedwith the
vehicle, saline (0.9% sodium chloride, i.v.); (II) the allantoin
group (𝑛 = 8) treated by intravenous injection of allantoin at
0.5mg/kg as described previously [17, 18]; (III) the allantoin
+ efaroxan group (𝑛 = 8) treated with allantoin at the most
effective dose (0.5mg/kg, i.v.) according to previous report
[17, 18] and efaroxan at effective dose (1.5mg/kg, i.v.) [17] 30
minutes before injection of allantoin; and (IV) the allantoin
treated SHRs group (𝑛 = 8) treated by intravenous injection
of allantoin at various dose for desired time. Because allantoin
has been documented to be easily degraded in intestinal
tract [19] for resulting in a marked loss of activity after oral
administration [20, 21], we administered it using intravenous
injection in the present study.

2.3. Determination of Mean Blood Pressure. After treatment
of allantoin, the rats were placed into a holder for the
determination of the mean blood pressure (MBP) using a
noninvasive tail-cuff monitor (MK2000; Muromachi Kikai,
Tokyo, Japan). The values for each animal were determined
in triplicate.

2.4. Determination of Blood Flow. Then, the rats were
anesthetized and cannulated in the right femoral artery
with polyethylene catheters (PE-50). Mean arterial pressure

(MAP) and heart rate (HR) were recorded using a poly-
graph (MP35, BIOPAC, Goleta, Calif.). The rat’s trachea was
intubated for artificial ventilation (Small Animal Ventilator
Model 683, Harvard Apparatus, Holliston, Mass.) at 50
breaths/minwith a tidal volume of 8mL/kg and a positive end
expiratory pressure of 5 cm H

2

O. After incision into the rat’s
chest at the third intercostal space to expose the heart, a small
section (1 cm long) of the ascending aorta was freed from
the connective tissue. A Transonic Flowprobe (2.5PSB923,
Transonic System Inc., Ithaca, N.Y.) was implanted around
the root of the ascending aorta and connected to a Transonic
transit-time blood flowmeter (T403, Transonic System Inc.).
The MAP, HR, and blood flow were record for further
analysis.

2.5. Catheterization for Hemodynamic 𝑑𝑃/𝑑𝑡 Measurement.
Temporary pacing leads were used for the short-term study
andwere placed in the right atrium andRV apex. A venogram
image in 2 different angulations (left anterior oblique 30∘ and
anteroposterior) was obtained to determine the anatomy of
the coronary sinus venous system. An LV pacing electrode
(IX-214; iWorx Systems, Inc., Dover, NH, USA) was placed
either in the free wall region via the lateral or posterior vein or
in the anterior region via the great cardiac vein. After femoral
artery and venous puncture using the Seldinger technique
[22], pressure transducer catheters were inserted into the
heart to provide the RV, aortic,mean blood, and LVpressures.
Pressure catheters and pacing leads were connected to an
external pacing computer (iWorx Systems, Inc., Dover, NH,
USA) to monitor the heart rate and to acquire hemodynamic
signals. Body temperature of the rats was also maintained at
37.5∘C throughout whole procedure.

2.6. Statistical Analysis. Results were expressed as mean ±
SE of each group. Statistical analysis was carried out using
ANOVA analysis and the Newman-Keuls post hoc analysis.
Statistical significance was set as 𝑃 < 0.05.

3. Results

3.1. Effects of Allantoin on the Blood Pressure in Conscious
SHRs. We investigated the most effective time point of allan-
toin using the intravenous injection of allantoin into SHRs for
0–120 minutes at the dose of 0.5mg/kg according to previous
study [17]. The most effective time point of 30min was then
obtained andused for further study (Figure 1(a)). Intravenous
injection of allantoin from 0.1 to 0.5mg/kg decreasedMBP in
conscious SHRs in a dose-dependent manner (Figure 1(b)).
Then, the time point of 30min and the dose of 0.5mg/kgwere
used for further experiments.

3.2. The Reduction of MAP and HR by Allantoin in Rats
Was Diminished by Blockade of I-1R Using Efaroxan. In order
to clarify that allantoin may produce antihypertensive effect
through central I-1R, we measured the MAP and HR in
normal rats. The MAP and HR were markedly decreased
after injection of allantoin (Figure 2). However, as shown
in Figure 2, this action was extinguished by I-1R specific
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Figure 1: Antihypertensive action of allantoin in spontaneous
hypertensive rats (SHRs). Time course (a) and dose-dependent (b)
decrease of mean blood pressure (MBP) induced by allantoin in
conscious spontaneously hypertensive rats (SHRs). Data represent
the mean ± SEM of eight animals (𝑛 = 8). ∗𝑃 < 0.05, ∗∗𝑃 < 0.01,
and ∗∗∗𝑃 < 0.001 compared with control (at zero).

antagonist named efaroxan at the effective dose as showed in
previous report [17].

3.3. Effect of Allantoin on Cardiac Performance in the
Anesthetized Rats. The 𝑑𝑃/𝑑𝑡 was significantly reduced by
allantoin (0.5mg/kg, i.v.) after treatment for 30min in the
anesthetized rats, compared with the vehicle-treated control.
However, as shown in Figure 3, this effect disappeared by
coadministration of efaroxan at effective dose (1.5mg/kg, i.v.)
[17].

3.4. Effect of Allantoin on Peripheral Blood Flow in the
Anesthetized Rats. The peripheral blood flow was markedly
increased by allantoin (0.5mg/kg, i.v.) after treatment for
30min in the anesthetized rats, compared with the vehicle-
treated control. However, as shown in Figure 4, this effect
was also deleted by coadministration of efaroxan at effective
dose (1.5mg/kg, i.v.) [17]. This result reflects the decrease of
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Figure 2: Effects of allantoin on mean arterial pressure (MAP) and
heart rate (HR) in rats. The representative picture shows the change
in MAP and HR caused by allantoin in anesthetized rats. HR and
MAP were recorded in anesthetized rats treated with allantoin or
cotreatment with efaroxan. The changes in MAP (a) and HR (b)
were recorded at 30min after injection of allantoin. All values are
presented as mean ± SEM (𝑛 = 8). ∗𝑃 < 0.05 as compared to the
data in before.

total peripheral resistance of arterioles by allantoin via an
activation of I-1R.

4. Discussion

In the present study, we found that allantoin induced a dose-
dependent reduction of MBP in SHRs at 30 minutes later, the
most effective time point. In anesthetized rats, the heart rate,
mean arterial pressure, and cardiac contraction (𝑑𝑃/𝑑𝑡) were
also significantly reduced by allantoin in a way blocked by
efaroxan. Moreover, the peripheral blood flow was markedly
increased by allantoin in these anesthetized rats. Thus, to the
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efaroxan were investigated in the anesthetized rats. The changes
in hemodynamic 𝑑𝑃/𝑑𝑡 were recorded at 30min after injection of
allantoin. All values are presented as mean ± SEM (𝑛 = 8). ∗∗𝑃 <
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Figure 4: Effects of allantoin on peripheral blood flow in anes-
thetized rats. The effects of allantoin or cotreatment with efaroxan
were investigated in the anesthetized rats.The changes in peripheral
blood flow were recorded at 30min after injection of allantoin. All
values are presented as mean ± SEM (𝑛 = 8). ∗𝑃 < 0.05 as compared
to the data in before.

best of our knowledge, this is the first study to indicate that
allantoin shows the central antihypertensive action in rats.
Moreover, it seems likely that an activation of I-1R is required
for this action of allantoin.

Imidazoline I1-receptors (I1-IRs) are known to be
expressed in the rostral ventrolateral medulla (RVLM) of
nucleus tract solitary (NTS) that seems essential for the
sympathoinhibitory action of clonidine-, rilmenidine-, and
moxonidine-like antihypertensive agents [23, 24]. These
agents were introduced to reduce blood pressure mainly

through an activation of specific receptors in RVLM [23, 24].
It has been documented that I1- IR agonist(s) may provide
more useful therapy of hypertension than clonidine due to
the low incidence of the side effect(s) including sedation
[25].

Imidazoline receptors (I-Rs) have been introduced to
play a role in the regulation of cardiovascular function [26].
The antihypertensive agent rilmenidine lowered the blood
pressure via an activation of central I1-IR leading to the
peripheral sympathoinhibition [27]. Antihypertensive drugs
through lowering of central sympathetic nervous system
(SNS) activity may contribute to reducing the heart rate,
cardiac contractility, and vascular tone leading to a marked
decrease of blood pressure [28, 29]. In the present study,
intravenous injection of allantoin relieves the blood pressure
through the decrease of cardiac output and peripheral resis-
tance. These results suggested that the effects of allantoin
is mainly through its’ action in the brain. Also, heart rate,
mean arterial pressure, and cardiac contractility (𝑑𝑃/𝑑𝑡) were
significantly reduced in anesthetized rats by allantoin in away
blocked by efaroxan.The antihypertensive action of allantoin
through an activation of I1-IR in brain can thus be elucidated.

It is generally recognized that both human and experi-
mental hypertension are mainly characterized by the higher
intravascular pressure due to constriction of vascular smooth
muscle cells (VSMCs) in arteries, and this behavior, known
as myogenic tone, is a key element of hypertension [30, 31].
Vascular tone is an important factor in the regulation of
blood pressure [32]. Although blood pressure is regulated by
multiple factors, it is generally agreed that the level of blood
pressure, and particularly in hypertension, is determined in
large part by total peripheral resistance that is primarily a
main function of the resistance of terminal arterioles [33].
Then, we detected the peripheral arterial flow to reflect the
total peripheral resistance. The peripheral blood flow was
markedly increased by allantoin in anesthetized rats. More-
over, this action of allantoin was deleted by coadministration
of efaroxan at the dose sufficient to block I1-IR.Then, decrease
of total peripheral resistance by allantoin via activation of I1-
IR can be identified. The central antihypertensive effect of
allantoin can thus be confirmed.

Allantoin is nature-identical, safe, and nontoxic [34].
The present study characterizes that allantoin aids in the
regulation of blood pressure in animals. Allantoin is easily
degraded in the intestinal tract [19] and lost the activity
after oral administration [20, 21]. Antihypertensive agents are
usually administrated to patients by oral intake. However,
allantoin is not suitable to follow this way.Thus, modification
of chemical structure to help allantoin from degradationmay
develop the application of allantoin in the future.

Allantoin has been mentioned to improve lipid
metabolism in high fat diet- (HFD-) fed mice [35] by
decreasing energy intake and epididymal white adipose tissue
(eWAT) accumulation [17]. Also, allantoin may improve
glucose utilization in STZ-diabetic rats [18]. In the current
study, we found that allantoin produced antihypertension at
the dose the same as that for antihyperglycemic action and
others. Thus, allantoin seems suitable to develop as an agent
for metabolic syndrome in the future.
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5. Conclusion

According to the obtained data, we suggest that allantoin
may act as central antihypertensive agent through activation
of imidazoline I-1 receptor for decrease of mean arterial
pressure, heart rate, and cardiac contractility. Also, increase
of the peripheral blood flow by allantoin shows the lowering
of total peripheral resistance in rats. Thus, allantoin has the
potential to develop as a new central antihypertensive agent
in the future.

Conflict of Interests

The authors declare that they have no conflict of interests.

Authors’ Contribution

Mei-Fen Chen and Jo-Ting Tsai contributed equally to this
work.

Acknowledgments

The authors thank Professor King-Pong Lin for his kind
support and direction in this study.

References

[1] P.A. vanZwieten and J. P. Chalmers, “Different types of centrally
acting antihypertensives and their targets in the central nervous
system,” Cardiovascular Drugs and Therapy, vol. 8, no. 6, pp.
787–799, 1994.

[2] J. Chalmers and P. Pilowsky, “Brainstem and bulbospinal neu-
rotransmitter systems in the control of blood pressure,” Journal
of Hypertension, vol. 9, no. 8, pp. 675–694, 1991.

[3] K. Sagara, M. Ojima, K. Suto, and T. Yoshida, “Quantita-
tive determination of allantoin in Dioscorea rhizome and an
oriental pharmaceutical preparation, Hachimi-Gan, by high-
performance liquid chromatography,” Planta Medica, vol. 55,
no. 1, p. 93, 1989.

[4] A. V. Shestopalov, T. P. Shkurat, Z. I. Mikashinovich et al.,
“Biological functions of allantoin,” Izvestiya Akademii Nauk, no.
5, pp. 541–545, 2006.

[5] K. Sato, M. Iemitsu, K. Aizawa, and R. Ajisaka, “DHEA
improves impaired activation of Akt and PKC 𝜁/𝜆-GLUT4
pathway in skeletal muscle and improves hyperglycaemia in
streptozotocin-induced diabetes rats,” Acta Physiologica, vol.
197, no. 3, pp. 217–225, 2009.

[6] X. Gao, B. Li, H. Jiang, F. Liu, D. Xu, and Z. Liu, “Dioscorea
opposita reverses dexamethasone induced insulin resistance,”
Fitoterapia, vol. 78, no. 1, pp. 12–15, 2007.

[7] J.-H. Hsu, Y.-C. Wu, I.-M. Liu, and J.-T. Cheng, “Dioscorea as
the principal herb of Die-Huang-Wan, a widely used herbal
mixture in China, for improvement of insulin resistance in
fructose-rich chow-fed rats,” Journal of Ethnopharmacology, vol.
112, no. 3, pp. 577–584, 2007.

[8] W. Shujun, L. Hongyan, G. Wenyuan, C. Haixia, Y. Jiugao, and
X. Peigen, “Characterization of new starches separated from
different Chinese yam (Dioscorea opposita Thunb.) cultivars,”
Food Chemistry, vol. 99, no. 1, pp. 30–37, 2006.

[9] P. Bousquet, J. Feldman, and J. Schwartz, “Central cardiovas-
cular effects of alpha adrenergic drugs: differences between
catecholamines and imidazolines,” Journal of Pharmacology and
Experimental Therapeutics, vol. 230, no. 1, pp. 232–236, 1984.

[10] P. A. Van Zwieten, “Central imidazoline I
1

receptors as targets
of centrally acting antihypertensives: moxonidine and rilmeni-
dine,” Journal of Hypertension, vol. 15, no. 2, pp. 117–125, 1997.

[11] P. Ernsberger, M. E. Graves, L. M. Graff et al., “I
1

-imidazoline
receptors—definition, characterization, distribution, and trans-
membrane signaling,” Annals of the New York Academy of
Sciences, vol. 763, pp. 22–42, 1995.

[12] N. G. Morgan, S. L. F. Chan, M. Mourtada, L. K. Monks, and C.
A. Ramsden, “Imidazolines and pancreatic hormone secretion,”
Annals of the New York Academy of Sciences, vol. 881, pp. 217–
228, 1999.

[13] T.-N. Lui, C.-W. Tsao, S.-Y. Huang, C.-H. Chang, and J.-T.
Cheng, “Activation of imidazoline I

2B receptors is linked with
AMP kinase pathway to increase glucose uptake in cultured
C
2

C
12

cells,” Neuroscience Letters, vol. 474, no. 3, pp. 144–147,
2010.

[14] C.-H. Chang, H.-T.Wu, K.-C. Cheng, H.-J. Lin, and J.-T. Cheng,
“Increase of 𝛽-endorphin secretion by agmatine is induced by
activation of imidazoline I

2A receptors in adrenal gland of rats,”
Neuroscience Letters, vol. 468, no. 3, pp. 297–299, 2010.

[15] C. Dardonville and I. Rozas, “Imidazoline binding sites and
their ligands: an overview of the different chemical structures,”
Medicinal Research Reviews, vol. 24, no. 5, pp. 639–661, 2004.

[16] J.-P. Lee, W. Chen, H.-T. Wu, K.-C. Lin, and J.-T. Cheng,
“Metformin can activate imidazoline I-2 receptors to lower
plasma glucose in type 1-like diabetic rats,” Hormone and
Metabolic Research, vol. 43, no. 1, pp. 26–30, 2011.

[17] H. H. Chung, K. S. Lee, and J. T. Cheng, “Decrease of obesity
by allantoin via imidazoline I

1

-receptor activation in high fat
diet-fed mice,” Evidence-Based Complementary and Alternative
Medicine, vol. 2013, Article ID 589309, 7 pages, 2013.

[18] C.-S. Niu,W. Chen, H.-T.Wu et al., “Decrease of plasma glucose
by allantoin, an active principle of yam ( Dioscorea spp.), in
streptozotocin-induced diabetic rats,” Journal of Agricultural
and Food Chemistry, vol. 58, no. 22, pp. 12031–12035, 2010.

[19] L. P. Kahn and J. V. Nolan, “Kinetics of allantoin metabolism in
sheep,” British Journal of Nutrition, vol. 84, no. 5, pp. 629–634,
2000.

[20] N. Pak, G. Donoso, and M. A. Tagle, “Allantoin excretion in the
rat,” British Journal of Nutrition, vol. 30, no. 1, pp. 107–112, 1973.

[21] T. Koguchi, H. Nakajima, M. Wada et al., “Dietary fiber
suppresses elevations of uric acid and allantoin in serum and
urine induced by dietary RNA and increases its excretion to
feces in rats,” Journal of Nutritional Science and Vitaminology,
vol. 48, no. 3, pp. 184–193, 2002.

[22] S. I. Seldinger, “Catheter replacement of the needle in percu-
taneous arteriography: a new technique,” Acta Radiologica, vol.
49, no. 434, pp. 47–52, 2008.

[23] P. Ernsberger, R. Giuliano, R. N. Willette, and D. J. Reis,
“Role of imidazole receptors in the vasodepressor response to
clonidine analogs in the rostral ventrolateral medulla,” Journal
of Pharmacology and Experimental Therapeutics, vol. 253, no. 1,
pp. 408–418, 1990.

[24] Y. Hikasa, K. Masuda, Y. Asakura et al., “Identification and
characterization of platelet alpha2-adrenoceptors and imida-
zoline receptors in rats, rabbits, cats, dogs, cattle, and horses,”
European Journal of Pharmacology, vol. 720, pp. 363–375, 2013.



6 BioMed Research International

[25] K. Nikolic andD. Agbaba, “Imidazoline antihypertensive drugs:
selective I

1

-imidazoline receptors activation,” Cardiovascular
Therapeutics, vol. 30, pp. 209–216, 2012.

[26] J. Yang, W.-Z. Wang, F.-M. Shen, and D.-F. Su, “Cardiovascular
effects of agmatine within the rostral ventrolateral medulla are
similar to those of clonidine in anesthetized rats,” Experimental
Brain Research, vol. 160, no. 4, pp. 467–472, 2005.

[27] P. A. van Zwieten and S. L. M. Peters, “Central I
1

-imidazoline
receptors as targets of centrally acting antihypertensive drugs.
Clinical pharmacology ofmoxonidine and rilmenidine,”Annals
of the New York Academy of Sciences, vol. 881, pp. 420–429, 1999.

[28] W. S. Colucci, “The effects of norepinephrine on myocardial
biology: implications for the therapy of heart failure,” Clinical
Cardiology, vol. 21, no. 12, pp. I20–I24, 1998.

[29] B. G. Jacob, W. O. Richter, and P. Schwandt, “Effect of three
antihypertensive drug groups on lipid metabolism. Effects
of alpha receptor blockers, central sympatholytic drugs and
vasodilators,” Fortschritte der Medizin, vol. 111, no. 8, pp. 126–
129, 1993.

[30] M. A. Hill, G. A. Meininger, M. J. Davis, and I. Laher,
“Therapeutic potential of pharmacologically targeting arteriolar
myogenic tone,” Trends in Pharmacological Sciences, vol. 30, no.
7, pp. 363–374, 2009.

[31] D. Yamazaki, Y. Tabara, S. Kita et al., “TRIC-A channels in
vascular smooth muscle contribute to blood pressure mainte-
nance,” Cell Metabolism, vol. 14, no. 2, pp. 231–241, 2011.

[32] R. A. Khalil, “Modulators of the vascular endothelin receptor in
blood pressure regulation and hypertension,”CurrentMolecular
Pharmacology, vol. 4, no. 3, pp. 176–186, 2011.

[33] G. V. Guinea, J. M. Atienza, F. J. Rojo et al., “Factors influencing
the mechanical behaviour of healthy human descending tho-
racic aorta,” Physiological Measurement, vol. 31, no. 12, pp. 1553–
1565, 2010.

[34] C. Thornfeldt, “Cosmeceuticals containing herbs: fact, fiction,
and future,” Dermatologic Surgery, vol. 31, no. 7, pp. 873–880,
2005.

[35] T. T. Yang, N. H. Chiu, H. H. Chung, C. T. Hsu, W. J. Lee,
and J. T. Cheng, “Stimulatory effect of allantoin on imidazoline
I
1

receptors in animal and cell line,” Hormone and Metabolic
Research, vol. 44, pp. 879–884, 2012.



Research Article
Characterization of Musclin as a New Target for
Treatment of Hypertension

Jia-Wei Lin,1 Cheng-Chia Tsai,2 Li-Jen Chen,3 Ho-Shan Niu,4

Chen Kuei Chang,1 and Chiang-Shan Niu4

1 Department of Neurosurgery, College of Medicine, Taipei Medical University and Shuang Ho Hospital,
Taipei Medical University, Taipei City 10361, Taiwan

2Graduate Institute of Disease Prevention and Control, College of Medicine, Taipei Medical University and Shuang Ho Hospital,
Taipei Medical University, Taipei City 10361, Taiwan

3 Institute of Basic Medical Sciences, College of Medicine, National Cheng Kung University, Tainan City 70101, Taiwan
4Department of Nursing, Tzu Chi College of Technology, Hualien City 97005, Taiwan

Correspondence should be addressed to Chiang-Shan Niu; ncs838@yahoo.com.tw

Received 11 January 2014; Accepted 1 February 2014; Published 9 March 2014

Academic Editor: Juei-Tang Cheng

Copyright © 2014 Jia-Wei Lin et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Musclin is a novel skeletal muscle-derived factor found in the signal sequence trap of mouse skeletal muscle cDNAs. Recently, it has
been demonstrated thatmusclin is involved in the pathogenesis of spontaneously hypertensive rats (SHRs).However, it is known as a
genetic hypertensionmodel. In the present study, we aim to investigate the role of musclin in another animalmodel of hypertension
and characterize the direct effect of musclin on vascular contraction. The results show that expression of musclin was increased
in arterial tissues isolated from DOCA-salt induced hypertensive rats or the normal rats received repeated vasoconstriction with
phenylephrine. Additionally, direct incubation with phenylephrine did not modify the expression of musclin in the in vitro studies.
Also, the direct effect of musclin on the increase of intracellular calciumwas observed in a concentration-dependent manner.These
results provide the evidence to support thatmusclin is involved in hypertension.Thus,musclin is suitable to be considered as a novel
target for treatment of hypertension.

1. Introduction

Hypertension is a cardiovascular risk factor and a major
healthcare problem [1]. So far, although it is well known that
the vasculature, kidney, skeletal muscle, and central nervous
system contribute to the development of hypertension, the
mechanisms for the progression of higher blood pressure
are still not completely clarified [1]. Basically, both human
hypertension and experimental models of hypertension are
mainly characterized by increased intravascular pressure that
causes constriction of vascular smoothmuscle cells (VSMCs)
in resistant arteries, and this response, known as myogenic
tone, is a key element for the maintenance of blood pressure
[2, 3]. Moreover, this myogenic response, which has also been
demonstrated to occur independently of neural control in
isolated vessels, is considered to be an intrinsic function of
the smooth muscle vessel wall [4].

Musclin is a novel muscle-derived secretory peptide
found in the signal sequence trap of mouse skeletal muscle
cDNAs. Musclin mRNA was almost exclusively expressed
in the skeletal muscle of rodents and obesity models [5].
The function of musclin has been described as responsive
to insulin in vivo and inducing insulin resistance in vitro
[6, 7]. Furthermore, musclin is also known as a bone-active
molecule that is highly expressed in cells of the osteoblast
lineage of animals [5, 8].

Recently, a higher expression of musclin in arterial tissue
has been observed in spontaneous hypertensive rats (SHRs)
[9]. Then, authors claimed that musclin is involved in the
pathogenesis of hypertension. However, SHR is known as a
genetic disorder of hypertension. Experiments by using of
different hypertensive animalmodelwill be helpful to identify
the role of musclin in the development of hypertension.
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The main aim of this study is to investigate the expression
of musclin in other hypertensive animal models and charact-
erize the potential mechanism(s) for musclin induced hyper-
tension.

2. Material and Methods

2.1. Animals. Eight-week-old male Wistar rats, weighing
from 250 to 280 g, were obtained from the Animal Center
of National Cheng Kung University Medical College. The
rats were housed individually in plastic cages under standard
laboratory conditions.They were kept under a 12 h light/dark
cycle and had free access to food and water. All experiments
were performed under anesthesia with 2% isoflurane, and
all efforts were made to minimize the animals’ suffering.
The animal experiments were approved and conducted in
accordance with local institutional guidelines for the Care
and Use of Laboratory Animals in Chi-Mei Medical Center,
and the experiments conformed to theGuide for the Care and
Use of Laboratory Animals as well as the guidelines of the
Animal Welfare Act.

2.2. Deoxycorticosterone Acetate and Sodium Chloride
(DOCA-Salt) Induced Hypertensive Rats. According to
previous reports [10–12], Wistar rats were anesthetized and
underwent uninephrectomy (small flank incision, right
side). One week after surgery, all rats started receiving
the subcutaneous injections of DOCA (Sigma-Aldrich,
Germany) (20mg/kg during the first week, 12mg/kg during
the second and third weeks, and 6mg/kg to the end of
treatment) and the drinking water contained 1.0% NaCl and
0.2% KCl. The control rats (vehicle sham) received vehicle
injections (1 : 1 mineral oil and propylene glycol) and normal
tap water. Each rat was placed into a holder to determine the
mean blood pressure (MBP) through a noninvasive tail-cuff
monitor (MK2000; Muromachi Kikai, Tokyo, Japan) under
conscious and values for each animal were estimated in
triplicate. All rats were then sacrificed to isolate the aorta
for assay of musclin expression through Western blotting
analysis.

2.3. Phenylephrine (PE) Induced Hypertension. For challenge
with hypertension, Wistar rats were injected intravenously
(IV) with phenylephrine (10 𝜇g/kg; Sigma Chemical) dis-
solved in 9% saline, 4 times daily, for 7 days as described
previously [13, 14]. The age-matched rats were divided into
three groups (𝑛 = 8): normal rats (Con), vehicle-treated
normal rats (Veh), and PE induced hypertensive rats (PE).
After a 7-day treatment, each rat was placed into a holder
to determine the mean blood pressure (MBP) through a
noninvasive tail-cuff monitor (MK2000; Muromachi Kikai,
Tokyo, Japan) under conscious and values for each animal
were estimated in triplicate. All rats were then sacrificed
to isolate the aorta for assay of musclin expression using
Western blotting analysis.

2.4. Cell Line and Culture Conditions. Rat cell line for
vascular smooth muscle cells (A7r5 cells) (BCRC, Hsinchu,

Taiwan) were cultured in RPMI-1640 medium (Gibco BRL,
Paisley, Scotland) supplemented with 10% fetal calf serum
(FCS) (Biologic Industries, Kibbutz Beit Haemek, Israel),
penicillin (100 IU/mL), streptomycin (100mg/mL) (Sigma,
St. Louis, MO, USA), and amphotericin B (2.5mg/mL,
Gibco). The cells were trypsinized (trypsin used was pur-
chased from Gibco) and subcultured once a week, and the
medium was changed every 3-4 days. For the experiments,
the cells were seeded on round (10 cmdiameter) plastic dishes
and cultured with PE under the doses of 0.1𝜇M and 1 𝜇M
for 24 hours. Samples were collected for detection of the
expression of musclin by Western blotting analysis.

2.5. Measurement of Intracellular Calcium Concentrations.
Musclin was purchased from Phoenix Pharmaceuticals Inc.
(Burlingame, CA, USA). Changes in the intracellular calcium
concentrationwere detected using the fluorescent probe fura-
2 [15]. A7r5 cells were placed in buffered physiological saline
solution (PSS) containing 140mMNaCl, 5.9mMKCl, 1.2mM
CaCl
2

, 1.4mM MgCl
2

, 11.5mM glucose, 1.8mM Na
2

HPO
4

, and 10mM Hepes-Tris, next, 5 𝜇M fura-2 was added to this
solution, and then, the cells were incubated for 1 h in humidi-
fied atmosphere containing 5%CO

2

and 95% air at 37∘C.The
cells were washed and incubated for further 30min in PSS.
The A7r5 cells were then inserted into a thermostatic (37∘C)
cuvette containing 2mL of PSS and various doses of musclin
or inhibitor as indicated. The fluorescence was continuously
recorded using a fluorescence spectrofluorimeter (Hitachi
F-2000, Tokyo, Japan). The values of intracellular calcium
([Ca2+]i) were calculated from the ratio 𝑅 = 𝐹340/𝐹380 by
the formula [Ca2+]i = 𝐾

𝑑

𝐵 (𝑅 − 𝑅min)/(𝑅max − 𝑅), where
𝐾
𝑑

is 225 nM, 𝐹 is the fluorescence measured at 340 nm and
380 nm, and 𝐵 is the ratio of fluorescence of the free dye
to that of the Ca2+-bound dye measured at 380 nm. 𝑅max
and 𝑅min were determined in separate experiments by using
musclin to equilibrate [Ca2+]i with ambient [Ca2+] (𝑅max) and
adding 0.1mM MnCl

2

and 1mM EGTA (𝑅min). Background
autofluorescence was measured in unloaded cells and was
subtracted from all measurements.

2.6. Western Blotting Analysis. Protein was extracted from
tissue homogenates and cell lysates using ice-cold radioim-
munoprecipitation assay (RIPA) buffer supplemented with
phosphatase and protease inhibitors (50mmol/L sodium
vanadate, 0.5mM phenylmethylsulphonyl fluoride, 2mg/mL
aprotinin, and 0.5mg/mL leupeptin). Protein concentrations
were determined with a Bio-Rad protein assay (Bio-Rad
Laboratories, Inc., Hercules, CA,USA). Total proteins (30𝜇g)
were separated by SDS/polyacrylamide gel electrophoresis
(10% acrylamide gel) using a Bio-RadMini-Protein II system.
The protein was transferred to the expanded polyvinylidene
difluoride membranes (Pierce, Rockford, IL, USA) with a
Bio-Rad Trans-Blot system. After transfer, the membranes
were washed with PBS and blocked for 1 h at room tempera-
ture with 5% (w/v) skimmedmilk powder in PBS.Themanu-
facturer’s instructionswere followed for the primary antibody
reactions. Blots were incubated overnight at 4∘C with an
immunoglobulin-G polyclonal rabbit anti-mouse antibody
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Figure 1: Effect ofDOCA-salt induced hypertension on themean blood pressure and the expression ofmusclin protein.Wistar rats underwent
uninephrectomy and received subcutaneous injections ofDOCA salt and drinkingwater supplementedwith 1.0%NaCl and 0.2%KCl (DOCA
group). The vehicle-sham rats (vehicle) received vehicle injections (1 : 1 mineral oil and propylene glycol) and normal tap water. The mean
blood pressure (MBP)was recorded using a noninvasive tail-cuffmonitor (a) while the expression ofmusclin protein (11 kDa) was determined
using Western blotting analysis (b). The quantification of the results is indicated as the means with the SE (𝑛 = 8 per group) in each column
shown in the lower panel. ∗∗𝑃 < 0.01 and ∗∗∗𝑃 < 0.001 compared with vehicle-sham group.

(Affinity BioReagents, Inc., Golden, CO, USA) (1 : 500) in
5% (w/v) skimmed milk powder dissolved in PBS/Tween 20
(0.5% by volume) to bind the target protein such as musclin.
The blots were incubated with goat polyclonal antibody
(1 : 1000) to bind the actin which served as the internal con-
trol. After the removal of the primary antibody, the blots were
extensively washed with PBS/Tween 20 and then incubated
for 2 h at room temperature with the appropriate peroxidase-
conjugated secondary antibody diluted in 5% (w/v) skimmed
milk powder and dissolved in PBS/Tween 20. The blots
were developed by autoradiography using an ECL-Western
blotting system (Amersham International, Buckinghamshire,
UK). The immunoblots of musclin (11 kDa) were quantified
with a laser densitometer.

2.7. Preparation of Isolated Arterial Strips. The isolated arte-
rial strips fromWistar rats were used. Each rat was sacrificed
by decapitation under anesthesia. After the arterial strips had
been carefully freed from fat and connective tissue, the spi-
rally cut strips were then mounted in organ baths filled with
10mL oxygenated Krebs’ buffer (95% O

2

, 5% CO
2

) at 37∘C
containing (in mmol/L) NaCl 135; KCl 5; CaCl

2

2.5; MgSO
4

1.3; KH
2

PO
4

1.2; NaHCO
3

20; and d-glucose 10 (pH 7.4).
The calcium-free buffer was prepared in the same manner
while CaCl

2

was not included. To exclude a possible role of
the endothelium in musclin induced vasoconstriction, the
tests were conducted in endothelium-denuded preparations.
The endothelium was removed by gently rubbing it against
the teeth of a pair of forceps. Successful removal of the
endotheliumwas confirmed by histological identification and

failure of 1 𝜇mol/L acetylcholine to relax the rings that had
been precontracted with potassium chloride as described
previously [16].

Each preparation was connected to strain gauges (FT03;
Grass Instrument, Quincy, MA, USA). Isometric tension
was recorded using chart software (MLS023, Powerlab;
ADInstruments, Bella Vista, NSW, Australia). Strips were
mounted and allowed to stabilize for 2 h. Each preparation
was then gradually stretched to achieve an optimal resting
tension of 1 g. After the tension had stabilized, the arterial
strips were exposed to musclin at various concentrations
(0.01–10 nmol/L), with a wait time of 15–20min between
all musclin doses. Then, the increase in tonic contraction
(vasoconstriction) was evaluated. Once the sample stabilized,
oxygenated Krebs buffer was replaced, and then potassium
chloride (50mmol/L) (Sigma-Aldrich, St. Louis, MO, USA)
was added as a positive control.

2.8. Statistical Analysis. Results were expressed as mean ±
SE of each group. Statistical analysis was carried out using
ANOVA analysis and Newman-Keuls post hoc analysis.
Statistical significance was set as 𝑃 < 0.05.

3. Results

3.1. Increase of Musclin Expression in Deoxycorticosterone
Acetate and SodiumChloride (DOCA-Salt) InducedHyperten-
sive Rats. Weexamined the expression ofmusclin in the aorta
of DOCA-salt induced hypertensive rats. The mean blood
pressure (MBP) in these animals was significantly elevated
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Figure 2: Effect of challenge with vasoconstrictor on themean blood pressure and the expression ofmusclin protein.Wistar rats were injected
intravenously (IV) with a vasoconstrictor named phenylephrine (PE; 10𝜇g/kg) dissolved in 9% saline, the used vehicle, 4 times daily for one
week.Themean blood pressure (MBP)was recorded using a noninvasive tail-cuffmonitor (a), while the expression ofmusclin protein (11 kDa)
was determined using Western blotting analysis (b). The quantification of the results is indicated as the means with the SE (𝑛 = 8 per group)
in each column shown in the lower panel. ∗𝑃 < 0.05 compared to vehicle-treated group.
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Figure 3: Effects of phenylephrine (PE) on the expression ofmusclin
in A7r5 cells. Cells treated with PE for 24 hours were then harvested
to measure the protein level of musclin expression using Western
blotting analysis. All values are presented as mean ± SEM (𝑛 = 8).
No difference was observed between all groups.

(Figure 1(a)) as compared to the vehicle-sham group. Also,
the expression of musclin in aorta was markedly raised in
DOCA-salt induced hypertensive rats (Figure 1(b)).

3.2. Increase of Musclin Expression by Phenylephrine Induced
Hypertension. We examined the expression of musclin in
the rat aorta of normotensive rats after repeated treatment
with phenylephrine (PE) (four times a day) for one week.
The mean blood pressure (MBP) after treatment with PE
was significantly higher (Figure 2(a)) than the vehicle-treated
group. PE also increased the expression of musclin protein in
aorta isolated from treated animals (Figure 2(b)).

3.3. Effect of Phenylephrine on Musclin Expression in Rat
Cell Line of Vascular Smooth Muscle Cells (A7r5 Cells). To
identify the direct effect of PE on the expression of musclin,
A7r5 cells were treated with PE. There is no difference in the
expression of musclin in PE treated A7r5 cells (Figure 3).

3.4. Effect of Musclin on Arterial Strips Isolated from Rats.
Vasoconstriction was induced in a dose-dependent manner
by musclin (0.01–10 nmol/L) in the arterial strips isolated
from normal rats. However, the response to musclin in
arterial strips was markedly reduced in calcium-free buffer
as compared with that in calcium-rich buffer (Figure 4(a)).
The action of musclin disappeared by washing the strips with
normal buffer, and the response could be reproduced by the
retreatment with musclin.

3.5. Changes of Intracellular Calcium Influx by Musclin in
A7r5 Cells. The fluorescent probe, fura2-AM, was used to
detect the changes in intracellular calcium level in A7r5 cells.
Musclin (0.01–10 nmol/L) showed the significant increase
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Figure 4: Effects of musclin on contraction of arterial strip and intracellular calcium in A7r5 cells. Vasoconstriction was induced in a
concentration-dependent manner by musclin (0.01–10 nmol/L) in the arterial strips isolated from normal Wistar rats. The closed square
showed the results in calcium-rich buffer while the closed circle showed the results in calcium-free buffer (a). Changes in intracellular calcium
were detectedwith fura-2 by using a fluorescence spectrofluorometer.The cells were placed in buffered physiological saline solutionwith 5𝜇M
of fura-2-AM and incubated for 1 h. After recording the baseline value, musclin was added into the cuvette to detect the free intracellular
calcium (b). All values are presented as mean ± SEM (𝑛 = 8). ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 compared with the control group
(musclin 0 nM).

of intracellular calcium level in a concentration-dependent
manner (Figure 4(b)).

4. Discussion

In the present study, we found that expression of musclin is
raised in arterial tissues isolated from DOCA-salt induced
hypertensive rats. Also, similar increase of arterial musclin
expression was observed in normal rats after repeated
vasoconstriction challenge using phenylephrine. However,
phenylephrine treated vascular smooth muscle cells (A7r5
cells) did not modify the expression of musclin. The direct
effect of phenylephrine can thus be ruled out, and changes
in the expression of musclin seem related mainly to the
vasoconstriction. Furthermore, musclin induced a sustained
vasoconstriction in the arterial strips isolated from normal
rats in a concentration-dependent manner.The response was
reduced when arterial strips were immersed in calcium-
free buffer. Sustained increase of calcium influx by musclin
was also characterized in A7r5 cells. Thus, to the best of
our knowledge, this is the first study to show the higher
expression of musclin in response to vasoconstriction that
generally occurred in hypertension.

The administration of a synthetic mineralocorticoid
derivative, DOCA, in combination with salt loading in the
diet to young adult Wistar rats following surgical removal
of one kidney induces hypertension with characteristic
of human volume-overload induced hypertension [17–19].
DOCA-salt rats mimic most of the changes in human
hypertension and vascular dysfunction [20]. In this study,
we observed the higher expression of musclin in the arterial
tissue of DOCA-salt induced hypertensive rats usingWestern
blots. Thus, a higher expression of musclin is not only in

the genetic animal model of SHRs but also in DOCA-salt
induced hypertensive rats.

The phenylephrine (PE) induced vasoconstriction is
widely used as an experimental model of hypertension [21,
22]. In this study, we found a higher expression of musclin in
arterial tissue isolated from the PE treated rats usingWestern
blots. However, an activation of 𝛼

1

-adrenoceptors by PE may
influence the expression of genes and structure proteins [23].
Thus, we treated A7r5 cells with PE to investigate the direct
effect of PE on the expression ofmusclin.However, PE did not
modify the expression of musclin in cultured vascular cells.
The higher expression of musclin in aorta seems related to
vasoconstriction that generally occurred in hypertension.

Thus, an increase of aortic tone by hypertension may
enhance the expression of musclin. Then, the raised expres-
sion of musclin could lead the hypertension to be more
serious. For understanding the direct effect of musclin on
aortic tone, the spirally cut aortic strips from normotensive
rats were used. We gave up the use of aortic strips from
SHRs that showed the pathologic state of vascular tone.
Musclin induced sustained vasoconstriction was markedly
reduced when arterial strips were immersed in calcium-free
buffer. It has been indicated that vasoconstrictors may cause
intracellular calcium release from intracellular calcium pool
to develop the tension of arterial smooth muscle [24, 25].
Thus, the vasoconstriction induced by musclin seems not
dependent on calcium influx only. Release of calcium from
intracellular pool is also involved in the vasoconstriction of
musclin.

Calcium ions are essential for muscle contraction while
calcium influx is the major pathway to increase intracellular
calcium. [26–29]. Modulation of myofilament properties by
alterations in the calcium concentration has profound effects
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on smooth muscle contractility [28]. In the present study,
we demonstrated the vasoconstriction of musclin through
calcium influx and an increase of intracellular calcium by
musclin in A7r5 cells. Thus, musclin may increase vascular
tone through enhancement of intracellular calcium that is
important in the development of arterial hypertension.

The vasoconstriction induced by musclin appeared to
be calcium dependent. However, intracellular signals for the
action of musclin are still unclear. It has been suggested
that musclin may activate its specific receptors and NPR-
C receptors in cardiovascular tissues and cells [9]. Also,
it has been established that ANP interacts with NPR-C in
aorta to activate calcium-loaded calmodulin and others for
vasoconstriction [30]. Thus, the potential mechanisms of
musclin induced vasoconstriction could be elucidated in a
calcium-dependent manner. But the real signals need more
investigations in the future.

5. Conclusion

In the present study, we observed a higher expression of
musclin in aorta during hypertension. Also, musclin con-
tributed to the development of hypertension through increase
of intracellular calcium in vascular smooth muscle. Thus, we
suggest that musclin could be considered as a new target in
the development of agent(s) for treatment of hypertension.
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Vascular inflammatory process has been suggested to play a key role in the initiation and progression of atherosclerosis, a major
complication of diabetes mellitus. Recent studies have shown that brazilin exhibits antihepatotoxic, antiplatelet, cancer preventive,
or anti-inflammatory properties.Thus, we investigated whether brazilin suppresses vascular inflammatory process induced by high
glucose (HG) in cultured human umbilical vein endothelial cells (HUVEC). HG induced nitrite production, lipid peroxidation,
and intracellular reactive oxygen species formation in HUVEC cells, which was reversed by brazilin. Western blot analysis revealed
that brazilin markedly inhibited HG-induced phosphorylation of endothelial nitric oxide synthase. Besides, we investigated the
effects of brazilin on the MAPK signal transduction pathway because MAPK families are associated with vascular inflammation
under stress. Brazilin blockedHG-induced phosphorylation of extracellular signal-regulated kinase and transcription factorNF-𝜅B.
Furthermore, brazilin concentration-dependently attenuated cell adhesion molecules (ICAM-1 and VCAM-1) expression induced
by various concentrations of HG in HUVEC. Taken together, the present data suggested that brazilin could suppress high glucose-
induced vascular inflammatory process, which may be closely related with the inhibition of oxidative stress, CAMs expression, and
NF-𝜅B activation in HUVEC. Our findings may highlight a new therapeutic intervention for the prevention of vascular diseases.

1. Introduction

Endothelial dysfunction is considered the primary cause in
the pathogenesis of vascular disease in diabetes mellitus [1].

Diabetes is a metabolic disorder characterized by hyper-
glycemia and glucose intolerance due to lessened effective-
ness of insulin action, insulin deficiency, or both. An increase
of cardiovascular diseases due in part to hyperglycemia
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is associated with diabetes, which can induce endothelial
dysfunction [2]. Alterations in endothelial function lead the
development of insulin resistance [3]. The most likely cause
of endothelial damage induced by hyperglycemia is the
overproduction of reactive oxygen species (ROS) in mito-
chondria [4]. In aortic endothelial cells, hyperglycemia
induces increases of mitochondrial superoxide production
and prevents activity and expression of endothelial nitric
oxide synthase (eNOS) [5]. ROS can modify endothelial
function by a variety of mechanisms, such as peroxidation
of membrane lipids, activation of NF-𝜅B, and decrease of
the availability of nitric oxide (NO) [6]. Vascular disorders
through overexpression of adhesionmolecules are thought to
play a role in the pathogenesis of atherosclerosis. Activation
of NF-𝜅B induces adhesion molecules, such as VCAM-1 and
ICAM-1, and, subsequently, induces an increase in themigra-
tion and adhesion of monocytic cells to endothelial cells,
which are very important events during the inflammatory
process.

Oxidative stress, due to the high glucose concentration,
plays a vital role in the progress of diabetic impediments
[7]. Previous studies have shown that high glucose activates
nuclear factor-𝜅B (NF-𝜅B), one of the transcription factors
for proinflammatory genes. NF-𝜅B is present in the cyto-
plasm as an inactive form bound to its inhibitor molecule,
inhibitory factor of NF-𝜅B-𝛼 (I𝜅B-𝛼). Translocation of NF-
𝜅B from the cytoplasm to the nucleus is preceded by the
phosphorylation, ubiquitination, and proteolytic degradation
of I𝜅B-𝛼 [8]. It is assumed that high glucose-induced CAMs
expression may depend on activation of NF-𝜅B. Under
oxidative stress, endothelial cells generate ROS, such as
superoxides and peroxynitrite, leading to low-density lipo
protein (LDL) oxidation. The formation of ROS together
with inflammatory factors including chemokines, cytokines,
and adhesion molecules has been shown to be increased in
atherosclerotic lesions [9]. Inflammatory responses, includ-
ing inflammatory gene transcription, appear to involve free
radicals or oxidative stresses, and thus free radical scavengers
can suppress inflammatory gene expression. However, the
effect of brazilin on high glucose-induced oxidative stress was
not cleared in vascular endothelial cells.

Sappan Lignum, the heart wood of Caesalpinia sappan L.,
(C. sappan L) is used traditionally for large number of ail-
ments and reported to have a wide variety of medicinal prop-
erties. The anti-inflammatory, antiproliferative, and antiox-
idant activities of C. sappan have been well documented
[10, 11]. Brazilin [7,11b-dihydrobenz[b]indeno[1,2-d]pyran-
3,6a,9,10(6H)-tetrol], the major component of C. sappan L.
[12], is a natural red pigment, largely used for histological
staining. Brazilin is also a promising chemopreventive agent
as it is generally nontoxic and interferes with the process
of carcinogenesis. Several synthetic types’ brazilin analogues
have demonstrated cancer-preventive properties towards a
number of human cancer cell lines including HT29, A549,
HL60, and K562 in MTT assays [13]. Brazilin induced
vasorelaxation is reported to be inhibited by NG-nitro-
Larginine methyl ester (L-NAME) and it is suggested that
the mechanism by which brazilin caused vasodilation might
be endothelial dependent [14]. This study was designed to

investigate the effect and molecular mechanisms of brazilin
on high-glucose stimulated human endothelial cells and the
subsequent expression of CAMs in these cells. Our find-
ings indicate a novel molecular mechanism underlying the
therapeutic effects of brazilin for the prevention of vascular
diseases.

2. Materials and Methods

2.1.Materials. Brazilin (Figure 1(a))was purchased from ICN
Pharmaceuticals (Irvine, CA, USA). Cell culture reagents
including M-199 medium, L-glutamine, penicillin, strepto-
mycin, and fetal bovine serum were obtained from Gibco
BRL (Grand Island, NY, USA). Antimouse and antirab-
bit immunoglobulin G-conjugated horseradish peroxidase
(HRP) were purchased from Amersham Biosciences (Sun-
nyvale, CA, USA) and/or Jackson-Immuno Research (West
Grove, PA, USA). A rabbit polyclonal antibody specific
for NF-kB was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). The antiphospho-p42/p44 ERK
(Thr202/Tyr204) was from Cell Signaling (Beverly, MA,
USA). The hybond-P polyvinylidene difluoride (PVDF)
membrane and enhanced chemiluminescence (ECL) western
blotting detection reagent and analysis system were obtained
from Amersham (Buckinghamshire, UK). All other chemi-
cals used in this study were of reagent grade.

2.2. Human Umbilical Vein Endothelial Cells (HUVECs)
Isolation and Culture. Human umbilical cords were obtained
from the Hospital of National Taiwan University, and human
umbilical vein endothelial cells were isolated by enzymatic
digestion as described previously [15]. After 15-min incu-
bation with 0.1% collagenase at 37 ± 0.5∘C, umbilical cord
vein segments were perfused with 30mL of medium 199
containing 10U/mL penicillin and 100 𝜇g/mL streptomycin
for the collection of cells. After centrifugation for 8min at
900×g, the cell pellet was resuspended in previous medium
supplemented with 20% heat-inactivated fetal bovine serum,
30 𝜇g/mL endothelial cell growth supplement, and 90𝜇g/mL
heparin. Confluent primary cells were detached by trypsin-
EDTA (0.05% : 0.02%, v/v), and passages between three and
five were used in the experiments. Cultures had typical
cobblestone morphology and stained uniformly for human
von Willebrand factor (vWF) [16] as assessed by indirect
immunofluorescence.

2.3. Cell Viability Assay. Theviability ofHUVECs upon treat-
ment of glucose, brazilin alone, and both combined together
wasmeasured by a colorimetricMTT assay. Briefly, HUVECs
(2 × 105 cells/well) were seeded on 24-well plates and cultured
in DMEM containing 10% FBS for 24 h. HUVECs were
treated with glucose at concentrations of (5–150𝜇M), brazilin
(10–100 𝜇M) alone, and pretreated with brazilin (10–100 𝜇M)
in glucose (25 and 50mM) induced cells or an isovolumetric
solvent control (0.1% DMSO) for 24 or 48 h.The cell number
was measured using a colorimetric assay based on the ability
of mitochondria in viable cells to reduce MTT as previously
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Figure 1: Effects of brazilin on the cell viability of human umbilical vein endothelial cells (HUVEC): (a) the structure of brazilin; (b) the
viability of HUVECs during treatment with various concentrations (0–100𝜇M) of brazilin for 24 h; (c) the viability of HUVECs during
treatment with various concentrations (0–100𝜇M) of brazilin for 48 h.

described [17]. The cell number index was calculated as the
absorbance of treated cells/control cells × 100%.

2.4. Determination of Nitrite Production. Human umbilical
vein endothelial cells cultured in 12-well plates were washed
twice with Hanks balanced salt solution (HBSS) and then
incubated at 37 ± 0.5∘C in the same buffer for 30min with
various concentrations of brazilin. Acetylcholine (30 𝜇M)
was used as a positive control. Supernatants were collected
and then injected into a nitrogen purge chamber containing
vanadium (III) chloride in hydrochloric acid at 91 ± 0.5∘C.All
NO metabolites can be liberated as gaseous NO and reacted
with ozone to form activated nitrogen dioxide that is lumi-
nescent in red and infrared spectra. The chemiluminescence
was detected using a nitric oxide analyzer (NOA280, Sievers
Instruments, Boulder, CO, USA) [18]. For calibration, the
area under the curve was converted to nanomolar NO using
a NaNO

3

standard curve, and the final data were expressed as
pmol/mg protein.

2.5. Lipid PeroxidationAssay. Lipid peroxidationwas assayed
by the thiobarbituric acid (TBA) reaction. The cells were
homogenized in ice-cold 1.15%KCl.The samples were used to
measure themalondialdehyde (MDA) formed in a peroxidiz-
ing lipid system. The amount of thiobarbituric acid reactive
substance (TBARS) was determined using a standard curve
of 1,1,3,3-tetramethoxypropane.

2.6.Measurement of Intracellular ROS. StarvedHUVECs (2×
105 cells/well) were loaded withDCF-DA (20𝜇M) for 20min.
After treatmentwith brazilin (100𝜇M)or a solvent control for
20min, cells were stimulated with glucose (5.5−75mM) for
10min, washed with PBS, and then detached using trypsin.
Levels of intracellular ROS were detected by flow cytometry
(Beckman Coulter). All experiments were repeated at least
four times to ensure reproducibility.

2.7. SDS-PolyacrylamideGel Electrophoresis (PAGE) andWest-
ern Blot Analysis. Western blot analyses were performed as
previously described [19]. Lysates from each sample were
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mixed with 6 × sample buffer (0.35MTris, 10%w/v SDS, 30%
v/v glycerol, 0.6M DTT, and 0.012% w/v bromophenol blue,
pH 6.8) and heated to 95∘C for 5min. Proteins were sepa-
rated by electrophoresis and transferred onto polyvinylidene
difluoride (PVDF) membranes for pERK1/2, p-eNOS, pNF-
kB, VCAM-1, and ICAM-1. The membranes were blocked
with 5% nonfat milk in TBS-0.1% Tween 20 and sequentially
incubated with primary antibodies and HRP-conjugated
secondary antibodies, followed by enhanced chemilumines-
cence (ECL) detection (Amersham Biosciences). Bioprofil
Bio-1D light analytical software (Vilber Lourmat, Marue La
Vallee, France) was used for the quantitative densitometric
analysis. Data of specific protein levels are presented as
relative multiples in relation to the control.

2.8. Statistical Analyses. The experimental results are
expressed as the mean ± SEM and are accompanied by the
number of observations. For analysis of the results, a one-way
analysis of variance (ANOVA) test was performed using
Sigma Stat v3.5 software. When group comparisons showed
a significant difference, the Student Newman-Keuls test was
used. A 𝑃 value of <0.05 was considered to be statistically
significant.

3. Results

3.1. Effect of Brazilin on HG-Induced HUVECs Cell Viability.
Initially, the cytotoxicity of brazilin to HUVECs cells was
measured by MTT assay. Cell viability was not significantly
altered by brazilin at 10–100 𝜇M for 24 and 48 h with cell via-
bility remaining stable (Figures 1(b) and 1(c)). Interestingly,
treatment of cells with glucose (5.5–150 𝜇M) concentration
dependently decreased cell viability, whereas cells simultane-
ously incubatedwith glucose (25 and 50mM) andbrazilin (0–
100 𝜇M) increased cell viability in a concentration-dependent
manner (Figures 2(a), 2(b), 2(c), and 2(d)).

3.2. Brazilin Inhibits HG-Induced LPO, NO, and ROS in
HUVECs. It is known that damage to cell membranes
causes the decreasing of cell viability through peroxidation
of membrane lipids. Therefore, we estimated the levels of
MDA in the present study. As shown in Figure 3(a), malone-
di aldehyde (MDA), a marker of lipid peroxidation, was
markedly induced in HUVEC cells by treatment with glucose
(5.5–75mM). However, pretreatment with brazilin (100 𝜇M)
significantly reduced glucose-induced lipid peroxidation.
Similarly, HUVEC cells treated with glucose (5.5–75mM)
significantly increased nitrite formation in a concentration-
dependent manner; however, this increase was markedly
suppressed by brazilin at 100 𝜇M (Figure 3(b)). To determine
the efficiency of brazilin in inhibiting glucose-induced ROS
formation in HUVECs, a cell-permeative ROS-sensitive dye,
DCFDA (nonfluorescent in a reduced state but fluorescent
upon oxidation by ROS), was used. In this study, glu-
cose (5.5–75mM) induced ROS formation concentration-
dependently as compared to resting (untreated) cells, whereas
treatment with brazilin (100 𝜇M) markedly inhibited this

formation with the same concentration dependent manner
(Figure 3(c)).

3.3. Effect of Brazilin on HG-Stimulated Phosphorylations of
eNOS and ERK in HUVECs. To determine whether brazilin
affects the activation of p-eNOS and pERK, we analyzed
the phosphorylation levels of these proteins. First, HUVECs
were pretreated with 50 and 100 𝜇M brazilin for 30min and
then stimulated with 50mM glucose for 1 h. As shown in
Figures 4(a) and 4(b), pretreatment of brazilin concentration-
dependently inhibits the HG-induced phosphorylations of p-
eNOS and pERK in HUVEC cells.

3.4. Effect of Brazilin on HG-Induced NF-𝜅B Activation. ROS
has been shown to activate various transcription factors
including NF-𝜅B in cultured endothelial cells [20]. In this
study, it is proposed that the increased ROS production in
HG-induced HUVEC cells may partially cause the activation
of NF-𝜅B. Therefore, we measured whether high glucose
induced NF-𝜅B activation in HUVECs. Western blotting
analysis for NF-𝜅B revealed that there was an increased
expression of NF-𝜅B protein in HUVEC treated with high
glucose (75mM). In addition, pretreatment with brazilin (25
and 50 𝜇M) markedly inhibited the high glucose-induced
increase of NF-𝜅B expression levels. However, 75𝜇M of
brazilin pretreatment did not affect the NF-𝜅B expression of
HG-induced HUVEC (Figure 5(a)).

3.5. Effect of Brazilin on HG-Induced Endothelial Adhesion
Molecules. To investigate whether glucose induces expres-
sion of VCAM-1 and ICAM-1 in HUVECs, we cultured
HUVECs at normal glucose (5.5mM) and high-glucose
(50mM) concentrations for 24 h. Immunoblot analysis
showed that stimulation of HUVECs with high concentra-
tions of glucose increased the production of VCAM-1 and
ICAM-1 (Figure 5(b)). To further determine whether brazilin
can inhibit the expression of endothelial adhesion molecules,
we pretreatedHUVECswith brazilin at the indicated concen-
trations (50 and 100 𝜇M) and stimulated the cells with 50mM
glucose for 24 h. As shown in Figure 5(b), pretreatment of
brazilin in HUVEC significantly inhibited the HG-induced
effect on the ICAM-1 and VCAM-1 levels in a concentration
manner.

4. Discussion

The present study was undertaken to shed more light on the
mechanisms by which brazilin exerts its inhibitory effects
on high glucose-induced human umbilical vein endothelial
cells. For the first time, we have demonstrated that brazilin
inhibited the high glucose-induced vascular inflammation
via inhibition of ROS, eNOS, ERK, CAMs, and NF-𝜅B in
primary culturedHUVEC.These results indicate that brazilin
might be used as a potential candidate for the prevention of
hyperglycemia-associated vascular inflammatory processes
of endothelial cells. Notably, brazilin showed no cytotoxicity
at used concentrations of 0–100 𝜇M in HUVECs for 24 and
48 h stimulations. In line with previous studies [21, 22],
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Figure 2: Effects of brazilin on glucose-induced cell viability of human umbilical vein endothelial cells (HUVEC): ((a) and (b)) the viability
of HUVECs during treatment with various concentrations (25–150mM) of glucose for 24 h and 48 h, respectively; ((c) and (d)) the viability
of HUVECs during treatment with various concentrations (20–100 𝜇M) of brazilin upon glucose (25 and 50mM) stimulation for 24 and 48 h,
respectively. Data are shown as the mean ± SEM of three independent experiments. ∗𝑃 < 0.05 and ∗∗∗𝑃 < 0.001, compared to the glucose
treated group.

the results revealed that incubation of the HUVEC with high
glucose (25−150mM) for 24 and 48 h determined a consistent
reduction of cell viability. These results confirmed the detri-
mental role of hyperglycemia in the HUVEC functionality.
However, at the same time, the coincubation with brazilin
significantly improved HUVEC viability.

Lipid peroxidation, a process induced by free radicals,
leads to oxidative deterioration of polyunsaturated lipids.
Under normal physiological conditions, only low levels of
lipid peroxides occur in body tissues. The excessive gen-
eration of free radicals leads to peroxidative changes that
ultimately result in enhanced lipid peroxidation [23]. The
endproduct of stable aldehydes reactswith thiobarbituric acid
(TBA) to form a thiobarbituric acid-malondialdehyde adduct
[24]. In previous studies, it was found that the LPO level

was increased in HUVECs when the cells were incubated
with glycated protein and iron [25]. In the present study,
HG treatment significantly increased lipid peroxidation in
HUVECs concentration-dependent manner. Pretreatment
of brazilin protected against HG-induced LPO probably
because of its ability to inhibit ROS production.

This study further investigated whether brazilin affects
oxidative stress via inhibiting ROS and NO production
induced by glucose, as several lines of evidence indicated that
high glucose induced ROS and NO production. The results
revealed that brazilin significantly decreased the glucose-
induced ROS and NO production (Figures 3(b) and 3(c)).
Previous results of a study suggest that brazilin induces vas-
orelaxation by the increasing intracellular Ca2+ concen-
tration in endothelial cells of blood vessels by activating
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Figure 3: Effects of brazilin on glucose-induced LPO, NO, and ROS production inHUVECs: (a) lipid peroxidation was assayed bymeasuring
the amount of TBARS formation (malondialdehyde, MDA); (b) the nitrite concentration in the culture medium was determined by Griess
reagent. (c) ROS production was determined as described inMaterials andMethods. Data are shown as themean± SEMof three independent
experiments. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01, compared to the glucose treated group; #𝑃 < 0.05 and ##

𝑃 < 0.01, compared to the brazilin treated
group.

Ca2+-dependent NO synthesis [26]. NO production induced
by glucose is reported to be associated with an increase in
the expression of eNOS in HUVEC [27], indicating that
eNOS is responsible for NO production. There are still
arguments about the effect of high glucose onNOproduction
in endothelial cells; a study showed that 30mM of glucose
induced the increase of NO and eNOS at 48 h in HUVEC
[28]; however, another study showed that high glucose
decreased NO concentration at 7 days in HUVEC cells [29].
In the present study, the results show that pretreatment
with brazilin at concentration of 100 𝜇M decreases NO in
25mM glucose-induced HUVEC, whereas brazilin was not
effective in 50 and 75mM glucose-induced NO.These results
may indicate that HUVEC is treated with brazilin as a
protective mechanism, and at high glucose (hyperglycemia),
it was not cope to reduce NO concentration may due to
an enhancement of endothelial inflammation. Endothelial
nitric oxide synthase (eNOS) is an important enzyme for the
maintenance of cardiovascular function by producing NO.

Nevertheless, eNOS can be detached, leading to generation
of super-oxide instead of NO under certain pathological
circumstances and oxidative stress conditions [30]. In this
study, it shows that pretreatment of brazilin predominantly
inhibited the phosphorylation of HG-induced endothelial
nitric oxide synthase in HUVEC cells.

The production of ROS has been mechanistically asso-
ciated with inflammatory responses [31, 32]. ROS produc-
tion and inflammation are potential mediators of diabetes
mellitus-associated vascular diseases. Recent study indicates
that hyperglycemia activates the generation of free radi-
cals and oxidative stress in various cell types [33]. ROS
are considered to be important mediators of several bio-
logic responses, including cell proliferation and extracellular
matrix deposition. The formation of oxygen-derived radicals
might lead to an activation of NF-𝜅B and ROS-mediated NF-
𝜅B activation plays an important role in the pathogenesis of
atherosclerosis. Role of ROS and NF-𝜅B in the induction of
apoptosis by high glucose has been demonstrated in primary
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Figure 4: Effects of brazilin on glucose-induced expression of p-
eNOS and pERK in HUVECs: HUVECs (2 × 105 cells/well) were
pretreated with a solvent control (0.1% DMSO) or brazilin (50 and
100𝜇M) for 2 h and then treated with glucose (50mM) for 30min
to detect the phosphorylation of (a) p-eNOS and (b) p-ERK1/2. The
𝛽-actin was used as an internal control.

cultured human endothelial cells [34]. In our results, high
glucose-induced increment of the production of cellular
ROS may suggest that high glucose-induced oxidative stress
in HUVEC is important in determining the character of
diabetic complication as well as vascular inflammation. In
addition, pretreatment with brazilin significantly inhibited
the high glucose-induced ROS formation, suggesting a role
of protecting vascular inflammation via antioxidant activity.

An interesting finding of this study is thatNF-𝜅Bmight be
a target of brazilin against HG-induced cell damage. NF-𝜅B
is an ubiquitous transcription factor that manages the expres-
sion of genes encoding cell adhesion molecules and some
acute phase proteins in health and in various disease states
[35].Thus, advancement of modulatory approaches targeting
this transcription factor may provide a novel therapeutic tool
for the treatment of various diseases [36]. This transcription
factor generally consists of two proteins, a p65 (RelA) subunit
and a p50 subunit. In normal condition, NF-𝜅B is bound
to its inhibitor protein I-𝜅B, which restricts NF-𝜅B to the
cytoplasm, whereas stimulation by cytokines or endotoxin
results in the phosphorylation of inhibitor 𝜅B, the unbinding
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Figure 5: Effects of brazilin on glucose-induced expression of NF-
𝜅B and CAMs expression in HUVECs: HUVECs (2 × 105 cells/well)
were pretreated with a solvent control (0.1% DMSO) or brazilin
(50 and 100 𝜇M) for 2 h and then treated with glucose (50mM) for
30min to detect the expression of (a) NF-𝜅B and (b) VCAM-1 and
ICAM-1. The 𝛽-actin was used as an internal control.
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of NF-𝜅B from inhibitor 𝜅B, and the activation of NF-𝜅B,
with its subsequent translocation into the nucleus [37]. This
in turn induces the transcription of cell adhesion molecules,
chemokines and macrophage migration inhibitory factor,
matrix metalloproteinase-1 and 9, and many other genes
that regulate transcription, apoptosis, and cell proliferation.
Recent reports demonstrated that natural extracts inhibits
cell adhesionmolecules andmonocytes adhesion to endothe-
lial cells via the suppression ofNF-𝜅B activation under patho-
physiological conditions, including high glucose or cytokines
[38]. In the present study, we found that high glucose-induced
NF-𝜅B in HUVEC and pretreatment by brazilin blocked the
high glucose-induced NF-𝜅B expression in concentration-
dependent manner. This result is supported by the previous
study thatmedicinal plant extract such as rhubarb suppressed
NF-𝜅B p65 expression in vascular endothelial inflammation
process [39].The finding of this study demonstrated that high
glucose-induced NF-𝜅B activation inhibited by brazilin may
indicate that brazilin has some inhibitory effect on the NF-
𝜅B pathways specific to the high glucose-induced adhesion
molecules in HUVEC.

In human umbilical vein endothelial cells, high glucose
could make a cellular damage leading to cell apoptosis prob-
ably via ERK activation. To make this hypothesis solid, we
analysed ERKphosphorylation because the activation of ERK
may participate in the defense signaling against oxidative
damage in cells [40]. ERK is the signal cascade involved in the
protection of oxidative damage and its activation is generally
thought to mediate cell survival [41]. In this study, data
from Western blot analysis indicate increases in expression
of phosphorylated ERK (pERK) in high glucose-treated
HUVEC cells, which were blocked by brazilin. Changes in
expression of activated ERK closely reflect the cell damage;
such results suggesting that high glucose-induced HUVEC
cell damage is protected, at least partly, by inhibiting ERK
activation.

This study also noticed that high glucose (50mM) alone
increased ICAM-1 and VCAM-1 expression when com-
pared with nontreated control (5.5mM) and pretreatment
with brazilin (Figure 5(b)). These cell adhesion molecules
primarily mediated the adhesion of monocytes specifically
found in atherosclerosis lesions to the vascular endothe-
lium. Some study showed that high glucose increased only
ICAM-1 expression, but not other adhesion molecules [42],
whereas other study showed high glucose-induced increased
only VCAM-1 expression [43]. These results suggested that
high glucose exhibited various effects on CAMs expression.
Recently, various phytochemicals have been shown to inhibit
the expression of adhesionmolecules in endothelial cells. For
instance, resveratrol reduced interleukin-6 (IL-6)-induced
ICAM-1 expression by interfering with the Rac-mediated
pathway through a decrease in the phosphorylation of signal
transducer and activator of transcription 3 (STAT3) [44].
Epigallocatechin-3-O-gallate (EGCG) inhibits angiotensin
II-induced adhesion molecule expression by inhibiting p38
MAPK and ERK1/2 phosphorylation [27]. Anthocyanins
inhibited TNF-𝛼-induced ICAM-1 and VCAM-1 expressions
via the NF-𝜅B-dependent pathway [45]. Phloretin inhibited
the TNF-𝛼-stimulated expression of adhesion molecules

without activating NF-𝜅B [46]. Grape-seed proanthocyani-
din extract inhibited VCAM-1 expression in HUVECs via
the NF-𝜅B-independent pathway [47]. Quercetin downreg-
ulated ICAM-1 expression in human endothelial cell lines
through inhibition of the activator protein-1 (AP-1) and c-
Jun NH

2

-terminal kinase (JNK) pathway [48]. Interestingly,
we observed that pretreatment with brazilin suppressed
HG-induced expression of ICAM-1 and VCAM-1 perhaps
via inhibition of the ERK1/2 phosphorylation and NF-𝜅B-
dependent pathway. Thus, development of therapeutic drugs
for diabetic vascular inflammation targeting CAMs expres-
sion may prove useful in the prevention of vascular inflam-
mation.

In conclusion, the most important findings of this study
demonstrate for the first time that brazilin was able to
eliminate several inflammatory events induced by high con-
centrations of glucose in HUVEC. In this study, we observed
that brazilin reduced CAMs expression in high glucose-
induced HUVEC through NF-𝜅B as well as ROS-dependent
mechanisms. Therefore, this study suggested that brazilin
could be very useful in the treatment of vascular inflamma-
tory process and/or hyperglycemia via inhibition of oxidative
stress and NF-𝜅B activation in primary cultured HUVEC.
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Tumor necrosis factor-(TNF-)-𝛼 upregulates plasminogen activator inhibitor-(PAI-) 1 expression in pleural mesothelial cells
(PMCs), contributing to fibrin deposition and pleural fibrosis. Histone deacetylases (HDACs) have been found implicated in
fibrogenesis. However, the roles of TNF-𝛼 or HDAC in the regulation of PAI-1 expression have not been well investigated. We
aimed to examine the effects and mechanisms of HDAC inhibition on TNF-𝛼-induced PAI-1 expression in human PMCs. MeT-5A
human PMCs were treated with TNF-𝛼 in the presence or absence of the m-carboxycinnamic acid bishydroxamide (CBHA), an
HDAC class II inhibitor, and the HDAC activity, PAI-1 protein expression, mRNA, and activated signalings were analyzed. CBHA
abrogated TNF-𝛼-induced HDAC activity, PAI-1 protein and, mRNA expression in MeT-5A cells. Moreover, CBHA significantly
enhanced mitogen-activated protein kinase phosphatase-(MKP-) 5/MKP-1 expression and inhibited p38/JNK activations, ATF2/c-
Jun translocation, and PAI-1 promoter activity. Altogether, our data suggest that HDAC inhibition may abrogate TNF-𝛼-activated
MAPK/AP-1 signaling and PAI-1 expression in human PMCs. Given the antifibrotic effect through PAI-1 abrogation, CBHA may
be utilized as a novel agent in the treatment of fibrotic diseases.

1. Introduction

Pleural fibrosis is a common sequel in a variety of inflam-
matory pleural effusions, such as empyema and tuberculous
pleurisy [1]. In general, fibrin turnover in the pleural space
is greatly affected by equilibrium between plasminogen acti-
vators (PAs) and plasminogen activator inhibitors (PAIs) [2].
The elevation of PAI-1 level in the pleural fluid decreases
the fibrinolytic activity in the pleural space and leads to
fibrin deposition and subsequent pleural fibrosis [3]. Tumor
necrosis factor (TNF)-𝛼, a potent inflammatory mediator
involved in the pathogenesis of infectious pleural effusion
[4], has been proved to stimulate the production of PAI-1 in
human pleural mesothelial cells (PMCs) [5]. Previous studies

demonstrated a positive correlation between the values of
TNF-𝛼 and PAI-1 in tuberculous pleural effusion, and both
proteins are significantly higher in the pleural fluids of those
with residual pleural fibrosis [6, 7]. These findings suggest
that TNF-𝛼 and PAI-1 are implicated in fibrogenesis of the
pleural space. However, the underlying mechanism of TNF-
𝛼-induced PAI-1 expression in the pleural space is not clearly
understood.

Histone acetyltransferase (HAT) and histone deacetylase
(HDAC) regulate the acetylation of both histone and non-
histone proteins and play critical roles in the modulation of
gene expression inmultiple cellular processes from signaling,
transcription, and mRNA stability to protein degradation
[8, 9]. Altered activities of HAT and HDAC in a given cell
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may cause aberrant gene expression and lead to various
pathological processes, such as cancer [10], inflammation [11],
and fibrosis [12]. Recently, HDAC inhibitors have been found
to correct aberrant protein acetylation and gene expression
and are considered as promising therapeutic agents for
malignancy [13] and cardiac fibrosis [14].

Moreover, our recent study demonstrated that m-
carboxycinnamic acid bishydroxamide (CBHA), a hybrid-
polar HDAC inhibitor, attenuates transforming growth fac-
tor (TGF)-𝛽1-induced PAI-1 expression in human PMCs
[15]. In addition, another HDAC inhibitor Trichostatin A
(TSA) has been proved to block TGF-𝛽1-induced fibroblast-
myofibroblast differentiation through inhibition of phos-
phorylation of Akt and subsequent expression of 𝛼-SMA
[16]. However, to our knowledge, the role of the proin-
flammatory cytokine, such as TNF-𝛼, or HDAC in the
regulation of PAI-1 expression in PMCs and the effect of
HDAC inhibition on pleural fibrogenesis have not been well
investigated. Therefore, in the present study, we used CBHA,
a class II HDAC inhibitor, to explore the effects of HDAC
inhibition on TNF-𝛼-induced PAI-1 expression in human
PMCs.

2. Materials and Methods

2.1. Reagents. Recombinant human TNF-𝛼 was purchased
from Pepro Tech EC (London, UK). The PAI-1 reporter
plasmid (p800Luc) that contains 800 bp of the proximal
promoter sequences of human PAI-1 gene was a generous gift
of Professor Daniel Rifkin (New York University) [15]. Except
for PAI-1 (BD Biosciences, San Jose, CA), other antibodies
were purchased from Cell Signaling Technology (Beverly,
MA). Doxycycline and all of the other chemical reagents
were purchased from Sigma-Aldrich (St. Louis, MO). CBHA,
SB203580, SP600125, PD98059, LY294002, and parthenolide
were obtained from Calbiochem (San Diego, CA).

2.2. Cell Line and Primary Culture of Human Pleural
Mesothelial Cells. The Met-5A human pleural mesothelial
cell line was obtained from American Type Culture Collec-
tion (ATCC, Manassas, VA). Cells culture was performed
as described in our previous report [17]. Primary cultured
human PMCs were harvested from the pleural fluids of
patients with congestive heart failure. Ethics approval was
obtained from the Institutional Review Board (IRB number:
CRC-05-11-01) of Taipei Medical University, and the written
informed consent was acquired. The human pleural fluids
were centrifuged and cells were grown in medium 199
containing 10% FBS at 37∘C in the humidified incubator of
5% CO

2

. Mesothelial cells were used at passages three to
six and were characterized by the cobblestone morphology,
the presence of cytokeratin, and the absence of factor VIII
[18].

2.3. Total Cellular HDAC Enzyme Activity Assay. Total
HDAC enzyme activity was determined by using the HDAC
fluorometric cellular activity assay (Enzo Life Sciences)
according to the manufacturer’s protocol. MeT-5A cells were

treated with TNF-𝛼 for the indicated times or pretreated with
CBHA for 15min before stimulation with TNF-𝛼 for 2 h. The
fluorescence intensity wasmeasured on a fluorometric reader
using excitation/emission wavelength of 360/460 nm. The
results of cellular HDAC activity were presented as relative
multiples as compared to the control.

2.4. Differential Protein Fractionation and Western Blot Anal-
ysis. The cellular lysates were performed as previously men-
tioned [17], and nuclear extracts were prepared using the NE-
PER kit (Pierce, Rockford, IL). The proteins were separated
in denaturing sodium dodecyl sulfate (SDS) polyacrylamide
gels and electrophoretically transferred onto nitrocellulose
membranes. Blotting membranes were incubated with spe-
cific primary and HRP-conjugated secondary antibodies.
The quantitative densitometric analysis was performed as
previously described [17].

2.5. Reverse Transcription-Polymerase Chain Reaction (RT-
PCR). Total RNA was isolated from Met-5A cells using
the TRIzol reagent (GIBCO) and RNA (1 𝜇g) was used
for cDNA synthesis (Super Script On-Step RT-PCR system,
GIBCOTM). The cDNAs were amplified using the specific
primers and the quantitative analyses were performed as
previously described [17].

2.6. Transfection and Luciferase Activity Assay. MeT-5A cells
were transfected with the PAI-1 reporter plasmid using the
Lipofectamine 2000 transfection reagent (Invitrogen, Carls-
bad, CA). After 24 h incubation with the transfection reagent
in serum and antibiotic free medium, cells were treated with
CBHA for 15min and subsequently stimulated with TNF-𝛼
for another 24 h. PAI-1 luciferase activity was measured as
described previously [15].

2.7. Statistical Analyses. Data analyses were performed with
SigmaStat 3.5 (SYSTAT Software, San Jose, CA). Quantitative
data are presented as means ± SEM. The statistical anal-
ysis was performed using one-way ANOVA. The Student-
Newman-Keuls test was used if group comparisons showed a
significance difference. 𝑃 < 0.05 was considered statistically
significant.

3. Results

3.1. Effect of CBHA on TNF-𝛼-Induced HDAC Activity and
PAI-1 Expression. To determine the functional relevance of
CBHA, we assessed whether CBHA was able to inhibit the
pan-HDAC activity inMeT-5A cells. As shown in Figure 1(a),
TNF-𝛼 (10 ng/mL) stimulated significant increase by up to
approximately 91 folds in cellular HDAC activity in MeT-5A
cells at 2 h, compared with the resting condition. Pretreat-
ment with CBHA (1𝜇M) strongly inhibited TNF-𝛼-induced
HDAC activity.

As shown in Figure 1(b), CBHA concentration (0.2, 0.5,
1, and 2𝜇M) dependently inhibited the TNF-𝛼-stimulated
production of PAI-1. Consistently, this inhibitory capacity of
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Figure 1: Effect of CBHA on HDAC activity and PAI-1 expression in human pleural mesothelial cells. (a) MeT-5A cells were treated with
TNF-𝛼 (10 ng/mL) for the indicated times or pretreated with CBHA (1𝜇M) for 15min before stimulationwith TNF-𝛼 for 2 hours. Total HDAC
enzyme activity was determined by using the HDAC fluorometric cellular activity assay. (b) MeT-5A cells and (c) primary cultured human
pleural mesothelial cells were pretreated with CBHA, respectively, followed by stimulation with TNF-𝛼 (10 ng/mL) for 24 h.The levels of PAI-1
were assessed by Western blot. (d) MeT-5A cells were pretreated with CBHA (0.5–2𝜇M), followed by stimulation with TNF-𝛼 (10 ng/mL)
for 6 h. PAI-1 mRNA concentrations were analyzed by semiquantitative reverse transcriptase PCR and normalized with glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) mRNA. Band intensity was quantified as described in Section 2. Data are shown as mean ± SEM of
three independent experiments. ##𝑃 < 0.01 and ###

𝑃 < 0.001 compared with the resting group; ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001
compared with the vehicle (DMSO) group; †𝑃 < 0.05 compared with the 2 hr TNF-𝛼-treated group.
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CBHA (1 and 2𝜇M) on PAI-1 expression was also verified in
the purified human primary cultured PMCs (Figure 1(c)).

Moreover, TNF-𝛼 significantly increased expression of
PAI-1 mRNA in MeT-5A cells as compared with the resting
condition. Pretreatment with CBHA (0.5, 1, and 2𝜇M) signif-
icantly decreased TNF-𝛼-induced PAI-1 mRNA expression
(Figure 1(d)). These results indicated that CBHA markedly
suppresses TNF-𝛼-induced PAI-1 protein synthesis through
inhibition of PAI-1 gene expression in MeT-5A cells.

3.2. Effect of Signaling Inhibitors and CBHA on TNF-𝛼-
Induced Activation and PAI-1 Expression. In order to verify
the inhibitory mechanism of CBHA on TNF-𝛼-induced PAI-
1 expression in MeT-5A cells, we examined several TNF-
𝛼-dependent and -independent signaling pathways, includ-
ing NF-𝜅B, PI3K/AKT, or MAPKs, by using their specific
pharmacologic inhibitors. As shown in Figure 2(a), PAI-
1 expression induced by TNF-𝛼 was markedly attenuated
by pretreatment with an IKK inhibitor (parthenolide), a
p38 MAPK inhibitor (SB203580), and a JNK inhibitor
(SP600125). Neither a MEK inhibitor (PD98059) nor a PI3K
inhibitor (LY294002) affected TNF-𝛼-stimulated PAI-1 pro-
tein production. Consistently, TNF-𝛼 significantly induced
phosphorylation of both p38 and JNK (2/3) MAPK within
15min and 30min, compared with the resting condition
(Figures 2(b) and 2(c), upper panel), respectively. Moreover,
the elevation of p38 and JNK phosphorylation was strongly
attenuated by CBHA in a concentration-dependent manner
(Figures 2(b) and 2(c), lower panel). However, pretreatment
with different concentrations of CBHA had no significant
effect on TNF-𝛼-activated I𝜅B𝛼 phosphorylation and degra-
dation (data not shown). These results suggested that CBHA
suppressed TNF-𝛼-induced PAI-1 expression via inhibiting
p38/JNK phosphorylation, but not I𝜅B𝛼 degredation inMeT-
5A cells.

3.3. Effect of CBHA on TNF-𝛼-Induced MKP Expression.
MAPKphosphatase (MPK) is known to dephosphorylate and
deactivate various members of the MAPK family, including
p38 and JNK MAPK. To clarify the inhibitory mechanism
of CBHA on activation of p38/JNK MAPK, we further
examined the effect of CBHA on TNF-𝛼-inducedMKP-5 and
MKP-1 expression. As shown in the time course studies in
Figures 3(a) and 3(b) (upper panels), TNF-𝛼 increasedMKP-
5 and MKP-1 expression within 60min, compared to the
resting in MeT-5A cells. The inducing effect was significantly
enhanced by pretreatment with CBHA (Figures 3(a) and 3(b),
lower panel), especially MKP-5 enhancement, indicating that
CBHA inhibits TNF-𝛼-activated p38/JNK phosphorylation
through increasing MKP-5/MKP-1 expression.

3.4. Effect of CBHA onTNF-𝛼-InducedActivator Protein (AP)-
1 Activation and PAI-1 Promoter Activity. We proposed that
CBHA may consistently affect PAI-1 gene transcription via
disruption of the activation and nuclear translocation of
the downstream transcription factor AP-1. Therefore, the
activation of AP-1 constituents including ATF2 and c-Jun
in nuclear extracts was analyzed by Western blotting. As

shown in Figures 4(a) and 4(b), TNF-𝛼 increased nuclear
activation of ATF2 and c-Jun as compared with the rest-
ing condition. Pretreatment with CBHA attenuated TNF-𝛼-
induced phosphorylation of both ATF2 and c-Jun in nuclear
extracts. These results indicated that CBHA may inhibit
TNF-𝛼-induced ATF2 and c-Jun nuclear activation and
thereby impair AP-1 transcriptional activity and PAI-1 gene
expression.

Next, to evaluate whether the inhibition of PAI-1 gene
expression by CBHA occurred at the transcriptional level,
we studied the effect of CBHA on TNF-𝛼-induced PAI-1
promoter activity using p800luc reporter plasmid [19]. TNF-
𝛼 significantly increased the luciferase activity compared
with the resting condition. Pretreatment of cells with various
concentrations of CBHA caused a significant inhibition of
TNF-𝛼-induced PAI-1 promoter activity (Figure 4(c)).

4. Discussion

In the present study, we investigated the potential mecha-
nisms underlying the antifibrotic activity of HDAC inhibitor
in human pleural mesothelial cells. Our study demonstrated
that HDAC inhibition with CBHA may downregulate TNF-
𝛼-induced PAI-1 expression in human PMCs. CBHA may
suppress TNF-𝛼-stimulated cellular HDAC activity, increase
MKP-5/MKP-1 expression, and thereby repress p38/JNK and
ATF2/c-Jun activation and decrease PAI-1 promoter activity
and gene expression. To our knowledge, this is the first study
to show that TNF-𝛼 increases cellular HDAC activity and
that HDAC inhibition abrogates TNF-𝛼-activated cellular
signalings, PAI-1 expression.

HDAC activation is an important mechanism in mod-
ulation of gene expression [20]. However, it has not been
shown whether HDAC plays a role in TNF-𝛼-induced PAI-1
expression in human PMCs. A previous report showed that
pan-HDAC inhibitors amplified PAI-1 expression in LPS-
stimulated mouse macrophages [21]. In contrast, our recent
study revealed that the HDAC inhibitor CBHA attenuated
TGF-𝛽1-induced PAI-1 expression in human PMCs [15],
suggesting that the role of HDAC in regulation of PAI-
1 expression may be stimulant- or cell type-specific. On
the other hand, in line with previous reports [2, 4], the
present study demonstrated that TNF-𝛼 increased PAI-1
expression in human PMCs and that this upregulation effect
was markedly attenuated by CBHA.

The molecular mechanisms by which signaling pathways
are involved in the regulation of PAI-1 expression remain to
be determined in TNF-𝛼-stimulated human PMCs. TNF-𝛼
elicits inflammatory response via several signal transduction
pathways, including NF-𝜅B and MAPK pathways [22], and
it is well known that the PAI-1 promoter contains binding
sites for Smads, NF-𝜅B, and AP-1 [19]. HDAC inhibitors
have been shown to prevent renal interstitial fibrosis through
inhibition of NF-𝜅B activity [23]. Also, a previous study
reported that HDAC4 silencing blocked TGF-𝛽1-induced
𝛼-SMA expression in fibroblasts through impairing AKT
phosphorylation [16]. Alternatively, our study showed that
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Figure 2: Effect of CBHA on TNF-𝛼-activated signalings in MeT-5A cells. (a) Cells were pretreated with vehicle, PD98059 (PD, 20𝜇M),
LY294002 (LY, 10 𝜇M), Parthenolide (Par, 10𝜇M), SP600125 (SP, 10 𝜇M), and SB203580 (SB, 20 𝜇M), and then stimulated with TNF-𝛼
(10 ng/mL) for 24 h. PAI-1 protein expression was assessed byWestern blot. (b) and (c) Cells were treated with TNF-𝛼 for the indicated times
(upper panel) or pretreated with vehicle or CBHA (0.5–2 𝜇M) for 15min followed by TNF-𝛼 administration (lower panel). Phosphorylation
of (b) p38 and (c) JNK MAPKs was analyzed by Western blotting with antibodies specific for either phosphorylated or total proteins.
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inhibition of HDAC activity with CBHA ablated TNF-𝛼-
stimulated phosphorylation of p38 and JNK MAPK, but not
NF-𝜅B activation (data not shown).

Additionally, the activity of the MAPK family is deter-
mined by a dynamic balance between phosphorylation and
dephosphorylation. Among the numerous MAPK phos-
phatases, MKP-5 and MKP-1 are known to dephosphorylate
and inactivate p38 and JNK MAPK [24]. Our data demon-
strated that CBHA significantly increased MKP-5 and MKP-
1 expression induced by TNF-𝛼, suggesting that CBHA may
inactivate MAPK signaling via enhancing MKP-5 and MKP-
1 expression in humanPMCs. Furthermore, as a transcription
factor of MAPK signaling, AP-1 is composed of either
homodimers or heterodimers between Fos, Jun, and ATF2
family members, which are activated by phosphorylated
MAPKs and dimerize with each other to bind to AP-1 pro-
moter site [25]. Correspondingly, the present study demon-
strated that CBHAmarkedly repressed TNF-𝛼-induced AP-1
transcriptional activity via disruption of ATF2/c-Jun trans-
activation into the nucleus and PAI-1 promoter activity. All
these findings suggested that CBHA may abrogate TNF-𝛼-
induced PAI-1 expression inMeT-5A cells through induction
of MKP-5/MKP-1 expression and repression of MAPK/AP-

1 signal pathway (Figure 5). However, this study could not
exclude othermechanisms such as epigenetic histone acetyla-
tion modulation and transcriptional and posttranscriptional
regulation [15, 26], in the control of PAI-1 expression.

Collectively, CBHA attenuated PAI-1 expression via inhi-
bition of TNF-𝛼-activated signaling, indicating a potential
antifibrotic effect of HDAC inhibitors. A recently published
study demonstrated thatMPT0E014, a novelHDAC inhibitor,
decreased the expression of angiotensin II receptor and TGF-
𝛽1 in cardiac fibroblasts, inhibited their proliferation and
migration, and reduced cardiac fibrosis in heart failure rats,
which highly signified the direct antifibrotic activity through
HDAC inhibition [14]. In parallel, our study disclosed the
downregulation effect of CBHA on the profibrotic mediator
PAI-1 in pleural mesothelial cells and verified the indirect
action of HDAC inhibitors on pleural fibrosis. However,
in contrast to the previous study [14], the current work
did not explore the functional regulation of fibrogenesis by
HDAC inhibition but focused on the modulation of TNF-𝛼-
mediated signaling by CBHA at multiple levels, which may
revalidate the pluripotent effects of HDAC inhibitors [9].
Further in vivo studies are needed to examine the direct
antifibrotic effect of CBHA.
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Figure 4: Effect of CBHA on TNF-𝛼-induced activator protein (AP)-1 activity and PAI-1 promoter in MeT-5A cells. (a) and (b) Cells were
pretreated with vehicle or CBHA (0.5–1𝜇M) for 15min, followed by treatment with TNF-𝛼 (10 ng/mL) for 60min. The nuclear amount of
phosphorylated (a) ATF-2 and (b) c-Jun was detected byWestern blot analysis of nuclear extracts (NE) with specific antibodies. (c) Cells were
transfectedwith the specific PAI-1 reporter plasmid (p800Luc), togetherwith internal plasmid (Renilla). Transfected cells were pretreatedwith
vehicle or CBHA (0.5–2𝜇M) for 15min and then stimulated with TNF-𝛼 (10 ng/mL) for 24 h. The luciferase activity of PAI-1 reporter gene
was assessed. Data are representative of three to four experiments. ##

𝑃 < 0.01, ###
𝑃 < 0.001 compared with the resting group; ∗∗𝑃 < 0.01,

∗∗∗

𝑃 < 0.001 compared with the vehicle group.

In conclusion, the present study demonstrated that inhi-
bition of HDAC activity with CBHA may increase MKP-
5/MKP-1 expression, abrogate TNF-𝛼-activated MAPK/AP-
1 signaling and thereby impair PAI-1 expression in human
PMCs. Given the antifibrotic effect through PAI-1 abrogation,
CBHA may be utilized as a novel agent in the treatment of
fibrotic diseases.
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Recently, many clinical reports have suggested that the ascorbyl free radical (Asc∙) can be treated as a noninvasive, reliable, real-
time marker of oxidative stress, but its generation mechanisms in human blood have rarely been discussed. In this study, we used
upstream substances, enzyme inhibitors, and free radical scavengers to delineate the mechanisms of Asc∙ formation in human
platelet-rich plasma (PRP). Our results show that the doublet signal was detected in PRP samples by using electron spin resonance,
and the hyperfine splitting of the doublet signal was 𝑎H = 1.88 gauss and 𝑔-factor = 2.00627, which was determined to be the
Asc∙. We observed that the inhibitors of NADPH oxidase (NOX), cyclooxygenase (COX), lipoxygenase (LOX), cytochrome P450
(CYP450), mitochondria complex III, and nitric oxide synthase (NOS), but not xanthine oxidase, diminished the intensity of the
Asc∙ signal dose dependently. All enzyme inhibitors showed no obvious antioxidant activity during a Fenton reaction assay. In
summary, the obtained data suggest that Asc∙ formation is associated with NOX, COX, LOX, CYP450, eNOS, and mitochondria
in human PRP.

1. Introduction

Interest in treating oxidative stress has grown in medicine
over the past 2 decades. The oxidative status of a biosystem
represents a relative level of oxidation in living organisms and
is crucial for understanding numerous human physiological
and pathophysiological processes [1]. Overproduction of
ROS results in oxidative stress, a pathophysiological process
that can damage cell structures and induce cancer, car-
diovascular disease, atherosclerosis, hypertension, diabetes
mellitus, neurodegenerative diseases, rheumatoid arthritis,
and ageing. In contrast, ROS play a physiological role in
protection against infectious organisms, in the function of
several cellular signalling pathways, and the generation of
a mitogenic response at low/moderate concentrations [1].
Oxidative status can be estimated using biochemical assays,

such as the 2,2-azino-bis(3-ethylbenzthiazoline-6-sulphonic
acid) assay [2], and by measuring the activity of superoxide
dismutating enzymes (Mn superoxide dismutase (SOD) and
CuZnSOD), catalase (CAT), GSH peroxidase, and reductase
[3–5], as well as the level of S-glutathionylation [6]. However,
Spasojević suggested that these techniques be supplemented
by electron spin resonance (ESR) spectroscopy to enable
acquiring data on oxidative status that are more specific [7].
Certain endogenous paramagnetic molecules, such as the
ascorbyl free radical (Asc∙), tocopheryl radical, and melanin
radical, are biomarkers of oxidative status that can be detected
using ESR spectroscopy [7].

Ascorbic acid is an essential biological component that
can be oxidized through a two-step oxidation process involv-
ing a free radical intermediate; this oxidation process may
be performed by nearly all oxidizing species intrinsic to the
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biological environment [7]. When using ESR spectroscopy,
the concentration of the Asc∙ can be measured using a lower
limit of approximately 5 nM with a standard deviation of
<1 nM [8]. The characteristics of the Asc∙ are relatively stable
and it has a long half-life, indicating that it is the most useful
biomarker of oxidative status in living systems [7].

ESR spectroscopy was first applied in detecting the Asc∙
in oxidative status research in 1993 [9]. Thus far, the Asc∙ has
been treated as a noninvasive, reliable, real-time biomarker
of oxidative stress in various biological samples including
plasma, serum,whole blood, cerebrospinal fluid, extracellular
fluid, synovial fluid, seminal fluid, tumor, and heart tissue
samples [7]; however, the generation mechanisms of the Asc∙
in human blood have rarely been discussed.

Ascorbate (the reduced form of vitamin C) is an impor-
tant radical scavenger and antioxidant in human plasma.
Asc∙ has been detected by ESR in various biological samples
including plasma, serum, whole blood, cerebrospinal fluid,
skin, extracellular fluid, synovial fluid, gastric mucosa, sem-
inal fluid, tumors, heart tissue, and others [7]. We recently
applied ESR spectroscopy in detecting the Asc∙ to investigate
the mechanisms of oxidative stress caused by lymphedema
in mice [10]. In this study, we used upstream substances,
enzyme inhibitors, and free radical scavengers to delineate
the mechanisms of Asc∙ formation in human platelet-rich
plasma (PRP).

2. Materials and Methods

2.1. Materials. AA861, allopurinol, antimycin, arachidonic
acid (AA), baicalein, CAT, clotrimazole, dimethyl sul-
foxide (DMSO), diphenyleneiodonium (DPI), ethylene-
diaminetetraacetic acid, hemoglobin, indomethacin, NG-
nitro-L-arginine methyl ester (L-NAME), quinacrine, and
SOD were purchased from Sigma Chemical (St. Louis, MO,
USA). L(+)-ascorbic acid was purchased from Wako Pure
Chemical Industries (Osaka, Japan).

2.2. Human Blood Collection Procedure. This study was
approved by the Institutional Review Board of TaipeiMedical
University and conformed to the principles outlined in
the Helsinki Declaration. All human volunteers provided
informed consent to participate.

2.3. Preparation of Human Blood Components. Whole blood
was collected from healthy human volunteers who had taken
no medicine during the preceding 2wk and was mixed
with acid/citrate/glucose. After centrifugation at 120×g for
10min at room temperature, the supernatant (PRP) was
supplemented with PGE

1

(0.5 𝜇M) and heparin (6.4 IU/mL)
and then incubated for 10min at 30∘C and centrifuged at
500×g for 10min. The supernatant was platelet-poor plasma
(PPP) and was used in subsequent experiments.

2.4. Isolation of Red Blood Cells. Whole blood was centri-
fuged at 650×g for 5min. Plasma was removed carefully and
the white buffy layer was completely removed through as-
piration using a pipette with utmost care. The red blood

cells (RBCs) were then washed three additional times with
Tyrode’s solution.

2.5. Measurement of the Ascorbyl Free Radical in Platelet-Rich
Plasma Using Electron Paramagnetic Resonance Spectrometry.
The ESR method involved using a Bruker EMX ESR spec-
trometer (Bruker Instruments Inc., Billerica, MA, USA) as
described previously [11]. The PRP was prewarmed to 37∘C
for 2min, and enzyme inhibitors or other reagents were then
added. ESR spectra were recorded at room temperature by
using a quartz flat cell designed for aqueous solutions. ESR
spectrometry was conducted under the following conditions:
20mW of power at 9.78GHz, with a scan range of 100G and
a receiver gain of 5 × 104. The modulation amplitude, sweep
time, and time constant are provided in the figure legends.

2.6. Fenton Reaction Model System with Electron Param-
agnetic Resonance Detection of the Hydroxyl Radical. The
hydroxyl radical generated in a standard Fenton reaction was
trapped using DMPO according to the method previously
described [12]. A Fenton reaction solution (50𝜇MFeSO

4

+
500𝜇MH

2

O
2

) was pretreated with a solvent control (0.6%
DMSO) or reagent (10 𝜇M). The ESR spectra were recorded
after precisely 3min.

2.7. Statistical Analysis. The experimental results are
expressed as the mean ± SEM and are accompanied by the
number (𝑛) of observations. The data were assessed using an
analysis of variance (ANOVA). When this analysis indicated
significant differences among the group means, each group
was compared using the Newman-Keuls method. A 𝑃 value
<0.05 was considered statistically significant.

3. Results

3.1. Electron Spin Resonance Investigations of Free Radicals
Formed in Human Blood Components. Free radical signals
were detected using ESR in human PPP, PRP, RBCs, and
whole blood. A doublet signal radical was observed in PPP
and PRP, but not in RBCs or whole blood (Figure 1(a)).
PRP exhibited the strongest signal among the human blood
components and was used in subsequent experiments. The
hyperfine splitting and 𝑔-factor of this doublet signal were
1.88G and 2.00627, respectively. In each instance, the signals
exhibited doublet peaks and a line width of approximately
4G. The radical species was identified to be ascorbyl based
on the close similarity of the hyperfine coupling constants
and 𝑔-factor of the observed signal to those of published
data [13, 14]. No notable oxygen-derived free radicals were
detected in this study, probably because of the presence of
ascorbic acid and other antioxidants in human PRP.

3.2. Effect of Exogenous Ascorbic Acid on the 𝑔 = 2.00627
Radical Formation in Human Platelet-Rich Plasma. To con-
firm that the 𝑔 = 2.00627 radical was a typical Asc∙, we
added exogenous ascorbic acid to human PRP. The intensity
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Figure 1: Free radical doublet (a) detected using ESR spectroscopy
in (A) PPP, (B) PRP, (C) RBCs, and (D) whole blood. The ESR
signal was examined at room temperature, and the following
instrument parameters were used in ESR spectroscopy: standard
frequency (X-band): 9GHz; microwave power: 20mW; modulation
frequency: 100 kHz; time constant: 163.84ms; conversion time:
40.96ms; receiver gain: 5.02×105; and the number of dataX-scans: 4.
The free radical doublet ismarkedwith arrows: “↓”. Effect of ascorbic
acid on the 𝑔 = 2.00627 radical formation in human PRP. The
intensity of the 𝑔 = 2.00627 radical obtained from the reaction of
PRP (approximately 8 × 106 cells/mL, control) and 30 𝜇M, 100 𝜇M,
300 𝜇M, and 1000 𝜇M ascorbic acid in the presence of 100mM
DMPO. ESR analysis was exactly 30 s after the final addition. ESR
spectra are labeled to show their components: DMPO- Asc∙ adduct
(∗). The values of the ESR signal intensity in the bar chart (b) are
shown as themeans± SEM(𝑛 = 4). ∗∗∗𝑃 < 0.001 comparedwith the
control.The instrument parameters were identical to those shown in
(a).

of the 𝑔 = 2.00627 radical induced by exogenous ascorbic
acid increased dose dependently (Figure 1(b)).

3.3. Effect of Superoxide and the Nitric Oxide Scavenger
on Ascorbyl Free Radical Formation in Human Platelet-Rich
Plasma. We propose that the Asc∙ is a secondary radical;
therefore, we determined which types of primary radical
may be involved in the formation of this radical species.
The effects of superoxide and the nitric oxide scavenger
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Figure 2: Effect of superoxide and the nitric oxide scavenger on
Asc∙ formation in human PRP. ESR spectra (a) obtained from
the reaction of (A) PRP (approximately 8 × 106 cells/mL) and (B)
superoxide scavenger (120U/mL SOD and 1000U/mLCAT) and the
(C) nitric oxide scavenger (1 𝜇g/mL of hemoglobin) in the presence
of 100mM DMPO for 3min. The ESR spectra are labeled to show
their components: DMPO-Asc∙ adduct (∗).TheESR signal intensity
rates in the bar chart (b) are shown as the means ± SEM (𝑛 > 3).
∗∗

𝑃 < 0.01, ∗𝑃 < 0.05 compared with the control. The instrument
parameters were identical to those shown in Figure 1(a).

were examined on the 𝑔 = 2.00627 radical formation, as
shown in Figure 2. The 𝑔 = 2.00627 signal formed by PRP
was arbitrarily designated 100% and was inhibited by the
superoxide scavenger (120U/mL of SOD and 1000U/mL of
CAT) and nitric oxide scavenger (1 𝜇g/mL of hemoglobin)
to 26.1% (𝑃 < 0.01) and 13.5% (𝑃 < 0.05), respectively.
This result indicates that superoxide and nitric oxide may be
primary radicals that induce Asc∙ formation.

3.4. Effect of the NADPH Oxidase Inhibitor on Ascorbyl Free
Radical Formation in Human Platelet-Rich Plasma. It was
reported that NOX on the cell membrane of leucocytes may
be the primary source of superoxide formation in blood [15].
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Figure 3: Effect of the NOX inhibitor (a), XO inhibitor (b), and NOS inhibitor (c) on Asc∙ formation in human PRP (approximately 8 ×
10
6 platelets/mL). The ESR signal intensity rates in the bar chart are expressed as the means ± SEM (𝑛 ≧ 5). ∗∗∗𝑃 < 0.001, ∗𝑃 < 0.05

compared with the solvent control. The instrument parameters were identical to those shown in Figure 1(a).

To investigate the involvement of NOX in Asc∙ formation in
PRP, we used DPI as a NOX nonselective inhibitor. The Asc∙
signal of a solvent control group was arbitrarily designated
100% and was dose dependently inhibited by DPI (3 𝜇M =
17.7%, 𝑃 < 0.05; 10 𝜇M = 23.8%, 𝑃 < 0.001, Figure 3(a)). This
result indicates that NOX may be involved in the formation
of Asc∙ in PRP.

3.5. Effect of the Xanthine Oxidase Inhibitor on Ascorbyl Free
Radical Formation in Human Platelet-Rich Plasma. XO is a
superoxide-producing enzymenormally present in the serum
and lungs [16]. To investigate the involvement of XO in Asc∙
formation in PRP, we used allopurinol as a nonselective XO
inhibitor. The Asc∙ signal of a solvent control group was
arbitrarily designated 100%, and allopurinol (1–10𝜇M) did
not significantly influence Asc∙ formation in PRP (𝑃 > 0.05,
Figure 3(b)).

3.6. Effect of the Nitric Oxide Synthase Inhibitor on Ascorbyl
Free Radical Formation in Human Platelet-Rich Plasma. We
determined whether NOS is involved in Asc∙ formation in
PRP. We used L-NAME as an NOS inhibitor. The Asc∙ signal
of a solvent control groupwas arbitrarily designated 100%and
was inhibited by L-NAME (1–10𝜇M)dose dependently (3 𝜇M
= 18.6%,𝑃 < 0.05; 10 𝜇M=25.4%,𝑃 < 0.01, Figure 3(c)).This
result indicates that NOS-derived NO is associated with the
formation of Asc∙ in PRP.

3.7. Effect of Arachidonic Acid onAscorbyl Free Radical Forma-
tion in Human Platelet-Rich Plasma. Reactive oxygen species
(ROS) are generated by AA metabolites, which are released
from the cell membrane. AA-induced ROS generation may
occur through the oxidative metabolic processes induced by
COX and LOX [11]. AA has also been reported to induce
ROS formation through NOX [17, 18]. Our results showed
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that NOX may be involved in the formation of the Asc∙ in
PRP (Figure 3(a)). Therefore, we determined whether AA
metabolite pathways are associated with the Asc∙ formation.
The Asc∙ signal formed by PRP was, respectively, increased
39.1% (𝑃 < 0.05) and 62.4% (𝑃 < 0.001) by 10 𝜇M and
100 𝜇M AA compared with a solvent control (Figure 4(a)).
In addition, the Asc∙ signal of the solvent control group was
arbitrarily designated 100% and was inhibited by quinacrine
(2.5–10 𝜇M), a phospholipidase A

2

(PLA
2

) inhibitor, dose
dependently (5𝜇M = 20.9%, 𝑃 < 0.001; 10 𝜇M = 26.2%, 𝑃 <
0.001, Figure 4(b)). This result indicates that AA metabolite
pathways are associatedwith the formation of theAsc∙ in PRP.

3.8. Effect of the Cyclooxygenase Inhibitor on Ascorbyl Free
Radical Formation in Human Platelet-Rich Plasma. In down-
stream pathways of the AA metabolism, COX [19], P450
[20], and LOX [21] are vital sources of extracellular ROS
release. To investigate the involvement of COX in Asc∙
formation in PRP, we used indomethacin as a nonselective
COX inhibitor. The Asc∙ signal of a solvent control group
was arbitrarily designated 100%; 3 and 10 𝜇M indomethacin
produced a 13.4% (𝑃 < 0.05) and 14.5% (𝑃 < 0.01)
reduction of the Asc∙ signal, respectively. However, the signal
was not significantly changed when a low dose (1𝜇M) of
indomethacin (Figure 5(a))was used.This result suggests that
COX may be involved in the formation of the Asc∙ in PRP.

3.9. Effect of the Lipoxygenase Inhibitor on Ascorbyl Free Radi-
cal Formation in Human Platelet-Rich Plasma. To investigate
the involvement of LOX in Asc∙ formation in PRP, we used
AA861 as a nonselective LOX inhibitor. The Asc∙ signal of
a solvent control group was arbitrarily designated 100% and
was inhibited byAA861 (1–10𝜇M)dose dependently (10 𝜇M=
25.7%, 𝑃 < 0.001, Figure 5(b)). This result suggests that LOX
may also be involved in the formation of Asc∙ in PRP.

3.10. Effect of the P450 Inhibitor on Ascorbyl Free Radical
Formation inHuman Platelet-Rich Plasma. To investigate the
involvement of P450 in Asc∙ formation in PRP, we used
clotrimazole as a nonselective P450 inhibitor. As shown in
Figure 5(c), 1 and 10 𝜇M clotrimazole produced 13.7% (𝑃 <
0.01) and 19.5% (𝑃 < 0.01) depressions of the Asc∙ signal,
respectively.

3.11. Influence of the Mitochondrial Respiratory Chain on
Ascorbyl Free Radical Formation in Human Platelet-Rich
Plasma. In the mitochondrial respiratory chain, some elec-
trons may leak to oxygen, partially reducing oxygen to a
superoxide anion [22]. We determined whether oxidative
stress induced by the mitochondrial respiratory chain is
associated with Asc∙ formation in PRP. We used antimycin
as a mitochondrial complex III inhibitor. The Asc∙ signal
of a solvent control group was arbitrarily designated 100%,
and 10, 30, and 100 𝜇M antimycin, respectively, produced
19.2% (𝑃 < 0.001), 23.3% (𝑃 < 0.001), and 32.5% (𝑃 <
0.001) depressions of theAsc∙ signal (Figure 6).This indicates
that mitochondrial respiratory chain oxidative stress plays a
partial role in Asc∙ formation in PRP.
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Figure 4: Effect of AA (a) and the PLA
2

inhibitor (b) on Asc∙
formation in human PRP (approximately 8 × 106 platelets/mL). The
ESR signal intensity and data in the bar chart are expressed as the
means ± SEM (𝑛 ≧ 5). ∗𝑃 < 0.05, ∗∗∗𝑃 < 0.001 compared with the
solvent control group. The instrument parameters were identical to
those shown in Figure 1(a).

3.12. Antioxidative Assay of Enzyme Inhibitors. Higashi et
al. demonstrated that nordihydroguaiaretic acid, AA-861,
and baicalein are LOX inhibitors and also have antioxidant
activity [23]. However, Pallast et al. showed that AA-861
inhibits both 12/15-LOX and 5-LOX but does not have antiox-
idant activity [24]. Therefore, we selected AA-861 as a LOX
inhibitor in this study.However, some enzyme inhibitors used
in this study still potentially elicit antioxidative effects and
inhibit Asc∙ signal production. To exclude this possibility,
we used the Fenton reaction assay to determine whether
the enzyme inhibitors were also antioxidants. The enzyme
inhibitors were divided into lipid-soluble (Figure 7(a)) and
water-soluble (Figure 7(b)) groups. Our result showed that
DPI (10 𝜇M), AA861 (10 𝜇M), L-NAME (10 𝜇M), allopuri-
nol (10 𝜇M), clotrimazole (10 𝜇M), indomethacin (10 𝜇M),
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Figure 5: Effect of the COX inhibitor (a), LOX inhibitor (b), and CYP450 inhibitor (c) on Asc∙ formation in human PRP (approximately
8 × 10

6 platelets/mL). The ESR spectra are labeled to show their components: DMPO- Asc∙ adduct (∗). The ESR signal intensity rates and
data in the bar chart are expressed as the means ± SEM (𝑛 ≧ 4). ∗∗𝑃 < 0.01, ∗𝑃 < 0.05 compared with the solvent control. The instrument
parameters were identical to those shown in Figure 1(a).

quinacrine (10 𝜇M), and antimycin (10 𝜇M) did not exhibit
significant antioxidative activity in the Fenton reaction assay
(𝑃 > 0.05).

4. Discussion

Thevascular endothelium plays an essential role in regulating
vascular tone, modulating vascular growth, platelet aggre-
gation and coagulation, and inflammation. Therefore, the
degree of endothelial dysfunction may predict the outcomes
of cardiovascular diseases [25]. Although the precise mecha-
nisms of endothelial dysfunction have not been elucidated,
a considerable amount of evidence suggests that increased
oxidative stress may play a critical role in this state [26].
Oxidative stress can be described as an “imbalance between

proxidants and antioxidants in favor of the proxidants, poten-
tially leading to damage” [27]. Currently, reducing oxidative
stress remains a prominent objective for cardiovascular pre-
vention and therapy. However, clear knowledge of its source
is required to provide novel perspectives for treatment.

ROS participate in the growth, apoptosis, and migration
of vascular smooth muscle cells and in the remodeling of
the vessel wall. Each of these responses may contribute to
vascular diseases in uncontrolled conditions [28]. Therefore,
the sources of ROS may be crucial therapeutic targets of
cardiovascular disease.

In this study, we found that Asc∙ signals were observed in
PPP and PRP, but not in RBCs or whole blood (Figure 1(a)).
A study of ESR spectra of whole blood from normal and
tumour bearing patients showed twomain lines with 𝑔 values
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Figure 7: Effect of the fat-soluble (a) and water-soluble (b) enzyme inhibitor on hydroxyl free radical formation in the Fenton reaction. (a)
The effect of the Fenton reaction solution (500 𝜇M hydrogen peroxide + 50 𝜇MFeSO

4

, positive control), 0.6% DMSO, 10 𝜇M DPI, 10𝜇M
AA861, 10 𝜇M L-NAME, 10 𝜇M allopurinol, 10𝜇M clotrimazole, and 10 𝜇M indomethacin in the presence of 150mM DMPO for 3min on
hydroxyl radical formation. (b) The effect of the Fenton reaction solution (positive control), 10𝜇M quinacrine, and 100𝜇M antimycin in the
presence of 150mMDMPO for 3min on hydroxyl radical formation.The signal intensity rates and data shown in the bar chart are expressed
as the means ± SEM (𝑛 ≧ 3). 𝑃 > 0.05 compared with the solvent control. The instrument parameters were identical to those shown in
Figure 1(a).

of 4.2 and 2.049 [29]. The authors suggested that the line at
𝑔 = 2.049 may be due to the copper protein ceruloplasmin.
In addition, smaller signals were found with 𝑔 values of 2.16,
2.005, and 1.98. We suggest that some paramagnetic species
in whole blood with 𝑔 values nearby 2.0 that restrict the
signal intensity of ascorbyl radical.Therefore, in this study, we

used ESR spectroscopy in detecting the Asc∙ to determine the
sources of oxidative stress in human PRP. Asc∙ formationmay
be induced by nearly all ROS intrinsic to the biological envi-
ronment, including superoxide radicals, hydroxyl radicals,
alkyl peroxyl radicals, lipid peroxyl radicals, peroxynitrite,
thiyl radicals, protein radicals, and catalytic metals [7].
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In the vasculature wall, ROS are produced by all of
the layers, and the major vascular ROS is the superoxide
anion, which inactivates NO and, thus, impairs relaxation
[30]. Superoxide-generating enzymes involved in increased
oxidative stress within vascular tissue include uncoupled
NOS, NOX, XO, and mitochondrial superoxide-generating
enzymes [31]. In this study, we observed that the AA pathway
enzymes, such as COX, LOX, and CYP450, also contributed
to the increased oxidative stress in human PRP. However,
the XO did not seem to play an important role in this event
(Figure 8).

XO is capable of generating superoxide and hydrogen per-
oxide when supplied with its substrates, xanthine and hypox-
anthine, which accumulate during ischemia [32]. Although
studies have shown that XO is present in human arterial and
venous endothelial cells and can generate sufficient levels
of oxygen radicals to trigger endothelial injury, questions
remain regarding the role of xanthine and hypoxanthine
formation in triggering this process. Because the samples in
this study were not subjected to ischemic conditions, we did
not observe XO contributing to oxidative stress in human
PRP.

NO is released from endothelial cellsmainly by eNOS and
is a main mediator of endothelium-dependent vasodilata-
tion.WhenROSproduction is increased, tetrahydrobiopterin

generation is reduced, causing eNOS to uncouple and
produce superoxide; when NO is insufficiently formed or
quenched too quickly, the process of atherosclerosis is initi-
ated or accelerated [33]. In pathological conditions, NO may
be scavenged by excess ROS generated in blood vessels by
vascular NOX [15]. eNOS has been observed not only in the
endothelium but also in platelets [34]. Therefore, based on
our results, we suggest that platelet eNOS is also a source of
ROS in human PRP.

We recently applied ESR spectroscopy in detecting Asc∙
to investigate the oxidative status of lymphedema, suggesting
that COX-derived oxidative stress plays a major role in the
pathological mechanisms of surgically induced lymphedema
[10]. However, in the current study, COX-derived oxidative
stress played only a minor role in oxidative stress in human
PRP.

5. Conclusion

In this study, we investigated the potential sources of Asc∙
production that contribute to oxidative stress in human
PRP. We provide evidence that no single source of Asc∙
can be identified in human PRP, but Asc∙ are typically
generated through NOX, COX, LOX, CYP450, eNOS, and
mitochondrial superoxide-generating enzyme pathways.
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Reduced baroreflex sensitivity (BRS) is widely observed in diabetic human and animals. Rosiglitazone is one of the clinically
used thiazolidinediones (TZD) known as PPAR𝛾 agonist. Additionally, the klotho protein produced from choroid plexus in the
central nervous system is regulated by PPAR𝛾. In an attempt to develop the new therapeutic strategy, we treated streptozotocin-
induced diabetic rats (STZ) with rosiglitazone (STZ + TZD) orally at 10mg/kg for 7 days. Also, STZ rats were subjected to
intracerebroventricular (ICV) infusion of recombinant klotho at a dose of 3 𝜇g/2.5 𝜇l via syringe pump (8 𝜇g/hr) daily for 7 days.
The BRS and heart rate variability were then estimated under challenge with a depressor dose of sodium nitroprusside (50 𝜇g/kg)
or a pressor dose of phenylephrine (8 𝜇g/kg) through an intravenous injection. Lower expression of klotho in medulla oblongata
of diabetic rats was identified. Cerebral infusion of recombinant klotho or oral administration of rosiglitazone reversed BRS in
diabetic rats. In conclusion, recovery of the decreased klotho in brain induced by rosiglitazone may restore the impaired BRS in
diabetic rats. Thus, rosiglitazone is useful to reverse the reduced BRS through increasing cerebral klotho in diabetic disorders.

1. Introduction

Cardiovascular complications influence the prognosis of
diabetic disorders and became the main reason for the high
mortality of diabetic patients [1, 2]. A number of studies have
reported that diabetes mellitus (DM) leads to impairment
of the baroreflex control of heart rate (HR) in both diabetic
patients and animals. Impairment of the baroreflex sensitivity
(BRS) underlying the diabetic state is closely related to life-
threatening arrhythmias, heart failure, and sudden death [3,
4].

To minimize the short-term fluctuations of blood pres-
sure and maintain a homeostatic state, a negative feedback
system called the baroreflex buffers these short-term changes
such as an increased blood pressure which results in slower
heart rate and vice versa [5]. Reduced BRS has been charac-
terized in diabetic human [6, 7] and in diabetic rats induced
by streptozotocin (STZ) as type 1-like diabetic model [8, 9].

Many factors related to the baroreflex have been men-
tioned in the central nervous system. The higher baroreflex
gain induced by angiotensin has been characterized in rats
after an intracerebroventricular (ICV) injection.Thedevelop-
ment of hypertension in DOCA-salt rats and/or the disorders
of chronic heart failure (CHF) were both reduced under
higher baroreflex [10, 11]. ICV infusion of leptin ameliorated
the variability of heart rate (HR) and the baroreflex sensitivity
in STZ-induced diabetic rats [12]. Thus, regulation of barore-
flex sensitivity from central nervous system seems important.

The klotho gene has been suggested in 1997 using klotho
mutant mice (kl/kl mice) with multiple disorders similar
to human premature-aging syndrome [13]. Also, a single
nucleotide polymorphism in human klotho gene has been
mentioned to be associated with the development of hyper-
tension in both Chinese Han [14, 15] and Caucasoid [16–
19] subjects. In kl/kl mice, alterations occurred mainly in a
cell-non-autonomous fashion, while klotho gene expression
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is predominantly shown in kidney, parathyroid gland, and
choroid plexus, although the gene is not expressed in other
organs that can be markedly influenced [13]. The choroid
plexus may produce cerebrospinal fluid (CSF) for neurons
and the secreted klotho protein was observed in CSF [20].
Thus, the klotho in brain can be considered to play a role in
the regulation of cardiovascular homeostasis.

klotho has been mentioned as the target of PPAR𝛾 [21].
In clinics, agent of TZDs has been used to treat type 2
diabetic patients through correction of both hyperlipidemia
and hyperglycemia [22, 23]. Also, TZDs ameliorate the renal
injury in STZ-diabetic rats through the anti-inflammatory
action [24] or increased PPAR𝛾 expression [25]. The renal
protection in STZ-diabetic rats by TZDs produced without
altering the blood glucose level [26]. Since klotho was the
target of PPAR𝛾 [21], the higher klotho expression by PPAR𝛾
may result in the improvement of dysfunctions in STZ-
diabetic rats. The widely used TZDs, including pioglita-
zone, rosiglitazone, and troglitazone, were demonstrated to
increase the expression of klotho, while rosiglitazone was
most effective [21]. Thus, we employed rosiglitazone as the
representative of TZDs in this study.

The present study is designed to know whether rosigli-
tazone (TZD) ameliorates the impaired baroreflex sensitivity
(BRS) in STZ-induced diabetic rats. We also determined the
mediation of klotho in this action because rosiglitazone is
known to increase klotho [27].Then, the role of klotho in BRS
could be elucidated in diabetic state.

2. Material and Methods

2.1. Animals. The male Wistar rats, weighing from 200 to
250 g, were obtained from the Animal Center of National
ChengKungUniversityMedical College. All rats were housed
individually in plastic cages under standard laboratory con-
ditions. They were maintained under a 12 h light/dark cycle
and had free access to food and water. All experiments
were performed under anesthesia with 2% isoflurane, and
all efforts were made to minimize the animals’ suffering.
The animal experiments were approved and conducted in
accordance with local institutional guidelines for the care
and use of laboratory animals in Chi-Mei Medical Center
(number. 100052307) and the experiments conformed to the
Guide for the Care and Use of Laboratory Animals as well as
the guidelines of the Animal Welfare Act.

2.2. Streptozotocin (STZ) Induced Type 1-Like Diabetic Rats.
Diabetic model was induced by an intravenous (i.v.) injection
of STZ (Sigma-Aldrich Inc., USA) at 65mg/kg into the fasting
Wistar rats as described previously [28]. The animals were
considered to be diabetic if they showed a plasma glucose
concentration over 350mg/dL in addition to the diabetic
syndromes.

The plasma glucose levels were measured in blood sam-
ples collected from the femoral veins of anesthetized rats.
Body weight was also monitored during the experiment. At
the end of treatment, animals were sacrificed, and the tissues
were dissected, washed with saline, and weighed. For further

analysis, samples were frozen in liquid nitrogen for storage at
−80∘C.

Blood samples from rats were centrifuged at 12,000 g for
3 minutes. Samples were then analyzed using the glucose
kit reagents (AppliedBio assay kits; Hercules, CA, USA).
The level of plasma glucose was then estimated using an
autoanalyzer (Quik-Lab, USA) and measured in duplicate.

2.3. Drug Administration. Theage-matched rats were divided
into three groups (𝑛 = 8): vehicle-treated normal rats
(Wistar); vehicle-treated STZ rats (STZ); and TZD-treated
STZ rats (STZ + TZD) through oral intake of 10mg/kg
rosiglitazone (Avandia) daily for seven days as described
previously [29, 30].

2.4. Western Blotting Analysis. Protein was extracted from
tissue homogenates using ice-cold radioimmuno-precipita-
tion assay (RIPA) buffer supplemented with phosphatase and
protease inhibitors (50mmol/L sodium vanadate, 0.5mM
phenylmethylsulphonyl fluoride, 2mg/mL aprotinin, and
0.5mg/mL leupeptin). The protein concentrations were
determined using a Bio-Rad protein assay (Bio-Rad Labora-
tories, Inc., Hercules, CA, USA). Total proteins (30𝜇g) were
then separated using SDS/polyacrylamide gel electrophoresis
(10% acrylamide gel) through a Bio-Rad Mini-Protean II
system. The protein was transferred to expanded polyvinyli-
dene difluoride membranes (Pierce, Rockford, IL, USA) with
a Bio-Rad Trans-Blot system. The membrane was blocked
with 5% nonfat milk in phosphate-buffered saline containing
0.1% Tween 20 (PBS-T) and incubated for two hours. The
membrane was then washed in PBS-T and hybridized with
primary antibodies, specific antibodies for klotho, which
were diluted to a suitable concentration (1 : 1000) in PBS-T for
16 hours. Incubationwith secondary antibodies and detection
of the antigen-antibody complex were performed using an
ECL kit (AmershamBiosciences, UK).The immunoblot den-
sities at 130 KD were quantified using a laser densitometer.
Expression of 𝛽-actin was used as the internal standard.

2.5. Intracerebroventricular (ICV) Injection. Following to the
previous method [12], the well-anesthetized rats were immo-
bilized in a stereotaxic frame to prepare for ICV injection.
Then, the age-matched rats were divided into four groups
(𝑛 = 8): normal rats (Wistar); STZ rats (STZ); rat IgG
(IgG)-treated STZ rats (STZ + IgG); and recombinant klotho
(rKl)-treated STZ rats (STZ + rKl). Rat rKl or rat IgG
(Abcam, Cambridge, MA, USA) was dissolved in artificial
cerebrospinal fluid (ACSF) at a dose of 3𝜇g/2.5 𝜇L for ICV
infusion using syringe pump (Harvard Apparatus, Holliston,
MA, USA) (8𝜇g/hr) for seven days according to the previous
reports [12, 31, 32].

2.6. Arterial Pressure andHeart Rate Recording. The rats were
anesthetized with 2% isoflurane, and a catheter was inserted
into the femoral artery for recording of blood pressure and
heart rate. The catheters were made of 4 cm segments of PE-
10 polyethylene (Clay Adams, USA) that was heat-bound to
a 13 cm segment of PE-50 (Clay Adams, USA). After surgery,



BioMed Research International 3

the animals were allowed 20min to adapt the experimental
conditions, such as sound and illumination. Another 15min
period was allowed before beginning of experiment. The
pressure catheter was connected to an external computer (IX-
214; iWorx Systems, Inc., Dover, NH, USA) to acquire all
signals. The mean arterial pressure (MAP) and heart rate
(HR) were derived from Labscribe2 (iWorx Systems, Inc.,
Dover, NH, USA) [33, 34].

2.7. Baroreflex Challenge and Evaluation. According to previ-
ous methods [33, 34], the baroreflex response was challenged
using a pressor dose of 0.1mL phenylephrine (PE; 8𝜇g/kg IV)
or a depressor dose of 0.1mL sodium nitroprusside (SNP;
50𝜇g/kg IV).The baroreflex sensitivity (BRS) was then calcu-
lated as the derivative of the HR in the function of the MAP
variation (ΔHR/ΔMAP). The bradycardic and tachycardic
peaks were also analyzed to determine the HR range and
the difference between two peaks, as described previously
[33, 34].

2.8. Statistical Analysis. All data are expressed as the mean ±
standard error (SE) of each group. Using the Microsoft excel,
statistical analysis was performed by the one-way ANOVA
and the significance was obtained from the level at 2𝛼 = 0.05.

3. Results

3.1. Klotho Expression in the Medulla Oblongata of STZ-
Diabetic Rats. Expressions of the klotho protein in the
medulla oblongata between Wistar rats and STZ-diabetic
rats were compared using Western blotting analysis. The
expression of klotho protein in the medulla oblongata was
significantly lower in STZ-diabetic rats than normal Wistar
rats (Figure 1).

3.2. ICV Injection of Recombinant klotho Restored the Barore-
flex Responses in STZ-Diabetic Rats. As shown in Table 1, the
basal MAP and HR were markedly different between STZ-
diabetic rats and Wistar rats. Additionally, after challenging
the baroreflex, there is no marked difference on the values of
bradycardic peak between Wistar and STZ group. However,
the tachycardic peak was significantly reduced in STZ-
diabetic rats, the values of HR range were markedly lower in
STZ-diabetic rats than in normal Wistar rats. These changes
in STZ group were restored by the ICV infusion of rKl, but
they were not modified by IgG infusion, without altering
the blood glucose level. The baroreflex gain resulting from
challenge with PE or SNP was significantly reduced in the
STZ group. This decrease in the baroreflex gain was also
restored by the ICV infusion of rKl (Figures 2(a) and 2(b)).

3.3. Effect of TZD on the Expression of klotho in Medulla
Oblongata of STZ Rats. Changes of klotho expression in
the medulla oblongata from STZ-diabetic rats were also
identified using Western blots. After oral administration
of rosiglitazone (TZD) for 7 days, the decreased klotho
expression was also significantly reversed in the medulla
oblongata of STZ-diabetic rats (Figure 3).
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Figure 1: Klotho protein expressions in the medulla oblongata
of STZ-diabetic rats. Expression of klotho protein (130 kDa) in
Wistar rats (Wistar) and STZ-diabetic rats (STZ) was identified
using Western blotting analysis. Samples were prepared from the
medulla oblongata. The corresponding 𝛽-actin (Actin) protein level
was used as an internal control. The quantification of protein levels
was expressed as klotho over 𝛽-actin.The quantification is indicated
as the means with the SE (𝑛 = 8 per group) in each column shown
in the lower panel. ∗∗∗𝑃 < 0.001 compared to Wistar.

3.4. The Baroreflex Response is Restored in STZ Rats after Oral
Administration of TZD. As shown in Table 2, the basal MAP
and HR were significantly normalized in the STZ-diabetic
rats treated with rosiglitazone (TZD). Additionally, there is
no marked difference on the values of the bradycardic peak
between each group. However, the tachycardic peak was
significantly restored in the STZ + TZD group as compared
to STZ group and showing a significant difference in the HR
range.Thebaroreflex gain resulting fromPEor SNP challenge
was both restored in the STZ + TZD group (Figures 4(a) and
4(b)). PE-induced increase of MAP was lower in STZ + TZD
group than that in STZ group. Then, the bradycardic reflex
responses to PEweremarkedly lower in the STZ+TZDgroup
than that in the STZ group (Figure 4(a)). Intravenous injec-
tion of SNP produced a vasodepressor response; the value of
MAPwas still higher in STZ +TZD group than in STZ group.
Moreover, the tachycardic reflex in response to SNP challenge
was restored in STZ + TZD group (Figure 4(b)). Thus, the
baroreflex gain was significantly restored in STZ-diabetic rats
treated with TZD without altering the blood glucose level.
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Figure 2: Effect of recombinant klotho (rKl) on the sensitivity of the baroreflex in STZ-diabetic rats. The effect of rKl or rat IgG (IgG) on
the mean arterial pressure (MAP, mmHg), heart rate (HR, bpm), and baroreflex sensitivity (BRS, bpm/mmHg) in response to phenylephrine
(PE, 8 𝜇g/kg, IV) (a) or (SNP, 50𝜇g/kg, IV) (b) in each group; Con means control, STZ shows STZ-diabetic rats, STZ + IgG is IgG-treated
group and STZ + rKl indicates the recombinant klotho-treated STZ group. The quantification is indicated as the means with the SE (𝑛 = 8
per group) in each column shown in the lower panel. ∗∗𝑃 < 0.01 and ∗∗∗𝑃 < 0.001 compared to Wistar.

4. Discussion

In the present study, we demonstrate, for the first time, that
the expression of klotho protein was significantly lower in
the medulla oblongata of STZ-diabetic rats than normal
Wistar rats.The baroreflex gain in response to challenge with
PE or SNP was also reduced in STZ-diabetic rats compared

to normal rats. We infused recombinant klotho into the brain
of this type 1-like diabetic animal to restore the baroreflex
responses without correcting blood glucose. Additionally,
the expression klotho was significantly reversed in diabetic
rats receiving rosiglitazone (TZD). The baroreflex responses
triggered by PE or SNP were also increased in STZ-diabetic
rats treated with rosiglitazone without changing blood
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Table 1: Baseline level of the blood glucose, mean arterial pressure (MAP) and heart rate (HR), bradycardic and tachycardic peak, and HR
range in STZ rats receiving rat IgG (IgG) or recombinant klotho (rKl).

Variable Wistar STZ STZ + IgG STZ + rKl
Blood glucose (mg/dL) 103 ± 4.3 363 ± 13.6∗∗∗ 362 ± 9.1∗∗∗ 368 ± 5.4∗∗∗

MAP (mmHg) 112.8 ± 3.17 89.2 ± 2.74∗∗ 91.4 ± 3.82∗∗ 104.9 ± 7.21#

HR (bpm) 343 ± 7.2 281 ± 5.4∗∗∗ 283 ± 8.2∗∗∗ 308 ± 9.4#

Bradycardic peak (bpm) 243 ± 4.3 247 ± 7.2 243 ± 5.8 248 ± 4.7
Tachycardic peak (bpm) 442 ± 7.6 352 ± 7.4∗∗ 347 ± 6.6∗∗ 426 ± 5.4##

HR range (bpm) 194 ± 6.8 103 ± 8.7∗∗∗ 102 ± 5.3∗∗∗ 173 ± 8.9##

Values (mean ± SE) were obtained from each group of eight rats. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 compared to Wistar. #𝑃 < 0.05 and ##
𝑃 < 0.01

compared to STZ.
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Figure 3: Effect of TZD on the expression of klotho in the medulla
oblongata of STZ-diabetic rats. The upper shows the klotho protein
level (Klotho) or the corresponding 𝛽-actin (Actin) level as internal
control in the medulla oblongata isolated from Wistar rats (Con)
and STZ-diabetic rats receiving TZD (STZ+TZD) or not (STZ).The
treatments are described in materials and methods. Quantification
of protein levels using klotho over 𝛽-actin to show the means with
SE (𝑛 = 8 per group) in each column are indicated in the lower panel.
∗∗

𝑃 < 0.01 and ∗∗∗𝑃 < 0.001 compared to control (Con).

glucose level. Thus, rosiglitazone has an ability to restore the
reduced baroreflex responses through increase of cerebral
klotho in diabetic rats.

Mutation of klotho may result in many aging-related
disorders in animals; the expression of klotho gene is only
identified in some tissues in mice, rats, and humans [35].The
klotho is documented to predominantly express in kidney
and choroid plexus of the brain, although a slight expression
of klotho has also been observed in the pituitary gland,
placenta, skeletal muscle, colon, urinary bladder, pancreas,
testis, ovary, and inner ear [13, 36]. CSF from choroid plexus
is known to serve as the extracellular fluid for neurons [37].
Thus, klotho protein is suggested as a humoral factor [38] and

Table 2: Baseline level of the blood glucose, mean arterial pressure
(MAP) and heart rate (HR), bradycardic and tachycardic peak, and
HR range in STZ rats receiving the rosiglitazone (TZD) or not.

Variable Wistar STZ STZ + TZD
Blood glucose
(mg/dL) 98 ± 3.7 367 ± 11.4∗∗∗ 361 ± 10.3∗∗∗

MAP (mmHg) 109.8 ± 4.4 87.6 ± 5.7∗∗ 95.4 ± 7.3∗#

HR (bpm) 351 ± 8.3 287 ± 4.8∗∗∗ 316 ± 7.4∗#

Bradycardic peak
(bpm) 248 ± 7.3 242 ± 6.2 245 ± 4.3

Tachycardic peak
(bpm) 437 ± 8.5 363 ± 4.7∗∗ 392 ± 11.6∗#

HR range (bpm) 188 ± 8.2 123 ± 4.9∗∗ 142 ± 7.3∗#

Values (mean ± SE) were obtained from each group of eight rats. ∗𝑃 < 0.05,
∗∗

𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 compared to Wistar. #𝑃 < 0.05 compared to
STZ.

it is detectable in CSF [20]. In the present study, we observed
the reduced expression of klotho in the medulla oblongata of
diabetic rats and this view has not been mentioned before.

Single nucleotide polymorphisms of the human klotho
gene are associated with the development of cardiovascular
diseases in both Chinese Han [14, 15] and Caucasoid [16–
19] subjects. Baroreflex dysfunction observed in diabetic
subjects has important clinical implications, because the
baroreflex included an important system that acts against
wide oscillations in arterial pressure (AP). Additionally,
clinical trials have shown an association between baroreflex
dysfunctions [39, 40]. Studies using experimental animals
have been conducted to investigate the mechanisms of car-
diovascular reflex dysfunction in diabetes [41]. It has been
demonstrated that, in STZ-induced experimental diabetes,
baroreflex control of circulation was impaired. In this study,
we provide the first demonstration of a marked decrease
of klotho in the medulla oblongata of STZ-diabetic rats.
Also, we challenged the baroreflex response using a pressor
dose of 0.1mL phenylephrine (PE; 8 𝜇g/kg IV) or a depressor
dose of 0.1mL SNP (50 𝜇g/kg) according to previous reports
[33, 34]. The baroreflex sensitivity (BRS) was calculated as
the derivative of the HR in function of the MAP variation
(ΔHR/ΔMAP). The tachycardic and the bradycardic peaks
were also analyzed.The basalMAP andHRwere significantly
lower in STZ group than in the normal group. The pressor
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Figure 4: Effect of TZD on the sensitivity of the baroreflex in STZ-diabetic rats.The effect on themean arterial pressure (MAP,mmHg), heart
rate (HR, bpm), and baroreflex sensitivity (BRS, bpm/mmHg) in response to phenylephrine (PE, 8𝜇g/kg, IV) (a) or (SNP, 50𝜇g/kg, IV) (b)
in each group including Wistar rats (Con) and STZ-diabetic rats receiving TZD (STZ + TZD) or not (STZ). The quantification is indicated
as the means with the SE (𝑛 = 8 per group) in each column shown in the lower panel. ∗∗𝑃 < 0.01 and ∗∗∗𝑃 < 0.001 compared to control.

responses to PE were more marked in the STZ group than
in the normal group, whereas the bradycardic reflex was
reduced in the STZ group. The baroreflex gain was also
attenuated in the STZ group. Similar changes were noted in
the SNP-challenged STZ group. These results are consistent
with a previous report [27]. However, there was no difference
on bradycardiac peak between normal and STZ groups. The
baseline heart rate values in STZ rats were alternatively lower

than that in normal rats. It is may be the reason why there is
no differences in bradycardiac peak between normal and STZ
groups. However, the heart rate range still decreased in STZ
group. Additionally, the decreased baroreflex responses were
restored by the recombinant klotho infused into the brains of
STZ group by ICV injection.Thus, increase of cerebral klotho
appears to be useful in the recovery of the lowered baroreflex
sensitivity.
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Actually, STZ-diabetic rats treated with rosiglitazone
result in an increase of klotho expression in the medulla
oblongata (Figure 3). Then, we evaluated the effect of rosigli-
tazone on baroreflex responses in STZ-diabetic rats. The
basal MAP and HR in diabetic rats were both increased by
rosiglitazone near to the values in normal rats. Additionally,
the pressor responses to PE were reduced to normal rats in
the STZ + TZD group; the bradycardic reflex and baroreflex
gain were both restored in the STZ + TZD group. Similar
changes were also noted in the SNP-challenged baroreflex
gain in STZ-diabetic rats. Thus, treatment of rosiglitazone or
TZD seems beneficial in the recovery of baroreflex sensitivity
in STZ-diabetic rats without changing blood glucose. Taken
together, we demonstrated that the higher the expression
of klotho by rosiglitazone the more restored the baroreflex
in STZ-diabetic rats. However, the molecular mechanisms
underlying the regulation of the baroreflex by klotho remain
unclear and it needs more investigations in the future.
Rosiglitazone has been demonstrated to be able to cross the
blood brain barrier and that it is not exported out of the brain
[42]. Some studies also demonstrated the neuroprotective
merits of TZDs in animal models including focal ischemia,
Parkinson’s disease, and ALS [43–46]. The neuroprotective
effects are introduced to be associated with PPAR𝛾mediated
suppression of the inflammatory pathway [47] or by increas-
ing antioxidant-like activities [48]. Taken together, there is
no doubt that rosiglitazone can enter into central nervous
system.

5. Conclusions

We found that klotho expression in the medulla oblongata
was reduced in STZ-diabetic rats. This is associated with
the lower baroreflex response in STZ-diabetic rats because
baroreflex was restored by the oral administration of rosigli-
tazone or treatment with the recombinant klotho through
ICV infusion to higher cerebral klotho. Thus, rosiglitazone
or TZDs is useful to reverse the reduced BRS through higher
cerebral klotho in diabetic disorders.
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Ginseng has been shown to be effective on cardiac dysfunction. Recent evidence has highlighted the mediation of peroxisome
proliferator-activated receptors (PPARs) in cardiac function. Thus, we are interested to investigate the role of PPAR𝛿 in ginseng-
induced modification of cardiac contractility. The isolated hearts in Langendorff apparatus and hemodynamic analysis in
catheterized rats were applied to measure the actions of ginseng ex vivo and in vivo. In normal rats, ginseng enhanced cardiac
contractility andhemodynamic𝑑𝑃/𝑑𝑡max significantly. Both actionswere diminished byGSK0660 at a dose enough to blockPPAR𝛿.
However, ginseng failed to modify heart rate at the same dose, although it did produce a mild increase in blood pressure. Data of
intracellular calcium level and Western blotting analysis showed that both the PPAR𝛿 expression and troponin I phosphorylation
were raised by ginseng in neonatal rat cardiomyocyte. Thus, we suggest that ginseng could enhance cardiac contractility through
increased PPAR𝛿 expression in cardiac cells.

1. Introduction

Ginseng varieties have been garnering increasing interest
recently for their effects on the cardiovascular system [1]. It
has been demonstrated that ginseng could prevent cardiac
hypertrophy and heart failure through a mechanism likely
involving the prevention of calcineurin activation [2] and the
latter representing a key factor for myocardial hypertrophy
and remodeling [3, 4].

Peroxisome proliferator-activated receptors (PPARs) are
ligand-activated transcriptional factors that regulate the
expression of genes involved in lipid metabolism and inflam-
mation [5]. Three subtypes of PPARs, PPAR𝛼, PPAR𝛾, and
PPAR𝛿, have been shown to modulate the expressions of
various genes to exert bioactivity [5]. PPAR𝛼 is relatively
abundant in tissues with a high oxidative capacity, such as
the liver and heart, whereas PPAR𝛾 is confined to a limited

number of tissues, primarily adipose tissue [5, 6].The ubiqui-
tously expressed PPAR𝛿 enhances lipid catabolism in adipose
tissue and muscles [5], and PPAR𝛿-dependent maintenance
of inotropic function is crucial for cardiomyocytes [7–9].
Deletion of cardiac PPAR𝛿 is accompanied by decreased con-
traction, increased left ventricular end-diastolic pressure, and
lowered cardiac output and leads to decreased contraction
and increased incidence of cardiac failure [7].

It has been identified that cardiac agent, such as digoxin
and dobutamine, can restore the cardiac contractility in
diabetic rats [10–12]. Also, cardiac agent improved cardiac
contraction in STZ-diabetic rats which is associated with a
marked increase in cardiac PPAR𝛿 expression [13].

Thus, we are interested to screen the effect of ginseng
on cardiac contractility and investigate the mediation of
PPAR𝛿 in this action of ginseng. Using the isolated hearts and
animals in addition to cultured cardiac cells, the main aim of
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the present study is to clarify if ginseng can enhance cardiac
contractility through increased PPAR𝛿 expression or not.

2. Materials and Methods

2.1. Materials. GSK0660 (a specific PPAR𝛿 antagonist) was
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA). The fluorescent probe, fura-2, was the product
of Molecular Probes (Eugene, OR, USA). Antibodies specific
to PPAR𝛿, cardiac troponin I (TnI) or phospho-troponin
I (p-TnI) (Ser 23/24), were obtained from Cell Signaling
Technology (Beverly, MA, USA).

2.2. Preparation of Fermented Panax ginseng (P. ginseng).
Panax ginseng extract (GINST) used in the present study
was provided by Bing-Han Pharmaceutics (Hsin-Yin, Tainan
Shang, Taiwan). Briefly, dried Panax ginseng (1 kg) was
extracted with 5 L of 50% aqueous ethanol at 85∘C and
concentrated in vacuous to obtain dark brown syrup. The
dark brown syrup then was mixed with starch to generate
the ginseng powder. The powder containing 95% P. ginseng
root and 5% starch was dissolved in saline solution for oral
administration at the desired doses.

2.3. Animals. Male Wistar rats, weighing from 200 to 250 g,
were obtained from the Animal Center of National Cheng
Kung University Medical College. All experiments were
performed under anesthesia with 2% isoflurane and all efforts
were made to minimize suffering. The animal experiments
were approved and conducted in accordance with local
institutional guidelines for the care and use of laboratory
animals in Chi-Mei Medical Center (no. 100052307) and
performed according to the Guide for the Care and Use of
Laboratory Animals as well as the guidelines of the Animal
Welfare Act.

2.4. Drug Administration. Animals were randomly assigned
into three groups: (I) the control group (𝑛 = 8) treated
with the vehicle, saline (0.9% sodium chloride, orally); (II)
the ginseng (Gin) group (orally. 𝑛 = 8) treated by oral
administration with ginseng powder at 400mg/kg for 7 days
as described previously [14], and (III) the ginseng +GSK0660
(Gin + GSK) group (𝑛 = 8) treated with ginseng powder
at effective dose (400mg/kg, orally) according to previous
report [14] and GSK0660 at effective dose (3mg/kg, i.v.) [15]
for 7 days. At the end of experiment, hearts of each group
were dissected out for Western blotting analysis and Real-
time reverse transcription-polymerase chain reaction.

2.5. Langendorff Apparatus for Isolated Heart Determination.
The experiment was performed according to a previous
description [16]. The rats were sacrificed under anesthesia
with 3% isoflurane and their hearts were excised rapidly
and rinsed by immersion in ice-cold Krebs-Henseleit buffer
(KHB) (mM: NaCl 118.5, KCl 4.7, MgSO

4

1.2, CaCl
2

1.8,
NaHCO

3

25.0, and glucose 11.0 at pH 7.35). The hearts
were mounted in the Langendorff apparatus and continu-
ously perfused with warm (37∘C) and oxygenated (95% O

2

,

5% CO
2

) KHB at a constant pressure of 70mmHg.The organ
chamber temperature was maintained at 37∘C during the
experiment. Awater-filled latex balloonwas inserted through
an incision in the left atrium into the left ventricle via the
mitral valve and adjusted to a left ventricular end-diastolic
pressure (LVEDP) of 5–7mmHg during initial equilibrium.
The distal end of the catheter was connected to an iWorx
214 TMdata acquisition system (Ladscrib 2.0 software, iWorx
Systems, Inc., Dover, NH, USA) via a pressure transducer for
continuous recording. Left ventricular systolic function was
assessed by recording the left ventricular developed pressure
(LVDP), which was defined as the difference between left
ventricular end-systolic pressure (LVESP) and LVEDP.

2.6. Catheterization for Hemodynamic 𝑑𝑃/𝑑𝑡 Measurement.
This part of experiments was performed in rats under
anesthesia with 2% isoflurane to the minimize suffering of
animals. Temporary pacing leads were used for the short-
term study and were placed in the right atrium and RV apex.
A venogram imaged in 2 different angulations (left anterior
oblique 30∘ and anteroposterior) was obtained to determine
the anatomy of the coronary sinus venous system. An LV
pacing electrode (IX-214; iWorx Systems, Inc., Dover, NH,
USA) was placed either in the free wall region via the lateral
or posterior vein or in the anterior region via the great cardiac
vein. After femoral artery and venous puncture using the
Seldinger technique [17], pressure transducer catheters were
inserted into the heart to provide the RV, aortic, mean blood,
and LV pressures. Pressure catheters and pacing leads were
connected to an external pacing computer (iWorx Systems,
Inc., Dover, NH, USA) to monitor the heart rate and to
acquire hemodynamic signals. Body temperature of the rats
was also maintained at 37.5∘C throughout whole procedure.

2.7. Cell Cultures. Primary cultures of neonatal rat cardiomy-
ocytes were prepared by the modification of a previously
described method [18]. Briefly, under anesthesia with 3%
isoflurane, the hearts of 1- to 2-day-old Wistar rats were
excised, cut into 1–2mm pieces, and predigested with trypsin
to remove red blood cells. The heart tissue was then digested
with 0.25% trypsin and 0.05% collagenase. The dissociated
cells were placed in uncoated 100mm dishes and incubated
at 37∘C in a 5% CO

2

incubator for at least 1 h to remove
the nonmyocytic cells. This procedure caused fibroblasts
to predominantly attach to the dishes while most of the
cardiomyocytes remained in suspension.The cardiomyocyte-
enriched population was then collected and counted. The
cells were cultured in Dulbecco/Vogt modified Eagle’s min-
imal essential medium (DMEM) with 1mmol/L pyruvate,
10% fetal bovine serum, 100 units/mL penicillin, and 100
units/mL streptomycin. Over 95% of the collected cells
were characterized as cardiomyocytes on the basis of the
sarcomeric myosin content. On the second day, the medium
was replaced. After 3 to 4 days in culture, the cells were used
in the experiments. Stock solutions of ginseng and GSK0660
were prepared with DMSO (0.1%).The cells were treated with
100 𝜇g/mL ginseng for 24 h [14], washed twice with PBS, and
removed by trypsinization. The cells were then collected and
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subjected to a protein expression assay. Additional treatments
with GSK0660 (10−6M) [19] were performed for 30 minutes
before the ginseng treatment.

2.8. Measurement of Intracellular Calcium Concentration.
The changes in intracellular calcium were detected using
the fluorescent probe fura-2-AM [20]. The neonatal rat
cardiomyocytes were placed in buffered physiological saline
solution (PSS) containing 140mMNaCl, 5.9mMKCl, 1.2mM
CaCl
2

, 1.4mM MgCl
2

, 11.5mM glucose, 1.8mM Na
2

HPO
4

,
and 10mM Hepes-Tris, to which was added 5 𝜇M fura-2-
AM, and the solution was incubated for 1 h in humidified
5% CO

2

and 95% air at 37∘C. The cells were washed and
incubated for an additional 30 minutes in PSS. The neonatal
rat cardiomyocytes were inserted into a thermostatic (37∘C)
cuvette containing 2mL of calcium-free PSS. After recording
the baseline value, ginseng (100 𝜇g/mL) was added into the
cuvette with/without GSK0660 (10−6M) to detect the free
intracellular calcium. The fluorescence was continuously
recorded using a fluorescence spectrofluorometer (Hitachi
F-2000, Tokyo, Japan). Values of [Ca2+]i were calculated
from the ratio 𝑅 = F340/F380 by the formula [Ca2+]i = 𝐾𝑑𝐵
(𝑅 − 𝑅min)/(𝑅max − 𝑅), where 𝐾𝑑 was 225 nM, F was
fluorescence, and 𝐵 was the ratio of the fluorescence of the
free dye to that of the Ca2+-bound dye measured at 380 nm.
𝑅max and 𝑅min were determined in separate experiments by
using ginseng to equilibrate [Ca2+]j with ambient [Ca2+]
(𝑅max) and the addition of 0.1mM MnCl

2

and 1mmol/L
EGTA (𝑅min). Background autofluorescence was measured
in unloaded cells and subtracted from all measurements.

2.9. Western Blotting Analysis. Protein was extracted from
tissue homogenates and cell lysates using ice-cold radio-
immunoprecipitation assay (RIPA) buffer supplemented with
phosphatase and protease inhibitors (50mmol/L sodium
vanadate, 0.5mM phenylmethylsulphonyl fluoride, 2mg/mL
aprotinin, and 0.5mg/mL leupeptin). Protein concentrations
were determined with a Bio-Rad protein assay (Bio-Rad
Laboratories, Inc., Hercules, CA,USA). Total proteins (30𝜇g)
were separated by SDS/polyacrylamide gel electrophoresis
(10% acrylamide gel) using a Bio-RadMini-Protein II system.
The protein was transferred to expanded polyvinylidene
difluoride membranes (Pierce, Rockford, IL, USA) with a
Bio-Rad Trans-Blot system. After transfer, the membranes
were washed with PBS and blocked for 1 h at room tem-
perature with 5% (w/v) skimmed milk powder in PBS. The
manufacturer’s instructions were followed for the primary
antibody reactions. Blots were incubated overnight at 4∘C
with an immunoglobulin-G polyclonal rabbit anti-mouse
antibody (Affinity BioReagents, Inc., Golden, CO, USA)
(1 : 500) in 5% (w/v) skimmed milk powder dissolved in
PBS/Tween 20 (0.5% by volume) to bind the target protein
such as PPAR𝛿. The blots were incubated with goat poly-
clonal antibody (1 : 1000) to bind the actin, which served
as the internal control. After the removal of the primary
antibody, the blots were extensively washed with PBS/Tween
20 and then incubated for 2 h at room temperature with
the appropriate peroxidase-conjugated secondary antibody

diluted in 5% (w/v) skimmed milk powder and dissolved in
PBS/Tween 20.The blots were developed by autoradiography
using an ECL-Western blotting system (Amersham Interna-
tional, Buckinghamshire, UK). The immunoblots of PPAR𝛿
(50 kDa), cardiac troponin I (28 kDa), and phospho-troponin
I (28 kDa) were then quantified using a laser densitometer.

2.10. Statistical Analysis. Results were expressed as mean ±
SE of each group. Statistical analysis was carried out using
ANOVA analysis and Newman-Keuls post hoc analysis.
Statistical significance was considered at 𝑃 < 0.05.

3. Results

3.1. Effect of GW0742 on PPAR𝛿 Expression and TnI Phospho-
rylation in the Heart of Rats. The rats treated with ginseng
were used to identify changes in PPAR𝛿 expression and TnI
phosphorylation.The level of PPAR𝛿 expression (Figure 1(a))
and TnI phosphorylation (Figure 1(b)) was markedly raised
by ginseng at an effective concentration (400mg/kg). In
addition, this changewas reversed byGSK0660 (3mg/kg, i.v.)
at a concentration that did not modify the level of PPAR𝛿
expression and TnI phosphorylation (Figure 1).

3.2. Effect of Ginseng on Cardiac Performance in the Isolated
Rat Heart. Ginseng at a sufficient dose to activate PPAR𝛿
was used to treat the hearts isolated from rats. As shown in
Figure 2, ginseng (100 𝜇g/mL) increased cardiac contractility
without changes in heart rate. Moreover, the cardiac tonic
action of ginseng was diminished by GSK0660 (10−6M)
(Figure 2).

3.3. Effect of Ginseng on Cardiac Performance in the Anes-
thetized Rats. The 𝑑𝑃/𝑑𝑡max was significantly increased by
ginseng after the treatment (400mg/kg/day, orally for 7
days) as described previously [14] in the anesthetized rats,
compared with the vehicle-treated control. However, this
effect disappeared in the rats receiving coadministration of
GSK0660 at effective dose (3mg/kg, i.v.) [15] (Figure 3(a)).
Treatment of ginseng only did not modify the heart rate but
produced a slight increase in blood pressure that was also
blocked by GSK0660 (Figures 3(b) and 3(c)).

3.4. Effect of Ginseng on Intracellular Calcium in Neonatal Rat
Cardiomyocytes. The fluorescent probe, fura2-AM, was used
to detect changes in intracellular calcium level in the neonatal
rat cardiomyocytes, and ginseng at an effective concentra-
tion (100 𝜇g/mL) was found to increase the intracellular
calcium level. This effect disappeared in the cardiomyocytes
that were coincubated with ginseng and GSK0660 (10−6M)
(Figure 4(a)); however, incubation with GSK0660 alone did
not affect the intracellular calcium level in the neonatal rat
cardiomyocytes (Figure 4(a)).

3.5. Effects of Ginseng on PPAR𝛿 Expression and TnI Phos-
phorylation in Neonatal Rat Cardiomyocytes. The neonatal
rat cardiomyocytes were applied to treat with ginseng for
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Figure 1: Effects of ginseng on PPAR𝛿 expression and TnI phosphorylation in heart of rats. Changes of PPAR𝛿 expression (a) and TnI
phosphorylation (b) in the hearts of rats treated with ginseng. Rats were treated with ginseng (400mg/kg) for 7 days and hearts were then
used to measure the protein level of PPAR𝛿 expression and TnI phosphorylation using Western blotting analysis. All values are presented as
mean ± SEM (𝑛 = 8). ∗∗𝑃 < 0.01 and ∗∗∗𝑃 < 0.001 compared with normal rats.

identification of changes in PPAR𝛿 expression and TnI
phosphorylation. The levels of PPAR𝛿 expression and TnI
phosphorylation weremarkedly raised by ginseng at an effec-
tive concentration (100𝜇g/mL). Also, this effect was reversed
by GSK0660 (10−6M) at a concentration that did not modify
the level of PPAR𝛿 expression and TnI phosphorylation
(Figure 4(b)).

4. Discussion

In the present study, we found that ginseng increased car-
diac contractility but not heart rate in rats at the dose
of 400mg/kg, orally. This dose is equal to human oral
dose about 3871mg/kg by using the US FDA HED (human
equivalent dose) equation for calculation [21–23]. Increases
in PPAR𝛿 expression and TnI phosphorylation were also
observed in the heart of ginseng-treated rats. In hearts
isolated from rats, ginseng enhanced cardiac contractility and
this action was diminished by GSK0660 at a concentration
sufficient to block PPAR𝛿. In the anesthetized rats, cardiac
contraction (𝑑𝑃/𝑑𝑡max) was also significantly increased by
ginseng and this change was blocked by GSK0660. However,
heart rate was not modified by ginseng at same dose. In
the neonatal rat cardiomyocytes, ginseng increased cellular
calcium levels, PPAR𝛿 expression, and TnI phosphorylation.
Thus, to the best of our knowledge, this is the first study
to show that ginseng could increase cardiac contractility
through activation of PPAR𝛿.

In vivo and in vitro investigations have revealed a number
of significant actions of ginsenosides and ginseng extracts
in cardioprotection, such as reducing myocardial ischemia-
reperfusion induced damage viaNOpathway in rats andmice
[24], slowing down deterioration of cardiac contractions,
preventing the development of arrhythmias [25], and relaxing
the muscles of the aorta [26]. Also, it has been documented
that ginseng increases cardiac lipid metabolism by enhance-
ment of PPAR𝛿 expression in the hearing [27]. In this study,
we found that ginseng could increase PPAR𝛿 expression
and TnI phosphorylation. Also, this action of ginseng was
abolished by specific PPAR𝛿 antagonist. Mediation of PPAR𝛿
in this action of ginseng can thus be considered.

It has been established that PPAR𝛿 plays an important
role in the regulation of cardiac performance [17–19]. In
this study, we demonstrated that ginseng increases cardiac
contractility without affecting heart rate. Also, this cardiac
action of ginseng is reversed by blockade of PPAR𝛿 using
antagonist. Furthermore, activation of PPAR𝛿 using ginseng
enhanced cardiac contractility in the isolated hearts and the
hemodynamic 𝑑𝑃/𝑑𝑡max in the rats. Both actions of ginseng
were inhibited by GSK0660 at a concentration sufficient to
block PPAR𝛿 [27, 28]. The enhancement of cardiac contrac-
tility by ginseng through an activation of PPAR𝛿 is then
characterized.

A change in heart rate is the most serious side effect of
cardiac agents [29, 30]. In the present study, we showed that
ginseng could enhance cardiac contractility without altering
heart rate in isolated heart. In addition, ginseng generated
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Figure 2: Effects of ginseng on cardiac performance in hearts isolated from rats. The representative picture shows the change in cardiac
performance caused by ginseng in isolated hearts (a). Heart rate and cardiac contractility were recorded in isolated rat heart treated with
ginseng or cotreatedwith ginseng +GSK0660.The changes in developed pressure (b) and beat rate (c) were recorded continuously throughout
the whole experiment. All values are presented as mean ± SEM (𝑛 = 8). ∗∗𝑃 < 0.01 as compared to normal rats.

cardiac tonic action in animals without impacting the heart
rate. Thus, ginseng can be used as cardiac agent at some
doses without side effect of arrhythmia. Our previous studies
have showed that activation of PPAR𝛿 by cardiac agent may
improve diabetic cardiomyopathy in type-1 diabetic rats [28,
31]. Thus, ginseng seems helpful in the treatment and/or
prevention of diabetic cardiomyopathy. However, a slight
elevation of mean blood pressure was observed in the rats
received ginseng. Thus, applying ginseng in patients with
hypertension should be done carefully.

Troponin I (TnI) is known as an inhibitory unit of
the troponin complex associated with thin filaments, and
it inhibits actin-myosin interactions at the diastolic level
of intracellular Ca2+ [32, 33]. Modulation of myofilament
properties by alterations in TnI phosphorylation has been
found to have a profound effect on cardiac contractility [34].
Phosphorylation of TnI has been shown to increase the cross-
bridge cycling rate, leading to an increase in power output
[33, 34]. Ca2+ is mainly involved in muscle contraction [32–
35]. Contraction of cardiac muscles relies upon interactions
between ATP and Ca2+, both of which must be present
in adequate amounts [36]. We observed that ginseng has

the ability to increase the amount of intracellular calcium in
cardiomyocytes, and this seemed to be related to the higher
contractility of heart.

It has been shown that TnI phosphorylation most likely
acts through an enhanced off rate during Ca2+ exchange
with contractile protein, leading to an increase in cardiac
output [36–40]. Consistent with this, we found that TnI phos-
phorylation was elevated in the neonatal rat cardiomyocytes
exposed to ginseng. Thus, direct activation of PPAR𝛿 by
ginseng may result in a higher level of TnI phosphorylation.
Both changes caused by ginseng in the cardiomyocytes may
explain the increase in cardiac contractility.

The multiple cell signals are involved in cardiac con-
tractility. It is not easy to speculate the potential mecha-
nism(s) for this action of ginseng in the increase of cardiac
contractility. It has been documented that ginsenoside, one of
the active principles in ginseng, can improve systolic/diastolic
function and enhance cardiac 𝑑𝑃/𝑑𝑡 through the opening of
mitochondrial adenosine triphosphate-sensitive potassium
channels [41], reduction in oxidative stress via inhibition of
glutathione [42], and augmentation of cellular calcium influx
[43].The increase of cellular calcium influx is consistent with
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Figure 3: Effects of ginseng on cardiac performance in anesthetized rats. The effects of coadministration of ginseng and/or GSK0660 were
investigated in the anesthetized rats. The changes in hemodynamic 𝑑𝑃/𝑑𝑡 (a), mean blood pressure (MBP) (b), and heart rate (HR) (c) were
recorded continuously throughout the whole experiment. All values are presented asmean ± SEM (𝑛 = 8). ∗∗𝑃 < 0.01 as compared to normal
rats.

to our previous reports regarding PPAR𝛿 related cardiac tonic
actions [10, 11, 44].

Interestingly, ginseng enhanced cardiac contractility
without altering heart rate in isolated heart. Also, ginseng
generated cardiac tonic action in animals without impacting
the heart rate. It has been demonstrated that PPAR𝛿 agonist
is not effective in cardiac conduction [45]. The possible
explanation for this seems related to the absence of PPAR𝛿 in
cardiac conduction system. However, the real mechanism(s)
for the lack of effect on heart rate caused by ginseng require(s)
more investigations in the future.

The activation of PPAR𝛿 by ginseng can enhance the
cardiac contractility without altering heart rate. Thus, we
suggest that ginseng is suitable for the treatment of heart
failure. Using this agent, arrhythmia can be ignored in
patients for treatment of heart failure.

5. Conclusion

According to these findings, we suggest that the activation of
PPAR𝛿 by ginseng increases intracellular calcium,which then
results in cardiac troponin phosphorylation. Subsequently,
the cardiac contractility is enhanced. Taken together, ginseng
enhanced cardiac contractility through an increase in PPAR𝛿
expression at the dose that did not modify the heart beating.
Thus, ginseng could be developed as a good cardiac agent
without the side effect on heart rate.
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Figure 4: Effects of ginseng on intracellular calcium and TnI phosphorylation in neonatal rat cardiomyocytes. Changes in intracellular
calcium were detected with fura-2 by using a fluorescence spectrofluorometer. The neonatal rat cardiomyocytes were placed in buffered
physiological saline solution with 5 𝜇M of fura-2-AM and incubated for 1 h. After recording the baseline value, ginseng was added into
the cuvette with/without GSK0660 to detect the free intracellular calcium (a). Effects of ginseng on PPAR𝛿 expression (b) and TnI
phosphorylation (c) in the neonatal rat cardiomyocytes were indicated. Cells treated with ginseng for 24 hours were harvested to measure the
protein level of PPAR𝛿 expression and TnI phosphorylation usingWestern blotting analysis. All values are presented as mean ± SEM (𝑛 = 8).
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𝑃 < 0.001 compared with the control group.
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Background/Aims. Previous studies have reported p-cresyl sulfate (PCS) was related to endothelial dysfunction and adverse clinical
effect. We investigate the adverse effects of PCS on clinical outcomes in a chronic kidney disease (CKD) cohort study. Methods.
72 predialysis patients were enrolled from a single medical center. Serum biochemistry data and PCS were measured. The clinical
outcomes including cardiovascular event, all-cause mortality, and dialysis event were recorded during a 3-year follow-up. Results.
After adjusting other independent variables, multivariate Cox regression analysis showed age (HR: 1.12, 𝑃 = 0.01), cardiovascular
disease history (HR: 6.28, 𝑃 = 0.02), and PCS (HR: 1.12, 𝑃 = 0.02) were independently associated with cardiovascular event; age
(HR: 0.91, 𝑃 < 0.01), serum albumin (HR: 0.03, 𝑃 < 0.01), and PCS level (HR: 1.17, 𝑃 < 0.01) reached significant correlation
with dialysis event. Kaplan-Meier analysis revealed that patients with higher serum p-cresyl sulfate (>6mg/L) were significantly
associated with cardiovascular and dialysis event (log rank 𝑃 = 0.03, log rank 𝑃 < 0.01, resp.). Conclusion. Our study shows serum
PCS could be a valuablemarker in predicting cardiovascular event and renal function progression in CKDpatients without dialysis.

1. Introduction

Cardiovascular disease is still the main leading cause that
resulted in morbidity and mortality in patients with chronic
kidney disease (CKD) [1–3]. This high mortality and its un-
derlying causes among CKD patients are a crucial issue. A
broad range of traditional risk factors could not fully explain
the high risk of mortality in such population [4].Thus, recent
studies have demonstrated that nontraditional risk factors
including uremic toxinsmay play a role in the development of
cardiovascular disease in CKD [5–8].

Uremic solutes are accumulated as renal clearance rate
declined. Most uremic toxins can be removed by dialysis

except protein-bound uremic toxins, due to its higher affinity
for serum protein [9]. P-cresyl sulfate (PCS), one kind of pro-
tein-bound uremic toxins, has been reported not only to
reduce endothelial proliferation but also to inhibit endothe-
lial repair mechanisms [10, 11]. In addition, an increasing
evidence suggests that PCS is a valuable predictor of cardio-
vascular events [12], infection event [13] and all-causemortal-
ity event in hemodialysis patients [14]. However, there is also
a significant association of serum PCS with vascular disease
in CKD patients. Our recent study also indicated that PCS
levels had strong correlationwith vascular access dysfunction
in patients on maintenance hemodialysis [15].
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From these reports, PCS seems a novel and important
surrogate in CKD patients. However, its clinical toxic effect
still needs to be verified by more studies. Thus, in this study,
we further investigated the effect of PCS on clinical outcomes
including kidney function progression, cardiovascular event,
and all-cause mortality in a pre-ESRD cohort.

2. Subjects and Methods

Seventy-two patients with CKD3–5 were recruited in this
study from January to April 2008 in amedical centre. Patients
who met the following criteria with acute infection and car-
diovascular events in the past 3 months, with malignancy, or
those younger than 18 years were excluded. The etiology of
CKD in the study patients included cGN, diabetic nephropa-
thy, polycystic kidney disease, or lupus nephritis. Patient
characteristics and biochemical parameters were recorded
and measured. Our study was performed in accordance with
the principles of the Declaration of Helsinki and approved by
the Ethics Committee of the Mackay Memorial Hospital.
Informed consent was obtained from all patients.

Biochemistry data including the following tests were per-
formed: blood urea nitrogen (BUN, md/dL), creatinine (Cr,
mg/dL), hemoglobin (Hb, g/dL), hematocrit (Hct, %), cal-
cium (Ca, mg/dL), phosphate (P, mg/dL), intact-parathyroid
hormone (i-PTH, pg/mL), albumin (g/dL), and p-cresyl sul-
fate (mg/L). Serum albumin levels were determined by bro-
mocresol green method.

Serum PCS were analyzed with LC-MS/MS (4000
QTRAP, USA). Briefly, serum samples were prepared and de-
proteinized by heat denaturation. HPLC was performed at
room temperature using a dC18 column (3.0 × 50mm,
Atlantis, Waters). The buffers used were (A) 0.1% formic acid
and (B) 1mM NH

4

OAc + 0.1% formic acid in 100% acetoni-
trile. The flow rate was 0.6mL/min with a 3.5min gradient
cycling from 90% A/10% B to 10% A/90% B. Under these
conditions, PCS was eluted at 2.73min. Standard curves for
PCS were set at 1, 5, 10, 50, 250, 500, and 1000 𝜇g/L, and they
correlated with the serum samples with average 𝑟2 values of
0.996 ± 0.003. These samples were diluted if PCS concen-
tration exceeded standard curve. Quantitative results were
obtained and calculated in terms of their concentrations
(mg/L). The sensitivity of this assay was 1 𝜇g/L for PCS.

Our patients were followed up for 3 years until May 31,
2011. During study period, clinical outcomes including car-
diovascular events, all-cause mortality, and dialysis event
were reviewed by 1 independent physician (Pan CF), who was
blinded for study. The medical charts were reviewed for all
dialysis, and for surgeries due to nephrologic, cardiologic,
and vascular defects.The cardiovascular event was defined as
patients with any one of following events including cardiovas-
cular events including death from cardiac causes, myocardial
ischemia, nonfatal myocardial infarction, ischemic stroke, or
new onset of peripheral vascular disease, whichever devel-
oped first. Only one event of cardiovascular event per subject
was included in the analysis. Deaths were accurately recorded
and the cause of death were categorized as cardiovascular,
infectious, or other. Only patients who met the criteria of

Table 1: Baseline characteristics of the study patients.

Variables All (𝑛 = 72)
Age (yr) 60.1 ± 9.4

Male (%) 50%
Diabetes mellitus (%) 31.9%
Hypertension (%) 43.1%
CVD (%) 15.3%
SBP (mmHg) 141.5 ± 15.7

DBP (mmHg) 73.3 ± 11.5

CKD stage (%)
3 34.8%
4 32.4%
5 32.8%

Albumin (g/dL) 4.01 ± 0.4

Hemoglobin (g/L) 10.3 ± 1.4

Hematocrit (%) 31.4 ± 5.6

BUN (mg/dL) 44.1 ± 23.3

Creatinine (mg/dL) 3.8 ± 2.6

eGFR (mL/min) 23.6 ± 15.1

Calcium (mg/dL) 9.1 ± 0.4

Phosphate (mg/dL) 4.5 ± 0.8

Intact-PTH (pg/mL) 132.5 ± 177.1

P-cresyl sulfate (mg/L) 7.7 ± 7.2

Values expressed as mean ± SD or percent. CVD: cardiovascular disease;
CKD: chronic kidney disease; SBP: systolic blood pressure; DBP: diastolic
blood pressure; eGFR: estimated GFR.

starting long-term dialysis including hemodialysis or peri-
toneal dialysis were recorded as having dialysis events in this
study.

Thedemographic datawere expressed as themean± stan-
dard deviation (SD). Mann-Whitney 𝑈 test was applied for
the comparison between two groups divided by a medium
PCS level (PCS, ≧6.0mg/L and <6.0mg/L) in CKD patients.
Cox regression model was used to analyze the relationship
between independent variables and clinical outcomes includ-
ing cardiovascular event, dialysis event and all-cause mortal-
ity. All variables with a statistically significant 𝑃 value in the
univariate analysis were included inmultivariate analysis.The
Kaplan-Meier method (factors were compared using the log-
rank test) was used to estimate cumulative event free rate of
time to first cardiovascular event, time to first dialysis event,
and overall mortality in CKD patients with PCS level above
and below the median (6.0mg/L). A value of 𝑃 less than 0.05
was considered statistically significant. All statistical analyses
were conducted by using the SPSS version 17.0 software pro-
gram (SPSS, Chicago, IL).

3. Results

72 stable patients with CKD stages 3, 4, and 5 (34.8%, 32.4%
and 32.8%, resp.) were recruited in this study. The mean age
of patients was 60.6 ± 9.7 years old and this research included
36males (50%) and 36 females (50%). Patient’s demographics
and biochemistry are shown in Table 1. 23 patients had dia-
betes mellitus (31.9%), 31 patients had hypertension (43.1%),
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Figure 1: Kaplan-Meier curves of time to first clinical events. Patients were divided into two groups (>6.0mg/L and ≦6.0mg/L) by medium
level of p-cresyl sulfate. (a) All-cause mortality, log rank 𝑃 = 0.26, (b) cardiovascular event, log rank 𝑃 = 0.03, and (c) dialysis event, log rank
𝑃 < 0.01.

and 11 patients had cardiovascular disease (15.3%). All
patients were divided into two groups based on median PCS
level (6.0mg/L) (Table 2). Our results revealed that patients
with higher serum PCS had significantly lower Hb, Hct,
estimated GFR and higher BUN, Cr, and i-PTH. There was
no difference on albumin, calcium, and phosphate levels.

At the end of study, 18 out of 72 patients were recorded as
experiencing a new cardiovascular event.Only 6 patients died
(4 from cardiovascular causes and 2 from infectious disease).
In addition, 16 patients started to undergo regular dialysis due
to deterioration of renal function including 13 hemodialysis
and 3 peritoneal dialysis during 3-year follow-up.

Table 3 revealed the Cox regression analysis results of
independent variables on specific clinical outcomes including
cardiovascular event, all-cause mortality, and dialysis event.
For cardiovascular event, age, CAD, BUN, eGFR, calcium,
phosphate, i-PTH, and PCSwere significantly associatedwith
cardiovascular event in the univariate Cox regression

analysis. After adjusting confounding factors, only age (HR:
1.12,𝑃 = 0.01), CAD (HR: 6.28,𝑃 = 0.02), and PCS (HR: 1.12,
𝑃 = 0.02) had reached significance in the multivariate analy-
sis. In addition, age, BUN, Cr, eGFR, albumin, phosphate, i-
PTH, and PCS were found independently to relate to dialysis
event in the univariate analysis. It showed only age (HR: 0.91,
𝑃 < 0.01), albumin (HR: 0.03, 𝑃 < 0.01), and PCS (HR: 1.17,
𝑃 < 0.01) reached significant association with this event
finally. However, there was no association between indepen-
dent variables and all-cause mortality.

Kaplan-Meier curves of time to the first clinical events
were showed in Figure 1. Patients were divided into two
groups by median PCS levels (>6.0mg/L and ≦6.0mg/L).
Patients with higher PCS level were strongly associated with
higher rate of a cardiovascular event and dialysis event than
those with lower PCS levels during 3-year follow-up (log rank
𝑃 = 0.03, 𝑃 < 0.01, resp.) (Figures 1(b) and 1(c)). However,
only 6 patients died at the end of the study. Statistical
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Table 2: Clinical biochemistry of CKD patients divided by medium PCS concentration (6mg/L).

Variables
P-cresyl sulfate
≧6.0mg/L

P-cresyl sulfate
<6.0mg/L 𝑃 value

(𝑛 = 34) (𝑛 = 38)
CKD stage (%)

3 10.0% 57.3% <0.001
4 24.5 % 37.5% <0.001
5 65.5% 5.2% <0.001

Albumin (g/dL) 3.9 ± 0.3 4.0 ± 0.4 NS
Hemoglobin (g/L) 9.3 ± 1.7 10.7 ± 1.9 0.01
Hematocrit (%) 27.8 ± 5.7 32.3 ± 5.5 0.01
BUN (mg/dL) 52.0 ± 23.4 37.8 ± 20.8 <0.001
Creatinine (mg/dL) 4.9 ± 2.9 2.8 ± 2.1 <0.001
eGFR (mL/min) 15.8 ± 15.3 30.5 ± 15.4 <0.001
Calcium (mg/dL) 9.1 ± 0.5 9.0 ± 0.4 NS
Phosphate (mg/dL) 4.6 ± 0.7 4.3 ± 0.7 NS
Intact-PTH (pg/mL) 201.1 ± 230 78.5 ± 75.0 <0.001
P-cresyl sulfate (mg/L) 13.4 ± 6.4 2.5 ± 1.8 <0.001

analysis showed no significant difference for PCS level on
all-cause mortality in this CKD cohort (log rank 𝑃 = 0.26)
(Figure 1(a)).

4. Discussion

Our study showed that serum PCS level was significantly
associated with cardiovascular and dialysis events in a pre-
dialysis CKD cohort during a 3-year follow-up. From this
result, we suggested PCS levels may be an alternative surrog-
ate in prediction of cardiovascular disease and kidney func-
tion deterioration.

It is well known that CKD is independently associated
with endothelial dysfunction [16], which plays a vital role in
the development of cardiovascular diseases and is the main
cause ofmortality inCKDpatients [17].Thus, it is not surpris-
ing that cardiovascular disease remained the most important
cause of morbidity and mortality in patients with predialysis
and dialysis patients [1–3]. Some traditional and nontradi-
tional risk factors have been reported to be associated with
endothelial dysfunction [4–8]. Protein-bound uremic toxins,
one of nontraditional factors, include PCS and indoxyl sulfate
(IS), and have been regarded to be contributed to this path-
ophysiology [10, 18].

PCS, an endproduct of protein metabolism originating
from intestinal tract, is accumulated as renal function de-
clines [19]. From in vitro studies, it showed an increased free
radical production after exposure of leukocyte to PCS at a
uremia concentration [20]. In addition,Meijers et al. reported
that PCS could promote endothelial microparticle release, an
indicator of endothelial damage [10]. Both of endothelial
damage and leukocyte activation are able to contribute to vas-
cular damage [21]. However, the serum concentration of PCS
was increased gradually in patients with advanced CKD [22]
and could not be effectively removed by standard dialysis [9].

It subsequently will carry clinical toxicity finally. This can be
proved by some previous prospective studies, which demon-
strated a close relationship between PCS levels and clinical
outcomes including infectious event, cardiovascular disease,
and overallmortality in a hemodialysis [12–14] and peritoneal
dialysis cohort [23].

In this study, we observed that, in pre-ESRD patients, the
PCS level was able to predict cardiovascular event during
study period. Our results were partially concordant with the
findings published by Liabeuf et al., except overall mortality
event [22]. There was no significant correlation between PCS
levels and overall mortality event in this research. This dis-
crepancy results from lowermortality rate in our patients and
reflects the different survival rate of CKD inwestern and east-
ern country. Our recent study also indicated that PCS level
was not only associatedwith peripheral artery disease but also
a valuable surrogatemarker in predicting vascular access dys-
function in patient with hemodialysis [15]. Another previous
study revealed that PCS level was correlated with coronary
lesions in patients with stable angina andmoderate degrees of
CKD [24]. These findings specify the accumulation of PCS
was closely linked to unfavorable cardiovascular outcomes in
CKD population.

However, based on previous reports, the effect of PCS on
kidney progression has not been demonstrated. Until a recent
basic research conducted by Watanabe et al., indicated PCS
was capable of resulting in renal tubular cell damage by induc-
ing oxidative stress by activation of NADPH oxidase [25], a
similarmechanism caused by IS [26, 27].This is the first study
to support renal toxicity of PCS. It also can explain the result
from our study that PCS level could predict kidney function
deterioration. Our finding can be regarded as the extension of
results from basic in vitro to clinical research. Thus, these
evidences indicated that PCSwas not only a vascular toxin but
also a nephrotoxin. There are limitations in our study. First,
this study was performed with only minimum numbers of
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study patients, and all subjects were enrolled from one med-
ical center. Second, whether attenuation of serum PCS con-
centration could reduce the risk of cardiovascular event and
delay kidney function progression is still unclear.

In conclusion, our study showed higher serum PCS levels
were closely associated with cardiovascular event and dialysis
event. It providesmore evidences about the toxic effect of PCS
on clinical outcomes. Further more studies are needed to
demonstrate if patient’s outcomes could be improved after
lowering serum PCS levels in future.
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Background. Atherosclerosis is characterized by endothelial dysfunction, vascular inflammation, and the buildup of lipids,
cholesterol, calcium, and cellular debris within the intima of the walls of large and medium size arteries. Objective. To evaluate the
effect of clopidogrel on atherosclerosis progression.Materials andMethods. A total of 28 local domestic rabbits were assigned to four
groups: normal control, atherogenic control, vehicle control, and clopidogrel treated. Serum triglycerides, total cholesterol, HDL-C,
plasma high sensitive C-reactive protein (hsCRP), plasma malondialdehyde (MDA), and plasma reduced glutathione (GSH) were
measured at the end of the experiment. Immunohistochemical of aortic atherosclerotic changes were also performed.Results.There
was no statistically significant difference between atherogenic control group and vehicle group. Levels of lipid profile, atherogenic
index, hsCRP, and MDA are increased while GSH levels were decreased in animals on atherogenic diet. Immunohistochemical
analysis showed that aortic expressions of VCAM-1, MCP-1, TNF-𝛼, and IL-17A were significantly increased in atherogenic control
group. Histopathologic finding showed that animals on atherogenic diet have significant atherosclerotic lesion. Compared to
atherogenic control group clopidogrel do not have significant effect on lipid profile. Clopidogrel significantly reduces hsCRP and
MDA levels and increases GSH level. Furthermore, clopidogrel treatment significantly reduced aortic expressions parameters and
the histopathologic examination of the aortic arch showed a significant reduction of atherosclerotic lesion. Conclusions. This study
outlines how clopidogrel reduces lipid peroxidation, systemic inflammation, and aortic expression of inflammatory markers and
hence reduces the progression of atherosclerosis.

1. Introduction

Atherosclerosis is a disease of large- and medium-sized
arteries and is characterized by endothelial dysfunction,
vascular inflammation, and the buildup of lipids, cholesterol,
calcium, and cellular debris within the intima of the vessel
wall. This buildup results in plaque formation, vascular
remodelling, acute and chronic luminal obstruction, abnor-
malities of blood flow, and diminished oxygen supply to
target organs [1]. The proposed initial step in atheroge-
nesis is endothelial dysfunction leading to a number of
compensatory responses that alter the normal vascular
homeostatic properties [2]. Proinflammatory stimuli, includ-
ing a diet high in saturated fat, hypercholesterolemia, obe-
sity, hyperglycemia, insulin resistance, hypertension, and

smoking, trigger the endothelial expression of adhesion
molecules such as P-selectin, E-selectin, ICAM-1, and
VCAM-1 whichmediate the attachment of circulatingmono-
cytes and lymphocyte [3, 4]. Atherosclerotic lesions develop
as a result of inflammatory stimuli, subsequent release of
various cytokines, proliferation of smooth muscle cells,
synthesis of connective tissue matrix, and accumulation of
macrophage and lipid. Atherosclerosis is likely initiated when
endothelial cells overexpress adhesion molecules in response
to turbulent flow in the setting of an unfavorable serum
lipid profile. Clopidogrel inhibits ADP receptors on platelets,
blocking GP11b/111a complex and as a result, inhibiting
platelet aggregation. Animals that were fed a pro-atherogenic
diet rapidly overexpress vascular cell adhesion molecule-1
(VCAM-1) [5]. VCAM-1 expression increases recruitment
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of monocytes and T cells to sites of endothelial injury;
subsequent release of monocyte chemoattractant protein-1
(MCP-1) by leukocytes magnifies the inflammatory cascade
by recruiting additional leukocytes, activating leukocytes in
the media, and causing recruitment and proliferation of
smooth muscle cells [6]. However, in response to signals
generated within the early plaque, monocytes adhere to the
endothelium and then migrate through the endothelium
and basement membrane by elaborating enzymes, includ-
ing locally activated matrix metalloproteinase (MMP) that
degrade the connective tissuematrix. Recruitedmacrophages
both release additional cytokines and begin to migrate
through the endothelial surface into media of the vessel.
This process is further enhanced by the local release of
monocytes-colony stimulating factor (M-CSF), which causes
monocytic proliferation; local activation of monocytes leads
to both cytokine-mediated progression of atherosclerosis and
oxidation of low-density lipoprotein (LDL) [7].

Platelets serve major functions in three key aspects of
atherosclerosis: atherogenesis, inflammation, and homeo-
static [8]. Therefore, the present study was undertaken to
evaluate the effect of clopidogrel on the progression of ath-
erosclerosis.

2. Materials and Methods

2.1. Animals. A total of 28 local domestic rabbits, weighing
(1.1–1.5) kg, were used in this study. All experiments were
conducted in the Department of Pharmacology, College of
Medicine, Qadaysia University, according to the guidelines
for the Care and Use of Laboratory Animals in scientific
research. The animals were placed in an animal house, in a
group caging system, at controlled temperature (25 ± 2∘C)
and ambient humidity. Lights were maintained on a 12-h
light/dark cycle. The animals had free access to water ad
libitum.

2.2. Drugs. Clopidogrel (plavix, sanofi aventis, BN.F-33565,
France) was dissolved in ethanol (10%) [9] and used in a dose
of 20mg/kg/day [10]. A solution of drug was freshly prepared
and administered once daily orally according to body weight
through stomach tube.

2.3. AnimalModel of Atherosclerosis. Induction of atheroscle-
rosis was carried out by feeding the rabbit an atherogenic diet
(2% cholesterol (BDH Chemicals Ltd Poole England, prod
43011) enriched rabbit chow) made by addition of cholesterol
powder to chow pellets for 8 weeks [11, 12].

2.4. Experimental Protocol. After 2 weeks of acclimatization
period, the animals were randomized into 4 groups (of 7
rabbits each): normal diet control group (NC, Group I),
high-cholesterol diet group which served as atherogenic
control (AC, Group II), high-cholesterol diet with ethanol
group (vehicle, Group III), and high-cholesterol diet with
clopidogrel group (Group IV).TheNC group was fed normal
rabbit chow, whereas the high-cholesterol diet groups were
fed a 2% high-cholesterol (atherogenic) diet. The duration of

treatment was 8 weeks. At the end of the experiment, food
was withheld for 16–18 hours and animals were anesthetized
by ketamine (HIKMApharmaceuticals B.N 3310) at 66mg/kg
and xylazine (alfasan B.N 1004111-07) at 6mg/kg intramuscu-
lar [13]. The chest was opened by thoracotomy, blood sample
was collected directly from the heart, and aortawas separated.

After that, the following investigations were performed:

(i) lipid profile including total serum cholesterol (TC),
low density lipoprotein (LDL), and high density lipo-
protein (HDL),

(ii) immunohistochemistray for assessment of VCAM,
TNF𝛼, MCP1 and IL-17A,

(iii) oxidation parameter including MDA and GSH,
(iv) systemic inflammatory marker hsCRP,
(v) histopathological examination of the aorta for assess-

ment of atherosclerosis.

All specimens were immediately fixed in 10% formalde-
hyde solution for subsequent processing.

2.5. Biochemical Procedures. Serum lipid profile, including
total cholesterol andTG,was determined by enzymaticmeth-
ods using an automatic analyzer (Abbott, Alcyon 300, USA).
Plasma GSH levels was determined using methods of Beutler
[14]. Plasma MDA level were determined by using compet-
itive inhibition enzyme immunoassay technique (cusabio;
Catalog no. CSB-E13712Rb).Thedetermination of hsCRPwas
done by using rabbit high-sensitive CRP ELISA kit supplied
by (Kamiya Biomedical Company; Cat. no. KT-097). The
measurementwas carried out according to themanufacturer’s
instructions.

2.6. Histological Examination of the Aorta. For histological
evaluation of atherosclerosis, the specimens were processed
in usual manner and embedded in paraffin and cut into
5 𝜇m thick sections. The tissue sections were stained with
hematoxylin and eosin. The assessment of atherosclerotic
changes was performed according to the American Heart
Association classification of atherosclerosis: Type I and Type
II lesions (early lesions), Type III lesions (intermediate lesions
or preatheroma), Type IV lesions (atheroma), Type V lesions
(fibroatheroma or advance lesion), and Type VI lesions
(complicated lesions) [15] (Figure 1).

2.7. Immunohistochemistry. It was performedwith polyclonal
goat antibodies and raised against rabbit VCAM-1, TNF𝛼,
MCP-1, and IL-17A. Staining procedure was carried out
according to the manufacturer’s instructions (Santa Cruz
Biotechnology, Inc). The stain intensity was scored to 0:
indicated no staining, 1: weak, 2: moderate, 3: strong, and 4:
very strong stain intensity [16] (Figures 2, 3, 4, and 5).

2.8. Statistical Analysis. Statistical analyses were performed
using SPSS 12.0 version. Data were expressed asmean ± SEM.
Paired t-test was used to compare the mean values within
each group at different time. Analysis of Variance (ANOVA)
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Figure 1: A cross section of aortic arch from hypercholesterolemic rabbit represented atherosclerosis progression (×40). (a) Normal arterial
appearance, (b) initial atherosclerotic lesion characterized by lipid laden macrophage (foam cells), (c) intermediate atherosclerotic lesion
characterized by extracellular lipid pool, (d) advance atherosclerotic lesion characterized by core of extracellular lipid, and (e) complicated
atherosclerotic lesion characterized by haemorrhagic thrombus.

was used for the multiple comparison among all groups.
The histopathological grading was assessed by Mann-Whit-
ney test. In all tests,𝑃 < 0.05was considered to be statistically
significant.

3. Results

3.1. Effect of High-Cholesterol Diet. There was no statistically
significant difference between AC group and vehicle group.
Compared to NC group, the AC showed significant changes
in serum lipid profile, oxidation, and inflammatory markers.

Serum levels of TC, TG and LDL-C as well as plasma
levels of MDA and hs-CRP were significantly (𝑃 < 0.001)
increased. In addition plasma levels of GSH were signifi-
cantly (𝑃 < 0.001) lower in rabbits that fed on cholesterol-
enriched diet in comparison to animals on normal diet
(Tables 1, 2, and 3).

3.2. Effects of Clopidogrel Treatment. Compared to athero-
genic control, treating hyperlipidemic rabbits with clopido-
grel resulted in significantly (𝑃 < 0.001) lower levels of
plasma hs-CRP and MDA. However, clopidogrel treatment
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Figure 2: Immunohistochemical staining forMCP-1 expression in aortic arch from cholesterol-fed rabbits (×40). (a) Negative, (b) weak stain
intensity, (c) moderate stain intensity, (d) strong stain intensity, and (e) very strong stain intensity.

caused no significant alteration (𝑃 > 0.05) in the levels of
serum lipids and GSH (Tables 2 and 3).

3.3. Immunohistochemistry. The results of immunohisto-
chemical analysis for rabbit’s aortic arch of VCAM-1, MCP-1,
TNF-alpha, and IL-17A were significantly different between
the 4 study groups. The median intensity of these markers
was the highest in AC group (very strong for all markers) and

the lowest in NC group (normal for all markers). Clopidogrel
treated group was associated with a median stain intensity of
moderate for VCAM-1, MCP-1, TNF-alpha, and IL-17A that
is significantly lower than the atherogenic control (Figure 6).

3.4. Histopathological Findings. The atherosclerotic lesions of
aortic arch were graded as normal, initial, intermediated,
advance, and complicated lesions (Figure 1). The median
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Figure 3: Immunohistochemical staining forMCP-1 expression in aortic arch from cholesterol-fed rabbits (×40). (a) Negative, (b) weak stain
intensity, (c) moderate stain intensity, (d) strong stain intensity, and (e) very strong stain intensity.

histopathological grade of atherosclerotic changes was signif-
icantly different between the 4 study groups.Themedian was
the highest in atherogenic control (advance) and the lowest
in the normal diet control (no abnormality). Clopidogrel
treated group was associated with a median aortic change
(initial) that is significantly lower than the atherogenic con-
trol (Figure 7).

4. Discussion

4.1. Effect of Clopidogrel on Lipid Profile. In this study clo-
pidogrel had small nonsignificant effect on lipid profile in
comparison with induced untreated study group. Such find-
ings are consistent with that of Gu and his followers
[17].
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Figure 4: Immunohistochemical staining for TNF-𝛼 expression in aortas arch from cholesterol-fed rabbits (×40). (a) Negative, (b) weak stain
intensity, (c) moderate stain intensity, (d) strong stain intensity, and (e) very strong stain intensity.

4.2. Effect of Clopidogrel onOxidation Stress and Inflammatory
Parameters. Like what Srinivas and his followers concluded
in 2008 [18], the results showed that clopidogrel had signif-
icant effect on plasma MDA and GSH levels. Clopidogrel
inhibited the increased plasmaMDA level in AC group and it

increased the plasmaGSH level thatwas lowered inACgroup.
Furthermore, the results demonstrated a significant effect of
clopidogrel on inflammatory acute phase protein by reducing
the elevated hsCRP in rabbits on high fat diet. This finding
suggests that the anti-inflammatory activity of clopidogrel
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Figure 5: Immunohistochemical staining for IL17 expression in aortas arch from cholesterol-fed rabbits (×40). (a) Negative, (b) weak stain
intensity, (c) moderate stain intensity, (d) strong stain intensity, and (e) very strong stain intensity.

on the vascular inflammatory responses is induced by high
fat diet. This hypothesis is supported by similar findings and
conclusions of other researchers [19, 20].

4.3. Effect of Clopidogrel on Aortic Expression of Immunohis-
tochemistry Parameters (VCAM-1,MCP-1, TNF-𝛼, and IL-17).

The significant reduction of elevated VCAM-1, MCP-1,
TNF-𝛼, IL-17 in atherosclerosis model of hypercholes-
terolemia rabbit shows the effect of clopidogrel on such
inflammatory markers. This finding was also reported by Li
and his followers [21]. So, clopidogrel can reduce inflamma-
tion that underlies the chronic process of atherosclerosis by
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Table 1: Change in serum lipid profile in the normal control (NC), atherogenic control (AC), vehicle control (VC), and clopidogrel treated
groups.

Parameters Groups
Clopidogrel treated AC NC VC

TC (mg/dL) 1010.30 ± 65.46
N

1017.1 ± 64.94
∗

46.30 ± 0.99 1116.40 ± 42.91
N

TG (mg/dL) 3320 ± 40.23
N

337.10 ± 40.87
∗

60 ± 3.47 357 ± 35.18
N

HDL (mg/dL) 26.10 ± 1.26
N

24.10 ± 1.86
∗

15.70 ± 1.46 22.10 ± 0.77
N

LDL (mg/dL) 917.70 ± 64.98
N

925.60 ± 63.93
∗

18.60 ± 1.46 1022.90 ± 38.77
N

VLDL (mg/dL) 66.40 ± 8.05
N

67.40 ± 8.17
∗

12 ± 0.69 71.40 ± 7.04
N

Results are expressed as mean ± SEM.
∗

𝑃 < 0.05, as compared to NC group.
NNot significant as compared to AC group.

Table 2: Change in mean plasma levels of hs-CRP, MDA, and GSH in normal control (NC), atherogenic control (AC), vehicle control (VC),
and clopidogrel treated groups.

Parameters Groups
Clopidogrel treated AC NC VC

Plasma GSH (mmol/L) 0.741 ± 0.02
∗∗

0.56 ± 0.02
∗

1.11 ± 0.03 0.53 ± 0.01
N

Plasma MDA (𝜇mol/L) 0.29 ± 0.01
∗∗

0.51 ± 0.01
∗

0.13 ± 0.01 0.51 ± 0.01
N

Plasma hsCRP (𝜇g/L) 70.40 ± 4.19
∗∗

134.10 ± 1.20
∗

33.30 ± 0.78 135.70 ± 2.09
N

Results are expressed as mean ± SEM.
∗

𝑃 < 0.05, as compared to NC group; ∗∗𝑃 < 0.05, as compared to AC group.
NNot significant as compared to AC group.

(a) (b)

(c) (d)

Figure 6: Immunohistochemical staining for VCAM,MCP-1, TNF, and IL-17 expressions in aortas arch from clopidogrel treated group (×40).
(a) VCAM-1, (b) MCP-1, (c) TNF, and (d) IL-17.
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Table 3: The difference in median tissue (VCAM-1, MCP-1, and
TNF alpha) immunostain intensity between normal control (NC),
atherogenic control (AC), vehicle control (VC), and clopidogrel
treated groups.

Markers Groups
Clopidogrel
treated AC NC VC

VCAM-1 Moderate∗∗ Very strong∗ Negative Very strong∗

MCP-1 Moderate∗∗ Very strong∗ Negative Very strong∗

TNF𝛼 Moderate∗∗ Very strong∗ Negative Very strong∗

IL-17 A Moderate∗∗ Very strong∗ Negative Very strong∗
∗

𝑃 < 0.05, as compared to NC group.
∗∗

𝑃 < 0.05, as compared to AC group.

Figure 7: A cross section of aortic arch from clopidogrel treated
rabbit represented histopathological morphology (×40).

reducing platelet-dependent upregulation of inflammatory
and proatherothrombotic functions in leukocytes [22]. The
present study is one of the very few studies that demonstrated
that clopidogrel treatment significantly suppress atheroscle-
rotic lesion induced by atherogenic diet in rabbits as com-
pared with induced untreated group [21]. Clopidogrel will
reduce expression of hsCRP and platelet-derived growth
factor and also reduce intimal thickness.These results suggest
that clopidogrel can retard the progression of established
lesions related to inhibiting inflammation, cell proliferation,
and promotion of cell apoptosis [23].

The role of IL-17A in atherosclerosis remains controver-
sial, with different studies suggesting either a proatherogenic
or an atheroprotective role. Taleb and his followers revealed
that the loss of suppressor of cytokine signalling (SOCS) 3
in T cells increased both IL-17 and IL-10 production which
induced an anti-inflammatory macrophage phenotype and
subsequently led to unexpected IL-17-dependent reduction in
lesion development and vascular inflammation [24]. On the
other hand, Smith and his followers demonstrated that IL-
17A plays a proatherogenic inflammatory role during athero-
genesis by promoting monocyte/macrophage recruitment
into the aortic wall [25]. Furthermore, Pietrowski and his
followers reported that IL-17A induced an increased level of
reactive oxygen species (ROS) in vascular smooth muscle
cells (VSMC) [26].

We recommend further studies to use the Watanabe
hereditary hyperlipidemic (WHHL) rabbit model where ath-
erosclerosis already happened and no time is needed for
induction of atherosclerosis as compared with cholesterol
fed model of atherosclerosis. Furthermore, lipoprotein me-
tabolism, atherosclerotic plaques, and coronary artery disease
in WHHL rabbit model resemble those that happened in
human [27]. Additionally, noninvasive imaging studies like
IRON-MRI contrast imaging may be used which precisely
highlight macrophage-rich plaques [28] to further clarify the
effect of clopidogrel on atherosclerosis.

In conclusion, this study outlines how clopidogrel reduces
lipid peroxidation, systemic inflammation, and aortic expres-
sion of inflammatorymarkers and hence reduces the progres-
sion of atherosclerosis.
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Myocardial ischemia/reperfusion (MIR) injury easily occurrs during cardiopulmonary bypass surgery in elderly patients. In an
attempt to develop an effective strategy, we employed a pig model of MIR injury to investigate the maximum rate of change of
left ventricular pressure, left ventricular enddiastolic pressure, and left intraventricular pressure. Coronary sinus cardiac troponin
T (TnT) and adenosine-triphosphate (ATP) content in myocardium were measured. The ultrastructures for MIR injury were
visualized by transmission electron microscopy (TEM).The role of 𝛿-opioid receptor activation using D-Ala2, D-Leu5-enkephalin
(DADLE) in both early (D1) and late (D2) phases of cardioprotection was identified. Also, the merit of cardioprotection by DADLE
in combination with anisodamine, the muscarinic receptor antagonist (D+M), was evaluated. Glibenclamide was employed at the
dose sufficient to block ATP-sensitive potassium channels. Significant higher cardiac indicators, reduced TnT and increased ATP
contents, were observed in D1, D2, and D+M groups compared with the control group. DADLE induced protection was better in
later phase of ischemia that was attenuated by glibenclamide. DADLE after the ischemia showed no benefit, but combined treatment
with anisodamine showed a marked postischemic cardioprotection.Thus, anisodamine is helpful in combination with DADLE for
postischemic cardioprotection.

1. Introduction

Myocardial ischemia/reperfusion (MIR) injury is a major
determinant of therapeutic outcome during cardiac surgery
with cardiopulmonary bypass or before and after cardiac
interventional therapy. Many studies have investigated the
pathogenesis of MIR. However, MIR injury remains a high-
risk factor which affects the therapeutic efficacy of surgical
procedures in elderly patients with severe cardiac disease. So
it is still significant to develop the effective treatment forMIR.

It is now recognized that ischemic preconditioning (IPC)
mitigates MIR injury [1]. Endogenous mediators including
opiates, adenosine, and bradykinin are considered to pro-
mote the acute IPC which can protect not only against
myocardial stunning but also ischemia-induced myocardial

injury. Cardioprotection provided by IPC has been divided
into early (the first protective window) and late phases (the
second protective window) as described previously [2]. The
early-phase of protection develops within minutes of the
initial IPC and lasts 1 to 2 hours, while the late phase
becomes apparent 24 h later and lasts 3 to 4 days. Because
of its sustained duration (30–90min) and the limitation of
traditional surgical IPC in clinical application (i.e., clamping
the aortamany times before blocking), the protective effect of
preconditioning induced by opioid 𝛿-receptor agonist(s) has
been indicated [3].

There are three well-characterized families of opioid pep-
tides produced by the body: enkephalins, dynorphins, and 𝛽-
endorphins, which act at corresponding 𝛿, 𝜅, and 𝜇 receptors.
These belong to a group of Gi/Go protein-coupled receptors.
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Two types of 𝛿-opioid receptor (𝛿
1

and 𝛿
2

), three types of 𝜅
receptors (𝜅

1

, 𝜅
2

, and 𝜅
3

), and two 𝜇 receptors (𝜇
1

and 𝜇
2

)
have been identified. The expression of 𝛿 and 𝜅 receptors has
been reported in the heart [3].

Previous data show that preconditioning induced by
opioid receptor agonists such as morphine, TAN-67 and D-
Ala2, D-Leu5-enkephalin (DADLE) before acute myocardial
infarction may stimulate the effect of IPC on heart in mouse,
dog, rabbit, and pig models [4–9] and not only promotes
the recovery of heart function after acute myocardial infarc-
tion, but also initiates myocardial protection effect 24 h
after preconditioning. Further studies indicate that the most
notable merit of 𝛿-opioid receptor activation is to provide
cardioprotection [10–14].

The increase in acetylcholine (ACh) during myocardial
reperfusion has been demonstrated to be one of the leading
causes of myocardial injury. This has led to the postulation
of the ACh-Ca2+-OFR axis theory [15, 16]. Administra-
tion of scopolamine results in the blockade of muscarinic
receptors. In this way it inhibits the ACh-Ca2+-OFR axis,
which protects the energy metabolism of myocardial cells
and the integrity of myocardial ultrastructure, which in turn
protects the myocardium [15, 16]. As a potential treatment
strategy, administration of 𝛿-opioid receptor agonist alone
or in combination with muscarinic antagonist may play an
important role in the cardioprotection.

The present study employed a pig model with MIR injury
during cardiopulmonary bypass to investigate themyocardial
protective effects of drug therapy. Using combined therapy
with anisodamine, a naturally occurring atropine-like com-
pound that has been characterized in China [17–19], we
explored the early and late phases of preconditioning with
DADLE, the opioid 𝛿-receptor agonist, in an attempt to
provide theoretical and experimental evidence for further
clinical application in cardioprotection.

2. Material and Methods

2.1. General Surgical Preparation. Healthy pigs of the Shang-
hai strain, each weighing 30–35 kg, were purchased from the
Shanghai Baomu Laboratory Animal Center. Following basal
anesthesia (peritoneal injection with 30mg/kg pentobarbi-
tal and intramuscular injection 0.3–0.5mg/kg diazepam),
venous access was established via the auricular vein. General
anesthesia was maintained by intravenous injection with
1mg/kg Diprivan and intramuscular injection of 0.6mg/kg
tracrium.The femoral vein cannula was connected to a ALC-
MPA multichannel biological signaling analysis system to
monitor mean arterial pressure. The trachea was incised
and intubated (tube with internal diameter of 75–78mm).
Ventilation was controlled as follows: oxygen : air 1 : 1; tidal
volume, 10mg/kg; respiratory rate, 13 times/min; oxygen
concentration, 50%; airway pressure, 15–20 cm H

2

O. Blood
gas analysis was performed regularly, and the stability of the
internal environment was sustained.

A median sternotomy was performed, and the heart
was exposed. A tube was implanted into the apex and then
connected with the ALC-MPA (Shanghai Alcott Biotech

Co., Ltd., China) multichannel signaling system to measure
the left ventricular systolic pressure (LVSP), left ventricular
enddiastolic pressure (LVEDP), and the maximum rate of
change of left ventricular pressure (±dp/±dtmax).

Heparin (3mg/kg) was given, and the ascending aorta,
superior and inferior vena cava, and coronary sinus were
intubated. An artificial heart-lung machine (precharged with
crystal) with bubble oxygenators was used to establish the
cardiopulmonary bypass. When the aorta was blocked, a
modified St. Thomas’ solution (the buffer consisted of the
following in millimoles per liter: NaCl, 118; KCl, 4.7; MgSO

4

,
1.2; KH

2

PO
4

, 1.2; NaHCO
3

, 25; CaCl
2

, 2.5; Na
2

EDTA, 0.5;
and glucose, 11; pH 7.4.) at a concentration of 5mL/kg was
perfused into myocardium. An ice bath was applied around
the heart to drop temperature and arrest the heart. During
the period of cardiopulmonary bypass, the temperature of
nose and pharynx was sustained at 28∘C, aortic perfusion
pressure at 6.67 kPa, and arterial oxygen partial pressure at
20–30 kPa. After 60min of cardioplegic ischemia, the aorta
was opened, and the ischemic myocardium was reperfused.
The temperature was increased, and electric defibrillation
was employed with a power of 20 J. Cardiotonic agents
including dopamine and adrenaline were given to attain
hemodynamic stability, after which the cardiopulmonary
bypass was withdrawn. The pigs were sacrificed 2 h after the
termination of cardiopulmonary bypass.

This study was approved by the Ethics ReviewCommittee
of Shanghai East Hospital, Tongji University, and all animal
handling procedures were performed according to the Guide
for the Care and Use of Laboratory Animals of the National
Institutes of Health, as well as the guidelines of the Animal
Welfare Act.

2.2. Animal Groups and Treatment Protocols. Pigs were ran-
domly assigned to five groups: C, D1, D2, D+K, and D+M.
Group C was the control for the model of cardiopulmonary
bypass. Pigs in Group D1 were intravenously injected with
1mg/kg DADLE 1 h before cardiopulmonary bypass. Ani-
mals in Group D2 were intravenously injected with 1mg/kg
DADLE 48 and 24 h before cardiopulmonary bypass. Pigs
in Group D+K were intravenously injected with 1mg/kg
DADLE combined with 1mg/kg glibenclamide 1 h before
cardiopulmonary bypass. Animals in Group D+M were
intravenously injected with 1mg/kg DADLE combined with
0.5mg/kg anisodamine 1 h before cardiopulmonary bypass,
followed by addition of 0.5mg/kg anisodamine. The left
ventricular systolic pressure (LVSP), left ventricular end
diastolic pressure (LVEDP), and ±dp/±dtmax weremeasured
before and 1 and 2 h after termination of cardiopulmonary
bypass.

Coronary sinus blood was collected before and after
cardiopulmonary bypass, at aortic opening and 1 and 2 h
after termination of cardiopulmonary bypass. The plasma
was used for detection of cardiac troponin T (TnT). The
left ventricular myocardium was sampled before cardiopul-
monary bypass and 2 h after termination of cardiopulmonary
bypass. Some of the samples were stored in liquid nitrogen for
the subsequent determination of the adenosine-triphosphate
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(ATP) content in myocardial tissues. Others were stored in
glutaraldehyde solution at 4∘C for observation of ultrastruc-
tural changes using transmission electron microscopy.

2.3. Determination of TnT Values in Coronary Sinus Blood.
TnT values in coronary sinus blood were detected using the
electrochemical luminescence method on an Elecsys 1010
Chemistry Analyzer (Roche, Basel, Switzerland).

2.4. Detection of Gi𝛼 Protein Expression and PKC Activity
in Myocardial Tissues. The expression of Gi𝛼 protein and
PKC activity in myocardial tissues were detected using west-
ern blotting analysis. Briefly, myocardial tissues were lysed,
homogenized, and centrifuged and the supernatant collected.
Protein concentration was measured according to a standard
curve created using bovine serum albumin.This was followed
by sodiumdodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and immunoblotting. The membrane was then
transferred to Ponceau S staining solution to observe the
protein transfer. Finally, the membrane was treated with
specific antibodies (mouse anti-human PKC or Gi𝛼 protein)
and visualized using a Storm 840 Gel and Blot Imaging
System.

2.5. Determination of ATP Content in Myocardial Tissues.
ATP content was determined using the high-performance
liquid chromatography (HPLC) on LC-10A Semi-Micro Liq-
uid Chromatographic System (Shimadzu, Kyoto, Japan).

2.6. Changes of Morphology and Ultrastructure of Myocardial
Tissues. At the end of the experiment, a section of left ven-
tricular myocardium was sampled and immediately fixed in
glutaraldehyde solution at 4∘C. Sections were prepared fol-
lowing routine procedures, and the changes in morphology
and ultrastructure of the myocardial tissues were observed
under a transmission electron microscopy.

2.7. Statistical Analysis. All datawere expressed as themean±
standard deviation (SD) of each group. Analyses were per-
formed using Statistical Analysis System (SAS8.0) software.
Analysis of variancewas used to compare differences between
treatment groups. 𝑃-values < 0.05 were considered statisti-
cally significant.

3. Results

3.1. Index of Heart Function. Changes in cardiac function
parameters are summarized in Table 1. Statistical significance
of higher LVSP values was observed in groups D1 and
D2, compared with that in Group C after cardiopulmonary
bypass, 1 h after termination of cardiopulmonary bypass (𝑃 <
0.05), and 2 h after termination of cardiopulmonary bypass
(𝑃 < 0.01). LVEDP values were significantly higher in groups
D1, D2, and D+M than in groups C or D+K at 1 h after ter-
mination of cardiopulmonary bypass (𝑃 < 0.05) and values
in groups D1, D2, and D+M were significantly higher than
those in Group C at 2 h after termination of cardiopulmonary
bypass (𝑃 < 0.01). However, 2 h after the termination of

cardiopulmonary bypass, LVEDP was lower in Group D2
than in Group D1 (𝑃 < 0.05).

The maximum rate of rise of left ventricular pressure
(+dp/+dtmax) was significantly higher in Group D1 than
that in Group C after cardiopulmonary bypass and 1 h
after termination of cardiopulmonary bypass (𝑃 < 0.05)
or 2 h after termination of cardiopulmonary bypass (𝑃 <
0.01). Values of left ventricular pressure (+dp/+dtmax) were
markedly higher in Group D2 than in Group C after car-
diopulmonary bypass (𝑃 < 0.05) and at 1 or 2 h after the
termination of cardiopulmonary bypass (𝑃 < 0.01). In addi-
tion, +dp/+dtmax values were significantly higher in Group
D+M than in Group C after cardiopulmonary bypass, and 1
or 2 h after the termination of cardiopulmonary bypass (𝑃 <
0.05).

At 1 and 2 h after termination of cardiopulmonary bypass,
the absolute values of the maximum rate of fall of left
ventricular pressure (−dp/−dtmax) were significantly lower
in Group C than those in Group D1 (𝑃 < 0.05). In addition,
lower absolute values were observed in Group C than in
Groups D2 and D+M after cardiopulmonary bypass, and 1
or 2 h after the termination of cardiopulmonary bypass (𝑃 <
0.01). At 2 h after termination of cardiopulmonary bypass,
the absolute value of −dp/−dtmax was significantly higher in
Group D2 as compared to Group D1 (𝑃 < 0.05).

3.2. TnTValues in Coronary Sinus Blood. As shown inTable 2,
the marked lower TnT values were observed in Groups D1,
D2, and D+M in comparison with those in Group C at the
time of aortic opening, after cardiopulmonary bypass and 1
or 2 h after the termination of cardiopulmonary bypass (𝑃 <
0.01). In addition, TnT valuesweremore significantly reduced
inGroupD2 than inGroupD1 at 1 or 2 h after the termination
of cardiopulmonary bypass (𝑃 < 0.01).

3.3. ATP Content in Myocardial Tissues. The ATP content
in myocardial tissue was significantly higher in Groups D1,
D2, and D+M, compared with that in Group C (𝑃 < 0.01).
However, ATP content was lower in Group D1 as compared
to Groups D2, D+M, or normal myocardium (𝑃 < 0.05;
Table 3).

3.4. Gi𝛼 Protein Expression and PKC Activity in Myocardial
Tissues. Higher expression of Gi𝛼 or PKC protein inmyocar-
dial tissue was observed in Groups D1 and D2 than in Group
C (𝑃 < 0.01). Representative picture was shown in Figure 1
and the data summarized in Table 4.

3.5. Changes in Morphology and Ultrastructure of Myocar-
dial Cells. Transmission electron microscopy revealed the
rupture of muscular fibers, together with mitochondrial
swelling, and intracellular edema in Groups C and D+K. In
addition, the shape of nucleus was irregular, with evidence
of mitochondrial overflow after cell death (Figure 2). By
contrast, in Group D1, few muscular fibers were ruptured,
with only mild swelling of mitochondria, mild intercellular
edema, and no cell death (Figure 3). In Groups D2 and D+M,
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Table 2: Changes of the coronary sinus cardiac troponin T (TnT) values (ng/mL).

Group Before CPB Aortic opening After CPB After termination of CPB
1 h 2 h

C 0.01 ± 0.003 0.05 ± 0.03
∗∗

0.09 ± 0.04
∗∗

0.22 ± 0.10
∗∗

0.31 ± 0.08
∗∗

D1 0.01 ± 0.001 0.01 ± 0.001
#

0.01 ± 0.01
#

0.08 ± 0.01
∗∗#

0.08 ± 0.02
∗∗#

D2 0.01 ± 0.001 0.01 ± 0.001
#

0.01 ± 0.001
#

0.01 ± 0.001
#△

0.01 ± 0.002
#△

D+K 0.03 ± 0.03 0.05 ± 0.03
∗

0.07 ± 0.04
∗∗

0.07 ± 0.04
∗∗

0.15 ± 0.05
∗∗

D+M 0.02 ± 0.01 0.02 ± 0.01 0.04 ± 0.02
#

0.08 ± 0.07
∗#

0.01 ± 0.07
∗∗#

Values shown are means ± SD.
CPB: cardiopulmonary bypass. Compared with that before cardiopulmonary bypass, ∗𝑃 < 0.05, ∗∗𝑃 < 0.01. Compared with that in Group C at the same time
point, #𝑃 < 0.01. △𝑃 < 0.01, Group D1 versus D2 at the same time point.

Table 3: Changes of ATP content in myocardial tissues (𝜇mol/g
tissue).

Group ATP
C 0.90 ± 0.20

D1 1.57 ± 0.57
∗#

D2 2.20 ± 0.46
∗

D+K 1.05 ± 0.17

D+M 1.67 ± 0.48
∗

Normal myocardium 2.25 ± 0.34
∗

Values shown are mean ± SD.
Compared with Group C, ∗𝑃 < 0.01; #𝑃 < 0.05, Group D1 versus Group D2
or normal myocardium.

Table 4: Expression of Gi𝛼 protein and PKC activity in myocardial
tissues.

Group Gi𝛼 protein PKC
C 0.09 ± 0.02 0.39 ± 0.07

D1 0.40 ± 0.08
∗

0.97 ± 0.29
∗

D2 0.31 ± 0.08
∗

0.76 ± 0.09
∗

D+K 0.10 ± 0.04 0.30 ± 0.11

Normal myocardium 0.12 ± 0.07 0.36 ± 0.20

Values shown are mean ± SD.
Compared with Group C, ∗𝑃 < 0.01.

the ruptured muscular fibers, mitochondrial or intracellular
edema, and dead cells were all not observed (Figure 4).

4. Discussion

For the role of opioid receptors in cardioprotection, precon-
ditioning with 𝛿-opioid receptor agonists such as DADLE
has been shown to produce merit in mouse, dog, rabbit, and
pig models [4–9]. Also, 𝜅-opioid receptor agonists exerted
a direct cardioprotective effect against ischemia/reperfusion
[12]. Moreover, 𝛿

2

-opioid receptor manipulation interferes
with the ability of deltorphin E (a 𝛿

2

-opioid receptor agonist)
to increase survival after hemorrhage [13]. Precondition-
ing with morphine administered into the spinal canal of
rats indicated that 𝜇, 𝛿, and 𝜅 receptors play important
roles in myocardial protection [9, 14]. However, peripheral
𝛿
2

-opioid receptor activation induced cardiac tolerance to
ischemia/reperfusion injury in vivo, while agonists of 𝜇, 𝛿
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Figure 1: Expression of Gi𝛼 protein in myocardial tissues and PKC
activity inmyocardial tissues (1), GroupD1; (2) GroupD2; (3) Group
C; (4) Group D+K; (5) normal myocardium.

𝜅
1

, and 𝜅
2

receptors did not [20].This finding forms the basis
for additional investigation into the mechanisms by which
opioid receptors facilitate cardioprotection. The most robust
cardioprotection is introduced to be mediated by 𝛿 receptors,
particularly 𝛿

2

-opioid receptors [9, 10]. However, there are
no studies reporting the role of DADLE, a 𝛿-opioid receptor
agonist, in cardiopulmonary bypass models during cardiac
surgery.

The present study established a pig model of myocardial
ischemia/reperfusion injury with cardiopulmonary bypass to
investigate the cardioprotection of 𝛿-opioid receptors. We
also explored the protection in early and late phases of
preconditioning with DADLE to provide the experimental
evidences for novel treatment strategies of myocardial pro-
tection.

In the present study, the protective effects of DADLE
against myocardial ischemia/reperfusion injury during car-
diopulmonary bypass were observed because precondi-
tioning with DADLE significantly reduced the release of
TnT, preserved ATP within myocardial cells, increased the
systolic and diastolic functions of myocardium, and pro-
moted the recovery of myocardial function after myocardial
ischemia/reperfusion injury. We found that administration
of DADLE 48 and 24 h before cardiopulmonary bypass
achieved a significant improvement in each of the indicators
compared with the control group. It also induced late-phase
cardioprotection with better protection of the myocardial
ultrastructure and improved the diastolic function of heart.
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(a) (b)

(c) (d)

Figure 2:The visual appearance of myocardial cells of pigs. (a) In Group C (×6500). (b) In Group C (×8400). (c) In Group D+K (×6500). (d)
In Group D+K (×11000).

(a) (b)

Figure 3: The ultrastructure of myocardial cells of pigs. (a) In Group D1 (×10000). (b) In Group D1 (×11000).
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(a) (b)

(c) (d)

Figure 4: The ultrastructure of myocardial cells of pigs. (a) In Group D2 (×8400). (b) In Group D2 (×15000). (c) In Group D+M (×10000).
(d) In Group D+M (×11000).

Such findings provide the experimental basis for developing
a control strategy for myocardial protection in clinical prac-
tices.

It has recently been documented that use of nitric oxide
synthase (NOS), PKC, and KATP inhibitors all antagonized
𝛿
2

-opioid receptor-mediated protection against myocardial
ischemia/reperfusion injury [21]. The present study showed
that preconditioning with DADLE induced a higher expres-
sion of Gi𝛼 or PKC protein. This is consistent with the
previous report [22, 23]. We also demonstrated that block-
ade of KATP channel abolished the actions of DADLE and
no significant differences were observed in the indicators
of heart function such as TnT values, ATP content, and
transmission electronmicroscopical findings, comparedwith
the control group. We, therefore, speculate that Gi𝛼 pro-
tein, PKC, and KATP channels play important roles in 𝛿-
opioid receptor-mediated cardioprotection against myocar-
dial ischemia/reperfusion injury during cardiopulmonary
bypass.

Our results are consistent with the previous reports, such
as the role of Gi/Go proteins in 𝛿-opioid receptor-mediated
cardioprotection [3]. Also, the early-phase cardioprotection

of DADLE was abolished by two PKC inhibitors, chelery-
thrine and GF109203X [24]. Also, the activation of opioid
receptors elicited late-phase cardioprotection in rat ventric-
ular myocytes and was inhibited by chelerythrine, suggesting
that opioid receptor-elicited late-phase cardioprotection was
induced in a PKC-dependent manner [25]. It has been
documented that PKC-𝛽

1

translocated to the nucleus for late-
phase signaling transduction, on the basis that transcription
and translation of the late-phase were dependent on nuclear
factors [24]. Thus, DADLE may induce the translocation of
PKC isoform such as PKC-𝛼 to the sarcolemma, PKC-𝛿 to
the mitochondria, and PKC-𝜀 to the intercalated disk and
mitochondria. Then, KATP channel can be regulated by PKC
as described in previous report [26, 27]. This is the main
signal pathway for DADLE induced cardioprotection.

Moreover, the present study showed the merit in com-
bination with anisodamine for protective effect of precondi-
tioning with DADLE against myocardial ischemia/reperfu-
sion injury during cardiopulmonary bypass.

It has been identified that the increased ACh during
myocardial ischemia/reperfusionwas one of themajor causes
of myocardial injury to result in the ACh-Ca2+-OFR axis
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theory [15, 16]. By inhibitingM receptors, scopolamine causes
ACh to accumulate in postsynaptic gaps which in turn feeds
back to presynaptic M receptors and inhibits the further
release of ACh. In this way, scopolamine not only blocks the
actions of released ACh, but also reduces its further release.
This dual action inhibits the ACh-Ca2+-OFR axis protects
the energy metabolism of myocardial cells and the integrity
of myocardial ultrastructure, which in turn protects the
myocardium [15, 16]. Anisodamine is similar to scopolamine
to block M receptors [28]. Anisodamine is similar to scopo-
lamine to blockMreceptors [29, 30]with a chemical structure
of 7𝛽-hydroxyhyoscyamine [28]. Also, anisodamine is used
to treat endotoxic shock [31–33]. It is, therefore, considered
that combined administration of DADLE and anisodamine
prior to the surgery is a feasible approach to prevent the
occurrence of myocardial ischemia/reperfusion injury. Actu-
ally, we found that combined treatment with DADLE and
anisodamine exerts a powerful cardioprotective effect and
this view has not been mentioned before.

5. Conclusion

In summary, administration of DADLE 48 and 24 h before
cardiopulmonary bypass elicited significantly higher late-
phase cardioprotection and promoted the recovery of heart
function after myocardial ischemia/reperfusion injury. It
promoted the recovery of heart function after myocardial
ischemia/reperfusion injury, decreased the release of TnT,
preserved ATP within myocardial cells, and protected the
integrity of myocardial ultrastructure. Combined treatment
with DADLE and anisodamine results in a more power-
ful cardioprotection than DADLE only. Blockade of KATP
channels with glibenclamide significantly inhibited this 𝛿-
opioid receptor-mediated early-phase cardioprotection in pig
models, indicating that the Gi𝛼- PKC- KATP channel pathway
is important in 𝛿-opioid receptor-mediated cardioprotection
after myocardial ischemia/reperfusion injury during car-
diopulmonary bypass in pigs.
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Rutaecarpine (RUT), the major bioactive ingredient isolated from the Chinese herb Evodia rutaecarpa, possesses a wide spectrum
of biological activities, including anti-inflammation and preventing cardiovascular diseases. However, its high cytotoxicity hampers
pharmaceutical development. We designed and synthesized a derivative of RUT, bromo-dimethoxyrutaecarpine (Br-RUT), which
showed no cytotoxicity at 20 𝜇M. Br-RUT suppressed nitric oxide (NO) production and tumor necrosis factor-𝛼 release in
concentration-dependent (0∼20𝜇M) manners in lipopolysaccharide (LPS)-treated RAW 264.7 macrophages; protein levels of
inducible NO synthase (iNOS) and cyclooxygenase-2 induced by LPS were downregulated. Br-RUT inhibited cell migration and
invasion of ovarian carcinoma A2780 cells with 0∼48 h of treatment. Furthermore, Br-RUT enhanced the expression of transient
receptor potential vanilloid type 1 and activated endothelial NOS in human aortic endothelial cells. These results suggest that the
synthetic Br-RUT possesses very low cytotoxicity but retains its activities against inflammation and vasodilation that could be
beneficial for cardiovascular disease therapeutics.

1. Introduction

Evodiamine (EVO) and rutaecarpine (RUT), major bioactive
ingredients isolated from the Chinese herb Evodia rutaecarpa
[1], possess a wide spectrum of biological activities [2].
Inflammation and low oxygen diffusion are characteristics
of atherosclerosis. EVO repressed cyclooxygenase (COX)-2
and inducible nitric oxide (NO) synthase (iNOS) expression
mediated via inhibition of hypoxia-inducible factor (HIF)-1𝛼
under hypoxic conditions [3]. Therefore, EVO is considered
an effective therapeutic agent against inflammatory diseases
involving hypoxia. Vasorelaxant effects of EVO and RUT in
rat isolatedmesenteric arteries were reported to be associated

with Ca2+ flux activity [4, 5]. RUT lowered blood pressure
through the endothelial Ca2+-NO-cGMP pathway to reduce
smooth muscle tone [6].

The calcitonin gene-related peptide (CGRP), a major
neurotransmitter of capsaicin-sensitive sensory nerves,
plays a key role in maintaining endothelial homoeostasis.
Decreased plasma CGRP levels caused cardiac susceptibility
to ischemia-reperfusion injury, and antihypertensive therapy
with RUT reversed cardiac susceptibility to reperfusion
injury by stimulating CGRP release [7, 8]. The CGRP can
counteract angiotensin (Ang) II-induced endothelial progen-
itor cell senescence through downregulating NADPH oxi-
dase and reactive oxygen species (ROS) production [9].
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Stimulation of endogenous CGRP release via activation
of vanilloid receptors plays an important role in the vaso-
dilatory effects of RUT [10, 11]. Activation of transient
receptor potential vanilloid type 1 (TRPV1), a ligand-gated
cationic channel, by EVO in endothelial cells may protect
against certain cardiovascular diseases (CVDs) such as hyper-
tension and stroke [12, 13].Okada et al. reported that TRPV1 is
a potential drug target for improving the outcome of inflam-
matory fibrosis [14]. NO release with consequent activation
of endothelial (e)NOS confers vascular relaxation mediated
by CGRP and TRPV1 stimulation [15]. The effect of EVO in
TRPV1-dependent atheroprotection was further confirmed
in mice [16]. Sheu et al. reported that RUT is a potential ther-
apeutic agent for arterial thromboses because of its in vivo
antiplatelet effect [17, 18]. Alkaloid compounds also exhibit
anticancer activities both in vitro and in vivo by inducing
cell-cycle arrest or apoptosis [19].

RUT and EVO showed quite high toxicity to porcine
brain capillary endothelial cells (ECs) [20], which limits their
application in vascular diseases. A variety of structural mod-
ifications of natural products were designed and synthesized
for superior biological applications. Structure-activity rela-
tionship studies were further performed and are in progress
[21–23]. RUT analogues were designed and synthesized to
activate TRPV1 for enhanced vasodilator and hypotensive
effects. The 14-N atom of RUT is critical for its activity [24].
Synthetic derivatives of RUT in this study exhibited very low
cytotoxicity, but they stillmaintained their anti-inflammatory
activity and TRPV1-upregulating effects. Results provide
insights into the use of this TRPV1 agonist from RUT in
vascular disease therapeutics.

2. Materials and Methods

2.1. Chemicals and General Methods. All chemicals were pur-
chased from Acros Organics (Geel, Belgium), Sigma-Aldrich
(St. Louis, MO), Showa Chemical Industry (Tokyo, Japan), or
TCI America (Portland, OR) and were used without further
purification. All reactions requiring anhydrous conditions
were performed in oven-dried glassware under an Ar or N

2

atmosphere. Chemicals and solvents were either usedwithout
purification or purified by standard techniques. Analytical
thin-layer chromatography (TLC) was performed on glass
plate-mounted silica gel 60F254 (Merck) at a thickness of
0.2mm. Flash column chromatography was performed using
Silicycle silica gel 60. Synthesized compounds were charac-
terized using 1H nuclear magnetic resonance (NMR) (Bruker
Avance 500MHz, Billerica, MA) and Fourier-transformed
infrared spectroscopy (FT-IR).

2.2. Synthesis of Bromo-(Br-)RUT Derivatives. 2-Amino-4,5-
dimethoxybenzoic acid (6 of Scheme 1) (0.4 g, 2mmol) was
dissolved in toluene (6mL) that had been cooled to 0∘C.
Thionyl chloride (0.75mL, 10mmol) was added dropwise to
the ice-cold solution. The reaction mixture was heated to
70∼80∘C and stirred for 1 h.The solution was heated to reflux
for 10min, was allowed to cool to 23∘C, and was concentrated
under reduced pressure.The resulting residuewas redissolved

in toluene (6mL). A compound of 2,3-piperidinedione-3-(4-
bromophenyl) hydrazone (5 of Scheme 1) (0.35 g, 1.37mmol)
was added to the solution.The reactionmixture was heated to
reflux and stirred overnight. The solution was concentrated
on a rotary evaporator, 10% sodium carbonate aqueous
was added (200mL), and the reaction was extracted with
dichloromethane (3 × 200mL). The organic layer was dried
over anhydrous MgSO

4

, the solids were filtered through a
fritted Büchner funnel, and the solution was concentrated
under reduced pressure. The residue was purified by column
chromatography (elution with DCM :methanol of 40 : 1),
affording Br-RUT as a solid.

2.3. Cell Culture. The RAW 264.7 macrophage cell line and
A2780 ovarian carcinoma cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS), 100U/mL penicillin, 100 𝜇g/mL strep-
tomycin, 4mM L-glutamine, 4.5 g/L glucose, 1mM sodium
pyruvate, and 1.5 g/L sodium bicarbonate at 37∘C in a humid-
ified atmosphere with 5% CO

2

. Primary human aortic ECs
(HAECs) and human coronary artery ECs (HCAECs) were
grown in a MesoEndo Endothelial Cell Growth Medium Kit
(Cell Applications, San Diego, CA) supplemented with 10%
FBS at 37∘C in a humidified atmosphere with 5% CO

2

.

2.4. Nitrite Assay. NO production in cell culture supernatant
was evaluated by measuring the nitrite concentration. The
nitrite concentration was detected with the Griess reac-
tion. RAW 264.7 macrophages were plated at a density of
2 × 10

5 cells/mL in 24-well plates for 24 h, followed by
cotreatment with different concentrations of Br-RUT and
lipopolysaccharide (LPS) (100 ng/mL) for 24 h. The amount
of nitrite in the samples was detected using the Griess reagent
(1% sulfanilamide in 5% phosphoric acid and 0.1% naphthyl
ethylenediamine dihydrochloride dihydrochloride in water).
Data are reported as the mean ± standard error of the mean
(SEM) of three independent determinations [25].

2.5. TNF-𝛼 Assay. Soluble cytokines were tested in
supernatants of cultured RAW 264.7 macrophages by
an enzyme-linked immunosorbent assay (ELISA). RAW
264.7 macrophages were plated at a density of 104 cells/mL
in 96-well plates for 12 h, followed by treatment with differ-
ent concentrations of Br-RUT for 1 h, then treatment with
LPS (100 ng/mL) for 12 h. TNF-𝛼 in cell supernatants was
detected using a mouse TNF-𝛼 Quantikine kit (R&D
Systems, Minneapolis, MN) which was carried out according
to the manufacturer’s instructions. The absorbance was read
at 450 nm with an ELISA plate reader. Data are reported as
the mean ± SEM of three independent determinations.

2.6. Western Blot Analysis. Protein samples were resolved
by sodium dodecylsulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and electrotransferred onto a polyvinylidene
difluoride membrane. The membrane was incubated with
a primary antibody at 4∘C overnight and then incubated
with a horseradish peroxidase (HRP)-conjugated secondary
immunoglobulin G antibody; immunoreactive bands were
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visualized with PerkinElmer enhanced chemiluminescent
reagents [26].

2.7. Cell Viability Assay. AnMTTassay to test the cytotoxicity
of reagents and cell viability was performed as described pre-
viously, based on conversion of the yellow tetrazolium salt to
the purple formazan product [27]. Cells (104 cells/well) were
grown on a 96-well plate supplemented with culture med-
ium. Cells were treated with Br-RUT (0∼20𝜇M) for 24 h,
and an MTT stock solution (5mg of MTT/mL of phosphate-
buffered saline; PBS) was added to the growing cultures for
2 h.The absorbance was measured with a spectrophotometer
at 560 nm.AblankwithDMSOalonewasmeasured as a read-
ing control.

2.8. Wound Healing Migration Assay. A2780 cells at a density
of 2 × 105 cells/well in 6-well plates were incubated at 37∘C
for 24 h. Cells were scratched with a 200-𝜇L pipette tip,
and cells in the plate were washed with PBS, and then new
complete medium was added and treated with or without 1
and 2.5 𝜇M of cantharidin for 24 h; 0.5% DMSO served as a
vehicle control. At the end of incubation, cells were examined
and photographed under a fluorescence microscope. The
number of cells that hadmigrated into the scratched area was
calculated as described elsewhere [28].

2.9. In Vitro Invasion Assay. A2780 cell migration or invasion
was evaluated using 24-well Transwell inserts (8 𝜇m pore fil-
ters, Merck Millipore) individually coated with Matrigel (BD
Biosciences, Bedford, MA). A2780 cells (2 × 104 cells/well)
were cultured for 24 h in serum-free DMEM, and then cells

were placed in the upper chamber of the Transwell insert
and treated with 0.5% DMSO (as a control) or Br-RUT
(1.25 or 2.5 𝜇M) for 24 h. Medium containing 10% FBS was
placed in the lower chamber. At the end of incubation,
nonmigrated cells were removedusing a cotton swab; invaded
cells maintained in the upper chamber were fixed with 4%
formaldehyde and stained with 2% crystal violet. On the
lower surface of the filter, cells that had penetrated were
counted and photographed under a phase-contract micro-
scope at 200xmagnification.Three independent experiments
were performed as described elsewhere [28].

3. Results

3.1. Design and Synthesis of Br-RUT. The synthetic schemes
for preparing Br-RUT derivatives are outlined in Scheme 1.
The main intermediate, substituted carboline (5), was
prepared from substituted aniline following a procedure
described by Henecka et al. [29] and Narayanan et al. [30].
The aniline (1) underwent the Sandmeyer reaction to give a
diazonium salt, which was then coupled to carboxylic acid
(3) to yield hydrazone (4), and treatment of hydrazone (4)
in an acidic condition gave carboline (5) in a 56% yield (3
steps). Carboline (5) (see Figure S1 in Supplementary Mate-
rial available online at http://dx/doi.org/10.1155/2013/795095)
was then coupled with an in situ activated substituted o-
aminobenzoic acid derivative (6), which was pretreated with
thionyl chloride in the presence of toluene at 70∼80∘C
to provide Br-RUT in a 40% overall yield (4 steps). The
chemical structures of the synthetic intermediates and final
products were determined by 1H and 13C NMR, IR, and
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Figure 1: Effects of bromo-dimethoxyrutaecarpine (Br-RUT) on nitric oxide (NO) and tumor necrosis factor (TNF)-𝛼 releases by
lipopolysaccharide (LPS)-treated (100 ng/mL) RAW 264.7 macrophages. (a) NO levels were detected in culture medium using the Griess
reaction. The percentage of untreated cells was set as the control to 100%. (b) TNF-𝛼 release in cell supernatants was detected using a mouse
TNF-𝛼 Quantikine kit. (c) Cell viability upon Br-BUT treatment for 24 h in an MTT assay. Statistical significance is indicated compared to
LPS treatment. (∗𝑃 < 0.05, ∗∗𝑃 < 0.001, ∗∗∗𝑃 < 0.001).

mass spectrometry. FT-IR (KBr, cm-1): 3330 (N–H) and 1668
(carbonyl group) (Supplementary Figure S2). 1H-NMR (D-
DMSO, ppm) (Supplementary Figure S2): 𝛿3.13 (𝑡, 𝐽 = 6.8Hz,
2H), 3.87 (s, 3H), 3.91 (s, 3H), 4.41 (𝑡, 𝐽 = 6.8Hz, 2H), 7.05 (s,
1H), 7.34 (𝑑𝑑, 𝐽 = 8.6 1.4, 1H), 7.41 (𝑑, 𝐽 = 8.6, 1H), 7.47 (𝑠, 1H),
7.85 (𝑠, 1H), 11.97 (𝑠, 1H) (Supplementary Figure S3). MS-EI
(𝑚/𝑧): calcd. 426.2; found 425.6 (Supplementary Figure S4).

3.2. NO and TNF-𝛼 Release by LPS-Treated Macrophages
was Suppressed by Br-RUT. NO production by LPS-treated
RAW264.7 macrophages increased compared to untreated
cells. Pretreatment for 1 h with synthetic Br-RUT suppressed
NO production in a concentration-dependent (0∼20𝜇M)
manner (𝑃 < 0.01) (Figure 1(a)). TNF-𝛼 released into the
medium also showed consistent potency in a concentration-
dependent (0∼20𝜇M) (Figure 1(b)) suppressive effect. Sup-
pressive effects were not due to the reduction of cell number
because Br-RUT showed no cytotoxicity at concentrations of
0∼20𝜇M (Figure 1(c)).

3.3. Br-RUT Suppressed iNOS and COX-2 Protein Expressions
by LPS-Treated Macrophages. We investigated the effects of

Br-RUT on protein levels of iNOS and COX-2. LPS-treated
RAW 264.7 macrophages exhibited significantly elevated
protein amounts of iNOS and COX-2, while Br-RUT sup-
pressed their expressions in concentration-dependent man-
ners (Figure 2). GAPDHprotein levels of the loading controls
remained constant.

3.4. Br-RUT Inhibited Cell Migration/Invasion. The effects
of Br-RUT on inhibiting cell migration and invasion were
investigated. As illustrated in Figure 3(a), wound healing
assays used an ovarian carcinoma A2780 cell line in the
presence of Br-RUT (0∼5 𝜇M) for 0∼48 h. The migration
velocity was measured using imaging software, and Student’s
𝑡-test was used for the statistical analysis. Br-RUT showed
significant effects against cell migration. Br-RUT (0∼2.5𝜇M)
treatments for 24 h also exhibited invasion-inhibitory activity
in a transwell assay (Figure 3(b)).

3.5. Br-RUT Activated TRPV1 and eNOS. TRPV1 is report-
edly present in ECs of arteries. To validate the expression of
TRPV1 in the endothelium, the TRPV1 protein ofHAECswas
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Figure 3: Effects of bromo-dimethoxyrutaecarpine (Br-RUT) on cell migration and invasion. Cell migration (a) and invasion (b) were
detected following Br-RUT treatment for 0∼48 h and photographed with a microscope (upper panel). Stained cells were counted and
calculated in three random regions for each sample, results are presented as the mean ± SD from triplicate experiments, and the statistical
analysis is shown in the lower panel.

detected by immunoblotting. Br-RUT treatment (10𝜇M) for
24 h increased TRPV1 protein amounts by 3.6-fold compared
to the control group after normalization with 𝛼-tubulin levels
(Figure 4). We further examined the effect of Br-RUT on
the phosphorylation of NOS in HAECs because NO produc-
tion is mainly regulated by eNOS phosphorylation. Br-RUT

treatment (10 𝜇M) for 24 h significantly increased eNOS
phosphorylation by 5.5-fold compared to the control group
after normalization with unphosphorylated eNOS (lower
panel). Similar results were found in HCAECs (Supplemen-
tary Figure S5). Br-RUTupregulated the expression of TRPV1
and activated eNOS of ECs.
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indicated.

4. Discussion

The anti-inflammatory activities of EVO and RUT were
reported [4, 31], but they act through different mechanisms,
because EVO inhibits COX-2 induction and nuclear factor
(NF)-𝜅B activation in LPS-treated RAW 264.7 cells, while
RUT does not [32]. RUT was reported to cause vasodilator
effects by stimulating CGRP synthesis and release via activa-
tion of TRPV1. Its analogues were designed and synthesized
for better vasodilator effects. Structuralmodifications of RUT
and EVOwere designed to enhance their biological activities.
However, increased cytotoxicity hampers their application to
vascular disorders [20, 33]. Br-RUT, a novel analogue synthe-
sized in this study, had very low cytotoxicity and showed anti-
inflammatory and migration/invasion-suppression activities
that were beneficial with reduced side effects, so it has the
potential to be developed for pharmaceutical applications.

RUT exerts different mechanisms to modulate signaling
pathways, which resulted in different cell fates with diverse
cell types and growth conditions [34]. RUT relaxed vascular
smooth muscles by stimulating CGRP release via activation
of vanilloid receptor subtype 1 [35]. It also antagonized Ang
II-induced decreases in cellularNO contents and eNOS activ-
ities in rat vascular smooth muscle cells [36]. Compared to
RUT, Br-RUT showed much less cytotoxicity, but it retained
the anti-inflammatory activity. Br-RUT suppressed iNOS in
macrophages, while it activated eNOS in ECs. Results showed
that Br-Rut, derived from RUT, has enhanced beneficial
effects and reduced adverse activities. Br-RUT, a modified
derivative of RUT, retains the activities of improving cardiac
and vasodilation functions but has fewer side effects.

Cells of the heart arise through a series of epithelial-
to-mesenchymal transitions (EMTs), followed by formation
of new epithelial structures by the reverse process of a
mesenchymal-to-epithelial transition (MET) and then dif-
ferentiation into cardiomyocyte and endocardial lineages.

ECs from the atrioventricular canal undergo a tertiary EMT,
called EndMT (due to the original properties of the tissue),
and cells later assemble into the atrioventricular valvuloseptal
complex [37]. Recent studies revealed that many cardiac
diseases caused by inflammation are associated with fibrosis
in the heart. Fibrosis is characterized by the accumulation
of fibroblasts and the production of extracellular matrix.
EndMT plays important roles in cardiac fibroblast formation
during pathological progression. EndMT is regulated by
signaling pathways mediated by inflammation-associated
cytokines [38]. The endothelium is a promising target for
drug treatment because it is in direct contact with the blood-
stream. Br-RUT possesses anti-inflammatory activity and
suppresses migration/invasion activities, phenomena that are
associated with EndMT-associated fibrosis. Activation of
TRPV1 and eNOS by Br-RUT suggests its potential for pre-
venting vasorelaxation/hypertension. We therefore propose
that inhibition of mechanisms for the formation of cardiac
fibroblasts via EndMTby Br-RUTmay provide a new strategy
for heart disease therapeutics.

5. Conclusions

Br-RUT, a modified derivative of RUT, possesses very low
cytotoxicity but retains its activity against inflammation.
Treatment with Br-RUT enhanced TRPV1 and eNOS activ-
ities that may be beneficial by improving cardiac and vasodi-
lation function.
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Sepsis can cause myocardial dysfunction, which contributes to the high mortality of sepsis. Hypertonic saline (HS) has been
reported to increase myocardial contractility in sepsis. In the present study, mechanisms of action of HS resuscitation (4mL of
7.5% NaCl per kilogram) on cardiac function have been evaluated in septic rats. HS was administered 1 h after LPS (10mg/kg,
i.v.) challenge. The mean arterial blood pressure significantly decreased 4 h after LPS challenge, and septic shock was observed
at the end of experiment (6 h). Posttreatment with HS prevented hypotension caused by LPS and significantly improved cardiac
function, evidenced by increases in left ventricular developed pressure, mean +dP/dt and −dP/dt. The amplitude of electrical-
stimulated intracellular Ca2+ transient in isolated single cardiomyocytes was significantly reduced after 6 h LPS insult, which was
recovered by HS. In addition, LPS resulted in significant increases in neutrophil myeloperoxidase activity, macrophage migration
inhibitory factor (MIF), andNF-𝜅B phospho-p65 protein levels inmyocardium at 6 h, which were significantly attenuated byHS. In
conclusion, HS improved myocardial contractility and prevented circulatory failure induced by endotoxemia, which may attribute
to improvement of intracellular calcium handling process and inhibitory effects on neutrophil infiltration and MIF production in
hearts.

1. Introduction

Multiple organ failure is a leading cause ofmortality in sepsis,
and myocardial depression is the most common organ dys-
function. Sepsis-induced cardiac dysfunction is characterized
by decreased myocardial contractility, impaired ventricular
response to fluid therapy, and ventricular dilatation [1]. Fluid

resuscitation is one of the first-line cornerstone therapies
and to support the cardiac function in severe sepsis [2].
Isotonic fluid (Ringer’s lactate or normal saline [0.9% NaCl])
administration can restore the body fluid and microvascular
perfusion. In clinical therapy, small volume of hypertonic
saline (HS) [7.5% NaCl] recovers hemodynamic variables
and effective circulating volume in hemorrhagic shock [3].
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The beneficial effect of HS is associated with its anti-
inflammatory effect, evidenced by inhibition of neutrophil
activation and infiltration in lungs [4]. Neutrophil activation
can release cytokines, reactive oxygen species, and enzymes,
resulting in injuries of organs and tissues [5]. Furthermore,
HS can ameliorate organ dysfunction in severe sepsis caused
by cecal ligation and puncture (CLP), which is mediated via
its antioxidant and anti-inflammatory effects [6]. Recently,
HS has been revealed to prevent earlymyocardial dysfunction
and to reduce myocardial apoptosis [7].

Macrophage migration inhibitory factor (MIF) is one of
the important factors in sepsis. MIF is ubiquitously expre-
ssed in both immune and nonimmune cells including vari-
ous peripheral tissues. MIF can recruit immune cells (macro-
phages, eosinophils, basophils, neutrophils) to the site of
inflammation, leading to amplify the production of vari-
ous proinflammatory cytokines and mediators such as IL-
1𝛽, TNF-𝛼, IFN-𝛾, IL-17, and nitric oxide (NO) [8]. After
injection of LPS in rodents, MIF protein was released
from several organs, such as lung, liver, kidney, adrenal
and pituitary gland, spleen, and skin [9]. MIF protein
expression also significantly increased in hearts of septic
mice [10, 11]. Recently, it has been demonstrated that HS
reduces the levels of MIF in LPS-induced macrophage cell
line [12]. MIF neutralization by anti-MIF antibody can
reverse endotoxin-induced myocardial dysfunction in rats
[13]. Therefore, we examined whether neutrophil infiltration
and MIF expression are involved in the cardioprotective
effect of HS in a conscious rat model of LPS-induced
sepsis.

Ca2+ influx through the L-type Ca2+ channel (LTCCs) of
sarcolemma of myocardium during an action potential initi-
ates contraction of the cardiac myocytes. Ca2+ current subse-
quently triggers a larger Ca2+ release from the sarcoplasmic
reticulum (SR) via ryanodine receptors, resulting in elevation
of intracellular Ca2+ concentration ([Ca2+]i), and providing
Ca2+ for the excitation-contraction coupling [14]. In this
study, we further measured the amplitude of [Ca2+]i tran-
sients in isolated single cardiomyocytes to evaluate whether
HS can preserve [Ca2+]i handling capacity to improve cardiac
contractile function during sepsis.

2. Materials and Methods

2.1. Experimental Animals. Male Wistar rats (10–12 weeks
old, 280–300 g) were used and purchased from the National
Laboratory Animal Breeding and Research Center of the
National Science Council, Taiwan. Handling of the animals
conforms to the Guide for the Care and Use of Laboratory
Animals, published by the National Institutes of Health, USA
(NIH publication number 85-23, revised in 1996). All animal
cares and experimental protocols in this study were approved
by the Animal Care and Use Committee of National Defense
Medical Center, Taipei, Taiwan. Animals were housed under
a 12 h light-dark cycle room with an ambient temperature of
22 ± 1

∘C and humidity of 50 ± 5%. The animal preparation
for anesthetization and cannulation of blood vessels were
performed as described previously [15].

2.2. Experimental Groups. The experiments of sepsis were
performed on conscious rats, which has been reported to be
a clinically relevant sepsis model [16] and avoids the interfer-
ence of anesthetics with cytokine release [17]. Animals were
divided into four groups: (1) sham (normal saline, 0.9%NaCl,
4mL/kg, intravenously), 𝑛 = 6; (2) sham+HS (7.5%NaCl,
4mL/kg, intravenously), 𝑛 = 6; (3) LPS: rats were treated
with Escherichia coli LPS 10mg/kg (intravenous infusion
for 10min). One hour after LPS administration, 0.9%NaCl
(4mL/kg, 300mosmole/L) was given intravenously, 𝑛 = 10;
(4) LPS +HS: rats were treated with Escherichia coli LPS
10mg/kg (intravenous infusion for 10min). One hour after
LPS administration, 7.5%NaCl (4mL/kg, 2400mosmole/L)
was given, 𝑛 = 10. Normal saline and HS were infused
with a rate of 0.2mL/min [18, 19]. At 0, 1, 2, 4, and 6 h
after LPS infusion, the changes in hemodynamics (blood pre-
ssure and heart rate), hepatic function index (i.e., alanine
aminotransferase (ALT), aspartate aminotransferase (AST)),
cell toxicity index (i.e., lactate dehydrogenase (LDH)), and
renal function index (creatinine (CRE)), as well as the plasma
levels of sodium, potassium, and calcium ion concentration
were examined. Six hours after LPS infusion, animals were
sacrificed and hearts were collected immediately.

2.3. Isolated Heart Preparation and Left Ventricular Pressure
Recording. The preparation for heart isolation and mea-
surement of cardiac contractility were performed as descri-
bed previously [15]. Hearts were isolated 6 h after LPS
administration and mounted on the Langendorff apparatus
(ML785B2 Langendorff System Bundle, AD instruments).
The left ventricular developed pressure (LVDP) and themean
rates of contraction (+dP/dt) and relaxation (−dP/dt) were
measured.

2.4. Measurement of Blood Electrolytes. Whole blood levels
of sodium, potassium, and calcium ion in rats 6 hours after
LPS infusion weremeasured by an arterial blood gas analyzer
(AVL OPTI Critical Care Analyzer; AVL Scientific Corp.,
Roswell, USA).

2.5. MPOActivity Test. MPO activity has been demonstrated
to correlate with the number of neutrophils [20] and was
used as an index of neutrophil accumulation in the heart. It
was determined using an MPO assay kit (CytoStore, Calgary,
Canada) by measuring the H

2

O
2

-dependent oxidation of
O-dianisidine, according to the manufacturer’s instructions.
MPO activity is expressed as unit per mg protein (U/mg
protein).

2.6. Western Blot Analysis. The left ventricular myocardium
was isolated 6 hours after LPS administration, which was
immediately frozen in liquid nitrogen, and stored at −80∘C
until processed. Detection of phospho-p65 and MIF by
Western blotting was performed as described previously
[15]. The primary antibodies in this experiment were mouse
monoclonal anti-phospho-p65 (Epitomics, USA; 1 : 1000),
and rabbit polyclonal anti-MIF (BioVision, USA; 1 : 1000).
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Figure 1: Effects of hypertonic saline (HS) on mean arterial blood pressure (a), changes in heart rate (b), and rate-pressure product (c) in
conscious rats with sepsis-induced by LPS injection. 𝑛 = 6–10. Values are expressed as mean± SEM. ∗𝑃 < 0.05 versus the sham group;
#
𝑃 < 0.05 versus the LPS group.

2.7. Cardiomyocyte Isolation and Measurement of the Intracel-
lular Calcium. Six hours after LPS administration, the heart
was isolated. The methodology of tissue preparations and
cardiomycytes isolation were followed and modified from
previous studies [21, 22]. Intracellular calcium ([Ca2+]i) was
recorded by an indo-1 fluorometric ratio technique. The
fluorescent indicator indo-1 was loaded by incubating the
myocytes of ventricle in sham, LPS, and LPS +HS groups
at room temperature (25∘C) for 20 to 30 minutes with
25 𝜇M of indo-1/AM (Sigma Chemical, St. Louis, MO). The
Ca2+ transient was measured during a 2Hz field-stimulation
with 10-ms twice-threshold strength square-wave pulses.The
fluorescence ratio data were processed and stored in a com-
puter using software (OSP-SFCA; Olympus). Sarcoplasmic
reticulum (SR) Ca2+ content was estimated by adding 20mM
caffeine after electric stimulation at 2Hz for at least 30 s. The
total SR Ca2+ content was measured from the amplitude of
caffeine-induced Ca2+ transients.

2.8. Statistical Analysis. The data are expressed as means ±
SEM. Statistical evaluation was performed with one-factor
analysis of variance followed by the Newman-Keuls post hoc
comparison test. A 𝑃 value of less than 0.05 was deemed
significant.

3. Results

3.1. Effects of HS on Hemodynamic Variables. The mean
arterial blood pressure (MBP), heart rate, and rate-pressure
product are shown in Figure 1. Rate-pressure product is
provided by calculation using systolic blood pressure and
heart rate and can reflect the cardiac work in vivo [23].
The basal MBP, heart rate, and rate-pressure product did
not show significant differences. In sham and sham+HS
groups, there were no significant changes in these variables
throughout the experiment. In LPS group, MBP decreased
gradually after LPS administration, which lasted until 1 h,
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Figure 2: Effects of hypertonic saline (HS) on cardiac contractile dysfunction caused by LPS. (a) Left ventricular developed pressure (LVDP);
(b) and (c) +dP/dt and −dP/dt in hearts 6 h after being subjected to LPS administration, 𝑛 = 6–9. Data are given as mean± SEM. ∗𝑃 < 0.05
versus the sham group, #

𝑃 < 0.05 versus the LPS group.

and then progressively increased between 1 and 2 h, followed
by a continued decrease between 2 and 6 h (Figure 1(a)).
The MBP in LPS +HS group also initially decreased after
LPS administration and recovered between 4 and 6 h, which
is significantly higher than LPS group. After LPS admin-
istration, heart rate significantly elevated and peaked at
2 h, and then gradually decreased to basal level at 6 h. In
LPS +HS group, the tachycardia caused by LPS lasted to 6 h,
which was significantly higher than LPS group (Figure 1(b)).
Furthermore, LPS challenge caused a marked reduction in
rate-pressure product during 4–6 h. Posttreatment of HS
markedly improved the reduced rate-pressure product caused
by LPS (Figure 1(c)).

3.2. Effects of HS on Cardiac Contractile Dysfunction Caused
by LPS. TheLVDP (Figure 2(a)) and average±dP/dt (Figures
2(b) and 2(c)) were measured at 6 h after LPS administration,
which was significantly reduced in LPS group compared with
sham group (𝑃 < 0.05). After HS administration, LVDP

and ±dP/dt significantly improved when compared with LPS
group (𝑃 < 0.05). HS alone (sham+HS group) did not affect
the cardiac contractile function compared with sham group.

3.3. Effects of HS on Liver and Renal Dysfunction and Cell
Toxicity Caused by LPS. The basal levels of AST, ALT, CRE,
and LDHwere not significantly different. LPS administration
induced elevation of plasma levels of AST, ALT, CRE, and
LDH at 6 h.The differences between 6 h levels and basal levels
of AST, ALT, and LDH in the LPS group were significantly
higher than sham group (Figures 3(a), 3(b), and 3(d)).
HS treatment significantly decreased the elevation of AST,
ALT, and LDH. The elevated CRE level caused by LPS also
significantly attenuated after HS treatment (Figure 3(c)).

3.4. Effects of HS on MPO Activity in Ventricle after LPS
Treatment. Treating sham ratswithHS revealed a slight redu-
ction in cardiac MPO activity (Figure 4). Six hours after LPS
challenge, MPO activity increased by 4 folds compared with
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Figure 3: Effects of hypertonic saline (HS) on plasma levels of (a) alanine aminotransferase (ALT), (b) aspartate aminotransferase (AST),
(c) creatinine (CRE), and (d) lactate dehydrogenase (LDH) in rats with sepsis-induced by LPS injection, 𝑛 = 6–10. Values are expressed as
mean± SEM. ∗𝑃 < 0.05 versus the sham group; #

𝑃 < 0.05 versus the LPS group.

sham group (𝑃 < 0.05). HS treatment significantly supp-
ressed MPO activity of LPS-challenged rats to the level
similar to sham group (𝑃 > 0.05).

3.5. Effects of HS on Protein Expression in Rat Heart after
LPS Treatment. Theprotein expression ofMIF (Figure 5) and
phospho-p65 (Figure 6) was significantly elevated after 6 h
LPS administration (𝑃 < 0.05). HS treatment significantly
suppressed LPS-induced increases in MIF and phospho-p65
protein expression (𝑃 < 0.05).

3.6. Effects of HS on Ion Concentrations in Blood after LPS
Treatment. Treating HS with sham-operated rats did not
show elevation of Na+, K+, and Ca2+ concentrations in blood.
LPS administration can cause a significant reduction in Na+
concentration at 6 h compared with sham group. A dramatic
elevation of Na+ concentration was found in LPS +HS group
compared with sham and LPS groups (Figure 7(a)). By
contrast, LPS resulted inmarked increase ofK+ concentration

when compared with sham group. Receiving HS treatment,
LPS-treated rats showed marked reduction in K+ concentra-
tion to levels similar to those of sham group (Figure 7(b)).
Moreover, LPS resulted in a significant reduction in Ca2+
concentration in blood at 6 h compared with sham group,
which was reversed by HS treatment (Figure 7(c)).

3.7. Effects of HS on Intracellular 𝐶𝑎2+ Concentration in Rat
Heart after LPS Treatment. As shown in Figure 8, the elec-
trical-stimulation Ca2+ transient of ventricular cardiomy-
ocytes significantly reduced 6 h after LPS challenge, which
was significantly recovered by HS treatment. Similarly, the
caffeine-induced Ca2+ transient was significantly reduced 6 h
after LPS challenge. However, HS did not significantly affect
this change.

4. Discussion

The present study demonstrated that posttreatment with
HS can ameliorate circulatory failure including hypotension
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and cardiac dysfunction caused by LPS-induced sepsis in a
conscious ratmodel.The cardioprotective effect ofHS is asso-
ciated with improvement of [Ca2+]i handling process, atten-
uation of neutrophil infiltration,MIF protein expression, and
transcription factor NF-𝜅B activation in myocardium.

Shih et al. [6] demonstrated similar results in peritonitis-
induced septic shock, which are related to the anti-infla-
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Figure 6: Effects of hypertonic saline (HS) on phospho-p65 protein
expression in left ventricular myocardium of rats 6 h after being
subjected to LPS administration, 𝑛 = 6–10. Data are given as
mean± SEM. ∗𝑃 < 0.05 versus the sham group, #

𝑃 < 0.05 versus
the LPS group.

mmatory and antioxidant effect of HS. We further demon-
strated that posttreatment with HS significantly showed car-
dioprotective effects, whichwere evidenced by increased con-
tractile function and maintenance of compensatory tachy-
cardia 6 h after LPS challenge. HS provides an intravascular
hypertonic environment, leading to increase of the plasma
volume, whichmay contribute to improve the cardiac output,
blood flow, and multiple organ function.

It has been shown that MPO in myocardial tissue signif-
icantly increased in LPS-induced sepsis [24]. MPO will be
released when neutrophils infiltrate into the organs. Ninety
percent of MPO released from neutrophils. Measuring the
content of MPO can speculate neutrophil infiltration in
organs and tissues [25]. MPO expression in left ventricular
myocytes was significantly higher in failed hearts, suggesting
that overexpression of MPO caused damages to the car-
diac function [26]. HS administration significantly reduced
MPO accumulation in the myocardial tissue, indicating
that neutrophil infiltration was reduced by HS. This anti-
inflammatory effect is likely to contribute to the cardiopro-
tection of HS.

Plasma MIF content peaks in early sepsis [27]. Overex-
pression of MIF protein in sepsis causes cardiac dysfunc-
tion [11]. MIF antibody treatment can preserve the cardiac
function of mice in sepsis [13]. In this study, HS significantly
reduced MIF protein expression in myocardium and main-
tained cardiac function, suggesting that the inhibitory effect
onMIF production contributes to the cardioprotection of HS
in sepsis. Inhibition of MIF can suppress NF-𝜅B activation,
whereas inhibition of NF-𝜅B activity significantly attenuates
MIF performance [28]. In this study, HS can reduce NF-
𝜅B activation in cardiac tissue (Figure 6). Therefore, we
suggest that, via suppression of neutrophil infiltration into,
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Figure 7: Effects of hypertonic saline (HS) on whole blood levels of
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sepsis, 𝑛 = 3–5. Values are expressed as mean± SEM. ∗𝑃 < 0.05
versus the sham group; #

𝑃 < 0.05 versus the LPS group.

myocardium, HS attenuates inflammation-related responses,
for example, MIF release by immune cells and NF-𝜅B activa-
tion in cardiomyocytes during sepsis.The inhibitory effect on
NF-𝜅B activation contributes to decrease in MIF production,
by which cardiac contractile function was protected.

Clinical sepsis patients often have low blood sodium
phenomena coincide [29]. In the present study, we also

found that sodium ion concentration in blood of LPS group
is significantly lower than sham group. The underlying
mechanism is still uncertain. Hyponatremia may be due to
cytokines-induced downregulation of angiotensin II type 1
receptors, resulting in impaired regulation of sodium and
water balance by aldosterone and leading to sodium and
water loss [30]. After five hours of HS post-treatment, the
sodium ion concentration about 153mmol/L in LPS + HS
group, which was significantly higher than another groups.
In a previous study, hypernatremic phenomenon has been
shown to suppress human phagocytic activity and superoxide
anion production [31]. HS supplement can increase the
sodium concentration and may reduce neutrophil activation
in LPS-induced sepsis.

Furthermore, HS reverses hypocalcemia induced by LPS
(Figure 7(c)). A similar result has been demonstrated in a
cecal ligation and puncture-induced peritonitis of rats [32].
Sepsis can induce hypocalcemia, which is associated with
intracellular Ca2+ accumulation [33]. Elevated intracellular
Ca2+ levels have been reported to activate Ca2+-dependent
proteolytic enzymes, leading to tissue damage in sepsis [34].
In a previous study, HS dextran demonstrated to attenu-
ate diastolic levels of [Ca2+]i in cardiomyocyte after burn
complicated with sepsis in late stage [35]. In this study,
the electrically-induced [Ca2+]i transient was measured to
observe the influx of Ca2+ via the L-type Ca2+ channel
upon electrical stimulation, which then triggers release of
Ca2+ from the sarcoplasmic reticulum, leading to muscle
contraction. The electrically induced [Ca2+]i transient is
directly related to contractility [36]. HS supplement in early
sepsis can improve the amplitude of intracellular Ca2+ tran-
sient, which was significantly reduced in our acute sepsis
model, indicating the intracellular Ca2+ handling process
was recovered (Figure 8).We also found the caffeine-induced
Ca2+ transient significantly reduced during sepsis, indicating
the Ca2+ content of SR decreased, leading to a reduction
in Ca2+ release from SR and the decrease in contractility.
The Ca2+ content of SR was elevated after HS treatment.
Therefore, HS may improve cardiac contractile function
via maintenance of intracellular Ca2+ homeostasis. On the
other hand, proinflammatory cytokines, such as TNF-𝛼
and IL-1𝛽, have been implicated in ventricular dysfunction
associated with sepsis [37, 38]. TNF-𝛼 and IL-1𝛽 increase
the SR Ca2+ leak from the SR, which contributes to the
depressedCa2+ transient and contractility [39].Therefore, the
anti-inflammatory effect of HS can contribute to maintain
[Ca2+]i handling capacity to improve the cardiac contractile
function.

5. Conclusion

HS improved cardiac contractile function and Ca2+ home-
ostasis in sepsis, which contribute to ameliorate circulatory
failure and to maintain multiple organ function. Attenuation
of neutrophil infiltration, suppression of NF-𝜅B activation,
and reduced MIF production in myocardium are associated
with the cardioprotective effect of HS in sepsis.
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Figure 8: Effects of hypertonic saline (HS) on Ca2+ transient of cardiomyocytes in rats with sepsis. Panels (a) and (c) show the tracings and
the average of electrical-stimulation Ca2+ transient. Panels (b) and (d) show the tracings and the average of caffeine-induced Ca2+ transient;
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