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Cardiovascular diseases (CVD) are the leading causes of
morbidity and mortality worldwide. Although treatment for
risk factors for CVD such as hypertension, hyperlipidaemia,
obesity, and diabetes has steadily decreased mortality due to
cardiovascular events in the last three decades, the underling
mechanisms for several CVD remain elusive. It is well known
that oxidative stress and inflammation have been implicated
in the etiology of several CVD. Further, oxidative stress
and inflammation triggered signals can either directly cause
injury to the cardiac tissues or increase the atherosclerotic
process. However, most of the data for these studies are
derived from experimental animals. Long term prospective
clinical trials are required to validate the contribution of
oxidative stress and inflammation in CVD. Moreover, better
understanding of the signaling mechanisms that interplay
between oxidative stress and inflammatory signaling would
be beneficial in designingmore selective and targeted therapy
to combat these deleterious mediators of CVD. The purpose
of this special issue is to assemble information from preclini-
cal as well as clinical studies in order to provide an additional
opportunity to identify the potential molecules/mechanisms
that disrupt equilibrium between immune, inflammatory,
and oxidative responses involved in the pathogenesis of CVD.

To better understand the pathogenesis of CVD in chronic
kidney disease (CKD) P. Bartnicki et al. investigated the role
of continuous erythropoietin receptor activator (CERA) on
selective biomarkers of CVD. In this study, blood samples
from 25 CKD patients with CERA treatment and 20 healthy
subjects were evaluated for various inflammatory mark-
ers, biochemical parameters, and other endothelial specific

biomarkers. Their results indicate that biomarkers of inflam-
mation as well as endothelial dysfunction are significantly
elevated in the nondialyzed CKD patients. Specifically, they
found that biomarkers such as TNFr1, sICAM-1, and MMP9
could be the risk factors of CVD in CKD patients. Further,
this study indicates that CERA treatment by using MPG-
EPO diminished endothelial dysfunction and improves left
ventricular function in CKD patients.

Another research article by B. Al-Shammari et al. investi-
gated the pulmonary toxicity associatedwith the amiodarone,
a drug used for treating ventricular and supraventricular
dysrhythmia. In this study, treatment of rats with amiodarone
leads to a time-dependent toxicity in the lungs. Specifically,
amiodarone decreased antioxidant enzymes such as catalase,
SOD, GPx, and GR and increased oxidative stress. Further,
long term treatment of amiodarone for 3 to 4 weeks leads to
significant toxicity as determined by granulomatous inflam-
mation and interstitial pneumonitis. These studies indicate
that imbalance of oxidative stress and antioxidant status and
resulting inflammatory response could lead to pulmonary
toxicity with amiodarone treatment.

Studies by Y. Cheng et al. reported the cardioprotective
potential of formononetin, a natural plant derived isoflavone
from Radix Astragali, using human cardiomyocyte H9c2
cells. Their results suggest that formononetin could protect
cardiomyocytes from ischemia reperfusion injury by reduc-
ing the oxidative stress and inhibiting the mitochondrial
permeability transition pore (mPTP) opening. Specifically,
they have shown that formononetin induces AKT and GSK-
3b phosphorylation leading to mPTP opening. These results
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also suggest that PI3K and PKC inhibitors could restore
effects of formononetin-induced mPTP opening.Thus, these
studies report that formononetin could be developed as a
cardioprotective agent against acute myocardial infarction.

Another study by G. Zhang et al. examined the antiox-
idant effect of simvastatin on high-cholesterol diet-induced
oxidative stress injury in aorta and hippocampus of rabbits.
Their results suggest lipid peroxidation products as biomark-
ers of oxidative stress in high-cholesterol induced brain
injury in rabbits. They have shown that simvastatin enhances
antioxidant status (GSH-Px) in atherosclerotic aorta and
decreases oxidative stress (malondialdehyde). This study
again addresses the significance of oxidative and antioxidant
imbalance in high-cholesterol induced tissue injury.

As an endnote, it is obvious from the recently pub-
lished studies and current special issue papers that oxidative,
immune, and inflammatory responses play amajor role in the
pathophysiology of cardiovascular complications. Therefore,
the molecules that interrupt or neutralize the effects of
oxidative, immune, and inflammatory responses could be the
next important targets for the future drug discovery studies in
CVD.
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Kaempferol (KMP), a dietary flavonoid, has antioxidant, anti-inflammatory, and antiapoptotic effects. Hence, we investigated the
effect of KMP in ischemia-reperfusion (IR)model ofmyocardial injury in rats.We studiedmale albinoWistar rats that were divided
into sham, IR-control, KMP-20 + IR, and KMP 20 per se groups. KMP (20mg/kg; i.p.) was administered daily to rats for the
period of 15 days, and, on the 15th day, ischemia was produced by one-stage ligation of left anterior descending coronary artery for
45min followed by reperfusion for 60min. After completion of surgery, rats were sacrificed; heart was removed and processed for
biochemical, morphological, and molecular studies. KMP pretreatment significantly ameliorated IR injury by maintaining cardiac
function, normalizing oxidative stress, and preserving morphological alterations. Furthermore, there was a decrease in the level
of inflammatory markers (TNF-𝛼, IL-6, and NF𝜅B), inhibition of active JNK and p38 proteins, and activation of ERK1/ERK2, a
prosurvival kinase. Additionally, it also attenuated apoptosis by reducing the expression of proapoptotic proteins (Bax and Caspase-
3), TUNEL positive cells, and increased level of antiapoptotic proteins (Bcl-2). In conclusion, KMP protected against IR injury by
attenuating inflammation and apoptosis through the modulation of MAPK pathway.

1. Introduction

Myocardial infarction (MI) results from sudden obstruction
of blood supply to a part of the heart resulting in ischemia
and death of the affected cardiac tissue. Although rapid
reperfusion of the affected myocardium is an important aim
of MI therapy, reperfusion itself may result in cell death and
tissue damage [1]. The mechanism of myocardial ischemia-
reperfusion injury is very complex and includes generation
of reactive oxygen species (ROS), calcium overload, acti-
vation of proinflammatory cytokines, apoptosis, neutrophil
infiltration, and endothelial dysfunction [2]. Thus, inhibi-
tion of oxidative stress and apoptosis could be a potential
target for the development of novel strategy for ischemic
disease. Furthermore, reactive oxygen species generated due

to ischemia-reperfusion (IR) injury also activates intracel-
lular signaling pathways such as mitogen activated protein
kinases (MAPKs) [3, 4].TheMAPK subfamilies stress kinases
such as p38 and c-jun N-terminal kinase (JNK) which
cause inflammation and apoptotic cell death and prosurvival
kinase, that is, extracellular regulated kinase (ERK 1/2) which
regulates myocyte differentiation and proliferation, promotes
cell survival, and confers tissue protection [5, 6]. Studies have
demonstrated that activation of ERK1/ERK2 and inhibition of
p38/JNK protect the myocardium from IR injury by reduc-
ing oxidative stress and inflammation and by maintaining
cytoskeletal architecture [1, 7]. Therefore, relative activity
of these proapoptotic and prosurvival kinase pathways will
decide whether cell shall survive or perish.
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Kaempferol (KMP; 3,4,5,7-tetrahydroxyflavone) is a nat-
urally occurring polyphenolic compound, present in great
amounts in tea, broccoli, propolis, and grapefruit [8]. It is very
well known to possess antioxidant [9], anti-inflammatory
[10], antiapoptotic [8], anticancer [11], neuroprotective [12],
and antidiabetic properties [13]. Recently, an in vitro study,
the protective role of KMP in anoxia/reoxygenation injury
via the inhibition of oxidative stress and apoptosis, was
demonstrated [14]. Furthermore, considerable evidence also
shows that KMP exerts its anti-inflammatory and cardio-
protective activities by modulating MAPK pathway [8, 15].
Thus, with the background that p38, JNK, and ERK1/ERK2
play important roles in IR injury and KMP has modulat-
ing effect on these proteins, we undertook this study to
investigate whether KMP has cardioprotective effect in IR
injury and if so, whether it is mediated through MAPK
pathway.

2. Materials and Methods

2.1. Animals and Reagents. Adult male albino Wistar rats
(150–200 g) were procured from Central Animal House
Facility of All India Institute of Medical Sciences, New Delhi.
All experiments were conducted according to guidelines out-
lined in Indian National Science Academy guidelines for use
and care of experimental animals in research and approved
by Institutional Animal Ethics Committee (717/IAEC/13).
Rats were kept in polypropylene cages (4 rats/cage) under
standard temperature (25 ± 2∘C), relative humidity (60 ±
5%) with 12 h light/dark cycle. All rats had access to food
(Ashirwad Industries Ltd., Chandigarh, India) and water
ad libitum. KMP was obtained from Sigma Aldrich, USA,
respectively. For administration, KMP was dissolved in 0.5%
dimethyl sulfoxide (DMSO). All other chemicals used were
of analytical grade.

2.2. Experimental Protocol

2.2.1. Myocardial Ischemia-Reperfusion Model. A total of 36
rats were distributed into 4 groups.

Group 1 (Sham; 𝑛 = 8). 0.5% DMSO (2mL/kg/day; i.p.) was
administered to rats for a period of 15 days. On the 15th day,
threadwas passed beneath the left anterior descending (LAD)
coronary artery but was not occluded.

Group 2 (IR-Control; 𝑛 = 10). 0.5%DMSO(2mL/kg/day; i.p.)
was administered to rats for a period of 15 days. On the 15th
day, rats were subjected to LAD coronary artery ligation for
45min and then reperfused for 60min.

Group 3 (KMP-20 + IR; 𝑛 = 10). KMP (20mg/kg/day; i.p)
was administered to rats for a period of 15 days. On the 15th
day, rats were subjected to LAD coronary artery ligation for
45min and then reperfused for 60min.

Group 4 (KMP per se; 𝑛 = 8). KMP (20mg/kg/day; i.p.) was
administered to rats for a period of 15 days. On the 15th day,
thread was passed beneath the LAD coronary artery but was
not occluded.

2.3. Measurement of Hemodynamic Parameters. Rats were
anesthetized with pentobarbitone sodium (60mg/kg; i.p.).
The neck was opened with a ventral midline incision and
tracheostomy was performed. The rats were ventilated with
room air from a positive pressure respirator (TSE animal
respirator, Germany). The left jugular vein was cannulated
with polyethylene tube and 0.9% normal saline was infused
through it. The right carotid artery was cannulated with
heparinised cannula and then connected to pressure trans-
ducer (Gould Statham P231D, USA) for assessment of blood
pressure [systolic arterial pressure (SAP), mean arterial pres-
sure (MAP), and diastolic arterial pressure (DAP)] and heart
rate (HR). Furthermore, left thoracotomy was performed
to record left ventricular pressures [rate of contraction
(+LVdP/dt); rate of relaxation (−LVdP/dt); and preload, i.e.,
left ventricular end diastolic pressure (LVEDP)] using Biopac
system software BSL 4.0MP36. After the completion of
surgical procedure, blood was drawn from heart and rats
were sacrificed with an overdose of pentobarbitone sodium
(150mg/kg; i.p.). Hearts were excised; rinsed in ice cold
saline; and stored for biochemical, histopathological, and
ultrastructural evaluation, terminal deoxynucleotide trans-
ferase dUTP nick end labeling (TUNEL) assay, immunohis-
tochemistry (IHC), and western blot analysis. Serum was
obtained by centrifuging blood at 5000 rpm and was further
used to assess lactate dehydrogenase (LDH) and Creatine
Kinase-MB (CK-MB) isoenzyme activities and to estimate
interleukin-6 (IL-6) and tumor necrosis factor-𝛼 (TNF-𝛼)
levels.

2.4. Measurement of Biochemical Parameters. For biochem-
ical estimation, heart tissues were removed from liquid
nitrogen, brought to room temperature, and weighed. Tissue
homogenate was prepared with 10 equal volumes of 0.1M
phosphate buffer (pH 7.4) and part of it was used for the
estimation ofmalondialdehyde (MDA) level, amarker of lipid
peroxidation and reduced glutathione (GSH).The remaining
part of the homogenatewas centrifuged at 5000 rpm to obtain
supernatant for the measurement of superoxide dismutase
(SOD) and catalase (CAT) enzyme activities.

2.4.1. Estimation of MDA Level. MDA level in the tissue was
measured by a method described by Ohkawa et al. [16]. In
this method, tissue MDA was measured by its reactivity with
thiobarbituric acid in acidic conditions to generate pink color
adducts whose absorbance was read at 532 nm.

2.4.2. Estimation of GSH Content. GSH content was quan-
tified by a method described by Moron et al. [17]. This
method is based on the development of yellow color when
5,5-dithiobis(2-nitrobenzoic acid) (DTNB) is added to com-
pounds containing sulfhydryl group like glutathione. The
homogenate was centrifuged with equal parts of 10% tricar-
boxylic acid (TCA) at 5000 rpm for 10min. The supernatant
thus collected contains glutathione which has thiol (–SH)
group that reacts with DTNB at pH 8.0 to produce a
yellow colored ion whose concentration was measured at
412 nm.
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2.4.3. Estimation of SODEnzyme Activity. The enzyme activ-
ity of SOD was assayed by evaluating the extent of inhibition
of pyrogallol autoxidation at pH 8.4 [18].

2.4.4. Estimation of CAT. CAT enzyme activity was estimated
by measuring difference in H

2
O
2
extinction per unit time, as

described previously [19].

2.5. CK-MBandLDHEnzymesActivities. CK-MB isoenzyme
and LDH enzyme activities were measured spectrophoto-
metrically in serum using kits from Spinreact, Spain, and
Logotech Private Limited, India, respectively.

2.6. Estimation of Serum TNF-𝛼 and IL-6 Levels. For the
estimation of serum TNF-𝛼 and IL-6 levels, rat tumor necro-
sis factor alpha (TNF-𝛼) (Diaclone Tepnel Company, UK)
and Interleukin-6 (IL-6) (RayBiotech, Inc., Norcross, GA)
kits were used and estimated according to the manufacturer’s
instructions.

2.7. Histopathological Examination. Heart tissues were fixed
in 10% neutral buffered formalin and then embedded in
paraffin. Later, tissue sections (5𝜇m thick) were cut using
microtome (Leica RM 2125, Germany). Each section was
stained with hematoxylin and eosin (H&E) and evaluated
by light microscope (Dewinter Technologies, Italy). At least,
three hearts from each group were examined for histological
examination and graded for the severity of changes using
score on a scale of severe (+++); moderate (++); mild (+); and
nil (−).

2.8. Ultrastructural Evaluation by Transmission Electron
Microscopy (TEM). Karnovsky’s fixed tissue sections were
washed in ice-chilled phosphate buffer (0.1M, pH 7.4) and
postfixed for 2 h in 1% osmium tetroxide in the phos-
phate buffer at 4∘C. Then, sections were embedded in
araldite CY212 to make tissue blocks. Ultrathin tissue sec-
tions (70−80 nm) were cut by ultramicrotome (Ultracut E,
Reichert, Austria), stained with uranyl acetate and lead
acetate to visualize them under transmission electron micro-
scope (Morgagni268D, FeiCo., Netherlands).

2.9. Immunohistochemistry Studies. After sacrificing rats,
heart tissues were immediately fixed in 10% neutral buffered
formalin. 5 𝜇m thick sections were cut using microtome.
Sections were deparaffinized in xylene and rehydrated in
graded series of ethanol. Following this, antigen retrieval
was performed by heating sections in a microwave at 95∘C
for 10min in citrate buffer (10mM; pH 6.0). To quench
any endogenous peroxidase activity, sections were incubated
with 30% hydrogen peroxide (H

2
O
2
) in methanol for 10min.

Furthermore, sections were blocked with normal goat serum
for 1 h at room temperature to block any nonspecific binding.
Then, sections were allowed to react with primary rabbit
monoclonal antibody (mAb) against Bax (Santa Cruz, USA),
Bcl-2 (Abcam, UK), and Caspase-3 (Cell signaling, USA) for
48 h followed by incubation with horse radish peroxidase-
(HRP-) conjugated secondary antibodies (Merck Genei,
India) for 2 h. Colorimetric reaction was performed with

the addition of 3,3-diaminobenzidine (DAB). Sections were
then visualized and photographed under light microscope
(Dewinter Technologies, Italy).

2.10. TUNEL Assay. ApoBrdu DNA fragmentation assay
kit was used to analyze apoptosis in heart sections. For
deparaffinization and rehydration, sections were passed
through xylene and graded series of ethanol and water.
Furthermore, tissue sections were incubated with Proteinase
K and 30% H

2
O
2
to enhance tissue permeability and to

quench any endogenous peroxidase activity in the tissue
sections, respectively. Following this, sections were incu-
bated with complete labeling reaction buffer and antibody
solution, each for 1 h and 30min. The antigen-antibody
interaction was visualized using DAB. Sections were then
counterstained with hematoxylin and mounted with DPX to
visualize under light microscope. At least 5 fields in each
slide were looked for any TUNEL positive cells in each group.
Histopathological, ultrastructural, IHC, and TUNEL evalua-
tion was performed by an investigator blinded to the groups
studied.

2.11. Western Blot Analysis. Heart tissues were removed from
liquid nitrogen, thawed, and weighed. Tissue homogenate
was prepared with RIPA buffer (150mM NaCl, 10% Triton
X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulphate, and 50mM Tris base), supplemented with protease
inhibitor cocktail (Sigma Aldrich, USA). Then homogenate
was centrifuged at 12000 rpm for 15min at 4∘C. Protein
concentration was measured by the method described by
Bradford [20]. Each well was loaded with equal amount
of proteins (40 𝜇g) in a sodium dodecyl sulphate polyacry-
lamide gel electrophoresis (SDS-PAGE) and then transferred
to nitrocellulose membrane. Following this, membrane was
probed with primary antibodies, that is, ERK1/ERK2 (Cell
signaling, USA), phospho-ERK1/ERK2 (Thr202/Tyr204; Cell
signaling, USA), SAPK/JNK (Cell signaling, USA), phos-
pho SAPK/JNK (Thr183/Tyr185; Cell signaling, USA), p38
(Abcam; UK); phospho-p38 (Santa Cruz, USA), NF𝜅Bp65
(Cell signaling, USA), and 𝛽-actin (Cell signaling, USA)
overnight at 4∘C. These primary antibodies were detected
by adding HRP-conjugated secondary antibodies (Merck
Genei, India) after incubating for 2 h at room temper-
ature. Later, the bound antibodies were visualized with
an enhanced chemiluminescence (ECL) (Thermo Fischer
Scientific Inc., USA) kit and quantified by densitometric
analysis.

2.12. Statistical Analysis. Data were analyzed by one-way
analysis of variance (ANOVA) followed by post hoc Tukey-
Kramer multiple comparison test using GraphPad software.
All data are expressed as mean ± SEM. Difference with 𝑝 <
0.05 were considered as statistically significant.

3. Results

3.1. Mortality. Due to bleeding or improper ligation of
LADCA, the total of 8.34%mortality was observed in groups.



4 Oxidative Medicine and Cellular Longevity

Table 1: Effect of KMP on biochemical parameters.

Groups MDA (nmole/g
tissue)

GSH (𝜇mole/g
tissue) SOD (U/mg protein) CAT (U/mg protein) LDH (U/L) CK-MB (U/L)

Sham 63.27 ± 2.50 1.15 ± 0.08 5.48 ± 0.39 6.63 ± 0.38 450.62 ± 28.85 414.12 ± 19.84
IR-C 99.97 ± 3.49∗∗∗ 0.62 ± 0.04∗∗∗ 2.94 ± 0.51∗∗ 3.87 ± 0.42∗∗ 742.04 ± 20.00∗∗∗ 616.64 ± 21.16∗∗∗

KMP 20 + IR 79.04 ± 3.8## 0.94 ± 0.06## 5.3 ± 0.5## 5.91 ± 0.47# 589.58 ± 20.02## 513.18 ± 20.62##

KMP 20 ps 67.96 ± 2.81 1.06 ± 0.06 5.33 ± 0.33 6.17 ± 0.3 499.19 ± 20.86 466.41 ± 18.42
MDA: malondialdehyde; GSH: reduced glutathione; SOD: superoxide dismutase; CAT: catalase; LDH: lactate dehydrogenase; CK-MB: Creatine Kinase-MB
isoenzyme. IR-C: ischemia-reperfusion control; KMP 20 + IR: kaempferol 20mg/kg/day + ischemia-reperfusion; KMP 20 ps: kaempferol 20mg/kg/day per se.
The values are expressed as mean ± SEM; 𝑛 = 6 in each group; ∗∗𝑝 < 0.01, ∗∗∗𝑝 < 0.001 versus sham; #𝑝 < 0.05; ##𝑝 < 0.01 versus IR-control.

3.2. Effect on Cardiac Function. To investigate the ability of
KMP to improve cardiac functions, hemodynamic param-
eters (SAP, MAP, DAP, and HR) and ventricular functions
(±LVdP/dt andLVEDP)were assessed in all the groups. Com-
pared to sham group, IR injury resulted in hemodynamic
impairment as demonstrated by significant (𝑝 < 0.001)
reduction in arterial pressure (SAP, MAP, and DAP) and HR.
Furthermore, IR injury exhibited ventricular dysfunction
caused decline in ventricular contraction (+LVdP/dt) and
relaxation (−LVdP/dt) with concomitant increase in preload
(LVEDP) as compared to sham group (𝑝 < 0.001). Inter-
estingly, KMP treatment (20mg/kg) diminished detrimental
effect of IR injury as it caused significant improvement in
hemodynamic functions and preserved ventricular function
(Figure 1).

3.3. KMP Reduced Lipid Peroxidation, Prevented Cardiac
InjuryMarker Release, and Restored Endogenous Antioxidants
after IR. IR-challenged myocardium resulted in marked
elevation of tissue MDA (𝑝 < 0.001), a marker of lipid
peroxidation, and cardiac injurymarkers such as CK-MB and
LDH in the serum (𝑝 < 0.001). IR injury also resulted in the
depletion of antioxidants such as GSH, SOD (𝑝 < 0.001), and
CAT (𝑝 < 0.01) in comparison to sham group. Intriguingly,
KMP treatment markedly attenuated lipid peroxidation (𝑝 <
0.01), decreased consumption of antioxidants (𝑝 < 0.01), and
prevented the release of cardiac injurymarkers into the serum
(𝑝 < 0.01). This finding confirmed the antioxidant effect of
KMP in myocardial IR injury (Table 1).

3.4. KMP Attenuated Apoptosis after IR. We also verified the
effect of KMP on myocardial apoptosis induced by IR injury.
TUNEL assay was performed to detect DNA fragmentation
in apoptotic nuclei. An increase in the number of TUNEL
positive nuclei was observed in IR rat hearts. On the contrary,
few TUNEL positive apoptotic nuclei were seen in KMP
treatment group (Figure 2).

Further, to support the role ofKMPon apoptosis, immun-
ohistochemical analysis of regulatory proteins of apoptosis
such as Bax, Caspase-3, and Bcl-2 was performed in all the
groups. As anticipated, KMP treatment for 15 days decreased
proapoptotic proteins (Bax and Caspase-3) and increased
Bcl-2 expressions in IR-induced hearts (Figure 2).

3.5. KMP Decreased Inflammatory Markers after IR. Inflam-
matory reaction is an integral part of immune response

to myocardial IR injury. Markers of inflammation such as
TNF-𝛼 and IL-6 are usually present at undetected levels in
normal heart but are upregulated in stress conditions such as
myocardial IR injury. Likewise, we found significant increase
in the levels of inflammatory cytokines (TNF-𝛼 and IL-6) in
IR-control group (𝑝 < 0.001) as compared to sham group,
while KMP treatment for 15 days significantly downregulated
inflammatory markers (𝑝 < 0.05 for IL-6 and 𝑝 < 0.01 for
TNF-𝛼) (Figure 3).

To further delineate the role of inflammation in IR injury,
western blot analysis was performed to assess the expression
of NF𝜅Bp65 in myocardium. In IR insulted myocardium,
there was increased expression of NF𝜅Bp65 in myocardium,
but KMP treatment significantly normalized the expression
and ameliorated the inflammation (Figure 4).

3.6. KMP Normalized Protein Expressions after IR. Further,
to delineate the mechanistic pathways of antiapoptotic and
anti-inflammatory effects of KMP in IR injury, we mea-
sured ERK1/ERK2 and p38/JNK expressions which form an
upstream signaling pathway in apoptotic and inflammatory
reactions in the myocardium. In IR-challenged myocardium,
there was downregulation of ERK1/ERK2 and activation of
p38/JNK (𝑝 < 0.001) pathway, while KMP pretreatment
significantly (𝑝 < 0.01) normalized their expressions and
protected against IR injury (Figure 4).

3.7. KMPRecoveredMyocardial Architecture after IR. Figure 5
illustrates the effect of KMP on morphological changes in
IR insulted myocardium. Sham and per se groups exhib-
ited normal myocardial architecture with no evidence of
inflammation. IR injured myocardium displayed marked
edema and membrane damage along with infiltration of
inflammatory cells and higher histological score. Intriguingly,
KMP treatment improved myonecrosis, preserved myocar-
dial architecture, and exhibited a low histological injury score
(Table 2).

On ultrastructural analysis, sham and per se groups
demonstrated normal mitochondria and myofibrils, while
IR-control rats revealed nuclear condensation, myonecro-
sis, mitochondrial swelling, and disruption of cristae with
vacuolation in the myocardium. However, KMP treatment
displayed lesser mitochondrial swelling and nuclear conden-
sation without any necrotic changes (Figure 5).
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Figure 1: Effect of KMP on arterial pressure and ventricular function. (a) SAP; (b) MAP; (c) DAP; (d) HR; (e) maximal positive rate of the
left ventricular pressure (+LVdP/𝑑𝑡max); (f) maximal negative rate of the left ventricular pressure (−LVdP/𝑑𝑡max); (g) LVEDP. IR-C: ischemia-
reperfusion control; KMP 20 + IR: kaempferol 20mg/kg/day + ischemia-reperfusion; KMP 20 ps: kaempferol 20mg/kg/day per se. Data are
expressed as the mean ± SEM; 𝑛 = 6 in each group ∗∗∗𝑝 < 0.001 versus sham; #𝑝 < 0.05, ##𝑝 < 0.01, and ###

𝑝 < 0.001 versus IR-control.
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Figure 2: Effect of KMP on ((a1)–(d1)) Bcl-2 immunohistochemistry (20x; scale bar 100𝜇m); ((a2)–(d2)) Bax immunohistochemistry (20x;
scale bar 100 𝜇m); ((a3)–(d3)) Caspase-3 immunohistochemistry (20x; scale bar 100 𝜇m); ((a4)–(d4)) TUNEL positivity (20x; scale bar
100𝜇m). ((a1)–(a4)) Sham; ((b1)–(b4)) ischemia-reperfusion control; ((c1)–(c4)) kaempferol 20mg/kg/day + ischemia-reperfusion; ((d1)–
(d4)) kaempferol 20mg/kg/day per se.
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Figure 3: Effect of KMP on TNF-𝛼 and IL-6 levels. TNF-𝛼: tumor necrosis factor alpha; IL-6: interleukin-6. IR-C: ischemia-reperfusion
control; KMP20+ IR: kaempferol 20mg/kg/day + ischemia-reperfusion; KMP20ps: kaempferol 20mg/kg/day per se.The values are expressed
as mean ± SEM; 𝑛 = 6 in each group ∗∗∗𝑝 < 0.001 versus sham; #𝑝 < 0.05; ##𝑝 < 0.01 versus IR-control.
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Figure 4: Effect of KMP onMAPKs protein expressions. (a) ERK1/ERK2, p-ERK1/ERK2; (b) JNK, p-JNK; (c) p38, p-p38; (d) NF𝜅Bp65. Data
are expressed as normal intensity (% control). All the values are expressed as mean ± SEM; 𝑛 = 3 per group. ∗∗∗𝑝 < 0.001 versus sham;
#
𝑝 < 0.05; ##𝑝 < 0.01; ###𝑝 < 0.001 versus IR-control.

Table 2: Effect of KMP on histological scoring of cardiac tissue.

Groups Necrosis Edema Inflammation

Sham − − −

IR-C ++ ++ +++

KMP 20 + IR + + +

KMP 20 ps − − −

(+++) severe; (++) moderate; (+) mild; (−) nil. IR-C: ischemia-reperfusion
control; KMP 20 + IR: kaempferol 20mg/kg/day + ischemia-reperfusion;
KMP 20 ps: kaempferol 20mg/kg/day per se.

4. Discussion

The present study reports novel finding related to the sig-
naling pathways by which KMP exerts its cardioprotective
activity in experimental model of IR. We have shown that
KMP prevents the development and progression of IR injury
and improves cardiac performance, primarily through the
activation of ERK1/ERK2 and suppression of p38/JNK/TNF-
𝛼/NF-𝜅Bp65 pathway. Moreover, our study provides sub-
stantial evidence that KMP exerts potent antioxidant and
antiapoptotic effects as inferred by reduced MDA levels and
TUNELpositivity and upregulation of antiapoptoticmarkers.
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Figure 5: Effect of KMP on histopathological (20x; 𝑛 = 3) and ultrastructural alterations (𝑛 = 3). ((a1)-(a2)) Sham; ((b1)-(b2)) ischemia-
reperfusion control; ((c1)-(c2)) kaempferol 20mg/kg/day + ischemia-reperfusion; ((d1)-(d2)) kaempferol 20mg/kg/day per se. MF:myofibrils;
MC: mitochondria.

All these wide arrays of activities of KMP lead to improved
contractile function and cardiac output.

It is well established that reperfusion of the ischemic
tissue causes increased generation of oxygen rich-free radi-
cals that disrupt balance between oxidants and antioxidants
leading to uncontrolledmyocardial injury.These free radicals
cause lipid peroxidation, denature cellular proteins, and
DNA. This results in the loss of membrane integrity and
release of cardiac enzymes such as LDH and CK-MB from
intracellular compartment to extracellular fluid [21, 22].
Hence, as predicted, there was reduction in levels of antiox-
idants such as GSH, SOD, and CAT which are endogenous
free radical scavengers in IR-challenged myocardium. Inter-
estingly, KMP treatment for 15 days bolstered the endogenous
antioxidant defense system, preserved membrane integrity,
and prevented release of CK-MB and LDH into the extra-
cellular fluid. Various studies on KMP have established that
KMP scavenges superoxide and reduces hydroxyl radical
formation by chelating ferrous and cuprous ions in Fenton
reaction besides increasing the expression or activities of
SOD and CAT and preventing lipid peroxidation [9, 23].
Thus, it appears that KMP modulates the production of
lipid peroxides and augments the overall antioxidant defense
system in the myocardium, thereby protecting heart from
ischemic injury. Moreover, evidence suggests that MAPK
pathway is activated by ROS through the inactivation of
MAPK phosphatases (MKPs). It should be noted that ERK is
responsible for cell proliferation and cell survival, while p38
MAPKs/JNKs are involved in cell death and tight regulation
of these pathways is paramount in determining cell fate

[1, 4, 22]. In the present study, increased oxidative stress and
p38MAPKs/JNKs and decreased ERKs suggest increased cell
death in IR-C rats, while the reverse effect in KMP treated
group suggests cytoprotective effect of KMP through these
pathways.

It is well known that Bax is activated by MAPK and
is responsible for mediating cell apoptosis at the time of
reperfusion. Also, the cardiac damage caused by apoptosis
after IR is limited by the activation of ERK1/ERK2 [24].
Various studies have shown that the targeted inhibition of
p38 MAPK reduced cardiomyocyte apoptosis and improved
cardiac performance following IR injury [4, 22, 25]. Fur-
thermore, melatonin protected against hepatic ischemia-
reperfusion injury by inhibiting cell apoptosis which was
mediated in part through inhibition of JNK and p38 MAPK
signaling pathways [26]. In the present study, the greater
activity of ERK1/ERK2, enhanced expression of Bcl-2 and
attenuation of Bax, Caspase-3, and DNA fragmentation in
KMP treated groups relative to untreated groups exhibits cell
survival following IR insult. In line with this, Xiao et al. [8]
showed that flavanol KMP protected against doxorubicin-
induced cardiotoxicity by promoting cell survival.Thus, acti-
vation of ERK1/ERK2 and inhibition of p38/JNK pathways
could be plausible mechanism contributing to its antioxidant
and antiapoptotic effects.

A key role of inflammation has been reported in the
pathogenesis of IR-inducedmyocardial injury. Recent studies
have indicated that IR-induced oxidative stress and activation
of p38 and JNK upregulate NF-𝜅B signaling followed by
TNF-𝛼 production [27, 28]. In its inactive state, NF-𝜅B is
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sequestrated in the cytoplasm by an inhibitory protein
I𝜅B. During IR injury, increased ROS activates IKK𝛽 (I𝜅B
kinase) which in turn phosphorylates I𝜅B leading to the
dissociation of I𝜅B from NF-𝜅B subunits. NF-𝜅B translo-
cates to nucleus and induces expression of inflammatory
cytokines such as TNF-𝛼 and IL-6 as well as various adhesion
molecules [27, 29]. In line with this, we observed increased
serum TNF-𝛼/IL-6 levels and NF-𝜅Bp65 expressions in IR
insulted myocardium. These molecular changes were fur-
ther supported by inflammatory and necrotic changes in
the histopathological examination of the tissue. There was
marked edema, myonecrosis, and infiltration of inflamma-
tory cells in IR-induced rats. Conversely, KMP treatment
decreased the expressions of inflammatory markers and
preserved normalmorphological structure in the treated rats.
A study by Luo et al. [10] provide in vivo evidence that KMP
reduced inflammatory lesion in diabetes by reducing TNF-
𝛼 and IL-6 levels along with the downregulation of IKK and
subsequent inhibition of NF-𝜅B pathway activation. Thus,
these findings suggest that KMPmay prove to be a promising
therapeutic agent for the attenuation of inflammation in
myocardial IR injury.

Thus, our study demonstrated the efficiency of KMP in
attenuating oxidative stress, apoptosis, and inflammation in
IR injured myocardium via the upregulation of ERK1/ERK2
and downregulation of p38/JNK pathway. However, further
studies are warranted to interpret its role in myocardial IR
injury and to establish its clinical efficacy.
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Background. Cardiovascular morbidity and mortality are very high in patients with chronic kidney disease (CKD).The purpose of
this study is to evaluate the impact of continuous erythropoietin receptor activator (CERA) on selected biomarkers of cardiovascular
disease, left ventricle structure, and function in CKD.Material and Methods. Peripheral blood was collected from 25 CKD patients
before and after CERA treatment and 20 healthy subjects. In serum samples, we assessed inflammatory markers (IL-1𝛽, TNF-RI,
TNF-RII, sFas, sFasL, MMP-9, TIMP-1, and TGF-𝛽1), endothelial dysfunction markers (sE-selectin, sICAM-1, and sVCAM-1),
and volume-related marker (NT-proBNP). All subjects underwent echocardiography and were evaluated for selected biochemical
parameters (Hb, creatinine, and CRP). Results. Evaluated biomarkers and echocardiographic parameters of left ventricle structure
were significantly increased but left ventricle EF was significantly decreased in CKD patients compared to controls. After CERA
treatment, we observed a significant increase ofHb and left ventricle EF and a significant decrease ofNT-proBNP andMMP-9.There
was a significant negative correlation between Hb and TNF-RI, sICAM-1, and IL-1𝛽. Conclusions. Our results indicate that selected
biomarkers related to cardiovascular risk are significantly increased in CKD patients compared to controls. CERA treatment has
anti-inflammatory action, diminishes endothelial dysfunction, and improves left ventricle function in these patients.

1. Introduction

Cardiovascular diseases (CVD) are significant causes of
morbidity and mortality all over the world [1]. Well-known
traditional risk factors of CVD are diabetes, hypertension,
obesity, and hyperlipidemia. These factors do not fully
explain the increase of CVD in patients with chronic kidney
disease (CKD) [2] and a very high risk of cardiovascular
death, especially in later stages of CKD [3, 4]. Literature
data indicate that pathology, manifestations, complications,
and management of CVD differ in CKD patients. Standard
therapeutic interventions targeted at traditional risk factors
of CVD, that are successful in the general population, are
ineffective to lower CVD events and mortality in CKD
[5]. It is thought that nontraditional risk factors of CVD
play a very important role in pathogenesis of premature

atherosclerosis and cardiovascular complications in these
patients [2]. The most common nontraditional risk factors
of CVD in CKD patients are anemia, calcium/phosphorus
disorders, hyperparathyroidism, andmalnutrition. It is possi-
ble that early therapeutic approaches targeting traditional and
nontraditional CVD risk factors may prevent CVD events in
CKD, but the information concerning CVD, biomarkers, and
treatment in early stages of CKD is limited. Recent studies
indicate the role of chronic inflammation, oxidative stress,
endothelial dysfunction, and immune cell apoptosis in the
pathogenesis of accelerated atherosclerosis and CVD in CKD
patients [6, 7]. Some biomarkers of chronic inflammation
such as interleukin 1 beta (IL-1𝛽), tumor necrosis factor-
alpha (TNF-𝛼), oxidative stress (reactive oxygen species,
antioxidant enzymes), endothelial dysfunction (asymmetric
dimethylarginine, soluble forms of adhesion molecules), and
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apoptosis (Fas, Fas ligand) are well known [8–12]. For better
understanding of the pathogenesis of CVD in CKD it is
necessary to look for new biomarkers. Recent studies have
proposed soluble TNF receptor type II (TNF-RII) and tissue
inhibitor of metalloproteinase-1 (TIMP-1) as new biomark-
ers of chronic inflammation [13] and metalloproteinase-9
(MMP-9), soluble Fas (sFas), soluble Fas ligand (sFasL),
soluble intercellular adhesion molecule-1 (sICAM-1), and
transforming growth factor-beta 1 (TGF-𝛽1) as new markers
of CVD risk in CKD patients [14–16]. A very important,
nontraditional CVD risk factor in CKD patients is anemia
[17]. Especially in the later stages of CKD, anemia reduces the
quality of life and may increase oxidative stress, endothelial
dysfunction, and immune cell apoptosis and consequently
may be involved in pathogenesis of premature atherosclerosis
and CVD [18]. Anemia treatment with erythropoietin (EPO)
in CKD patients seems to have a pleiotropic effect and may
reduce chronic inflammation, oxidative stress, and immune
cell apoptosis [19]. Our latest studies showed that anemia
treatment with methoxy polyethylene glycol-epoetin beta
(CERA), a long half-life EPO, in CKD patients may inhibit
oxidative stress and immune cell apoptosis [20, 21]. Finally
in consequence of these pleiotropic EPO effects it is thought
that timely correction of anemia may lead to a significant
improvement in the cardiovascular outcome in CKD patients
[22]. The purpose of this study was to evaluate the impact
of CERA treatment by using methoxy polyethylene glycol-
epoetin (MPG-EPO) beta on selected CVD risk biomarkers,
especially of inflammation and endothelial dysfunction, and
left ventricle structure and function, in nondialyzed CKD
patients.

2. Materials and Methods

2.1. Patient Population. Thirty-five patients (20 men and 15
women, median age 59 years, range 45–69) with CKD were
enrolled in the study. All patients were in stage IV of CKD
with an estimated glomerular filtration rate (eGFR) of 15–
29mL/min, calculated according to the Modification of Diet
in Renal Disease (MDRD) equation. They were on conser-
vative treatment and had never undergone dialysis. Patients
with age over 70 years, diabetes, blood transfusion in the
past 3 months, acute infection, chronic infection (hepatitides
B and C), autoimmune disease, immunosuppressive therapy,
increased C-reactive protein (CRP) over 25mg/L, or a history
of malignancy were excluded from the study. The relatively
small number of patients, due to many exclusion criteria,
was sufficient to give statistical power (70–100%). Causes
of CKD were primary hypertension with chronic kidney
disease (40%), chronic tubule-interstitial nephritis (23%),
chronic glomerulonephritis (20%), and polycystic kidney
disease (17%).

The control group included 20 healthy volunteers (12men
and 8 women, median age 56, range 48–63) without CKD
(normal eGFR, hemoglobin concentration, urine analysis,
and kidney ultrasound). All investigated subjects had not
been smoking for at least 5 years.

All CKD patients had anemia with hemoglobin (Hb)
concentration lower than 10 g/dL. After exclusion of bleeding,

iron deficiency, hemolysis, infection, and severe secondary
hyperparathyroidism, they received a subcutaneous injection
of MPG-EPO (Mircera, Roche, Basel, Switzerland) in a
dose of 0.6 𝜇g/kg once monthly. Treatment was continued
until reaching the target Hb concentration of 11–12 g/dL,
achieved by 25 patients, who were enrolled in the next part
of the study. Ten patients started dialysis treatment before
they achieved target Hb and were excluded from the study.
Average treatment time was 227 days (from 108 to 428 days),
and the average MPG-EPO dose was 50 𝜇g/month (from 30
to 75 𝜇g).

The study was approved by the Ethics Committee
of Research of the Medical University of Lodz, number
RNN/97/09/KB. Only patients who signed informed consent
were included in the study.

2.2. Measurement of Biochemical Parameters and Biomarkers.
Peripheral blood was drawn fromCKDpatients twice (before
treatment with MPG-EPO and after achieving target Hb
concentration) and from healthy volunteers once. Overnight
fasting venous blood was collected into sodium citrate tubes
and centrifuged at 4∘C with a speed of 1000 g for 20 minutes.
The obtained serum samples for biomarker assessment were
frozen and stored at −80∘C until processed. We measured
serum concentration of IL-1𝛽, soluble TNF receptors I and
II (TNF-RI, TNF-RII), sFas, sFasL, soluble endothelial leuko-
cyte adhesion molecule-1 (sE-selectin), sICAM-1, soluble
human vascular cell adhesionmolecule-1 (sVCAM-1), MMP-
9, TIMP-1, and TGF-𝛽1 using commercially available human
Quantikine ELISA Kits (R&D Systems, Minneapolis, USA).
Sample collection and storage, reagent preparation, assay
procedure, and calculation of results were performed accord-
ing to the manufacturer’s instructions. The mean minimum
detectable doses of assessed biomarkers, according to the
manufacturer, were as follows: IL-𝛽1, less than 1 pg/mL;
sTNF-RI, 0.77 pg/mL; sTNF-RII, 0.6 pg/mL; sFas, 20 pg/mL;
sFasL, 2.6 pg/mL; sE-selectin, 0.009 ng/mL; sVCAM-1, 0.6
ng/mL; sICAM-1, 0.096 ng/mL;MMP-9, 0.156 ng/mL; TIMP-
1, less than 0.08 ng/mL; TGF-𝛽1, 4.61 pg/mL.The biochemical
parameters, serum Hb, creatinine, C-reactive protein (CRP),
N-terminal pro-brain natriuretic peptide (NT-proBNP) con-
centration, were assessed using standard techniques in a local
laboratory.

2.3. Evaluation of CVD. All CKD patients were diagnosed
with hypertension and received the following hypotensive
drugs: ACE inhibitors, AT-II receptor blockers, loop diuret-
ics, beta blockers, and calcium channel blockers.Themajority
of them were diagnosed with chronic coronary heart dis-
ease and underwent percutaneous coronoplasty with stent
implantation. Some of them presented clinical symptoms of
chronic heart failure, such as shortness of breath, tiredness,
and peripheral edema. To evaluate left ventricle structure
and function, echocardiography was performed twice in
the CKD patients (before MPG-EPO treatment and after
achieving target Hb concentration) and once in the control
group. Echocardiographic examination was performed in
accordance with the recommendations of the ESC Section of
Echocardiography of 2009 using an Aloka ProSound Alpha
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Table 1: Results of biochemical parameters in CKD patients and control group.

Biochemical parameters CKD patients before treatment CKD patients after treatment Control group
(𝑛 = 25) (Me; 25–75%) (𝑛 = 25) (Me; 25–75%) (𝑛 = 20) (Me; 25–75%)

Hb (g/dL) 9.1 (8.7–10.0)∗ 11.6 (11.1–12.1)∗∘ 14.4 (13.3–14.9)
Creatinine (𝜇mol/L) 269 (233–340)∗ 271 (223–348)∗ 90 (77–108)
eGFR (MDRD) (mL/min/1.73m2) 19.6 (15.5–22.8)∗ 18 (15–24.2)∗ 65 (63–74)
CRP (mg/L) 18 (14.1–22.8)∗ 16 (12.2–20.4)∗ 4.5 (3.7–6.9)
NT-proBNP (pg/mL) 355.6 (282.3–432.7)∗ 302 (182.1–401.3)∗∘ 75 (49–101)
∗
𝑝 < 0.05 versus control group; ∘𝑝 < 0.05 versus CKD patients before treatment.

CKD = chronic kidney disease, (Me; 25–75%) = median and interquartile range, Hb = hemoglobin, eGFR (MDRD) = estimated glomerular filtration rate
(Modification of Diet in Renal Disease equation), CRP = C-reactive protein, and NT-proBNP = N-terminal pro-brain natriuretic peptide.

Table 2: Results of assessed biomarkers in CKD patients and control group.

Biomarkers CKD patients before treatment CKD patients after treatment Control group
(𝑛 = 25) (Me; 25–75%) (𝑛 = 25) (Me; 25–75%) (𝑛 = 20) (Me; 25–75%)

IL-1𝛽 (pg/mL) 2.78 (2.00–3.36)∗ 2.69 (2.48–3.15)∗ 1.25 (0.89–1.65)
TNF-RI (pg/mL) 4644 (4156–5677)∗ 4979 (4236–6667)∗ 1151 (930–1332)
TNF-RII (pg/mL) 8010 (7298–8689)∗ 9180 (8845–9908)∗∘ 2351 (1900–2600)
sFasL (pg/mL) 85.9 (68.0–109.9)∗ 94.3 (75.6–103.8)∗ 47.0 (30.5–80.0)
sFas (pg/mL) 3272 (2734–3799)∗ 3206 (2826–3715)∗ 465.0 (368.0–645.0)
sE-selectin (ng/mL) 28.3 (24.2–33.6)∗ 33.5 (26.0–36.2)∗ 15.5 (11.7–22.9)
sICAM-1 (ng/mL) 402.0 (336.0–504.0)∗ 466.0 (355.0–518.0)∗ 242.0 (234.0–272.0)
TIMP-1 (ng/mL) 203.0 (186.5–258.5)∗ 212.0 (178.0–228.0)∗ 110.0 (91.0–131.0)
sVCAM-1 (ng/mL) 2380 (1326–2790)∗ 2600 (1720–4129)∗∘ 840.0 (760.0–1252.0)
MMP-9 (ng/mL) 1062 (665–1455)∗ 586.0 (450.0–764.0)∗∘ 280.0 (217.0–292.0)
TGF-𝛽1 (pg/mL) 21.4 (19.0–30.1)∗ 21.2 (16.5–29.3)∗ 11.6 (9.7–15.5)
∗
𝑝 < 0.05 versus control group; ∘𝑝 < 0.05 versus CKD patients before treatment.

CKD = chronic kidney disease, (Me; 25–75%) = median and interquartile range, IL-1𝛽 = interleukin 1𝛽, TNF-RI = soluble tumor necrosis factor receptor
I, TNF-RII = soluble tumor necrosis factor receptor II, sFasL = soluble Fas ligand, sFas = soluble Fas, sICAM-1 = soluble intercellular adhesion molecule-1,
TIMP-1 = tissue inhibitor of metalloproteinase-1, sVCAM-1 = soluble human vascular cell adhesion molecule-1, MMP-9 = metalloproteinase-9, and TGF-𝛽1 =
transforming growth factor-beta 1.

camera 10 (Hitachi Aloka Medical, Ltd., Tokyo, Japan) by an
experienced cardiologist. Measurements were made in the
M-dimensional and two-dimensional 2D presentation. Flow
parameters were measured by Doppler: continuous wave
(CW), pulse method (PM), and tagged color methods and
tissue Doppler imaging. The following echocardiographic
parameters were assessed: intraventricular septal diameter
(IVSd), left ventricular end systolic diameter (LVESd), left
ventricular end diastolic diameter (LVEDd), and left atrial
diameter (LA). These measurements were used to evalu-
ate left ventricular ejection fraction (EF), left ventricular
mass (LVM), left ventricular hypertrophy (LVH), and left
ventricular diastolic dysfunction (LVDD). Diastolic function
was assessed by determining the velocities of early (E) and
late (A) diastolic transmitral flow, the ratio E-to-A (E/A),
deceleration time (DT), isovolumic relaxation time (IVRT),
and pulmonary vein flow velocities.

2.4. Statistical Analysis. Data are presented as the median
(Me) and interquartile range (Me; 25–75%). Evaluation of sta-
tistical significance was performed with theWilcoxon signed
ranks test for paired data and the Mann-Whitney 𝑈 test
for unpaired data. Correlation between Hb concentration,
evaluated biomarkers, and echocardiographic parameters

was performed by calculation of Spearman 𝑟 correlation
coefficient values. Statistical significance was assumed at a p
value < 0.05.The statistical analysis was carried out using the
statistical software Statistica (StatSoft, Inc., Tulsa, OK, USA).

3. Results

The results concerning biochemical parameters in CKD
patients and the control group are shown in Table 1. Hb
concentration and eGFR were significantly lower in CKD
patients in comparison to the control group, but serum creati-
nine, CRP, andNT-proBNP concentrations were significantly
higher in CKD patients in comparison to the control group.
After MPG-EPO treatment, CKD patients had a significantly
higher Hb concentration and significantly lower serum NT-
proBNP concentration in comparison to before treatment.
MPG-EPO treatment did not change kidney function or
serum CRP concentration.

The results of evaluated biomarkers in CKD patients
before and after MPG-EPO treatment and the control group
are shown in Table 2 and Figure 1. Serum concentration of all
assessed biomarkers was significantly higher in CKD patients
in comparison to the control group. After MPG-EPO treat-
ment, CKD patients had significantly higher serum TNF-RII
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and sVCAM-1 concentrations, butMMP-9 concentrationwas
significantly lower than before treatment.

Table 3 and Figure 2 show the correlation between Hb
concentration and evaluated biomarkers in CKD patients
before and afterMPG-EPO treatment.There was a significant
negative correlation between Hb concentration with serum
TNF-RI and sICAM-1 concentrations.

The correlations between increase of Hb concentration
expressed as absolute values or as percentages and changes
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of evaluated biomarkers expressed as absolute values or
as percentages in CKD patients are shown in Table 4 and
Figure 3.There was a significant negative correlation between
increase of Hb concentration and serum IL-1𝛽 concentration.

Evaluated echocardiographic parameters in the study
groups are shown in Table 5. All CKD patients had left
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Table 3: Correlations between serum Hb concentration and evalu-
ated biomarkers in CKD patients.

Biomarkers

CKD patients
before treatment

CKD patients
after treatment

𝑛 = 25 𝑛 = 25

Hb Hb
IL-1𝛽 (pg/mL) −0.140 0.117
sTNF-RI (pg/mL) −0.040 −0.444∗

sTNF-RII (pg/mL) −0.157 0.270
sFasL (pg/mL) −0.307 −0.015
sFas (pg/mL) −0.196 −0.164
sE-selectin (ng/mL) −0.025 −0.023
sICAM-1 (ng/mL) 0.148 −0.403∗

TIMP-1 (ng/mL) −0.156 −0.222
sVCAM-1 (ng/mL) 0.116 0.083
MMP-9 (ng/mL) 0.102 −0.140
TGF-𝛽1 (pg/mL) −0.026 −0.138
Spearman 𝑟 correlation coefficient values, ∗𝑝 < 0.05.
Hb = hemoglobin, CKD = chronic kidney disease, IL-1𝛽 = interleukin
1𝛽, TNF-RI = soluble tumor necrosis factor receptor I, TNF-RII = soluble
tumor necrosis factor receptor II, sFasL = soluble Fas ligand, sFas =
soluble Fas, sICAM-1 = soluble intercellular adhesion molecule-1, TIMP-1 =
tissue inhibitor of metalloproteinase-1, sVCAM-1 = soluble human vascular
cell adhesion molecule-1, MMP-9 = metalloproteinase-9, and TGF-𝛽1 =
transforming growth factor- beta 1.

ventricular hypertrophy (LVH), and themajority of themhad
left ventricular diastolic dysfunction (LVDD). Left ventric-
ular ejection fraction (EF) was significantly lower in CKD
patients than the control group. After MPG-EPO treatment,
EF inCKDpatientswas significantly increased in comparison
to before treatment but was still significantly lower than
in the control group. Other evaluated echocardiographic
parameters of left ventricle structure were significantly higher
in CKD patients than in the control group, and MPG-EPO
treatment did not change them significantly.

Table 6 and Figure 4 show the correlation between Hb
concentration and evaluated echocardiographic parameters
of left ventricle structure and function.Therewas a significant
positive correlation between Hb and EF and a significant
negative correlation between Hb and LVESd.

4. Discussion

IL-1 (IL-1𝛼 and IL-1𝛽) plays a central role in acute and chronic
inflammation [23]. In our study, plasma concentration of the
proinflammatory cytokine IL-1𝛽 was significantly higher in
CKD patients than in the control group. Our result is com-
parable to data available in the literature where the plasma
IL-1𝛽 concentration was found elevated in nondialyzed CKD
patients as well as in CKD patients on dialysis treatment
[24, 25]. It is well documented that CKD is associated
with chronic inflammation and uremic toxins can induce
production of IL-1 mainly by monocytes and macrophages
[26]. In CKD patients, other proinflammatory cytokines
were found to be elevated, such as IL-6 and TNF-𝛼, which
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Figure 4: Correlation of serum Hb with EF and LVESd in CKD
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= chronic kidney disease.

modify inflammatory and immune reactions [27]. The next
step in the inflammatory reaction is increasing expression
of cell adhesion molecules (E-selectin, ICAM-1, VCAM-1),
responsible for extravasation of leukocytes and activation of
metalloproteinases (MMPs). We found in our study signifi-
cantly elevated plasma sE-selectin, sICAM-1, sVCAM-1, and
MMP-9 concentrations in CKDpatients in comparison to the
control group. Data available in the literature are comparable;
Bonomini et al. found elevated serum levels of soluble ICAM-
1, VCAM-1, and E-selectin in both nondialyzed CKDpatients
and those under dialysis treatment [28]. Other authors
reported elevated levels of these cell adhesion molecules in
patients undergoing chronic hemodialysis [11]. High serum
concentration of soluble adhesionmolecules in CKD patients
may indicate vascular endothelial cell activation, which is
involved in the pathogenesis of atherosclerosis and CVD
in these patients [29]. Elevated plasma levels of sICAM-1
were strongly associated with CVD and could be considered
as a novel biomarker of CVD [30]. Data in the literature
regarding serum MMP-9 concentration, where the authors
found significantly lower MMP-9 concentration in CKD
patients in comparison to the control group [31], are opposite
to our results. IL-1 and other proinflammatory cytokines
induce synthesis of TIMP-1, an inhibitor ofMMP-9, whichwe
found significantly elevated in CKD patients in comparison
to the control group. Similar data have been reported by
other authors [14, 31]. The latest data in the literature indicate
elevated serum MMP-9 concentration as a new biomarker
of CVD in CKD [2] and TIMP-1 concentration as a new
marker of inflammation in CKD patients [13]. In our study,
plasma TGF-𝛽1 concentration was significantly higher than
in the control group. TGF-𝛽1 is well known as a promoter of
extracellular matrix synthesis. In experimental chronic renal
failure, a correlation was found between elevated levels of
TGF-𝛽1 and TNF-𝛼 with cardiac fibrosis [15], which may
indicate the involvement of these biomarkers in pathogenesis
of CVD in CKD.The next proinflammatory cytokine is TNF,
serum concentration of which is elevated in CKD. Literature
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Table 4: Correlation between increase of Hb concentration expressed as absolute values (Δ) or as percentages (%) and change of evaluated
biomarkers expressed as absolute values (Δ) or as percentages (%) in CKD patients.

Biomarkers (Δ) after-before
treatment

Hb (Δ) after-before
treatment

Biomarkers (%)
[(after-before)/before treatment] × 100

Hb (%)
[(after-before)/before treatment] × 100

IL-1𝛽 −0.511∗ IL-1𝛽 −0.484∗

TNF-RI −0.061 TNF-RI −0.081
TNF-RII −0.250 TNF-RII −0.276
sFasL −0.070 sFasL −0.088
sFas −0.096 sFas −0.093
sE-selectin −0.128 sE-selectin −0.105
sICAM-1 0.144 sICAM-1 0.125
TIMP-1 0.040 TIMP-1 0.066
sVCAM-1 −0.074 sVCAM-1 0.013
MMP-9 0.094 MMP-9 0.055
TGF-𝛽1 −0.124 TGF-𝛽1 −0.098
Spearman 𝑟 correlation coefficient values, ∗𝑝 < 0.05.
Hb = hemoglobin, CKD = chronic kidney disease, IL-1𝛽 = interleukin 1𝛽, TNF-RI = soluble tumor necrosis factor receptor I, TNF-RII = soluble tumor
necrosis factor receptor II, sFasL = soluble Fas ligand, sFas = soluble Fas, sICAM-1 = soluble intercellular adhesion molecule-1, TIMP-1 = tissue inhibitor of
metalloproteinase-1, sVCAM-1 = soluble human vascular cell adhesion molecule-1, MMP-9 = metalloproteinase-9, and TGF-𝛽1 = transforming growth factor-
beta 1.

Table 5: Echocardiographic parameters in CKD patients and control group.

CKD patients before treatment CKD patients after treatment Control group
(𝑛 = 25) (Me; 25–75%) (𝑛 = 25) (Me; 25–75%) (𝑛 = 20) (Me; 25–75%)

IVSd (mm) 16 (15.7–18.3)∗ 15 (11.5–18.1)∗ 12 (10.6–13.4)
LVM (g) 287.8 (217.7–357.9)∗ 279.2 (183.2–355.2)∗ 206 (163.8–248.2)
LVESd (mm) 41 (34.8–47.2)∗ 39.9 (32.7–45.1)∗ 36 (30.1–41.9)
LVEDd (mm) 48.5 (41.8–55.2)∗ 47.1 (41.5–52.7)∗ 40 (32.6–47.4)
LA (mm) 41.9 (39.2–44.6)∗ 41.3 (37.1–43.5)∗ 31 (28.8–33.2)
EF (%) 35 (30–42)∗ 42 (35–48)∗∘ 60 (51–69)
LVH (%) 100∗ 100∗ 20
LVDD (%) 96.7∗ 91.6∗ 27
∗
𝑝 < 0.05 versus control group; ∘𝑝 < 0.05 versus CKD patients before treatment.

CKD = chronic kidney disease, IVSd = intraventricular septal diameter, LVM = left ventricular mass, LVESd = left ventricular end systolic diameter, LVEDd
= left ventricular end diastolic diameter, LA = left atrial diameter, EF = left ventricular ejection fraction, LVH = left ventricular hypertrophy, and LVDD = left
ventricular diastolic dysfunction.

data indicate that TNF elevation correlates with high con-
centration of soluble TNF receptors (TNF-RI and TNF-RII),
which are thought to be novel biomarkers of inflammation
in CKD, especially TNF-RII [2]. We found significantly
higher serum TNF-RI and TNF-RII concentrations in CKD
patients in comparison to the control group. Similar datawere
obtained by other authors in nondialyzed CKD patients and
in patients under chronic hemodialysis treatment [32]. The
Fas/FasL system is related to the endothelial cell apoptosis
and inflammatory responses in atherosclerotic plaques [33].
Soluble forms of this system (sFas and sFasL) are proposed as
novel biomarkers of vascular damage and high cardiovascular
risk. Blanco-Colio et al. showed that increased sFas and
decreased sFasL were connected with high cardiovascular
risk [16]. In our study, plasma sFas and sFasL concentrations
were significantly higher in CKD patients in comparison
to the control group. The results of our study indicate that
CKD is strongly associated with inflammation, immune

system dysregulation, endothelial dysfunction, and vascular
damage. All these are involved in pathogenesis of accelerated
atherosclerosis and could be responsible for the high rate of
CVD in patients with CKD. Patients with CKD enrolled in
our study had CVD such as hypertension, chronic coronary
heart disease, and chronic heart failure. They had elevated
serum NT-proBNP concentration and disorders of left ven-
tricle structure and function in comparison to the control
group. Erythropoiesis-stimulating agents (ESAs) are widely
used in CKD patients to correct anemia. It is documented in
the literature that ESAs beside their main action could have a
pleiotropic effect on various cells [34]. It was shown that ESAs
could have anti-inflammatory, antioxidant, and antiapoptotic
action [19–21]. Anemia correction during ESA treatment can
improve heart function [35]. In our study, CKD patients after
MPG-EPO treatment achieved a target Hb concentration
which was significantly higher in comparison to before treat-
ment. We observed improvement of left ventricle function
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Table 6:Correlation between serumHbconcentration and echocar-
diographic parameters of left ventricle structure and function in
CKD patients.

Echocardiographic
parameters

CKD patients
before treatment

CKD patients
after treatment

(𝑛 = 25) (𝑛 = 25)

Hb Hb
IVSd (mm) −0.742 −0.425
LVM (g) −0.953 −0.613
LVESd (mm) −0.768 −0.543∗

LVEDd (mm) −0.748 −0.350
LA (mm) −0.774 −0.498
EF (%) 0.949 0.288∗

Spearman 𝑟 correlation coefficient values, ∗𝑝 < 0.05.
Hb = hemoglobin, CKD = chronic kidney disease, IVSd = intraventricular
septal diameter, LVM = left ventricular mass, LVESd = left ventricular end
systolic diameter, LVEDd = left ventricular end diastolic diameter, LA = left
atrial diameter, and EF = left ventricular ejection fraction.

in CKD patients after MPG-EPO treatment as reflected in a
significant increase of EF and a significant decrease of serum
NT-proBNP concentration. Echocardiographic parameters
of left ventricle structure did not change significantly after
treatment, which may be connected with the relatively short
average treatment time. Further analysis of the correlation
between Hb and echocardiographic parameters of left ven-
tricle structure and function showed a significant positive
correlation between Hb and EF and a significant negative
correlation between Hb and LVESd. These results indicate
that CERA treatment may improve left ventricle function
in CKD patients. After MPG-EPO treatment, we observed
significantly increased serum TNF-RII and sVCAM-1 con-
centrations and a significantly decreased serum MMP-9
concentration.The results concerning TNF-RII and sVCAM-
1 are unclear. On the one hand, they may indicate that
anemia treatment with MPG-EPO enhances inflammation
and endothelial dysfunction. We found only one paper in
the available literature concerning conversion from short
half-life ESAs to MPG-EPO, where the authors noted a
significantly increased plasma VCAM concentration after
conversion to MPG-EPO (Mircera) [36]. On the other hand,
further analysis of our results showed a significant negative
correlation between Hb concentration and serum TNF-RI as
well as sICAM-1 concentration after MPG-EPO treatment.
A significant negative correlation between increase of Hb
concentration and change of serum IL-1𝛽 concentration was
also found. Our results concerning serum concentrations of
MMP-9, TNF-RI, sICAM-1, and IL-1𝛽 indicate that CERA
treatment using MPG-EPO beside the main action to correct
anemia can improve left ventricle function, demonstrate anti-
inflammatory action, and may improve endothelial function
in nondialyzed CKD patients. In the available literature, most
data about ESAs concern the short half-life ESAs usedmainly
1–3 times weekly in CKD patients. It is well documented that
short half-life ESAs can prevent accelerated atherosclerosis
and cardiovascular complications in CKD [19, 35]. However,
high doses of the short half-life ESAs were associated with

elevated inflammatory biomarkers [37] and higher mortality
risk [38]. In our study, we used the long half-life ESA MPG-
EPO (CERA), which can be injected once or twice monthly
only [39]. We achieved long and slow action of the used
ESA with slow correction of anemia, without impairment of
renal function and at the same time a positive impact on the
evaluated biomarkers of cardiovascular risk and left ventricle
function. Anemia treatment with CERA in nondialyzed CKD
patients may have significant potential to prevent or reduce
cardiovascular complications in these patients. In an animal
model, it was shown that chronic treatment with CERA
protects against cardiac fibrosis [40]. However, a large-scale
longitudinal clinical study should be conducted to determine
whether the improvement of inflammation and endothelial
dysfunction biomarkers caused by CERA treatment has an
impact on better cardiovascular outcome in CKD patients.
Further research may also determine whether CERA treat-
ment already in early stages of CKD could improve the CVD
outcome in these patients.

5. Conclusions

The results of our study indicate that all evaluated biomarkers
of inflammation and endothelial dysfunction are significantly
increased in nondialyzedCKDpatients compared to controls.
From our study, the most important new inflammatory
biomarkers of CVD risk in CKD patients seem to be TNF-
RI, sICAM-1, and MMP-9. CERA treatment by use of MPG-
EPOhas anti-inflammatory action,may diminish endothelial
dysfunction, and improves left ventricle function in CKD
patients. These beneficial effects of MPG-EPO treatment in
these patients could be due to the correction of anemia and
improvement of blood circulation and oxygenation of tissue
and organs. CERA treatment could be considered as a novel
therapeutic approach to prevent some mechanisms involved
in pathogenesis of the atherosclerotic process and CVD in
CKD patients. Further intensive research on large groups
of patients is needed to confirm the positive correlation
between CERA treatment and the decrease of cardiovascular
complications in CKD patients.
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Amiodarone- (AM-) induced pulmonary toxicity (AIPT) is still a matter of research and is poorly understood. In attempting to
resolve this issue, we treated Sprague-Dawley rats with AM doses of 80mg/kg/day/i.p. for one, two, three, and four weeks. The
rats were weighed at days 7, 14, 21, and 28 and bronchoalveolar lavages (BAL) were obtained to determine total leukocyte count
(TLC). For each group, lung weighing, histopathology, and homogenization were performed. Fresh homogenates were used for
determination of ATP content, lipid peroxides, GSH, catalase, SOD, GPx, GR activities, NO, and hydroxyproline levels. The results
showed a significant decrease in body weight and GSH depletion together with an increase in both lung weight and lung/body
weight coefficient in the first week. Considerable increases in lung hydroxyproline level with somehistopathological alterationswere
apparent. Treatment for twoweeks produced a significant increase in BAL fluid, TLC,GR activity, andNO level in lung homogenate.
The loss of cellular ATP and inhibition of most antioxidative protective enzymatic system appeared along with alteration in SOD
activity following daily treatment for three weeks, while, in rats treated with AM for four weeks, more severe toxicity was apparent.
Histopathological diagnosis was mostly granulomatous inflammation and interstitial pneumonitis in rats treated for three and four
weeks, respectively. As shown, it is obvious that slow oedema formation is the only initiating factor of AIPT; all other mechanisms
may occur as a consequence.

1. Introduction

Amiodarone (AM) is benzofuran derivativewith highly effec-
tive class III antidysrhythmic activity. It is used for treating
ventricular and supraventricular dysrhythmia and may have
a role in postmyocardial infraction mortality reduction [1].
However, it is associated with many side effects involving
many different organ systems [2]. The most serious side
effect of amiodarone is pulmonary toxicity. Amiodarone-
induced pulmonary toxicity (AIPT) is characterized in part
by oedema, phospholipidosis, inflammation and thickening
of the alveolar septa, intra-alveolar inflammation, and pul-
monary fibrosis [3–5]. The etiology of AIPT is unknown.
However, several causes have been proposed, including direct
or indirect toxicity. It has also been postulated that the cause
is complex and multifactorial, possibly involving several
mechanisms [6].

Consequently, the mechanism of the adverse reaction
is still a matter of research. Thus, the overall objective of
this study was to shed light on the possible mechanism(s)
associated with AIPT in rats.

2. Materials and Methods

2.1. Drug. Amiodarone was obtained from MP Biomedical,
USA. Amiodarone solution was freshly prepared by dissolv-
ing it in distilled water at 65∘C and allowing it to cool to room
temperature before use in the experiments [7–9].

2.2. Chemicals. Chemicals were obtained from the suppliers
as follows. Calcium-free and magnesium-free phosphate-
buffered saline (PBS) was obtained from MP Biomedicals,
SantaAna, CA,USA.Thiobarbituric acid (TBA)was obtained
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from Fluka, Buchs, Switzerland. Ellman’s reagent (5.5-
dithiobis-(2-nitrobenzoic acid)) (DTNB), sulfanilamide, ade-
nosine triphosphate (ATP), sodium nitrate, and the chemical
for measurement of glutathione reductase (GR) activity were
obtained from Sigma-Aldrich, St. Louis, MO, USA. Chlo-
ramine-T and sodium dodecyl sulfate (SDS) were obtained
from Winlab Laboratory Chemicals, Leicestershire, UK. N-
(Naphthyl)-ethylenediamine dihydrochloride (NEDD) was
obtained from Riedel-de Haёn, D3010 Seelze, Germany.
4-Dimethylaminobenzaldehyde was obtained from BDH
Chemicals Ltd., Poole, UK. Diagnostic kits for measurement
of superoxide dismutase (SOD) and glutathione peroxidase
(GPx) were obtained from Randox Laboratories Ltd., Crum-
lin, UK. All other chemicals were of highest analytical grade.

2.3. Animals and Treatments. Adult Sprague-Dawley rats
(Experimental Animal Care Centre, College of Pharmacy,
KSU, SA), weighing 130–150 g, were maintained on a 12 h
light/12 h dark cycle and fed a standard animal pellet diet with
free access to water.

Rats were randomly allocated into eight groups (10 ani-
mals/group). Amiodarone (or equivalent volume of vehicle
for control groups) was given 80mg/kg/day/i.p. for 1, 2, 3, and
4 weeks for treated groups. Rats underwent the experiment
protocols at days 7, 14, 21, and 28 following amiodarone
injections of their respective group. The dose of amiodarone
used in the present study was selected based on the previous
report of Kannan et al. [10].

2.4. Total Leukocyte Count in Bronchoalveolar Lavage Fluid
BALF. Rats were anesthetized using a mixture of ketamine
(90mg/kg/i.p.) and xylazine (10mg/kg/i.p.). An incision was
made in the trachea and 5mL of PBS at 37∘C was slowly
injected into the trachea by catheter needle.This was repeated
two more times so that approximately 15mL was recovered
and kept on ice. Lavage samples were used immediately to
measure total leukocyte counts [11].

Total leukocyte counts were measured according to the
method of Barbara and Stanley [12]. In brief, cell viability of
lung cell was measured using the trypan blue dye exclusion
technique. Equal volumes of lung cell suspension and trypan
blue stain (0.047%) were mixed and a drop on the hemocy-
tometer.The viable cells (unstained) were counted with a low
power light microscope.

2.5. Isolation and Homogenization of Lung Samples. After
withdrawal of BALF, the lungs were excised and immersed
into saline, blotted, weighed, placed directly in liquid nitro-
gen, and stored at −80∘C for further analysis. Homoge-
nization was done freshly. The homogenate was used for
determination of biochemical parameters and the freshly
removed lungs fragments were fixed in 10% formalin for
histopathology.

2.6. Calculation of Lung/Body Weight Coefficient. Total body
weight, lung wet weight, and relative lung/body coefficient
were calculated. The lung/body coefficient was calculated as
previously reported by Chen et al. [13].

2.7. Determination of Lipid Peroxides (MDA) and Reduced
Glutathione (GSH) Content in Lung Homogenates. The lipid
peroxide level in lung homogenate was determined as thio-
barbituric acid-reactive substances spectrophotometrically
at an absorbance of 532 nm, by the method of Ohkawa et
al. [14], and the concentrations were expressed as nmole
malondialdehyde (MDA) per gram tissue. Tissue levels of the
acid soluble thiols, mainly reduced glutathione GSH, were
assayed spectrophotometrically at 412 nm, according to the
method of Ellman [15]. The GSH content was expressed as
𝜇mol/g lung.

2.8. Determination of Nitric Oxide (NOx) in Lung Homo-
genates. The tissue level of total nitrate/nitrite (NOx) was
determined by the acidic Griess reaction. Prior to the Griess
reaction all nitrate was converted to nitrite using vanadium
trichloride as described by Miranda et al. [16].

2.9. Determination of Antioxidant Enzymes in Lung Homo-
genates. Glutathione reductase was measured by monitoring
the oxidation of NADPH at 340 nm in presence of oxidized
glutathione. The glutathione reductase activity is expressed
as nmol/min/g lung according to the glutathione reductase
assay kit (Sigma-Aldrich, St. Louis, MO, USA) instructions.

Glutathione peroxidase was measured by monitoring the
oxidation of NADPH at 340 nm according to the method of
Paglia and Valentine [17].The glutathione peroxidase activity
is expressed as nmol/min/g lung.

Catalase (CAT) activity was determined spectrophoto-
metrically according to the method of Higgins et al. [18],
namely, via the assay of hydrogen peroxide (H

2
O
2
). Catalase

activity is expressed as 𝜇mol/min/g lung using a molar
absorbance of 43.6 for H

2
O
2
.

The superoxide dismutase assay was a slight modification
of the indirect inhibition assay developed by McCord and
Fridovich [19]. Superoxide dismutase was measured by mon-
itoring the decrease of the rate of detector 2(4-iodophenyl)-
3-(4-nitrophenol)-5-phenyltetrazolium chloride (INT) reac-
tion with superoxide anion. The superoxide dismutase activ-
ity was measured at 505 nm and is expressed as U/g tissue.

2.10. Determination of Adenosine Triphosphate in LungHomo-
genates. Adenosine triphosphate (ATP) levels were deter-
mined in lung homogenates using HPLC according to the
method reported by Botker et al. [20]. In brief, kidney
tissues were homogenized in ice-cold 6% perchloric acid and
centrifuged at 110 g for 15min at 0.5∘C and the supernatant
was injected onto the HPLC after neutralization to pH 6-7.
Chromatographic separation was performed at a flow rate of
1.2mL/min, using ODS-Hypersil, 150 × 4.6mm I.D. 5mm
column (Supelco S.A., Gland, Switzerland) and 75mmol/L
ammonium dihydrogen phosphate as the mobile phase. The
peak elution was followed at 254 nm.

2.11. Determination of Hydroxyproline in Lung Homogenates.
Hydroxyproline was determined as a biochemical index of
fibrosis. In brief, 10 𝜇L of lung homogenates was hydrolyzed
in 40 𝜇L of 2NNaOH at 120∘C for 20min. Absorbance of
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each sample was read at 550 nm and the concentration of
hydroxyproline was determined from the standard curve as
𝜇g/g lung according to Reddy and Enwemeka [21].

2.12. Histopathological Examination. Lung specimens were
fixed in formalin (10%) for 24 hrs, until the tissue became
hard enough to be sectioned. Tissues were then embedded
in paraffin wax, serially sectioned (5 𝜇m in thickness), and
stained with hematoxylin for 10min then counterstained in
eosin for 1min, followed by rapid rinsing in distilled water.
Finally, tissues were dehydrated, mounted, and examined
using a light microscope (United Medical Laboratories,
Riyadh, Saudi Arabia).

2.13. Statistical Analysis. Data are expressed as mean ± stan-
dard error (SE). Statistical comparison between treatment
and control groups in each week was done using Student’s
𝑡-test. One-way analysis of variance (ANOVA) followed by
Tukey-Kramer multiple comparisons test and Wilcoxon’s
signed rank test for statistical comparison betweenmore than
two groups measures using a software computer program
(Graphpad InStat, Version 3). Significance was accepted at
𝑃 < 0.05.

3. Results

The results of the study revealed that daily intraperitoneal
administration of AM (80mg/kg/day i.p.) for one, two,
three, and four weeks resulted in a significant decrease
in body weight (Figure 1), indicating that the animals had
reacted adversely to the amiodarone treatment. The signif-
icant increase in wet lung weight (Figure 2) and lung/body
coefficient (Figure 3) and the large increase in total cell count
number in BALF (Figure 4) indicated that oedema started
early and was followed by inflammation.

AM given to rats in a dose of 80mg/kg/day i.p. decreased
the lung content of malondialdehyde (MDA) (Figure 5)
compared to the value obtained from the control group
(68.10±6.27 to 47.58±6.10, 107.43±7.10 to 45.61±3.52, and
107.4±7.1 to 30.56±2.64 nmol/g lung for two, three, and four
weeks, resp.), which can be explained as indicated as part of
the antioxidant effect of AM. Throughout all the treatment
periods, AM decreased the GSH level significantly in lung
homogenate (Figure 6). The level was decreased by 50% after
oneweek, 34.8% after twoweeks, 52.6% after three weeks, and
∼100% after fourweeks as comparedwith the untreated group
following intraperitoneal administration of AM.

In the current study, daily administration of amiodarone
for two, three, and fourweeks resulted in a significant increase
in nitrate/nitrite concentration in the lung homogenate com-
pared to a control value (Figure 7). However, administration
of AM for two weeks resulted in a significant decrease in
the level of catalase (Figure 8) and glutathione peroxidase
(Figure 9) together with a significant increase in glutathione
reductase activity (Figure 10).The same results were obtained
following daily administration of amiodarone for three
weeks; the only difference was the observed decrease in the
SOD level (Figure 11).Daily administration of amiodarone for
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Figure 1:The effect of amiodarone on rat body weight. Amiodarone
was given (80mg/kg/day i.p.) for one, two, three, and four weeks.
Each group was compared with its respective control. The body
weight was determined on days 7, 14, 21, and 28. The data represent
themean± SEMof 10 rats. ∗Significant difference from control group
(𝑃 < 0.05).
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Figure 2:The effect of amiodarone on rat lung weight. Amiodarone
was given (80mg/kg/day i.p.) for one, two, three, and four weeks.
Each group was compared with its respective control. The lung
weight was determined on days 7, 14, 21, and 28. The data represent
themean± SEMof 10 rats. ∗Significant difference from control group
(𝑃 < 0.05).

four weeks produced a significant decrease in the activity of
all antioxidant enzymes.

The results obtained in the current study clearly demon-
strate that daily administration of amiodarone for two and
three weeks produced a significant depletion in ATP level
(Figure 12) from 71.88± 4.25 to 36.45± 2.69 nmol/g lung and
from 50.37 ± 0.73 to 32.05 ± 2.01 nmol/g lung, respectively.

The lung hydroxyproline of amiodarone-treated groups
was significantly increased (Figure 13) by approximately
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Figure 3: The effect of amiodarone on rat lung/body coefficient.
Amiodarone was given (80mg/kg/day i.p.) for one, two, three, and
four weeks. Each group was compared with its respective control.
The lung/body coefficient was calculated on days 7, 14, 21, and 28.
The data represent the mean ± SEM of 10 rats. ∗Significant difference
from control group (𝑃 < 0.05).
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Figure 4: The effect of amiodarone on total leukocyte count
in bronchoalveolar lavage fluid of rat. Amiodarone was given
(80mg/kg/day i.p.) for one, two, three, and four weeks. Each group
was compared with its respective control. The total leukocyte count
was calculated ondays 7, 14, 21, and 28.Thedata represent themean±
SEMof 10 rats. ∗Significant difference from control group (𝑃 < 0.01).

50%, 61%, 71%, and 70.6% at one, two, three, and four
weeks, respectively, as compared to the water control groups.
Histopathological diagnosis was mostly interstitial capillary
dilation with some lymphocytes, granulomatous inflamma-
tion, interstitial pneumonitis, and thickened alveolar walls in
the treated groups (Figures 14–18).
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Figure 5:The effect of amiodarone on malondialdehyde MDA level
in lung rat homogenate. Amiodarone was given (80mg/kg/day i.p.)
for one, two, three, and fourweeks.MDAwasmeasured on days 7, 14,
21, and 28.The data represent themean ± SEMof 10 rats. ∗Significant
difference from control group (𝑃 < 0.05). ∗∗Significant difference
from control group (𝑃 < 0.01).
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Figure 6: The effect of amiodarone on reduced glutathione (GSH)
level in rat lung homogenate. Amiodarone was given (80mg/kg/day
i.p.) for one, two, three, and four weeks. Each group was compared
with its respective control. The reduced glutathione was measured
on days 7, 14, 21, and 28. The data represent the mean ± SEM of 10
rats. ∗Significant difference from control group (𝑃 < 0.01).

4. Discussion

It is evident that the most important characteristic features
obtained following daily i.p. administration of amiodarone
in rats for one week include decreased body weight together
with an increase in both lung weight and lung/body weight
coefficient. Glutathione depletion was observed. Consid-
erable increases in lung hydroxyproline level with some
histopathological alterations are apparent.
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Figure 7: The effect of amiodarone on nitric oxide as nitrate/nitrite
concentration in rat lung homogenate. Amiodarone was given
(80mg/kg/day i.p.) for one, two, three, and four weeks. Each group
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concentration was measured on days 7, 14, 21, and 28. The data
represent the mean ± SEM of 10 rats. ∗Significant difference from
control group (𝑃 < 0.05). ∗∗Significant difference from control
group (𝑃 < 0.01).
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Figure 8: The effect of amiodarone on catalase activity in rat lung
homogenate. Amiodarone was given (80mg/kg/day i.p.) for one,
two, three, and four weeks. Each group was compared with its
respective control. The catalase activity was measured on days 7, 14,
21, and 28.The data represent themean ± SEMof 10 rats. ∗Significant
difference from control group (𝑃 < 0.05). ∗∗Significant difference
from control group (𝑃 < 0.01).

The observed change in lung glutathione status is, there-
fore, indicative of specific pulmonary response to amio-
darone exposure, which is in good agreement with data
obtained from several investigations.
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Figure 9:The effect of amiodarone on glutathione peroxidase activ-
ity in rat lung homogenate. Amiodarone was given (80mg/kg/day
i.p.) for one, two, three, and four weeks. Each group was compared
with its respective control. The glutathione peroxidase activity was
measured on days 7, 14, 21, and 28. The data represent the mean ±
SEMof 10 rats. ∗Significant difference from control group (𝑃 < 0.05).
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Figure 10:The effect of amiodarone on glutathione reductase activ-
ity in rat lung homogenate. Amiodarone was given (80mg/kg/day
i.p.) for one, two, three, and four weeks. Each group was compared
with its respective group. The glutathione reductase activity was
measured on days 7, 14, 21, and 28. The data represent the mean ±
SEMof 10 rats. ∗Significant difference from control group (𝑃 < 0.05).

Further studies have revealed that amiodarone is metab-
olized to an aryl radical that may give rise to other reactive
oxygen species [22, 23].

Both catalytic and scavenger antioxidants have been
shown to attenuate amiodarone-induced lung injury and
fibrosis in animals [24].

Reactive oxygen species (ROS, e.g., H
2
O
2
) cause endothe-

lial injury leading to oedema, thrombosis, and inflammation,
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Figure 11: The effect of amiodarone on superoxide dismutase activ-
ity in rat lung homogenate. Amiodarone was given (80mg/kg/day
i.p.) for one, two, three, and four weeks. Each group was compared
with its respective control. The superoxide dismutase activity was
measured on days 7, 14, 21, and 28. The data represents the mean ±
SEMof 10 rats. ∗Significant difference from control group (𝑃 < 0.01).
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Figure 12: The effect of amiodarone on ATP level in rat lung
homogenate. Amiodarone was given (80mg/kg/day i.p.) for one,
two, and three weeks. The ATP level was measured on days 7, 14,
and 21. The data represent the mean ± SEM of 10 rats. ∗Significant
difference from control group (𝑃 < 0.01).

contributing to morbidity and mortality in acute lung injury
(ALI), ischemia-reperfusion (I/R), and many other disease
conditions [25–30].

ROS cause endothelial dysfunction manifested by
increased permeability, leukocyte recruitment, adhesion and
transmigration, thrombosis, and other pathways initiating
and propagating inflammation [31, 32]. However, current
means for vascular protection have provided inconsistent
results in many animal and clinical studies, at least in part
due to suboptimal delivery of antioxidants to the endothelial
cells.
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Figure 13: The effect of amiodarone on hydroxyproline content of
rat lung homogenate. Amiodarone was given (80mg/kg/day i.p.) for
one, two, three, and four weeks. Each group was compared with
its respective control. The hydroxyproline content was measured on
days 7, 14, 21, and 28.The data represents the mean ± SEM of 10 rats.
∗Significant difference from control group (𝑃 < 0.01).

On the other hand, the pulmonary endothelium rep-
resents the source of ROS generated via diverse enzy-
matic mechanisms by leukocytes, alveolar macrophages, and
endothelial cells themselves [31, 33–35].

Indicators of general lung cell injury, including lung
weights and lung/body weight coefficient, all increased early
after amiodarone dosing and remained elevated at every time
period examined. Interstitial capillary dilatation with some
lymphocytes produced by amiodarone in the present study
may explain the effect of the drug in increasing capillary per-
meability and subsequent oedema formation. The increased
hydroxyproline level may correlate with oedema that occurs
early after amiodarone administration and infiltration by
inflammatory cells days after.

The data obtained in the present study suggest that
inflammation is absent in early AIPT and may occur as a
consequence of lung oedema or the process that leads to
oedema formation (Figures 1–4).

In rats treated with amiodarone for two weeks, an
increased total leukocyte count is observed in BALF. Such
increase is an informative measure of inflammation in the
lung.

The elevation of glutathione reductase activity observed
most likely represents inflammation of lung and the associ-
ated influx of glutathione reductase-containing inflammatory
cells rather than an adaptive induction due to oxidative stress.
Loss of cellular ATP can be considered as a pivotal event
in the initiation of amiodarone cytotoxicity in the lung. The
inhibition of most of the antioxidative protective enzymatic
system supports the generation of more ROS and subsequent
role of oxidative stress in AIPT.

The alteration in SOD activity produced by administra-
tion of amiodarone for three weeks is indicative of changes in
the handling of ROS.
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Figure 14: Histopathology of control rat. Microscopic description: normal rat lung.

Figure 15: Effect of amiodarone on rat lung histopathology. Amiodaronewas given (80mg/kg/day i.p.) for oneweek.Microscopic description:
examination reveals fragments of lung tissue showing vascular congestion, unremarkable bronchi, and interstitial capillary dilation with some
lymphocytes.

Figure 16: Effect of amiodarone on rat lung histopathology. Amiodarone was given (80mg/kg/day i.p.) for two weeks. Microscopic
description: examination reveals fragments of lung tissue showing interstitial vascular congestion and moderate lymphocytic infiltrate. The
bronchi are unremarkable.

The increased NO observed is indicative of oxidant-
related tissue injury by formation of highly reactive nitro-
gen intermediates. For example, NO reacts with superoxide
and generates a highly reactive metabolite, peroxynitrite
(OONO−), which is presumed to be largely responsible for
most of the adverse effects of excessive generation of NO [36].
Since this reaction occurs at a nearly diffusion limited rate, it

is assumed that NO can outcompete superoxide dismutases
(SOD) for reaction with O

2

− and that OONO− will be
generated as a consequence of the simultaneous production
of O
2

− and NO [37]. Thus, the role of NO in AIPT cannot
be ruled out. Targeting SOD or SOD mimetics may help to
decompose superoxide anion and thus prevent inactivation
of nitric oxide and oxidative nitration in the tissues [38, 39].
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Figure 17: Effect of amiodarone on rat lung histopathology. Amiodarone was given (80mg/kg/day i.p.) for three weeks. Microscopic
description: inflamed lung tissue showing nodular collection of lymphocytes and subpleural granulomas with multinucleated giant cells.
The lung tissue is emphysematous and congested. Histopathologic diagnosis: granulomatous inflammation.

Figure 18: Effect of amiodarone on rat lung histopathology. Amiodarone was given (80mg/kg/day i.p.) for four weeks. Microscopic
description: emphysematous lung tissue showing nodular lymphocytic collection and thickened alveolar walls that contain lymphocytes
and neutrophils. Histopathologic diagnosis: interstitial pneumonitis.

The study was extended to a fourth week in a trial to
follow up the progression of AIPT; more severe toxicity
is apparent with approximately the same changes seen in
rats treated with amiodarone for three weeks except for a
significant reduction in glutathione reductase activity which
can be explained as a sort of imbalance between oxidant and
antioxidant systems.Daily i.p. administrations of amiodarone
for five weeks resulted in a considerable mortality.

In conclusion, it is evident that AIPT occurs in rats
following daily i.p. administration in a sequence of oedema
formation, inflammatory reactions, and severe imbalance
between ROS production and antioxidant defenses (oxida-
tive stress) ending ultimately in severe lung toxicity. Such
oedema may lead to pulmonary fibrosis and we think the
future research should focus on better understanding of the
mechanisms involved in oedema formation by amiodarone.
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The opening of mitochondrial permeability transition pore (mPTP) is a major cause of cell death in ischemia reperfusion injury.
Based on our pilot experiments, plant natural product formononetin enhanced the survival of rat cardiomyocyte H9c2 cells
during oxygen glucose deprivation (OGD) and reoxygenation. For mechanistic studies, we focused on two major cellular factors,
namely, reactive oxygen species (ROS) and glycogen synthase kinase 3𝛽 (GSK-3𝛽), in the regulation of mPTP opening. We found
that formononetin suppressed the formation of ROS and superoxide in a concentration-dependent manner. Formononetin also
rescued OGD/reoxygenation-induced loss of mitochondrial membrane integrity. Further studies suggested that formononetin
induced Akt activation and GSK-3𝛽 (Ser9) phosphorylation, thereby reducing GSK-3𝛽 activity towards mPTP opening. PI3K
and PKC inhibitors abolished the effects of formononetin on mPTP opening and GSK-3𝛽 phosphorylation. Immunoprecipitation
experiments further revealed that formononetin increased the binding of phosphor-GSK-3𝛽 to adenine nucleotide translocase
(ANT) while it disrupted the complex of ANT with cyclophilin D. Moreover, immunofluorescence revealed that phospho-GSK-
3𝛽 (Ser9) was mainly deposited in the space between mitochondria and cell nucleus. Collectively, these results indicated that
formononetin protected cardiomyocytes from OGD/reoxygenation injury via inhibiting ROS formation and promoting GSK-3𝛽
phosphorylation.

1. Introduction

Acute myocardial infarction (AMI) is a leading cause of
human death worldwide [1]. Timely reperfusion effectively
reduces short-term mortality in early-reperfusion phase [2].
One of the on-going issues is that reperfusion itself leads to
additional injury, causing all forms of cell death and con-
tractile dysfunction of surviving cells [3]. The mitochondrial
permeability transition pore (mPTP) is implicated in the
pathogenesis of myocardial ischemia-reperfusion injury [4].
Ischemia induces the close of mPTP, whereas reperfusion

promotes the mPTP opening [5]. Thus, control of mPTP
opening at the early reperfusion is important to protect the
heart against reperfusion injury [6]. Among various regula-
tors of mPTP opening, glycogen synthase kinase 3𝛽 (GSK-
3𝛽) is a constitutively active serine or threonine protein
kinase [7]. GSK-3𝛽 stimulates themPTPopening and thereby
induces mitochondrial dysfunctions in myocardial ischemia
reperfusion [8]. The enzymatic activity of GSK-3𝛽 is regu-
lated by phosphorylation. Phosphorylation at tyrosine 216
increases the activity, whereas phosphorylation at serine 9
significantly decreases the enzymatic activity of GSK-3𝛽
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Figure 1: Formononetin protected cardiomyocyte H9c2 cells
against OGD/reoxygenation injury. (a) Chemical structure of for-
mononetin. (b) Effect of formononetin on the cell viability of H9c2
cells under normal or OGD/reoxygenation condition. H9c2 cells
were treated with formononetin at various concentrations either
under normal condition for 24 h (Normal) or subjected to OGD for
8 h followed by reoxygenation for 16 h (OGD/R). The cell viability
was determined by MTT assay. The values represent mean ± SD
(𝑛 = 5). ##

𝑝 < 0.01 (OGD/R versus Normal); ∗∗𝑝 < 0.01 (drug
versus OGD/R).

[7]. Moreover, phospho-GSK-3𝛽 (Ser9) suppresses pore for-
mation via interacting with adenine nucleotide translocase
(ANT), a major component of mPTP [9]. These results
highlight the importance of mPTP dynamics in myocardial
ischemia reperfusion injury.

Medicinal plants such as Radix Astragali are widely used
to treat cardiovascular diseases in traditional Chinese medi-
cine [10, 11]. As a major isoflavone compound from Radix
Astragali, formononetin bearing the structure shown in
Figure 1(a) exhibits a wide range of pharmacological prop-
erties such as anticancer [12, 13], anti-inflammatory [14],
antioxidant [15], antiviral [16], neuroprotective activities [17,
18], and wound healing [19]. However, little is known about
the molecular mechanisms underlying the cardioprotective
potential of formononetin within the context of myocardial
infarction.

In the present study, we initially discovered that for-
mononetin enhanced the survival of rat cardiomyocyte H9c2
cells during oxygen glucose deprivation (OGD) and reoxy-
genation. We hypothesize that formononetin may protect
cardiomyocytes against ischemia reperfusion injury by pre-
venting mPTP opening.We focused on the role of GSK-3𝛽 in
the regulation of mPTP opening in H9c2 cells. We further
examined the effects of formononetin on reactive oxygen
species (ROS), PI3K/Akt, and PKC.

2. Materials and Methods

2.1. Materials and Regents. Formononetin was obtained from
Yick-Vic Chemicals & Pharmaceuticals Ltd, (Hong Kong).
Antibodies for GSK-3𝛽 and adenine nucleotide translo-
case (ANT) were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). Antibodies against phospho-
GSK-3𝛽 (Ser9), glyceraldehydes-3-phosphate dehydrogenase
(GAPDH), Akt, and phospho-Akt were obtained from Cell
Signaling Technology (Boston,MA,USA). AnticyclophilinD
(anti-Cyp-D) was purchased from Thermo Fisher Scientific
Inc. (Waltham, MA, USA). Alexa Fluor 594-conjugated goat
anti-rabbit IgG secondary antibody and Alexa Fluor 488-
conjugated goat anti-mouse IgG secondary antibody were
obtained from Invitrogen (Carlsbad, CA, USA).

2.2. Cell Culture. Rat cardiomyocyte H9c2 cell line was
obtained from Shanghai Institute for Biological Sciences,
Chinese Academy of Science (Shanghai, China), and cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine serum
(Gibco/BRL, Gaithersburg, MD, USA), 2mM glutamine, and
100U/mL penicillin A/streptomycin at 37∘C in a humidified
incubator containing 5% CO

2
.

2.3. Measurement of ROS and Superoxide Production. H9c2
cells were seeded in 6-well plate at the density of 0.3 ×
105 cells/mL overnight. After 24 h incubation, the cells were
exposed to OGD condition for 8 h and subsequently treated
with formononetin at different concentrations under reoxy-
genation condition for 30min. For the detection of intra-
cellular ROS, the cells were stained with 5𝜇M of 2,7-
dichlorofluorescein-diacetate (DCFH2-DA) from Life Tech-
nologies (Grand Island, NY, USA) at 37∘C for 30min. On
the other hand, the intracellular superoxide ion was detected
with dihydroergotamine (DHE) from Invitrogen Molecular
Probes (Eugene, OR, USA) at 37∘C for 30min. After the
removal of excessive probes, the cells were imaged on a laser
scanning fluorescence microscope (Carl-Zeiss, Jena, Ger-
many). The results were expressed as a percentage of the
intracellular ROS or superoxide production in OGD/reoxy-
genation-treated cells based on the analysis using NIH Image
J software (http://imagej.nih.gov/ij/).

2.4. Imaging of Mitochondrial Membrane Integrity. Mito-
chondrial membrane integrity was detected by staining with
tetramethylrhodamine methyl ester (TMRM) and calcein-
AM as reported [20, 21]. Briefly, H9c2 cells were exposed
to OGD condition for 8 h and treated with formononetin
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(5 to 30 𝜇M) under reoxygenation condition for another
20min. H9c2 cells were incubated with 250 nM TMRM in
medium for 15min. For calcein-AM staining, the H9c2 cells
were loaded with 1𝜇M calcein-AM in the presences of 8mM
cobalt chloride for 30min. After the removal of excessive dye
by three washes with PBS, the cell monolayer was examined
and imaged under a fluorescence microscope (Carl-Zeiss,
Jena, Germany) through a 560 nm long-path filter.

2.5. Immunoprecipitation. Immunoprecipitation (IP) was
performed as previously described [9]. In brief, 500 𝜇g of
total cellular proteins from different treatment groups was
incubated with 1𝜇g primary antibodies against ANT and
phospho-GSK-3𝛽 for 1 h at 4∘C. The mixture was incubated
with 20𝜇L of protein A/G PLUS-agarose slurry (Santa Cruz,
CA, USA) at 4∘C overnight. The samples were subsequently
centrifuged at 2500 rpm for 5min at 4∘C. The precipitations
were recovered and washed with PBS buffer for 3 times.
Finally, the pellets were dissolved in 60 𝜇L of 1x electrophore-
sis sample buffer and boiled for 5min. Thirty microliters of
each sample was analyzed by Western blotting.

2.6. Western Blot Analysis. The cellular proteins were extracted
with ice-cold RIPA buffer according to the manufacturer’s
instructions (Sigma-Aldrich, St. Louis, MO, USA). In brief,
30 𝜇g of the cellular proteins was resolved in 10% SDS-PAGE
and subsequently transferred onto polyvinylidene difluo-
ride (PVDF) membrane (EMD Millipore, Billerica, MA,
USA). Following the incubation in 5% BSA in TBST (50mM
Tris-Cl, 150mM NaCl, 0.1% Tween-20, pH 7.6) at room
temperature for 2 h, the membranes were probed with the
primary antibodies against the indicated proteins (1 : 1,000
dilution) at 4∘C overnight. After three washes with TBST
buffer, the membranes were incubated with horseradish
peroxidase- (HRP-) conjugated secondary antibody (1 : 1,000
dilution) at 4∘C for 3 h and visualized by enhanced chemi-
luminescence (ECL) reaction reagents (GE Healthcare, Upp-
sala, Sweden).

2.7. Cell Immunofluorescence Imaging. H9c2 cells were seeded
on a glass slide at the density of 0.5 × 104 cells/slide. After
24 h incubation, the cells were exposed to OGD condition
for 8 h and treated with 30 𝜇M formononetin under reoxy-
genation condition for another 20 minutes. At the end of
treatment, H9c2 cells were fixed with 4% paraformaldehyde
for 30 minutes, permeabilized with 0.5% Triton X-100 for
20 minutes, and blocked with 5% normal goat serum in
PBS for 2 h at room temperature. Phospho-GSK-3𝛽 (Ser9)
and mitochondrial membrane protein Tom20 were probed
with specific primary antibodies overnight at 4∘C. After 5
washes with PBS, the slides were incubated in the secondary
antibodies (i.e., Alexa Fluor 594-conjugated goat anti-rabbit
IgG secondary antibody andAlexa Fluor 488-conjugated goat
anti-mouse IgG secondary antibody) for 90min at room
temperature. The cell nuclei were stained with DAPI. After
the removal of excessive fluorescence reagents, the cells were
imaged on a Zeiss fluorescence microscopy (Carl-Zeiss, Jena,
Germany).

2.8. Statistical Analysis. Theresults were presented asmeans±
SD from three independent experiments. The data were
compared by one-way analysis of variance (ANOVA), fol-
lowed by least significant difference (LSD) post hoc test
using IBM software SPSS version 20.0 (Amonk, NY, USA).
Differences with 𝑝 < 0.05 were considered as statistically
significant.

3. Results

3.1. Formononetin Enhanced the Survival of H9c2 Cells against
OGD/Reoxygenation Challenge. The effect of formononetin
on the viability of H9c2 cells was measured by standard
colorimetric MTT assay. Under normal conditions, for-
mononetin at the concentration of 30 𝜇M did not affect cell
viability over a period of 48 h. As shown in Figure 1(b),
however, the cell viability was reduced to 66.7 ± 6.13%
after 8 h of OGD and 16 h of reoxygenation. Interestingly,
formononetin markedly increased the cell viability against
OGD/reoxygenation-induced injury in a concentration-
dependent manner.

3.2. Inhibitory Effect of Formononetin on ROS and Superoxide
Production. The effect of formononetin on the intracellular
redox status was determined by detecting the intracellu-
lar H
2
O
2
and superoxide ion. Upon the introduction into

the cells, the nonpolar probe DCFH2-DA was converted
into the polar intermediate DCFH by cellular esterases
and further oxidized to highly fluorescent product 2,7-
dichlorofluorescein (DCF) by the intracellular H

2
O
2
and

other types of ROS. On the other hand, superoxide anion
reacts with DHE, generating a red fluorescent product 2-
hydroxyethidium (EOH). As shown in Figures 2(a) and 2(b),
OGD/reoxygenation dramatically increased the generation
of H
2
O
2
and superoxide ion in H9c2 cells. Based on the

fluorescence intensity, we estimated thatOGD/reoxygenation
increased H

2
O
2
level by 1.7-fold and also enhanced super-

oxide ion formation by 1.6-fold relative to the untreated
controls. However, formononetin attenuated the effects of
OGD/reoxygenation on the generation ofH

2
O
2
and superox-

ide ion in a concentration-dependentmanner. Formononetin
at 30 𝜇M reduced OGD/reoxygenation-induced production
of H
2
O
2
and superoxide ion down to 1.3-fold and 1.2-fold,

respectively.

3.3. Effect of Formononetin on Mitochondrial Membrane
Integrity. To determine the effect of formononetin on mito-
chondrial membrane integrity, a cell-permeant and cationic
dye TMRM was used to localize active mitochondria. As
shown in Figure 3(a), after exposure to OGD for 8 h and
reoxygenation for 20min, the capability of mitochondria to
sequester TMRM was markedly diminished to 74.2 ± 2.2%
relative to untreated control cells. Formononetin preserved
the sequestration of TMRM by active mitochondria in a
concentration-dependent manner. After the treatment with
30 𝜇M formononetin, H9c2 cells showed the recovery of
TMRM fluorescence to 97.9 ± 5.0% relative to untreated
control cells. Calcein-AM staining showed similar results as
shown in Figure 3(b).
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Figure 2: Effects of formononetin on ROS and superoxide production in cardiac H9c2 cells. H9c2 cells were treated with various
concentrations of formononetin under OGD and reoxygenation (OGD/R) condition. Accumulation of ROS and superoxide inH9c2 cells was
detected by probes DCFH2-DA and DHE, respectively. (a) Representative images and quantification of relative ROS levels. The intracellular
ROS level in H9c2 cells was calculated based on fluorescence intensity. The results were expressed as means ± SD (𝑛 = 3). ###𝑝 < 0.001
(OGD/R versus Normal); ∗𝑝 < 0.05; ∗∗∗𝑝 < 0.001 (drug versus OGD/R). Scale bar, 10𝜇m. (b) Representative images and quantification of
relative superoxide levels. The intracellular superoxide level in H9c2 cells was calculated based on fluorescence intensity. The fluorescence
images were analyzed with NIH Image J software (http://imagej.nih.gov/ij/). The results were expressed as means ± SD (𝑛 = 3). ###𝑝 < 0.001
(OGD/R versus Normal); ∗𝑝 < 0.05; ∗∗∗𝑝 < 0.001 (drug versus OGD/R). Scale bar, 10𝜇m.

3.4. Effects of Formononetin on Akt and GSK-3𝛽 Phospho-
rylation. To discover the potential mechanisms, we first
examined the effects of formononetin on the phosphorylation
of Akt and GSK-3𝛽, especially the phosphorylation of GSK-
3𝛽 at Ser9. As shown in Figure 3(c), formononetin at the
concentrations (5–30𝜇M) induced the phosphorylation of
Akt and GSK-3𝛽 at Ser9 in a concentration-dependent man-
ner. We further verified the effects of formononetin on the
phosphorylation of Akt and GSK-3𝛽 at Ser9 in the cells after
exposure to OGD and reoxygenation condition. As shown
in Figure 3(d), the levels of phospho-Akt and phospho-GSK-
3𝛽 (Ser9) were suppressed under OGD/reoxygenation condi-
tion. However, formononetin increased Akt phosphorylation
against OGD/reoxygenation stimulation in a concentration-
dependent manner. Interestingly, formononetin even at the
concentration of 5𝜇Meffectively reversed the loss of GSK-3𝛽
phosphorylation against OGD/reoxygenation challenge.

3.5. Formononetin Activated Akt and PKC to Preserve
Mitochondrial Integrity. To understand how formononetin

induces the phosphorylation of GSK-3𝛽 at Ser9, following
OGD/reoxygenation challenge, we treated the cells with
formononetin in combination with PI3K inhibitor LY294002
(LY), PKC inhibitor GF109203X (GF), and ERK 1/2 inhibitor
PD98059 (PD). As shown in Figure 4(a), PI3K inhibitor
LY and PKC inhibitor GF almost abolished the stimulatory
effect of formononetin on the phosphorylation of GSK-3𝛽
at Ser9, whereas ERK1/2 inhibitor did not show any activity
against formononetin-induced formation of phospho-GSK-
3𝛽 (Ser9). Supportively, PI3K inhibitor LY and PKC inhibitor
GF effectively antagonized the effects of formononetin on
mitochondrial retention of TMRM and calcein-AM against
OGD/reoxygenation damage (Figures 4(b) and 4(c)).

3.6. Formononetin Stimulated the Binding of p-GSK-3𝛽 to
ANT in mPTP. To verify the effect of formononetin on the
mPTP opening, we examined the formation of protein
complex between two main mPTP components ANT and
Cyp-D. Following immunoprecipitation with anti-ANT
antibody, we analyzed the presence of ANT and Cyp-D by



Oxidative Medicine and Cellular Longevity 5

40 0 0 5 10 30

50

60

70

80

90

100

110

120

Re
lat

iv
e T

M
RE

 se
qu

es
tr

at
io

n

OGD/R

C
on

tro
l

O
G

D
/R

—
—

##

∗∗

∗

FM
 (3

0
𝜇

M
) F

M
 (5

𝜇
M

)

Formononetin (𝜇M)

(a)

160

140

120

100

80

60

40

20

0

Re
lat

iv
e c

al
ce

in
 fl

uo
re

sc
en

ce
 

OGD/R—

###

∗∗∗

∗∗∗

C
on

tro
l

O
G

D
/R

—
FM

 (3
0
𝜇

M
)

FM
 (5

𝜇
M

)

0 0 5 10 30
Formononetin (𝜇M)

(b)

0 5 10 30

Fo
ld

 o
f i

nd
uc

tio
n

3

2.5

2

1.5

1

0.5

0

∗∗

∗∗ ∗∗∗

Formononetin (𝜇M)

p-Akt/Akt p-GSK-3𝛽/GSK-3𝛽

0

5𝜇M
10𝜇M
30𝜇M

p-Akt

Akt

p-GSK-3𝛽

GSK-3𝛽

GAPDH

(c)

00 5 10 30

OGD/R
2

1.5

1

0.5

0

Control
OGD/R

Treatment

Fo
ld

 o
f i

nd
uc

tio
n

—

∗∗

∗∗

∗∗

∗ ∗
∗

Formononetin (𝜇M)

p-Akt/Akt p-GSK-3𝛽/GSK-3𝛽

5𝜇M

10𝜇M
30𝜇M

p-Akt

Akt

p-GSK-3𝛽

GSK-3𝛽

GAPDH

(d)

Figure 3: Effects of formononetin on mitochondrial membrane integrity and phosphorylation of Akt and GSK-3𝛽. (a) Fluorescence images
and quantification of TMRM sequestration in mitochondria. H9c2 cells were treated with formononetin (5, 10, and 30 𝜇M) under normal or
OGD and reoxygenation condition and stained with TMRM. TMRMfluorescence intensity was determined by NIH image J software. Results
are presented as means ± SD (𝑛 = 3). ##𝑝 < 0.01 (OGD/R versus normal); ∗𝑝 < 0.05, ∗∗𝑝 < 0.01 (drug versus OGD/R). Scale bar, 10𝜇m.
(b) Fluorescence images and quantification of calcein sequestration in mitochondria. H9c2 cells were treated similarly as described in (a)
and stained with calcein-AM. Calcein fluorescence intensity was determined by NIH image J software. Results are presented as means ±
SD (𝑛 = 3). ###𝑝 < 0.001 (OGD/R versus normal); ∗∗∗𝑝 < 0.001 (drug versus OGD/R). Scale bar, 10𝜇m. (c) Western blot analysis and
quantification of phosphorylation of GSK-3𝛽 and Akt in response to formononetin. After the treatment with formononetin (5, 10, and 30 𝜇M)
under normal condition, H9c2 cells were lysed and subsequently analyzed for phosphorylation of GSK-3𝛽 (Ser9) and Akt byWestern blotting
using specific antibodies. Western blots were quantified by a densitometric method. Results are presented as means ± SD (𝑛 = 3). ∗𝑝 <
0.05, ∗∗𝑝 < 0.01 (drug versus control). (d) Western blot analysis and quantification of phosphorylation of GSK-3𝛽 and Akt in response
to formononetin under normal or OGD/R condition. After the treatment with formononetin (5, 10, and 30 𝜇M) under normal or OGD/R
condition, H9c2 cells were lysed and subsequently analyzed for phosphorylation of GSK-3𝛽 (Ser9) and Akt byWestern blotting using specific
antibodies. Western blots were quantified by a densitometric method. Results are presented as means ± SD (𝑛 = 3). ∗𝑝 < 0.05; ∗∗𝑝 < 0.01
(drugs versus control and drugs versus OGD/R).
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Figure 4: Roles of PI3K, ERK1/2, and PKC in the regulation of GSK-3𝛽 phosphorylation and mitochondrial membrane integrity by
formononetin. (a) Western blot analysis and quantification of GSK-3𝛽 phosphorylation. After the treatment with formononetin ± kinase
inhibitors, H9c2 cells were lysed and analyzed for GSK-3𝛽 phosphorylation at Ser9 by Western blotting using specific antibodies. Western
blots were determined by a densitometric method. Results are presented as means ± SD (𝑛 = 3). ##

𝑝 < 0.01 (drug versus OGD/R);
∗
𝑝 < 0.05, ∗∗𝑝 < 0.01 (drug + inhibitor versus drug). (b and c) Fluorescence images and quantification of TMRMand calcein sequestration in
mitochondria. After the treatment with formononetin ± kinase inhibitors under OGD and reoxygenation condition, H9c2 cells were stained
with TMRM and calcein-AM and imaged under a fluorescence microscope (Carl-Zeiss, Jena, Germany). TMRM and calcein fluorescence
intensity were quantified by a densitometric method. ##𝑝 < 0.001 (drug versus OGD/R), ∗𝑝 < 0.05 (drug + inhibitor versus drug). LY, PI3K
inhibitor LY294002; GF, PKC inhibitor GF109203X; PD, ERK 1/2 inhibitor PD98059. Scale bar, 10𝜇m.

Western blotting with specific antibodies. As shown in Fig-
ure 5(a), OGD/reoxygenation increased the formation of
ANT-Cyp-D complex, whereas formononetin diminished
OGD/reoxygenation-induced formation of ANT-Cyp-D

complex. On the other hand, we performed immunopre-
cipitation with anti-phospho-GSK-3𝛽 (Ser9) antibody and
subsequently analyzed the presence of ANT and phospho-
GSK-3𝛽 (Ser9) by Western blotting with specific antibodies.
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Figure 5: Effects of formononetin on the formation of ANT-Cyp-D complex and the binding of phospho-GSK-3𝛽 (Ser9) to ANT. (a)
Immunoprecipitation with antibody against ANT. After the treatment with formononetin under OGD and reoxygenation condition, H9c2
cells were lysed for immunoprecipitation (IP) with antibody against ANT. The pull-down materials were analyzed by immunoblotting (IB)
with antibodies against ANT and Cyp-D. (b) Immunoprecipitation with antibody against phospho-GSK-3𝛽 (Ser9). After the treatment
with formononetin under OGD and reoxygenation condition, H9c2 cells were lysed for immunoprecipitation (IP) with antibody against
phospho-GSK-3𝛽 (Ser9). The pull-down materials were analyzed by immunoblotting (IB) with antibodies against ANT and phospho-GSK-
3𝛽 (Ser9). (c) Immunofluorescence imaging of the intracellular phospho-GSK-3𝛽 (Ser9). After the treatment with formononetin under OGD
and reoxygenation condition, H9c2 cells were probed with antibody against phospho-GSK-3𝛽 (Ser9) and mitochondrial membrane protein
Tom20 and subsequently detected by fluorophore-labelled secondary antibodies, phospho-GSK-3𝛽 (Ser9) (RED), and Tom20 (GREEN),
respectively. The cell nuclei were indicated by DAPI staining. The images were captured under a fluorescence microscope (Carl-Zeiss, Jena,
Germany). Scale bar, 10 𝜇m.

We found that formononetinmarkedly increased the binding
of phospho-GSK-3𝛽 (Ser9) to ANT (Figure 5(b)).

The binding of phospho-GSK-3𝛽 (Ser9) tomitochondrial
membrane was further characterized by immunofluores-
cence staining. After 8 h ofOGD,H9c2 cells were treatedwith
30 𝜇M formononetin or equal volume of PBS under reoxy-
genation condition for 20min. The intracellular phospho-
GSK-3𝛽 (Ser9) was sequentially stained by specific antibody
and Alexa Fluor 594-conjugated goat anti-rabbit IgG sec-
ondary antibody. Mitochondria were indicated by sequential
staining of Tom20 with anti-Tom20 and Alexa Fluor 488-
conjugated goat anti-mouse IgG secondary antibody. DAPI

was used to visualize the cell nuclei. As shown in Figure 5(c),
formononetin dramatically increased the localization of
phospho-GSK-3𝛽 (Ser9) in mitochondria in close proximity
to the cell nucleus.

4. Discussion

Reperfusion of ischemic hearts is the main cause of the
opening ofmPTP, leading to the dysfunction ofmitochondria
[22]. The present study investigated that the effects of plant
natural product formononetin on the mPTP opening in an
in vitro OGD/reoxygenation-induced cell model of ischemia
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reperfusion injury. Following OGD challenge, we mimicked
reperfusion by incubating the cells with drugs under reoxy-
genation condition as previously described [23]. We discov-
ered that formononetin could enhance the survival of H9c2
cells and inhibit the mPTP opening through the potential
mechanisms involving the inhibition of ROS production
and Akt- and PKC-mediated phosphorylation of GSK-3𝛽 at
Ser9.

Formononetin, a major isoflavone from Radix Astragali,
was recently found to significantly reduce the infracted
volume and the brain water accumulation in a rat model of
ischemia-reperfusion injury via the activation of PI3K/Akt
signaling pathway [17]. Sulphonated formononetin also
showed cardioprotective effect on acute myocardial infarc-
tion in rats possibly by regulating energy metabolism in
cardiac mitochondria [24]. Inhibition of mPTP opening was
recently suggested as a potential therapeutic target for the
development of new cardioprotective drugs against myocar-
dial infarction [25, 26].These results stimulated us to explore
whether formononetin could exhibit cardioprotective effects
by regulating mPTP opening. In this study, we focused on
the effects of formononetin onOGD/Reoxygenation-induced
disruption of mitochondrial membrane integrity and the
underlying mechanisms. We first verified that formononetin
could effectively suppress the overproduction of ROS and
superoxide ion afterOGD/reoxygenation challenge.We char-
acterized the effects of formononetin on the phosphorylation
of GSK-3𝛽 (Ser9). Phosphorylation of GSK-3𝛽 at Ser9 causes
the reduction of GSK-3𝛽 activity [27]. Inactivation of GSK-
3𝛽 is known to modulate the mPTP opening, conferring
cardioprotection during ischemic preconditioning and post-
conditioning [9, 28].

In the present study, we found that formononetin
markedly induced the phosphorylation of GSK-3𝛽 at Ser9
in a concentration-dependent manner. Presumably, for-
mononetin could inactivate the enzymatic role of GSK-
3𝛽 in cardiac H9c2 cells. Importantly, formononetin could
recover the loss of phospho-GSK-3𝛽 (Ser9) formation against
OGD/Reoxygenation challenge. To elucidate themechanisms
bywhich formononetin stimulates the formation of phospho-
GSK-3𝛽 (Ser9), we explored the roles of the PI3K/Akt and
PKCpathways. It was previously demonstrated that PI3K/Akt
and PKC directly phosphorylated GSK-3𝛽 at Ser9 [29].
Another recent study reported that formononetin protected
cerebra against ischemia/reperfusion injury via the activation
of PI3K/Akt signaling pathway [17]. Indeed, formononetin
induced the activation of Akt in a concentration-dependent
manner. Formononetin at the concentration of 30𝜇M
achieved the most effective induction of Akt activation. On
the other hand, formononetin at the concentration of 5𝜇M
already strongly promoted the formation of of phospho-GSK-
3𝛽 (Ser9). Thus, we employed specific kinase inhibitors to
profile the actions of Akt, ERK1/2, and PKC on the phos-
phorylation of GSK-3𝛽 at Ser9. Consequently, we discovered
that both Akt and PKC contributed to the phosphorylation
of GSK-3𝛽 at Ser9. Importantly, PI3K inhibitor LY294002
and PKC inhibitor GF109203X not only antagonized the
stimulatory effects of formononetin on the phosphorylation
of GSK-3𝛽 at Ser9 but also attenuated the protective effects of

formononetin on mitochondrial membrane integrity. These
results highlight that formononetinmaymaintain mitochon-
drial membrane integrity via inducing the phosphorylation
of GSK-3𝛽 at Ser9 through Akt- and PKC-dependent mecha-
nisms. We further demonstrated that formononetin induced
the disassociation of ANT-Cyp-D complex and promoted
the binding of phospho-GSK-3𝛽 (Ser9) to ANT. Moreover,
GSK-3𝛽 is a multifunctional enzyme that regulates several
cellular functions and transcription factors [30]. Nuclear
GSK-3𝛽 level is markedly increased prior to the activation of
the caspase cascade leading to apoptosis [31]. Interestingly,
our immunofluorescence analysis suggested that phospho-
GSK-3𝛽 (Ser9) might be deposited in mitochondria in close
proximity to the cell nucleus. The deposition of p-GSK-3𝛽
at the interface between mitochondria and cell nucleus may
limit the flux of ROS into cell nucleus and thereby suppress
cell apoptosis.

The mPTP opening may be regulated by posttranslo-
cational modification of Cyp-D and physical interaction
of Cyp-D with matrix proteins (e.g., p53, PPAR alpha)
[32]. It was recently reported that active GSK-3𝛽 could
phosphorylate Cyp-D and stimulate the opening of mPTP
[33]. Conversely, the suppression of GSK-3𝛽 resulted in the
inhibition of mPTP opening by attenuating the phospho-
rylation of Cyp-D in murine tubular epithelial cells [34].
In the present study, we found that formononetin could
induce GSK-3𝛽 phosphorylation at Ser9, causing the loss
of GSK-3𝛽 enzyme activity. Taken together, it is possible
that formononetin inhibited the phosphorylation of Cyp-D,
contributing to the inhibition of mPTP opening. In addition
to ANT, Cyp-D interacts with several other proteins (e.g.,
p53) to induce PTP opening and necrosis. Tumor suppressor
protein p53 is accumulated in the mitochondrial matrix and
interacts with Cyp-D during ischemia/reperfusion injury.
Conversely, the reduction of p53 is protective during stroke
due to the loss of Cyp-D and p53 complex [35]. Oxidative
stress could induce the formation of Cyp-D-PPAR𝛼 complex
in cardiomyocytes, while the disruption of Cyp-D-PPAR𝛼
complex by metformin could protect cardiomyocytes against
oxidative stress-induced cell death [36]. Moreover, recent
studies provided new evidences to support the roles of
Cyp-D and F1F0-ATPase in the control of mPTP open-
ing. F1F0-ATPase mainly affects mitochondrial ATP storage
[37]. Suppression of the F1F0-ATPase in the mitochondrial
matrix could conserve energy during the cardioprotection
intervention of Bcl-2 or GSK-3𝛽 inhibitors, although GSK-
3𝛽 inhibitors could not affect the activity of F1F0-ATPase
[38]. Others also demonstrated a central role for mitochon-
drial GSK-3𝛽 but not F1F0-ATPase as target of PKC𝜉 to
limit I/R damage [39]. In the present study, we discovered
that formononetin could disrupt the interaction between
ANT and Cyp-D. The disassociation of ANT from Cyp-
D likely indicates that formononetin dismantles the mPTP
complex via stimulating GSK-3𝛽 phosphorylation at Ser9
and inhibiting the enzymatic activity of GSK-3𝛽. Further
work is required to clarify (1) whether formononetin affects
the interactions of Cyp-D with p53 and PPAR𝛼 and (2)
whether formononetin affects the activity of mitochondrial
F1F0-ATPase.
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Figure 6: Proposed mechanism underlying the cardioprotective
effect of formononetin. Formononetin activates PI3K/Akt and PKC
signaling pathways and subsequently induces the phosphorylation
of GSK-3𝛽 at Ser9. The phosphorylation of GSK-3𝛽 at Ser9 leads
to the inactivation of GSK-3𝛽 in the opening of mPTP. On the
other hand, phospho-GSK-3𝛽 (Ser9) migrates towards mitochon-
dria and binds to ANT, causing the disassociation of the mPTP
complex involving ANT, Cyp-D, VDAC, and HKII. Formononetin
also inhibits the overproduction of ROS and superoxide, possi-
bly reducing the oxidative damage of mitochondria in cardiomy-
ocytes.

In addition, it was reported that the phosphorylation
of GSK-3𝛽 at Ser9 suppressed mPTP opening via inter-
acting with and phosphorylating VDAC [40]. Activated
GSK-3𝛽 also phosphorylates VDAC and thereby disrupts
the binding of hexokinase II to mitochondrial components
[41]. However, the exact role of VDAC in the regulation
of mPTP opening remains elusive. The results from our
study defined that formononetin inhibited the activity of
GSK-3𝛽 by Ser9 phosphorylation and did not exclude the
interactions of GSK-3𝛽 and phospho-GSK-3𝛽 (Ser9) with
VDAC.

In summary, the results from the present study sug-
gest that formononetin may protect cardiomyocytes against
ischemia reperfusion injury by inhibiting themPTP opening.
The potential underlying mechanisms could be outlined in
Figure 6. Formononetin may initiate its actions by suppress-
ing the production of ROS and superoxide ion and activating
Akt and PKC pathways. Upon activation, Akt and PKC
subsequently phosphorylate GSK-3𝛽 at Ser9, leading to direct
inhibition of GSK-3𝛽 activity towards the mPTP opening
and the disruption of the protein complex involving ANT
and Cyp-D. Ultimately, formononetin attenuated the mPTP
opening and maintained mitochondrial membrane integrity.
Thus, formononetin may serve as a useful lead compound
for future development of new cardioprotective drugs against
acute myocardial infarction.
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We show that hypercholesterolemia contributes to oxidative stress injury progression in brain and simvastatin counteracts the
cholesterol-induced peroxidation injury in rabbit hippocampus, and we demonstrate for the first time that the simvastatin is a
critical role in brain protection and identify HO-1 and other related antioxidant enzymes as molecular target for active redox
compounds. Second, our experiments have pointed out an association between statin treatment and a decrease in the risk of having
peroxidation damage of brain.The balance effects of simvastatin to ROS and antioxidants enzymes network are most probably due
to improved SOD functional activity, increase in GSH-Px, increase in HO-1 expression, and decrease of MDA generation.

1. Introduction

Hypercholesterolemia is a major risk factor for age-related
diseases such as atherosclerosis, obesity [1], and cardiovascu-
lar disease [2], and it has been known that the risk factors
of various brain diseases also play part in cardiovascular
diseases such as dementia, including its most common form,
Alzheimer’s disease (AD) [3]. The hippocampus is a major
component of the brains of humans, which is exception-
ally susceptible to oxidative stress that may be caused by
hypercholesterolemia [4]. During the past few years, more
evidences have accumulated that high-cholesterol level may
increase the risk of developing dementia in the action of
lipid metabolism-related enzymes [5] and oxidative stress-
related proteins [6]. To our knowledge, hypercholesterolemia
is known to be sufficient to promote metabolic dysfunction
[7], but little is known about its effect on hippocampus.

Hypercholesterolemia is believed to cause oxidative stress
by increasing the production of reactive oxygen species

(ROS), and which play an important role in neuronal cell
death, which is associated with many different neurodegen-
erative conditions, also is a key event in a variety of inflam-
matory processes [8, 9]. Recently, many studies have reported
that memory impairment in the hypercholesterolemia-
induced animal model seems to have correlation with the
level of oxidative stress within the brain [10, 11]. Heme
oxygenase-1 (HO-1), also referred to as HSP32, belongs to
the HSP family and protects mammalian cells from oxidative
stress by degrading toxic heme into free iron, carbonmonox-
ide, and biliverdin/bilirubin. The enzyme HO-1 functions as
an antioxidant and serves to protect against tissue injury, and
the inducible form of HO-1 has been recently demonstrated
to exacerbate early brain injury produced by hypercholes-
terolemia [12, 13]. It has been suggested that the accumulation
of HO-1 proteins in the brain may be a protective response to
oxidative stress [14].

The concentration of plasma cholesterol can be regulated
by cholesterol biosynthesis, removal of cholesterol from the
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circulation, absorption of dietary cholesterol, or excretion
of cholesterol via bile and feces. Simvastatin (HMG-CoA
reductase inhibitors) and cholesterol-lowering drugs, which
are now widely prescribed to patients with ischemic heart
diseases, have reported that it does have antioxidant [15],
anti-inflammatory [16], and immunomodulatory benefits
[17] as well as its therapeutic use in hyperlipidemia [18].
However, the mechanisms underlying these benefits are not
yet completely understood. In this study, we detected the
lipid peroxidation products and used them as a biomarker
of oxidative stress of hippocampus in rabbit’s hypercholes-
terolemia atherosclerotic model. We also evaluated the activ-
ity of defensive enzymes, including superoxide dismutase
(SOD), glutathione peroxidase (GSH-Px), catalase (CAT),
andHO-1, as amarker of oxidative status in the hippocampus.

2. Materials and Methods

2.1. Subjects, Housing, and General Procedures. All animal
experiments were performedwith the approval of the Animal
Care Committee of the Tianjin University of Traditional Chi-
nese Medicine and complied with the Animal Management
Rule of the Ministry of Public Health, People’s Republic of
China (Documentation number 55, 2001, Ministry of Health
of PR China). Twenty-four adult (3 months old, 2.0 ± 0.2 kg),
male, Japanese white rabbits were purchased fromVital River
Lab Animal Technology Co., Ltd. (Beijing, China) and were
housed in an animal room maintained at 22 ± 2∘C with 40%
to 60% RH and a light period from 8:00 to 20:00 in the
Laboratory Animal Center of Tianjin university of TCM. All
the animals had free access to water. Cleaning of the cages
and weighing of the rabbits were conducted once every two
weeks. After 1 week of habituation and acclimatization, the
experimental procedures were started.

2.2. Experimental Design. Therabbits were divided randomly
into two groups: normal diet group (control, 𝑛 = 8) were
fed the rabbit standard diet (100 g per rabbit per day) and
experimental model group (𝑛 = 16) were fed an atherogenic
diet (1% cholesterol, 5% yolk, 5% lard, and 89% standard
diet, 100 g per rabbit per day). The robust rabbit model of
atherosclerosis was generated by the methods established in
our laboratory as reported previously [19]. After 8 weeks on
high-cholesterol diet, the experimental model group animals
were divided into two groups: high-cholesterol diet group
(HCD, 𝑛 = 8) and Simvastatin group (HCD + Simvastatin,
𝑛 = 8). All rabbits were maintained on these respective diets
and Simvastatin treatments for 16 weeks and all the rabbits
were euthanized.

2.3. Collection of Blood Samples and Isolation of Hippocampus.
The animals were euthanized with an overdose of sodium
pentobarbital. Animals’ blood was taken through cardiac
puncture at the end of week 24 (30mL each rabbit). Blood
samples were centrifuged at 3 500 rpm for 20 minutes to
obtain serum and plasma. The collected serum and plasma
in aliquots were stored at −80∘C until day of assay. The
hippocampus was rapidly excised using a stainless steel

surgical apparatus from the brain and kept frozen quickly at
temperature −80∘C until being analyzed. Half of the brain
was taken for Hematoxylin and Eosin (H&E) staining and
immunohistochemistry staining from the other half the sec-
tion was dissected for enzyme linked immunosorbent assay
(ELISA) and quantitative real time RT-PCR (qRT-PCR).

2.4. Enzyme Linked Immunosorbent Assay. Thehippocampus
was rapidly chipped out about 100mg and homogenized with
tissue protein extraction reagent (CWBIO, Beijing, China)
containing protease inhibitors. The homogenates were cen-
trifuged at 10,000×g at 4∘C for 10min. The supernatants
were collected and used for the ELISA. For the assay, the
rabbit SOD, MDA, and GSH-Px immunoassay kits (catalog
CSB-E137 11Rb, CSB-E13712Rb, and CSB-E13970Rb; Cusabio
Biotech Co., California, USA) were used. The expressions
of SOD and MDA were measured in homogenate of hip-
pocampus. Levels of SOD,MDA, and GSH-Px in serumwere
also measured. Every sample was assayed in duplicate. The
absorbancewasmeasured at 450 nmby an ELISAplate reader
(ThermoMK3, USA), and all measurements were performed
according to the manufacturer’s protocol.

2.5. Hematoxylin and Eosin Staining. To determine the
presence of peroxidative damage and identify pathological
changes in the rabbit hippocampus, frozen hippocampal
sections were collected and performed for H&E staining.
After taking out the freezing hippocampus from ultracold
storage (−80∘C), coronal sections (40𝜇m thick) were cut
on a cryostat (Leica CM3050, Germany) at −20∘C. Perfused
sections were mounted onto poly-L-lysine coated slides; the
fresh frozen sections were thawed, dried, postfixed in 70%
ethanol overnight prior to staining, and then conventionally
stained with H&E.

2.6. Immunohistological Analysis. Fresh frozen sections were
thawed, dried, and then immersed in precooled acetone
(−20∘C) for 10min. Endogenous peroxidase activity was
blocked by 3% (v/v) H

2
O
2
, and the antigen was retrieved

by microwave in 0.01mol/L citrate buffer. Sections were
then washed in PBS (0.1mol/L). Goat polyclonal anti-HO-1
(Santa Cruz Biotechnology, CA, USA) and mouse anti-goat
(Santa Cruz Biotechnology, CA, USA) occluding secondary
antibodies were applied at 1 : 100 and incubated overnight at
4∘C. Sections were washed four times in PBS for 20min. All
slides were analyzed blindly with respect to treatment condi-
tion, using an Olympus CKX31 light microscope (Olympus
America Inc., Tokyo, Japan).

2.7. Quantitative Real Time Reverse Transcriptase-PCR Anal-
ysis. The hippocampus was immediately sonicated in GTC
lysis buffer (4M GTC, 25mM tribasic sodium citrate,
100mM TRIS, pH 7.5, containing 0.5% N-lauroylsarcosine,
and 0.8% 𝛽-mercaptoethanol). Total RNAwas extractedwith
a purification kit (RNeasy mini kit; Qiagen, Valencia, CA)
according to the manufacturer’s instructions. The amount of
total RNA was quantified with a photometer (BioPhotome-
ter Plus; Eppendorf, Germany). For reverse transcription,
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Figure 1: Simvastatin therapy enhanced HO-1 mRNA in hippocampus and also in aorta. (a) HO-1 mRNA expression in aorta; (b) levels of
HO-1 mRNA in rabbit hippocampus homogenate. Data are presented as mean ± SD (𝑛 = 8). ## means 𝑃 < 0.01 indicates significant change
from control groups, at 𝑃 < 0.01 using ANOVA followed by LSD as a one-ANOVA test.

2 𝜇g total RNA was combined with 50 nM Oligo (dT)18
primer using concentrations for reaction. Single-strand
cDNAwas synthesized from theRNAby adding the following
reagents (final concentrations): 5x first-strand buffer, 40U/𝜇L
RNAsin, 10 𝜇M each dNTP, and 200UM-MLV reverse tran-
scriptase (M1701, Promega, Madison, USA). The reaction
mixture (40 𝜇L) was incubated at 42∘C for 60 minutes, and
heating the mixture to 95∘C for 5 minutes terminated the
reaction. The samples were stored at −20∘C for PCR analysis.

Quantitative RT-PCR was carried out on a PCR amplifi-
cation system and detection system (Rotor-Gene RG-3000,
Corbett Robotics Pty Ltd., Australia). Both SYBR Green PCR
Kit (204143, QuantiTect) and Go Taq Green Master mix
(M7123, Promega, Madison, USA) were used according to
the manufacturer’s instructions. Expression of target genes
was measured in triplicate and was normalized to 𝛽-actin in
hippocampus and GAPDH in aorta as an internal control.
PCR amplification of HO-1 mRNA was carried out with the
following primers: 5TGC CGA GGG TTT TAA GCT GGT
3 (forward) and 5AGA AGG CCA TGT CCA GCT CCA 3
(reverse).ThemRNAof𝛽-actin served as the loading control.
Gene expression was quantified using a modification of the
2
−ΔΔCt method, as previously described [20].

2.8. Data Analysis. The Statistical Package for the PASW
Statistics 18.0 was used for the analysis. Results are given
as mean ± SD. Data were analyzed statistically using one-
way-ANOVA test followed by LSD posttest and pairwise
multiple comparisons were performed using LSD posttest. In
all instances, 𝑃 value less than 0.05 or 0.01 was considered
significant.

3. Results

3.1. SimvastatinTherapy Enhanced HO-1 in Hippocampus and
Also in Aorta. It is well known that HO-1 plays a crucial role
in the oxidative stress process during human atherosclerotic

lesions; theHO-1mRNAand protein expression can be found
in various human organs including brain, liver, lung, heart,
and kidney [21–23]. To investigate the antiatherogenic effect
of statins in the rabbit aorta and brain after aortic balloon
injury and high-cholesterol diet, the mRNA level of HO-
1 was detected in rabbit aorta and hippocampus using real
time fluorescent quantitative PCR (FQ-PCR). As shown in
Figure 1(a), HO-1 mRNA expression of high-cholesterol diet
group decreased, respectively, in hippocampus, but it rose
after treatment with Simvastatin, and rabbit aorta showed the
same tendency but not so markedly (Figure 1(b)).

Using immunohistochemical analyses, we further aimed
to determine the localization of HO-1 protein in rabbit
hippocampus of each group. In a variety of those tissues,
brown particles scattered and more immunoreactivity was
observed in the Simvastatin treatment group (Figure 2(c)),
while staining levels were moderate in HCD rabbit tissues
(Figure 2(b)) and therewere low levels of immunohistochem-
ical staining in normal rabbit (Figure 2(a)). HO-1 positive
area was detected in the hippocampus slices, but there was
no significant difference in staining degree between the
three groups; however, comparing to HCD group, the HO-
1 positive areas in statin treatment group were obviously, as
shown in Figure 2(d) (𝑃 = 0.052). Additionally, HO-1 protein
immunoreactivity was observed in capillary endothelial cells,
which represent the statin induced HO-1 in endothelial cells
and reducing peroxidation and preventing brain-capillary
barrier dysfunction [24].

3.2. Atherogenic Diet Increased Oxidative Stress and Antioxi-
dant Enzymes Imbalance in the Rabbit Brains. Hematoxylin
and Eosin stained sections of hippocampus were examined
for signs of peroxidation injury. Animals on the normal
diet had no gross pathological changes (Figures 3(a) and
3(b)), and the neurons in hippocampus lined up orderly
and compactly, whereas atherogenic diet induced a fraction
of pyramidal neurons that exhibited morphologic features
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Figure 2: Representative immunohistochemical staining (100x) analysis of rabbit tissues exposed to specific anti-HO-1. (a) Weak staining on
the sections of hippocampus from control rabbit. (b) A fewer brown particles in HCD rabbit sections. (c) More brown particles scattered and
strong positive staining was observed in the Simvastatin treatment group. (d) HO-1 positive area (%) shown; data are expressed as mean ±
SD (𝑛 = 8), and there was no significant difference in staining degree between each group.

of necrosis (Figures 3(c) and 3(d)), which showed trian-
gle, cytoplasm condensation, cellular nucleus pyknosis, and
vacuole, a small number of nucleoli disappeared, intercel-
lular gap enlarged, and most neurons were in a necrotic
state, but Simvastatin treatment group had no significant
changes comparing to atherogenic diet (Figures 3(e) and
3(f)).

The levels of MDA and iNOS were also used to detect
damage in serum and hippocampus tissues that GSH-Px and
SOD immunoreactivities were used to determine oxidative
stress. The figure shows that MDA concentration increased
significantly in the serum (Figure 4(a)) and hippocampus
(Figure 4(b)) tissues of HCD atherosclerotic rabbit group,
compared with the basal level in the control group; activity
of iNOS showed the same tendency in rabbit hippocampus,
whereas there is a marked decrease in GSH-Px activity in the
nontreated atherosclerotic group compared with the control
group (Figure 4(e)). Compared to the control group, serum
(Figure 4(c)) and hippocampus (Figure 4(d)) homogenate
levels of SOD were reduced in the cholesterol diet rabbit
group. Interestingly, comparing the two control groups,
SOD level in serum was higher than those in hippocampus
homogenate.

3.3. Simvastatin Enhanced the Antioxidant Status in Hip-
pocampus and Reduced Oxidative Stress. The previous data
suggested that statins enhance the antioxidant status likely
by inhibiting oxidative stress [4, 18]. Our experiment reveals
that there was a marked decrease in GSH-Px expression in
the atherosclerotic group compared with the control group;
however, treatment of the atherosclerotic group with statins
would partly reverse this decline (Figure 4(e)). The MDA
levels in aorta would drop obviously after treatment of the
atherosclerotic group with statins and also in hippocampus
(Figure 4(b)). Compared to the atherosclerotic group, the
levels of SOD in serum (Figure 4(c)) and hippocampus
homogenate (Figure 4(d)) were increased in the Simvastatin
group (Figure 4(d)). However, comparing to HCD group,
there was no significant difference in rabbit hippocampus in
statin treatment group.

4. Discussion and Conclusion

Atherosclerosis is considered to be a systemic vascular
inflammatory disease [25], and oxidative stress is known to be
a contributor to vascular inflammation [26]. Statins dramati-
cally reduced cardiovascular events in patients with normal
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Figure 3: H&E staining of hippocampal sections isolated from rabbit hippocampi. Pyramidal neurons in hippocampus showed no change in
H&E staining in the control group. In contrast, atherogenic diet induced a fraction of pyramidal neurons that exhibited morphologic features
of necrosis, and there had been fewer necrotic pyramidal neurons than matched sections from Simvastatin treatment group rabbits.

lipid levels, but with rarely appraise from oxidative stress
levels independently to lipid-lowering properties [27]. In the
present study, we show that hypercholesterolemia contributes
to oxidative stress injury progression in aorta and brain and
Simvastatin counteracts the cholesterol-induced peroxida-
tion injury in rabbit hippocampus, and we demonstrate for
the first time that Simvastatin has a critical role in brain pro-
tection and identifying HO-1 and other related antioxidant
enzymes as molecular target for active redox compounds.

Oxidative stress is a general term used to describe the
steady state level of oxidative damage in a cell, tissue, or organ,
caused by a dense, complex, and heterogeneous network
of oxidizing reactions running counter to the reducing
conditions that otherwise prevail in cells and tissues [11, 26].

The experiments were performed using experimental aortic
balloon injury and high-cholesterol diet induced rabbits
to research the relationship between serum lipoproteins
and brain oxidative stress injury and also investigate the
antioxidation effect of Simvastatin on hippocampus. The
results from our research indicate that HO-1 protein and
mRNAwere clearly expressed, albeit there is not a statistically
significant difference; there still might be a real difference
between the control and HCD groups. Comparing with
control group, the atherosclerotic rabbits may be a process
of adaptation to hypercholesterolemia. This is in accordance
with other studies, which showed decreased expression of the
HO-1 gene in atherosclerotic rabbits [28], as well as in the
ApoE−/− mouse model of atherosclerosis [29].
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Figure 4: Analysis of biochemical measurements in each group of rabbits; Simvastatin enhanced the antioxidant status in hippocampus and
aorta and reduced oxidative stress. (a) Effects of Simvastatin onMDA in serum. (b) Levels ofMDA in hippocampal tissues; (c) SOD in serum;
(d) levels of SOD in hippocampal homogenate. (e) Activity of GSH-Px in rabbit hippocampus. (f) Activity of iNOS showed in hippocampal
tissues. Data are presented as mean ± SD (𝑛 = 8). ∗∗ and ## indicate significant change from control and HCD groups, respectively, at
𝑃 < 0.01; # means 𝑃 < 0.05 compared to the HCD group using ANOVA followed by LSD as a one-ANOVA test.

The brain is a highlymetabolically active organ producing
large amounts of reactive oxygen species (ROS). These
ROS and antioxidants enzymes network are kept in balance
anytime [30, 31]. Based on our experiments, we propose that
chronic cholesterol exposure damages imbalance in antiox-
idant enzymes and increased oxidative stress in the brains.
The imbalance of ROS and antioxidants enzymes network
could lead to neuronal oxidative stress [32], those imbalances
associated with not only aging [33] but also Alzheimer’s dis-
ease [32]. A previous study showed that hypercholesterolemia
accelerates intraneuronal accumulation of A𝛽 oligomers
and subsequent synapse loss in Alzheimer’s disease model
mice [34]. Our experiments show that MDA concentration
increased significantly in the serum and also on hippocampus
tissues of HCD atherosclerotic rabbit group; Hematoxylin
and Eosin stained slices of hippocampus showed triangle,
cytoplasm condensation, cellular nucleus pyknosis, and vac-
uole, a number of nucleoli disappeared, intercellular gap
enlarged, and most neurons were in a necrotic state in
atherosclerotic rabbit. Induction of the high-output iNOS
usually occurs in an oxidative environment [35], which were
bright enough to confirm our experiments.

A large number of experimental observations have
suggested that Simvastatin is a useful treatment in
encephalopathy like vascular dementia [36] and Alzheimer’s
disease [37] with dyslipidemia and an atherogenic lipid
profile characterized by alterations in cholesterol homeosta-
sis. This is a pleiotropic statin effect that is independent of
lipid lowering [38, 39]. It has already been suggested that
induction of HO-1 during atherosclerosis might ameliorate
oxidative stress [40] and represent an adaptive response

to hypercholesterolemia, and other studies indicate that
statins could influence HO-1 regulation [41] and superoxide
production on primary cultures of cortical neurons on
neuro-2A cells [42]. From this study, a mild decrease in HO-1
was observed in atherosclerotic animals brain but markedly
increased in case of treatment with Simvastatin. To GSH-Px,
there was a marked decrease in GSH-Px expression in the
atherosclerotic group and treatment of the atherosclerotic
rabbit with Simvastatin partly reversed this decrease; maybe
it provided more protection to the brain, but a previous
experiment shows that atorvastatin did not reverse the
cognitive impairments and failed to alter the hippocampal
glutamate uptake in A𝛽-treated mice [43]. In our experi-
ments, Simvastatin could increase the level of SOD in serum
but failed to ameliorate the SOD on hippocampus. Hsieh
et al. showed differential induction of antioxidant enzyme
by different statins and showed the different physiological
relevance of experiments [24]. Our experiments have pointed
out an association between statin treatment and a decrease in
the risk of having peroxidation damage of brain. The balance
effects of Simvastatin on ROS and antioxidants enzymes
network are most probably due to improved SOD functional
activity, increase in GSH-Px, increase in HO-1 expression,
and decrease of MDA generation.

Our previous studies developed a modified protocol of
the JW rabbit that reproduced features of atherothrombosis
observed in humans [19] and have revealed that oxidative
stress plays a crucial role in these rabbits. We used this
model to investigate the antioxidation effect of Simvastatin
in rabbit aorta and hippocampus and found that the atten-
uation of atherosclerotic lesions in statin treated group was
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independent of lipid-lowering function. These findings may
be consistent with some researches of antioxidant effects of
statin recently [38, 39, 44] and further studies are needed for
verifying.
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