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The cardiovascular disease is one of the major healthcare
problems of the world population, and understanding its
determinants is essential for designing effective interventions.

Reactive oxygen species (ROS) are toxic, highly reactive,
and unstable compounds formed during a variety of phys-
iological and pathological biochemical reactions. ROS are
produced in all viable cells, and strong evidence suggests
an important role of ROS in the development and progres-
sion of cardiovascular disease. Nevertheless, the precise
mechanisms contributing to the cardiovascular system
injury due to increased oxidative stress are still under inves-
tigation. Recent experimental studies suggest that ROS
plays a causational role in the development of systolic dys-
function following myocardial infarction (MI), the brain
ischemia-reperfusion injury in the course of stroke and in
cardiometabolic disorders. Endothelium plays a crucial role
in regulation of vascular tone, and endothelial dysfunction
(ED) is an important risk factor of cardiovascular disease.
The mechanisms involved in decreased vasodilative activity
of endothelial cells include decreased bioavailability of
nitric oxide, oxidative stress, and disorders in the metabo-
lism of prostanoids. The decreased bioavailability of nitric
oxide (NO), as well as increased oxidative stress, plays a
crucial role in contributing to the decrease of endothelial
vasodilative properties. According to several experimental
studies, increased peroxynitrite (ONOO-) formation corre-
lates with the development of neurological deficits follow-
ing ischemic stroke and the cardiac ischemia-reperfusion
injury in the course of coronary artery disease and develop-

ment of peripheral atherosclerotic lesions. Therefore,
increased ONOO- production followed by ONOO--depen-
dent protein modifications should be considered as one of
the molecular mechanisms contributing vascular injury.
The peroxynitrite-dependent modifications of proteins have
been shown in many cardiovascular disorders; however, its
molecular consequences still remain unknown.

Sufficient synthesis and bioavailability of nitric oxide is
crucial for proper functioning of vascular endothelium. Con-
sequently, NO deficiency is prerequisite for and a hallmark of
endothelial dysfunction, a pathology preceding the develop-
ment of cardiovascular disease (CVD). CVD and its main
risk factors, such as obesity, hypertension, and type 2 diabetes
mellitus (T2DM), are, in turn, among the key factors nega-
tively affecting proper wound healing. Recently, a decreased
nitric oxide bioavailability as expressed by an elevation in
serum ADMA and decrease in serum L-arginine have been
reported in patients with chronic wounds. Detrimental
effects of diminished NO bioavailability on cardiovascular
health and wound healing are well documented and have
led to an outburst of novel treatment strategies aiming at its
increase. Therefore, in a study by M. Krzystek-Korpacka
et al., a wider panel of the L-arginine/ADMA/NO pathway
metabolites using a targeted metabolomics approach was
used in order to determine their status and clinical relevance
in patients with chronic wounds of various etiologies. The
authors demonstrate that patients with chronic wounds in
the course of cardiometabolic disorders have reduced bio-
availability of NO and its substrate, arginine, resulting from
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ADMA and SDMA accumulation rather than from arginine
deficiency. Citrulline was decreased in patients with cardio-
metabolic diseases in general, but the presence of chronic
wounds is associated with its elevation, reflecting degree of
ADMA and SDMA accumulation and inversely related to
NO and arginine bioavailability.

E. Romuk and colleagues have evaluated a wide range of
oxidative stress markers and their impact on mortality and
morbidity in patients with chronic heart failure. Malondial-
dehyde, a marker of lipid peroxidation, and serum uric acid
level were strongly associated with worse prognosis in this
group of subjects. The authors postulate that hat validation
of elevated malonyldialdehyde and uric acid levels as inde-
pendent predictors of outcome could have a potentially sig-
nificant value for risk stratification of chronic HF patients.

Oxidized-LDL-induced inflammation, as a mediator ath-
erosclerosis in malignancies, was investigated by L. Wang
et al. Thymocyte selection-associated high mobility group
box (TOX), which was reported to be regulated by lncRNA,
has been closely related to the immune cell-associated
proliferative diseases, such as cancer. Human metastasis-
associated lung adenocarcinoma transcript 1 (MALAT1),
an 8.7 kb lncRNA, has been demonstrated to be overex-
pressed in several cancers, but the roles of MALAT1 in the
pathogenesis of CVDs are still not well defined. In this study,
the authors evaluated the crosstalk between MALAT1 and
TOX through investigating whether the regulatory mecha-
nism was associated with the miRNA network. The authors
demonstrate that suppression of MALAT1 may attenuate
inflammation in oxLDL-incubated endothelial cells by upreg-
ulating miR-181b and inhibiting the expression of TOX,
which is closely related to the inhibition of the MAPK signal-
ing pathway that attenuate the pathogenesis of atherosclerosis.

Lectin-like oxidized-LDL receptor-1 (LOX-1) is the
major receptor for oxidized low-density lipoprotein (oxLDL),
and targeting LOX-1 may provide a novel diagnostic strategy
towards hypercholesterolemia and vascular diseases. In a
study by A. Singh et al., the aegeline was shown to be effective
in reducing the lipid abnormalities in aged hypercholesterol-
emic rats when compared to atorvastatin by targeting LOX-1
and had a pronounced effect in downregulating the expres-
sion of oxidized-LDL. Interestingly, T. Wielkoszynski et al.
showed that 5α,6α-epoxy-phytosterols and 5α,6α-epoxy-
cholesterol similarly impair the redox state in rats by
increasing the production of free oxygen radicals and free
radical-mediated lipid modification, as well as by affecting
the mechanisms of nonenzymatic antioxidant defense and
the activity of antioxidant enzymes.

A. Stanek et al. in an original study estimated the impact
of whole-body cryotherapy (WBC) and subsequent kine-
siotherapy on oxidative stress and lipid profile when per-
formed in a closed cryochamber on healthy subjects. Until
now, WBC has been used mainly in sports medicine and in
the treatment of locomotor system diseases. In the available
literature, there has been only one study, which estimated
the influence of WBC on lipid profile parameters in healthy
subjects, but WBC procedures were not connected with a
subsequent session of kinesiotherapy, and the authors only
estimated lipid profile parameters. As results from this study,

a significant decrease of oxidative stress markers and total
cholesterol as well as LDL and a significant increase of total
antioxidant capacity were observed following WBC treat-
ment. The activity of plasma SOD-Mn and erythrocyte total
SOD increased significantly in the WBC group. On the
other hand, M. Bernardi with colleagues investigated the
cardiovascular risk factors and hematological indexes of
inflammation in Paralympic Athletes with different motor
impairment. Interestingly, Paralympic Athletes with lower
limb amputation had a higher cardiometabolic risk, whereas
Paralympic Athletes with spinal cord injury had a higher
platelet-derived cardiovascular risk.

Vascular smooth muscle cells (VSMCs) are the center of
the calcification process. Many studies have confirmed that
HAP crystals cause damage to VSMCs and induce cell phe-
notype transformation, which in turn promote vascular cal-
cification. For example, exogenous calcifying nanoparticles,
which are nanosized complexes of calcium phosphate min-
eral and proteins, are taken up by aortic smooth muscle
cells in vitro, thereby decreasing cell viability, accumulating
apoptotic bodies at mineralization sites, and accelerating
vascular calcification. Interestingly, S. Xiong et al. have shown
that stimulation of Na/K-ATPase with an antibody against its
4 extracellular region attenuates angiotensin II-induced H9c2
cardiomyocyte hypertrophy via an AMPK/SIRT3/PPARγ sig-
naling pathway. In this study, the effects of the differences in
the morphological characteristics of nano-HAP on rat aortic
smooth muscle cell (A7R5) injury and its phenotypic trans-
formation were investigated to provide a basis for the deter-
mination of the effects of the physicochemical properties of
crystals on cellular toxicity and vascular calcification. The
extent of cell damage was closely related to the morphologi-
cal characteristics of the crystals. More calcium deposits on
the cell surface, more expressions of osteogenic protein
(BMP-2, Runx2, OCN, and ALP), and a stronger osteogenic
transformation ability were observed in the crystal with a
high cell cytotoxicity than in the other crystals with a low
cytotoxicity, thus increasing the risk of vascular calcification.

A very interesting study on calcific aortic valve stenosis
(CAVS) was performed by N. Mercier and colleagues. Oxi-
dative stress could be one potential mechanism that
increases valve calcification and CAVS disease burden.
Semicarbazide-sensitive amine oxidase (SSAO), also known
as vascular adhesion protein-1 (VAP-1), is a mediator of tis-
sue oxidative stress and a contributor to atherosclerotic pla-
que development. Furthermore, serum levels of SSAO are
higher in patients with severe CAVS compared with patients
presenting moderate CAVS and are significantly correlated
with CAVS severity as assessed by echocardiography. The
study by N. Mercier et al. is the first report showing a grad-
ual and significant increase in SSAO mRNA, protein, and
activity in human aortic valves divided into healthy, inter-
mediate, and calcified tissue. The SSAO upregulation with
valve calcification was independent of the cardiovascular
and CAVS risk factors obesity, diabetes, and smoking. Fur-
thermore, a significant correlation of SSAO expression with
pathways of oxidative stress was also revealed. The results of
this study indicate a link between SSAO, oxidative stress,
and aortic valve calcification and point to SSAO inhibition
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as a putative therapeutic approach to be explored for the
prevention of valve calcification and CAVS progression.

With respect to aortic stenosis therapeutic strategy (clas-
sical surgical valve replacement, SAVR vs. transcatheter valve
replacement, TAVR), M. Mahmoudi and colleagues com-
pared the early oxidative stress response in the blood of
patients undergoing TAVR with a group of patients undergo-
ing SAVR by applying established biochemical readouts of
cellular and extracellular redox status. As compared to
patients undergoing SAVR, patients undergoing TAVR did
not show significant changes in biomarkers of oxidative
stress despite having greater comorbidities and impaired
baseline antioxidant defenses. TAVR was associated with an
improvement in the antioxidant capacity of plasma.

This special issue provides also some new data on novel
therapeutic targets as well as some unknown, additional
pleiotropic effects of drugs already used in clinical practice.

High glucose-induced cardiomyocyte injury is the lead-
ing cause of diabetic cardiomyopathy, which is associated
with the induction of inflammatory responses and oxidative
stress. A member of the G protein-coupled receptor family,
G protein-coupled bile acid receptor 1 (GPBAR1; also known
as TGR5), plays an important role in the regulation of glu-
cose metabolism and has been recently identified as a drug
target in type 2 diabetes. TGR5 is activated by bile acids
and mediates the endocrine effects of bile acids on energy
balance, inflammation, and digestion and regulates insulin
secretion to maintain glucose homeostasis. The TGR5 ligand
(oleanolic acid) shows significant blood glucose-lowering
and weight-losing effects in diabetic animal models. L. Deng
and colleagues have shown that activation of TGR5 partially
alleviates high glucose-induced cardiomyocyte injury by
inhibition of inflammatory responses and oxidative stress
and postulate that activation of TGR5 has cardioprotective
effects against HG-induced cardiomyocyte injury by suppress-
ing inflammation and apoptosis partially through inhibiting
the NF-κB pathway and activating the Nrf2 pathway. There-
fore, the authors postulate that TGR5 could be a pharmacolog-
ical target for the treatment of diabetic cardiomyopathy.

M. Trocha et al. analyzed the antidiabetic SGLT-2
inhibitor-dependent differences in the intensity of oxidative
stress in rat livers subjected to ischemia-reperfusion injury.
Among the many phenomena occurring in the IR, there is
an excessive production of free radicals and the development
of oxidative stress. A body of evidence has gathered concern-
ing protective effect of new drugs on hepatic cells during IR,
providing rationale for new therapeutic strategies. Among
others, glucose-lowering activity of incretins and hence indi-
rectly of sitagliptin, STG, translates into reduced oxidative
stress, condition fueled by hyperglycemia (21). Moreover,
STG has been found to be an efficient scavenger of reactive
oxygen species (ROS), directly reducing superoxide genera-
tion in various organs. In this study, a protective effect of
SGLT-2 inhibitor on the rat liver, especially its antioxidant
properties, was revealed under IR conditions. Also, despite
the small degree of steatosis, the aminotransferase activity
analysis does not suggest any hepatotoxic action of STG.
Contrarily, even a slight protective effect of this drug was
seen, especially in IR conditions.

Interestingly, A. Bilska-Wilkosz et al. demonstrated that
lipoic acid (LA) may exert beneficial effects on ethanol-
induced cardiotoxicity. The administration of ethanol, lino-
leic acid, and disulfiram separately or jointly affected the
aldehyde dehydrogenase activity in the rat liver indicating
that LA is an inhibitor of aldehyde dehydrogenase. This study
for the first time demonstrated that LA could partially atten-
uate the cardiac arrhythmia (extrasystoles and atrioventricu-
lar blocks) induced by EtOH and reduced the EtOH-induced
mortality of animals, which supports a potential of LA for use
in acute EtOH-intoxication and suggests that further experi-
ments are necessary to elucidate the mechanism of action of
LA as an antidote to EtOH poisoning.

Another original paper, by A. Barbosa et al., points out that
the redox-active drug, MnTE-2-PyP5+, prevents and treats
cardiac arrhythmias preserving the cardiac systolic function.

The death of cancer survivors was mainly attributed to
cardiac factors, which emphasizes the need for pharmacolog-
ical strategies offering protection against cardiotoxicity
caused by anticancer drugs. Doxorubicin (DOX), an anthra-
cycline chemotherapeutic, has been widely used for the treat-
ment of both solid and hematologic malignancies, but its
therapeutic use is limited by its dose-dependent cardiotoxi-
city, resulting in the cardiomyocyte loss, mitochondrial dys-
function, myofibrillar degeneration, and congestive heart
failure with poor prognosis. In the study by X. Hu et al., the
authors demonstrate that miR-200a supplementation, by
activating Nrf2, could reduce cardiac injury, improve cardiac
function, and attenuate DOX-related oxidative stress and cell
apoptosis. miR-200a also protected the hearts from DOX-
induced chronic damage and may thus, according to the
authors, represent a new cardioprotective strategy against
DOX-induced cardiotoxicity.

Conflicts of Interest

The editors declare that they have no conflicts of interest
regarding the publication of this special issue.

Acknowledgments

We would like to thank all the authors who contributed to
this special issue, as well as the numerous reviewers who
reviewed each and every paper in a timely manner and pro-
vided their intellectual input to improve the quality of papers
published. Finally, we want to acknowledge the Editorial
Board of Oxidative Medicine and Cellular Longevity for giv-
ing us this opportunity to publish this special issue.

Adrian Doroszko
Aneta Radziwon-Balicka

Robert Skomro

3Oxidative Medicine and Cellular Longevity



Research Article
Redox-Active Drug, MnTE-2-PyP5+, Prevents and Treats Cardiac
Arrhythmias Preserving Heart Contractile Function

Andrezza M. Barbosa,1,2 José F. Sarmento-Neto ,3 José E. R. Menezes Filho,4

Itamar C. G. Jesus,5 Diego S. Souza,4 Valério M. N. Vasconcelos,1 Fagner D. L. Gomes,1

Aline Lara,1 Juliana S. S. Araújo,2,6 Sandra S. Mattos,2 Carla M. L. Vasconcelos ,4

Silvia Guatimosim,5 Jader S. Cruz,7 Ines Batinic-Haberle,8 Demetrius A. M. Araújo ,1

Júlio S. Rebouças ,3 and Enéas R. Gomes 1,2

1Department of Biotechnology, Federal University of Paraiba, Joao Pessoa, Brazil
2Heart Circle, Recife, Brazil
3Department of Chemistry, Federal University of Paraiba, Joao Pessoa, Brazil
4Department of Physiology, Federal University of Sergipe, Aracaju, Brazil
5Department of Physiology and Biophysics, Federal University of Minas Gerais, Belo Horizonte, Brazil
6Department of Public Health, Federal University of Paraiba, Joao Pessoa, Brazil
7Department of Biochemistry and Immunology, Federal University of Minas Gerais, Belo Horizonte, Brazil
8Department of Radiation Oncology, Duke University School of Medicine, Durham, NC 27710, USA

Correspondence should be addressed to Enéas R. Gomes; eneasricardo@yahoo.com.br

Received 12 July 2019; Accepted 11 January 2020; Published 21 March 2020

Guest Editor: Adrian Doroszko

Copyright © 2020 Andrezza M. Barbosa et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Background. Cardiomyopathies remain among the leading causes of death worldwide, despite all efforts and important advances in
the development of cardiovascular therapeutics, demonstrating the need for new solutions. Herein, we describe the effects of the
redox-active therapeutic Mn(III) meso-tetrakis(N-ethylpyridinium-2-yl)porphyrin, AEOL10113, BMX-010 (MnTE-2-PyP5+), on
rat heart as an entry to new strategies to circumvent cardiomyopathies. Methods. Wistar rats weighing 250-300 g were used in
both in vitro and in vivo experiments, to analyze intracellular Ca2+ dynamics, L-type Ca2+ currents, Ca2+ spark frequency,
intracellular reactive oxygen species (ROS) levels, and cardiomyocyte and cardiac contractility, in control and MnTE-2-PyP5+-
treated cells, hearts, or animals. Cells and hearts were treated with 20 μM MnTE-2-PyP5+ and animals with 1mg/kg, i.p. daily.
Additionally, we performed electrocardiographic and echocardiographic analysis. Results. Using isolated rat cardiomyocytes,
we observed that MnTE-2-PyP5+ reduced intracellular Ca2+ transient amplitude, without altering cell contractility. Whereas
MnTE-2-PyP5+ did not alter basal ROS levels, it was efficient in modulating cardiomyocyte redox state under stress conditions;
MnTE-2-PyP5+ reduced Ca2+ spark frequency and increased sarcoplasmic reticulum (SR) Ca2+ load. Accordingly, analysis of
isolated perfused rat hearts showed that MnTE-2-PyP5+ preserves cardiac function, increases SR Ca2+ load, and reduces
arrhythmia index, indicating an antiarrhythmic effect. In vivo experiments showed that MnTE-2-PyP5+ treatment increased
Ca2+ transient, preserved cardiac ejection fraction, and reduced arrhythmia index and duration. MnTE-2-PyP5+ was effective
both to prevent and to treat cardiac arrhythmias. Conclusion. MnTE-2-PyP5+ prevents and treats cardiac arrhythmias in rats. In
contrast to most antiarrhythmic drugs, MnTE-2-PyP5+ preserves cardiac contractile function, arising, thus, as a prospective
therapeutic for improvement of cardiac arrhythmia treatment.
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1. Introduction

Therapeutic improvements, lifestyle modifications, and wider
adoption of evidence-based medicine have resulted in a
remarkable 30–35% decline in cardiovascular mortality [1].
However, despite all efforts and advances in developing car-
diovascular therapeutics, cardiomyopathies are still a major
public health problem and the main causes of death around
the world [2, 3].

Since the first observation that Ca2+ was required for car-
diac contraction and pacemaker activity, the role of Ca2+ as a
signaling ion in the heart has been progressively dissected
and better understood at molecular level, and it is clear that
abnormalities in Ca2+ homeostasis play a pivotal role in the
pathogenesis of many cardiovascular diseases, including car-
diac arrhythmias [4]. Inherited gene alteration and acquired
defects of multiple Ca2+-handling proteins can contribute
to the pathogenesis of arrhythmias in different categories
of heart disease [4]. However, drug therapy is available
only for some of these conditions and is often only partially
effective [5].

Ca2+ handling within cardiomyocytes is widely recog-
nized as a potential target for the treatment of cardiac disease.
Whereas the role of Ca2+ channels in cardiac muscle contrac-
tion has long been elucidated [6], the biophysical and genetic
identities of various voltage-gated Ca2+ channels were dis-
closed [7, 8], contributing along the way to several classes
of antagonists being described, which comprise now part of
the formulary for the treatment of cardiac diseases including
arrhythmias [4].

Accordingly, Ca2+ channel blockers are able to decrease
the automaticity of ectopic foci in the heart and can be used
in many arrhythmias [4]. Overall, it is thought that reduced
L-type calcium currents (ICa,L) result in less Ca2+ overload
on the myocyte, reducing tendency to ectopy, which can
trigger arrhythmias [4]. Additionally, cardiotonic glyco-
sides or digitalis are positive inotropes used in clinical
practice for the treatment of heart failure that also behave as
endogenous ligands for Na+/K+ ATPase. An increase in intra-
cellular Ca2+ content mediates their positive inotropic effect
but has also been suggested as a trigger of life-threatening
arrhythmias [9].

In many tissues, including the heart, reactive oxygen/-
nitrogen species (ROS/RNS) are often derived from mito-
chondria, NADPH oxidase, or uncoupled-nitric oxide
synthase (NOS) and are kept under tight homeostatic control
[10, 11]. In the cardiovascular system, ROS/RNS has been
shown to play an important role in regulation of K+, Na+,
L-type Ca2+ channels (in plasmatic membrane), and ryano-
dine receptor (RyR2) in sarcoplasmic reticulum membrane
[12–14]. Mn-porphyrin-based compounds have been widely
recognized as potent redox-active therapeutics, being able
to modulate ROS/RNS in several animal models of oxida-
tive stress [15–18]. Mn(III) meso-tetrakis(N-ethylpyridi-
nium-2-yl) porphyrin (MnTE-2-PyP5+), also known as
AEOL10113 or BMX-010, is currently under phase I/II clin-
ical trials in Canada and the USA [15], and preclinical toxi-
cological studies in conscious telemetered male cynomolgus
monkeys showed that administration of MnTE-2-PyP5+ at a

dose of 1mg/kg/day led to no statistically significant changes
in heart rate or arterial blood pressure [19].

The pharmacokinetic studies on MnTE-2-PyP5+ show a
good distribution of this compound into the heart [20, 21].
Such data prompted us to investigate MnTE-2-PyP5+ as a
redox-active experimental therapeutic for cardiomyopathy,
with particular focus on reducing Ca2+ stress and preserving
cardiac contractile function. We demonstrate that MnTE-2-
PyP5+ exerts protective effects in rat hearts, by modulating
Ca2+ dynamics, reducing arrhythmia score, and preserving
contractile function of the heart. Additionally, MnTE-2-
PyP5+ was effective in preventing and treating cardiac
arrhythmias in vivo.

2. Methods

2.1. Animals. All experiments were performed using rats of
both sexes (Rattus norvegicus, 200–250 g). Animals were
maintained at the Federal University of Paraiba (UFPB),
Brazil, in accordance with NIH guidelines for the care and
use of animals. Experiments were performed according to
approved animal protocols from the Institutional Animal Care
and Use Committee at UFPB (CEUA Protocol 016/2017). All
animals were euthanized by decapitation.

2.2. MnTE-2-PyP5+ Synthesis. MnTE-2-PyP5+ was synthe-
sized and characterized as described elsewhere [22–25].
Concentrations of MnTE-2-PyP5+ stock solutions were deter-
mined spectrophotometrically (log ε454nm = 5:14) [22–24].
Moreover, MnTE-2-PyP5+ is extremely stable toward deme-
tallation, even in strong concentrated acids (e.g., 98% sulfuric
acid) [26–28], or in the presence of strong chelating agents,
such as EDTA [26–29]. For both in vitro and in vivo experi-
ments, MnTE-2-PyP5+ was diluted in 0.9% NaCl sterile
solution.

2.3. Cardiomyocyte Isolation and Ca2+ Recordings. Ventricu-
lar rat cardiomyocytes were isolated and stored until they
were used as previously described [30]. Intracellular Ca2+

analysis was performed with Fluo-4 AM (10μM; Invitrogen,
Eugene, OR)-loaded cardiomyocytes. The cells were stained
for 30min and then washed to remove the excess dye. Cells
were electrically stimulated at 1Hz to produce steady-state
conditions. The images were recorded in a Zeiss LSM
510META confocal microscope. As an indicator of the SR
Ca2+ load, 10mM caffeine stimulation (in a Ca2+- and Na+-
free solution) and the amplitude of the Ca2+ transient evoked
were recorded [31]. Preconditioning pulses (1Hz) were used
in the cells before caffeine was applied. Ca2+ spark frequen-
cies were recorded in resting ventricular myocytes. The
Ca2+ level was reported as F/F0 (or as ΔF/F0), where F0 is
the resting Ca2+ fluorescence.

2.4. ROS Recordings. Isolated cardiomyocytes were incubated
with 10μM dihydroethidium (DHE, Molecular Probes,
Eugene, OR) for 30min at 37°C and were subsequently
washed with an extracellular solution to remove the excess
dye. Images were acquired with a Zeiss LSM 510 META con-
focal microscope. Images were analyzed in ImageJ software.
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2.5. Measurement of L-Type Ca2+ Current. Whole-cell
voltage-clamp recordings were done at 22–25°C using an
EPC-9.2 patch-clamp amplifier (HEKA Electronics,
Rheinland-Pfalz, Germany) as described previously [32, 33].
L-type Ca2+ current (ICa,L) measurement was done using
internal solution as follows (in mM): 5 NaCl, 120 CsCl, 20
TEACl, 5 EGTA, and 10 HEPES and pH 7.2 (adjusted using
CsOH 1.0M). External solution composition was as follows
(in mM): 5.4 KCl, 140 NaCl, 1.8 CaCl2, 1 MgCl2, 10 HEPES,
and 10 glucose and pH 7.2 (adjusted with NaOH 1.0M). To
measure the effect ofMnTE-2-PyP5+ on ICa,L density, we used
a holding potential of −80mV. Next, to inactivate both
voltage-gated Na+ channels and T-type Ca2+ channels, a pre-
step of 50ms to −40mV was applied. Then, the membrane
potential was swapped to 0mV for 300ms. This protocol
was used before, during, and after washing off each concentra-
tion of MnTE-2-PyP5+.

2.6. Measurement of LV Myocyte Shortening. Cellular con-
tractility was evaluated as previously described [34]. Briefly,
isolated myocytes were placed in a chamber mounted on
the stage of an inverted microscope (Eclipse TS 100; Nikon,
Japan). The chamber was perfused with Tyrode’s solution
(in mM): 150 NaCl, 5.4 KCl, 0.5MgCl2, 1.8 CaCl2, 10 HEPES,
and 10 glucose and pH set at 7.4. All experiments were
performed at room temperature. Myocytes were stimulated
to contract at 1Hz with 4ms square pulse. Shortening was
measured using a video-edge detection acquisition system
(IonOptix, Milton, MA, USA). Sarcomeric shortening was
expressed as a percentage of diastolic LV myocyte length.
Five consecutive myocyte contractions were averaged before
analysis. Cell shortening, maximal rates of contraction and
relaxation, and times to 10% contraction and relaxation were
determined for all groups.

2.7. Atrial Contractility. The left atrium was mounted in an
organ chamber and maintained in modified Krebs–Henseleit
solution (KHS) containing (in mM) 120 NaCl, 5.4 KCl, 1.2
MgCl2, 1.25 CaCl2, 11 glucose, 27 NaHCO3, and 2 NaH2PO4
(pH 7.4), oxygenated with carbogen mixture (95%O2 and 5%
CO2) and maintained at 29 ± 0:1°C. The atrium was electri-
cally stimulated (1Hz, 80V, 1.5ms, SD9 stimulator, Grass).
Tissue was placed under 5mN tension, and an isometric
force transducer (HP FTA 10-1 Sunborn) was used to record
the contraction force. After 30min of stabilization, MnTE-2-
PyP5+ was added cumulatively to the bath (1, 3, 10, 30, 100,
and 300μM).

2.8. Sarcoplasmic Reticular Ca2+ Load. The heart was quickly
removed, placed in a Krebs–Henseleit solution continuously
bubbled with 95% 02 and 5% CO2, and the left atrium was
dissected. The left atrium was tied with an isometric force
transducer (Grass FT03) which was mounted vertically
on a micromanipulator. Stimulation (STIMULATOR SD9
GRASS) was with pulses of 0.5ms duration at a suprathres-
hold voltage, and frequency of stimulation was 1Hz for a
30min equilibration period. Steady level and postrest con-
tractions following 20 s of pause in stimulation were observed
in caffeine-treated (10mM) or caffeine-treated containing

20μMMnTE-2-PyP5+. Measurements were made on the last
contraction before the pause and on the first contraction after
the rest interval.

2.9. Langendorff Preparation-Perfused Hearts. Animals were
euthanized 10–15min after intraperitoneal injection of
1000 IU heparin/kg. The heart was dissected and perfused
through a 1:0 ± 0:3 cm aortic stump with Krebs–Henseleit
solution (KHS) containing (in mM) NaCl, 120; KCl, 5.4;
MgCl2, 1.2; CaCl2, 1.25; glucose, 11; NaHCO3, 27; and
NaH2PO4, 2 (pH 7.4). The perfusion fluid was maintained
at 34 ± 1°C with a pressure of 10ml/min in constant oxygen-
ation (5% CO2 and 95% O2). Electrical activity was recorded
utilizing three platinum electrodes (Ag/AgCl, in NaCl 1M
electrolytic solution) placed inside the chamber close to the
heart for sensing electrical signals. Hearts were perfused for
an initial 20min period with KHS. After equilibration, the
hearts were perfused for 12min with KHS, 12min with
KHS+20μM MnTE-2-PyP5+, and last 30min period with
KHS. The high-calciummodel was used to determine cardiac
arrhythmias. Therefore, after a 20min stabilization, hearts
were perfused for 25min with normal perfusion KHS at
34°C, started 25min with high calcium (HC) (3.3mM) and
25min with HC+20μM MnTE-2-PyP5+.

2.10. In Vitro Arrhythmia. In vitro arrhythmia was deter-
mined in an isolated heart as described previously [35].
Hearts were subjected to perfusion with KHS containing
1.25mM of calcium (control group) at 34°C during 20min.
After stabilization, the hearts were subjected to perfusion
with 3.3mM high calcium (HC group) or with high calcium
in the presence of 20μM MnTE-2-PyP5+ during 25min.
Arrhythmia scores were determinate as previously described
[36]. Therefore, to quantify the arrhythmias, 25min of exper-
iment was divided into 3min intervals and the arrhythmia
scores were added at the end.

2.11. Measurement of Left Ventricular Pressure. Left intra-
ventricular pressure was measured using a water-filled bal-
loon introduced into the cavity of the left ventricle with a
constant diastolic pressure of 15mmHg by adjusting the
volume of the balloon, connected to a pressure transducer
(FE221, Bridge Amp, ADInstruments, Australia) coupled to
an amplifier (PowerLab 8/35, ADInstruments). Ventricular
pressures were processed using a dedicated software (LabChart
8 Pro, ADInstruments).

2.12. In Vivo MnTE-2-PyP5+ Safety. To test the in vivo safety
of MnTE-2-PyP5+, animals were randomized into two
groups: (1) control 0.9% saline (1ml/kg/day, i.p.) and (2)
MnTE-2-PyP5+ (1mg/kg/day, i.p.), which were treated for
15 days. The dose regimen for MnTE-2-PyP5+ administra-
tion was chosen based on rat model experiments carried
out previously by our group [17, 37, 38].

2.13. In Vivo ECG Measurements. The animals were anesthe-
tized with ketamine (80mg/kg, i.p.); surface ECG measure-
ments were conducted using subdermal electrodes placed
in the DII lead arrangement connected to a cardioscope,
amplified and digitalized (PowerLab 4/35 ADInstruments,
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USA). ECG signals were recorded for 15min, then animals
received an injection of caffeine (120mg/kg, i.p.) and epi-
nephrine (2mg/kg, i.p.). Data were analyzed in LabChart 8
(ADInstruments, USA) and arrhythmic score measured as
described previously [36].

2.14. In Vivo Arrhythmia Susceptibility. The animals were
injected with dexamethasone (4mg/kg, i.p.) for 7 days to
predispose to arrhythmia. In the prevention protocol, ani-
mals received MnTE-2-PyP5+ (1mg/kg/day, i.p.) during the
7 days of dexamethasone administration. In the treatment
protocol, the animals received only dexamethasone until
day 5 and MnTE-2-PyP5+ (1mg/kg/day, i.p.) and dexameth-
asone (4mg/kg, i.p.) in days 6 and 7. Rats were randomized
into four experimental groups: 1: control; 2: dexamethasone;
3: dexamethasone+MnP (treatment); and 4: dexamethasone
+MnP (prevention).

2.15. M-Mode Echocardiography. Cardiac function under
noninvasive conditions was assessed by two-dimensional
guided M-mode echocardiography of halothane-anesthetized
mice as previously described [39]. Briefly, animals were posi-
tioned on supine position with front paws wide open and tri-
chotomized. Transthoracic echocardiography was performed
using a SonoSite M-Turbo Ultrasound System B (USA)
equipped with a 14MHz linear transducer.

2.16. Statistical Analysis. Data are presented as mean ± SEM.
Sample comparisons were performed using Student’s t-test
for two-group analysis or one-way ANOVA followed by post
hoc analysis for multiple comparisons. In all statistical tests, a
p < 0:05 was used as a measure of statistical significance.

3. Results

3.1. MnTE-2-PyP5+ Reduces Ca2+ Signaling Preserving
Cardiomyocyte Contractility. To investigate whether
MnTE-2-PyP5+ modulates Ca2+ signaling in the heart, we
performed Ca2+ transient analysis in isolated cardiomyocytes
loaded with Fluo-4/AM (5μM), incubated for 90min with
crescent concentrations of MnTE-2-PyP5+ (2-200μM), and
observed a significant reduction in peak Ca2+ transient in a
concentration-dependent manner (Figure 1(a)). However,
the kinetics of Ca2+ decay was altered only for T90 at
200μM concentration (Figures 1(b) and 1(c)). Considering
that 20μM MnTE-2-PyP5+ concentration reduced approxi-
mately by 50% the peak Ca2+ transient, we chose this concen-
tration to continue the experiments. To further understand
the MnTE-2-PyP5+ effect on cardiac myocytes, we performed
a time course analysis of Ca2+ transient from 5 to 15min.
Once again, MnTE-2-PyP5+ promoted a significant decrease
in peak Ca2+ transient, observed after 15min of incubation
(Figure 1(d)), without causing alterations in the kinetics of
Ca2+ decay (Figures 1(e) and 1(f)). Additionally, we observed
that MnTE-2-PyP5+ did not change the basal Fluo-4 fluores-
cence (Supplementary videos 1–4).

Considering that MnTE-2-PyP5+ is a superoxide dismut-
ase (SOD) mimetic (currently recognized as a broad redox
modulator) [17, 18], we used dihydroethidium (DHE), a
fluorescent, cell-permeable, reactive oxygen species (ROS)

indicator, to evaluate MnTE-2-PyP5+ effect on cardiomyo-
cyte ROS levels. MnTE-2-PyP5+ did not change the basal
levels of ROS. However, as its well-known that MnTE-2-
PyP5+, physiologically, has antioxidant activity under oxida-
tive stress conditions, we used isoproterenol (ISO) as a cell
stressor. As expected, ISO induced an increase in DHE fluo-
rescence that was prevented by MnTE-2-PyP5+ (Figures 2(a)
and 2(b)), indicating that MnTE-2-PyP5+ is efficient in
modulating cardiomyocyte redox state under stress condi-
tions. Nevertheless, as MnTE-2-PyP5+ did not change basal
ROS levels in cardiomyocytes, this result suggests that the
observed reduction in Ca2+ transient induced by MnTE-2-
PyP5+ is likely independent of its antioxidant effect.

As L-type Ca2+ channels (LTCC) and ryanodine receptors
(RyR)arecritical fornormalCa2+signaling,we investigated the
MnTE-2-PyP5+ effects on L-type Ca2+ current (ICa,L) using
whole-cell voltage-clamp recordings. Figures 2(d)–2(f) show
thatMnTE-2-PyP5+inducedasignificantreductioninICa,Lcur-
rentdensity,compatiblewiththereductioninthepeakCa2+tran-
sient. Additionally, we measured Ca2+ spark frequency, and
interestingly, MnTE-2-PyP5+ reduced basal spark frequency
(Figure2(c))andpreventedtheincreaseinCa2+sparkfrequency
inducedbyISO(Figure2(c)).

As we observed all these alterations in pivotal compo-
nents of excitation-contraction coupling (ECC) and consid-
ering the importance of Ca2+ ion for cellular contraction,
we next analyzed the MnTE-2-PyP5+ effects on cardiomyo-
cyte contractility. Remarkably, despite the reduction in ICa,L
and in peak Ca2+ transient, no changes in fractional shorten-
ing, systolic length, or diastolic length of MnTE-2-PyP5+-
treated cardiomyocytes were observed, which is in direct
contrast to the LTCC blocker verapamil-treated group
(Figures 3(a)–3(d)). This result is noteworthy, because it
indicates that although MnTE-2-PyP5+ decreases Ca2+ tran-
sient, it preserves cardiomyocyte contractility.

3.2. MnTE-2-PyP5+ Preserves Heart Contractility Reducing
Arrhythmia Index. Based on effects observed in isolated car-
diomyocytes, we decided to investigate MnTE-2-PyP5+

actions on heart contractility. First, using isolated left atria
preparation, it was observed that MnTE-2-PyP5+ did not
evoke alterations in contraction force, dT/dt(+), and
dT/dt(-) (Figures 3(e)–3(g)), corroborating the data obtained
in isolated cardiomyocytes and indicating that MnTE-2-
PyP5+ preserves cardiomyocyte contractility, also in tissue
analysis. Furthermore, in Langendorff-perfused hearts,
MnTE-2-PyP5+ did not change the left ventricular developed
pressure (LVDP) (Figure 3(h)). Additionally, we verified that
systole, diastole, and cardiac cycle duration were notmodified
by MnTE-2-PyP5+ (Supplementary Fig. S1A–C). Overall,
these data show that althoughMnTE-2-PyP5+ acutely reduces
Ca2+ signaling in isolated cardiomyocytes, it preserves heart
contractility.

As we observed alterations in Ca2+ spark frequency in
isolated cardiomyocytes, we also tested if MnTE-2-PyP5+

altered SR Ca2+ content in isolated atria. Consistent with iso-
lated cell data, MnTE-2-PyP5+ increased the SR Ca2+ load in
approximately 66%, which helps to explain the maintenance
of the cardiac contractility (Supplementary Figs. S1D and E).
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Figure 1: MnTE-2-PyP5+ reduces Ca2+ transients in cardiac myocytes. Concentration effect of MnTE-2-PyP5+ on Ca2+ transients.
(a) Significant reduction in peak Ca2+ transient amplitude in isolated cardiomyocytes treated with MnTE-2-PyP5+. Ca2+ transient kinetics of
decay in ms for (b) T50 or (c) T90. (d, e) Time course effect of MnTE-2-PyP5+ 20 μM on Ca2+ transients. (d) Significant reduction in peak
Ca2+ transient amplitude in MnTE-2-PyP5+-treated cardiomyocytes for 15min. (e, f) Ca2+ transient kinetics of decay in ms for (e) T50 or
(f) T90; n= at least 10 cells per animal and 3 animals per group. ∗p ≤ 0:05; ∗∗p ≤ 0:01; ∗∗∗p ≤ 0:001. MnP=MnTE-2-PyP5+.
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Considering the involvement of Ca2+ ions in triggering
cardiac arrhythmias, we used Langendorff-perfused hearts
to test whether MnTE-2-PyP5+ could alter the electrical
activity of the heart. Electrocardiographic (ECG) recordings
were used to analyze ECG intervals and segments. The results

showed that heart rate and QRS complex length were not
modified by MnTE-2-PyP5+ (Figures 4(a)–4(c)). However,
QTcV was significantly shortened and PRi increased
(Figures 4(d) and 4(e)). Additionally, to investigate if
MnTE-2-PyP5+ could target cardiac arrhythmias, isolated
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Figure 2: MnTE-2-PyP5+ reduces Ca2+ currents independent of antioxidant activity. (a) Representative images of DHE-stained cells.
Scale bar = 10μm. (b) Bar graph showing that MnTE-2-PyP5+ does not change basal ROS levels but prevents ISO-induced ROS increase.
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hearts were perfused with high calcium (HC) to induce car-
diac arrhythmias. Figure 4(f) shows normal ECG traces in
control situation (top panel) and induced arrhythmias in
HC-perfused heart (bottom panel). As shown in Figure 4(g),
HC perfusion significantly increased the arrhythmia scores
and MnTE-2-PyP5+ decreased HC-induced cardiac arrhyth-
mias. Furthermore, most of the arrhythmias evidenced
in control situation were of lower severity, such as ven-
tricular premature beats (VPB, Figure 4(h)). In contrast,
HC-perfused hearts presented ventricular fibrillation (VF),
the most severe type of arrhythmia. Remarkably, MnTE-2-
PyP5+ prevented the incidence of the most severe arrhythmia
events (Figure 4(h)).

3.3. MnTE-2-PyP5+ Increases Ca2+ Transient and Preserves
Heart Function In Vivo. Based on our in vitro results, we
visualized MnTE-2-PyP5+ as a potential lead for therapeutic
approaches for some cardiac arrhythmias. Thus, we designed

in vivo experiments in rats to investigate the effect of MnTE-
2-PyP5+ on the heart. Animals were treated daily with
1mg/kg MnTE-2-PyP5+ (i.p. injections) for 15 days. First,
we tested MnTE-2-PyP5+ effects on Ca2+ transient. Cardio-
myocytes from MnTE-2-PyP5+-treated rats presented
increased peak Ca2+ transient and T90 time for Ca2+ decay,
different from what we observed in acutely treated isolated
myocytes (Figures 5(a)–5(c)). Additionally, as we verified
an increase in SR load in vitro, we decided to investigate
the SR load in cardiomyocytes isolated from treated ani-
mals. In agreement with in vitro experiments, MnTE-2-
PyP5+ treatment increased SR Ca2+ load by approximately
14% (Figure 5(d)).

Additionally, heart weight/body weight (HW/BW) and
heart weight/tibia length (HW/TL) ratios were evaluated as
markers of cardiac hypertrophy in MnTE-2-PyP5+-treated
animals. As shown in Figures 5(e) and 5(f), these parameters
did not differ from those of the control group. Next, by
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Figure 3: MnTE-2-PyP5+ preserves cardiomyocyte and atria contractility. (a) Representative traces of isolated ventricular cardiomyocyte
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echocardiographic analysis, we verified that MnTE-2-PyP5+-
treated animals had no difference in ejection fraction (EF)
when compared to control (Figure 5(g)), indicating that
MnTE-2-PyP5+ preserves cardiac contractility in vivo. Taken
together, these results indicate that MnTE-2-PyP5+ adminis-
tered at 1mg/kg/day i.p. does not alter normal heart function
in vivo.

3.4. MnTE-2-PyP5+ Effectively Prevents and Treats Cardiac
Arrhythmias In Vivo. Considering the robust effects of
MnTE-2-PyP5+ in preventing cardiac arrhythmias in isolated
hearts, we assessed its antiarrhythmic property in vivo. By
using a dexamethasone-induced arrhythmia model, we tested
both preventive and therapeutic actions of MnTE-2-PyP5+.
Figure 6(a) shows representative ECG traces along with the
type of the recorded arrhythmias: isolated VPB, sustained
VPB, and VT. Remarkably, in both prevention and treatment
protocols, MnTE-2-PyP5+ was completely effective to reduce
both arrhythmia score and duration (Figures 6(b) and 6(c)),
restoring the control profile. When we analyzed the severity
of ventricular arrhythmias, we observed that MnTE-2-
PyP5+ prevented the occurrence of ventricular tachycardia
(VT) (Figure 6(d)). However, although MnTE-2-PyP5+

reduced the duration of arrhythmias, it was not able to
reverse the relative occurrence of VT (Figure 6(d)).

To better view the multiple actions of MnTE-2-PyP5+,
Figure 7 presents a schematic summary of the main effects
of MnTE-2-PyP5+ both in vitro and in vivo.

To better view the multiple actions of MnTE-2-PyP5+,
Figure 7 presents a schematic summary of the main effects
of MnTE-2-PyP5+ both in vitro and in vivo.

4. Discussion

Cardiac arrhythmias are important causes of sudden death;
thus, proper treatment of these conditions is of utmost
importance. Indeed, over the last two decades, there has been
a great deal of progress in arrhythmiamanagement. However,
most antiarrhythmic drugs proved ineffective or dangerous in
patients with ventricular arrhythmias [40], demonstrating
the need for new therapeutic strategies.

Although the mainstay of treatment for catecholaminer-
gic polymorphic ventricular tachycardia (CPVT) has been
β-blockade, there has also been early evidence that blocking
ICa,L with the LTCC blocker verapamil prevents ventricular
arrhythmias [41]. Overall, it is thought that reduced ICa,L
results in less Ca2+ overload of the myocyte, reducing predis-
position to ectopy that can trigger arrhythmias [4]. In agree-
ment with these findings, our study shows that acute
administration of MnTE-2-PyP5+ to isolated cardiomyocytes
reduced the peak Ca2+ transient in these cells, in association
with reduced ICa,L. Additionally, acute administration of
MnTE-2-PyP5+ in isolated hearts resulted in reduction in
arrhythmia index, severity, and duration of arrhythmias,
demonstrating, for the first time, that MnTE-2-PyP5+ repre-
sents a new lead molecule for the treatment of cardiac
arrhythmias.

Additionally, while in vitro acute use of MnTE-2-PyP5+

reduced Ca2+ transient in cardiomyocytes, in vivo 15-day

use of MnTE-2-PyP5+ in healthy rats did not change Ca2+

transient in cardiomyocytes. Although these results may at
first seem inconsistent, when we consider that MnTE-2-
PyP5+ reduced Ca2+ spark rate and increased SR load, chron-
ically, these two effects combined may account for the final
increased Ca2+ transient observed in vivo. Additionally, as
we and others [15, 17, 18] demonstrated that under stress
conditions MnTE-2-PyP5+ prevents oxidative stress, this
effect can also contribute, chronically, to cellular restoration
of basal transient kinetics. Accordingly, Almeida et al. [42]
demonstrated that aldosterone-treated cardiomyocytes pre-
sented increased ICa,L and Ca2+ transient and that Angioten-
sin-(1–7) restored basal ICa,L albeit with a great increase in
Ca2+ transient. Further investigation demonstrated that this
alteration in Ca2+ transient was caused by reduction in
Ca2+ spark frequency and consequent increased SR load.
MnTE-2-PyP5+ apparently works via a similar mechanism
by improving Ca2+ transient in the long term. In addition,
the systemic antioxidant effect of MnTE-2-PyP5+ must be
considered in the cardiovascular health in vivo.

By reducing peripheral vasoconstriction and LV after-
load, calcium channel blockers were thought to have a poten-
tial role in the management of chronic heart failure (HF).
However, first-generation dihydropyridine and nondihydro-
pyridine calcium channel blockers also have myocardial
depressant activity [43]. Several clinical trials have demon-
strated either no clinical benefit or even worse outcomes in
patients with HF treated with these drugs [44–48]. Despite
their greater selectivity for calcium channels in vascular
smooth muscle cells, second-generation calcium channel
blockers, dihydropyridine derivatives such as amlodipine
and felodipine, have failed to demonstrate any functional or
survival benefit in patients with HF [49–53]. Together, these
data show that although calcium channel blockers have an
important role in the management of cardiac arrhythmias,
they are of limited use, especially in patients with HF.

Although the use of calcium channel blockers for
arrhythmia treatment is often plagued by myocardial depres-
sant activity, here, we demonstrated that MnTE-2-PyP5+

prevents and treats cardiac arrhythmias while preserving
contractility at both cardiomyocyte and heart levels. These
combined effects respond to a large gap in arrhythmia treat-
ments, especially in patients with HF.

It is worth noting that our study demonstrates that
MnTE-2-PyP5+ preserves cardiomyocyte and heart contrac-
tility and exerts antiarrhythmic effects both in vitro and
in vivo, representing, thus, a potentially new strategy to
treat cardiac arrhythmias in patients with contractile dys-
functions. In addition, although reduction in peak calcium
transients is usually related to reduction in cardiac contrac-
tility, modulation of proteins involved in calcium handling
or contractile machinery can alter this relationship. In this
way, Vanzelli el al [54]. demonstrated that heart failure
mice treated with carvedilol had an improvement in cardiac
fractional shortening instead of no alterations in peak cal-
cium transients. Although we did not analyze these mecha-
nisms directly, we speculate that MnTE-2-PyP5+ effect may
be somewhat related to the mechanism described by
Vanzelli el al [54].; further investigations are obviously
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Figure 6: MnTE-2-PyP5+ effectively prevents and treats cardiac arrhythmias. (a) Representative images of electrocardiogram records, cardiac
arrhythmias are highlighted. Bar graphs showing that MnTE-2-PyP5+ reduces (b) arrhythmia score and (c) duration. (d) Bar graph showing
protective effect of MnTE-2-PyP5+ on severity of arrhythmias. n = 5 animals per group. Dx = dexamethasone (4mg/kg, i.p. 7 days); Dx+MnP
treat = dexamethasone+MnP treatment (MnTE-2-PyP5+, 1mg/kg/day, i.p., during the last 2 days of Dx); Dx+MnP= dexamethasone+MnP
prevention (MnTE-2-PyP5+, 1mg/kg/day, i.p., during the 7 days of Dx). ∗p ≤ 0:05; ∗∗p ≤ 0:01; ∗∗∗p ≤ 0:001. #p ≤ 0:05 compared to control.
VT= ventricular tachycardia; VPB= ventricular premature beat. Mn=MnTE-2-PyP5+.
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needed to disclose the actual MnTE-2-PyP5+ mechanism(s)
of action.

Finally, it is important to highlight that the use of Mn
porphyrin-based SOD mimics for cardiovascular treatments
is in its infancy. A first report [55] was very recently pub-
lished on the ability of an analogous Mn porphyrin,
MnTnBuOE-2-PyP5+ (BMX-001) [28], to suppress aortic
valve sclerosis in mice and human models. We showed
herein that the prototypical Mn-porphyrin MnTE-2-PyP5+

represents a simple, promising redox-active therapeutic for
preventing and treating cardiac arrhythmias, preserving heart
contractile function. Taken together, the data strengthen the
therapeutic potential of Mn porphyrins in a quite unexplored
field of cardiac applications.
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Supplementary Materials

Supplementary 1. Supplementary figure 1: (A-C) duration
time for systole, diastole, and cardiac cycle, calculated in
electrocardiograms recorded in isolated hearts, and (D)

representative traces of the left atrium contraction. Steady
level and postrest contractions following 20 s of pause in
stimulation were observed in caffeine-treated (10mM) or
caffeine-treated containing 20μM MnTE-2-PyP5+.

Supplementary 2. Supplementary figure 1: (E) the bar graph
of contraction force average for each group. Measurements
were made on the last contraction before the pause and on
the first contraction after the rest interval. Supplementary
videos 1-4: representative videos of Fluo-4 AM (10μM;
Invitrogen, Eugene, OR)-loaded cardiomyocytes, under field
stimulation (1Hz), recorded in a Zeiss Axio Observer A1
fluorescent microscope.
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Introduction. Calcific aortic valve stenosis (CAVS) is a common disease associated with aging. Oxidative stress participates in the
valve calcification process in CAVS. Semicarbazide-sensitive amine oxidase (SSAO), also referred to as vascular adhesion protein 1
(VAP-1), transforms primary amines into aldehydes, generating hydrogen peroxide and ammonia. SSAO is expressed in calcified
aortic valves, but its role in valve calcification has remained largely unexplored. The aims of this study were to characterize the
expression and the activity of SSAO during aortic valve calcification and to establish the effects of SSAO inhibition on human
valvular interstitial cell (VIC) calcification. Methods. Human aortic valves from n = 80 patients were used for mRNA extraction
and expression analysis, Western blot, SSAO activity determination, immunohistochemistry, and the isolation of primary VIC
cultures. Results. SSAO mRNA, protein, and activity were increased with increasing calcification within human aortic valves and
localized in the vicinity of the calcified zones. The valvular SSAO upregulation was consistent after stratification of the subjects
according to cardiovascular and CAVS risk factors associated with increased oxidative stress: body mass index, diabetes, and
smoking. SSAO mRNA levels were significantly associated with poly(ADP-ribose) polymerase 1 (PARP1) in calcified tissue.
Calcification of VIC was inhibited in the presence of the specific SSAO inhibitor LJP1586. Conclusion. The association of SSAO
expression and activity with valvular calcification and oxidative stress as well as the decreased VIC calcification by SSAO
inhibition points to SSAO as a possible marker and therapeutic target to be further explored in CAVS.

1. Introduction

Calcification of the aortic valve can evolve into calcific aortic
valve stenosis (CAVS), which, if untreated, leads to heart
failure. In the absence of a medical treatment, current options
for severe symptomatic CAVS are limited to surgical or
catheter-based prosthetic valve implantation. Oxidative

stress could be one potential mechanism that increases valve
calcification and CAVS disease burden [1, 2]. Valvular oxida-
tive stress predominates around calcifying foci and enhances
progression of CAVS. Acute H2O2-induced oxidative stress
and the resulting higher reactive oxygen species (ROS) levels
induce osteoblastic differentiation of human valvular inter-
stitial cells (VIC), which are the main structural cells of the
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aortic valve [3]. These processes highly resemble those
observed in atherosclerosis, in which, for example, vascular
peroxidase 1, an enzyme generating H2O2, has been impli-
cated in Ox-LDL-induced calcification of vascular smooth
muscle cells [4].

Although the endogenous substrate is unknown,
semicarbazide-sensitive amine oxidase (SSAO), also known
as vascular adhesion protein-1 (VAP-1), is a mediator of
tissue oxidative stress and a contributor to atherosclerotic
plaque development [5]. The SSAO enzyme generates alde-
hydes, hydrogen peroxide (H2O2), and ammonia (NH3) from
primary amines or amine groups within proteins. SSAO
expression has been detected in human aortic valves, with
significant upregulation in CAVS compared with noncalci-
fied valves [6]. Furthermore, serum levels of SSAO are higher
in patients with severe CAVS compared with patients pre-
senting moderate CAVS and are significantly correlated with
CAVS severity as assessed by echocardiography [7]. SSAO
has been implicated in the differentiation of several cell types,
such as chondrocytes and adipocytes [8–10], but its effects on
VIC have not previously been investigated.

SSAO serves as a cardiovascular risk factor in particular
for obese patients [11]. SSAO predicts an increased 9-year
absolute risk of major cardiovascular events and cardiovascu-
lar mortality in subjects aged >50 years. Moreover, serum
SSAO activity increases in types I and II diabetic patients com-
pared with a nondiabetic control group [12]. Also, nicotine-
enhanced oxidative stress through SSAO has been reported
to contribute to the adverse effects of smoking [13]. Since obe-
sity, diabetes, and smoking are also major risk factors for the
incidence of CAVS [14–16], SSAO emerges as a common risk
factor for atherosclerotic vascular disease and CAVS.

Taken together, the above observations converge to the
hypothesis that oxidative stress through SSAO could be
implicated in CAVS and could represent a novel target to
develop anticalcification therapies. The aims of the present
study were therefore (1) to determine the SSAO expression
and activity in relation to the degree of calcification in
human aortic valves, (2) to establish whether cardiovascular
risk factors affect SSAO upregulation during valve calcifica-
tion, and (3) to identify potential correlations between
SSAO and other oxidative stress pathways. Finally, we aimed
(4) to determine the role of SSAO in valve calcification by
evaluating the potential of SSAO inhibition to inhibit human
VIC calcification.

2. Material and Methods

2.1. Human Aortic Valves.Human aortic valves were obtained
from 80 patients undergoing aortic valve replacement sur-
gery at the Karolinska University Hospital in Stockholm,
Sweden. The study was approved by the local ethics commit-
tee (2012/1633), and all patients gave informed consent.

2.2. Sample Collection and Macroscopic Dissection. Immedi-
ately after surgical removal, the valves were immersed in
either RNA Later (Qiagen) and stored at 4°C until transport
to the laboratory. For Western blot and SSAO activity deter-
minations, valves were collected in phenol red-free DMEM

supplemented with 10% fetal bovine serum (FBS), dissected,
and stored at -80°C. Adjacent pieces were embedded in par-
affin for histological analysis. Macroscopic dissection was
performed dividing each valve into healthy, thickened, or cal-
cified regions as previously described [17–19].

2.3. Valve mRNA Expression. Total RNA from aortic valves was
isolated using the RNeasy Lipid TissueMini kit (Qiagen, Hilden,
Germany). Quantification and the quality of RNA were assessed
using a NanoDrop (Thermo Scientific, Waltham, MA, USA)
and a 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA), respec-
tively. Valve gene expression data was obtained using Gene Chip
Affymetrix human transcriptome 2.0 (HTA 2.0 arrays, Santa
Clara, CA, USA) and normalized with a signal space
transformation-robust multi-chip analysis (SST-RMA) using
Expression Console (Affymetrix, Santa Clara, CA, USA) [18].

2.4. Western Blot and SSAO Activity Homogenates. Tissue
specimens of human aortic valves were weighed and crushed
in liquid nitrogen using a BioPulverizer (Biospec). The sam-
ples were suspended in 20μl of 1mM NaH2PO4/Na2HPO4,
pH7.4 (NaPi buffer) containing 250mM sucrose per mg of
tissue. The tissue homogenates were centrifuged at 600xg for
5 minutes at 4°C, and the supernatants were stored at -80°C
until use. The protein concentration was determined using
DC Protein Assay (Bio-Rad, Bovine Gamma Globulin, S60)
according to the manufacturer’s protocol. Absorbance was
read at 750nm with FLUOstar® OPTIMA (BMG) 413-0149.

2.5. SSAO Activity. SSAO activity was analyzed by measure-
ment of H2O2 production by a fluorimetric method adapted
fromMatsumoto et al. [20], using benzylamine as a substrate.
Tissue homogenates (20μg of protein/well) were preincu-
bated in duplicate in the absence or presence of the SSAO
inhibitor semicarbazide (250μM, Sigma) for 15 minutes at
37°C in a total reaction volume of 50μl containing 40mM
NaPi buffer, 1mM pargyline (Sigma), 1 IU/ml HRP, and
80nM Amplex Red (Molecular Probes). Then, the SSAO
substrate benzylamine (500μM, Sigma) was added. Incuba-
tion was carried out for 1 h at 37°C. H2O2 was used as the
standard curve to determine the quantity generated in each
condition. The fluorescence intensity was measured with a
FLUOstar OPTIMA (413-0149) fluorescence microplate
reader using excitation at 563nm and fluorescence detection
at 587 nm. To get the SSAO specific activity, the quantity of
hydrogen peroxide detected with benzylamine in the pres-
ence of semicarbazide was subtracted from the hydrogen per-
oxide generated from the benzylamine in the absence of
semicarbazide.

2.6. Western Blot. Tissue homogenates (10μg) were dena-
tured in loading buffer (Laemmli Sample Buffer, BioRad)
for 5min at 95°C and loaded on an acrylamide SDS/PAGE
gel (Bio-Rad) in a Mini-PROTEAN Tetra Cell (Bio-Rad).
Resolved protein was subsequently transferred to a nitrocel-
lulose membrane (Bio-Rad) with a Mini Trans-Blot Module.
The membranes were blocked for 1 h at room temperature
(RT) in 0.1% Tween 20 in TBS buffer (10mM Tris-Base
and 15mM NaCl, pH7.5) containing 5% nonfat dry milk
and incubated with primary antibodies (rabbit anti-SSAO,
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clone H43, and anti β-actin, Santa Cruz Biotechnology,
Dallas, TX, USA) in blocking solution. After several washes,
the membrane was incubated with an appropriate horse-
radish peroxidase- (HRP-) coupled secondary antibody
(anti-mouse or anti-rabbit IgG, GE Healthcare, Chicago, IL,
USA) in blocking solution for 1 h at RT. Following washes,
the protein bands were visualized using the Chemilumines-
cence Kit (Immun-Star™ WesternC™ Chemiluminescence
Kit, Bio-Rad) on a Fujifilm Luminescent Image Analyzer
LAS4000 system. The image analysis was performed with
the Multi Gauge v3.0 program.

2.7. Histology and Immunohistochemistry. Aortic valve sec-
tions derived from 4 patients were deparaffinized in tolu-
ene, hydrated in ethanol at decreasing concentrations
(100%, 95%, and 50%), and rinsed in distilled water before
histochemical detection of calcification using alizarin red.
For immunohistochemistry, deparaffinized sections were
incubated in TBS-T 0.05%/3%H2O2 to block endogenous per-
oxidases. Nonspecific sites were blocked in TBS-T 0.05%/5%
BSA (bovine serum albumin). The sections were then incu-
bated with a primary anti-SSAO antibody (H-43, Santa Cruz
Biotechnology, sc-28642) overnight at 4°C. After several
washes in TBS-T 0.05%, sections were incubated with bio-
tinylated donkey anti-rabbit secondary antibody (Jackson
ImmunoResearch) for one hour at RT, followed by Streptavi-
din/HRP solution (Thermo Fisher Scientific, Waltham, MA,
USA) for 10min and DAB (3,3′-diaminobenzidine) (Vector
Laboratories, SK-4100). Finally, some of the sections were
counter-stained with haematoxylin (Vector Laboratories, H-
3404) for one min and observed under an Eclipse Ci-S,
403116 microscope (Nikon).

2.8. VIC Isolation. Human aortic valves from n = 9 patients
were digested for 16 h using an enzymatic cocktail containing
collagenase I and dispase II as previously described [18]. Iso-
lated VIC were seeded onto polystyrene tissue culture con-
tainers and cultured in DMEM supplemented with 10%
FBS, 100 units/ml penicillin, 100μg/ml streptomycin, 1mM
sodium pyruvate, 10mM HEPES, and 2mM L-glutamine.
Culture medium was changed every other day. Cells were
used for experiments between passages 1 and 3. Cell culture
reagents were purchased from Gibco, plastics were from
Corning as previously described [18].

2.9. VIC Calcification. For measurement of in vitro calcifica-
tion, VIC were seeded in a 96-well plate and incubated with
standard medium or osteogenic medium containing 2.8 mM
inorganic phosphate (Pi). Cells were treated with the specific
SSAO inhibitor LJP1586 (1μM). Medium was changed every
other day for eight to nine days. At the last medium change,
10nM IRDye 800CW BoneTag Optical Probe (LI-COR, Bad
Homburg, Germany) was added to all media, and VIC were
incubated for another 24h. Cells were washed three times with
PBS, the plate was subsequently scanned on an Odyssey CLx
near-infrared (NIR) fluorescence imager, and the obtained
images were quantified using Image Studio Software Version
5.2 (LI-COR, Bad Homburg, Germany).

2.10. VIC TaqMan Real-Time PCR. Reverse transcription of
mRNA isolated from VIC was performed using the High
Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific, Wal-
tham, MA, USA) as previously described [21]. Quantitative
real-time PCR was performed on a Quant7 Fast Real-Time
PCR system (Thermo Fisher Scientific, Waltham, MA, USA)
using TaqMan Assay-on-Demand Hs00907290_m1 (Thermo
Fisher Scientific, Waltham, MA, USA) for SSAO. The relative
mRNA expression of the target gene was quantified by the ΔCt
method using TaqMan Assay-on-Demand Hs99999905_m1
for GAPDH as endogenous control.

2.11. Statistical Analysis. Results are expressed as mean ± SD.
Statistical significance was assessed with one- or two-way
ANOVA for repeated measurements followed by Holm-
Sidak post hoc test for multiple comparisons. For comparisons
of SSAOmRNA levels between different subgroups after strat-
ification according to BMI, diabetes, and smoking, a two-way
ANOVA was used taking into consideration the stratification
groups and type of tissue (healthy, intermediate, and calcified
tissue). Correlations were established using Spearman’s corre-
lations. Statistical significance was assigned at P < 0:05. To
correct univariate analyses for multiple testing, we imposed a
Bonferroni-corrected significance threshold of 0.007 (i.e.,
0.05/7 univariate analyses). Statistical analyses were performed
using SigmaPlot 12.5 (Systat Software Inc., USA).

3. Results

3.1. SSAO Expression, Activity, and Localization in Human
Valves. The levels of SSAO mRNA from human aortic valves
derived from n = 55 patients with CAVS are shown in
Figure 1(a). The SSAO mRNA expression was significantly
and gradually upregulated in intermediately and fully calci-
fied parts compared with healthy parts of the aortic valves
(Figure 1(a)). SSAO protein levels measured in valves from
n = 7 CAVS patients followed the same pattern of expression
(Figure 1(b)). SSAO activity was significantly increased in
calcified parts of n = 9 human aortic valves (Figure 1(c)).
Immunohistochemical analysis revealed SSAO staining in
valves derived from n = 4 CAVS patients (Figure 1(d)), with
the most prominent signal in proximity to the alizarin red-
stained calcified valves areas (Figure 1(e), left panels).

3.2. Valvular SSAO mRNA Expression in Relation to Obesity,
Diabetes, and Smoking. Out of the n = 55 CAVS patients
donating aortic valves for mRNA determinations, 9 patients
were of normal weight (BMI: 18.5-25 kg/m2), 33 patients
were overweight (BMI: 25-30 kg/m2), and 13 were obese
(BMI: >30 kg/m2). Fourteen patients had type 2 diabetes
and none had type 1 diabetes. There was one current
smoker, 29 patients were former smokers, and 25 patients
had never smoked. Stratification of patients based on BMI
(Figure 2(a)), prevalent type 2 diabetes (Figure 2(b)), and
smoking (Figure 2(c)) revealed that while the significant
changes for the type of tissue (healthy, intermediate, and
calcified tissue) were retained, no statistically significant dif-
ferences in SSAO expression were detected between the dif-
ferent subgroups.
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Figure 1: Expression and activity of SSAO are increased in calcified areas of human aortic valves. (a) SSAO mRNA expression in 55 human
aortic valves derived from patients with CAVS was significantly increased in intermediate (I) and calcified (C) areas compared to healthy (H)
valve tissue. (b) SSAO protein expression analysed by Western blot and quantified for n = 5 − 7 samples in each group. (c) Specific SSAO
activity (n = 9) significantly increased in calcified (C) valve tissue. Data are presented as the mean ± SD. ∗P < 0:05 versus healthy valves.
(d) Immunohistochemical stainings of SSAO in human aortic valves compared with isotype control (representative of n = 4). (e)
Histological alizarin red (left panels) and SSAO immunohistochemical stainings (right panels) in an intermediate and in a highly calcified
aortic valve showing high expression of SSAO in the proximity of calcified zones. The four upper panels present one entire cusp of an
aortic valve and the lower panels show micrographs with a 20x magnification.
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3.3. SSAO Expression in Relation to Pathways of Oxidative
Stress. Correlation analysis of SSAO mRNA expression with
other pathways associated with oxidative stress was per-
formed in n = 64 human aortic valves with different degrees
of calcification derived from patients with CAVS (n = 55)
and aortic valve regurgitation (n = 9). Although the univari-
ate analyses indicated significant correlations for SSAO with
soluble serine hydroxymethyltransferase 1 (SHMT1) as well
as with superoxide dismutases 2 and 3 (SOD2 and 3) in
healthy tissue, none of these correlations were statistically
significant after correction for multiple comparisons
(Table 1, top row). However, correlations for SSAO with

cytochrome b-245, alpha polypeptide (CYBA), and SOD3
achieved the Bonferroni-corrected statistical significance
threshold (P < 0:007) in intermediate tissue (Table 1, middle
row). Those correlations were, however, not statistically
significant in calcified tissue. In contrast, SSAO significantly
correlated with poly(ADP-ribose) polymerase 1 (PARP1) in
calcified tissue (Table 1, bottom row).

3.4. Effect of SSAO Inhibition on VIC Calcification In Vitro.
Primary cultures of VIC isolated from aortic valves from
n = 6 CAVS patients expressed SSAO mRNA after 48 h of
culture in the absence (ΔCtcontrol = 15:9 ± 1:45) and presence
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Figure 2: SSAO expression after stratification according to oxidative stress-associated risk factors for CAVS. SSAO mRNA expression levels
in healthy, intermediate, and calcified aortic valve tissue. (a) Stratification according to body mass index (BMI): normal weight (BMI < 25),
overweight (BMI: 25-30), and obese (BMI > 30). (b) Stratification according to the prevalence of type 2 diabetes mellitus. (c) Stratification
according to smoking (nonsmokers versus current and former smokers). While the significant changes were retained for the type of tissue
(healthy, intermediate, and calcified aortic valve tissue), no significant differences were detected between the different strata (two-way
ANOVA).
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(ΔCtosteogenic = 16:3 ± 1:34) of a high concentration of phos-
phate (2.8mM) in the growth medium. Furthermore, SSAO
activity was detected in VIC cultured under both conditions,
and VIC SSAO activity was inhibited by 70% by the specific
SSAO inhibitor LJP1586 (1μM). When VIC isolated from n
= 9 CAVS patients were cultured under high phosphate con-
ditions, calcification was significantly decreased by LJP1586
(1μM; Figure 3).

4. Discussion

This is the first report showing a gradual and significant
increase in SSAOmRNA, protein, and activity in human aortic
valves, which were divided into healthy, intermediate, and calci-
fied tissue. The SSAO upregulation with valve calcification was
independent of the cardiovascular and CAVS risk factors: obe-

sity, diabetes, and smoking. Furthermore, a significant correla-
tion of SSAO expression with pathways of oxidative stress was
also revealed, with, in particular, a significant correlation with
PARP1 in calcified tissue. Finally, we demonstrate that inhibi-
tion of SSAO activity decreased VIC calcification in vitro. Taken
together, these results indicate a link between SSAO, oxidative
stress, and aortic valve calcification and point to SSAO inhibi-
tion as a putative therapeutic approach to be explored for the
prevention of valve calcification and CAVS progression.

A gradual upregulation of SSAO with the progression of
aortic valve calcification is supported by the observational
data on valvular mRNA expression in the present study. This
was confirmed for protein expression byWestern blot, which
exhibited a similar pattern with significantly higher levels in
calcified parts. Also, immunohistochemical analysis sup-
ported a localization of SSAO expression in proximity to

Table 1: Spearman correlations (Rho) for SSAO mRNA with mRNA levels of poly(ADP-ribose) polymerase 1 (PARP1), soluble serine
hydroxymethyltransferase 1 (SHMT1), NADPH oxidase 4 (NOX4), cytochrome b-245, alpha polypeptide (CYBA), and superoxide
dismutases (SOD) 1-3 in healthy, intermediate, and calcified tissue from human aortic valves. Bonferroni-corrected significance threshold
is 0.007.

Healthy PARP1 SHMT1 NOX4 CYBA SOD1 SOD2 SOD3

Rho 0.045 0.32 -0.059 0.052 -0.11 0.28 0.33

P 0.722 0.011 0.642 0.682 0.399 0.027 0.0075

N 64 64 64 64 64 64 64

Intermediate PARP1 SHMT1 NOX4 CYBA SOD1 SOD2 SOD3

Rho 0.26 0.27 0.20 0.41 0.042 0.26 0.34

P 0.036 0.031 0.12 0.00096 0.74 0.043 0.0064

N 64 64 64 64 64 64 64

Calcified PARP1 SHMT1 NOX4 CYBA SOD1 SOD2 SOD3

Rho 0.37 -0.17 -0.075 0.21 -0.21 0.055 -0.11

P 0.0031 0.18 0.56 0.099 0.093 0.67 0.38

N 64 64 64 64 64 64 64
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Figure 3: SSAO inhibition decreases calcification of human aortic valve interstitial cells. Valvular interstitial cells from aortic valves derived
from n = 9 patients were cultured in the absence and presence of 2.8mM inorganic phosphate (Pi). (a) The SSAO inhibitor LJP1586 (1 μM)
significantly inhibited calcification, measured as near-infrared fluorescence and quantified using Image Studio software. ∗∗P < 0:005;
∗∗∗∗P < 0:0001. (b) Valvular interstitial cells from one patient are exemplarily shown.
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calcified regions of the aortic valve tissue. The latter findings
confirm previous results that have detected SSAO being
upregulated in calcified stenotic aortic valves [6]. More-
over, our results extend the observation to show also
increased SSAO activity in calcified valve tissue. We show
that SSAO is present and functional in healthy areas of CAVS
valves. The mean specific SSAO activity was approximately
800 pmol/h/mg, which is around 3 to 4 times higher com-
pared with cartilage from human femoral knee joints [9].
Furthermore, we show that calcified parts of human aortic
valves exhibited a 5.7 times higher SSAO activity compared
to healthy parts of the same valves, supporting that SSAO
mRNA and activity increase as the CAVS disease progresses.
Indeed, a strong increase in SSAO expression and activity has
also been described in other disease states, such as osteoar-
thritis human knee joints [9].

When expressed and active in a tissue, SSAO generates
H2O2 and hence contributes to the local oxidative stress.
SSAO is also increased in several disease states associated
with an increased systemic oxidative stress. Interestingly,
obesity [11, 14, 22], diabetes [12, 15], and smoking [16, 23]
are all examples of cardiovascular risk factors associated with
both increased SSAO expression and an increased risk of
incident CAVS. In the present study, we did, however, not
detect any significant changes in the pattern of valvular SSAO
mRNA expression after stratification according to BMI, prev-
alent diabetes, or smoking status, suggesting that the observed
upregulation of SSAO mRNA with calcification was not
affected by systemic states of increased oxidative stress.

SSAO is also related to other pathways of oxidative stress
[24–26]. In the present study, we show that the correlations of
SSAO with oxidative stress pathways vary at different disease
stages. Whereas no significant correlations were revealed in
healthy valve tissue, we identify CYBA and SOD3mRNA levels
as being significantly correlated with SSAOmRNA in interme-
diate stages of valve calcification. CYBA, also known as
p22phox, is an essential component of superoxide generating
NADPH oxidase (Nox) complex and is increased in osteoblasts
around calcifying foci [27]. The lack of correlation for SSAO
with Nox4 in the present study supports a differential regula-
tion of Nox subunits in calcification processes [27]. Surpris-
ingly, SSAO was significantly associated with SOD3 in
intermediate but not calcified valve tissue, which may repre-
sent a defense mechanism. SOD3 and catalase are downreg-
ulated with aortic valve calcification and in CAVS [28]. Indeed,
SOD3 and catalase adenoviral transfection to VIC reestablishes
an impaired DNA damage response and reduces early markers
of VIC activation [28]. SOD3 dismutation hence requires con-
comitant catalase to degradeH2O2 for a full antioxidative effect.
Inhibiting additional H2O2 generation by SSAO may poten-
tially serve to limit oxidative stress in CAVS. Importantly,
SSAO exhibited a significant correlation only with PARP1 in
calcified valve tissue. PARP1 is a nuclear enzyme activated by
DNA strand breakage and oxidative stress. Interestingly,
PARP1 correlates with disease severity in CAVS and is induced
by proinflammatory stimulation of human VIC [29]. PARP1
may directly participate in soft tissue calcification by means
of releasing extracellular poly(ADP-ribose) in response to oxi-
dative and/or DNA damage [30].

The addition of H2O2 in the Pi-induced calcification
model further increased calcium deposition in vitro, and
VIC derived from calcified valves were more susceptible to
oxidative stress compared with VIC from healthy valves [3].
Oxidative stress also induces the expression of Runx2, a tran-
scriptional factor of osteoblasts [27], expressed by VIC under
osteogenic conditions [31]. To determine the mechanisms
behind the observed associations of SSAO expression with
valve calcification, we finally show SSAO mRNA expression
and activity in VIC and that inhibition of SSAO by LJP1586
decreased calcification of VIC in vitro. These findings are in
line with studies of SSAO expression in chondrocytes, in
which the hypertrophic differentiation is delayed by
LJP1586, a response that is accompanied by lower expression
of calcification markers such as alkaline phosphatase, osteo-
pontin, and MMP9. These findings suggest that inhibiting
SSAO in valves may slow down the mineralization process.

Some limitations of the present study must be acknowl-
edged. The observational data on SSAO expression in human
aortic valves cannot determine the causal relation of the find-
ings. We can also not rule out that correlation of SSAO with
PARP1 and other markers of oxidative stress are not depen-
dent on unknown covariates. Finally, we cannot exclude that
the expression of SSAO by other cell types in the aortic valve,
such as endothelial cells and dendritic cells [32], may con-
tribute to disease progression.

5. Conclusion

This work provides evidence that, in addition to being a
possible disease marker, SSAO could be implicated in the
mechanism of valve calcification. This could offer a new
therapeutic perspective for CAVS.
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Rare studies have been conducted to investigate the exact interactions between lung adenocarcinoma transcript 1 (MALAT1),
thymocyte selection-associated high mobility group box (TOX), and miRNAs in the pathogenesis of atherosclerosis (AS). We
aim to investigate the crosstalk between MALAT1 and TOX and evaluate whether the regulatory mechanism was associated
with the miRNA network. AS tissues were collected to determine the level of MALAT1 expression in AS patients, together
with determination of miR-181b expression. Cultured endothelial cells were utilized to analyze the expressions of MALAT1,
miR-181b, and TOX in the presence of oxLDL. Luciferase activity assay was conducted to evaluate the potential target sites
of miR-181b on MALAT1 and TOX. In this study, we demonstrated that MALAT1 was upregulated in patients with AS.
MALAT1 silencing significantly downregulated the expression of the miR-181b target gene TOX via reversing the effect of
miR181b. Importantly, positive modulation of miR181b and inhibition of MALAT1 and TOX significantly attenuated
oxLDL-induced endothelial inflammation and oxidative stress. Moreover, the MAPK signal pathways in endothelial cells
were also inhibited through regulation of above endogenous RNAs. In summary, MALAT1 suppression protects the
endothelium from oxLDL-induced inflammation and oxidative stress in endothelial cells by upregulation of miR-181b and
downregulation of TOX.

1. Introduction

Atherosclerosis (AS), induced by plaque formation inside the
arteries, is a lethal condition responsible for heart attack and
stroke [1, 2]. Currently, AS has been closely related to the
pathogenesis of cardiovascular diseases (CVDs), serving as
the most common cause for death [3, 4]. Oxidized low-
density lipoprotein (oxLDL) has been widely demonstrated
to be involved in the development of AS by causing an oxida-
tive chain reaction and inducing endothelial dysfunction.
However, its exact mechanism is not well defined.

MicroRNAs (miRNAs), a class of small noncoding
single-stranded RNA, have been reported to negatively regu-
late the gene expression by degradation or posttranscrip-
tional regulation of target sequences. Several miRNAs have
been considered to participate in the pathogenesis of AS.
For instance, miR-27b is a cholesterol-responsive hepatic
miRNA that represses a large number of targets involving
in lipid metabolism and lipoprotein remodeling that play
important roles in AS [5]. MiR-146a is an important
cytokine-responsive miRNA conferring atheroprotective
properties in vessel walls [6]. In addition, miR-146a showed
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elevation in atherosclerotic plaques of human and mouse
[7]. To date, increasing evidence shows that miR-181b plays
a critical role in mice and human subjects by serving as an
inhibitor of endothelial inflammatory responses through tar-
geting NF-κB signaling in both acute and chronic CVDs [8].
However, little is known about the exact roles of miR-181b
in AS.

Human metastasis-associated lung adenocarcinoma
transcript 1 (MALAT1), an 8.7 kb lncRNA on chromosome
11q13, has been demonstrated to be overexpressed in several
cancers [9]. However, the roles of MALAT1 in the pathogen-
esis of CVDs are still not well defined. In a previous study,
high expression levels of conserved MALAT1 were reported
to involve in the physiological progress of endothelial cells
and were related to the CVD-associated complications [10].
These lead us to investigate the roles of MALAT1 in the path-
ogenesis of AS.

Thymocyte selection-associated high mobility group box
(TOX), which was reported to be regulated by lncRNA [11],
has been closely related to the immune cell-associated prolif-
erative diseases, such as cancer. However, whether TOX is
associated with immune cell-related inflammation and oxida-
tive stress in the progress of AS requires further clarification.

To date, rare studies have been conducted to investigate
the exact interaction between MALAT1, TOX, and miRNAs.
In this study, we evaluated the crosstalk between MALAT1
and TOX through investigating whether the regulatory
mechanism was associated with the miRNA network.

2. Materials and Methods

2.1. Patients. Fifty AS patients and fifty healthy subjects were
recruited in this study. The diagnosis was based on a history
of chest pain, coronary angiography results, and characteristic
ECG changes. The baseline characteristics of the two groups
were compared. The peripheral blood sample (10ml) was
collected in an EDTA-containing vacutainer tube from each
individual for further analysis.

2.2. Cell Culture. Human umbilical vein endothelial cells
(HUVECs) obtained from American Tissue Culture College
were cultivated in DMEM medium containing 10% fetal
bovine serum (FBS, Gibco), 100UU/ml streptomycin, and
100UU/ml penicillin at 37°C in a humidified incubator in
5% CO2-95% air.

2.3. Cell Transfection. A miR181b mimic (Qiagen) and a
modified antagomir (GenePharm) were utilized for the cell
transfection in order to induce overexpression and inhibition
of miR-181b in cultured cells, respectively. Transfection was
conducted using the TransMessenger transfection agent
(Qiagen) according to the manufacturer’s instructions. A
scrambled oligonucleotide (GenePharm) was used as control.

2.4. ROS, TNF-α, and NADPH Determination. ROS produc-
tion in tissues and cultured cells was detected according to
the previous description [12]. Initially, cells were homoge-
nized in reaction buffer. Protein concentration was measured
using the BCA method. Proteins were incubated with 20μM
DCF-DA at 37°C for 3 h. The fluorescence was measured by a

spectrofluorometer at an excitation of 488 nm and an emis-
sion of 525nm, respectively. TNF-α level in the supernatants
of HUVECs was determined using ELISA method [12]. The
test was performed at least in triplicate. NADPH oxidase
was also detected according to the previous description
[12]. Lucigenin-enhanced chemiluminescence was used to
evaluate the activity of NADPH oxidase in cell lysates with
a multilabel counter (Victor 3Wallac). In brief, 20μg protein,
100μmol/l NADPH, and 5μmol/l lucigenin were used for
the assay. The procedures were conducted in the presence
of DPI. Afterwards, the light signal was determined every
5 s. Finally, the NADPH oxidase activity was presented as
counts per second (CPS).

2.5. Real-Time PCR. Total RNAwas extracted fromHUVECs
using TRIzol reagent according to the manufacturer’s
instructions. The first cDNA strand was synthesized using
approximately 2μg RNA with the TransScript kit (Takara),
according to the manufacturer’s instructions. Real-time
PCR was performed based on the specific primers for
MALAT1 (forward primer 5′-TCTGCAGGGACTACAG
CAAG-3′; reverse primer 5′-TCACATT GGTGAATCCGT
CT-3′) and TOX (forward primer 5′-TTCTCTGTG TCAC
CCCATGA-3′; reverse primer 5′-TCTGGCATCACAGA
AATG GA-3′), using SYBR green. The mRNA level was nor-
malized by GAPDH. The amplification results were calcu-
lated as 2(-ΔΔCt), according to the previous description [13].

2.6. Western Blotting Analysis. Lysis buffer containing prote-
ase and phosphatase inhibitors were utilized to extract the
protein from tissues or cells. The protein was electrophore-
sized on a 10% SDS-PAGE gel, followed by transferring to a
nitrocellulose membrane (Bio-Rad, CA, USA). Subsequently,
the membrane was treated using 5% nonfat milk and then
was incubated with MALAT1, TOX, ERK, and p38

Table 1: Basic parameters and characteristics of subjects in different
groups.

Control AS P value

N 50 50 ns

Sex (M/F) 31/19 27/23 ns

Age (year) 63:8 ± 7:3 65:4 ± 6:4 ns

BMI (kg/m2) 28:8 ± 3:0 27:3 ± 3:2 ns

TC (mmol/l) 4:14 ± 0:39 6:75 ± 0:42∗ <0.01
HDL-c (mmol/l) 1:45 ± 0:32 1:48 ± 0:47 ns

TG (mmol/l) 1:51 ± 0:45 1:67 ± 0:72 ns

LDL-c (mmol/l) 2:15 ± 0:37 4:46 ± 0:51∗ <0.01
Hypertension 24 29 ns

Diabetes 0 0 ns

History of IHD 6 8 ns

Smokers 10 10 ns

Data are expressed asmean ± SD values. AS: atherosclerosis; BMI: bodymass
index; TC: total cholesterol; HDL-c: high-density lipoprotein; TG:
triglycerides; LDL-c: low-density lipoprotein; IHD: ischemic heart disease.
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Figure 1: Interactions amongMALAT1, TOX, andmiR-181b. (a) Inhibitory effects ofMALAT1-shRNAs on theMALAT1mRNA expression
as determined using RT-PCR. ∗P < 0:05 versus the control group. (b, c) HUVECs were transfected usingMALAT1-shRNA1 for 24 h, followed
by determining the expression of miR181b and TOX using RT-PCR and Western blot analysis, respectively. ∗P < 0:05 versus the control
group. (d) RT-PCR showed TOX mRNA was downregulated after TOX siRNA. ∗P < 0:05 versus the control group. (e, f) Expressions of
MALAT1 and miR181b were measured following 24 h of TOX siRNA treatment. (g, h) Alternation of miR-181b and TOX protein levels in
cultured HUVECs about 24 h after various transfection treatments. ∗P < 0:05 versus the control group; #P < 0:05 versus the control group.
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Figure 2: MALAT1 and miR-181b expression in AS patients and oxLDL-treated HUVECs. (a, b) Levels of circulating lncRNAMALAT1 and
miR-181b in healthy volunteers and AS patients measured by RT-PCR. ∗P < 0:05 versus the control group. (c–h) Relative expression of
MALAT1, miR-181b, and TOX about 24 h after treating with various concentrations of oxLDL (0, 50, 100, 150, and 200μg/ml) or treating
with oxLDL (150 μg/ml) for different times. ∗P < 0:05 versus the control group.
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Figure 3: Continued.
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antibodies overnight at 4°C. Afterwards, the mixture was
incubated with the HRP-conjugated secondary antibodies at
room temperature for 1 h. The same membrane probed with
GAPDH served as a loading control.

2.7. Luciferase Reporter Assay. The luciferase vector
(Addgene Inc.) including the 3′-UTR of MALAT1 and
TOX containing the miR-181b response elements (wt-Luc-
MALAT1 and wt-Luc-TOX) was used for the luciferase
reporter assay. Site-directed gene mutation was utilized to
construct a mutation in the miR-181b response elements of
3′-UTR of MALAT1 and TOX (mu-Luc-MALAT1 and
mu-Luc-TOX). Subsequently, the wild and mutant 3′-UTR
were cloned to the firefly luciferase-expressing vector. For
the luciferase assay, HUVECs were seeded in 48-cell plates
and then transfected using 200ng plasmid DNA including
wild or mutant MALAT1 and TOX, respectively.

2.8. Statistical Analysis. SPSS 18.0 software was used for the
data analysis. The data were shown asmean ± standard devi-
ation (SD). One-way ANOVA and parametric t-test were
used for the intergroup comparisons. P < 0:05 was consid-
ered to be significant difference.

3. Results

3.1. Basic Parameters and Characteristics of Subjects in
Different Groups. As shown in Table 1, total cholesterol
(TC) and low-density lipoprotein (LDL-c) of patients in the
AS group were higher than those of controls. Other parame-
ters and characteristics were similar between two groups.

3.2. Relationship among MALAT1, miR-181b, and TOX.
Expression ofMALAT1was downregulated significantly after
treating with MALAT1-shRNA1 and MALAT1-shRNA2,
respectively (P < 0:05, Figure 1(a)). In cases of MALAT1

downregulation, the expression of miR-181b showed signifi-
cant upregulation (P < 0:05, Figure 1(b)). Besides, after
downregulation of MALAT1, TOX protein expression also
showed significant decrease (P < 0:05, Figure 1(c)). TOX
siRNA1 and TOX siRNA2 transfection could significantly
downregulate the expression of TOX, especially the TOX
siRNA1 (P < 0:05, Figure 1(d)). Then, we determined the
expression of MALAT1 and miR-181b in cases of TOX
siRNA1, which indicated that there were no significant
changes in their expression (P > 0:05, Figures 1(e) and 1(f)).
On the contrary, expression of TOX showed significant
decrease in the presence of miR-181b mimics (Figures 1(g)
and 1(h)). This implied that there might be a potential asso-
ciation among MALAT1, miR-181b, and TOX.

3.3. Expression of MALAT1 and miR-181b in AS Patients and
oxLDL-Treated Cells. In the blood samples of AS cases,
MALAT1 level showed significant increase compared with
the normal individuals (P < 0:05, Figure 2(a)). Meanwhile,
relative miR-181b expression in AS cases showed significant
decrease compared with that of the normal individuals
(P < 0:05, Figure 2(b)). Upon treating with oxLDL with dif-
ferent doses and times, the MALAT1 was significantly upreg-
ulated in a dose- and time-dependent manner (P < 0:05,
Figures 2(c) and 2(d)). In contrast, the expression of miR-
181b was significant downregulated in cases of oxLDL in a
dose- and time-dependent manner, respectively (P < 0:05,
Figures 2(e) and 2(f)). After treating with oxLDL with differ-
ent doses and times, expression of TOX showed significant
increase compared with control also in a dose- and time-
dependent manner (P < 0:05, Figures 2(g) and 2(h)).

3.4. Direct Binding between miR-181b and MALAT1. Lucifer-
ase assay indicated that miR-181b mimics induced decrease
of luciferase activity of MALAT1. However, a reduced effect
was found for the MALAT1 mutant (P < 0:05, Figure 3(a)).
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Figure 3: Potential binding sites of miR-181b for MALAT1 and TOX. (a, b) The wild-type and mutated miR-181b binding sites in the
MALAT1 3′-UTR. (c–g) The miR-181b mimics and the luciferase constructs were cotransfected into cultured HUVECs. Cellular lysates
from cultured cells were used for RIP with an Ago2 antibody. The Ago2 protein level was detected by Western blot analysis. The mRNA
expression of MALAT1 and miR-181b in the immunoprecipitate was measured by RT-PCR. ∗P < 0:05 versus the control group (c, d).
∗P < 0:05 compared with IgG (e–g). (h, i) The wild-type and mutated miR-181b binding sites in the 3′-UTR of TOX. (j, k) Luciferase
activity of the wild-type and mutant Luc TOX groups. ∗P < 0:05 versus the control group.
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In the MALAT1 mutants, there were no statistical differ-
ences between the miR-181b group and control (P > 0:05,
Figures 3(a) and 3(c)). In wild-type MALAT1, oxLDL
induced significant increase of luciferase activity, while
such effect was reduced after mutation in certain sites of
MALAT1 (Figures 3(b) and 3(d)). In this section, we used
Ago2 antibody to precipitate the Ago2 protein from cul-
tured cells (Figure 3(e)). The mRNA expression of both
MALAT1 and miR-181b was significantly enriched in the
immunoprecipitates (Figures 3(c) and 3(d)). On this basis,
we confirmed that there was a direct binding between
MALAT1 and miR-181b.

3.5. Direct Binding between miR-181b and TOX. To identify
the potential binding sites ofmiR-181b onTOX, luciferase test
was performed, which indicated miR-181b mimics induced

decrease of luciferase activity of TOX. However, a reduced
effect was found for the mutant (P < 0:05, Figure 3(e)). In
TOX mutants, there were no statistical differences between
the miR-181b group and control (P > 0:05, Figures 3(f) and
3(g)). In wild type, oxLDL induced significant increase of
luciferase activity, while such effect was reduced after muta-
tion in certain sites of TOX (Figures 3(h)-3(k)).

3.6. Determination of TNF-α Expression, ROS Production,
and NADPH Oxidase Activity in oxLDL-Treated Cells.
Compared with control, significant inhibition was noticed
in the TNF-α expression, ROS production, and NADPH
oxidase activity in MALAT1 shRNA, TOX siRNA, and
miR-181b mimic groups in the presence of oxLDL
(P < 0:05, Figure 4). In addition, miR-181b inhibitor usage
reversed the significantly downregulating effects of MALAT1
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Figure 4: Modulation of MALAT1, TOX, and miR-181b regulated the expression of TNF-α, ROS production, and NADPH oxidase activity.
(a–c) TNF-α protein expression was determined after treating with MALAT1 shRNA, TOX siRNA, and miR-181b mimic, together with ROS
production (d–f) and NADPH oxidase activity (g–i). ∗P < 0:05 versus the control group; #P < 0:05 versus the oxLDL control group.
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shRNA and TOX siRNA on TNF-α expression, ROS produc-
tion, and NADPH oxidase activity in the presence of oxLDL
(P < 0:05, Figure 5).

3.7. Roles of MALAT1/miR181b/TOX in the ERK Signaling
Pathway. In this section, we determined the roles of
MALAT1/miR181b/TOX in the MAPK signaling pathway.

MALAT1 shRNA could attenuate the expression of pERK
and pp38 compared with the control group (P < 0:05,
Figures 6(a) and 6(b)). However, such phenomenon was off-
set in the MALAT1 shRNA+miR181b inhibitor group
(P < 0:05, Figures 6(a) and 6(b)). TOX siRNA could signifi-
cantly downregulate expression of pERK and pp38 compared
with the control group (P < 0:05, Figures 6(c) and 6(d)). The
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Figure 5: MiR-181b inhibitor in combination with MALAT1 shRNA and TOX siRNA regulated the expression of TNF-α, ROS production,
and NADPH oxidase activity. (a–f) TNF-α protein expression was determined after treating with MALAT1 shRNA+miR-181b inhibitor and
TOX siRNA+miR-181b inhibitor, together with ROS production and NADPH oxidase activity. ∗P < 0:05 versus the control group.
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decreased expression of pERK and pp38 in response to
MALAT1 silencing could also be offset by the TOX siRNA
+miR181b inhibitor (P < 0:05, Figures 6(c) and 6(d)).

4. Discussion

OxLDL and several inflammatory cytokines have been
reported to be related with pathogenesis of AS [14].
According to the previous description, oxLDL deposi-
tion in endothelial barrier is also closely involved in
AS [15, 16]. These reports lead us to investigate the potential
targets of oxLDL, especially the downstream components of
oxLDL in the development of AS, together with identification
of potential lncRNAs involving in that signaling pathway.

LncRNAs have been reported to involve in regulating
expression of several genes. To our best knowledge, most of
the lncRNAs-related studies have been focusing on the roles
of cancer progression. However, little is known about their

roles in the cardiovascular diseases. In a previous study,
lincRNA-p21 played an important role in the pathogenesis
and progression of coronary heart disease [17]. Moreover,
lncRNA APF was crucial for the regulation of autophagic
cell death and myocardial infarction by targeting miR-
188-3p [18]. Furthermore, it is important to investigate
the crosstalk between lncRNAs and miRNAs, which may
deepen our understanding on the mechanisms and patho-
genesis of CVDs.

LncRNA MALAT1 is highly expressed in endothelial
cells, which is closely implicated in several biological
pathways. As an upstream component, MALAT1 is reported
to associate with the AS. Several miRNAs including miR-101,
miR-217, and miR-9 were correlated with MALAT1 [19, 20].
However, the crosstalk between MALAT1, miRNAs, and
downstream targets with respect to oxLDL-induced endothe-
lial dysfunction is still not well defined. As previously
described, miRNA-181b was closely related to AS, vascular
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Figure 6: The MALAT1/miR-181b/TOX pathway is associated with the MAPK pathway. (a, b) Expression of pERK and pp38 after treating
with MALAT1 shRNA and shRNA+inhibitor. ∗P < 0:05 versus the control group. #P < 0:05 versus the shRNA group. (c, d) Expression of
pERK and pp38 after treating with TOX siRNA and siRNA+inhibitor. ∗P < 0:05 versus the control group; #P < 0:05 versus the siRNA group.
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inflammation, and oxidative stress. For instance, systemic
delivery of microRNA-181b inhibited vascular inflammation
and AS in apolipoprotein E-deficient mice [21]. In addition,
TOX plays an important role in the signaling pathways lead-
ing to CD4+ or CD8+ single-positive functionally distinct
major T cell populations [22, 23], which was closely related
to AS. In this study, we determined the roles of the
MALAT1/miR-181b/TOX signaling pathway in the setting
of AS in cases of oxLDL-induced endothelial dysfunction.
In the presence of oxLDL, the expression of MALAT1 and
TOX in endothelial cells was significantly upregulated pre-
senting in a dose-dependent manner. In contrast, the expres-
sion of miR-181b was significantly downregulated in cases of
oxLDL. Furthermore, it has been found that downregulation
of MALAT1 could increase miR-181b expression and facili-
tate miR-181b-mediated TOX inhibition. These implied that
there might be a potential link among MALAT1, miR-181b,
and TOX. To confirm this, luciferase activity assay was per-
formed to prove that direct bindings were existed between
MALAT1 and miR-181b as well as between miR-181b and
TOX. In our research, we investigated the link between
MALAT1/miR-181b/TOX and inflammatory factors in the
pathogenesis of CVD, by investigating TNF-α expression,
ROS production, and NADPH oxidase activity. On this basis,
we confirmed that regulation of MALAT1, miR-181b, and
TOX expressions could modulate the expression of inflam-
matory factors that may contribute to the pathogenesis of
CVD.

The MAPK signaling pathway is reported to play a
physiological role in neuronal survival and endothelial cell
response to atherosclerosis [24, 25]. A close link should be
attached to the ERK and p38 signaling pathways in the pro-
liferation of vascular endothelial cells and smooth muscle
cells in the pathogenesis of AS. To our best knowledge,
inhibition of pERK and pp38 overexpression contributed
to the control of AS development. Our data showed the
phosphorylation of ERK and p38 in endothelial cells showed
significant decrease when exposed to MALAT1 shRNA and
TOX siRNA in the presence of oxLDL. These effects were
reversed by miR-181b inhibitor. On this basis, modulation
of MALAT1/miR-181b/TOX may trigger downregulation of
the MAPK signal pathway, which may attenuate the develop-
ment of AS.

5. Conclusion

We presented the interactions among MALAT1, TOX, and
miR-181b in oxLDL-induced endothelial dysfunction.
Suppression of MALAT1 may attenuate inflammation in
oxLDL-incubated endothelial cells by upregulating of miR-
181b and inhibiting the expression of TOX, which is closely
related to the inhibition of the MAPK signaling pathway that
attenuated the pathogenesis of AS accordingly.
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Background. Lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) is the major receptor for oxidized low-density
lipoprotein (Ox-LDL) in the aorta of aged rats. Ox-LDL initiates LOX-1 activation in the endothelium of lipid-accumulating
sites of both animal and human subjects of hypercholesterolemia. Targeting LOX-1 may provide a novel diagnostic strategy
towards hypercholesterolemia and vascular diseases. Hypothesis. This study was planned to address whether aegeline (AG) could
bind to LOX-1 with a higher affinity and modulate the uptake of Ox-LDL in hypercholesterolemia. Study Design. Thirty-six
Wistar rats were divided into six groups. The pathology group rats were fed with high-cholesterol diet (HCD) for 45 days, and
the treatment group rats were fed with HCD and aegeline/atorvastatin (AV) for the last 30 days. In vivo and in vitro
experiments were carried out to assay the markers of atherosclerosis like Ox-LDL and LOX-1 levels. Histopathological
examination was performed. Oil Red O staining was carried out in the IC-21 cell line. Docking studies were performed. Results.
AG administration effectively brought down the lipid levels induced by HCD. The lowered levels of Ox-LDL and LOX-1 in AG-
administered rats deem it to be a potent antihypercholesterolemic agent. Compared to AV, AG had a pronounced effect in
downregulating the expression of lipids evidenced by Oil Red O staining. AG binds with LOX-1 at a higher affinity validated by
docking. Conclusion. This study validates AG to be an effective stratagem in bringing down the lipid stress induced by HCD and
can be deemed as an antihypercholesterolemic agent.

1. Introduction

Atherosclerosis is a pathological condition characterized by
lipid infiltration and plaque formation in the arteries. There
are numerous risk factors associated with atherosclerosis:
aging and age-associated changes in gene expression of the
arterial wall have been proposed among the most important
risk factors [1]. Age-associated arterial changes may contrib-
ute to the pathological events in atherosclerosis like hyper-
plasia, medial thickening, endothelial dysfunction that
augments monocyte/endothelial adherence, enhanced endo-
thelial cell apoptosis, and diminished vascular cell replicative
capacity [2]. Hyperlipidaemia and reactive oxygen species
formation (ROS) are the other important factors in the initi-

ation and progression of atherosclerosis [3]. Low-density
lipoprotein (LDL) cholesterol is an established risk factor
for coronary artery disease: in the presence of oxidative
stress, these LDL particles get oxidized to form a lipoprotein
species that is particularly atherogenic in nature. These
oxidized-LDL contributes to the atherosclerotic plaque initi-
ation and progression through a myriad of mechanisms
which includes the induction of endothelial cell activation/-
dysfunction, macrophage-induced foam cell formation, and
smooth muscle cell migration and proliferation [4]. The bio-
logical effects of Ox-LDL are mediated via a number of mol-
ecules such as scavenger receptor SR AI/II, SR B1, CD36, and
LOX-1 [5]. Li et al. [6] are the pioneers in identifying that
lectin-like oxidized low-density lipoprotein receptor 1

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2019, Article ID 8285730, 11 pages
https://doi.org/10.1155/2019/8285730

https://orcid.org/0000-0003-2274-0862
https://orcid.org/0000-0001-7540-039X
https://orcid.org/0000-0001-5270-2651
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/8285730


(LOX-1) is the critical molecule that is responsible for
Ox-LDL uptake by endothelial cells. LOX-1 is a type II
membrane protein comprising of four domains, and the
c-terminal end residues and several conserved positively
charged residues spanning the lectin domain are essential
for Ox-LDL binding. Besides Ox-LDL, LOX-1 can recog-
nize apoptotic/aged cells, activated platelets, and bacteria,
implying versatile physiological functions [7]. The major
contribution of LOX-1 to the atherogenic events has been
confirmed in animal models. LOX-1 knockout mice
exhibit reduced intimal thickness and inflammation and
increased expression of protective factors [8]. On the con-
trary, LOX-1-overexpressing mice present an accelerated
atherosclerotic lesion formation which is associated with
increased inflammation [9]. LOX-1 activation by Ox-
LDL causes endothelial changes that are characterized by
the activation of nuclear factor-κB through an increased reac-
tive oxygen species, subsequent induction of adhesion mole-
cules, and endothelial apoptosis [10]. Taken together, these
findings support the possible contribution of LOX-1 in the
pathogenesis of atherosclerosis, and identification of antago-
nists for LOX-1 might be a good therapeutic approach to vas-
cular diseases.

Statins (3-hydroxy-3-methylglutaryl coenzyme A reduc-
tase inhibitors) are the first-line choice for lowering total
and LDL cholesterol levels and they have been proven to
reduce the risk of coronary artery disease. Recent data sug-
gest that these compounds, in addition to their lipid-
lowering ability, can also reduce the production of reactive
oxygen species and increase the resistance of LDL to oxida-
tion [11]. Clinical evidence also suggests that atorvastatin
has been found to reduce the risk of cardiovascular disease
by decreasing serum total cholesterol and low-density lipo-
protein cholesterol in coronary artery diseases [12]. Studies
by Biocca et al. [13] suggested the interaction of atorvastatin
to LOX-1. Accordingly, atorvastatin has been selected to be
the standard drug in the present study. Even though statins
are the established treatment for hypercholesterolemia and
cardiovascular diseases, they are associated with skeletal
muscle, metabolic, neurological, and other possible side
effects. This persuades us to look for an alternative therapy
with lesser side effects and one that has a phytomedicine base
[14]. Aegeline is a purified compound obtained from the leaf
extract of the plant “Aegle marmelos.” The plant has been
explored extensively for the presence of bioactive compounds
and for its therapeutics. However, aegeline is one among the
compounds comparatively less explored for its potential in
targeting LOX-1 and this study is among the first studies
designed to explore that potential. Aegeline shows a struc-
tural similarity to that of beta 3 adrenergic receptor agonists
[15] which have been found to have a significant role in lipol-
ysis, which is why the current study was designed to harness
this potential of aegeline.

2. Materials and Methods

2.1. Source of Chemicals. Aegeline was procured from Clear-
synth Canada. Bovine serum albumin (BSA) and the primers
for genes of interest were procured from Sigma-Aldrich,

USA. An iScript cDNA synthesis kit was purchased from
Bio-Rad USA, and an enhanced chemiluminescence (ECL)
kit was purchased from Millipore Corporation, USA. RPMI
(Roswell Park Memorial Institute) 1640 medium with ATCC
modification (2mM L-glutamine, 10mM HEPES, 1mM
sodium pyruvate, 4500mg/l glucose, and 1500mg/l sodium
bicarbonate for use in incubators using 5% CO2 in air), anti-
biotics, and fetal bovine serum were purchased from Invitro-
gen (Groningen, The Netherlands). Oil Red O was purchased
from HiMedia Laboratories Pvt. Ltd. (India). All other che-
micals used were of analytical grade and were obtained from
Medox Biotech, India Pvt. Ltd. (Sisco Research Laboratories
Pvt. Ltd. (SRL)), Genei Laboratories Pvt. Ltd., and CDH
(Central Drug House Pvt. Ltd., Mumbai, India).

2.2. Animals. Male albino rats of wistar strain were obtained
from the Central Animal House Facility, University of
Madras, Taramani Campus, and experiments were con-
ducted in accordance with guidelines approved by the Insti-
tutional Animal Ethical Committee (IAEC No. 01/19/2014).
The animals were housed two per cage in large spacious
cages under conditions of controlled temperature (25.2°C)
with 12/12 h light/dark cycle and were given food and
water ad libitum.

2.3. Study Design. The animals were divided into the follow-
ing six groups with six animals in each group:

(1) Group 1—control (3-month-old) rats fed with nor-
mal rat feed for 45 days

(2) Group 2—aged-control (24-month-old) rats fed with
normal rat feed for 45 days

(3) Group 3—aged rats fed with HCD for 45 days

(4) Group 4—aged rats fed with HCD for 45 days and
supplemented with AG (20mg/kg of body weight)
for the last 30 days [16]

(5) Group 5—aged rats fed with HCD for 45 days and
supplemented with AV (1.5mg/kg of body weight)
for the last 30 days [17]

(6) Group 6—aged rats fed with a normal diet and
administered AG alone for the last 30 days (hyper-
cholesterolemia was induced by HCD comprising
normal rat chow supplemented with 4% cholesterol,
1% cholic acid, and 30% coconut oil [16])

At the end of the experimental period, rats were anesthe-
tized with ketamine (22mg/kg b.wt., i/p) and aorta were
excised immediately, immersed in ice-cold physiological
saline, and weighed. A 10% tissue homogenate was prepared
by using Tris-HCl buffer (0.01M) pH7.4 for biochemical
assays. The rest of the tissue was stored at -80°C for protein
expression studies. Blood samples were collected by cardiac
puncture into anticoagulant-containing and anticoagulant-
free test tubes. Blood samples were kept at room temperature
for 30min, allowed to clot, and then centrifuged at 3000 rpm
for 10min to collect the serum. Plasma was collected by the
centrifugation of the anticoagulated blood. Small sections
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from each tissue were kept aside for histological studies. Part
of the tissue was fixed in formalin (10% formaldehyde) for
immunohistochemical analysis. Paraffin wax sections were
prepared with the fixed tissues.

2.4. Lipid and Lipoprotein Profile. Total cholesterol (TC),
triglycerides (TG), and high-density lipoproteins (HDL) in
serum were assessed using commercial kits that spin react
in a semiautomatic analyzer (RX Monza, Randox, UK).

2.4.1. LDL (Low-Density Lipoprotein) and VLDL (Very Low-
Density Lipoprotein). LDL cholesterol was calculated accord-
ing to the Friedwald formula:

LDL = total cholesterol − VLDL +HDL cholesterolð Þ,

VLDL very low‐density lipoproteinð Þ = TG
5

:

ð1Þ

The values of total cholesterol, triglycerides, HDL, VLDL,
and LDL are expressed as mg/dl.

2.4.2. Atherogenic Index. AI was calculated as follows:

AI = log
TG

HDL‐C

� �
: ð2Þ

2.4.3. Free Fatty Acids. Tissue free fatty acids were estimated
by the method of Hron and Menahan [18]. Free fatty acid
content in tissue is expressed as μE/l.

2.5. Histopathological Studies. The histology of aorta was
studied using haematoxylin and eosin (H&E) staining. A
portion of the aorta tissue was fixed in 10% buffered forma-
lin. The washed tissues were dehydrated in the descending
grades of isopropanol and finally cleared in xylene. The tis-
sues were then embedded in molten paraffin wax. Sections
were cut at 5μm thickness and stained with haematoxylin
and eosin. The sections were then viewed under a light
microscope (Nikon “ECLIPSE E400” microscope, Japan)
for histopathological changes.

2.6. Assay of Oxidized LDL by ELISA. The levels of Ox-LDL
in serum were measured using ELISA as described by
Crowther [19]. The levels are expressed as pg/ml.

2.7. Western Blot Analysis. The tissue homogenate was pre-
pared in 50-100μl of lysis buffer (with protease inhibitors)
and centrifuged, and the supernatant was collected. Total tis-
sue extracts containing 50-100μg of protein samples were
prepared in sodium dodecyl sulphate (SDS) sample buffer
(Sigma-Aldrich) and were separated by SDS-electrophoresis
on 10%-12% polyacrylamide gels, further transferred to a
polyvinylidene difluoride (PVDF) membrane prior to
immune detection, and subjected to western blot analysis.
The antibodies against LOX-1 (goat anti-rabbit IgG-HRP
conjugate, 1 : 1000) were purchased from Abcam and were
used to detect protein levels in the aorta tissues. To verify
the uniformity of the protein load and transfer efficiency
across the test samples, membranes were reprobed with

beta-actin (Cell Signalling Technology, 1 : 1000 dilution).
Immunoreactive bands were developed by Immobilon
Western Chemiluminescent HRP Substrate (Millipore Cor-
poration, Billerica, USA), visualized using an enhanced
chemiluminescence system (ChemiDoc, Bio-Rad, USA),
and presented in comparison to beta-actin expression.

2.8. Cell Culture. Monolayer cultures of IC-21 cells (NCCS,
Pune, India) were cultured in RPMI 1640 with ATCC modi-
fication supplemented with 10% heat-inactivated fetal bovine
serum (FBS) and antibiotics (mixture 1% penicillin/strepto-
mycin/nystatin). Cells were incubated in T25 tissue culture
flasks at 37°C in a humidified atmosphere (5% CO2 and
95% air environment). Aegeline was dissolved in 0.1%
DMSO, and Ox-LDL was suspended in PBS. Aegeline at a
concentration of 10μM (based on a dose-fixation study)
was used for the studies. The cells were then divided into five
groups for various experiments to be performed (Group
1—IC-21 cells were maintained in RPMI 1640 without any
treatment; Group 2—IC-21 cells were exposed to Ox-LDL
at a concentration of 100μg/ml for 24 hours; Group 3—IC-
21 cells were treated with aegeline followed by Ox-LDL at a
concentration of 100μg/ml for 24 hours; Group 5—IC-21
cells were treated with atorvastatin (20μg) [20] followed by
Ox-LDL at a concentration of 100μg/ml [21] for 24 hours;
and Group 5—IC-21 cells were treated with aegeline alone.

2.9. Oil Red O Staining. Oil Red O staining was performed as
prescribed by Lillie and Ashburn [22]. Cells were plated in
24-well tissue culture plates (Costar) at a density of 1 × 105
cells/ml and upon reaching subconfluence, the macrophages
were incubated with Ox-LDL (100μg/ml) for 24 h, the
medium was aspirated, and the cells were rinsed twice with
0.01M PBS. Cells were fixed with 4% PFA for 10min and
then rinsed in PBS for 3 times. To this, 60% isopropanol
was added and incubated for 5min and rinsed. The working
solution of Oil Red O stain was added and set aside for 5min,
then washed with PBS. Haematoxylin was added and allowed
to stand for 1min, and tissues were washed with PBS to
remove residual stain. The slides were viewed under phase
contrast microscope; lipids appeared red and the nuclei
appeared blue.

2.10. In Silico Study. Geometry-optimized molecular struc-
tures for aegeline and atorvastatin were obtained using the
iGEMDOCK (a generic evolutionary method for molecular
docking) automated docking program. iGEMDOCK is a soft-
ware used for integrated structure-based virtual screening,
molecular docking, postscreening analysis, and visualization
step. The 3-dimensional (3D) coordinates of four target pro-
teins were selected and obtained from the protein data bank
(PDB). The PDB id of LOX-1 (1YPQ) was selected for the
in silico study. The 3D structure coordinates of each thera-
peutic target protein and ligand molecules were implemented
through the GEMDOCK-graphical environment interface.
Before doing docking analysis, the output path was set.
GEMDOCK default parameters included the population size
(n = 200), generation (g = 70), and number of solutions
(s = 10) to compute the probable ligand-binding mechanism
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for each target protein LOX-1. Then the docking run was
started using a GEMDOCK scoring function. After dock-
ing, the individual binding pose of each ligand was
observed and their binding affinity with the target proteins
were analyzed. Visual examination of the predicted bind-
ing geometries (docking poses) thereby contributes cru-
cially to the further development of a lead compound. In
the postdocking screening, the best-binding pose and total
energy of each ligand were analyzed. The details of the
best-binding pose and total energy values were saved in
an output folder. The protein-ligand binding site was ana-
lyzed and visualized by using PyMOL.

2.11. Statistical Analysis. Data are presented as mean ±
standard error of mean (SEM) of the results obtained from
the average of at least three to six independent experiments.
Results were analyzed by one-way analysis of variance
(ANOVA) using the SPSS software package for Windows
(version 20.0; SPSS Inc., Chicago, IL, USA) and p values were
determined using the Student-Newman-Keuls and least sig-
nificant difference post hoc tests. Differences among means
were considered statistically significant when the p value
was less than 0.05.

3. Results (In Vivo)

3.1. Serum Lipid and Lipoprotein Profile. Table 1 shows the
impact of aegeline on the serum lipid profile of experimental
groups. Assessment of the serum lipid profile in the present
study reveals that there was a significant (p < 0:05) increase
in the levels of serum total cholesterol (1.37-fold), triglycer-
ides (1.21-fold), LDL (1.55-fold), VLDL (1.22-fold), and free
fatty acids (FFA) (1.15-fold) along with a concomitant
decrease in HDL (1.57-fold) in HCD-alone-fed aged rats
when compared to the aged control rats. Aegeline and ator-
vastatin supplementation to HCD-fed rats demonstrated a
significant decline (p < 0:05) in serum total cholesterol, tri-
glycerides, LDL, VLDL, and FFAwith a concomitant increase
(p < 0:05) in HDL, when compared to the HCD-alone-fed
group. Moreover, it was observed that aegeline and atorva-
statin have almost similar beneficial effects on reducing lipid
levels in the serum. The atherogenic index was found to reach

the maximum in the HCD-fed groups as expected, and aege-
line and atorvastatin were capable of bringing down the ath-
erogenic index to normal levels.

3.2. Histopathological Studies. The haematoxylin and eosin
staining in the aorta sections of rats is shown in Figure 1.
The young control group showed normal tissue architecture,
such as even thickness and inner and outer elastic plates
with no signs of lipid deposition or necrosis. The aged con-
trol group had shown deterioration in tissue architecture
with a considerable increase in tissue thickness, whereas
the HCD-fed group showed a necrotic core in tunica media
which could possibly mean lipid deposition and cell vacuoli-
zation. The illustration in Figure 2 is a pictorial representa-
tion showing the lipid accumulation in the HCD artery.
Aegeline treatment to HCD-challenged rats showed no signs
of abnormal architecture in the tunica intimal and medial
layers. Though there were small signs of cellular vacuoliza-
tion in atorvastatin-treated rats, there was no increase in
thickness of the intimal layer as observed in the microscopic
image. The aegeline-alone-treated aorta of aged rats showed
no changes in the aortic architecture.

3.3. Assay of Ox-LDL by ELISA. Figure 3 displays the levels of
Ox-LDL in the serum of various experimental groups. The
assessment of the serum levels of Ox-LDL in HCD-fed rats
revealed that there was a significant increase (2.66-fold)
when compared to that of aged control rats. On the other
hand, supplementation of aegeline/atorvastatin to HCD-fed
rats brought down the serum levels of Ox-LDL when
compared to HCD-alone-fed rats by 1.52- and 1.72-fold,
respectively.

3.4. AG and AV: Effect on the Protein Expression Profile of
LOX-1. The levels of scavenger receptor LOX-1 in the aorta
of different experimental animals are depicted in Figure 4.
LOX-1 levels were increased by 58.73% and 161.30% in aged
control and HCD-fed rats when compared to the young
rats. Drug treatments significantly brought down the levels
comparable to that of the aged control rats with a greater
percentage reduction observed with aegeline (31.05%) than
atorvastatin (22.70%).

Table 1: Aegeline alters the HCD-induced lipid anomaly in aged hypercholesterolemic rats.

Parameters Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

TC (mg/dl) 132:10 ± 9:37 207:59 ± 15:65a 284:63 ± 21:34ab 215:27 ± 22:61c 220:44 ± 16:29c 181:07 ± 13:39b

VLDL (mg/dl) 19:02 ± 1:42 22:35 ± 1:71a 27:01 ± 2:33ab 24:35 ± 21:42c 25:17 ± 2:25c 20:14 ± 1:57b

LDL (mg/dl) 72:71 ± 5:68 152:13 ± 12:37a 235:84 ± 22:43ab 161:01 ± 14:46c 167:94 ± 5:58c 122:32 ± 10:98b

HDL (mg/dl) 40:37 ± 3:14 33:11 ± 3:01a 21:79 ± 2:15ab 29:91 ± 2:37c 27:33 ± 2:55c 37:27 ± 1:86b

TG (mg/dl) 95:12 ± 7:63 111:75 ± 9:52a 135:22 ± 14:81ab 121:73 ± 11:56c 125:88 ± 12:81c 100:81 ± 9:30b

FFA (μE/l) 211:27 ± 15:84 279:81 ± 25:51a 322 ± 33:83ab 291:52 ± 29:21c 295:19 ± 23:61c 252:36 ± 24:19b

Atherogenic index 0.37 0.527 0.792 0.608 0.663 0.431

Atherogenic index was calculated according to the following formula:log ðTG/HDL −CÞ. Each value representsmean ± SEM for six rats in each group. Values
are statistically significant at the level of p < 0:05. aGroup 2 compared with Group 1. abGroup 3 compared with Group 1 and Group 2. cGroup 4 compared with
Group 3. Group 5 compared with Group 3. Group 6 compared with Group 2. Group 1: young control; Group 2: aged control; Group 3: aged+HCD; Group 4:
aged+HCD+aegeline; Group 5: aged+HCD+atorvastatin; Group 6: aged+aegeline.
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3.5. In Vitro

3.5.1. Oil Red O Staining. Figure 5 represents the Oil Red O
staining of IC-21 cells, where Group 1 control cells showed
normal nuclear morphology with no signs of lipid staining
in the cytoplasm of cells. In cells incubated with Ox-LDL
(Group 2), there was an observed red staining in the cyto-
plasm and around the nucleus, which is a positive sign of
foam cell formation. On the other hand, aegeline (Group 3)
showed less Oil Red O staining in the cytoplasm. However,
atorvastatin treatment showed Oil Red O uptake with low-
ered significance as compared to aegeline. Aegeline-alone-
treated cells showed normal cellular morphology.

3.6. Result of LOX-1 Docking Studies

3.6.1. Results of In Silico Studies. Docking studies have been
carried out by taking 1VKX to understand the nature of the
interaction of aegeline and atorvastatin with LOX-1. Per-
forming a stable docking procedure in iGEMDOCK by tak-
ing LOX-1 as a target with aegeline resulted in the most
stable drug receptor complex with a LOX-1-aegeline docking
score of -95.28 kcal/mol (Figure 6(a)) and an atorvastatin
docking score of -74.04 kcal/mol (Figure 6(b)). The docking
of aegeline with oxidized-LDL receptors exhibited a strong
interaction, and the results showed that aegeline has exten-
sive interactions with Ile-149, Gln-193, Ala-194, Asp-147,
Phe-158, and Try-197 of one subunit and Gln-193, Tyr-
197, and Asp-147 of another subunit of a LOX-1 homodimer
with a fitness score of -95.3 kcal/mol.

4. Discussion

4.1. Effect of Aegeline on HCD-Induced Lipid Abnormalities.
Being overweight or obese is associated with alterations in
plasma lipids and a broad spectrum of cardiometabolic disor-
ders, including an increase in plasma low-density lipoprotein
cholesterol (LDL-C) and triglyceride (TG) concentrations

(1) Young control 

(a)

(2) Aged control

(b)

(3) Aged +HCD 

(c)

(4) Aged HCD+aegeline 

(d)

(5) Aged HCD+atorvastatin

(e)

(6) Aged+aegeline

(f)

Figure 1: Histopathological sections of aorta in various experimental groups fed with HCD and the efficacy of aegeline (20x). Light
microscopic analysis of the pathological H&E-stained aorta sections of rats (20x). (a) Young control (Group 1): aorta shows normal tissue
architecture such as even thickness and inner and outer elastic plates with no signs of lipid deposition or necrosis. (b) Aged control
(Group 2): aorta shows lean deterioration in the tissue architecture with considerable increase in tissue thickness. (c) Aged+HCD (Group
3): aorta shows necrotic core in tunica media which could possibly mean lipid deposition and cell vacuolization. (d) Aged+HCD+aegeline
(Group 4): aorta shows no signs of abnormal architecture in the tunica intima and medial layers; however, there is mild cell vacuolization.
(e) Aged+HCD+atorvastatin (Group 5): aorta shows lean deterioration in the tissue architecture and cell vacuolization. (f) Aged+aegeline
(Group 6): aorta shows thin and smooth vessel wall with even thickness.

Lipid accumulation 

Normal artery Hypercholesterolemia artery

Figure 2: The pictorial representation of normal and HCD-
challenged artery.
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[16, 23]. On analysis of the lipid profile, we found that total
cholesterol and LDL cholesterol were significantly high in
the aged group when compared to young control rats. Ele-

vated plasma LDL-C levels represent one of the key causal
factors for the development of atherosclerosis and subse-
quent coronary artery disease [4]. In addition, the studies
have also found a gradual decline in the fractional clearance
of LDL from the circulation with age and reduced expression
of hepatic LDLRs with increasing age in some species [16,
24]. In the present study, rats fed with HCD exhibited high
levels of LDL, VLDL, triglycerides, total cholesterol, and free
fatty acids (FFA) in serum as compared to aged rats fed with
a normal diet. Similar alterations in lipid and lipoprotein
parameters in rats fed with HCD have been reported in ear-
lier studies [16, 23] and the observed increase in the choles-
terol levels in HCD-fed rats may be due to the presence of
cholic acid in the diet, which might have been a responsible
factor for the increased absorption of cholesterol in the intes-
tine [16]. The supplementation of a high-cholesterol diet also
reduced the HDL cholesterol levels, which is in corroboration
with the available literature that state that increased levels of
atherogenic lipids with a concomitant decrease in HDL is a
characteristic feature observed in high-cholesterol-diet-fed
rats [16]. The observed increased levels of cholesterol, LDL,
and VLDL are also reflected in the atherogenic index calcu-
lated in the current study. The hypocholesterolemic activity
of atorvastatin, a statin by origin, has been attributed to its
multifaceted efficacy in modulating cholesterol metabolism.
Moreover, Liu et al. [17] have demonstrated that the hypo-
cholesterolemic activity of atorvastatin is mainly attributed
to its ability to inhibit or decrease the production of apoB-
containing lipoproteins. Not only aegeline as observed in
the current study but even its other derivatives obtained from
the Aegle marmelos plant have also been shown to have anti-
hyperlipidemic activities [15]. The leaf extract of Aegle mar-
melos is shown to exert an antihyperlipidemic potential in
HCD rats, where there is altered lipid metabolism [22]. Aege-
line has also been shown to possess both anti-inflammatory
and antihyperlipidemic activity as observed in our previous
study in fatty liver conditions [16]. Hence, both aegeline
and atorvastatin decrease the atherogenic risk, thereby
affording cardioprotection. Moreover, the efficacy of aegeline
in combating hypercholesterolemia is more or less similar to
that of atorvastatin.

4.2. Effect of Aegeline on HCD-Induced Atherosclerotic Plaque
Progression. In concordance with the above observations on
lipid anomalies in HCD-fed rats, the histological findings in
this study on the aortic wall demonstrated that there was an
increase in the tunica medial thickness most probably due
to lipid deposition in the aorta. The thickening of the aortic
intima is one of the key features of atherosclerosis and corre-
lated well with the biochemical parameters observed in
atherogenic-diet-fed rats. Zhou et al. [25] have also reported
that HCD feeding to rats results in a marked thickening of
the intima. Carotid intima thickness measurements have
been commonly used in observational studies as a marker
for atherosclerosis to evaluate its determinants and conse-
quences in various populations [26]. These effects were abro-
gated with the administration of atorvastatin for 30 days. A
study done by Taylor et al. [27] has stated that atorvastatin
had a significant impact on the reduction of intima-media
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Figure 3: Aegeline mitigates the HCD-induced increase in the levels
of serum Ox-LDL in aged experimental rats. Each bar represents
mean ± SEM for six rats in each group. Values are statistically
significant at the level of p < 0:05, where Group 2 is compared
with Group 1 and Group 3 is compared with Group 2. Groups 4
and 5 are compared with Group 3, and Group 6 is compared with
Group 2. Group 1: young control; Group 2: aged control; Group 3:
aged+HCD; Group 4: aged+HCD+aegeline; Group 5: aged+HCD
+atorvastatin; Group 6: aged+aegeline.
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Figure 4: Effect of aegeline on the expression of scavenger receptors
in the aorta of aged rats fed with HCD. Each bar represents mean
± SEM for six rats in each group. Values are statistically
significant at the level of p < 0:05, where Group 2 is compared
with Group 1 and Group 3 is compared with Group 2. Groups 4
and 5 are compared with Group 3, and Group 6 is compared with
Group 2. Group 1: young control; Group 2: aged control; Group 3:
aged+HCD; Group 4: aged+HCD+aegeline; Group 5: aged+HCD
+atorvastatin; Group 6: aged+aegeline.
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thickness. Another follow-up study has shown that statin
drugs including atorvastatin were seen to reduce carotid
intima-media thickness along with soft plaque regression
[28]. On aegeline supplementation, the intima was found to
be near normal.

Both atorvastatin and aegeline have shown anti-
inflammatory action [16], and so it might improve endothe-
lial function. An improvement in endothelial function would
have resulted in a reduction of intimal thickness.

4.3. Effect of Aegeline on Serum Ox-LDL. When oxidative
stress is present, ROS may modify or damage lipids, proteins,
and DNA with deleterious consequences for vascular func-
tion and structure [29]. LDL is one such lipoprotein more
susceptible to oxidative modifications, and several studies
performed over the past decade illustrate that the oxidatively
modified form of LDL is more accountable than native LDL
in the progression of atherogenesis [4]. Our studies also have
identified Ox-LDL levels to be high in the serum of HCD-fed
rats which is in concurrence with the available literature [5].
According to the classical hypothesis, Ox-LDL accumulates
in the atherosclerotic lesions over a prolonged period of time.
But recent studies carried out with aged rats show changes in
the level of Ox-LDL, and this signifies the dynamics of the
Ox-LDL state that it can equilibrate between circulation
and tissues [30]. Hence, the increased Ox-LDL levels in the
plasma of HCD-fed rats is the true reflection of the patho-
genic process that occurs in the rat aorta. Retention of LDL
in the vessel wall with subsequent oxidation is also consid-
ered to be an important event in the early stages of an athero-

sclerotic lesion playing a key role in endothelial dysfunction
and atherogenesis. Oxidized LDL, in fact, activates endothe-
lial cells by inducing the expression of several cell surface
adhesion molecules which mediate the rolling and adhesion
of blood leukocytes (monocytes and T cells); after adhesion
to the endothelium, leukocytes migrate into the intima in
response to chemokines. Monocytes then differentiate into
macrophages that upregulate both Toll-like receptors (TLRs)
and scavenger receptors (SRs) that internalize Ox-LDL, lead-
ing to lipid accumulation and foam cell formation [5]. There-
fore, increased levels of Ox-LDL might be responsible for
initiating the events involved in plaque formation as substan-
tiated by intimal thickness in the HCD-fed animal aortas.
Aegeline or atorvastatin supplementation has brought down
the serum levels of Ox-LDL in rats challenged with HCD. In
vitro studies conducted by Sarkar et al. [31] have identified
that structural analogs of aegeline are potent inhibitors of
LDL oxidation. However, so far no reports have been stated
with reference to the impact of aegeline on serum levels of
oxidized LDL. On the other hand, Fuhrman et al. [32] have
reported that atorvastatin therapy decreases serum lipid
and Ox-LDL levels. It is obvious from our observations that
aegeline mitigates cholesterol-mediated ROS to a greater
extent by reducing the levels of cholesterol by its antihy-
percholesterolemic effect indirectly, since it was able to
reduce the levels of Ox- LDL.

4.4. Effect of Aegeline on Receptors of Ox-LDL. The mecha-
nism of Ox-LDL uptake is widely studied. Early work sug-
gested that the uptake of oxidized LDL occurs via a

(1) Control cells

(a)

(2) Ox-LDL treated 

(b)

(3) Ox-LDL+aegeline 

(c)

(4) Ox-LDL+atorvastatin 

(d)

(5) Aegeline alone 

(e)

Figure 5: Oil Red O lipid staining in IC-21 cells treated with Ox-LDL and the lipid-lowering effect of aegeline.
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scavenger receptor, the lectin-like oxidized low-density lipo-
protein receptor-1 (LOX-1) [5]. LOX-1 has been identified
first in endothelial cells as the major Ox-LDL receptor; how-
ever, also macrophages and smooth muscle cells express
LOX-1 together with other scavenger receptors, altogether
contributing to the induction of endothelial dysfunction by

several mechanisms [5]. The potential role of LOX-1 in the
pathogenesis of atherosclerosis includes endocytosis of Ox-
LDL, expression colocation with atherosclerosis enhanced
by risk factors of atherosclerosis. The present study has dem-
onstrated the enhanced manifestation in the levels of LOX-1
in aged and aged HCD rats concomitant with the previous
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studies which state that there is upregulated LOX-1 expres-
sion in the endothelium of HCD-fed rabbits [33]. Macro-
phages bind and internalize Ox-LDL through CD36, and
thus activated macrophages secrete oxidants, including mye-
loperoxidase, which oxidizes LDL, and thus enlarges the pool
of Ox-LDL [5]. Our studies have shown that both atorva-
statin and aegeline are able to reduce the expression of
LOX-1 in aged and aged HCD-fed rats.

4.5. Aegeline Augments Foam Cell Formation Induced by Ox-
LDL. Macrophage-derived foam cell formation is the early
hallmark of atherogenesis. Hence, we wanted to study the
effect of aegeline and atorvastatin on foam cell formation in
IC-21 macrophage cells. Oil Red O staining of IC-21 cells
showed normal nuclear morphology with no signs of lipid
staining in the cytoplasm. However, when cells were incu-
bated with Ox-LDL, they showed the positive staining of
Oil Red O inside the cytosol due to the uptake of Ox-LDL
inside these cells. This is in corroboration with the previous
study conducted by Yang et al. [33] stating that incubating
macrophage cells with Ox-LDL resulted in extensive lipid
accumulation in the cytosol. Aegeline/atorvastatin treatment
has greatly reduced lipid accumulation in macrophage cells.
These observations explicitly show that aegeline not only
reduces Ox-LDL formation but also regulates the uptake of
the same. Onemechanism by which it can do this is by down-
regulating the scavenger receptor, for which data from
in vivo studies support its downregulation (Figure 4). On
the other hand, it might prevent the interaction between
LOX-1 and Ox-LDL by binding to LOX-1. Hence, molecular
docking studies were carried out using iGEMDOCK to find
out if there is any interaction between LOX-1 and aegeline.
LOX-1 is a protein that is made up of 273 residues compris-
ing four domains. The first 36 residues form the cytoplasmic
tail followed by a single transmembrane domain made up of
amino acids from 37 to 58 and an extracellular region con-
taining two domains, the first one comprising residues from
58 to 142 and the second from 143 to 273 which is a C-type
lectin-like domain (CTLD) responsible for Ox-LDL recogni-
tion. Aegeline specifically has interaction with the CTLD
domain. Francone et al. [34] have reported that mutations
of certain residues present in the tunnel, particularly Ile-
149, impair binding to Ox-LDL, confirming the crucial role
of the tunnel in ligand interaction and binding. Furthermore,
Biocca et al. [13] have docked atorvastatin with LOX-1 and
found that Ile-149 of LOX-1 interacts with statins and Ile-
149 is always involved in the stability of contact with these
drugs. Point mutations on Ile-149, which point to the empty
space in the center of the tunnel, markedly reduce the bind-
ing of Ox-LDL and a series of oxidized phospholipids. The
“clamp motion” mechanism, which is hypothesized as a
mechanism for Ox-LDL catching, is only observed in the
absence of ligands and blocked when the CTLD hydrophobic
tunnel is filled. Docking results showed that aegeline has
extensive interaction with Ile-149, Gln-193, Ala-194, Asp-
147, Phe-158, and Try-197 of one subunit and Gln-193,
Tyr-197, and Asp-147 of another subunit of the LOX-1
homodimer with a fitness score of -95.3. Aegeline also binds
to Ile-149 indicating a stable interaction. Docking atorva-

statin with LOX-1 has docking energy of -74.04 which is
slightly lower than that of aegeline with LOX-1, thereby
showing more favorable binding than the statin drug. Hence,
LOX-1 seems to be an attractive target for the therapy of a
number of cardiovascular diseases. In this regard, aegeline
has a tremendous potential to inhibit LOX-1 which needs
to be further explored.

5. Summary/Conclusion

Aegeline at a concentration of 20mg/kg body weight is effec-
tive in reducing the lipid anomalies in aged hypercholesterol-
emic rats when compared to atorvastatin by targeting LOX-1
as observed in western blot and docking studies. Aegeline
had a pronounced effect in downregulating the expression
of lipids evidenced by oxidized-LDL expression and Oil
Red O staining. This study validates aegeline as a potent anti-
hypercholesterolemic agent.
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The exogenous lipoic acid (LA) is successfully used as a drug in the treatment of many diseases. It is assumed that after
administration, LA is transported to the intracellular compartments and reduced to dihydrolipoic acid (DHLA) which is
catalyzed by NAD(P)H-dependent enzymes. The purpose of this study was to investigate whether LA can attenuate
cardiovascular disturbances induced by ethanol (EtOH) and disulfiram (DSF) administration separately or jointly in rats. For
this purpose, we measured systolic and diastolic blood pressure, recorded electrocardiogram (ECG), and estimated
mortality of rats. We also studied the activity of aldehyde dehydrogenase (ALDH) in the rat liver. It was shown for the
first time that LA partially attenuated the cardiac arrhythmia (extrasystoles and atrioventricular blocks) induced by EtOH and
reduced the EtOH-induced mortality of animals, which suggests that LA may have a potential for use in cardiac disturbance in
conditions of acute EtOH intoxication. The administration of EtOH, LA, and DSF separately or jointly affected the ALDH
activity in the rat liver since a significant decrease in the activity of the enzyme was observed in all treatment groups. The results
indicating that LA is an inhibitor of ALDH activity are very surprising.

1. Introduction

According to the World Health Organization (WHO) in
2016, the alcohol abuse resulted in 3 million deaths (5.3%
of all deaths) worldwide and 132.6 million disability-
adjusted life years (DALYs), i.e., 5.1% of all DALYs in that
year [1]. DALYs are the sum of years of life lost due to prema-
ture mortality as well as years of life lost due to time lived in
less than full health.

According to the authors of that report, the cardiovascu-
lar diseases (CVDs) are the leading cause of mortality glob-
ally, causing 17.9 million deaths (31.6% of all deaths) and
413.2 million DALYs (15.9% of all DALYs). Globally in

2016, alcohol caused an estimated net CVD burden of
593 000 deaths (3.3% of all CVD deaths) and 13 million
CVD DALYs (3.2% of all CVD DALYs). CVDs were
responsible for 19.8% and 9.8% of all alcohol-attributable
deaths and DALYs lost, respectively [1].

Metabolism of ethanol (EtOH) in the human body occurs
mainly in the liver. EtOH can be oxidized to acetaldehyde by
three routes: (1) in the presence of NAD in the reversible
reaction catalyzed by alcohol dehydrogenase (ADH; E.C
1.1.1.1), (2) in the presence of NADPH andmolecular oxygen
(O2) in the reaction catalyzed by microsomal ethanol oxi-
dizing system (MEOS), and (3) in the presence of hydro-
gen peroxide (H2O2) in the reaction catalyzed by catalase
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(EC 1.11.1.6). ADH is themain enzyme in EtOHmetabolism.
This enzyme oxidizes 92–96% of the ingested alcohol [2].

C2H5OH +NAD+ ⟷
ADH

CH3CHO +NADH +H+

C2H5OH +NADPH +H+ +O2 ���!MEOS
CH3CHO +NADP+ + 2H2O

C2H5OH +H2O2 ����!catalase
CH3CHO + 2H2O

ð1Þ

The second step of EtOH metabolism is catalyzed by
aldehyde dehydrogenase (ALDH; E.C 1.2.1.3). This enzyme
converts acetaldehyde to acetic acid which can be involved
in a number of metabolic processes within the organism.

CH3CHO +NAD+
����!ALDH

CH3COOH +NADH +H+ ð2Þ

Disulfiram (tetraethylthiuram disulfide, antabuse, or
DSF) is a well-known inhibitor of ALDH. By inhibiting
ALDH activity, DSF causes EtOH intolerance due to poi-
soning with acetaldehyde, the concentration of which is
high after EtOH consumption. It means that EtOH intake
during DSF treatment results in the accumulation of acet-
aldehyde, which is associated with a risk of severe often
life-threatening cardiovascular disturbances, including car-
diac arrhythmia, drop in blood pressure, circulatory collapse,
and death. These unpleasant and potentially life-threatening
symptoms are known as DSF-EtOH reaction (DER). Of
course, it is known that intoxication by excessive EtOH con-
sumption alone (without DSF) can also cause death due to
hypotonia and cardiovascular failure [3].

Therefore, it appears that it is justified to search for drugs
capable of attenuating toxicity of EtOH alone and preventing
or halting the progression of the DER/DSF-like reactions. We
wished to examine whether lipoic acid (LA, 5-[(3R)-dithio-
lan-3-yl]pentanoic acid) would be able to attenuate cardio-
vascular disturbances induced by EtOH and/or DSF. Why
LA? There are reports that LA is able to reduce myocardial
injury and preserve cardiac function during ischemia-
reperfusion injury [4, 5]. Many studies on animal models
have also confirmed that LA can prevent progressive remod-
eling and even improve cardiac function [6]. Dudek et al.
have indicated that LA protects the heart against myocardial
post ischemia-reperfusion arrhythmias via KATP channel
activation in isolated rat hearts [7]. The experimental study
of Sokołowska et al. has proven a beneficial effect of LA on
cyanate toxicity in the rat heart [8]. Skibska et al. in their
excellent review indicated that although LA is used in various
diseases, it can be particularly effective in cardiovascular dis-
eases, including ischemic heart disease, hypertension, and
heart failure [9].

Thus, in this study, we hypothesized for the first time that
LA treatment can attenuate cardiovascular disturbances
induced by EtOH and DSF administration separately or
jointly in rats. For this purpose, systolic and diastolic blood
pressure were measured, electrocardiogram (ECG) was
recorded, and mortality of rats was estimated. Moreover,
the activity of ALDH in the rat liver was studied.

2. Materials and Methods

2.1. Reagents. In this study, the formulation Thiogamma was
used, which contains LA as the pharmacologically active
substance. Thiogamma was obtained from Hexal®AG,
(Holzkirchen, Germany). Thiopental sodium was obtained
fromHEFA-Freon Arzneimittel (Germany). Heparin sodium
was obtained from Polfa S.A. (Poland). Disulfiram, EDTA,
Folin-Ciocalteau reagent, 4-methylpyrazole, NAD, propio-
naldehyde, and rotenone were provided by Sigma-Aldrich
Chemical Company (Poznań, Poland). All other reagents
were of analytical grade and were obtained from Polish
Chemical Reagent Company (POCh, Gliwice, Poland).

2.2. Animals and In Vivo Treatment. All procedures were
performed according to the Animal Use and Care Committee
Guidelines and were approved by the Ethics Committee of
the Jagiellonian University, Kraków, Poland (registration
number 106/2009 and ZI/UJ/403/2007). The experiments
were carried out on male Wistar rats (180–200 g). Animals
were housed in plastic cages in a room at a constant temper-
ature of 20 ± 2°C with a natural light-dark cycle. They had
free access to standard pellet diet and water. The tested com-
pounds were administered at doses calculated per kg body
weight (bw). EtOH was given by a gavage, and LA and DSF
by intraperitoneal (IP) injection. The control group was
injected IP with 0.6ml of saline (0.9% NaCl).

2.3. Blood Pressure. The rats were anesthetized by IP injection
of thiopental (70mg/kg). The left carotid artery was cannu-
lated with polyethylene tubing filled with heparin solution
in saline to facilitate pressure measurements using a Data-
max apparatus (Columbus Instruments, Ohio). The animals
were assigned to eight groups of 6 animals each. Blood pres-
sure was measured as follows:

(i) Group received 0.9% NaCl: measurement lasted
30min

(ii) EtOH group: measurement was conducted before
EtOH administration (2.5 g/kg) and was continued
for 30min thereafter

(iii) Group I (LA group): measurement was conducted
before LA administration (100mg/kg) and was
continued for 60min thereafter

(iv) Group II (DSF group): measurement was con-
ducted before DSF (100mg/kg) administration
and was continued for 60min thereafter

(v) Group III (DSF+LA group): measurement was con-
ducted before LA (100mg/kg) and DSF
(100mg/kg) administration and was continued for
60min thereafter

(vi) Group IV (LA+EtOH group): measurement was
conducted before LA administration (100mg/kg)
and was continued for 30min thereafter. In the
30th min, EtOH (2.5 g/kg) was administered and
the measurement was continued for the next
30min
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(vii) Group V (DSF+EtOH group): measurement was
conducted before DSF (100mg/kg) administration
and was continued for 30min thereafter. In the
30th min, EtOH (2.5 g/kg) was administered and
the measurement was continued for the next
30min

(viii) Group VI (LA+DSF+EtOH group): measurement
was conducted before LA (100mg/kg) and DSF
(100mg/kg) administration and was continued
30min thereafter. In the 30th min, EtOH (2.5 g/kg)
was administered and themeasurement was contin-
ued for the next 30min

Subsequently, animals were sacrificed. The livers were
removed, washed in 0.9% NaCl, placed in liquid nitrogen,
and stored at -80°C until biochemical tests were performed.

2.4. Electrocardiogram Recording (ECG). The rats were anes-
thetized by IP injection of thiopental at a dose of 70mg/kg.
The ECG was recorded with three needle electrodes placed
on the skin on the right and left chest and the left foot. Elec-
trocardiographic investigations were carried out using Multi-
card 30 apparatus, standard lead II, and paper speed of
50mm/s. The ECG was standardized before each tracing to
achieve appropriate sensitivity (2mV pulse produces
20mm height) and chart speed (50mm/s). The animals were
assigned to seven groups of 6 animals. ECG evaluated such
parameters as extrasystole, bradycardia, atrioventricular
blocks, and mortality. For each group, the percentage of ani-
mals, in which the disturbance occurred, was calculated.

(i) Group A (EtOH): the ECG recording started in the
1st min and ended in the 30th min after EtOH
administration (2.5 g/kg)

(ii) Group B (LA+EtOH): the ECG recording started in
the 1st min after LA administration (100mg/kg) and
was conducted for the next 30min. In the 30th min,
EtOH (2.5 g/kg) was administered; the ECG record-
ing ended in the 60th min after LA administration
(30min after EtOH administration)

(iii) Group C (LA): the ECG recording started in the 1st

min and ended in the 60th min after LA administra-
tion (100mg/kg)

(iv) Group D (DSF): the ECG recording started in the 1st

min and ended in the 60th min after DSF adminis-
tration (100mg/kg)

(v) Group E (LA+DSF group): the ECG recording
started in the 1st min and ended in 60th min after LA
(100mg/kg) and DSF (100mg/kg) administration

(vi) Group F (LA+DSF+EtOH group): the ECG record-
ing started in the 1st min after LA (100mg/kg) and
DSF (100mg/kg) administration and was con-
ducted for the next 30min. In the 30th min, EtOH
(2.5 g/kg) was administered. The recording of ECG
ended in the 60th min after LA and DSF administra-
tion (30min after EtOH administration)

(vii) Group G (DSF+EtOH group): the ECG recording
started in the 1stmin afterDSF (100mg/kg) adminis-
tration andwas conducted for the next 30min. In the
30th min, EtOH (2.5 g/kg) was administered. The
ECG recording ended in the 60th min after DSF
administration (30min after EtOH administration)

2.5. Determination of ALDH Activity in the Rat Liver
Homogenate. The assay mixture contained liver homog-
enate, sodium phosphate buffer (pH8.2), NAD, EDTA,
4-methylpyrazole, and rotenone. The reaction was initi-
ated by the addition of propionaldehyde as a substrate.
4-Methylpyrazole was added to inhibit alcohol dehydroge-
nase, and rotenone to inhibit mitochondrial NADH oxidase.
The blank sample without the homogenate or the substrate
was run simultaneously. The activity of ALDHwas calculated
by using the molar extinction coefficient of NADH of
6.22mM-1 cm-1 at 340 nmwith the use of a modified protocol
published earlier [10, 11]. Enzyme-specific activity was
expressed as nmol NADH min-1 mg-1 protein. The protein
content was determined by the method which is based
on the reaction of peptide bonds and aromatic amino acid
residues with Folin-Ciocalteau reagent (a mixture of phos-
photungstic and phosphomolybdic acids) in alkaline envi-
ronment in the presence of copper (II) ions. Protein
bound with copper ions reduces the above acids to respec-
tive oxides. Absorbance was measured at 500 nm [12].

2.6. Statistics. All statistical calculations were carried out with
the use of GraphPad Prism 6.0 computer program.

The results obtained from measurements of blood
pressure are presented as the mean ± SEM of animals in
each group. The statistical calculations were performed
using a two-way ANOVA Multiple Comparison and post
hoc Tukey test.

The results obtained from measurements of ALDH activ-
ity in rat liver homogenates are presented as the mean ± SD
for each group of animals. The statistical calculations were
performed using a one-way ANOVA and post hoc Tukey test.

For all data, the values of p < 0:05 were considered to be
statistically significant.

3. Results

3.1. The Effect of Ethanol Administration on Systolic and
Diastolic Blood Pressure in Rats. The blood pressure in rats,
which received 0.9% NaCl was 130.67/105.33mmHg at t = 0
measurement. The blood pressure was 105.33/103.67mmHg
measured at 30 minutes (t = 30) after administration of salt
(Figure 1).

EtOH administration caused a statistically significant
decrease only in diastolic blood pressure at 30 minutes of
measurement compared to the pressure measured before
the administration of EtOH, i.e., at t = 0 (Figure 1). Blood
pressure measured before EtOH administration (t = 0) was
122.67/99.33mmHg, while measured at 30min (t = 30)
amounted to 102.33/69.33mmHg (Figure 1).

3.2. The Effect of Lipoic Acid on the Systolic and Diastolic
Blood Pressure in Rats. Systolic blood pressure measured
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before administration of LA (t = 0) was 132.5mmHg, while
measured 60 minutes after administration of LA was
115.33mmHg. Statistically significant changes in systolic
blood pressure were observed from 30 minutes after admin-
istration of LA. This means that LA lowers systolic blood
pressure in rats. However, the effect of LA on the diastolic
blood pressure was not observed (Figure 2(a)).

3.3. The Effect of Disulfiram on the Systolic and Diastolic
Blood Pressure in Rats. DSF administration statistically sig-
nificantly decreased systolic and diastolic blood pressure in
rats. Blood pressure measured before DSF treatment (t = 0)
was 127.67/89.5mmHg while determined at 60 minutes
(t = 60) was 105/72mmHg. Statistically significant changes
in systolic and diastolic blood pressure were observed from
40th to 50th minute, respectively, after administration of
DSF. This means that DSF lowers blood pressure in rats
(Figure 2(b)).

3.4. The Effect of Combined Lipoic Acid and Disulfiram
Treatment on the Systolic and Diastolic Blood Pressure in
Rats. The combined LA and DSF treatment statistically sig-
nificantly reduced systolic and diastolic blood pressure in
rats. Blood pressure before joint administration of LA and
DSF (t = 0) was 123.6/95.33mmHg, while recorded at 60
minutes (t = 60) was 104.67/63.33mmHg (Figure 2(c)). Sta-
tistically significant changes in diastolic and systolic blood
pressure were observed from 10th to 15th minute, respec-
tively, after administration of LA and DSF.

This means that the combined administration of LA and
DSF lowers blood pressure in rats (Figure 2(c)).

3.5. The Effect of Combined Lipoic Acid and Ethanol
Treatment on the Systolic and Diastolic Blood Pressure in
Rats. The combined LA and EtOH treatment statistically
significantly reduced systolic and diastolic blood pressure
in rats. Blood pressure before administration of EtOH
was 118.33/93.67mmHg, while measured 30 minutes after

administration of EtOH was 111.5/81.5mmHg. However,
the pressure measured at t = 0 minutes, i.e., before any
compounds were administered, was 132.5/103.67mmHg
(Figure 2(d)).

Blood pressure values measured in the EtOH group, LA
group, and LA+EtOH group at the endpoint of the experi-
ment were 102.33/69.33, 115.33/89.67, and 111.5/81.5,
respectively.

This means that in the presence of LA, the decrease in
blood pressure is smaller than in the group of rats receiving
only EtOH.

3.6. The Effect of Combined Disulfiram and Ethanol
Treatment on the Systolic and Diastolic Blood Pressure in
Rats. The combined DSF and EtOH treatment statistically
significantly reduced systolic and diastolic blood pressure
in rats. Blood pressure before administration of EtOH
was 110.33/84.67mmHg, while measured 30 minutes after
administration of EtOH was 82.33/54.87mmHg. However,
the pressure measured at t = 0 minutes, i.e., before any
compounds were administered, was 119.17/91.5mmHg
(Figure 2(e)).

Blood pressure values measured in the EtOH group, DSF
group, and DSF+EtOH group at the endpoint of the experi-
ment were 102.33/69.33, 105/72, and 82.33/54.87mmHg,
respectively.

This means that in the presence of DSF, the decrease in
blood pressure is bigger than in the group of rats receiving
only EtOH.

3.7. The Effect of Combined Lipoic Acid, Disulfiram, and
Ethanol Treatment on the Systolic and Diastolic Blood
Pressure in Rats. Blood pressure before administration of
EtOH was 101.33/72mmHg, while measured 30 minutes
after administration of EtOH was 100.87/67.67mmHg.
However, the pressure measured at t = 0 minutes, i.e., before
LA and DSF were administered, was 121.67/98.33mmHg
(Figure 2(f)).
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Figure 1: The effect of 0.9% NaCl or EtOH on the systolic and diastolic blood pressure (SBP and DBP, respectively) in rats measured for
30min. Each group comprised 6 animals (n = 6). Data are shown as the mean ± SEM. Significant vs. the blood pressure measured before
the administration of EtOH, i.e., at t = 0; ∗p < 0:05.

4 Oxidative Medicine and Cellular Longevity



Blood pressure values measured in the EtOH group,
LA group, DSF group, LA+DSF group, LA+EtOH group,
DSF+EtOH group, and LA+DSF+EtOH at the endpoint
of the experiment were 102.33/69.33, 115.33/89.67,
105/72, 104.67/63.33, 111.5/81.5, 82.33/54.87, and
100.87/67.67mmHg, respectively.

This means that the greatest reduction in blood pressure
occurs in the group of rats receiving DSF and EtOH
(82.33/54.87mmHg). However, in the group of animals,

which apart from DSF and EtOH also received LA, the
decrease in blood pressure was significantly smaller
(100.87/67.67mmHg).

Figure 3 shows changes in systolic (a) and diastolic (b)
blood pressure in all groups of rats which received EtOH.
Taken together, a statistically significant decrease in sys-
tolic and diastolic blood pressure vs. group receiving only
0.9% NaCl (control group) presented in Figure 1 was
observed in 3 groups: EtOH group, DSF+EtOH group,
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Figure 2: The effect of LA, DSF, and various combinations of these chemical compounds with EtOH on the systolic and diastolic blood
pressure (SBP and DBP, respectively) in rats. Each group comprised 6 animals (n = 6). Data are shown as the mean ± SEM. Significant vs.
the blood pressure measured at t = 0 minutes, i.e., before the administration of any drugs. ∗p < 0:05; ∗∗∗p < 0:001.
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and LA+DSF+EtOH group. The greatest drop in blood
pressure vs. group receiving 0.9% NaCl (control group)
was noted in EtOH-treated rats which were given DSF
30min before EtOH.

3.8. The Effect of Various Combinations of Ethanol, Lipoic
Acid, and Disulfiram on the Heart Rhythm Disturbances in
Rats and on the Activity of Aldehyde Dehydrogenase in the
Rat Liver. The obtained results are shown in Tables 1 and 2.

Bradycardia was seen in all groups of rats; however, in
EtOH-treated group (group A) and in the group treated with
EtOH 30min after LA and DSF administration (group F),
bradycardia affected 100% of animals. In the remaining
groups, 83.5% of rats exhibited bradycardia. It is noteworthy
that bradycardia occurred also in 83.5% of animals receiving
LA alone (group C). Moreover, in rats treated first with LA

and 30min later with EtOH (group B), bradycardia was seen
also in 83.5% of animals, which could suggest a protective
action of LA (Table 1).

Extrasystoles were observed in 50% of rats in the EtOH-
treated group (group A) and in 33.3% of rats in the group
treated with EtOH 30min after LA administration (group
B). It indicates that prior LA administration reduced the
number of animals in which extrasystoles were observed
(Table 1).

Atrioventricular blocks were observed in 16.7% of rats
receiving EtOH (group A) and in 16.7% of rats treated with
EtOH 30min after LA (group B). In this case, LA administra-
tion did not decrease the number of rats with this disturbance
(Table 1).

Deaths of animals were observed in four groups. In the
EtOH-treated group (group A), four animals died (66.7%),
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Figure 3: The changes in systolic (a) and diastolic (b) blood pressure in all groups of rats which received EtOH. Each group comprised 6
animals (n = 6). Data are shown as the mean ± SEM. Significant vs. group receiving 0.9% NaCl (control group); ∗p < 0:05; ∗∗∗p < 0:001.
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one at 5min and three at 10min after EtOH administration.
In the LA+EtOH group (group B), one animal died (16.7%)
10min after EtOH administration (at 40min of the experi-
ment, EtOH was administered 30min after LA treatment).
In the DSF+LA+EtOH group (group F), four animals died
(66.7%), two 10min after EtOH administration (at 40min
of the experiment) and two 20min after EtOH administra-
tion (at 50min of the experiment, EtOH was administered
30min after LA and DSF treatment). In the DSF+EtOH
group (group G), four animals died (66.7%) 10min after
EtOH administration (at 40min of the experiment, EtOH
was administered 30min after DSF).

Taken together, the results presented in Table 1 demon-
strated bradycardia in all tested animals (groups A-G), while
extrasystoles and atrioventricular blocks were observed only
in the group treated with EtOH alone (group A) and in
EtOH-treated rats which were given LA 30min before EtOH
(group B). Deaths of animals were observed in all EtOH-
treated groups, but the fewest animals died (one animal,
which corresponds to 16.7%) in the group of animals which
was treated with LA 30min prior to EtOH administration
(group B: LA+EtOH group).

The results presented in Table 2 indicated that the
administration of EtOH, LA, and DSF separately or jointly
affected the ALDH activity in the rat liver. A significant
decrease in the activity of the enzyme vs. group receiving
0.9% NaCl was observed in the all treatment groups.

4. Discussion

The obtained results indicated that the greatest blood pres-
sure drop was observed in the group administered EtOH
after DSF treatment (Figures 2(e) and 3). It is commonly
known that DSF has been used for over 70 years as an
alcohol-aversive agent in the treatment of alcoholism. By
inhibiting ALDH activity, DSF causes EtOH intolerance
due to poisoning with acetaldehyde. It causes a spectrum
of undesirable symptoms collectively called DSF-EtOH reac-
tion (DER). Prancheva et al. described a case of a 53-year-
old man in whom DER manifested as severe hypotension
(blood pressure was 35/20mmHg) accompanied by ischemic
stroke [13].

The present data demonstrated also that in this experi-
ment, a number of animals died in all EtOH-treated groups,
but the fewest animals died (one animal, which corresponds
to 16.7%) in the LA+EtOH group. The question arises why,
despite the relatively low dose of EtOH, 66.7% of the animals
died in the group that only received EtOH. It is assumed
that blood alcohol levels (BACs) exceeding 500mg% can
result in death in humans as a result of paralysis of respi-
ratory centers in the brain stem. On the other hand, there
are known cases when alcohol produced death in humans
at the values of BAC ranging from under 200mg% to over
600mg% [14, 15]. Why some people survive high BAC
and others do not is an open question. In our opinion,
it is similar in animals. Jones proposed to consider that
when examining deaths due to acute ethanol poisoning,
among all other factors, lady luck should not be forgotten [15].

The present data demonstrated also that mortality in the
group treated with DSF and then with EtOH (DSF+EtOH)
was 66.7% (and was the same as in the group administered
LA and DSF before EtOH (LA+DSF+EtOH)). Development
of cardiovascular collapse in patients with DER has been
described by many authors. Ho et al. reported a patient with
DER in whom initial volume resuscitation and dopamine
infusion failed to restore the BP and blood pressure returned

Table 1: The effect of various combinations of ethanol (EtOH), lipoic acid (LA), and disulfiram (DSF) on the heart rhythm disturbances and
mortality in rats.

Disorders
EtOH LA+EtOH LA DSF DSF+LA DSF+LA+EtOH DSF+EtOH

Group A Group B Group C Group D Group E Group F Group G

Extrasystoles 3min (50%) 30min (33.3%) None None None None None

Bradycardia 5min (100%) 40min (83.5%) 60min (83.5%) 20min (83.5%) 25min (83.5%) 30min (100%) 40min (83.5%)

Atrioventricular
blocks (min/%)

3/16.7
5/16.7
30/16.7

30/16.7 None None None None None

Death (min/%)
5/16.7
10/50

40/16.7 None None None
40/33.3
50/33.3

40/66.7

Each group comprised 6 animals (n = 6). Data are presented as a percentage of animals with the heart rhythm disturbances and mortality in rats.

Table 2: The effect of various combinations of ethanol (EtOH),
lipoic acid (LA), and disulfiram (DSF) on the aldehyde
dehydrogenase activity in the rat liver.

Treatment
Activity of ALDH in the rat liver

(IU/min/mg protein)

Group receiving NaCl 38:41 ± 5:00
EtOH group aaa,bbb18:075 ± 4:05c

LA (group I) aaa,b11:3 ± 4:44d

DSF (group II) aaa6:43 ± 1:37ddd

LA+DSF (group III) aaa,ccc6:75 ± 1:42ddd

LA+EtOH (group IV) aaa8:10 ± 2:66ddd

DSF+EtOH (group V) aaa6:56 ± 1:04ddd

LA+DSF+EtOH (group VI) aaa,ccc4:09 ± 2:00ddd

Data are shown as the mean ± standard deviation (SD) of 6 animals per
group (n = 6); aaap < 0:001 vs. group receiving 0.9% NaCl; bp < 0:05 and
bbbp < 0:001 vs. DSF group; cp < 0:05 and cccp < 0:001 vs. LA group,
dp < 0:05 and dddp < 0:001 vs. EtOH group.

7Oxidative Medicine and Cellular Longevity



to normal range only after noradrenaline administration
[16]. A similar case was described by Milne and Parke [17].
The present results indicate that LA can partially attenuate
arrhythmia (extrasystoles and atrioventricular blocks)
induced by EtOH. Many literature data confirm that LA
exerts powerful protective effects in numerous cardiovascular
diseases [7, 18, 19].

The obtained results demonstrated also that all DSF-
treated groups of animals showed the reduced ALDH activity
in the liver which is obvious (Table 2). In addition, we
observed that EtOH given alone also inhibited ALDH activity
(Table 2). Despite the counter-intuitive nature of this discov-
ery, the result is consistent with some results obtained by
other authors [20–22]. On the other hand, the results indicat-
ing that LA is an inhibitor of ALDH activity turned out to be
very surprising (Table 2), the more so that our previous
observations in vitro indicated that the presence of LA or
DHLA had no effect on the activity of yeast ALDH. Those
observations demonstrated also that DHLA but not LA could
protect ALDH against DSF-induced blockade, while neither
LA nor DHLA were able to restore the ALDH activity when
it already had been inhibited by DSF [23]. However, it should
be noted that it is increasingly more frequently underlined
that biological effects of LA obtained in vitro often differ
from those observed in vivo which was largely unnoticed
until recently [24, 25]. Some authors highlighted that LA
could participate, like glutathione (GSH), in S-thiolation of
proteins and this process is perceived to be a molecular
“switch” decisive for intracellular redox status of thiols able
to control cellular metabolic pathways [25]. In the case of
GSH, the formation of a mixed disulfide (G-S-S-Protein)
usually leads to inhibition of the biological activity of the
protein [26].

The mammalian ALDH is a redox-sensitive protein, and
the cysteine sulfhydryl group in its active site plays an essen-
tial role in its activity. Therefore, it is possible that ALDH
forms a mixed disulfide with LA (LA-S-S-ALDH) which
leads to a decrease in its activity. However, the problem of
S-thiolation involving LA is still not well understood and
there is virtually no literature data while those that can be
found are based more on suppositions and deductions, and
not on hard scientific evidence. Therefore, it seems that this
direction of research is worthy of attention.

Taken together, the present results indicated that LA in
rats can attenuate cardiovascular disorders induced by the
administration of EtOH. In our opinion, it was caused by
the ability of LA to ameliorate the reductive stress which
occurs as a result of metabolic processes related to EtOH.
The reductive stress is a counterpart of oxidative stress
and is defined as an abnormal increase in reducing equiva-
lents. EtOH produces reductive stress since its metabolism
results in overproduction of NADH. A decrease in the
NAD+/NADH ratio causes a decline in the activity of oxido-
reductases (reductive stress), resulting in an altered meta-
bolic situation that might be the first insult leading towards
several pathologies [27]. NADH excess has many metabolic
consequences, of which suppression of the Krebs cycle
(tricarboxylic acid cycle (TCA cycle)) and the mitochondrial
respiratory chain seem the most important. It is known that

the TCA cycle together with the associated electron transport
systems plays a key role in energy production. Inhibition of
both TCA cycle and respiratory chain hinders energy gener-
ation from any compound, including EtOH. Thus, EtOH
insidiously “deceives” the body because NADH accumula-
tion and TCA cycle inhibition are signals of intracellular
energy abundance, whereas actually the body faces a signifi-
cant energy deficit. Furthermore, the elevated NADH levels
suppress synthesis of UDP-glucuronic acid (UDPGA) com-
pounds that must be attached to various xenobiotics (drugs,
poisons, dietary supplements, etc.) before they can be
excreted from the body.

Some researchers have observed that many degenerative
diseases are associated with a hypoxic state that results in
an increased NADH/NAD+ ratio [28, 29]. Many authors also
showed that reductive stress played an important role in the
development of cardiomyopathy in mice [30, 31]. In addi-
tion, overproduction of reducing equivalents imparted pleio-
tropic effects on gene expression, mitochondrial dysfunction
[32], and protein quality control [33] in cardiomyopathy
in mice.

It should be remembered that exogenous LA after admin-
istration is reduced to DHLA by NAD(P)H-dependent
enzymes which in a simplified form can be expressed as

LA +NADH +H+ ⟶DHLA +NAD+ ð3Þ

As a result of this reaction, NADH is oxidized to NAD,
and thus the NAD+/NADH ratio increases. Hence, it is a
plausible proposal that LA partially attenuated the toxicity
of EtOH by decreasing the reductive stress level. It is worth
noting that this is the first time when the novel hypothesis
was presented that LA, which is normally considered to be
an antioxidant, is also required for protection against reduc-
tive stress.

In conclusion, this study for the first time demonstrated
that LA could partially attenuate the cardiac arrhythmia
(extrasystoles and atrioventricular blocks) induced by EtOH
and reduced the EtOH-induced mortality of animals, which
supports a potential of LA for use in acute EtOH-
intoxication and suggests that further experiments are neces-
sary to elucidate the mechanism of action of LA as an
antidote to EtOH poisoning.
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High glucose- (HG-) induced cardiomyocyte injury is the leading cause of diabetic cardiomyopathy, which is associated with the
induction of inflammatory responses and oxidative stress. TGR5 plays an important role in the regulation of glucose
metabolism. However, whether TGR5 has cardioprotective effects against HG-induced cardiomyocyte injury is unknown.
Neonatal mouse cardiomyocytes were isolated and incubated in a HG medium. Protein and mRNA expression was detected by
western blotting and RT-PCR, respectively. Cell apoptosis was determined by Hoechst 33342 staining and flow cytometry. After
treatment of cells with HG, TGR5-selective agonist INT-777 reduced the increase in expression of proinflammatory cytokines
and NF-κB, whereas pretreatment of cells with TGR5 shRNA significantly reduced the inhibitory effects of INT-777. We also
found that INT-777 increased the protein expression of Nrf2 and HO-1. In the presence of TGR5 shRNA, the expression of
Nrf2 and HO-1 was reduced, indicating that TGR5 may exert an antioxidant effect partially through the Nrf2/HO-1 pathway.
Furthermore, INT-777 treatment inhibited HG-induced ROS production and apoptosis that were attenuated in the presence of
TGR5 shRNA or ZnPP (HO-1 inhibitor). Activation of TGR5 has cardioprotective effects against HG-induced cardiomyocyte
injury and could be a pharmacological target for the treatment of diabetic cardiomyopathy.

1. Introduction

Type 2 diabetes mellitus (T2DM) is a major health con-
cern and burden on economies, which affected 2.8% of
the world population in 2000 with morbidity estimated
to reach 4.4% by 2030 [1]. T2DM is associated with many
cardiovascular diseases. The cardiovascular complications
are wide-ranging and due at least in part to chronic elevation
of blood glucose levels. Although vascular damage is the most
devastating complication of diabetes, hyperglycemia-induced
myocardium injury in the absence of coronary artery disease
and hypertension, termed as diabetic cardiomyopathy [2–4],
has received increasing attention in particular [5, 6]. The cel-
lular and molecular mechanisms underlying hyperglycemia-
induced cardiac damage are complicated and multifactorial.

Reactive oxygen species (ROS) elevation, inflammation, and
apoptosis, which are caused by high blood glucose, are major
precursors and contributors to the development of diabetic
cardiomyopathy [7–9]. Such pathological changes induce
diastolic function impairments, myocardial fibrosis, and car-
diac complications [3, 6, 8, 9].

A member of the G protein-coupled receptor family, G
protein-coupled bile acid receptor 1 (GPBAR1; also known
as TGR5), has been recently identified as a drug target for
diabetes treatment [10–12]. TGR5 is activated by bile acids
and mediates the endocrine effects of bile acids on energy
balance, inflammation, digestion, and sensation [13]. Bile
acids have been reported to increase energy expenditure
and prevent the development of obesity and insulin resis-
tance, which are mediated by TGR5 [14]. A previous study
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has demonstrated that TGR5 in pancreatic cells regulates
insulin secretion to maintain glucose homeostasis [12].
Based on these studies, TGR5 is thought to be a critical
receptor for regulation of energy expenditure and a poten-
tial therapeutic target of diabetes. However, whether TGR5
activation prevents diabetes-associated cardiomyocyte injury
is still unclear.

TGR5 expression has been found in cardiomyocytes and
is associated with dysregulation of biliary fibrosis-induced
cardiac energetics [15], suggesting that TGR5 plays an
important role in cardiovascular homeostasis. Moreover,
TGR5 activation reduces cytokine release and diminishes
the inflammatory response [13, 16]. TGR5 is also linked to
signaling pathways involved in cell survival and apoptosis
[17]. Thus, we hypothesized that activation of TGR5 may
be beneficial for protection against high glucose- (HG-)
induced cardiomyocyte injury. Although a recent study
showed that TGR5 activation improves myocardial adapt-
ability to physiological, inotropic, and pressure-induced
stress in mice [18], the role of TGR5 in HG-induced cardio-
myocyte injury and the related molecular mechanisms are
largely unknown.

2. Methods

2.1. Primary Mouse Cardiomyocyte Isolation, Culture, and
Treatment. The protocol for the animal experiments was
approved by the Experimental Animal Ethics Committee of
Southwest Medical University. Animal handling and care
were performed in strict compliance with the U.S. National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (1996 revision). Primary cardiomyocytes were iso-
lated from 20 to 30 neonatal Kunming mouse hearts, follow-
ing a protocol reported previously [19, 20] with minor
modifications. Less than 3-day-old neonatal mice were
briefly rinsed in an antiseptic 75% alcohol solution. Mice
were anaesthetized with 1% isoflurane and then euthanized
by decapitation. Whole hearts were extracted from the mice
using curved scissors and quickly transferred into a dish con-
taining phosphate-buffered saline (PBS) without Ca2+ and
Mg2+. Nonmyocardial tissues, such as lung tissues and large
vessels, were removed. Neonatal mouse hearts were washed
in PBS without Ca2+ and Mg2+ to remove blood. The neona-
tal mouse hearts were then transferred into another dish con-
taining 0.25% trypsin-EDTA and incubated at 4°C overnight.
The next day, the trypsin-EDTA solution was removed, and
fetal bovine serum (FBS) was added. The hearts were then
digested in a collagenase solution containing 0.5–1.0mg/mL
collagenase and 5mg/mL albumin at 37°C. The digested tis-
sues were dispersed by pipetting for 10min, and the cell sus-
pension was transferred into sterile centrifuge tubes. Fresh
collagenase solution was added to the remaining tissues,
and the above process was repeated two to four times until
all tissues were digested and all cells were collected. After cen-
trifugation, the harvested cells were resuspended in a 10mL
plating medium (DMEM supplemented with 10% FBS and
1% penicillin-streptomycin), plated in a 10 cm culture dish,
and incubated at 37°C with 5% CO2 for 70min. Unattached
cardiomyocytes were collected from the 10 cm dish, resus-

pended in a fresh medium with 5-bromodeoxyuridine
(0.1mmol/L), and seeded in a 35mm dish or 24-well culture
plate coated with polylysine.

2.2. Gene Silencing by RNAi. TGR5 shRNA adenoviral parti-
cles were obtained from Hanbio Biotechnology (Shanghai,
China), and Nrf2 shRNA lentiviral particles were obtained
from Genechem Corporation (Shanghai, China). Experi-
ments were performed in accordance with the manufac-
turer’s instructions. Cells were infected with TGR5 or Nrf2
shRNA viral particles for 48 h before experiments.

2.3. Immunoblotting. Tissues or cells were washed twice with
ice-cold PBS and lysed in lysis buffer (10mM Tris-HCl,
pH8, 150mMNaCl, 1% NP-40, 1mM PMSF, and 10mg/mL
each leupeptin and aprotinin). The lysates (20μg protein)
were separated by 10%–12% SDS-polyacrylamide gel elec-
trophoresis and transferred onto a polyvinylidene fluoride
membrane. The membrane was washed with Tris-buffered
saline+Tween-20 (TBST), blocked with 5% skim milk pow-
der in TBST for 3 h, and then incubated with the appropriate
primary antibody at dilutions recommended by the supplier.
Membranes were probed with a rabbit anti-phospho-IκBα
(Ser32) antibody (1 : 1000, Cell Signaling Technology, MA),
mouse anti-NF-κB p65 (L8F6) antibody (1 : 1000, Cell Sig-
naling Technology), rabbit anti-Nrf2 (D1Z9C) antibody
(1 : 1000, Cell Signaling Technology), rabbit anti-HO-1 anti-
body (1 : 1000, Cell Signaling Technology), or anti-TGR5
antibody (1 : 500, Santa Cruz Biotechnology, CA). Then,
the primary antibodies were detected with goat anti-rabbit
or anti-mouse IgG (1 : 1000, Beyotime, China) conjugated
with horseradish peroxidase. Bands were visualized with
enhanced chemiluminescence (Pierce, MA). Equal amounts
of protein transferred onto the membranes were verified by
immunoblotting for GAPDH (1 : 1000, Cell Signaling Tech-
nology) or histone H3 (1 : 500, Biogot Biotechnology CO,
Atlanta, Georgia, USA).

2.4. RNA Extraction and PCR. Total RNA from cells and
tissues was extracted by Trizol (Tiangen, Beijing, China)
and used to synthesize cDNA that served as the template
for amplification of TNF-α, IL-6, and IL-1β genes. Primers
were as follows: TNF-α forward primer, 5′-GGCGGTGCC
TATGTCTCA-3′ and TNF-α reverse primer, 5′-GGCA
GCCTTGTCCCTTGA-3′ (363 bp); IL-6 forward primer,
5′-GCCTTCTTGGGACTGAT-3′ and IL-6 reverse primer,
5′-CTGGCTTTGTCTTTCTTGT-3′ (383bp); IL-1β forward
primer, 5′-CTCGTGCTGTCGGACCCAT-3′ and IL-1β
reverse primer, 5′-CAGGCTTGTGCTCTGCTTGTGA-3′
(343bp). The amplifications were performed using a reverse
transcription-polymerase chain reaction (RT-PCR) kit
(Tiangen). Mouse GAPDH was used as the endogenous
control. The relative expression of target genes was normal-
ized to GAPDH mRNA levels.

2.5. Hoechst 33342 Staining. Apoptotic cells were character-
ized by nuclear condensation of chromatin and/or nuclear
fragmentation using a Hoechst 33342 staining kit (Solarbio,
China), according to the manufacturer’s instructions. In
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brief, after treatments, the cells were fixed with 1mL staining
buffer and then stained with 5μL Hoechst 33342 and 5μL PI.
The cells were incubated at 4°C or in an ice bath for 20–
30min. After incubation, the cells were washed once with
PBS and spotted onto slides for microscopy.

2.6. Flow Cytometric Analysis. Apoptosis and intracellular
ROS levels were measured by flow cytometry [21]. To analyze
ROS production, the cells were incubated with DCFH-DA
(10μM) at 37°C for 20min, and then the intracellular ROS
level was determined by flow cytometry. For apoptosis anal-
ysis, cells were trypsinized, harvested, washed twice with cold
PBS, and then centrifuged, followed by removal of the super-
natant and resuspension in 1mL of 1x binding buffer. The
cells were gently vortexed, incubated for 10min at room tem-
perature while protected from light, and then stained with
5μL Annexin V-FITC. Then, the cells were stained with
5μL of a PI solution at room temperature for 5min while
protected from light. The cells were resuspended with
500μL PBS and vortexed gently. Cells were analyzed by flow
cytometry within 1 h. FITC and PI fluorescence were excited
by a laser source with a wavelength of 494nm and detected
by 520 and 636nm band-pass filters, respectively.

2.7. Measurement of Cell Viability. Cell viability was deter-
mined using the conventional methylthiazolyl tetrazolium
(MTT) reduction assay. After treatments, cell viability was
measured at various time points. Twenty microliters of
MTT (5mg/mL) was added to each well, followed by incuba-
tion for 4 h at 37°C with CO2. The medium was then
removed, and the formazan crystals were solubilized with
DMSO. Absorbance was measured at 490nm on amicroplate
reader (Bio-Rad, Hercules, CA).

2.8. Statistical Analysis. Data are expressed as themean ± SD.
All statistical analyses were performed by one-way analysis of
variance (ANOVA) for repeated measures, and comparisons
among groups were made by one-way ANOVA with the
Student-Newman-Keuls test. A value of P < 0:05 was consid-
ered as significant.

3. Results

3.1. High Glucose Promotes the mRNA Expression of
Proinflammatory Cytokines and Activation of NF-κB Signaling
in Mouse Cardiomyocytes. To determine the effects of HG
on the inflammatory response in mouse cardiomyocytes,
the mRNA expression of proinflammatory cytokines was
measured. Cardiomyocytes were exposed to HG for 1, 2, 4,
8, 16, and 24h. In cells treated with 33mM HG, the mRNA
expression of IL-1β, IL-6, and TNF-α was increased up to
16, 8, and 4h, respectively, and decreased thereafter
(Figure 1(a)). The NF-κB signaling pathway was also ana-
lyzed. Cardiomyocytes were exposed to HG for 1, 2, 3, 6,
12, and 24h. HG increased the protein expression of p-IκBα
and NF-κB in cardiomyocytes. The protein expression of p-
IκBα and NF-κB was increased up to 6 and 2h, respectively,
and decreased thereafter (Figure 1(b)). These data indicated
that HG may induce the inflammatory response through
activation of NF-κB signaling in mouse cardiomyocytes.

3.2. Activation of TGR5 Reduces HG-Induced Increases in the
Expression of Proinflammatory Cytokines and NF-κB in
Mouse Cardiomyocytes. To determine the effect of TGR5 on
the inflammatory response, cardiomyocytes were infected
with TGR5 shRNA adenoviral particles for 24h or pretreated
with 100μM SQ22536 (cAMP inhibitor) for 3 h and then
treated with 30μM INT-777 (selective TGR5 agonist) for
3 h, followed by exposure to HG for 6 h. As shown by western
blotting, pretreatment of cardiomyocytes with INT-777
inhibited HG-induced protein expression of p-IκBα, whereas
the inhibitory effect of INT-777 was attenuated by TGR5
shRNA or SQ22536 (Figure 2(a)). Similarly, INT-777
inhibited HG-induced protein expression of NF-κB, and
TGR5 shRNA or SQ22536 reduced the inhibitory effects of
INT-777 (Figure 2(a)). Furthermore, INT-777 or JSH-23
(NF-κB inhibitor) suppressed the HG-induced mRNA
expression of IL-1β, IL-6, and TNF-α. Treatment with TGR5
shRNA or SQ22536 ameliorated the inhibitory effects of
INT-777 on the mRNA expression of IL-1β, IL-6, and TNF-
α (Figure 2(b)). These results suggested that the NF-κB signal-
ing pathway was involved in TGR5-mediated cardioprotection.

3.3. Activation of TGR5 Induces the Nrf2/HO-1 Pathway in
Mouse Cardiomyocytes. The Nrf2/HO-1 signaling pathway
is an important regulator of oxidative stress. Therefore, we
determined whether activation of TGR5 induces the
Nrf2/HO-1 axis in cardiomyocytes. TGR5 agonist INT-777
increased the protein expression of Nrf2 and HO-1 in cardi-
omyocytes up to 2 and 6h, respectively, which was decreased
thereafter (Figures 3(a) and 3(b)). The increase in protein
expression of Nrf2 by INT-777 treatment was reduced after
pretreatment with TGR5 shRNA or SQ22536 (Figure 3(c)).
Next, cells were infected with either control or Nrf2
shRNA. Nrf2 shRNA significantly abated Nrf2 protein
expression compared with the control (Figure 3(d)). Simi-
larly, INT-777-induced HO-1 expression was also reduced
by TGR5 shRNA, SQ22536, or Nrf2 shRNA (Figure 3(e)).
These findings indicated that activation of TGR5 may have
antioxidant effects partially mediated by inducing the
Nrf2/HO-1 pathway.

3.4. Activation of TGR5 Alleviates HG-Induced Oxidative
Stress in Mouse Cardiomyocytes. To examine the benefit of
TGR5 against HG insult, oxidative stress and Nrf2/HO-1 axis
(an antioxidant response system) were examined in primary
neonatal mouse cardiomyocytes. Flow cytometry showed
that INT-777 alone at various concentrations did not induce
ROS production (Figures 4(a) and 4(b)). However, when cells
were treated with HG, the intracellular ROS level was
increased. INT-777 significantly reduced the level of ROS in
HG-treated cells, whereas the effect of INT-777 was abol-
ished in the presence of TGR5 shRNA or the HO-1 inhibitor
ZnPP (Figures 4(c) and 4(d)). Immunoblotting data showed
that Nrf2 and HO-1 were increased in HG condition com-
pared with the control group (Figures 4(e) and 4(f)), while
INT-777 treatment further increased the expression of Nrf2
and HO-1 significantly compared with the HG group
(Figures 4(e) and 4(f)).
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3.5. Activation of TGR5 Attenuates HG-Induced Apoptosis
in Mouse Cardiomyocytes. To investigate the effect of
TGR5 on HG-induced apoptosis, we employed Hoechst
33342 staining and flow cytometry to measure apoptosis
after treatment with HG, INT-777, TGR5 shRNA, and
ZnPP. As shown in Figure 5(a), HG increased nuclear
condensation that was inhibited by INT-777. Pretreatment
with TGR5 shRNA or ZnPP mitigated the protective effect
of INT-777 against HG-induced nuclear condensation.
Similarly, INT-777 reduced HG-induced apoptosis, whereas
the protective effect of INT-777 was ameliorated by
TGR5 shRNA or ZnPP (Figure 5(b)). Microscopic exami-
nation revealed results similar to those of Hoechst 33342
staining and flow cytometry (Figure 5(c)). Furthermore,
the effect of TGR5 was analyzed by MTT assays. Cell
death was significantly increased under the HG condition.
Cardiomyocytes treated with INT-777 showed suppression
of cell death induced by HG. Cell death was increased in
the presence of TGR5 shRNA or ZnPP (Figure 5(d)).
These data support the notion that activation of TGR5
reduces HG-induced apoptosis partially through the
Nrf2/HO-1 pathway.

4. Discussion

TGR5 is a G protein-coupled receptor that plays a key role in
the physiological activities of bile acid [13]. Previous studies
have indicated that TGR5 may be a novel target to regulate
glucose metabolism for diabetes therapy. The TGR5 ligand
(oleanolic acid) shows significant blood glucose-lowering
and weight-losing effects in diabetic animal models induced
by STZ [22, 23] and enhances glucose tolerance [10]. TGR5
activation by oleanolic acid induces glucagon-like peptide-1
production and secretion that improve liver and pancreas
functions [24, 25]. However, the effects of TGR5 on HG-
induced cardiomyocyte damage are unclear. Our data are
consistent with the hypothesis that TGR5 activation protects
against HG-induced cardiomyocyte damage by suppressing
inflammatory cytokines and ROS overproduction and that
TGR5 may be a pharmacological target for the treatment of
HG-induced disorders.

Myocardial injury involved in T2DM is mainly due to
direct metabolic damage of cardiomyocytes by hyperglyce-
mia. Inflammatory responses and oxidative stress are impli-
cated in the mechanism, and inhibiting the inflammatory
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Figure 1: HG promotes mRNA expression of proinflammatory cytokines and activation of NF-κB signaling in mouse cardiomyocytes. (a)
HG-induced proinflammatory cytokine expression. Cardiomyocytes were treated with HG (33mM) for the indicated times. IL-1β, IL-6,
and TNF-α mRNA expression was determined by RT-PCR. (b) HG-induced activation of NF-κB signaling. Cardiomyocytes were treated
with HG (33mM) for the indicated times. Proteins (20 μg) from cell lysates or nuclear (N) fractions were subjected to immunoblotting.
Data are expressed as the mean ± SD of three independent experiments. ∗P < 0:05 vs. 0 h.
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Figure 2: Activation of TGR5 reduces the HG-induced increase in the expression of proinflammatory cytokines and NF-κB signaling in
mouse cardiomyocytes. (a) Cells were infected with TGR5 shRNA adenoviral particles for 48 h or pretreated with 100 μM SQ22536
(cAMP inhibitor) for 3 h and then treated with 30μM INT-777 (selective TGR5 agonist) for 3 h, followed by addition of HG to
cardiomyocytes for a further 6 h. Proteins (20 μg) from cell lysates or nuclear (N) fractions were subjected to immunoblotting. (b) Cells
were infected with TGR5 shRNA adenoviral particles for 48 h or pretreated with 100μM SQ22536 for 3 h and then treated with 30 μM
INT-777 for 3 h or 30μM JSH-23 (NF-κB inhibitor) for 1 h, followed by exposure to HG for a further 2 h (TNF-α) or 8 h (IL-1β
and IL-6). IL-1β, IL-6, and TNF-α mRNA expression was determined by RT-PCR. Data are expressed as the mean ± SD of three
independent experiments. ∗P < 0:05 vs. control; #P < 0:05 vs. HG; &P < 0:05 vs. HG+INT-777.
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Figure 3: Activation of TGR5 induces the Nrf2/HO-1 pathway in mouse cardiomyocytes. (a) Nuclear extracts were prepared from
cardiomyocytes treated with INT-777 (30 μM) at the indicated time points to detect Nrf2 protein by immunoblotting. (b) Cells were
treated with 30μM INT-777 for the indicated times to detect HO-1 by immunoblotting. (c) Cells were infected with TGR5 shRNA
adenoviral particles for 48 h or pretreated with 100 μM SQ22536 (cAMP Inhibitor) for 3 h and then treated 30μM INT-777 for 2 h.
Proteins (20 μg) from nuclear (N) fractions were subjected to immunoblotting. (d) Cells were infected with Nrf2 shRNA lentiviral
particles for 48 h. Proteins from cell lysates were subjected to immunoblotting. (e) Cells were infected with TGR5 or Nrf2 shRNA viral
particles for 48 h or pretreated with 100μM SQ22536 for 3 h and then treated with 30μM INT-777 for 6 h. Proteins from cell lysates were
subjected to immunoblotting. Data are expressed as the mean ± SD of three independent experiments. ∗P < 0:05 vs. 0 h or control;
#P < 0:05 vs. HG.
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response and oxidative stress is useful for diabetic cardiomy-
opathy. For example, KATP channel opening protects H9c2
cardiac cells against HG-induced injury by inhibiting ROS
and inflammation [26]. Suppressing the inflammatory

response and oxidative stress by kaempferol also attenuates
hyperglycemia-induced cardiac damage [27]. Moreover, aza
resveratrol-chalcone derivative 6b protects mice against dia-
betic cardiomyopathy by alleviating inflammation and
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Figure 4: Effect of TGR5 activation on HG-induced oxidative stress in mouse cardiomyocytes. (a, b) ROS production was detected by flow
cytometry with DCFH-DA staining at 20min after INT-777 treatment. ROS levels were calculated as fold changes relative to no treatment
(0 μM). (c, d) Changes in ROS production were detected by flow cytometry with DCFH-DA staining. Cells were infected with TGR5
shRNA adenoviral particles for 48 h, or cells were pretreated with 10μM ZnPP for 1 h and then treated with INT-777 for 3 h, followed by
addition of HG to cells for a further 12 h. ROS levels were calculated as fold changes relative to the control. (e, f) Immunoblotting for the
expression of Nrf2 and HO-1 in cells. Cells were treated with INT-777 for 3 h, followed by addition of HG to cells for a further 12 h. Data
are expressed as the mean ± SD of three independent experiments. ∗P < 0:05 vs. control; #P < 0:05 vs. HG; ∗∗P < 0:05 vs. HG+INT-777.
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oxidative stress [28]. Therefore, we focused on the effect of
TGR5 on the inflammatory response and oxidative stress in
cardiomyocytes.

Activation of TGR5 results in the cascade of the adenylyl
cyclase/cAMP signaling pathway [13]. The cAMP signaling
pathway mediates inhibition of TGR5 binding to NF-κB
and lowers proinflammatory cytokines IL-1α, IL-1β, IL-6,

and TNF-α [16, 29]. Because of reports indicating an
important role of TGR5 in the regulation of inflammation
[13, 16, 17], we considered that TGR5 may protect against
HG-induced cardiomyocyte inflammation. NF-κB has been
identified as a key regulator of the inflammatory response,
which transcriptionally activates proinflammatory cytokine
genes such as IL-1β, IL-6, and TNF-α [30, 31]. Under
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Figure 5: Activation of TGR5 attenuates HG-induced apoptosis in mouse cardiomyocytes. (a) Cells were infected with TGR5 shRNA
adenoviral particles for 48 h or pretreated with 10 μM ZnPP for 1 h and then treated with 30μM INT-777 for 3 h, followed by addition of
HG to cardiomyocytes for a further 24 h. Cells with condensed or fragmented nuclei were defined as apoptotic cells. (b) Cells were
infected with TGR5 shRNA adenoviral particles for 48 h or pretreated with 10μM ZnPP for 1 h and then treated with 30 μM INT-777 for
3 h, followed by addition of HG to cardiomyocytes for a further 24 h. Cells were stained with FITC-labeled Annexin V and PI, and flow
cytometry was used to detect apoptotic cells. (c) Microscopy was used to observe the morphology of mouse cardiomyocytes treated as
described in (a) and (b). (d) Cell viability was measured by MTT assays. ∗P < 0:05 vs. control; #P < 0:05 vs. HG; ∗∗P < 0:05 vs. HG+INT-777.
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inactivated conditions, NF-κB is localized in the cytoplasm by
its inhibitory molecule (IκB). Upon stimulation, IκB kinase
phosphorylates IκBα. As a result, NF-κB dissociates from the
complex and translocates into the nucleus to regulate target
genes [32]. In our study, HG increased the translocation of
NF-κB into the nucleus by increasing the phosphorylation of
IκBα. Moreover, treatment of cardiomyocytes with JSH-23
(an NF-κB inhibitor) greatly suppressed the HG-induced
mRNA expression of proinflammatory cytokines, including
IL-1β, IL-6, and TNF-α, suggesting involvement of the NF-
κB pathway in HG-induced expression of proinflammatory
cytokines. Next, we examined whether activation of TGR5
reduced proinflammatory cytokines through NF-κB path-
ways. The TGR5-selective ligand INT-777 inhibited the HG-
induced phosphorylation of IκBα and nuclear translocation
of NF-κB in cardiomyocytes. The inhibitory effects of INT-
777 were significantly attenuated by knockdown of TGR5 or
treatment with SQ22536 (a cAMP inhibitor). These results
suggested that activation of TGR5 under HG conditions exerts
anti-inflammatory effects by suppressing the NF-κB pathway
in cardiomyocytes.

In addition to inflammation, hyperglycemia-induced
ROS overproduction contributes to the development of car-
diac complications in diabetic patients. As a cytoprotective
enzyme, HO-1 has critical antioxidant functions [33]. Nrf2,
a transcription factor, regulates HO-1 promoter activity and
induces HO-1 expression [34]. It has been reported that the
Nrf2/HO-1 pathway is involved in the pathophysiological
processes of diabetes and cardiac complications [35–37].
Therefore, we speculated that the Nrf2/HO-1 pathway may
be involved in the cytoprotection of TGR5. Our study
showed that INT-777 induced Nrf2 nuclear localization and
upregulated HO-1 expression. Furthermore, increased HO-
1 protein expression induced by INT-777 was inhibited by
Nrf2 shRNA. TGR5 shRNA also attenuated Nrf2 nuclear
localization and the subsequent upregulation of HO-1
expression. Under HG conditions, treatment with INT-777
also increased the protein expression of Nrf2 and HO-1 in
cardiomyocytes. Notably, the increase in HO-1 expression
induced by INT-777 was not completely eliminated by
TGR5 shRNA in this study. Therefore, we believe that
Nrf2/HO-1 signaling may be partially mediated by TGR5,
indicating that activation of TGR5 may exert antioxidant
effects partially through the Nrf2/HO-1 pathway.

The effect of TGR5 activation on ROS generation
remains controversial. Previous studies have shown that
TGR5 is essential for bile acid-dependent cholangiocyte
proliferation by increasing reactive oxygen species [38], and
TGR5 mediates taurodeoxycholic acid-induced H2O2 pro-
duction in human Barrett’s and oesophageal adenocarci-
noma cells [39]. However, Wang et al. [40] showed that
TGR5 activated by INT-777 decreases oxidative stress and
increases fatty acid β-oxidation in human podocytes treated
with HG. Additionally, INT-777 extenuates pancreatic acinar
cell necrosis by inhibiting ROS production and the NLRP3
inflammasome pathway [41]. Moreover, lithocholic acid
(a natural agonist of TGR5) does not affect HG-induced
elevation of ROS production in H9c2 cells [42]. These
inconsistent observations may be due to different agonists,

cell types, and experimental conditions. In the present study,
we found that ROS was not induced by treatment with INT-
777 at various concentrations, and INT-777 decreased HG-
induced ROS production in cardiomyocytes. The antioxidant
effect of INT-777 was abrogated by TGR5 shRNA or the HO-
1 inhibitor ZnPP. Furthermore, HG-induced cell apoptosis
was reduced by INT-777. Treatment of cells with TGR5 shRNA
or ZnPP also attenuated the protective effect of INT-777.

In addition to the heart, TGR5 is also expressed in
other organs of the body, especially the gallbladder. Previ-
ous studies have shown that activation of TGR5 exerts
antidiabetic effects but causes gallbladder filling that may
induce unwanted toxic effects on the gallbladder [43, 44].
Accordingly, local activation of TGR5 needs to be applied
in the future.

5. Conclusions

Activation of TGR5 protected against HG-induced cardio-
myocyte injury by suppressing inflammation and apoptosis
partially through inhibiting the NF-κB pathway and activat-
ing the Nrf2 pathway (Figure 6). Therefore, TGR5 could be
a pharmacological target for the treatment of diabetic
cardiomyopathy.

Data Availability

The data used to support the findings of this study are
included within the article.
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Figure 6: Schematic illustration of the preventive effect of TGR5
against HG-induced injury in cardiomyocytes. HG induces ROS
production and expression of proinflammatory cytokine, such as
IL-1β, IL-6, and TNF-α, resulting in inflammation and apoptosis.
Activation of TGR5 attenuates HG-induced cardiomyocyte injury
partially by inhibiting the NF-κB pathway and activating the Nrf2
pathway.
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Haematological indexes of both inflammation and platelet activation have been suggested as predictive markers of cardiovascular
disease (CVD), which has high prevalence in Paralympic athletes (PA). Different mechanisms could play a role in increasing CVD
risk in PA with spinal cord injury (PA-SCI), lower limb amputation (PA-LLA), or upper limb impairment (PA-ULI). We
compared, in 4 groups of PA competing in power, intermittent (mixed metabolism), and endurance sports, Framingham Risk
Score (FRS), metabolic syndrome criteria (MetS-C), inflammation (INFLA) Score, 5 haematological indexes of platelet activation
(mean platelet volume (MPV), platelet distribution width (PDW), and the ratios between MPV and platelet (MPVPR), between
MPV and lymphocyte (MPVLR), and between PDW and lymphocyte (PDWLR)) and the endogenous antioxidants uric acid
(UA) and bilirubin (BR). A retrospective chart review of PA from preparticipation examinations’ records (London 2012 and
Sochi 2014 Paralympics) was performed. We included 25 PA-SCI (13 with high and 12 with low lesion, PA-SCI-H and PA-
SCI-L), 15 PA-LLA, and 10 PA-ULI. FRS and INFLA Score did not differ among groups, but PA-SCI-H had lower HDL,
compared to PA-SCI-L and PA-ULI. PA-LLA had more MetS diagnostic criteria with significant higher glucose levels than
other groups. PA-SCI-H had significantly lower lymphocytes’ count compared to PA-LLA and higher MPV, PDW, MPVPR,
MPVLR, and PDWLR. SCI-H had lower BR, haemoglobin, haematocrit, proteins, and creatinine. No interaction was found
between the 3 kinds of sitting sports and the 2 groups of health conditions (PA-SCI and PA-LLA). In conclusion, PA-LLA had
a higher cardiometabolic risk, whereas PA-SCI-H had a higher platelet-derived cardiovascular risk. Further larger studies are
needed to investigate the relationship between indexes of inflammation/oxidation and dietary habit, body composition, and
physical fitness/performance in PA with motor impairments.

1. Introduction

The common activities of daily life, carried out by individuals
with spinal cord injury (SCI) or lower limb amputation
(LLA), forced by their impairment to be sedentary, determine

a vicious circle that perpetuates and increases sarcopenia, fat
mass and osteoporosis [1], oxidative stress [2], chronic sys-
temic inflammation [3], reduction of cardiovascular efficiency
[4], dyslipidemia, insulin resistance, and atherosclerotic car-
diovascular disease (CVD) risk [5]. Only physical exercise
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and sport are effective weapons to counter this debilitating
cycle in these individuals [6], to reduce the CVD risk [1–3].
Despite the beneficial effect of exercise, high prevalence of
CVD risk factors was found in Paralympic athletes with SCI
(PA-SCI) and with other disorders [7]. Multiple lines of evi-
dence have revealed commonmechanisms behind cardiovas-
cular and inflammatory diseases and clarified the metabolic
and cardiovascular pathways involved in rheumatoid arthritis
(RA) [8]. In particular, CVD comorbidities depend on several
pathogenic mechanisms, and even if atherosclerosis is the
most frequently involved, furthermechanisms includemicro-
vascular dysfunction, arrhythmias, cardiac autonomic dereg-
ulation, inflammation, and immunologic abnormalities, as
well as the effects of pharmacological treatments [8]. Cardio-
vascular autonomic nervous system dysfunction, typical in
individuals with SCI, is commonly observed in RA, and it
has been suggested that lowering the inflammation may rep-
resent the most effective intervention to reduce arrhythmic
risk in these patients [9]. The authors suggested that these
considerations could be more generally applicable to all the
diseases characterized by chronic systemic inflammation [9].
Increased sympathetic activity is associated with higher mean
platelet volume (MPV), with mechanisms involving periph-
eral activation [10]. Individuals with SCI had more extensive
basal, exercise-induced [11], and oxidized-low density
lipoprotein-mediated platelet activation and higher levels of
lipid peroxides [12] than people without SCI. In a randomized
controlled trial, a 12-week arm-cranking exercise program
reduced oxidative damage and increased oxygen uptake peak
in sedentary adults with SCI [2]. Regarding the antioxidant
defence system, it was found that both total antioxidant status
and erythrocyte glutathione peroxidase activity were signif-
icantly increased at the end of the training program,
whereas plasmatic levels of lipid (malondialdehyde) and
protein (carbonyl groups) oxidation markers were signifi-
cantly reduced [2].

Although biomarkers of oxidative stress are relevant
in the evaluation of the disease status, there is a lack of
consensus concerning the validation, standardization, and
reproducibility of methods for the measurement of reactive
oxygen species (ROS) in leukocytes and platelets, markers
based on ROS-induced modifications of lipids, DNA, and
proteins, enzymatic players of redox status, and nonenzy-
matic antioxidant capacity of human body fluids [13]. In
particular, bilirubin (BR) and/or uric acid (UA) could
produce interferences in the measurement of markers of
oxidative stress [13].

In a report regarding two rowers with physical impair-
ment, qualified for the Paralympic Games in Rio 2016, high
levels of BR before an exercise protocol (progressive test on
a rowing ergometer until exhaustion) and during recovery
(17 hours after completion of the test) were observed com-
pared to postexercise (5 minutes postexercise), and similar
trends were also observed in UA concentrations [14]. On
the other hand, in individuals with chronic SCI, hyperurice-
mia is associated with hyperinsulinemia, elevated body mass
index (BMI), and abnormal lipoprotein metabolism, but not
with age or duration of injury [15]. Data from a meta-
analysis reported positive relationships between UA and both

nonalcoholic fatty liver disease and metabolic syndrome
(MetS) [16]. In a recent retrospective chart review [17], con-
ducted on veterans with SCI, cardiometabolic risk scores,
including the most widely used CVD risk prediction
Framingham Risk Score (FRS), as well as the MetS classifica-
tion, may lead to different interpretations of a true risk and
can account for inconsistencies between research and clinical
practice. Individuals with SCI can experience blood pressure
fluctuations due to neurological changes, potentially limiting
the validity and/or reliability of tools used in able people in the
SCI population. On the other hand, haematological indexes of
inflammation/platelet activation, including platelet count (P)
[18, 19], markers of platelet activation (mean platelet volume
(MPV) and platelet distribution width (PDW)) [20–22],
neutrophil-to-lymphocyte ratio (NLR), lymphocyte-to-
monocyte ratio (LMR), platelet-to-lymphocyte ratio, mean
platelet volume (MPV), and platelet distribution width
(PDW) to platelet (MPVPR and PDWPR) and to lymphocyte
(MPVLR and PDWLR) ratios [23, 24], have all been suggested
as predictive markers of CVD risk [9, 20, 22, 25, 26], and
granulocyte-to-lymphocyte ratio (GLR) has been included
in the inflammation (INFLA) Score [19].

In this study, we aimed to compare the FRS, MetS cri-
teria, INFLA Score, other haematological indexes of inflam-
mation/platelet activation, and clinical markers (including
the endogenous antioxidants UA and BR) in PA-SCI,
PA-LLA, and PA with upper limb impairment (PA-ULI).

2. Methods

2.1. Selection Process of Retrospective Chart Review. We
conducted a retrospective chart review of PA screened for
Paralympic eligibility [27] before the Games of London
2012 and Sochi 2014. The preparticipation examinations’
records, including general medical examination, instrumen-
tal, and urine and blood laboratory tests, were screened,
and PA were selected based on the following criteria.

The inclusion criteria were PA-SCI, PA-LLA or PA-ULI,
as well as availability of results for FRS, MetS criteria, and
INFLA Score evaluations. The exclusion criteria were other
health conditions (spina bifida, poliomyelitis, cerebral palsy,
and other neuromuscular and/or skeletal disorders), visual
impairments, and the use of anticoagulants and antiplatelet
drugs. It should be stressed that platelets’ indexes, among
the primary outcomes of the study, could be affected (in par-
ticular) by antiplatelet drugs. Specifically, two PA were in
treatment with acetylsalicylic acid and were excluded from
the study, whereas none was in treatment with anticoagu-
lants. On the other hand, the use of drugs for diabetes, hyper-
tension, and dyslipidaemia was not considered exclusion
criteria, being the use of these drugs included in the criteria
for metabolic syndrome proposed by the National Choles-
terol Education Program—Third Adult Treatment Panel
(NCEP-ATP III).

Other characteristics of subjects, including type of
impairment, sport, diseases, and use of drugs and supple-
ments, as well as clinically relevant parameters (endogenous
antioxidants, markers of anaemia, etc.), were recorded. From
that, women, who can have monthly physiological variation
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in markers of anaemia, were also excluded. Applying the
above criteria, 50 athletes were selected 25 PA-SCI, 15
PA-LLA, and 10 PA-ULI.

According to the autonomic dysfunction reported in
individuals with SCI and the adrenal gland innervation
[28, 29], PA-SCI were divided in two groups: 13 with high
(from cervical (C)8/thoracic(T)1, incomplete, to T9, PA-
SCI-H) and 12 with low (from T10 to lumbar (L)5, PA-
SCI-L) lesion.

Included PA 19 practice endurance sports (3 PA-SCI-H,
6 PA-SCI-L, 2 PA-LLA, and 8 PA-ULI), 10 power sports
(4 PA-SCI-H, 4 PA-LLA, and 2 PA-ULI), and 20 mixed
sports (aerobic/anaerobic) (5 PA-SCI-H, 6 PA-SCI-L, and
9 PA-LLA).

2.2. Data Extraction and Analysis. The Framingham Score
was calculated according to literature [30, 31]. MetS was eval-
uated by the NCEP-ATP III criteria: triglycerides ðTGÞ ≥
150mg/dL or use of lipid-lowering drugs, systolic blood
pressure ðSBPÞ ≥ 130mmHg, diastolic DBP ≥ 85mmHg or
use of antihypertensive agents, glucose ≥ 100mg/dL or use
of medications for diabetes, and in men high-density lipopro-
tein cholesterol ðHDLÞ < 40mg/dL and waist circumference
> 102 cm [32]. Cholesterol/HDL and low-density lipoprotein
cholesterol (LDL)/HDL ratios were also calculated [33].

INFLA Score, including C reactive protein (CRP), white
blood cell (WBC), P, and GLR, was calculated as previously
described [19]. Haematological indexes of inflammation and
of platelet activation were calculated, including NLR, LMR,
PLR, MPVPR, PDWPR, MPVLR, and PDWLR [23, 24, 26].

Other parameters were evaluated, including UA, BR,
fibrinogen, proteins, creatine phosphokinase (CPK), iron,
red blood cells (RBC), haemoglobin (Hb), haematocrit
(HCT), mean corpuscular volume (MCV), mean cell haemo-
globin (MCH), mean cell haemoglobin concentration
(MCHC), the platelet/MCH ratio (PMCHR) [34], that had
high values when iron-deficient anemia (IDA) was accompa-
nied by vitamin B12 deficiency, and the serum UA to creati-
nine (Cr) ratio (UA/Cr), associated with a higher risk of
MetS [35].

2.3. Statistical Analysis. Results that passed the normality test
(Shapiro-Wilk) or Equal Variance Test were analyzed by
analysis of variance (ANOVA), others by Kruskal-Wallis
One Way Analysis of Variance on Ranks.

Two-way Analysis of Variance was conducted to evaluate
the interaction between sport (endurance, power, and mixed)
and impairment on data from PA-SCI (overall) and PA-LLA.
PA-ULI were excluded from this analysis due to the absence
of PA practicing mixed sports. The significance of the differ-
ences between groups was evaluated using the Student-
Newman-Keuls or Dunn’s (normality test Shapiro-Wilk
and Equal Variance Test failed) methods. Spearman correla-
tion was performed between variables (all PA, n = 50).

3. Results

3.1. Cardiovascular Risk. The Framingham Score did not dif-
fer among groups, but PA-SCI-H had lower HDL, compared

to PA-SCI-L and PA-ULI (Table 1). Two-way ANOVA
revealed that there is not a statistically significant interaction
between sports and health conditions (PA-SCI and PA-LLA)
(HDL p = 0:830).

No differences were found in CHOL, LDL, and ratios
(CHOL/HDL and LDL/HDL). These ratios were correlated
with both FRS (CHOL/HDL: coefficient = 0:607, p < 0:001,
LDL/HDL: coefficient = 0:638, p < 0:001) and MetS ATP III
(CHOL/HDL: coefficient = 0:496, p < 0:001, LDL/HDL:
coefficient = 0:607, p < 0:001).

Although only 6 athletes (12%, 6/50) fulfilled the 3 cri-
teria needed for MetS diagnosis (1 PA-SCI-H, 1 PA-SCI-L,
and 4 PA-LLA), PA-LLA subjects had more criteria com-
pared to other groups (PA-SCI-H: 1 PA with 3 criteria: W,
HDL, and TG, 1 PA with 2 criteria: GLU and HDL, 5
PA with 1 criterion: 1 W, 1 BP, and 3 GLU, 6 PA no cri-
teria; PA-SCI-L: 1 PA with 3 criteria: SBP/DBP, GLU, and
TG, 1 PA with 2 criteria: GLU and BP, 3 PA with high BP
only, 1 PA with low HDL only; 6 PA no criteria; PA-LLA:
1 PA with 4 criteria; BP, GLU, HDL, and TG, 3 PA with 3
criteria: 3 BP, GLU, and TG; 1 GLU, HDL, and TG, 4 PA
with 2 criteria: 4 BP and GLU, 1 GLU and HDL, 5 PA
with GLU only, 1 PA no criteria; PA-ULI: 7 PA with 1
criterion: 1 BP and 6 GLU, 3 PA no criteria) and GLU
levels were higher in PA-LLA compared to PA-SCI
(Table 1). Two-way ANOVA revealed that there is not a
statistically significant interaction between sports and
health conditions (PA-SCI and PA-LLA) (MetS ATP III
p = 0:810; GLU p = 0:440).

3.2. Inflammation and Thrombotic Risk. Although means
of INFLA Score, including CRP, WBC, P, and GLR, were
all below 0, the value was lower in PA-ULI compared to
PA-LLA (Table 2), but it did not reach a statistical
significance.

PA-SCI-H had significantly lower L count compared to
PA-LLA and higher MPV, PDW, and/or related platelet-
activation indexes compared to other groups (Table 2). On
the other hand, PA-LLA had higher M count (Table 2). The
latter was correlated with CHOL/HDL (coefficient: 0.294,
p < 0:05), TG (coefficient: 0.399, p < 0:01), GLU (coefficient:
0.367, p < 0:01), MetS (coefficient: 0.337, p < 0:05), N (coeffi-
cient: 0.570, p < 0:001), and INFLA Score (coefficient: 0.554,
p < 0:001). Two-way ANOVA revealed that there is not a
statistically significant interaction between sports and
health conditions (PA-SCI and PA-LLA) for all vari-
ables (L: p = 0:840; M: p = 0:287; MPV: p = 0:116;
PDW: p = 0:189; MPVPR: p = 0:141; MPVLR: p = 0:766;
PDWLR: p = 0:702).

3.3. Endogenous Antioxidants, Other Clinical Parameters,
and Relationship with Platelet-Activation Indexes. Among
endogenous antioxidants, only BR was higher in PA-ULI
compared to PA-SCI-H (Table 3), but UA/Cr was higher in
PA-SCI-H and PA-SCI-L compared to PA-ULI, due to the
lower levels of Cr in PA-SCI (Table 3). Moreover, compared
to other groups, PA-SCI-H had lower Hb (vs. PA-LLA and
PA-ULI), HCT% (vs. PA-LLA and PA-SCI-L), and proteins
(vs. PA-LLA and PA-ULI) (Table 3). Two-way ANOVA
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revealed that there is not a statistically significant interaction
between sports and health conditions (PA-SCI and PA-LLA)
for variables (BR: p = 0:276; UA/Cr: p = 0:556; Cr: p = 0:751;
Hb: p = 0:943; HCT: p = 0:984; proteins: p = 0:525).

Direct and inverse correlations were observed for Cr with
proteins (coefficient: 0.284, p < 0:05), Hb (coefficient: 0.378,
p < 0:01), iron (coefficient: 0.453, p < 0:01), L (coefficient:
0.415, p < 0:01), LMR (coefficient: 0.292, p < 0:05), MPVLR
(coefficient: -0.351, p < 0:05), PDWLR (coefficient: -0.314,
p < 0:05), and PLR (coefficient: -479, p < 0:001), the latter
being correlated with UA/Cr (coefficient: 0.284, p < 0:05)
and inversely related to PDW (coefficient: -0.348, p < 0:05)
and iron (coefficient: 0.337, p < 0:05).

Interesting, platelet-activation indexes were inversely cor-
related with proteins (MPVLR coefficient: -0.349, p < 0:05;
MPVPR coefficient: -0.323, p < 0:05; PDWLR coefficient:
-0.299, p < 0:05), Cr (MPVLR coefficient: -0.351, p < 0:05;
PDWLR coefficient: -0.314, p < 0:05), Hb (MPVLR
coefficient: -0.528, p < 0:001; PDWLR coefficient: -0.509,
p < 0:001), HCT (MPVLR coefficient: -0.459, p < 0:001;
PDWLR coefficient: -0.459, p < 0:001), RBC (MPVLR coef-
ficient: -0.405, p < 0:01; PDWLR -0.441, p < 0:01), PMCHR
(MPVLR coefficient: -0.404, p < 0:01; MPVPR coefficient:
-0.913, p < 0:001; PDWLR coefficient: -0.482, p < 0:001;
PDWPR coefficient: -0.888, p < 0:001), GLU (MPVLR
coefficient: -0.384, p < 0:05; MPVPR coefficient: -0.338∗,
p < 0:05; PDWLR coefficient: -0.405, p < 0:01; PDWPR
coefficient: -0.336, p < 0:05), MetS ATP III (MPVLR
coefficient: -0.312, p < 0:05; MPVPR coefficient: -0.310,
p < 0:05; PDWLR coefficient: -0.334, p < 0:05; PDW/P
coefficient: -0.308, p < 0:05), and INFLA Score (MPVPR
coefficient: -0.484, p < 0:001; PDWPR coefficient: -0.440,
p < 0:001). On the other hand, INFLA Score was correlated
with MetS (coefficient: 0.281, p < 0:05) and the latter was
correlated with FRS (coefficient: 0.423, p < 0:01).

4. Discussion

Evidence-based screening tools designed specifically for PA
to identify and classify those at CVD risk currently do not
exist. In the present study, FRS did not differ among groups,
whereas PA-LLA had more criteria needed for MetS diag-
nosis and higher GLU levels compared to both PA-SCI
and PA-ULI. The complexity of identifying MetS in the
population with SCI has been previously discussed, and this
warrants caution in applying standard definitions of MetS
to patients with SCI [17, 36]. It has been reported that vari-
ables, such as age, smoking, FRS, diabetes mellitus, CHOL,
LDL, TG, and CRP, were not significantly associated with
extent of coronary disease (CHD) [37]. CRP is a nonspecific
marker of inflammation [38], produced predominantly in
hepatocytes in response to several cytokines [39]. Although
in the last decade the role of CRP level as predictor of CV
events, adding prognostic information supported by the
FRS, has been investigated, the improvement in CHD/CVD
risk stratification or reclassification from addition of CRP
to FRS was small and inconsistent [38–42]. Despite testing
for CRP level is used in clinical practice, due to the fact that
the test is widely available, the US Preventive Services Task

Force (USPSTF) recommendation on using nontraditional
risk factors in CHD risk assessment concluded that the cur-
rent evidence is insufficient to assess the balance of benefits
and harms of using the CRP level in risk assessment for
CVD in asymptomatic adults to prevent CVD events [43].
Among the factors that constrain the predictive performance
of CRP in CHD are the absence of a threshold value (general
populations versus CHD patients) and the fact that CRP is
not only associated with BP, CHOL, age, and gender but also
with diabetes, smoking, left ventricular hypertrophy, and
atrial fibrillation, all of which already contribute to the FRS
[40]. Moreover, CRP levels might vary as part of the acute
phase response, this limitation might bias the risk estimates
toward the null and lead to an underestimation of risk [44].
Interleukin- (IL-) 6, one of the most potent drivers of CRP
production, is released from activated leukocytes in response
to infection or trauma and from vascular smooth muscle cells
in response to atherosclerosis [39], but CRP is also released
by both skeletal muscle and adipose tissue [45]. From that,
body composition, sport-related energy expenditure, and
physical fitness/performance parameters [46–48] could be
confounding factors in the evaluation of inflammation by
CRP measurement. In particular, arm-cranking exercise
improved the plasma levels of inflammatory cytokines and
adipokines in sedentary adults with SCI [3].

It is well known that a healthy lifestyle, including physical
activity and Mediterranean diet, is essential in reducing
CVD risk [41, 49]. However, in the European adolescents
included in the HELENA study, despite diet has been sug-
gested as a moderator in the association of sedentary
behaviors with inflammatory biomarkers [50], the Medi-
terranean diet score and some healthy food subgroups
were positively associated with IL-6 (pulses), alanine ami-
notransferase (ALT) (vegetables), and CRP (vegetables)
[51]. In addition, despite monomeric CRP, stimulated by
platelet activation, has prothrombotic and inflammatory
properties, definitive evidence for CRP as a causative factor
in atherothrombosis is lacking [39].

Probably due to all the above-mentioned confounding
factors and due to the fact that the CVD risk within popula-
tion subgroups may be quite different from the mean risk
observed in a population [38, 43], we did not find significant
differences in CRP and INFLA Score among PA-SCI-H,
PA-SCI-L, PA-LLA, and PA-ULI, but INFLA Score was
correlated with MetS ATP III. The latter was correlated with
FRS. On the other hand, PA-SCI-H had significantly lower L
count compared to PA-LLA and higher MPV, PDW, and/or
related platelet-activation indexes, and inverse correlations
were found for INFLA Score and MetS ATP III and
platelet-activation indexes (MPVPR, MPVLR, and PDWLR).

Moreover, PA-SCI-H and/or PA-SCI-L had lower Hb
(vs. PA-LLA and PA-ULI), HCT% (vs. PA-LLA and
PA-SCI-L), proteins (vs. PA-LLA and PA-ULI), and creati-
nine (Cr) (vs. PA-LLA and PA-ULI). Inverse correlations
were found for these markers, as well as BR, and platelet-
activation indexes.

Although the recommendations regarding antiplatelet
therapy (low-dose aspirin) in asymptomatic individuals with
a moderate FRS risk are controversial [41, 43], it is known
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that individuals with SCI suffered a significantly higher risk
of deep vein thrombosis than able people and that this risk
is associated with plasma macrophage migration inhibitor
[52], a regulator of innate immunity [53].

It has been reported that RBC, HGB, and HCT were
negatively significantly associated with platelet aggregation,
suggesting an effect of RBC-derived NO on P aggregability
[54]. NO, produced in RBC membrane and cytoplasm by
endothelial-type nitric oxide synthase (eNOS), inhibited
platelet aggregation [54]. On the other hand, it has been
reported that low concentrations of plasma amino acids,
including L-arginine, the precursor for NO synthesis, in mal-
nourished patients enhanced the occurrence of thrombotic
events [55, 56]. Moreover, athletes with SCI can be at risk
of low energy availability from proteins (based on the recom-
mendation for athletes: 1.2–2.0 g of protein/kg of body
weight) and of micronutrients’ deficiency (in particular iron,
vitamin B12, and vitamin D) [57]. In our study, no differ-
ences were found in PMCHR (marker of IDA associated with
cobalamin deficiency) and mean values did not reach the cut-
off value of >12.00 [35]. On the other hand, it has been
reported that vitamin D deficiency may be associated with
increased MPV [58], whereas malnutrition, lower values of
albumin, creatinine, protein intake, and haemoglobin were
associated with a higher P count [59]. In our study MPV
was higher in PA-SCI-H, despite no differences in P were
observed. However, it has been reported that the P of SCI
group subjects did not differ significantly from those of con-
trol subjects, but platelet aggregability was higher in SCI
compared to controls [11]. Besides, SCI had high platelet
activation [11] and ROS-mediated damage [12]. However,
in both wheelchair athletes and nonathletes, comparing to
the control group, low levels of lipid oxidation (TBARS:
thiobarbituric acid reactive substances) and high levels of
fibrinogen have been previously reported, whereas no signif-
icant differences were found between wheelchair athletes and
nonathletes in both markers [60]. Accordingly, we did not
observe differences among group in fibrinogen, and within
endogenous antioxidants, only BR was lower in PA-SCI-H
and PA-SCI-L versus PA-ULI.

5. Conclusion

In this work, for the first time, we compared the FRS, the
MetS criteria, the INFLA Score, and other haematological
indexes of inflammation/platelet activation and clinical
markers in PA-SCI-H, PA-SCI-L, PA-LLA, and PA-ULI.
Despite PA-LLA had more cardiometabolic risk factors,
assessed by MetS ATP III criteria, and higher GLU levels,
no differences were found in FRS, INFLA Score, and CRP.
PA-LLA had higher M count that was correlated with
CHOL/HDL ratio, TG, GLU, MetS, and INFLA Score. On
the other hand, PA-SCI-H had significantly lower L count
compared to LLA and higher MPV, PDW, and/or related
platelet-activation indexes (MPVPR, MPVLR, and PDWLR).
Therefore, PA-LLA had a higher cardiometabolic risk,
whereas PA-SCI, previously resulted a population in which
the common markers of CVD risk and/or oxidative stress
are not applicable [17, 36, 60], had a higher platelet-derived

cardiovascular risk, probably associated with malnutrition
in SCI-H. There are some limitations of our study that should
be noted, including gender selection (findings may not be
generalizable to women), PA-SCI subdivision and groups
unbalanced for sport activity (endurance, mixed, and power)
[46, 27]. Besides, inherent limitations of retrospective medi-
cal record reviews must be acknowledged, including a lack
of data that could have added valuable insight such as dietary
habit [41, 49]. Although further larger studies are needed to
investigate the relationship among haematological indexes
of inflammation and dietary habit, body composition, and
physical fitness/performance [6, 61] in athletes with motor
impairment, platelet-activation indexes could be among the
indicators of CVD risk in SCI Paralympics.
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Objective. Cholesterol oxidation products have an established proatherogenic and cytotoxic effect. An increased exposure to these
substances may be associated with the development of atherosclerosis and cancers. Relatively little, though, is known about the
effect of phytosterol oxidation products, although phytosterols are present in commonly available and industrial food products.
Thus, the aim of the research was to assess the effect of 5α,6α-epoxyphytosterols, which are important phytosterol oxidation
products, on redox state in rats. Material and Methods. The animals were divided into 3 groups and exposed to nutritional
sterols by receiving feed containing 5α,6α-epoxyphytosterols (ES group) and 5α,6α-epoxycholesterol (Ech group) or sterol-free
feed (C group). The levels of malondialdehyde (MDA), conjugated dienes (CD), and ferric reducing antioxidant potential
(FRAP) were assayed in the plasma; anti-7-ketocholesterol antibodies and activity of paraoxonase-1 (PON1) were determined in
serum, whereas the activity of catalase (CAT), glutathione reductase (GR), glutathione peroxidase (GPx), S-glutathione
transferase (GST), and superoxide dismutase (SOD) were assayed in RBCs. Results. During the experiment, the levels of lipid
peroxidation products increased, such as CD and anti-7-ketocholesterol antibodies. At the same time, the plasma levels of FRAP
and serum activity of PON1 decreased alongside the reduced activity of GPx, GR, and SOD in RBCs. There was no effect of the
studied compounds on the plasma MDA levels or on the activity of CAT and GST in RBCs. Conclusions. Both 5α,6α-
epoxyphytosterols and 5α,6α-epoxycholesterols similarly dysregulate the redox state in experimental animal model and may
significantly impact atherogenesis.

1. Introduction

Cholesterol is the most common animal sterol. It is present in
every cell, as a plasma membrane component, and in the
extracellular space, as a plasma lipoprotein component. Its

wide bioavailability and chemical structure (monounsatu-
rated alcohol) make cholesterol prone to oxidation, which
leads to oxycholesterol formation [1]. Apart from endoge-
nous production, oxycholesterols can also be sourced from
nutrition, in particular, from cholesterol-rich foods after
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long-term thermal processing, gamma irradiation, or long-
term storage [2].

Recently, food products containing phytosterols and
phytostanols have been widely promoted. Animal experi-
mental studies and epidemiological studies demonstrated
their positive effect on lipoprotein status by, e.g., inhibiting
intestinal absorption of exogenous cholesterol. Population
studies show that increased intake of phytosterols and
phytostanols leads to a significant decrease in total choles-
terol and LDL cholesterol levels, as well as favourably affects
HDL cholesterol and triacylglycerol levels [3, 4].

However, the health effects of oxidated phytosterols’
intake have not been widely studied yet, although they
are present in abundance in widely available and popular
sterol- and stanol-containing margarines or can form during
thermal processing of food products. The available literature
lacks a full report on a study involving sterol administration
to experimental animals which assessed sterol effect on
oxidative stress. Thus, the aim of the research was to assess
the effect of 5α,6α-epoxyphytosterols and 5α,6α-epoxycho-
lesterol on oxidative stress markers in experimental animals.

2. Material and Methods

2.1. Animals. The protocol was approved by the Bioethical
Committee for Animal Experimentation of the Medical
University of Silesia in Katowice, Poland (approval no.
27/2007, dated April 17th, 2007). All animals received
humane care in compliance with the 8th edition of the Guide
for the Care and Use of Laboratory Animals published by the
National Institute of Health [5].

Male Wistar rats, with the body weight of 130-180 g at
baseline, were sourced from the Centre for Experimental
Medicine, Medical University of Silesia in Katowice. During
the experiment, the rats were kept on wood shaving
bedding in standard single rodent cages, at the temperature
of 20-25°C, with artificial lighting (a 12 h/12 h day/night
cycle). The feed was administered once a day, and tap water
was available ad libitum. Prior to the commencement of the
experiment, the animals were kept in the conditions
described above for an acclimation period of 2 weeks to
ensure reproducible results. The rats were divided into 3
groups (15 animals each), to receive the following:

(i) Feed containing 5α,6α-epoxyphytosterols acetate at
100 mg per 1 kg of feed (ES group)

(ii) Feed containing 5α,6α-epoxycholesterol acetate at
100 mg per 1 kg of feed (ECh group)

(iii) Oxysterol-free feed (controls, C group)

Daily estimated sterol dose was 10 mg per 1 kg of
animal body weight (assuming the feed intake is equal to
10% of the animal body weight). Labofeed B (Wytwórnia
Pasz, Kcynia, Poland), a standard laboratory maintenance
feed for rodents, was used during the study. The feed was
administered for 90 days. The animals were weighted
before and after the experiment. After 3 months, the rats
were anaesthetised with the mixture of ketamine (50

mg/kg), droperidol (1 mg/kg), and fentanyl (0.1 mg/kg)
administered i.m. and euthanised by cardiac exsanguination
and cervical dislocation.

2.2. Synthesis of 5α,6α-Epoxycholesterol and 5α,6α-
Epoxyphytosterols Acetate. The 5α,6α-epoxycholesterol
acetate and 5α,6α-epoxyphytosterols acetate were synthe-
tized, respectively, from cholesterol and sitosterol (Sigma-
Aldrich, USA) by acetylation and subsequent oxidation with
m-chloroperoxybenzoic acid (Sigma-Aldrich, USA) as
described by McCarthy et al. [6]. Next, the oxidation mixture
was purified by column chromatography on silica gel using
chloroform-acetone (4:1, v/v) as a mobile phase. Fractions
containing pure esterwere controlled byTLC technique (silica
gel plates, solvent as above), pooled, and dried under vacuum.

According to information from the manufacturer, “sitos-
terol” contained about 90% β-sitosterol and ca. 10% other
phytosterols and phytostanols. Thus, its oxidation products
are named as 5α,6α-epoxyphytosterols.

2.3. Blood Sample Collection. Blood samples were collected to
tubes containing ethylenediaminetetraacetic acid (Sarstedt,
S-Monovette with 1.6 mg/mL EDTA-K3) and into tubes with
a clot activator (Sarstedt, S-Monovette). The blood samples
were centrifuged (10 min, 900 g 4°C) and then the plasma
and serum were immediately separated and stored at the
temperature of –70°C, until biochemical analyses were
performed. The red blood cells (RBCs) retained from the
removal of EDTA plasma underwent a triple wash with
cooled PBS and were lysed after the last wash in 10 mM
Tris-HCl buffer pH 7.4 to obtain 10% lysates which were
frozen for further analyses [7–9].

The levels of free radical damage markers, i.e., malon-
dialdehyde (MDA), conjugated dienes (CD), and ferric
reducing antioxidant power (FRAP) were assayed in EDTA
plasma. Anti-7-ketocholesterol antibodies and paraoxonase-
1 (PON1) activity were assayed in serum. The activity of
catalase (CAT), glutathione reductase (GR), glutathione
peroxidase (GPx), S-glutathione transferase (GST), and
superoxide dismutase (SOD) were assayed in lysed RBCs.

2.4. Biochemical Analyses

2.4.1. Oxidative Stress Analyses

(1) Determination of Lipid Peroxidation Products and
Antibodies against 7-Ketocholesterol. Plasma MDA levels
were determined as thiobarbituric acid reactive substances
(TBARS) by spectrofluorimetric method after its derivatiza-
tion with thiobarbituric acid as described by Wasowicz et al.
[10] and expressed inμmol/L. The inter- and intra-assay coef-
ficients of variation (CV) were 3.5% and 5.3%, respectively.

Plasma conjugated diene (CD) levels were determined by
second derivative ultraviolet spectrophotometry as described
by Corongiu et al. [11] and expressed in μmol/L. The inter-
and intra-assay coefficients of variation (CV) were 6.2%
and 8.9%, respectively.

Concentration of anti-7-ketocholesterol antibodies in
serum was determined by ELISA method with the use of 7-
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ketocholesterol-bovine serum albumin conjugate as previ-
ously described [12]. The results were expressed as AU/mL
(arbitrary units per mL). The inter- and intra-assay coeffi-
cients of variation (CV) were 8.4% and 10.2%, respectively.

(2) Determination of Nonenzymatic Antioxidant Status. The
total antioxidant capacity of plasma was measured as the
ferric reducing ability of plasma (FRAP) according to Benzie
and Strain [13] and calibrated using Trolox and expressed in
μmol/L. The inter- and intra-assay coefficients of variation
(CV) were 1.1% and 3.8%, respectively.

(3) Determination of Activity of Antioxidant Enzymes.
Antioxidant enzyme activity was assayed in lysed RBCs
obtained using 10 mM Tris-HCl buffer pH 7.2. Haemoglobin
levels in lysed RBCs were estimated by Drabkin’s method.

Catalase (CAT; E.C.1.11.1.6.) activity was determined in
erythrocytes with the hydrogen peroxide-methanol method
at 25°C developed by Johansson and Borg [14]. The method
is based on the reaction of catalase with methanol in the pres-
ence of an optimal concentration of hydrogen peroxide. The
obtained formaldehyde is measured spectrophotometrically
at 550 nm after derivatization with Purpald as a chromogen.
The enzymatic activity of catalase was expressed in kU/gHb.
The inter- and intra-assay coefficients of variation (CV) were
6.8% and 9.7%, respectively.

The activity of erythrocytes glutathione reductase (GR;
E.C.1.6.4.2) was determined by kinetic spectrophotometric
method at 37°C using Biotech (USA) kits as per manufac-
turer’s instructions [15, 16]. The results were expressed as
International Units per a gram of haemoglobin [IU/hHb].
The inter- and intra-assay coefficients of variation (CV) were
4.2% and 6.1%, respectively.

The activity of erythrocyte glutathione peroxidase (GPx;
E.C.1.11.1.9.) was determined by Paglia and Valentine’s
kinetic method [17] at 37°C, with t-butyl peroxide as a
substrate and expressed as micromoles of NADPH oxidized
per minute and normalized to one gram of haemoglobin
[IU/gHb]. The inter- and intra-assay coefficients of variation
(CV) were 1.8% and 3.5%, respectively.

The activity of glutathione S-transferase (GST) in RBCs
was determined by kinetic spectrophotometric method [18]
at 37°C using the Cayman Chemical (USA) kits. The results
were expressed as International Units per a gram of haemo-
globin [IU/hHb]. The inter- and intra-assay coefficients of
variation (CV) were 2.7% and 3.9%, respectively.

The erythrocyte superoxide dismutase (SOD; E.C.1.15.1.1)
activity was assayed using the Oyanagui method [19]. The
enzymatic activity was expressed in nitrite unit (NU) in each
mg of haemoglobin (Hb) [mg/Hb]. In this method, one
nitrite unit (1 NU) means a 50% inhibition of nitrite ion pro-
duction by SOD. The inter- and intra-assay coefficients of
variation (CV) were 2.8% and 6.3%, respectively.

Paraoxonase-1 (PON-1) serum activity was assayed using
the kinetic method with paraoxon (o,o-diethyl-o-(p-nitro-
phenyl)-phosphate; Sigma-Aldrich, USA) as a substrate at
37°C [20]. For cholinesterase inactivation, physostigmine
salicylate (eserine) was added to serum samples ten minutes

prior to the assay. One unit (1 IU) of PON-1 is the amount
of enzyme sufficient to decompose 1 micromole of substrate
per minute under testing conditions [IU/L]. Inter- and
intra-assay coefficients (CV) of variation were 2.6% and
4.4%, respectively.

2.5. Statistical Analyses. Statistical analysis was performed
using STATISTICA 30 PL (Tibco Inc., Palo Alto, CA, USA)
and StataSE 12.0 (StataCorp LP, TX, USA) and R software
(CRAN). The p value below 0.05 was considered statistically
significant. All tests were two-tailed. Imputations were not
done for missing data. Nominal and ordinal data were
expressed as percentages, while interval data were expressed
as mean value ± standard deviation if normally distributed
or as median/interquartile range if the distribution was
skewed or nonnormal. Distribution of variables was evaluated
by the Shapiro-Wilk test, and homogeneity of variances was
assessed using the Levene test. The comparisons were made
using one-way parametric ANOVA with Tukey post hoc test.

The number of animals in each group was imposed by
restrictions of the Bioethical Committee for Animal Experi-
mentation of the Medical University of Silesia in Katowice.
Nevertheless, to ensure the reliability of our results, the
power analysis of the test was performed. The test power
level, typically used in biomedical research, was assumed as
not less than 80%.

3. Results

Among the markers of free radical damage, changes in their
plasma concentration were only demonstrated for conju-
gated dienes. Their level significantly increased in the ECh
group (p < 0:05 vs controls). Additionally, the level of anti-
7-ketocholesterol antibodies increased significantly in both
groups exposed to oxysterols. Whereas there were no signif-
icant differences in the levels of MDA between the study
groups, there was an increasing trend demonstrated in both
groups exposed to oxysterols. Plasma FRAP level was signif-
icantly lower in groups exposed to oxysterols (ES and ECh
groups) as compared to controls.

In terms of antioxidant enzyme activity in RBCs, signifi-
cant differences in the activity of GPx, GR, and SOD were
demonstrated between the study groups, with no differences
in the activity of CAT and GST. There was a significant
decrease in GPx, GR, and SOD activity in RBCs demon-
strated in ES and ECh groups as compared to controls, with
no difference between the ES and ECh groups. The serum
activity of paraoxonase-1 (PON-1) significantly decreased
during the experimental exposure to oxysterols in low-
cholesterol diet. The lowest PON-1 activity was demon-
strated in the ECh group, with a slightly smallest reduction
shown in the ES group.

Changes to oxidative stress parameters are shown in
Table 1 and Figures 1–7.

4. Discussion

There is ample evidence to support oxidative stress induction
by oxidized cholesterol derivatives. However, there are only
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single reports to discuss this effect of oxyphytosterols. Until
now, the only published evidence of peroxidative effect of
oxyphytosterols was the study by Tomoyori et al. [21], who
demonstrated an increase of plasma F2-α isoprostane levels
in mice fed with a mixture of oxidized phytosterols, despite
a simultaneous absence of their atherogenic effect. Much
more is known about the harmful effect of oxidized choles-
terol derivatives. Most authors agree that cytotoxic effect of
oxycholesterols (such as induction of apoptosis) is primarily
due to upregulated production of reactive oxygen species in
cells exposed to oxycholesterols [22, 23]. The exposure of
U937 cells or macrophages to 7-hydroxycholesterol led to
increased apoptosis associated with the depletion of intracel-

lular reduced glutathione [24, 25]. The exposure of U937 cells
to 7-ketocholesterol or 7α-hydroxycholesterol also upregu-
lated the cellular production of superoxide radical anion
and downregulated nitric oxide biosynthesis [26–28],
whereas the exposure to 5α-6α-epoxycholesterol did not have
that effect [29]. It also seems that simultaneous exposure to
the mixture of oxysterols has a stronger effect than the expo-
sure to any individual oxysterol [22].

In our study, the concentration of conjugated dienes as
early lipid peroxidation products increased significantly in
rats exposed to oxysterols (both oxyphytosterols and choles-
terol derivatives). It may indicate the intensified production
of free radicals in animals exposed to the tested compounds.
The conjugated diene assay may offer specificity at least
comparable to the one of thiobarbituric acid reactive sub-
stance assay (TBARS), which is confirmed by a significantly
higher concentration of conjugated dienes in plasma samples
of animals exposed to 5α,6α-epoxycholesterol than in con-
trols, with no significant differences in the concentration of
MDA determined as TBARS, demonstrated in our study.

The available data show that anti-7-ketocholesterol anti-
body determination may be the means to indirectly monitor
the severity of oxidative stress [12, 30]. The immunogenic
potential of oxidized cholesterol derivatives results, for
instance, from the formation of aldehyde adducts, generated
during oxidation of cholesterol esters, 9-oxonanylcholes-
terol, and 5-oxovalerolylcholesterol, to proteins, especially
apolipoprotein B [30]. It has also been shown that 7-
ketocholesteryl 9-carboxinonate (oxLig-1) is a specific ligand
for α2-glycoprotein-1. As a result, it binds specifically
oxidized LDL, containing oxydized cholesterol derivatives,
which is the link between autoimmune response to phospho-
lipids (α2-GP-1) and atherogenesis [31]. Given that ketocho-
lesterol is one of the major oxycholesterols, our analysis of
anti-7-ketocholesterol antibody levels in a rat model pro-
vided very interesting data. We demonstrated a significant
increase in the concentration of these antibodies in both
groups exposed to oxysterols as compared to the controls.

Table 1: Oxidative stress markers (mean value ± standard deviation (SD)) (MDA: malondialdehyde levels, anti-7-ketoCH- anti-
ketocholesterol antibody levels; FRAP: total antioxidant capacity of plasma levels; CAT: activity of catalase; GPx: activity of glutathione
peroxidase; GR: activity of glutathione reductase; SOD: activity of superoxide dismutase; GST: activity of glutathione S-transferase; PON-
1: activity of paraoxonase-1) in plasma (p), serum (s), and erythrocytes (e) of rats fed with 5α,6α-epoxycholesterol (ECh group) and
5α,6α-epoxyphyosterols (ES group) vs controls (C).

ECh group ES group C group p

MDA (p) [μmol/L] 3:40 ± 1:0 3:0 ± 0:55 2:7 ± 0:41 0.0545

Conjugated dienes (p) [μmol/L] 76:7 ± 15:9 70:0 ± 16:2 55:0 ± 13:1 <0.01
Anti-7-ketoCh (s) [AU/mL] 202:2 ± 122:3 164:9 ± 75:0 92:1 ± 41:0 <0.01
FRAP (p) [μmol/L] 214:7 ± 38:8 220:6 ± 22:1 248:8 ± 26:8 <0.01
CAT(e) [kIU/g Hb] 194:5 ± 18:6 187:9 ± 22:0 194:4 ± 19:3 0.600

GPx (e) [IU/g Hb] 155:0 ± 15:5 154:5 ± 14:0 171:3 ± 16:0 <0.01
GR (e) [IU/g Hb] 0:78 ± 0:16 0:78 ± 0:15 0:99 ± 0:12 <0.001
SOD (e) [NU/g Hb] 180:3 ± 14:8 187:0 ± 17:1 209:7 ± 24:5 <0.001
GST (e) [IU/g Hb] 0:22 ± 0:04 0:22 ± 0:03 0:24 ± 0:05 0.509

PON-1 (s) [IU/L] 286:1 ± 29:6 294:5 ± 27:8 332:5 ± 20:0 <0.001
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Figure 1: Conjugated diene (CD) levels
(mean value ± standard deviation (SD)) in the plasma of rats
exposed to 5α,6α-epoxycholesterol (ECh group) and 5α,6α-
epoxyphytosterols (ES group) vs controls (C).
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Since animals in any of the groups were not directly exposed
to 7-ketocholesterol, the increase in the concentration of
these antibodies could be solely attributable to the increase
in endogenous 7-ketocholesterol formation and resultant
increased immune exposure to this sterol.

The analysis of changes in the FRAP demonstrated its
significant decrease in the ES and ECh groups as compared

to controls. The effect of oxysterols on antioxidant activity
assessed using FRAP assay, or levels of individual nonenzy-
matic antioxidants included in the FRAP assay, has not yet
been described in any published work. Similarly, there are
relatively few studies to assess the effect of oxysterols on the
activity of antioxidant enzymes. Since it has been postulated
that toxicity and proapoptotic effect of oxysterols are associ-
ated with an increased formation of reactive oxygen species,
the majority of available papers report in vitro studies
(mainly in cell cultures), and only a few document antioxi-
dant enzyme changes in animals following the in vivo expo-
sure to oxysterols. In rats exposed to hydrogen peroxide as
an oxidative stress inductor, an increased production of
oxycholesterols (25-hydroxy-, 7α-hydroxy- and 7-ketocho-
lesterol), elevated MDA levels, and decreased plasma activity
of CAT and SOD were observed [32]. However, it is difficult
to conclude that the observed changes in enzymatic activity
were directly triggered by oxidized cholesterol derivatives.
Studies assessing the effect of oxycholesterols generated in a
free radical-mediated process in ovarian cells showed intensi-
fied lipid peroxidation (determined as a part of TBARS)
alongside increased activity of SOD and CAT [33].

In our study, the analysis of changes in the activity of
superoxide dismutase in RBCs during rat exposure to 5,6-
epoxysterols indicated the depletion of antioxidant defense
mechanisms, which was manifested by a decrease in the
activity of superoxide dismutase in ECh and ES groups.
Whereas there were no significant changes in CAT activity
in RBCs, the activity of GPx and GR in RBCs decreased sig-
nificantly during the experimental exposure of rats to
oxysterols, which was demonstrated in both ECh and ES
groups in our study. We did not demonstrate significant
changes to GST in RBCs.
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Figure 2: Anti-7-ketocholesterol (anti-7-ketoCH) antibody levels
(mean value ± standard deviation (SD)) in the serum of rats
exposed to 5α,6α-epoxycholesterol (ECh group) and 5α,6α-
epoxyphytosterols (ES group) vs controls (C).
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Figure 3: Ferric reducing antioxidant power (FRAP) levels
(mean value ± standard deviation (SD)) in the plasma of rats
exposed to 5α,6α-epoxycholesterol (ECh group) and 5α,6α-
epoxyphytosterols (ES group) vs controls (C).
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Figure 4: Activity of erythrocytes glutathione peroxidase (GPx)
(mean value ± standard deviation (SD)) of rats exposed to 5α,6α-
epoxycholesterol (ECh group) and 5α,6α-epoxyphytosterols (ES
group) vs controls (C).
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A decrease was also demonstrated in serum paraoxonase-
1 activity in groups exposed to 5α,6α-epoxycholesterol, and
phytosterols 5α,6α-epoxides derivatives in this study,
which may be explained by their direct effect on PON-1
biosynthesis or on oxidative stress, and may be associated
with an increased formation of endogenous lipid hydro-

peroxides. The involvement of immune mechanisms con-
tributing to effective elimination of PON-1 from
circulation cannot be ruled out, either. Hedrick et al.
demonstrated decreased serum PON-1 activity and
concentration CL57BL/6 mice on atherogenic diet during
the first 7 days of the experiment, whereas its respective
mRNA expression in the liver remained unaffected. The
finding was explained as associated with the accelerated
HDL elimination from the plasma [34]. Other studies
pointed to the effect of high-lipid diet on PON-1 activity.
It is likely that similar mechanisms were involved, as a test
meal containing thermally processed fats caused a reduction
in PON-1 activity in clinically healthy volunteers, while the
intake of nonoxidized fat caused an increase in the enzymatic
activity of PON-1 in plasma [35].

Therefore, a reduced activity of PON-1 manifested in
rodents in response to oxyphytosterols and oxycholesterols
seems an important determinant of their proatherogenic
profile in laboratory animals.

The limitations of the current study include a small
sample size and the inability to monitor the dynamics of
changes in the studied parameters, as the redox state
undergoes dynamic changes throughout the exposure to
the studied compounds. Similarly, it seems warranted to
study the effect of other derivatives of phytosterols and
cholesterol than epoxysterols in animal models. It would
also be beneficial to assess the effect of those compounds
on redox state in an animal model consuming atherogenic,
high-cholesterol feed. What is novel about this study,
though, is that it evaluates the effect of oxyphytosterols
on the redox state and its associated mechanisms, as the
available research mainly focuses on the effect of oxydized
cholesterol derivatives on antioxidant mechanisms.
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Figure 5: Activity of erythrocytes glutathione reductase (GR)
(mean value ± standard deviation (SD)) of rats exposed to 5α,6α-
epoxycholesterol (ECh group) and 5α,6α-epoxyphytosterols (ES
group) vs controls (C).
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Figure 6: Activity of erythrocytes superoxide dismutase (SOD)
(mean value ± standard deviation (SD)) of rats exposed to 5α,6α-
epoxycholesterol (ECh group) and 5α,6α-epoxyphytosterols (ES
group) vs controls (C).
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Figure 7: Paraoxonase-1 (PON-1) activity (mean value ±
standard deviation (SD)) in the serum of rats exposed to 5α,6α-
epoxycholesterol (ECh group) and 5α,6α-epoxyphytosterols (ES
group) vs controls (C).
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5. Conclusions

5α,6α-Epoxyphytosterols and 5α,6α-epoxycholesterol simi-
larly impair the redox state in rats by increasing the produc-
tion of free oxygen radicals and free radical-mediated lipid
modification, as well as by affecting the mechanisms of non-
enzymatic antioxidant defense and the activity of antioxidant
enzymes.
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Myocardial ischemia/reperfusion-related oxidative stress as a result of cardiopulmonary bypass is thought to contribute to the
adverse clinical outcomes following surgical aortic valve replacement (SAVR). Although the acute response following this
procedure has been well characterized, much less is known about the nature and extent of oxidative stress induced by the
transcatheter aortic valve replacement (TAVR) procedure. We therefore sought to examine and directly compare the oxidative
stress response in patients undergoing TAVR and SAVR. A total of 60 patients were prospectively enrolled in this exploratory
study, 38 patients undergoing TAVR and 22 patients SAVR. Reduced and oxidized glutathione (GSH, GSSG) in red blood cells
as well as the ferric-reducing ability of plasma (FRAP) and plasma concentrations of 8-isoprostanes were measured at baseline
(S1), during early reperfusion (S2), and 6-8 hours (S3) following aortic valve replacement (AVR). TAVR and SAVR were
successful in all patients. Patients undergoing TAVR were older (79:3 ± 9:5 vs. 74:2 ± 4:1 years; P < 0:01) and had a higher mean
STS risk score (6:6 ± 4:8 vs. 3:2 ± 3:0; P < 0:001) than patients undergoing SAVR. At baseline, FRAP and 8-isoprostane plasma
concentrations were similar between the two groups, but erythrocytic GSH concentrations were significantly lower in the TAVR
group. After AVR, FRAP was markedly higher in the TAVR group, whereas 8-isoprostane concentrations were significantly
elevated in the SAVR group. In conclusion, TAVR appears not to cause acute oxidative stress and may even improve the
antioxidant capacity in the extracellular compartment.

1. Introduction

Myocardial ischemia/reperfusion injury (MRI) related to car-
diopulmonary bypass has been linked to adverse clinical out-
comes following cardiac surgery [1–4]. Changes in reactive
oxygen species (ROS) following surgical aortic valve replace-
ment (SAVR) have been well documented in the literature

[3]. Furthermore, preoperative ROS biomarkers such as mal-
ondialdehyde, a reactive breakdown product of lipid oxida-
tion, have been shown to be predictors of adverse outcomes
at 30-day and 1-year follow-up [5]. In contrast to SAVR,
transcatheter aortic valve replacement (TAVR) is associated
with shorter duration of myocardial ischemia and hypoten-
sion andmay be associated with a lower degree of MRI. Apart
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from a single study using a new electrochemical technique to
assess redox status in serum [6], which suggests that TAVR
may be associated with lower oxidative stress as compared
to SAVR, pertinent additional information is sparse [7].
However, the regulation of redox status in the intracellular
compartment differs considerably from that in the extracellu-
lar space [8], and physiological processes are not governed by
simple electrochemical potentials [9, 10]. Moreover, “oxida-
tive stress” is an open concept with many contributing fac-
tors, the significance of which have not been established.
The aim of the present study was to describe the early oxida-
tive stress response in the blood of patients undergoing
TAVR and compare them with a group of patients undergo-
ing SAVR by applying established biochemical readouts of
cellular and extracellular redox status.

2. Methods

2.1. Study Design. This was a prospective, observational,
exploratory study designed to compare two series of patients
with severe symptomatic aortic stenosis (AS) undergoing
either TAVR (n = 38) or SAVR (n = 22). The study was con-
ducted at the San Borja Arriaran Cardiovascular Center
(Santiago, Chile), Clinica Alemana (Santiago, Chile), and
the University Hospital Southampton NHS Foundation
Trust (Southampton, UK). All patients gave written
informed consent, and the study was conducted under Ethics
Committee Board approval (Central Metropolitan Health
Service Ethical Committee, Santiago, Chile, Project ID:
378/14; RES Committee North West Liverpool East, UK,
IRAS Project ID: 206946). The study is registered at Clinical-
Trials.gov (NCT02841917).

2.2. Eligibility Criteria for TAVR. Severe AS was defined by
transthoracic echocardiography as aortic valve area < 1 cm2

or index valve area < 0:8 cm2/m2 in the presence of mean
aortic gradient > 40mmHg or peak velocity > 4m/s. The
local Heart Team assessed each candidate with severe AS
according to the clinical background and imaging. Consider-
ation was given in each case to the estimated surgical risk,
including such features as severe comorbidities, advanced
age, frailty, or thoracic anatomy unfavorable for SAVR. Soci-
ety of Thoracic Surgeons (STS) score > 8% for mortality
defined patients at a high risk for SAVR. There were no age
restrictions for TAVR. Access site, either transfemoral or
transapical, was determined according to the Heart Team
recommendation.

2.3. Eligibility Criteria for SAVR. Patients with severe symp-
tomatic AS undergoing SAVR served as the control group.
These patients fulfilled the same echocardiographic criteria
as patients undergoing TAVR but were considered to be at
a lower surgical risk by the Heart Team. There were no age
restrictions for SAVR.

2.4. Baseline Evaluation. The following studies were per-
formed prior to the Heart Team evaluation: (1) complete
blood count, coagulation tests, serum biochemistry, and liver
function tests; (2) transthoracic echocardiogram; (3) coro-
nary angiography, and (4) CT angiographic assessment of

the ascending aorta, the thoracic aorta, and the aorto-
iliofemoral tree.

2.5. Oxidative Stress Measurements. Peripheral venous blood
was collected, using EDTA, heparin, and serum vacutainers,
prior to the patients being transferred to the operating the-
atre for their procedure (S1), within 10 minutes of comple-
tion of SAVR/TAVR (S2) and 6-8 hours post SAVR/TAVR
(S3). Samples were immediately subjected to centrifugation
for separation into plasma, serum, and red blood cells and
stored at -80°C. Samples were analyzed for (1) antioxidant
potential in the extracellular compartment using the “ferric-
reducing ability of plasma” (FRAP) [11], (2) intracellular
redox status by measurement of reduced (GSH) and oxidized
glutathione (GSSG) in red blood cells [12], and (3) lipid oxi-
dation by measurement of plasma concentrations of 8-
isoprostane (8-epi-prostaglandin-F2α) using a commercial
assay kit (Cayman Chemical).

2.6. Statistical Analysis. Continuous variables are expressed
as the mean ± SD. Categorical variables are expressed as fre-
quencies and percentages. Baseline characteristics and post-
procedural differences were compared using the chi-square
independence test for categorical variables and the Student
t-test for continuous variables. Intratime values per group
were compared through regression analysis adjusted by the
STS score. Intragroup changes in oxidative stress biomarkers
were analyzed in terms of the slope of the trend. A mixed
model was applied to evaluate the potential effects of red
blood cell transfusion and procedural time variables, includ-
ing “procedural time,” “fluoroscopic time,” “rapid-pacing
time,” and “cardiopulmonary by-pass time,” on ROS follow-
ing AVR. Statistical significance was assumed at P < 0:05.
Statistical analyses were performed using Stata version 15®
(StataCorp LLC, Texas, USA).

3. Results

The baseline clinical characteristics are summarized in
Table 1. As compared to the SAVR group, female gender,
older age, diabetes mellitus, smoking history, previous myo-
cardial infarction, coronary artery disease, chronic renal
impairment, and history of atrial fibrillation were more com-
mon in the TAVR group. The TAVR group had a higher risk
profile than the SAVR group (mean STS score 6:6 ± 4:8 vs.
3:2 ± 3:0; P < 0:001; mean Log Euroscore 2 12:7 ± 8:8 vs.
5:1 ± 7:9; P < 0:001).

Baseline echocardiographic findings are summarized in
Table 2. All patients underwent successful TAVR and SAVR.
Procedural details are described in Table 3. One patient
developed cardiac tamponade during TAVR due to pacing
wire-induced right ventricular perforation, which was treated
with pericardiocentesis.

Absolute values and changes in oxidative stress bio-
markers are summarized in Table 4 and Figures 1–5. At base-
line, the TAVR group had significantly lower GSH
concentrations, similar concentrations of GSSG, and similar
GSH/GSSG ratios. Intragroup changes showed a significant
drop in GSH concentration following SAVR, whereas no
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significant changes in concentrations of GSSG or GSH/GSSG
ratio occurred in the two groups (Figures 1–3). Following
AVR, the concentrations of GSH and GSSG and the
GSH/GSSG ratio were similar in the two groups. Baseline
FRAP and 8-isoprostane concentrations were similar

between the two groups. FRAP levels showed a significant
intragroup increase following TAVR (Figure 4), whereas 8-
isoprostane concentrations showed a significant intragroup
increase following SAVR (Figure 5). FRAP was significantly
higher in the TAVR group at the S2 interval, whilst 8-

Table 2: Baseline echocardiographic characteristics.

TAVR (n = 38) SAVR (n = 22) P value

LV end-diastolic dimension, mm± SD 48:3 ± 8:9 45:3 ± 5:8 0.25

LV end-systolic dimension, mm± SD 33:5 ± 10:7 28:6 ± 7:9 0.14

LV ejection fraction, % ± SD 54:3 ± 18:0 61:2 ± 8:2 0.11

Aortic valve area, cm2 ± SD 0:6 ± 0:2 0:7 ± 0:3 0.30

Peak aortic velocity, m/s ± SD 4:4 ± 1:2 5:1 ± 1:1 0.16

Mean aortic valve gradient, mmHg ± SD 44:5 ± 15:9 51:8 ± 20 0.15

Pulmonary artery pressure, mmHg ± SD 46:6 ± 14:1 42:9 ± 17 0.55

Moderate to severe aortic regurgitation, n (%) 6 (15.8) 1 (4.5) 0.19

Moderate to severe mitral regurgitation, n (%) 8 (21.1) 2 (9.1) 0.23

Moderate to severe tricuspid regurgitation, n (%) 8 (21.1) 1 (4.5) 0.08

LV = left ventricle; SAVR = surgical aortic valve replacement; SD = standard deviation; TAVR= transcatheter aortic valve replacement.

Table 1: Baseline clinical characteristics.

TAVR (n = 38) SAVR (n = 22) P value

Age, years ± SD 79:3 ± 9:5 74:2 ± 4:1 0.02

Female, n (%) 25 (65.8) 9 (40.9) 0.06

Caucasian, n (%) 17 (44.7) 8 (36.4) 0.47

BMI, kg/m2 ± SD 27:6 ± 5:9 28:2 ± 3:8 0.67

Hypertension, n (%) 30 (78.9) 17 (77.3) 0.88

Type-2 diabetes, n (%) 15 (39.5) 3 (13.6) 0.03

Previous smoking, n (%) 17 (44.7) 3 (13.6) 0.01

Hypercholesterolemia, n (%) 16 (42.1) 8 (36.4) 0.66

Previous myocardial infarction, n (%) 11 (28.9) 0 0.01

Coronary artery disease 17 (44.7) 4 (9.1) 0.04

1-vessel CAD 4 4

2-vessel CAD 7 0

3-vessel CAD 6 0

Previous PCI, n (%) 6 (15.8) 2 (9.1) 0.46

Previous CABG, n (%) 11 (28.9) 0 0.01

Previous CVA/TIA, n (%) 3 (7.9) 3 (13.6) 0.47

Peripheral vascular disease, n (%) 5 (13.2) 4 (18.2) 0.61

Chronic lung disease, n (%) 9 (23.7) 2 (9.1) 0.16

Chronic renal insufficiency 22 (57.9) 7 (31.8) 0.05

History of atrial fibrillation, n (%) 14 (36.8) 3 (13.6) 0.05

eGFR (mL/min) 59:8 ± 28:5 71:2 ± 019:2 0.10

Hemoglobin (g/dL) 12:0 ± 2:9 12:7 ± 1:6 0.26

STS risk score, ±SD 6:6 ± 4:8 3:2 ± 3:0 <0.01
Logistic Euroscore 2, ±SD 12:7 ± 8:8 5:1 ± 7:9 <0.01
BMI = body mass index; CAD= coronary artery disease; CABG= coronary artery bypass grafting; CVA = cerebrovascular accident; CHF = congestive heart
failure; eGFR = estimated glomerular filtration rate; PCI = percutaneous coronary intervention; SD = standard deviation; STS = Society of Thoracic Surgeons;
TAVR= transcatheter aortic valve replacement; TIA = transient ischemic attack.
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isoprostane concentrations were significantly higher in the
SAVR group at the S3 interval. No statistically significant
associations were observed between changes in erythrocytic
glutathione status and circulating 8-isoprostane concentra-
tions (data not shown).

The effect of red blood cell transfusion and procedural
time variables following AVR was explored using a mixed
model that included the treatment option and duration of
the procedures adjusted by the STS score. Changes in ROS
did not correlate with red blood cell transfusion and proce-
dural time variables.

In-hospital and 3-month outcomes are summarized in
Tables 5 and 6. There was no in-hospital death. Two patients
(3.33%) developed ischemic stroke after the procedure, one
in each group. VARC-2 defined major bleeding occurred in
one patient undergoing TAVR and 2 patients undergoing
SAVR. Patients undergoing SAVR received more transfu-
sions, had longer ICU and overall hospital stay, and devel-
oped postprocedural atrial fibrillation more frequently than
those treated with TAVR. The rate of myocardial infarction
and acute renal failure was similar among the two groups.
At 3-month follow-up, two patients had died in the TAVR
group: one due to congestive heart failure and the second
due to severe liver failure.

4. Discussion

The present study demonstrates that TAVR does not induce
an acute oxidative stress response; this finding may be of par-
ticular significance for aged and frail patients at a high risk
for periprocedural complications. Our data confirm and
extend earlier findings using an electrochemical method [6]
and are consistent with previous literature regarding the oxi-
dative stress response in patients undergoing SAVR.

Oxidative stress was originally defined as an imbalance
between ROS generation and antioxidant defense; over the
years, the concept evolved further to reflect the complexity
of the underlying regulatory processes and molecules
involved and provide an explanation for the aberrations in
redox regulation typically associated with pathophysiology
[13, 14]. Under normal physiological conditions, ROS serve
as integral components of cellular signaling pathways [14,
15]. A balanced redox state is established as a consequence
of chemical and enzymatic interactions between the major
ROS producing systems (NADPH oxidase, xanthine oxidase,
nitric oxide synthase, myeloperoxidase, and lipoxygenases)
and the major antioxidant systems (catalase, superoxide dis-
mutase, glutathione peroxidase, and glutathione S transfer-
ases as well as α-tocopherol, ascorbic acid, reduced
glutathione, and protein thiols) [14, 15]. Excess production
or reduced degradation of ROS by the antioxidant defense
systems imposes an oxidative burden upon the cellular envi-
ronment leading to modification of various biomolecules and
functional defects. In MRI, xanthine oxidase catalyzes the
formation of uric acid with the coproduction of superoxide;
superoxide release results in the recruitment and activation
of neutrophils and their adherence to endothelial cells, which
stimulates the formation of xanthine oxidase in the endothe-
lium with further superoxide production [16]. Oxidation of
DNA and proteins is accompanied by membrane damage
initiated by lipid peroxidation, alterations in membrane per-
meability, modification of protein structures, and functional
changes [17].

Patients with severe AS have been reported to have
imbalances between endogenous oxidant and antioxidant
characteristic of oxidative stress. This in turn has been linked
to the pathogenesis of aortic valve degeneration [3, 18, 19].
One of the main advantages of TAVR is the relatively short
ischemic time, which could mitigate MRI. We find that

Table 3: Procedural characteristics.

TAVR (n = 38) SAVR (n = 22) P value

Access site

Transfemoral, n (%) 28 (73.7)

Transapical, n (%) 10 (26.3)

Sternotomy, n (%) 100

Valve type

Sapien XT, n (%) 21 (79.4)

Sapien 3, n (%) 11 (38.2)

Evolut-R, n (%) 6 (47.1)

Surgical bioprosthesis, n (%) 22 (100)

Mean size, mm± SD 25:4 ± 2:5 24:1 ± 2:2 0.07

Procedural time, min ± SD 99 ± 42 184 ± 43 <0.01
Fluoroscopy time, min ± SD 17:6 ± 7:9 —

Cardiopulmonary bypass time, min ± SD — 74:5 ± 31:6
Aortic clamp time, min ± SD — 61:0 ± 31:3
General anaesthesia, n (%) 33 (86.8) 22 (100) 0.14

Conscious sedation, n (%) 5 0

SAVR = surgical aortic valve replacement; SD = standard deviation; TAVR= transcatheter aortic valve replacement.
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Figure 1: Blood reduced glutathione following aortic valve
replacement. The reduced glutathione levels in red blood cells
dropped significantly following SAVR whereas no change was
observed after TAVR. Abbreviations: S1: sample 1; S2: sample 2;
S3: sample 3.
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Figure 2: Blood oxidized glutathione following aortic valve
replacement. Changes in oxidized glutathione concentrations in
red blood cells were similar among patients undergoing SAVR or
TAVR. Abbreviations: S1: sample 1; S2: sample 2; S3: sample 3.

Table 4: Changes in oxidative stress-related biomarkers according to transcatheter or surgical aortic valve replacement.

Measured parameter mean ± SD TAVR (n = 38) SAVR (n = 22) Adjusted P value

GSH S1 3:15 ± 0:79 3:57 ± 0:87 0.018

GSH S2 3:10 ± 0:90 2:87 ± 0:98 0.931

GSH S3 (nmol/mg protein) 3:23 ± 0:74 2:85 ± 0:77 0.498

Slope for trend 0.022 -0.330

P value 0.698 <0.001
GSSG S1 0:27 ± 0:18 0:29 ± 0:11 0.942

GSSG S2 0:30 ± 0:32 0:39 ± 0:32 0.650

GSSG S3 (nmol/mg protein) 0:26 ± 0:15 0:30 ± 0:13 0.475

Slope for trend -0.005 0.003

P value 0.842 0.804

GSH/GSSG S1 16:5 ± 9:1 13:9 ± 5:1 0.568

GSH/GSSG S2 15:4 ± 9:3 10:9 ± 7:7 0.380

GSH/GSSG S3 20:5 ± 27:4 11:8 ± 6:5 0.237

Slope for trend 1.860 -0.880

P value 0.319 0.199

FRAP S1 339:1 ± 90:9 329:8 ± 74:1 0.410

FRAP S2 359:6 ± 94:3 314:8 ± 68:6 0.017

FRAP S3 (μmol/L) 357:0 ± 119:8 327:1 ± 113:5 0.212

Slope for trend 12.6 -0.22

P value 0.027 0.983

8-Isop S1 40:6 ± 18:3 41:0 ± 16:1 0.553

8-Isop S2 41:0 ± 22:1 41:8 ± 22:3 0.635

8-Isop S3 (pg/mL) 40:1 ± 21:8 52:0 ± 26:1 0.046

Slope for trend -2.56 46.5

P value 0.86 0.028

GSH= reduced glutathione; GSSG = oxidized glutathione; FRAP = ferric-reducing ability of plasma; S = sample; SAVR = surgical aortic valve replacement;
SD = standard deviation; TAVR = transcatheter aortic valve replacement; 8-Isop = 8-isoprostane.

5Oxidative Medicine and Cellular Longevity



intracellular glutathione concentrations are significantly
lower in patients undergoing TAVR, which may reflect a
compromised capacity to cope with oxidative stress. Given
that this observation remained significant after adjustment
for the STS risk score, it would suggest that other con-
founders such as the patients’ nutritional status and age
may be important contributing factors.

We find an absence of an early oxidative stress response
in patients undergoing TAVR as evidenced by changes in
the concentration of 8-isoprostanes, a specific and reliable
indicator of lipid oxidation. Unexpectedly, TAVR patients
also presented with a significant and consistent increase in
FRAP. This assay is independent of the availability of sulfhy-
dryl groups, therefore complementary to the glutathione
measurements in red blood cells, and often associated with
low-molecular-weight antioxidants such as plasma uric acid.

The increase in FRAP we observed may be related in part to
the less invasive nature of TAVR, its lower ischemic time, and
therefore a lesser MRI burden. Alternatively, the relatively
rapid hemodynamic improvement following AVR may lead
to enhanced shear stress-induced release of endothelial nitric
oxide, which in addition to its role as an endogenous vasodi-
lator has potent antioxidant properties [20, 21], possibly
leading to an antioxidant-sparing effect. It may also indicate
that the oxidative imbalance observed in patients with severe
AS is amenable to correction by a minimally invasive and
rapid restoration of normal physiology following relief of
aortic obstruction.

Red blood cell storage has been linked to ROS generation
and antioxidant consumption [22, 23]. It has been proposed
that free radical-mediated damage may initiate and further
exacerbate iron release during RBC storage further enhanc-
ing free radical-mediated cellular damage. In this study, we
could not demonstrate any correlation between red blood cell
transfusion and changes in oxidative stress biomarkers.

5. Study Limitations

Due to the nonrandomized nature of this observational
study, the SAVR and TAVR groups were different with dif-
fering risk scores. Given the relatively small sample size, we
did neither test for possible associations between any of the
oxidative stress readouts with clinical outcomes nor perform
any subgroup analyses. Rather, the aim in our study was to
describe the temporal changes in ROS/oxidative stress in
patients undergoing TAVR by using patients undergoing
SAVR as a reference arm.

6. Conclusion

As compared to patients undergoing SAVR, patients under-
going TAVR did not show significant changes in biomarkers
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Figure 3: Ratio of blood reduced over oxidized glutathione
following aortic valve replacement. Changes in reduced/oxidized
glutathione ratio in red blood cells were similar among patients
undergoing SAVR or TAVR. Abbreviations: S1: sample 1; S2:
sample 2; S3: sample 3.
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Figure 4: Ferric-reducing ability of plasma following aortic valve
replacement. The ferric-reducing antioxidant power of the plasma
increased significantly following TAVR whereas no change was
observed after SAVR. Abbreviations: S1: sample 1; S2: sample 2;
S3: sample 3.

30
S1 S2 S3

8-Isoprostanes (pg/mL)

pg
/m

L

40

50

60

70

SAVR
TAVR

Figure 5: Plasmatic concentrations of 8-isoprostanes following
aortic valve replacement. The 8-isoprostane levels in plasma
increased significantly following SAVR whereas no change was
observed after SAVR. Abbreviations: S1: sample 1; S2: sample 2;
S3: sample 3.
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of oxidative stress despite having greater comorbidities and
impaired baseline antioxidant defenses. TAVR was associ-
ated with an improvement in the antioxidant capacity of
plasma. Larger studies would be required to determine if
these potentially beneficial alterations are associated with
clinical outcomes in patients undergoing TAVR.
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Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) was closely involved in doxorubicin- (DOX-) induced cardiotoxicity.
MicroRNA-200a (miR-200a) could target Keap1 mRNA and promote degradation of Keap1 mRNA, resulting in Nrf2
activation. However, the role of miR-200a in DOX-related cardiotoxicity remained unclear. Our study is aimed at
investigating the effect of miR-200a on DOX-induced cardiotoxicity in mice. For cardiotropic expression, male mice
received an injection of an adeno-associated virus 9 (AAV9) system carrying miR-200a or miR-scramble. Four weeks later,
mice received a single intraperitoneal injection of DOX at 15mg/kg. In our study, we found that miR-200a mRNA was
the only microRNA that was significantly decreased in DOX-treated mice and H9c2 cells. miR-200a supplementation
blocked whole-body wasting and heart atrophy caused by acute DOX injection, decreased the levels of cardiac troponin I
and the N-terminal probrain natriuretic peptide, and improved cardiac and adult cardiomyocyte contractile function.
Moreover, miR-200a reduced oxidative stress and cardiac apoptosis without affecting matrix metalloproteinase and
inflammatory factors in mice with acute DOX injection. miR-200a also attenuated DOX-induced oxidative injury and cell
loss in vitro. As expected, we found that miR-200a activated Nrf2 and Nrf2 deficiency abolished the protection provided
by miR-200a supplementation in mice. miR-200a also provided cardiac benefits in a chronic model of DOX-induced
cardiotoxicity. In conclusion, miR-200a protected against DOX-induced cardiotoxicity via activation of the Nrf2 signaling
pathway. Our data suggest that miR-200a may represent a new cardioprotective strategy against DOX-induced cardiotoxicity.

1. Introduction

Doxorubicin (DOX), a quinone-containing anthracycline,
has been widely used for the treatment of both solid and
hematologic malignancies [1]. Its therapeutic use is limited
by its dose-dependent cardiotoxicity, resulting in cardiomyo-
cyte loss, mitochondrial dysfunction, myofibrillar degenera-
tion, and congestive heart failure with poor prognosis [2].
The pathogenesis of DOX-induced cardiotoxicity is complex,
but a solid body of evidence indicates that oxidative stress is
closely involved [3].

There were a higher level of mitochondria and relatively
lower levels of antioxidant enzymes in the heart samples,
making the heart more sensitive to DOX-related injury [4].
It has been reported that oxidative stress and subsequent lipid
peroxidation could be detected in the hearts within three

hours after DOX treatment [5]. Accumulation of reactive
oxygen species (ROS) resulted in structural changes of
biological macromolecules and death of cardiomyocytes [6].
Therefore, the search for an effective and safe antagonist of
oxidative stress would be of great significance for the treat-
ment of DOX-related cardiac toxicity.

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2), a basic
leucine zipper transcription factor, is essential for detoxifica-
tion gene regulation in mammals [7]. Under physiological
conditions, Nrf2 is bound in the cytosol by Kelch-like ECH
associating protein 1 (Keap1), which is a scaffold protein
for the ubiquitination and degradation of Nrf2 [8]. In
response to oxidative stress, Nrf2 is released from Keap1
and translocates to the nucleus to regulate the expression of
antioxidant and detoxification gene [9]. Nrf2 was decreased
in DOX-treated hearts, and restoration of Nrf2 could
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mitigate DOX-induced cardiotoxicity [10], suggesting target-
ing Nrf2 as a therapeutic strategy for the treatment of DOX-
induced cardiotoxicity.

MicroRNAs (miRNAs or miRs) are highly conserved
single-stranded noncoding RNAs that can posttranslation-
ally modify mRNA [11]. Dysregulation of miRNAs has
been implicated in many diseases including doxorubicin-
induced cardiotoxicity [12]. The miR-200 family has been
highlighted for its action in the maintenance of the epithe-
lial phenotype [13]. A recent study indicated that miR-200a
acted as a tumor suppressor by targeting FOXA1 in glioma
[14]. miR-200a attenuated myocardial necroptosis via
targeting RING finger protein 11 [15]. Moreover, miR-
200a resulted in Nrf2 activation by targeting Keap1 mRNA
and promoting degradation of Keap1 mRNA in diabetic
nephropathy [16]. We hypothesized that overexpression
of miR-200a in mice could attenuate DOX-induced cardio-
toxicity. To investigate this possibility, we overexpressed
miR-200a using an adeno-associated virus 9 (AAV9) system
in DOX-treated mice. We examined the effect of miR-200a
overexpression on DOX-induced oxidative injury and cell
apoptosis in mice.

2. Methods

2.1. Animals. Protocols involving the use of animals were
approved by the Institutional Animal Care and Use
Committees in Renmin Hospital of Wuhan University.
C57BL/6J male mice were also purchased from the Jackson
Laboratory and housed in Renmin Hospital of Wuhan
University with free access to food and water. An AAV9
system carrying miR-200a or miR-scramble was generated
by Hanbio Technology (Shanghai, China). For cardiotropic
expression, male mice (age: 8-10 weeks; 25-30 g) received
1 × 1011 viral genome of AAV9-miR-200a or AAV9-miR-
scramble by tail vein injection according to a previous
study [17]. Four weeks later, male C57BL/6J mice
received a single intraperitoneal injection of DOX-HCl
(Adriamycin, Sigma-Aldrich, St. Louis, MO, USA) at
15mg/kg to mimic acute DOX exposure according to a
previous study [18]. Control mice were treated with the
same volume of normal saline (NS), which was used to
dissolve DOX. The animals were observed and weighed
daily. Echocardiography was performed at 5 days after
DOX injection, and animals were sacrificed thereafter.
Knockdown of cardiac Nrf2 was carried out in the acute
DOX regime experiment using adenoviral vectors carrying
Nrf2 small hairpin RNAs (shRNAs) or scrambled shRNA,
which was generated by Hanbio (Shanghai, China). To
knock down Nrf2, mice were given an intramyocardial
injection of 2 × 109 viral genome particles in 1 location
of the left ventricle according to a previous study [19].
One week after adenoviral injection, these mice were
subjected to DOX injection to mimic acute DOX expo-
sure. To mimic chronic DOX exposure, the mice in the
DOX and DOX+miR-200a groups (n = 10 for each group)
were injected intraperitoneally with DOX (5mg/kg every
week, the total cumulative dose is 20mg/kg) for 4 times;
the control mice received saline. After 2 weeks post the

last injection, cardiac functions in the mice with chronic
DOX injection were examined and the animals were then
sacrificed. To observe the effect of miR-200a on the sur-
vival rate in mice with chronic DOX exposure, the mice
(n = 15 for each group) were injected intraperitoneally
with DOX (5mg/kg every week, the total cumulative dose
is 20mg/kg) or saline for 4 times. After the first injection
of DOX, these mice were observed daily for 6 weeks.

2.2. Echocardiography and Hemodynamic Analysis. Mice
were exposed to mild anaesthesia with 1.5% isoflurane.
Echocardiography was performed on six mice per group
with the Vevo 2100 ultrasound, which was connected to
an ultrasound system (SSD-5500; Aloka, Tokyo, Japan).
Left ventricle end-diastolic and end-systolic diameters were
measured.

To detect hemodynamic parameters, a microtip pressure-
volume catheter (SPR-839; Millar Instruments, USA) was
inserted through an apical stab into the ventricle to measure
cardiac function. Hemodynamic measurements were
analyzed using IOX software (EMKAtech).

2.3. Western Blotting. Proteins were extracted from frozen
heart tissues and subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis [20, 21]. After that, the
proteins were transferred to PVDF membranes (Merck
Millipore, Massachusetts, USA). Membranes were then
blocked in nonfat milk for 2 hours and incubated overnight
at 4°C with primary antibodies against Nrf2 (Abcam,
Cambridge, MA, UK, ab62352, 1 : 1000), heme oxygenase
1 (HO-1, Abcam, ab13248, 1 : 1000), GAPDH (Abcam,
ab181602, 1 : 1000), Bax (Abcam, ab32503, 1 : 1000), and
Bad (Abcam, ab32445, 1 : 1000). After that, the membrane
was reacted with the secondary antibodies for 1 h at room
temperature, was stained with an enhanced chemilumines-
cence reagent, and was visualized using the BIO-RAD
ChemiDoc Touch Imaging System (BIO-RAD, Hercules,
CA, USA). GAPDH was used as the internal control.

2.4. RNA Extraction and Real-Time RT-PCR. Total RNA
extraction was performed using a TRIzol reagent (Invitrogen
Corp., CA). DNAse-treated total RNA (2 μg) was reverse
transcribed using SuperScript II reverse transcriptase (Invi-
trogen Corp.). Gene expression analysis was carried out using
the Fast SYBR Green master mix (Applied Biosystems) and
the QuantStudio 12k Flex real-time PCR system (Thermo-
Fisher, Ecublens, Switzerland). Results were normalized to
GAPDH mRNA as an internal control. The miRNA level
was determined using a Bulge-Loop miRNA qRT-PCR
Starter Kit (Ribobio Technology, Guangzhou, China). U6
was used as the internal control of miRNA.

2.5. Adult Cardiomyocyte Isolation and Mechanics Detection.
Hearts were collected and mounted onto a temperature-
controlled Langendorff system. Hearts were digested with a
Ca2+-free Krebs-Henseleit bicarbonate buffer containing Lib-
erase Blendzymes (0.1mg/ml) for 30min at 37°C, which was
obtained from Roche Diagnostics (Indianapolis, IN). Adult
cardiomyocytes with rod-shaped and clear edges were used
in our detection within 6 h of isolation. An IonOptix™ soft-
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edge system (IonOptix, Milton, MA) was used to detect
mechanical properties according to a previous study [22].
Cell shortening and relengthening, as reflected by peak short-
ening (PS) and maximal velocities of shortening/relengthen-
ing (±dL/dt), were assessed.

2.6. Glutathione, Malondialdehyde, and 4-Hydroxynonenal
Detection. The fresh heart tissues were homogenized in
ice-cold sodium phosphate buffer, and the supernatant
fraction was collected for the detection of the levels of

glutathione (GSH) and oxidized GSH (GSSG), malondial-
dehyde (MDA), and 4-hydroxynonenal (4-HNE). The kit
for MDA detection was obtained from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). A 4-HNE assay
kit was provided by Abcam. The quantitative measurement
of MDA and 4-HNE in heart homogenate was performed
according to the manufacturer’s instructions. GSH and GSSG
were determined by a GSH and GSSG assay kit from
Beyotime Biotechnology (Beijing, China) using the 2-vinyl
pyridine spectrophotometric method.
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Figure 1: miR-200a was decreased in DOX-induced cardiac injury: (a) the levels of miRNAs in the hearts (n = 6); (b) the levels of miRNAs in
the H9c2 cells (n = 6); (c, d) the levels of miR-200a in the H9c2 cells (n = 6). ∗P < 0:05 compared with the group with saline or PBS.
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2.7. Measurement of Cardiac Injury Markers. To detect
plasma cardiac troponin I (cTnI) and the N-terminal
probrain natriuretic peptide (NT-proBNP) levels, blood
samples were collected from mice at 3 days after DOX
injection. The NT-proBNP detection kit was provided by
MyBioSource (CA, USA). The cTnI assay kit was obtained

from Life Diagnostics, Inc. (West Chester, PA). NT-
proBNP and cTnI were detected to reflect the acute cardiac
injury according to standard procedures.

2.8. TUNEL Staining.Detection of apoptosis in the hearts was
performed by a terminal deoxynucleotidyl transferase-
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Figure 2: miR-200a overexpression improved cardiac function in mice: (a) schedule of the acute DOX regime experiment; (b) the levels of
miR-200a in the hearts (n = 6); (c) the alteration in body weight (n = 12); (d) alterations in the ratio of heart weight to tibial length (n = 12);
(e, f) the level of cTnI and NT-proBNP (n = 6), (g, h) the alteration in +dP/dt and EF in mice (n = 10); (i) cardiac output in the mice
(n = 10). ∗P < 0:05 compared with the group with saline. #P < 0:05 compared with mice after DOX injection.
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mediated nick-end labelling (TUNEL) assay according to the
instruction provided with the kit (Roche Diagnostics, India-
napolis). The nucleus was labelled with DAPI.

2.9. Cell Culture. H9c2 cells were cultured in DMEM (high
glucose, Gibco) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin and streptomycin. The H9c2 cells
were pretreated with micrON miR-200a (50 nmol/l, Ribobio
Technology) or micrONmimic negative control for 48 hours
and then incubated with DOX at 5 μg/ml or the same volume
of PBS for 24 h. At the endpoint of experiments, cells were
harvested for further detection.

The commercial rat Nrf2 siRNA and control siRNA were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). We used three siRNAs to deplete Nrf2 expression. The
one that resulted in the most significant downregulation of
endogenous Nrf2 expression as confirmed by PCR and west-
ern was used for further experiments. The H9c2 cells were
seeded on 6-well plates at 1 × 105 cells/well for 48 hours.
After 60-70% confluence, the cells were transfected with con-
trol siRNA or siNrf2 (100 pmol/l) using Lipofectamine 2000
(Invitrogen Corp.). Cells were harvested after 48-hour trans-
fection for further experiments.

2.10. DCF-DA Staining. Dihydrodichlorofluorescein diacetate
(DCF-DA) staining was applied to measure the generation of
ROS. H9c2 cells were reacted with DCF-DA (10 μmol/l) for
30min at 37°C in the dark. After washing 5 times with PBS,
the cells were observed using a confocal microscope.

2.11. Statistical Analysis. Data were presented as means ±
standard deviation. We used the unpaired t-test to compare
significance between two groups. One-way ANOVA followed
by the Tukey post hoc test was used to compare the difference
between more than two groups. P values < 0.05 were consid-
ered to be statistically significant.

3. Result

3.1. miR-200a Was Decreased in Hearts of DOX-Treated
Mice. We first determined miRNAs that target Nrf2 in the
mice with DOX injection. All the miRNAs that were reported
to regulate the level of Nrf2 were detected [23], including
miR-144, miR-27a, miR-142a, miR-153, miR-93, miR-28a,
miR-365, miR-193b, and miR-200a. miR-27a, miR-142a,
miR-153, and miR-193b expressions increased, while miR-
28a and miR-200a expressions decreased in the hearts after
DOX treatment (Figure 1(a)). Next, H9c2 cells were treated
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Figure 3: miR-200a improved adult cardiomyocyte contractile properties: (a) the levels of miR-200a; (b) resting cell length; (c) peak
shortening; (d, e) maximal velocity of shortening (+dL/dt) and maximal velocity of relengthening (-dL/dt). ∗P < 0:05 compared with the
group with saline. #P < 0:05 compared with mice after DOX injection. n = 50 cells from 4 mice per group.
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with DOX, and miRNAs that regulate the level of Nrf2 were
also detected. miR-28a and miR-365 expressions increased,
while miR-153 and miR-200a expressions decreased in the
DOX-treated H9c2 cells (Figure 1(b)). Therefore, we con-
cluded that miR-200a may be involved in DOX-induced car-

diac injury. Further study revealed that miR-200a was
significantly decreased in a time-dependent manner and
dose-dependent manner (Figures 1(c) and 1(d)). These data
suggested that miR-200a might play a key role in the DOX-
induced cardiotoxicity.
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Figure 4: miR-200a reduced oxidative stress in DOX-treated mice: (a) the level of MMP2 and MMP9 in the hearts (n = 6); (b) the level of
TNF-α and IL-6 in the hearts (n = 6); (c, d) the levels of GSH and cardiac MDA in the hearts (n = 6); (e) the level of 4-HNE in the hearts
(n = 6); (f) the level of SOD2 mRNA in the hearts (n = 6); (g) protein expression of Nrf2 and HO-1 (n = 6). ∗P < 0:05 compared with the
group with saline. #P < 0:05 compared with mice after DOX injection.
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3.2. miR-200a Overexpression Protected against DOX-
Induced Acute Cardiac Injury. We first established an acute
model of DOX-induced cardiotoxicity. In this experiment,
mice were first infected with AAV9-miR-200a or AAV9-
miR-scramble for 4 weeks and were subjected to DOX or
saline (Figure 2(a)). Reduced miR-200a expression in the
hearts of DOX-treated mice was almost restored to the nor-
mal level (Figure 2(b)). The animals were then followed up
for five days before sacrifice. miR-200a overexpression
blunted the decrease of body weight in DOX-treated mice
(Figure 2(c)). The ratio of heart weight to tibial length was
significantly decreased in DOX-treated mice, and this patho-
logical alteration was blocked (Figure 2(d)). A single injec-
tion of DOX (15mg/kg) induced the elevation of cTnI and
NT-proBNP level, which was prevented by miR-200a overex-
pression (Figures 2(e) and 2(f)). Administration of DOX
caused worsening of left ventricle systolic function, as
reflected by maximum first derivative of ventricular pressure
with respect to time (+dP/dt), ejection fraction (EF), and car-
diac output, but mice with miR-200a overexpression pre-
served +dP/dt, EF, and cardiac output compared with mice
with miR-scramble after DOX treatment (Figures 2(g)–2(i)).

3.3. miR-200a Overexpression Reduced Adult Cardiomyocyte
Contractile Dysfunction after DOX Treatment. Subsequently,
we determined the effect of miR-200a overexpression on con-
tractile function of single adult cardiomyocyte which was iso-
lated from mice with acute DOX injection. As expected,
reduced miR-200a expression in the adult cardiomyocytes iso-
lated from DOX-treated mice was restored to the normal level
(Figure 3(a)). miR-200a has no significant effect on resting cell
length between four groups (Figure 3(b)). Adult cardiomyo-
cytes in the mice with DOX treatment showed a reduced peak
shortening and maximal velocity of shortening/relengthening
(±dL/dt). After miR-200a overexpression, these pathological
alterations were largely blocked (Figures 3(c)–3(e)).

3.4. miR-200a Overexpression Attenuated DOX-Induced
Oxidative Stress in Mice. Matrix metalloproteinase (MMP)
activation is a key event in DOX-induced acute cardiotoxicity
[24]. Therefore, we first detected the alteration in the mRNA
level of MMP2 and MMP9 and found that miR-200a did not
prevent the elevation of MMP2 and MMP9 expressions in
DOX-treated mice (Figure 4(a)). Next, we detected the levels
of inflammatory factors in DOX-treated hearts and found
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Figure 5: miR-200a suppressed cardiac apoptosis in DOX-treated mice. (a) TUNEL staining (n = 6). (b) Western analysis indicated the
expression of Bax and Bad in the hearts (n = 6). ∗P < 0:05 compared with the group with saline. #P < 0:05 compared with mice after DOX
injection.
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Figure 6: Continued.
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that there was no difference in the levels of inflammatory factors
between miR-scramble+DOX and miR-200a+DOX groups
(Figure 4(b)). Acute DOX injection decreased the ratio of
GSH and GSSG, and this downregulation was blocked by
miR-200a (Figure 4(c)). Acute DOX injection induced abnor-
mal accumulation of 4-HNE and MDA, and these accumula-
tions of 4-HNE and MDA were inhibited by miR-200a
overexpression (Figures 4(d) and 4(e)). Further detection found
that miR-200a restored the mRNA of SOD2 in DOX-treated
mice (Figure 4(f)). Western blot analysis demonstrated that
Nrf2 and its downstream target were markedly decreased in
the DOX-treated group, and miR-200a almost restored Nrf2
and HO-1 protein expression to the normal levels (Figure 4(g)).

3.5. miR-200a Inhibited DOX-Induced Myocardial Apoptosis
in Mice with Acute DOX Injection. Expectedly, the number
of TUNEL-positive cells was markedly increased in heart
sections of mice with acute DOX compared to that in
mice with saline only (Figure 5(a)). Interestingly, DOX-
induced TUNEL-positive cells were attenuated by miR-
200a (Figure 5(a)). Subsequent detection of Bax and Bad
expressions in the hearts revealed that miR-200a attenu-
ated the levels of Bax and Bad in mice (Figure 5(b)).

3.6. Nrf2 Deficiency Antagonized the Protective Effects against
DOX-Related Injury in H9c2 Cells. It has been reported that
Keap1 interacted with Nrf2 and retained Nrf2 in the
cytoplasm [8]. miR-200a destabilized Keap1 and resulted
in a reduction in Keap1 protein level [16]. Thus, we mea-
sured Keap1 mRNA levels and found that Keap1 mRNA
level was significantly decreased in miR-200a-infected cells
(Figure 6(a)). Further analysis showed that miR-200a
caused an increase in Nrf2 mRNA expression
(Figure 6(b)). Consistent with this finding, we found that
miR-200a overexpression also significantly increased Nrf2
protein expression (Figure 6(c)). We also confirmed that

sulforaphane, a well-studied natural product, could increase
Nrf2 protein expression (Figure 6(c)). Next, we compared
the generation of ROS, as labelled by DCF-DA in DOX- and
DOX+miR-200a-treated H9c2 cells. The data in our study
showed that miR-200a could significantly block DOX-
induced formation of ROS in H9c2 cells (Figure 6(d)). The
increased 4-HNE content in cells with DOX treatment was
also inhibited after miR-200a administration (Figure 6(e)).
miR-200a also restored GSH/GSSG to the normal level in
DOX-treated cells (Figure 6(f)). Next, we verified the hypoth-
esis that the protection provided by miR-200a was mediated
by Nrf2. We used three siRNAs to deplete Nrf2 expression.
The one (siNrf2 #3) that resulted in themost significant down-
regulation of endogenous Nrf2 expression as confirmed by
PCR and western was used for further experiments
(Figure 6(g)). We found that miR-200a significantly improved
cell viability and decreased caspase 3 activity in DOX-treated
cells, and these protections were completely blocked after
Nrf2 deficiency (Figure 6(h) and 6(i)).

3.7. The Protective Effects of miR-200a against DOX-Induced
Acute Cardiotoxicity Were Reversed by the Deficiency of Nrf2
in Mice. To determine whether miR-200a exerted its protec-
tion via activation of Nrf2 in mice, we used three shRNAs to
deplete Nrf2 expression in the hearts. The one (shNrf2 #3)
that resulted in the most significant downregulation of
endogenous Nrf2 expression as confirmed by PCR and west-
ern was intramyocardially injected (Figures 7(a) and 7(b)).
One week after adenoviral injection, these mice were sub-
jected to DOX injection to mimic acute DOX exposure. As
indicated in our study, miR-200a lost its protection in cardiac
injury, as reflected by EF, NT-proBNP, MDA content, and
caspase 3 activity, in mice (Figures 7(c)–7(f)).

3.8. miR-200a Also Provided Cardiac Benefit in a Chronic
Model of DOX-Induced Cardiotoxicity. To mimic chronic
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Figure 6: miR-200a provided cardioprotection via activating the Nrf2 signaling pathway: (a, b) the level of Keap1 and Nrf2 in the H9c2 cells
(n = 6); (c) the protein expression of Nrf2 (n = 6); (d) DCF-DA staining; (e, f) the levels of 4-HNE and GSH in the cells (n = 6); (g) the level of
Nrf2 in the cells (n = 6); (h) cell viability (n = 6); (i) caspase 3 activity (n = 6). ∗P < 0:05.
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DOX exposure, the mice in the DOX and DOX+miR-200a
groups were injected intraperitoneally with DOX (5mg/kg
every week, the total cumulative dose is 20mg/kg) for 4 times
(Figure 8(a)). As indicated, miR-200a was highly expressed
even at 13 weeks after infection (Figure 8(b)). The survival
rate in the DOX-treated group was significantly lower than
that in the saline-treated group. Conversely, this was largely
improved after miR-200a overexpression (Figure 8(c)). We
also found that miR-200a was more effective than sulforaph-
ane in chronic cardiotoxicity (Figure 8(c)). Chronic injection
of DOX induced a significant decrease in EF, and this change
was significantly attenuated in mice with miR-200a
(Figure 8(d)). Chronic DOX administration was also asso-
ciated with marked increases in myocardial 4-HNE and

caspase 3 activity, and miR-200a overexpression largely
attenuated these pathological changes in mice (Figures 8(e)
and 8(f)).

4. Discussion

The death of cancer survivors was mainly attributed to car-
diac factors [25], which emphasizes the need for pharmaco-
logical strategies offering protection against cardiotoxicity
caused by anticancer drugs. In this study, we for the first time
found that miR-200a supplementation could reduce cardiac
injury, improve cardiac function, and attenuate DOX-
related oxidative stress and cell apoptosis without affecting
the level of MMP and inflammatory factors in mice. miR-
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Figure 7: miR-200a could not provide cardiac protection against DOX-induced acute cardiotoxicity in Nrf2-deficient mice: (a) schedule of
Nrf2 deficiency in mice with the acute DOX treatment; (b) the level of Nrf2 in the hearts (n = 6); (c) EF (n = 8); (d, e) the levels of NT-proBNP
and MDA in the hearts (n = 6); (f) caspase 3 activity (n = 6). ∗P < 0:05.

10 Oxidative Medicine and Cellular Longevity



200a also protected the hearts from DOX-induced chronic
damage. These findings positively suggest that miR-200a
overexpression strategies may be helpful for promoting
cardiomyocyte survival in DOX-treated mice.

Recently, accumulating evidence supported the notion
that miR-200a was closely involved in cardiovascular diseases
[13, 23]. Yang et al. reported that miR-200a-5p promoted
cardiomyocyte hypertrophy via inhibiting the expression of
stress-related selenoproteins to alter glucose transport [26].
miR-200a-5p was identified to be upregulated under Se-
deficient stimulation, andmiR-200a-5p deficiency attenuated
myocardial necroptosis induced by Se deficiency [15]. Incon-
sistent with the study, we found that miR-200a could provide
protection against DOX-induced cardiac injury, as reflected
by the body weight gain and the levels of NT-proBNP and
cTnI. miR-200a supplementation also improved cardiac
function in mice. We postulate that subtle differences in the
animal strain and disease model might lead to discordant
observations.

MMP2 andMMP9mRNAs were significantly increased in
the ventricles of mice at 2 days after DOX treatment [24].

Consistent with this finding, we also confirmed that MMP2
andMMP9were increased in the mouse hearts after treatment
with DOX. However, there was no difference between DOX
+miR-scramble and DOX+miR-200a groups in the mRNA
levels of MMP2 and MMP9, implying that miR-200a exerting
its function was not mediated by the alteration in MMP con-
tent. Inflammation also played a key role in the pathogenesis
of DOX-related cardiac injury [27]; therefore, we detected
alteration in the mRNA levels of inflammatory factors. The
data in our study suggested that miR-200a cannot affect the
cardiac inflammation in the DOX-treated mice.

It has been reported that scavenging ROS protects
against DOX-induced cardiac apoptosis [28]. Cardiac-
specific overexpression of metallothionein protected against
DOX-related cardiac dysfunction [29]. Here, we found that
4-HNE and MDA productions were enhanced in the DOX
heart and were reduced by miR-200a overexpression. In
addition, we have also found that miR-200a preserved the
reduced GSH level induced by DOX but also elevated to a
level comparable to that of normal control mice. Further
detection found that miR-200a also largely attenuated
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Figure 8: miR-200a protected the hearts fromDOX-induced chronic cardiotoxicity: (a) schedule of the acute DOX regime experiment; (b) the
level of miR-200a in the hearts (n = 6); (c) survival rate in the groups (n = 15); (d) EF in the four groups (n = 10); (e) the level of 4-HNE in the
hearts (n = 6); (f) caspase 3 activity (n = 6). ∗P < 0:05 compared with the group with saline. #P < 0:05 compared withmice after DOX injection.
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DOX-induced cell apoptosis in hearts and in H9c2 cells. As
expected, we found that miR-200a could activate Nrf2 and
miR-200a lost its protection against oxidative stress and cell
viability after Nrf2 deficiency, suggesting that the protection
of miR-200a was dependent on the activation of Nrf2.

Several natural products have been evaluated for their
ability to attenuate DOX-induced cardiotoxicity but with lit-
tle success [30, 31]. Low bioavailability and low scavenging
efficacy toward oxidants were the main reasons [32]. In our
study, we compare the ability of sulforaphane and miR-
200a to activate Nrf2 in vitro and in vivo and found that
the two both largely activate Nrf2. Moreover, miR-200a had
a better effect on the survival rate in chronic cardiotoxicity.
In addition, several lines of evidence demonstrated that
miR-200a was a tumor suppressor [33, 34], suggesting that
miR-200a treatment might not compromise the oncological
efficacy of DOX.

In conclusion, our results suggest that miR-200a
protects DOX-induced acute toxicity by activating Nrf2 to
attenuate oxidative stress and apoptotic cell death, prevents
DOX-induced cardiomyopathy, and ameliorates cardiac
dysfunction. The present findings suggest that miR-200a
supplementation may represent a new cardioprotective
strategy against DOX-induced cardiotoxicity.
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Purpose. Ischemia/reperfusion (IR) is the main cause of liver damage after transplantation. We evaluated the effect of sitagliptin
(STG) on oxidative stress parameters in the rat liver under IR. Methods. Rats were treated with STG (5mg/kg) (S and SIR) or
saline solution (C and CIR). Livers from CIR and SIR were subjected to ischemia (60min) and reperfusion (24 h). During
reperfusion, aminotransferases (ALT and AST) were determined in blood samples. Thiobarbituric acid reactive substances
(TBARS), superoxide dismutase (SOD), catalase (CAT), paraoxonase-1 (PON1), glutathione peroxidase (GPx), and the mRNA
expression of SOD1 were determined in liver homogenates after reperfusion. Different regions of livers were also histologically
evaluated. Results. The PON1 activity was higher, and the TBARS level was lower in SIR than in CIR. There was an inverse
relationship between TBARS and PON1 levels in the whole cohort. The GPx activity was lower in ischemic than in nonischemic
groups regardless of the STG treatment. In SIR, the SOD1 activity was higher compared to that in CIR. In S, the expression of
SOD1 mRNA was the highest of all examined groups and positively correlated with the SOD1 activity in the whole animal
cohort. During IR aminotransferases, the activity in the drug-treated group was lower in all examined points of time. In drug-
treated groups, the percentage of steatosis was higher than that in nontreated groups regardless of IR. Conclusions. The
protective effect of STG on the rat liver, especially its antioxidant properties, was revealed under IR conditions.

1. Introduction

Ischemia/reperfusion (IR) is the main cause of liver injury
that occurs during such procedure as transplantation or
hepatectomy [1]. Initially, this damage is caused by ische-
mia, but further, it is aggravated by reperfusion. Among
the many phenomena occurring in the IR, there is an
excessive production of free radicals and the development

of oxidative stress [2, 3]. Lipid peroxidation is one of the
manifestations of oxidative imbalance accompanying rapid
tissue reoxygenation and responsible for detrimental effects
of IR. The process is initiated by the attack of reactive
oxygen species (ROS) on double bonds of membrane
phospholipids, glycolipids, and cholesterol. Malondialde-
hyde among others, are end products of lipid peroxidation.
Lipid peroxidation, if not counteracted by antioxidants,
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leads to the deterioration of cellular membranes, loss of
cell integrity, and cell death [4].

Superoxide dismutases (SODs) are antioxidant enzymes
that convert superoxide radicals to oxygen and hydrogen
peroxide [2]. There are three isoforms of SOD in mammals:
SOD1, SOD2, and SOD3. SOD1, the major cytoplasmic
isoenzyme which activity depends on the presence of the
Cu and Zn, is expressed highly in selected tissues, mainly in
the liver [5]. Hydrogen peroxide is reduced by selenium-
containing enzyme—glutathione peroxidase (GPx) to water.
Additionally, it is converted to water and molecular
oxygen by catalase (CAT)—antioxidant enzyme located
mainly in peroxisomes [6]. GPx is the most tightly associ-
ated with lipid peroxidation. In addition to preventing
hydroxyl radical from forming, GPx is also responsible
for two-electron reduction of hydroperoxides, primary
products of lipid peroxidation, averting their one-electron
reduction that facilitates propagation phase of the process
[4]. Paraoxonase-1 (PON1) is a liver-synthesized esterase
and lactonase characterized by broad substrate specificity.
Best known is the enzyme form residing on HDL and
involved in the protection of lipoproteins against lipid per-
oxidation. Apart from circulation, PON1 is present mainly
in the liver where it participates in the inactivation of
oxidative by-products, generated during biotransformation
of xenobiotics in the microsomes [7]. Intracellular form of
PON1 was also shown to involve in the stabilization of
lipid membranes and the enhancement of their integrity
under oxidative stress conditions [8]. Thiobarbituric acid
reactive substances (TBARS) are the final lipid peroxidation
product. The accumulation of malondialdehyde (MDA)
occurs already in the ischemic phase and ROS-generating
reperfusion exacerbating lipid peroxidation [9]. Due to inhi-
bition of oxidative phosphorylation [10], ischemia acceler-
ates processes, such as glycolysis and ketogenesis, which
yield methylglyoxal as a by-product. Methylglyoxal is a
glycoside factor initiating lipid peroxidation, leading to the
formation of MDA [11]. Moreover, MDA can be synthesized
enzymatically from thromboxane A2 [4], the synthesis of
which is upregulated during ischemia [12].

Because extensive damage of the liver subjected to IR
depends, among others, on the intensity of oxidative stress,
the search for such substances that would enhance the anti-
oxidant defense is justified. Sitagliptin (STG) belongs to a
group of oral hypoglycemic drugs that, through inhibition
of the dipeptidyl peptidase-4 (DPP-4) activity, prolong the
half-life and thus action of incretins—glucose-dependent
insulinotropic polypeptide (GIP) and glucagon-like
peptide-1 (GLP-1) [13, 14]. STG is approved in more than
130 countries worldwide in monotherapy or in combination
with other hypoglycemic drugs for the treatment of patients
with type 2 diabetes. STG is generally well tolerated, with
gently or moderately intensified adverse events [15]. The
choice of STG could be based on the additional properties
of this drug, such as antioxidative action, that have been
reported in some works [16, 17].

The aim of this work was to evaluate the potential antiox-
idative and hepatoprotective properties of STG administered
chronically to rats prior to liver IR procedure.

2. Materials and Methods

2.1. Animals. The study was carried out on Wistar male rats
at the age of 2-3 months. Animals were housed in individual
chambers in standard conditions (a 12 : 12 h light-dark cycle,
humidity 45-60%, continuous ventilation, and the tempera-
ture maintained at 21–23°C).

2.1.1. Ethical Approval and Informed Consent.All procedures
performed in the study were in accordance with the ethical
standards of the institutional and/or national research
committee. All applicable international, national, and/or
institutional guidelines for the care and use of animals were
followed. The experiment protocol was approved by the 1st

Local Ethics Committee on the Animal Research of the
Institute of Immunology and Experimental Therapy Polish
Academy of Sciences in Wroclaw (# 80/2012 of December
5, 2012).

2.2. Chemicals. Sitagliptin (Januvia, tabl. 100mg; MSD,
Poland), heparin (HeparinumWZF, amp. 25000U/5ml; Polfa
Warszawa, Poland), ketamine hydrochloride (Bioketan,
Vetoquinol Biowet, Poland), medetomidine hydrochloride
(Domitor, amp. 1mg/ml, Orion Pharma, Finland), butorpha-
nol tartrate (Morphasol, amp. 4mg/ml, aniMedica GmbH,
Germany), 0.9% sodium chloride solution (Polpharma S.A.,
Poland), and Ringer’s solution (Polfa Lublin S.A., Poland)
were used in the study.

2.3. Experimental Design. Following adaptation period, rats
were divided randomly into 4 groups. In group C (n = 9)
and CIR (n = 9), animals were not treated with STG. In group
S (n = 8) and SIR (n = 10), animals received STG (5mg/kg
p.o.) once a day for 2 weeks prior to the surgical procedure.
Livers from groups SIR and CIR were subjected to the IR
procedure. To determine the initial activity of ALT and
AST, blood samples were obtained from the tail vein after
the STG treatment.

2.4. IR Procedure. After intramuscular injection of medeto-
midine hydrochloride (0.1mg/kg), ketamine hydrochloride
(7mg/kg), and butorphanol tartrate (2mg/kg), animals were
subjected to midline laparotomy. In groups CIR and SIR,
branches of the hepatic artery and portal vein were occluded
with a microvascular clip, which caused 70% of the liver
(median and left lateral lobes) to be ischemic. Rats were given
heparin (200U/kg) to prevent blood coagulation. The clip
was removed after 60min of ischemia to allow reperfusion
for 24h. At 2, 6, and 24 h of reperfusion, samples of blood
were collected to determine the activity of aminotransferases.
Once the experiment was terminated, livers were weighted
and ischemic lobes were isolated. A part of the liver lobes
was placed in the RNAlater RNA Stabilization Reagent
(Qiagen, Germany) and used for real-time PCR. Remaining
ischemic liver tissue was homogenized, and supernatant
was collected.

In S and C groups, rats underwent the same anesthesia
and surgical procedure as in the ischemic groups (CIR and
SIR), but after midline laparotomy, the branches of the portal
vein and hepatic artery were not occluded. Blood samples

2 Oxidative Medicine and Cellular Longevity



were obtained at the same time points as in the case of ische-
mic groups. After 24 hours of reperfusion, the same lobes of
livers were isolated as in ischemic groups. All surgical proce-
dures with or without I/R were blindly performed by the
same experienced team of researchers.

2.5. The Homogenization of Isolated Fragments of the Liver.
Liver tissue fragments (400-500mg) were homogenized 1 : 2
(w/v) in Tris-EDTA buffer pH 7.2 (10mM Tris, 1mM
EDTA, 1mM MgCl2, and 150mM KCl) with 1% deoxycho-
late, 1mM PMSF, and 1% Triton X-100, using ceramic lysing
matrix beads and the FastPrep-24™ homogenizer (MP Bio-
medicals, LCC, CA, USA). Homogenates were centrifuged
(14,000 × g, 10min, 4°C), and supernatants were collected,
aliquoted, and stored at -80°C. Prior to analyses, homogenate
samples were diluted with Tris-EDTA buffer or respective
assay buffers with optimal dilution factors established for
each assay by serial dilutions.

2.6. Oxidative Stress Parameters and Biochemical Analyses.
The concentrations of thiobarbituric acid reactive
substances (TBARS) were determined with the thiobarbitu-
ric acid spectrophotometric assay [18] with the addition of
butylated hydroxytoluene (Fluka, Switzerland). The activi-
ties of copper-zinc superoxide dismutase (SOD1) and GPx
were measured using Superoxide Dismutase Assay Kits
and Glutathione Peroxidase Assay Kits (Cayman Chemical,
MI, USA), according to the manufacturer’s instructions and
expressed as units (U/g for SOD) or kilounits (kU/g for
GPx) per gram of liver tissue. The CAT activity was
measured according to the procedure described by Bartosz
[19], in which the decrease in absorbance at 240nm, caused
by decomposition of hydrogen peroxide (H2O2), was
assessed for one minute. One unit of an enzyme activity
is defined as one millimole of degraded H2O2 per minute.
The enzyme activity was expressed as kilounits per gram
(kU/g) of liver tissue.

The PON1 activity was determined spectrophotometri-
cally by measuring the rates of phenyl acetate (Sigma-
Aldrich, St. Louis, MO) hydrolysis, according to the Aryles-
terase/Paraoxonase Assay Kit protocol (ZeptoMetrix Co.,
Buffalo, NY). The enzyme activity was expressed in kilounits
per gram (kU/g) of liver tissue. One unit (U) of the enzyme
activity was defined as one mmol of released phenol per 1
liter per minute in 25°C. The enzyme activity towards phenyl
acetate (PON1 arylesterase activity) is considered as a surro-
gate for the enzyme concentration [20]. All measurements
were conducted at least in duplicates, and technical replicates
were averaged.

Serum activities of aminotransferases (ALT and AST)
and protein concentration in homogenates were assayed
using a commercial enzymatic method in a certified
laboratory.

2.7. RNA Isolation and Reverse Transcription. Total RNA was
isolated from the studied tissue samples with RNeasy Mini
Kit (Qiagen, Hilden, Germany) according to the manufac-
turer’s protocol. To eliminate genomic DNA contamination,
on-column DNase digestion was performed using RNase-

Free DNase Set (Qiagen, Hilden, Germany). Quantity and
purity of RNA samples were assessed by measuring the
absorbance at 260 and 280 nm with NanoDrop1000 Spectro-
photometer (Thermo Fisher Scientific, Wilmington, DE,
USA). First-strand cDNA was synthesized using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems, Carlsbad, CA, USA).

2.8. Real-Time PCR. The mRNA expression of SOD1 was
determined by real-time PCR with 7900HT Fast Real-Time
PCR System and TaqMan Gene Expression Master Mix
(Applied Biosystems, Carlsbad, CA, USA). Beta-2 microglob-
ulin (B2M) was used as reference gene. For the reactions, the
following sets of primers and TaqMan probes were used:
Rn00566938_m1 for SOD1 and Rn00560865_m1 for B2M
(Applied Biosystems, Carlsbad, CA, USA). All reactions were
performed in triplicates in standardized thermal cycling
conditions, including polymerase activation at 50°C for
2min, denaturation at 94°C for 10min, and 40 cycles of dena-
turation at 94°C for 15 s followed by annealing and synthesis
at 60°C for 1min. The relative amount of SOD1 at the mRNA
level (RQ) was calculated by the 2-ΔΔCt method.

2.9. Histological Examination. Different regions of the
isolated lobes of livers from ischemic and nonischemic
groups were fixed in 10% formalin and embedded in paraffin.
Sections of 4.5 μmwere made and stained with hematoxylin-
eosin. Then, they were histologically evaluated under a light
microscope for the severity of ischemic necrosis, degree of
steatosis as percentage of the microscopic field (small cyto-
plasmic vacuoles containing lipids or single fat droplets
displacing the nuclei of hepatocytes), neutrophil infiltration,
and destruction of hepatic architecture.

3. Statistical Analysis

Data distribution and homogeneity of variances were tested
using Kolmogorov-Smirnov and Levene tests, respectively.
Normally distributed data (SOD1 activity and expression,
CAT, and aminotransferases) were expressed as means ±
SD and analyzed using one-way ANOVA with Bonferroni
correction for multiple testing, followed by post hoc test.
Nonnormally distributed data (TBARS, PON1, and GPx)
were expressed as medians with interquartile range and
analyzed using Kruskal-Wallis H test with the Conover post
hoc analysis. Statistical analysis of the effect of the drug and
time of reperfusion on the aminotransferase activity was
performed using repeated measures ANOVA. Correlation
analysis was conducted using Spearman (ρ) or Pearson (r)
correlation tests, depending on the data distribution. All tests
were two-tailed, and hypotheses were considered positively
verified if p < 0:05. The analyses were performed using
MedCalc Statistical Software version 17.4.4 (MedCalc
Software bvba, Ostend, Belgium; https://www.medcalc.org;
2017) and Statistica (13.1).

4. Results

4.1. Aminotransferases. After 2 weeks of the STG administra-
tion, before surgical procedure, the activity of ALT in rats
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from treated groups (S+SIR) was significantly lower
compared to nontreated groups (C+CIR) (p < 0:05). At 2 h
of reperfusion, the significant increase in the ALT activity
was noticed regardless of STG administration (CIR vs. C, p
< 0:01 and SIR vs. S, p < 0:05). Values of ALT in the STG-
treated ischemic group were insignificantly lower than in
the nontreated group. Differences between AST activities
were also significant between nonischemic and ischemic
nontreated groups (CIR vs. C, p < 0:01). After 6 h of reperfu-
sion, the activity of ALT was statistically higher in the
nontreated ischemic group compared to the nonischemic
group (CIR vs. C, p < 0:01). In STG-treated groups, this
difference was close to the significance threshold (SIR vs.
S, p = 0:06). After 24 h of reperfusion, the activity of amino-
transferases was the highest in the ischemic nontreated
group (CIR vs. C, p < 0:01 for AST and p < 0:05 for ALT).
The increase in the aminotransferase activity in STG-
treated groups was not significant. Hence, therein, in the
case of ALT, that difference was close to the significance
threshold (SIR vs. CIR, p = 0:05), and in the case of AST,
that difference was significant (SIR vs. CIR, p < 0:01)
(Figures 1(a) and 1(b)).

4.2. Parameters of Oxidative Stress. The differences in TBARS
were noticed in nontreated groups. The concentration of
TBARS was significantly greater in IR-exposed livers
compared to nonischemic group (CIR vs. C, p < 0:05). In
drug-treated groups, the concentration of TBARS was lower
in the ischemic group compared to S (SIR vs. S, p < 0:05).
Hence, in the STG-treated ischemic group, the level of this
parameter was significantly lower compared to the
nontreated ischemic group (SIR vs. CIR, p < 0:01)
(Figure 2(a)).

The activity of PON1 was significantly lower in the non-
treated ischemic group than in the nonischemic group (CIR
vs. C, p < 0:05). Significant difference was also noticed
between nontreated and drug-treated nonischemic groups (C
vs. S, p < 0:05). In IR-exposed groups, the activity of PON1
was statistically higher in STG-treated groups compared to
nontreated one (CIR vs. SIR, p < 0:05) (Figure 2(b)). There
was an inverse relationship between TBARS accumulation
and PON1 activity in whole cohort (ρ = ‐0:42, p = 0:011).
The association was stronger in IR animals (CIR and SIR)
(ρ = ‐0:64, p = 0:003).

In IR-exposed groups, the activity of GPx was signif-
icantly lower than in nonischemic groups regardless of
STG treatment (CIR vs. C, p < 0:05; SIR vs. S, p < 0:01)
(Figure 2(c)). No significant differences in the activity of
CAT between experimental groups were noticed. Ischemic-
dependent statistically insignificant decrease in the activity
of CAT was visible only in nontreated groups (Figure 2(d)).

Ischemic-dependent decrease in the activity of SOD1 in
groups nontreated with STG was close to the significance
threshold (CIR vs. C, p = 0:07). In drug-treated groups,
the SOD1 activity was similar regardless of IR. Hence, in
the IR conditions in the drug-treated group, the SOD1
activity was significantly higher compared to that in the
nontreated group (SIR vs. CIR, p < 0:05) (Figure 2(e)).

4.3. SOD1 mRNA Expression. In the nonischemic group
treated with STG, the expression of SOD1 mRNA signifi-
cantly increased and was the highest of all examined groups
(S vs. C and SIR, p < 0:05, and S vs. CIR, p < 0:01)
(Figure 2(f)).

SOD1 expression positively but moderately correlated
with the SOD1 activity in the whole animal cohort
(r = 0:41, p = 0:015). However, this association resulted
from a tight relationship between parameters in nontreated
animals and was nonexistent in STG-treated ones
(Figure 3). Comparison of correlation coefficients between
C and CIR groups showed them to be similarly high
(r = 0:72, p = 0:027 and r = 0:73, p = 0:025, respectively).

4.4. Histological Findings. No significant differences in the
hepatic structure were seen in both ischemic and nonis-
chemic groups of rats. Livers from those groups featured
normal architecture, and only slight degree of necrosis and
neutrophil infiltration was seen in ischemic groups regardless
of the STG treatment. In drug-treated groups, the percentage
of steatosis was statistically higher than that in nontreated
groups. Described differences were visible in both ischemic
and nonischemic groups (CIR vs. SIR, p < 0:05, and C vs. S,
p < 0:01) (Figure 4).

5. Discussion

A body of evidence has gathered concerning protective effect
of new drugs on hepatic cells during IR, providing rationale
for new therapeutic strategies. Among others, glucose-
lowering activity of incretins, and hence indirectly of STG,
translates into reduced oxidative stress, condition fueled by
hyperglycemia [21]. Moreover, STG has been found to be
an efficient scavenger of reactive oxygen species (ROS),
directly reducing superoxide generation in various organs
[22], but the STG effect on oxidative balance in the liver
remains unknown. Our work was carried out to understand
the effect of STG on the oxidative stress parameters in the
liver under IR conditions.

IR resulted in decreased activities of all enzymes exam-
ined in our work, but the difference was significant solely in
the case of GPx. There is still no consensus regarding IR effect
on the SOD1 activity. While some of the authors have shown
it to be decreased [23–25], others have found it to be elevated
[26] or, as in the case of IR in mice’s kidneys, showed the
response to be depended on sex [27]. Therefore, to verify
SOD1 status, we examined also SOD1 gene expression.
Corroborating its reduced activity, relative SOD1 expression
was insignificantly decreased by ca 10% upon IR conditions.
Interestingly, SOD1 and GPx activities were affected by IR to
the same extent (ca 18%), which corresponds well with 20%
drop in glutathione level, an electron donor in the reactions
catalyzed by GPx, reported recently by Weng et al. [23].

STG has been shown to increase the SOD, CAT, and GPx
activities in kidneys [16], organs with the highest DPP-4
activity [21]. However, this effect was observed only in rats
with diabetes. In the kidneys of healthy animals, the SOD
activity decreased slightly, the CAT activity increased
slightly, and the GPx activity remained unchanged [28].
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These observations may imply that beneficial effects of drug
are displayed solely in the presence of an additional factor
increasing the oxidative stress. IR is another condition, in
which STG treatment has been associated with improved
antioxidant status both at systemic level [29] and locally in
myocardium [24], kidney [28], and hippocampus [30]. In
our work, carried out on rat livers, the protective effect of
STG was visible only under IR conditions. In the ischemic
liver, the CAT and SOD1 activities decreased insignificantly
in untreated groups but remained unchanged in the STG
group. Therefore, in the case of SOD1, significant differences
were observed between treated and untreated groups.

Interestingly, SOD1 expression in our STG-treated
nonischemic livers was significantly upregulated, which,
however, did not translate into increased enzyme activity.
The discrepancy between drug effect on enzyme gene expres-
sion and activity could also be found in the case of GPx in
kidneys: its mRNA expression decreased [31] but enzymatic
activity increased [16]. One must keep in mind that many
factors may affect translation and thus up- or downregulate
expression on protein level as compared to mRNA copy
numbers or, in the case of the enzymes, also modulate their
activity. Indeed, antioxidant enzymes are sensitive to oxida-
tive damage themselves. Moderate oxidative imbalance stim-
ulates expression of antioxidant enzymes through activation
of Nrf2, but it may also diminish their activity by causing
oxidative modifications, e.g., oxidation of cysteine thiols.
However, the correlation analysis of SOD1 expression and
activity showed them to be tightly and positively correlated
with nontreated animals, but it was completely abolished in
STG-treated animals. Taken together, results showed that
STG differently affected SOD1 at transcriptional and enzyme

activity levels and was responsible for the disruption of the
association between both parameters.

Nrf2 is a key transcription factor responsible for induc-
tion of antioxidant enzymes synthesis. It was recently
demonstrated that STG downregulated the expression of
Nrf2 in rat kidneys, with concomitant upregulation of its
inhibitor—Keep1. These findings imply that, at least in
kidneys, antioxidant action of STG is associated rather with
direct reduction of intracellular ROS or with increased stabil-
ity of GLP-1. Since we observed upregulation of SOD1
expression in the liver, it would be of interest to investigate
the drug effect on hepatic Nrf2 [31].

A reduction of hepatic PON1 activity during lipid
peroxidation and liver damage was an early occurring
phenomenon, what was shown in animal models [32].
Accordingly, a drop in the PON1 activity has accompanied
also hepatic IR injury [33, 34]. Corroborating these obser-
vations, we found PON1 to be significantly decreased in
the ischemic nontreated group. In line with the beneficial
effect on the oxidative balance attributed to STG during
IR [25, 28, 30], the enzyme activity in the ischemic drug-
treated group was restored and significant differences were
observed between treated and untreated groups. However,
the PON1 activity was diminished in drug-treated animals
not subjected to IR. These results seem to imply that STG
per se might have a negative impact on the enzyme. A
positive correlation between the PON1 activity and insulin
resistance was shown [35, 36]. The high glucose concentra-
tion was shown to induce activation of specific protein
(SP)-1 [37, 38], a transcription factor activating the PON1
promoter in cultured hepatocytes [37]. STG increasing the
sensitivity of tissues to insulin may negatively affect the
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Figure 1: Influence of IR and STG treatment on activity of ALT (a) and AST (b). Values are presented as themean + SD. Group C, nontreated
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expression of PON1 in the liver. However, functional
studies are needed to determine the exact effect of STG
on the enzyme.

Simultaneously with the decreased activity of PON1 in
untreated ischemic livers, a significant increase in TBARS
concentration was observed. Our findings corroborate earlier
reports on increased accumulation of lipid peroxidation
products in response to IR injury in the liver [9, 26, 39–42].
STG has been reported to possess antioxidant properties
manifested, among others, by its capability to limit lipid
peroxidation [22]. Under IR conditions, the effect of STG
lowering MDA accumulation has previously been observed
in the brain [30], kidney [28], and heart [25]. We showed that
MDA formation was reduced after STG treatment also in
livers subjected to IR. However, without pathology such as
IR or diabetes, STG seems to have an opposite effect and
increase the accumulation of TBARS, what was also noticed
by other authors [29, 43].

While unexpected, this finding is consistent with the
diminishing effect of the drug on PON1 and a close negative
correlation between liver PON1 activity and accumulation of
TBARS observed in our study as well. Therefore, considering
the role of PON1 in protection against lipid peroxidation [7,
8], enhanced lipid peroxidation in STG-treated animals
might directly result from drug-induced inhibition of
PON1. Surprisingly, in studies evaluating beneficial effects
of various drugs on IR injury, a control drug-treated group
has frequently been missing, also in the case of STG [25, 30].

The histological evaluation of liver specimens showed no
significant differences in IR-dependent liver structure. Only
slight degree of necrosis and neutrophil infiltration was
observed in ischemic groups. To monitor the liver dysfunc-
tion, which intensifies with the duration of IR, we determine
the activity of aminotransferases—enzymes released from
damaged hepatocytes [44, 45]. As in our previous works
[46–48], we have also demonstrated in this work that the
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Figure 2: Influence of IR and STG treatment on TBARS (a), PON-1 (b), GPx (c), CAT (d), SOD1 (e), and mRNA for SOD1 (f) levels. Values
are presented as the mean + SD. Group C, nontreated and nonsubjected to IR; group CIR, nontreated and subjected to IR; group S, STG-
treated and nonsubjected to IR; group SIR, STG-treated and subjected to IR. Specific comparisons: ∗p < 0:05 (compared to C), #p < 0:05
and ##p < 0:01 (compared to S), Δp < 0:05 and ΔΔp < 0:01 (compared to CIR), and †p < 0:05 (compared to SIR).
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aminotransferase activity was significantly increased, most
pronounced in the nontreated ischemic group. Therefore,
despite a minimal histological abnormality, we may suspect
a low-degree liver injury evoked by IR.

The STG is minimally metabolized in the liver, and
over 80% is excreted with the urine in unaltered form
[49]. Therefore, this medicine has a safe and beneficial

pharmacokinetics even in patients with liver damage. The
STG safety profile assessed in many studies is rather good,
and the risk of liver damage does not increase. In clinical
trials, the use of STG alone or in combination with other
oral antidiabetic agents did not cause alterations in AST or
ALT [50, 51]. There are only a few cases of serious liver
damage after STG treatment [52, 53]. In our work, the
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Figure 3: Comparison of correlation between SOD1 expression and activity in control (nontreated) (a) and STG-treated (b) animals. Data
presented as regression line with 95% confidence interval (dashed lines).
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Figure 4: Histopathological examination of liver tissue. Histological examination (stained with hematoxylin-eosin, magnification ×400, bar
50 μm) from group C, rats nontreated and nonsubjected to IR (a); group CIR, rats nontreated and subjected to IR (b); group S, rats treated
with STG and not subjected to IR (c); and from group SIR, rats treated with STG and subjected to IR (d). No significant differences in the
hepatic structure were seen in both ischemic and nonischemic groups of rats. In drug-treated groups, the percentage of steatosis was
statistically higher than that in nontreated groups (CIR vs. SIR, p < 0:05, and C vs. S, p < 0:01).
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effect of STG therapy on liver damage probably depends
on the initial conditions. The higher steatosis rates
observed in STG-treated groups suggested detrimental
effects of the drug itself during chronic treatment. On
the other hand, the aminotransferase activity before and
during IR in the drug-treated group was lower at all time
points, and in the 24-hour reperfusion, the difference was
significant. Such results, however, indicate a protective
effect of STG, which is more visible in harmful conditions,
such as IR in our case.

6. Conclusions

Summing up, the action of STG strongly depends on addi-
tional factors increasing the oxidative stress, such as IR. In
the nonischemic group, the effect of STG on oxidative
parameters was invisible or even negative. However, under
IR, the action of this drug is beneficial. Also, despite the
small degree of steatosis, the aminotransferase activity anal-
ysis does not suggest any hepatotoxic action of STG.
Contrarily, even a slight protective effect of this drug was
seen, especially in IR conditions.

Although significant results have been obtained in this
work, the limitations of this study should be considered. In
our work, we observed the effect of STG only on the param-
eters of oxidative stress in the rat liver subjected to IR. It will
be important in further studies to also examine other
markers of liver injury during IR, especially the ones associ-
ated with inflammation and apoptosis. To better explain
the STG’s mechanism of protective action, we also plan to
explore a grip point of this drug. Furthermore, we are now
aware, that by extending the duration of administration and
using higher STG doses, a more pronounced effect of this
drug may be achieved. And finally, the limitations of a partial
liver ischemia model used in this work need to be considered.
During the induced ischemia of the middle and left lateral
lobe, there is an increased blood flow in the rest of the liver,
which can affect liver function and regeneration. Exchange
of oxygen from perfused to ischemic part of the liver may
affect the values of oxidative stress parameters obtained in
this experiment.
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In chronic heart failure (HF), some parameters of oxidative stress are correlated with disease severity. The aim of this study was to
evaluate the importance of oxidative stress biomarkers in prognostic risk stratification (death and combined endpoint: heart
transplantation or death). In 774 patients, aged 48-59 years, with chronic HF with reduced ejection fraction (median: 24.0 (20-
29)%), parameters such as total antioxidant capacity, total oxidant status, oxidative stress index, and concentration of uric acid
(UA), bilirubin, protein sulfhydryl groups (PSH), and malondialdehyde (MDA) were measured. The parameters were assessed as
predictive biomarkers of mortality and combined endpoint in a 1-year follow-up. The multivariate Cox regression analysis was
adjusted for other important clinical and laboratory prognostic markers. Among all the oxidative stress markers examined in
multivariate analysis, only MDA and UA were found to be independent predictors of death and combined endpoint. Higher
serum MDA concentration increased the risk of death by 103.0% (HR = 2:103; 95% CI (1.330-3.325)) and of combined endpoint
occurrence by 100% (HR = 2:000; 95% CI (1.366-2.928)) per μmol/L. Baseline levels of MDA in the 4th quartile were associated
with an increased risk of death with a relative risk (RR) of 3.64 (95% CI (1.917 to 6.926), p < 0:001) and RR of 2.71 (95% CI
(1.551 to 4.739), p < 0:001) for the occurrence of combined endpoint as compared to levels of MDA in the 1st quartile. Higher
serum UA concentration increased the risk of death by 2.1% (HR = 1:021; 95% CI (1.005-1.038), p < 0:001) and increased
combined endpoint occurrence by 1.4% (HR = 1:014; 95% CI (1.005-1.028), p < 0:001), for every 10 μmol/L. Baseline levels of
UA in the 4th quartile were associated with an increased risk for death with a RR of 3.21 (95% CI (1.734 to 5.931)) and RR of
2.73 (95% CI (1.560 to 4.766)) for the occurrence of combined endpoint as compared to the levels of UA in the 1st quartile. In
patients with chronicHF, increasedMDAandUAconcentrationswere independently related to poor prognosis in a 1-year follow-up.

1. Introduction

Despite advances in diagnosis and therapy, prognosis in
patients with heart failure (HF) is still poor. The prevalence
of chronic HF with reduced ejection fraction is increasing,

and 1-year mortality is still growing [1]. Evaluation of mor-
tality risk may be a crucial component that can help in
choosing patients for invasive treatment (LVAD, HT) [2].
Many parameters are useful in predicting prognosis in
patients with chronic HF. Some parameters like natriuretic
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peptides, age, sex, etiology, NYHA class, left ventricle ejec-
tion fraction, and diabetes markedly influence the progno-
sis of HF [3]. Different biological processes like oxidative
stress, inflammation, neurohormonal activation, vascular
remodeling, and renal impairment are crucial for the
development of the disease [4, 5].

Numerous biomarkers can be a reflection of various path-
ophysiological pathways [5]. Beyond the well-known N-
terminal brain propeptide (NT-proBNP), simple biochemical
parameters like natrium, creatinine, or hemoglobin can
reflect systemic abnormalities in HF. Several studies have
found a correlation between different parameters of oxidative
stress and HF severity [6–8]. During oxidative stress, exces-
sive production of reactive oxygen species exceeds the possi-
bility of antioxidant protection. However, their role in the
pathogenesis of HF remains unclear [9].

There is still a need to search for a new, easily measured
biomarker that can help us understand the HF pathophysiol-
ogy [5]. Oxidative stress markers, namely, lipid and protein
oxidation products, uric acid (UA), and bilirubin, play a mul-
tifold role in redox balance during HF, and assessment of
these parameters may offer an advantage as compared to
other well-known clinical HF markers.

Some studies show serum UA as a poor marker for the
prognosis of HF [10, 11]. Impaired oxidative metabolism in
HF can be a result of increased xanthine oxidase activity
which generates superoxide free radicals proportional to
UA synthesis [12–14].

Considering that HF is a state of chronic deterioration of
oxidative mechanisms due to enhanced oxidative stress, we
assessed if UA, total antioxidant capacity (TAC), total oxi-
dant status (TOS), products of lipid peroxidation (MDA),
and protein sulfhydryl groups (PSH), when added to known
risk factors, are associated with adverse outcome in patients
with stable chronic HF in a 1-year follow-up.

2. Study Group and Methods

2.1. Patients. In our study, we analyzed the data collected in
Prospective Registry of Heart Failure (PR-HF), undertaken
since 2003, and Studies Investigating Co-morbidities Aggra-
vating Heart Failure (SICA-HF) described elsewhere [15].
For a prospective cohort study, consecutive patients with
primarily chronic systolic HF (LVEF ≤ 40%) were recruited
from the patients referred to our Inpatient Clinic as poten-
tial candidates for heart transplantation. The primary inclu-
sion criterion was a clinical diagnosis of HF according to
published contemporary ESC criteria. Patients received
optimal medical pharmacotherapy for at least 3 months
before inclusion. Participants were excluded if they had a
noncardiac condition resulting in an expected mortality of
less than 12 months as judged by the treating physician
or had a history of alcohol abuse or known antioxidant sup-
plementation or if they were unable or unwilling to provide
informed consent. Study criteria were fulfilled in 1216 PR-
HF or SICA-HF. The data of 774 participants (aged 48-59
years) who had completed clinical laboratory assessment
were included into final analysis.

2.2. Endpoints of the Study. Endpoints of the study were death
and combined endpoint (death or urgent heart
transplantation).

2.3. Consent of the Patient and the Opinion of the Bioethical
Commission.All participants provided written informed con-
sent, and the protocol was approved by the participating
institution.

2.4. Clinical Assessments. At the time of study entry, detailed
clinical data were obtained using a standardized question-
naire. Ischemic cardiomyopathy was recognized according
to the definition proposed by Felker et al. [16], based on
patients who have undergone coronary angiography within
six months before inclusion. History of smoking was defined
as current or previous use of tobacco products. Comorbidities
such as hypertension, hypercholesterolemia, or diabetes
mellitus were recognized based on clinical history, current
medication, or actual measurements of respective variables.
Body mass and height were measured on a day of inclu-
sion visit and body mass indices (BMI) were calculated.
The NYHA classification and cardiopulmonary exercise
testing CPX were used to assess functional capacity [17].
Two-dimensional transthoracic echocardiography was per-
formed in all patients, and echocardiographic images were
acquired in standard views as recommended by the Amer-
ican Society of Echocardiography Committee [18]. Follow-
up events including all-cause mortality and cardiac trans-
plantation were prospectively ascertained every 6 months
via direct or phone contact with patients or their family
members by a dedicated research personnel. In some cases,
the exact data of death were obtained from the national
identification number database. All participants provided
written informed consent, and the protocol was approved
by the participating institution.

2.5. Biochemical Methods. Venous blood samples obtained at
enrollment were processed, separated by centrifugation at
1500 g for 10 minutes, frozen at -70°C, and partially stored
at -70°C until time of assay. UA, bilirubin, lipid parameters,
blood hemoglobin, and serum iron, sodium, creatinine, glu-
cose, and albumin concentrations were measured by colori-
metric method (Roche, Cobas 6000 e 501). NT-proBNP was
measured by chemiluminescence method (Roche, Cobas
6000 e 501). Spectrophotometric method by Erel was used
to determine total oxidant status (TOS). In this method, the
reaction proceeds in an acidic environment and consists of
measuring the color intensity of complex of Fe3+ ions and
Xylenol orange [19]. TOS is expressed in mmol/L.

TAC was measured by colorimetric methods given by
Erel, based on 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfo-
nate) (ABTS+) reaction [20]. In this method, reduced ABTS,
a colorless molecule, is oxidized to blue-green ABTS⋅+. After
mixing the colored ABTS⋅+ with any substance that can be
oxidized, it is reduced to its original colorless reduced form
and the reacted substance is oxidized. TAC is expressed in
mmol/L.

Oxidative stress index (OSI) is expressed as ratio of TOS
to TAC. The OSI was calculated according to the following

2 Oxidative Medicine and Cellular Longevity



formula: OSI = ½ðTOS, mmol/LÞ/ðTAC, mmol/LÞ� [21]. The
concentration of sulfhydryl groups (PSH) in serum was
determined by the Koster method using 5,5′-dithiobis
(2-nitrobenzoic acid) or DTNB. After reduction by the
sulfhydryl group-containing compounds, DTNB gives a
yellow-colored anionic 5-thio-2-nitrobenzoic acid [21].
The absorbance was measured with a Shimadzu 1700 UV-
VIS spectrophotometer at a wavelength of 412 nm [22].
PSH concentration is expressed in μmol/g protein.

Malondialdehyde (MDA) was measured by Ohkawa’s
method. The method is based on the reaction of lipid perox-
ides with thiobarbituric acid with spectrofluorimetric detec-
tion. The excitation wavelength was 515nm, and emission
wavelength was 552nm. MDA concentration was calculated
from the standard curve, prepared for 1,1,3,3-tetraethoxypro-
pane, and expressed in μmol/L [23].

2.6. Statistical Analysis. The study subjects were divided
into groups, for the purpose of the analysis, depending
on outcome: A—patients who survived without endpoints,
B—patients who died, and C—patients who achieved com-
bined endpoint. Distribution of all continuous variables
was evaluated by the Shapiro-Wilk test. The continuous
data were presented as median with the first and fourth
quartiles (because of abnormal distribution of the data)
and were compared using U Mann-Whitney test. Categor-
ical data are presented as absolute numbers and percent-
age and were compared using the chi-square test with
Yates correction.

Further estimations of risk were performed using Cox
proportional-hazards model. All demographic, clinical, echo-
cardiography, laboratory variables, and medication data were
included in a univariate Cox analysis, but only variables with
a value of p ≤ 0:05 in univariate analysis were included in the
multivariate model. The results of the Cox analysis were
reported as relative risks with corresponding 95% confidence
intervals (CI). Cumulative survival curves were constructed
as time to the endpoint by the Kaplan-Meier method, the
survival of the groups of patients separated from the quar-
tiles of MDA and UA concentrations was assessed, and the
differences were tested for significance by the log-rank test.
Differences in the number of achieved endpoints in partic-
ular subgroups were also assessed by the Kruskal-Wallis
ANOVA test.

Results were considered statistically significant if p < 0:05.
Lack of statistical significance was indicated by NS
(nonsignificant).

Statistical analysis was performed using STATISTICA
13.1 PL (StatSoft, Poland, Cracow).

3. Results

3.1. Baseline Characteristics of Study Population and
Subgroups in Relation to Endpoint. Over a follow-up of one
year, there were 106 deaths (group B) and 135 patients
reached combined endpoint; there were 29 urgent heart
transplantations and 106 deaths (group C). Baseline clinical
characteristics for patients enrolled in the study are shown
in Table 1 and on Figure 1. The median age was 54 (48-59)

years, and 664 patients (85.79%) were male. In general,
ischemic HF was more common than nonischemic
(61.89% vs. 38.11%) and more frequent in patients who
died. The population was classified by the treating cardiol-
ogist as having symptomatic systolic HF NYHA class I-II
(n = 339; 43.8%) and NYHA class III-IV (n = 435; 56.2%).
The left ventricle was more enlarged in groups B and C
with median of ejection fraction in all patients as 24.0%
(20.0-29.0). Patients who reached endpoints were more
likely to be older (only group B), with lower BMI, longer
disease duration, more advanced NYHA class, and lower
value of maximum oxygen consumption in cardiopulmo-
nary exercise testing. Diabetes as a comorbid condition
was more frequent, and ICD presence was rare. The per-
centage of use of ACE, loop diuretics, thiazides, statins,
and digitalis between groups without endpoint and groups
B and C was different while that of beta blockers,
angiotensin-2 receptor blockers, mineralocorticoid receptor
antagonist, fibrates, and xanthine oxidase inhibitors was
similar. In both groups with adverse outcomes, decreased
glomerular filtration, natrium and HDL cholesterol con-
centrations, and significantly increased NT-proBNP con-
centration were observed. Among the oxidative stress
parameters evaluated in our study, UA, bilirubin, and
MDA were higher in the groups with unfavorable progno-
sis. However, TAC, TOS, and OSI were similar for all the
groups while PSH was lower in group B.

3.2. Association between Redox Parameters and Risk of All-
Cause Death

3.2.1. Uni- and Multivariate Cox Regression Analyses. Demo-
graphic and clinical parameters, basic laboratory parameters,
comorbidities, pharmacotherapy, and oxidative stress-related
markers assessed as risk factors for all-cause death in 1-year
follow-up in uni- and multivariate Cox regression analyses
are presented in Table 2.

In univariate Cox regression analysis, higher levels of
TAC (HR = 3:263 per mmol/L; p = 0:017), UA (HR = 1:036
per 10 μmol/L; p < 0:001), bilirubin (HR = 1:031 per μmol/L;
p < 0:001), and MDA (HR = 1:967 per μmol/L; p < 0:001)
and lower levels of PSH (HR = 0:853 per μmol/g protein,
p = 0:026) were associated with the risk of death. In order
to evaluate these oxidative stress parameters in the context
of all available clinical information, a final multivariate
model was generated that included all significant clinical,
laboratory, and treatment predictors. Multivariate analysis
revealed that oxidative stress-related risk factors of death
were UA (increase of risk (IoR) by 2.1% per 10 μmol/L)
and higher serum MDA concentration (IoR by 110.3%
per mmol/L). Moreover, in a multivariate analysis, inde-
pendent risk factors were lower MVO2 (IoR by 11.1%
per mL/min/kg B.M.), lower LVEF (IoR by 6.27% by every
1%p), lower sodium (IoR by 6.95% per mmol/L), and
higher level of NT-proBNP (IoR by 0.9% per 100 pg/mL).
Multivariate analysis showed that the following factors
are associated with a better prognosis: use of ACE inhibi-
tors (reduction of risk (RoR) by 55.7%) and presence of
ICD (RoR by 90.1%).

3Oxidative Medicine and Cellular Longevity
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Figure 1: Oxidative stress parameters in examined subgroups depending on prognosis. TAC: total antioxidant capacity; TOS: total oxidant
status; OSI: oxidative stress index; MDA: malondialdehyde; PSH: sulfhydryl groups; NS: nonsignificant.
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Table 2: Clinical and laboratory parameters as risk factors of death of patients with CHF in one-year follow-up. Uni- and multivariate Cox
regression analyses.

Univariate Cox regression analysis Multivariate Cox regression analysis
HR 95% CI p HR 95% CI p

General characteristics

Male (yes/no) 0.993 0.575-1.715 0.981

Age (1 year) 1.021 1.001-1.041 0.035 1.012 0.984-1.040 0.406

BMI (1 kg/m2) 0.957 0.915-1.001 0.053

Duration of symptoms (1 month) 1.005 1.001-1.008 0.006 1.001 0.996-1.006 0.700

NYHA class (by 1) 3.080 2.334-4.065 0.000 1.023 0.659-1.587 0.921

VO2 max. (1mL/min/kg B.M.) 1.208 1.144-1.247 0.000 1.111 1.035-1.192 0.004

LVEDD (1mm) 1.009 0.989-1.029 0.400

LVEDV (1mL) 1.003 1.001-1.006 0.004

Lower LVEF (1%) 1.078 1.026-1.111 0.000 1.063 1.017-1.110 0.006

Basic biochemistry

Hemoglobin ↓ (1 g/100mL) 1.042 0.927-1.171 0.491

Sodium ↓ (1mmol/L) 1.122 1.078-1.168 0.000 1.070 1.012-1.131 0.018

Iron concentration ↓ (1μmol/L) 1.019 0.994-1.045 0.129

Creatinine clearance ↓ (1mL/min) 1.014 1.008-1.020 0.000 1.002 0.993-1.010 0.735

Serum protein (1 g/L) 1.028 0.997-1.060 0.074

Albumin ↓ (1 g/L) 1.056 1.008-1.105 0.021 1.018 0.953-1.088 0.592

Fasting glucose (1mmol/L) 1.082 0.988-1.185 0.090

Total cholesterol (1mmol/L) 0.959 0.817-1.126 0.609

Triglycerides (1mmol/L) 0.831 0.643-1.073 0.156

Cholesterol HDL (1mmol/L) 0.608 0.368-1.005 0.053

Cholesterol LDL (1mmol/L) 1.079 0.895-1.301 0.425

NT-proBNP (100 pg/mL) 1.017 1.013-1.021 0.000 1.009 1.000-1.017 0.042

Comorbidities

Ischemic CM (yes/no) 1.279 0.853-1.919 0.233

Diabetes (yes/no) 1.531 1.031-2.272 0.035 1.065 0.643-1.764 0.806

Arterial hypertension (yes/no) 0.863 0.590-1.264 0.450

Atrial fibrillation (yes/no) 1.488 0.986-2.245 0.058

ICD presence (yes/no) 0.090 0.033-0.244 0.000 0.099 0.031-0.319 0.000

Smoker (yes/no) 0.835 0.554-1.260 0.391

Pharmacotherapy

Beta-blockers (yes/no) 0.434 0.160-1.178 0.101

ACE inhibitors (yes/no) 0.375 0.245-0.575 0.000 0.443 0.257-0.764 0.003

ARB (yes/no) 0.874 0.455-1.675 0.684

Loop diuretics (yes/no) 5.308 1.684-16.726 0.004 1.759 0.403-7.677 0.452

Thiazide diuretics (yes/no) 2.367 1.512-3.707 0.000 1.757 0.956-3.226 0.069

MRA (yes/no) 0.852 0.445-1.633 0.630

Statins (yes/no) 0.616 0.420-0.902 0.013 1.082 0.648-1.807 0.763

Fibrates (yes/no) 0.496 0.122-2.010 0.326

Digitalis (yes/no) 1.370 0.936-2.005 0.105

XO inhibitors (yes/no) 0.991 0.930-1.056 0.781

Oxidative stress markers

TAC (1mmol/L) 3.263 1.237-8.607 0.017 0.618 0.150-2.546 0.505

TOS (1mmol/L) 1.052 0.990-1.118 0.102
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3.2.2. Kaplan-Meier Survival Analysis. The Kaplan-Meier
death curves for biomarker quartiles of MDA and UA are
shown, respectively, in Figures 2 and 3.

There were 14 (7.35%) deaths in the first quartile, 19
(10.16%) deaths in the second quartile, 30 (16.30%) deaths
in the third quartile, and 43 (22.87%) deaths in the fourth
quartile of MDA (p < 0:001), whereas there were 16 (8.47%)
deaths in the first quartile, 25 (13.44%) deaths in the second
quartile, 22 (12.09%) deaths in the third quartile, and 43
(22.87%) deaths in the fourth quartile of UA (p < 0:001).

Baseline levels of MDA in the upper quartile were associ-
ated with the risk of death with a RR of 3.64 (95% CI (1.917 to
6.926)) compared to levels of MDA in the bottom quartile.

Baseline levels of UA in the upper quartile were associ-
ated with the risk of death with a RR of 3.21 (95% CI (1.734
to 5.931)) compared to levels of UA in the bottom quartile.

3.3. Association between Redox Parameters and Risk of
Combined Endpoint

3.3.1. Uni- and Multivariate Cox Regression Analyses. Risk
factors of death or HT in one-year follow-up in univariate
and multivariate Cox regression analyses are shown in
Table 3. In univariate Cox regression analysis, the following
markers reflecting oxidative stress were the risk factors of
death or HT: higher concentration of UA (HR = 1:029 per

Table 2: Continued.

Univariate Cox regression analysis Multivariate Cox regression analysis
HR 95% CI p HR 95% CI p

OSI (TOS/TAC) 1.018 0.964-1.075 0.516

Uric acid (10μmol/L) 1.036 1.024-1.048 0.000 1.021 1.005-1.038 0.012

Bilirubin (1μmol/L) 1.031 1.020-1.043 0.000 0.991 0.971-1.010 0.339

PSH (1 μmol/g of protein) 0.853 0.741-0.982 0.026 1.097 0.919-1.310 0.306

MDA (1μmol/L) 1.967 1.410-2.742 0.000 2.103 1.330-3.325 0.001

BMI: body mass index; NYHA: New York Heart Association functional class; VO2 max.: maximum rate of oxygen consumption; LVEDD: left ventricle end-
diastolic diameter; LVEDV: left ventricle end-diastolic volume; LVEF: left ventricle ejection fraction; NT-proBNP: N-terminal pro-B-type natriuretic
peptide; CHF: chronic heart failure; ICD: implantable cardioverter defibrillator; ACE inhibitor: angiotensin-converting enzyme inhibitor; ARB: angiotensin-2
receptor blockers; MRA: mineralocorticoid receptor antagonists; XO: xanthine oxidase; TAC: total antioxidant capacity; TOS: total oxidant status; OSI:
oxidative stress index; MDA: malondialdehyde; PSH: sulfhydryl groups; NS: nonsignificant.
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Figure 2: The Kaplan-Meier probability of survival in heart failure patients depending on malondialdehyde concentration in one-year follow-
up. Significant coefficient for the whole model: p < 0:001.
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10 μmol/L; p < 0:001), bilirubin (HR = 1:029 per μmol/L;
p < 0:001), and MDA (HR = 2:037 per μmol/L; p < 0:001).
Multivariate analysis showed that only two parameters
reflecting oxidative stress were independent predictors of
combined endpoint, UA (IoR by 1.40% per 10μmol/L) and
higher serum MDA concentration (IoR by 100% per
mmol/L). Moreover, in a multivariate analysis, independent
risk factors were lower MVO2 (IoR by 9.41% per mL/min/kg
B.M.), lower LVEF (IoR by 7.35% by every 1%p), lower
sodium (IoR by 5.37% per mmol/L), and higher level of
NT-proBNP (IoR by 0.7% per 100 pg/mL). Multivariate anal-
ysis showed that the following factors are associated with a
better prognosis: use of ACE inhibitors (RoR by 43.2%) and
presence of ICD (RoR by 82.1%).

3.3.2. Kaplan-Meier Survival Analysis. The Kaplan-Meier
combined endpoint curves for biomarker quartiles of MDA
and UA are shown, respectively, in Figures 4 and 5.

There were 21 (10.88%) deaths or HT in the first quartile,
25 (12.95%) in the second quartile, 41 (21.03%) in the third
quartile, and 48 (24.87%) deaths in the fourth quartile of
MDA (p < 0:001), whereas there were 21 (10.82%) deaths or
HT in the first quartile, 34 (17.44%) in the second quartile,
32 (16.679%) in the third quartile, and 48 (24.87%) deaths
or HT in the fourth quartile of UA (p < 0:001).

Baseline levels of MDA in the 4th quartile were associated
with the risk of occurrence of combined endpoint with a RR
of 2.71 (95% CI (1.551 to 4.739)) as compared to levels of
MDA in the 1st quartile.

Baseline levels of UA in the 4th quartile were associated
with the risk of occurrence of combined endpoint with a
RR of 2.73 (95% CI (1.560 to 4.766)) as compared to levels
of UA in the 1st quartile.

4. Discussion

To the best of our knowledge, this is one of the few large pro-
spective studies assessing the effect of oxidative stress param-
eters including MDA, TAC, TOS, PSH, UA, and bilirubin on
prognosis in patients with HF. Increased UA, bilirubin, and
MDA were associated with death or OHT in 1-year follow-
up. Additionally, higher TAC and lower PSH were risk fac-
tors of death. It is worth emphasizing that MDA and UA
remained predictors of death and a combined endpoint after
considering known demographic, clinical, and biochemical
prognostic factors in the analysis.

These data provide a comprehensive evaluation of the
prevalence and prognostic importance of redox balance
abnormalities in chronic HF due to reduced left ventricular
systolic function. Prior studies investigating redox balance
abnormalities in HF patients were relatively smaller and
evaluated highly selected populations. In several of them,
oxidative stress parameter levels were shown to have a sig-
nificant correlation with hemodynamic measurements,
natriuretic serum peptides, and other prognostic parameters
of HF [24–26].

There was an inverse relation between the severity of the
disease (as measured by the left ventricular ejection fraction,
LVEF) and MDA levels, supporting the hypothesis that free
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Figure 3: The Kaplan-Meier probability of survival in heart failure patients depending on serum uric acid concentration in one-year follow-
up. Significant coefficient for the whole model: p < 0:001.
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Table 3: Clinical and laboratory parameters as risk factors of death or OHT of patients with CHF in one-year follow-up. Uni- and multivariate
Cox regression analyses.

Univariate Cox regression analysis Multivariate Cox regression analysis
HR 95% CI p HR 95% CI p

General characteristics

Male (yes/no) 1.003 0.617-1.629 0.992

Age (1 year) 1.009 0.993-1.026 0.272

BMI (1 kg/m2) 0.946 0.909-0.984 0.006 0.976 0.924-1.030 0.377

Duration of symptoms (1 month) 1.004 1.001-1.007 0.019 1.001 0.997-1.005 0.683

NYHA class (by 1) 2.815 2.201-3.601 0.000 1.122 0.764-1.648 0.556

VO2 max. (1mL/min/kg B.M.) 1.192 1.138-1.248 0.000 1.094 1.032-1.161 0.003

LVEDD (1mm) 1.014 0.996-1.032 0.139

LVEDV (1mL) 1.004 1.002-1.005 0.000

Lower LVEF (1%) 1.087 1.057-1.119 0.000 1.075 1.025-1.117 0.000

Basic biochemistry

Hemoglobin ↓ (1 g/100mL) 1.006 0.907-1.115 0.913

Sodium ↓ (1mmol/L) 1.099 1.058-1.142 0.000 1.054 1.003-1.106 0.037

Iron concentration ↓ (1μmol/L) 1.028 1.004-1.050 0.021 1.020 0.990-1.052 0.184

Creatinine clearance ↓ (1mL/min) 1.013 1.007-1.018 0.000 1.000 0.992-1.007 0.912

Serum protein ↓ (1 g/L) 0.980 0.954-1.007 0.152

Albumin ↓ (1 g/L) 1.067 1.025-1.111 0.002 1.011 0.923-1.072 0.707

Fasting glucose (1mmol/L) 1.068 0.983-1.160 0.123

Total cholesterol (1mmol/L) 0.965 0.838-1.112 0.624

Triglycerides (1mmol/L) 0.855 0.687-1.065 0.163

Cholesterol HDL (1mmol/L) 0.594 0.379-0.932 0.023 1.140 0.705-1.843 0.594

Cholesterol LDL (1mmol/L) 1.079 0.915-1.273 0.365

NT-proBNP (100 pg/mL) 1.016 1.013-1.020 0.000 1.007 1.000-1.015 0.038

Comorbidities

Ischemic CM (yes/no) 1.179 0.828-1.681 0.360

Diabetes (yes/no) 1.490 1.049-2.116 0.026 1.170 0.750-1.825 0.489

Arterial hypertension (yes/no) 0.796 0.568-1.115 0.184

Atrial fibrillation (yes/no) 1.265 0.867-1.847 0.223

ICD presence (yes/no) 0.127 0.059-0.271 0.000 0.179 0.082-0.391 0.000

Smoker (yes/no) 0.803 0.557-1.160 0.242

Pharmacotherapy

Beta-blockers (yes/no) 0.541 0.200-1.464 0.227

ACE inhibitors (yes/no) 0.447 0.301-0.665 0.000 0.568 0.345-0.935 0.026

ARB (yes/no) 0.899 0.508-1.593 0.715

Loop diuretics (yes/no) 4.984 1.843-13.477 0.002 1.832 0.552-6.079 0.323

Thiazide diuretics (yes/no) 2.179 1.452-3.270 0.000 1.579 0.909-2.744 0.105

MRA (yes/no) 1.079 0.567-2.053 0.817

Statins (yes/no) 0.710 0.504-1.000 0.051

Fibrates (yes/no) 0.578 0.184-1.814 0.347

Digitalis (yes/no) 1.469 1.047-2.061 0.026 0.828 0.541-1.266 0.383

XO inhibitors (yes/no) 0.993 0.955-1.034 0.746

Oxidative stress markers

TAC (1mmol/L) 2.405 0.993-5.824 0.052

TOS (1mmol/L) 1.044 0.986-1.104 0.139

OSI (TOS/TAC) 1.016 0.966-1.068 0.537
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radical production is indeed involved in HF and may be
linked to its severity [27].

Our results are consistent with those of a study by
Radovanovic et al., in which it was reported that high
plasma MDA concentration (>8 μmol/L) was a significant
independent predictor of mortality in 120 patients with
chronic HF in median 13-month follow-up. The patients
with MDA above cut-off had eight times higher mortality
risk. Protein thiol groups were decreased only in patients
with NYHA class IV and were not predictors of death.
In our study, PSH concentration was lower in groups of
patients who died and was a risk factor in univariate anal-
ysis; however, it showed no prognostic significance in mul-
tivariate model [28].

Similar predictive significance of MDA levels was also
found in other oxidative diseases, such as chronic renal fail-
ure [29] and coronary artery disease [30].

The high plasma level of MDA was shown to be a strong
independent predictor of cardiovascular disease and mortal-
ity in patients on hemodialysis [31].

The most representative subanalysis of the predictive
value of MDA in 634 patients from the Prospective Ran-
domized Evaluation of the Vascular Effects of Norvasc
Trial showed that MDA is an independent risk factor for
a cardiovascular event. Patients with MDA concentration
in the highest quartile had a RR of 3.3 for major vascular
events (myocardial infarction—fatal, nonfatal, stroke), RR
of 4.1 for nonfatal vascular events (unstable angina), and
RR of 3.8 for major vascular procedures (percutaneous
interventions, coronary artery bypass grafting) as com-
pared to the lowest quartile. In a multivariate analysis,
the prognostic value was independent of the other inflam-
matory biomarkers (IL-6, CRP) and classical risk factors of
atherosclerosis [30].

Table 3: Continued.

Univariate Cox regression analysis Multivariate Cox regression analysis
HR 95% CI p HR 95% CI p

Uric acid (10μmol/L) 1.029 1.018-1.040 0.000 1.014 1.001-1.028 0.042

Bilirubin (1 μmol/L) 1.029 1.018-1.039 0.000 0.995 0.977-1.013 0.580

PSH (1 μmol/g of protein) 0.891 0.786-1.011 0.073

MDA (1 μmol/L) 2.037 1.517-2.735 0.000 2.000 1.366-2.928 0.000

BMI: body mass index; NYHA: New York Heart Association functional class; VO2 max.: maximum rate of oxygen consumption; LVEDD: left ventricle end-
diastolic diameter; LVEDV: left ventricle end-diastolic volume; LVEF: left ventricle ejection fraction; NT-proBNP: N-terminal pro-B-type natriuretic
peptide; CHF: chronic heart failure; ICD: implantable cardioverter defibrillator; ACE inhibitor: angiotensin-converting enzyme inhibitor; ARB: angiotensin-2
receptor blockers; MRA: mineralocorticoid receptor antagonists; XO: xanthine oxidase; TAC: total antioxidant capacity; TOS: total oxidant status; OSI:
oxidative stress index; MDA: malondialdehyde; PSH: sulfhydryl groups; NS: nonsignificant.
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Figure 4: The Kaplan-Meier probability of combined endpoint-free survival in heart failure patients depending on serum malondialdehyde
concentration in one-year follow-up. Significant coefficient for the whole model: p < 0:001.
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In the present study, patients with MDA levels in the
highest quartile had a RR of 3.64 for death and a RR of 2.71
for combined endpoint as compared to the lowest quartile,
and MDA was shown to be a strong independent predictor
of adverse outcome in HF patients. MDA remained a strong
poor prognosis biomarker even after adjustment for other
important clinical and laboratory prognostic markers.

Similarly, elevated level of UA was an independent risk
factor of death or urgent heart transplantation in 1-year
follow-up. Participants with a UA level in the upper quar-
tile had a RR of 3.21 for all-cause death and a RR of 2.73
for combined endpoint as compared to the lowest quartile.
Results of UA testing as a predictor of death due to car-
diovascular causes and all-cause death in different patient
populations are not consistent. In the large epidemiological
studies, the adjustment of UA to cardiovascular disease
risk factors did not confirm the prognostic value of UA
[32]. However, Ioachimescu et al. showed that an increase
in serum UA by 1mg% was associated with 39% increase
in the risk of death in univariate Cox regression analysis
and 26% increase in the risk of death in multivariate
model (after adjusting for age, sex, alcohol consumption,
smoking status, body mass index, blood pressure, history
of cardiovascular disease, estimated glomerular filtration
rate, levels of cholesterol fractions, plasma glucose levels,
and other cardiovascular risk factors) in the cohort of
patients with high risk of cardiovascular disease [33].

Similarly, in heart failure population, elevated serum UA
levels were independently associated with an increased risk of

adverse clinical outcomes, both in patients with acute HF [34,
35] and in those with chronic HF [36].

The role of UA as a prognostic factor was confirmed in a
study by Iliesiu et al. UA was the most powerful predictor of
survival for patients with severe HF (NYHA classes III and
IV), with a RR of 7.4 for death in patients with elevated UA
(>9.5mg/dL). Additionally, UA and MDA concentrations
were higher in HF patients with lower EF and increased LV
filling pressures, and a strong positive correlation between
concentrations of MDA and UA was detected [37].

Similarly, the analysis by Wu et al. demonstrated that ele-
vated serum UA levels are an independent predictor of mor-
tality in patients with severe systolic HF [38]. Jankowska et al.
documented that hyperuricemia was an independent predic-
tor of death in 18-month follow-up in patients with mild and
moderate HF (NYHA I-III) [39]. In a study by Anker et al., it
was shown that high serumUA levels were a strong, indepen-
dent marker of impaired prognosis in patients with moderate
to severe HF in derivation and validation group. UA
concentration ≥ 565 μmol/L was a valid prognostic marker
and useful for metabolic, hemodynamic, and functional stag-
ing in chronic HF [10].

Hyperuricemia in HF may be due to the upregulation of
xanthine oxidase (XO), a key enzyme in the generation of
oxygen free radicals and can reflect an impairment of oxida-
tive metabolism [6]. Significant factors that may also increase
the UA concentration in HF are reduced glomerular filtration
rate and diuretic use. However, in the present study as well as
other previous studies, a significant effect of hyperuricemia
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Figure 5: The Kaplan-Meier probability of combined endpoint-free survival in heart failure patients depending on uric acid concentration in
one-year follow-up. Significant coefficient for the whole model: p < 0:01.
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on outcomes was observed even after the adjustment for
risk factors including renal dysfunction and treatment with
thiazide and loop diuretics [40, 41]. Although the question
of whether UA is a marker of oxidative stress or a causal
factor in the pathogenesis of HF remains unresolved, UA
has the potential to serve as an important risk biomarker
in heart failure patients. Gotsman et al. demonstrated that
increased mortality in patients with UA in upper quartiles
(>7.7mg/dL) and treatment with allopurinol was associ-
ated with improved survival [42]. However, in a study by
Wu et al., the adjusted risk of death associated with allo-
purinol use was similar to or slightly worse than the
adjusted risk associated with the highest quartile UA
among patients without treatment with allopurinol [38].
Givertz et al. showed that xanthine oxidase inhibition in
the patients with elevated UA levels and reduced ejection
fraction was not effective in improving quality of life, exer-
cise capacity, clinical status, or left ventricular ejection
fraction at 24-week follow-up [43]. The results obtained
confirm the prognostic properties of UA in HF patients;
however, like the study by Givertz et al., we did not show
a protective effect of allopurinol therapy.

Serum bilirubin has more recently been described as an
independent indicator of right ventricular dysfunction [44].
Allen et al. showed that elevated total bilirubin was the pre-
dictor of adverse outcome of cardiovascular death or HF hos-
pitalization and all-cause mortality even after adjustment for
other clinical prognostic variables [45]. In a small study by
Charniot et al., the authors observed decreased TAC in acute
HF patients and suggest that it may be responsible for
arrhythmias and complications of AHF [46].

In our study, bilirubin and TAC had strong predictive
power in univariate analysis. However, when incorporated
into other well-established HF markers, there was no
influence of bilirubin and TAC on adverse outcome in
HF patients.

5. Conclusion

Our study, conducted on a large group of patients, had
sufficient numbers of events to investigate a wide range
of prognostically important clinical and laboratory vari-
ables, especially oxidative markers. Other authors had
often assessed the effect of a single oxidative stress marker
on the survival of HF patients. We have evaluated a wide
range of oxidative stress markers and their impact on mor-
tality and morbidity in HF patients. Finally, malondialde-
hyde and UA were strongly associated with worse
prognosis in this group of patients, even after adjusting
for a wide array of other predictors, even well-known
NT-proBNP. Proposed biomarkers may be useful in terms
of 1-year all-cause mortality. MDA and especially UA tests
are widely available, noninvasive laboratory tests. In the
light of the results obtained in this study, it seems that val-
idation of elevated MDA and UA levels as independent
predictors of outcome has a potentially significant value
for risk stratification of chronic HF patients. However,
the clinical usefulness of the above findings requires con-
firmation in subsequent studies.
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Activation of the renin-angiotensin system (RAS) contributes to the pathogenesis of cardiovascular diseases. Sodium potassium
ATPase (NKA) expression and activity are often regulated by angiotensin II (Ang II). This study is aimed at investigating
whether DR-Ab, an antibody against 4th extracellular region of NKA, can protect Ang II-induced cardiomyocyte hypertrophy.
Our results showed that Ang II treatment significantly reduced NKA activity and membrane expression. Pretreatment with
DR-Ab preserved cell size in Ang II-induced cardiomyopathy by stabilizing the plasma membrane expression of NKA and
restoring its activity. DR-Ab reduced intracellular ROS generation through inhibition of NADPH oxidase activity and protection
of mitochondrial functions in Ang II-treated H9c2 cardiomyocytes. Pharmacological manipulation and Western blotting analysis
demonstrated the cardioprotective effects were mediated by the activation of the AMPK/Sirt-3/PPARγ signaling pathway. Taken
together, our results suggest that dysfunction of NKA is an important mechanism for Ang II-induced cardiomyopathy and
DR-Ab may be a novel and promising therapeutic approach to treat cardiomyocyte hypertrophy.

1. Introduction

Cardiovascular disorders are one of the most common dis-
eases in adults and the leading cause of death worldwide
[1]. Pathological activation of renin-angiotensin system
(RAS) is a keyfactor in several cardiovascular diseases [2].
Angiotensin (Ang) II, a critical component of RAS, presents
in both systemic circulation and local organs such as the
brain, blood vessel, kidney, and heart [2, 3]. Multiple studies
reported that increased Ang II leads to hypertension and also
directly promotes cardiomyocyte death, hypertrophy, and
remodeling [2]. They have proved that Ang II is involved in
cardiomyocyte damage [4–6]. Unscrambling the underline
mechanisms of Ang II may supply a new therapeutic target
for the prevention and treatment of these diseases.

In most mammalian cells, sodium potassium ATPase
(NKA) is an energy-transducing ion pump across the plasma
membrane [7]. In the past decade, NKA has also been proved
to be an ion-pumping-independent receptor function that
confers a ligand-like effect of cardiotonic steroids (CTS) on
protein/lipid kinases, intracellular Ca2+ oscillation, and ROS
production [8, 9]. However, drugs targeted at NKA are
mainly CTS which was used to treat chronic heart failure, a
kind of cardiovascular diseases. These chemical drugs also
often cause severe toxic effects, such as cardiac arrhythmias
and atrioventricular block, gastrointestinal disorders, ner-
vous system disorders, anorexia, blurred vision, nausea, and
vomiting [10]. In recent years, we and other groups have
demonstrated that antibody targeted at DR region
(897DVEDSYGQQWTYEQR911, amino acid sequence
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number showed as in rat), the 4th extracellular domain of α-
subunit of NKA, can activate NKA’s function [10, 11]. Our
previous studies have already proved that DR-Ab produces
cardioprotection and protects isoproterenol-induced mouse
cardiac injury [10, 12]. Therefore, this antibody was a kind
of ideal tool to study the NKA function in relative studies.

Recently, extensive studies have demonstrated that Ang
II has a close relationship with NKA. Rasmussen’s group
reported that Ang II induced NKA inhibition in cardiac myo-
cytes via PKC-dependent activation of NADPH oxidase [13].
Massey et al. also reported that Ang II-dependent phosphor-
ylation of the rat kidney NKA at specific sites can regulate
how the NKA releases bound cardiac glycoside [14]. More-
over, Ang II inhibits the NKA activity accompanied with
the involvement of an increase in NADPH oxidase-derived
O2

∗- [15]. Thus, the present study was designed to study
the effects of DR-Ab in Ang II-induced cardiac myocyte
damage and its underlying mechanism.

2. Material and Methods

2.1. Chemicals and Reagents. Antibodies against p22phox,
p47phox, Na+/K+-ATPase alpha 1 (NKA α1), PPAR-γ,
Sirt-3, β-actin, GAPDH, β-tubulin, and the horseradish
peroxidase-conjugated secondary antibodies were purchased
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA).
Antibodies against phosphorylated and total AMPK were
purchased from Cell Signaling Technology (Beverly, MA,
USA). The specific primers were synthesized by Integrated
DNA Technologies Pte. Ltd. (Singapore). Antibody against
α-actinin was obtained from Abcam (Cambridge, MA,
USA). Mitochondrial membrane potential assay kit with
JC-1 and the kits for measurement of ATP were purchased
from Beyotime Institute of Biotechnology (Shanghai, China).
Dihydroethidium (DHE) and 2′,7′-dichlorofluorescin diace-
tate (DCFH-DA) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). MitoSOX™ was purchased from
Invitrogen (Carlsbad, CA, USA). AMPK inhibitor compound
C, a selective Sirt3 inhibitor 3-TYP, and PPARγ antagonists
GW9662 were obtained from Cayman Chemical Company
(Ann Arbor, MI, USA). DR-Ab was generated and identified
in our lab as previously described [12, 16].

2.2. Cell Culture. Embryonic rat heart-derived cells (H9c2,
passage 15) preserved by our lab were cultured in high-
glucose Dulbecco’s modified Eagle’s medium (4.5 g/l glucose)
supplemented with 10% fetal bovine serum (FBS) and 1%
antibiotics (penicillin-streptomycin, Gibco) in humidified
air containing 5% CO2 at 37

°C.
Primary neonatal mouse cardiomyocytes: the cardiomyo-

cytes were isolated from 1- to 3-day-old C57BL/6 neonatal
mice as described previously [17–19]. In short, the hearts
were placed into ice-cold Hanks’ balanced saline solution
(HBSS; Life Technologies). After removal of atrial and aortic
appendages, the cardiomyocytes were collected by using
0.2mg/ml collagenase type II (Worthington Biochemical,
Lakewood, NJ) and 0.6mg/ml pancreatin (Sigma, MAK030,
St. Louis, MO) at common cellular incubator. The
supernatant-containing suspended cells were cultured in

minimum essential medium with 10% fetal bovine serum
for 2 h to remove nonmyocytes. Then, the culture medium
was changed to minimum essential medium containing
10% FBS with 1% antibiotics after seeding for 48h. Cardio-
myocytes were seeded 3 days prior to use.

All primary cell culture protocols were performed strictly
according to the principles and guidance of Institutional
Animals Care and Use Committee at the National University
of Singapore.

2.3. Intracellular andMitochondrial ROSMeasurement.After
fixing collected H9c2 cells, they were incubated with DHE
(10 μM) and DCFH-DA (10μM) in a dark and humidified
incubator at 37°C for 30min as previously described [20]
and changed the solution to phosphate-buffered saline
(PBS) and observed on microscope immediately.

Mitochondrial ROS production was measured with a
fluorogenic dye named MitoSOX Red (Invitrogen, Darm-
stadt, Germany). Cells were loaded with 1 μM MitoSOX
Red for 30min at 37°C protecting from light and washed
cells with PBS and then observed on microscope (DMi 8;
Leica, Microsystems, Germany).

The fluorescence signals were captured and analyzed
with the Image-Pro Plus 6.0 (Version 6.0, Media Cybernetics,
Bethesda, MD, USA) in same parameters.

2.4. Western Blotting Analysis. After washing twice with PBS,
the cells were lysed with ice-cold lysis buffer. The cell lysate
was centrifuged at 10,000 g for 10min at 4°C. Equal amount
of proteins was electrophoresed, transferred, blotted, and
then incubated with required primary antibodies at 4°C over-
night. After washing with TBST buffer three times, the mem-
branes were incubated with appropriate secondary
horseradish peroxidase- (HRP-) conjugated antibodies.
Then, membranes were detected using an ECL Advanced
Western Blot Detection Kit (Millipore Darmstadt, Ger-
many). The integrated optical density was quantified with
the Image-Pro Plus 6.0 software.

2.5. Measurement of Mitochondrial Membrane Potential.
Mitochondrial membrane potential was dectected with 5,5′
,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolcarbocya-
nine iodide (JC-1) (Beyotime Institute of Biotechnology,
Shanghai, China). The H9c2 cells were stained with JC-1
and observed with a fluorescence microscope (DMi 8; Leica,
Microsystems, Germany).

2.6. Real-Time PCR. Total RNA extraction was performed
with TRIzol (Life Technologies, USA) according to the man-
ufacturer’s instructions, and then RevertAid First-Strand
cDNA Synthesis Kit (Thermo Scientific, USA) was used for
reverse transcription. Following, GoTaq® quantitative PCR
(qPCR) Master Mix (Promega, USA) was used for quantita-
tive PCR with indicated primers on a VIIA(TM) 7 System
(Applied Biosystems). Data were analyzed by normalization
against GAPDH. The primers used are indicated as in
Table 1.

2.7. Plasma Membrane Extraction. EZ-Link NHS-SS-biotin
(Pierce Chemical Co., USA) was used to label surface protein
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for 1 h. Cells were washed with PBS containing 100mM gly-
cine and then lysed in lysis buffer. After protein quantitative,
equal proteins (150–300 μg) were added to Streptavidin
(Pierce Chemical Co.) beads at 4°C overnight. Next day,
beads were washed thoroughly, resuspended in 30 μl loading
buffer, and analyzed using Western blots.

2.8. Isolation of Endosomes. The preparation of endosomes
was fractioned on a floatation gradient. In brief, the treated
cells were washed by cold PBS and homogenization buffer
(250mM sucrose and 3mM imidazole, pH 7.4). After
centrifuging for 10min at 2000×g in 4 °C, the supernatant
was adjusted to 40.6% sucrose, followed by incubation of
35% sucrose supplemented with 3mM imidazole and
0.5mM EDTA and homogenization buffer. The samples
were centrifuged at 210,000×g for 1.5 h; the endosomes were
then obtained at the homogenization buffer—35% sucrose
interface. The endosome fraction was identified by immuno-
blots for Rab 7 as previously described [12, 21].

2.9. Measurement of NKA Activity. NKA activity was deter-
mined according to previous study [22, 23]. H9c2 cells were
homogenized in buffer A containing 20mM HEPES,
250mM sucrose, 2mM EDTA, 1mM MgCl2, pH 7.4, and
then centrifuged at 20,000 g for 30min. Consequently, resus-
pended the pellet in buffer A again and quantified the pro-
tein. One 50 μl aliquot of homogenate was mixed with 50
μl of reaction buffer 1 (200mM Tris-HCl, 30mM MgCl2,
200mM NaCl, 60mM KCl, 10mM EGTA, pH 7.5). Another
50 μl aliquot was mixed with reaction buffer 2 (buffer 1
+1mM ouabain). To prevent protein degradation, 100 μg/ml
PMSF, 2μg/ml apronitin, and 2μg/ml pepstatin A were
added in. After 1mM of ATP was added, the mixtures were
incubated for 10min at 37°C and then stopped by adding
10 μl of 100% (w/v) trichloroacetic acid. After incubating
them on ice for 1 h, they were centrifuged at 20,000 g for
30min. The supernatant without phosphate was assayed with
the Phosphate Colorimetric Kit (Sigma, MAK030, St. Louis,
MO) at 650nm.

2.10. Immunofluorescence Staining. Immunofluorescent
staining was performed as described previously [24]. The
collected H9c2 cardiomyocytes or primary neonatal mouse
cardiomyocytes were fixed in freshly made -20°C ethanol at
room temperature for 10min and then permeabilized with
0.1% Triton X-100. After blocking with 5% BSA at room
temperature for 1 h, the cells were incubated with the mouse
anti-NKA antibody or mouse anti-α-actinin overnight at 4°C.
Next, the cells were washed with PBS three times, and then
incubated with goat anti-mouse cross-adsorbed secondary
antibody, Alexa Fluor 488 (Invitrogen, Carlsbad, CA, USA)
for 1 h at room temperature, and the nucleus was stained
with DAPI. Goat anti-mouse IgG (H+L) cross-adsorbed sec-
ondary antibody, Alexa Fluor 488 (Invitrogen, Carlsbad, CA,
USA). The images were captured with a fluorescence micro-
scope (Leica DMi8, Leica, Wetzlar, Germany).

2.11. Statistical Analysis. Data were expressed as mean ± SD.
One-way or two-way ANOVA followed by the post hoc
Bonferroni test was used for multiple comparisons. A value
of p < 0 05 was considered statistically significant.

3. Results

3.1. DR-Ab Improves Ang II-Induced Cardiomyocyte
Hypertrophy through Preservation of NKAActivity. The immu-
nofluorescence staining of α-actin was performed to reveal the
H9c2 cardiomyocyte morphology (Figure 1(a)) and primary
cultured neonatal mouse cardiomyocytes (Figure S1A). It was
found that Ang II (100nM, 48h) treatment significantly
increased the cell size of cardiomyocytes, and this effect was
attenuated by pretreatment with DR-Ab (2 μM, 30min)
(Figure 1(b) and Figure S1B). We also examined the mRNA
expression of various hypertrophic biomarkers like atrial
natriuretic peptide (ANP), brain natriuretic peptide (BNP),
and beta-myosin heavy chain (β-MHC). Similar to what we
observed in myocyte morphology, pretreatment with DR-Ab
significantly attenuated Ang II-stimulated the above three
hypertrophic biomarkers (Figure 1(c) and Figures S1C–S1E).

Table 1

Gene (rat) Primer sequences (5′-3′)

GAPDH
Forward: AGGAGTAAGAAACCCTGGAC

Reverse: CTGGGATGGAATTGTGAG

ANF
Forward: CCGTATACAGTGCGGTGTCC

Reverse: CAGAGAGGGAGCTAAGTGCC

BNP
Forward: AGCTGCTTTGGGCAGAAGAT

Reverse: AAAACAACCTCAGCCCGTCA

β-MHC
Forward: GACAACGCCTATCAGTACATG

Reverse: TGGCAGCAATAACAGCAAAA

ND1
Forward: AAGCGGCTCCTTCTCCCTACAAAT

Reverse: GAAGGGAGCTCGATTTGTTTCTGC

Cytb
Forward: GCAGCTTAACATTCCGCCCAATCA

Reverse: TGTTCTACTGGTTGGCCTCCGATT

mt-co1
Forward: AAGGTTTGGTCCTGGCCTTA

Reverse: GGCAAGGCGTCTTGAGCTAT

CPT-1β
Forward: TCAAGGTTTGGCTCTATGAGGGCT

Reverse: TCCAGGGACATCTTGTTCTTGCCA

CPT-2
Forward: TCCTGCATACCAGCAGATGAACCA

Reverse: TATGCAATGCCAAAGCCATCAGGG

LCAD
Forward: AATGGGAGAAAGCCGGAGAAGTGA

Reverse: GATGCCGCCATGTTTCTCTGCAAT

MCAD
Forward: CTGCTCGCAGAAATGGCGATGAAA

Reverse: CAAAGGCCTTCGCAATAGAGGCAA

Gene (mouse) Primer sequences (5′-3′)

β-Actin
Forward: CCGTGAAAAGATGACCCAGA

Reverse: CTGGGATGGAATTGTGAG

ANP
Forward: ACCTGCTAGACCACCTGGAG

Reverse: CCTTGGCTGTTATCTTCGGTACCGG

BNP
Forward: GAGGTCACTCCTATCCTCTGG

Reverse: GCCATTTCCTCCGACTTTTCTC

β-MHC
Forward: CCGAGTCCCAGGTCAACAA

Reverse: CTTCACGGGCACCCTTGGA
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To study the underlying mechanisms, we first deter-
mined the effect of DR-Ab on NKA activity. As shown in
Figure 1(d), DR-Ab attenuated Ang II-impaired NKA activ-
ity in the H9c2 cardiomyocytes (Figure 1(d)). We further

examined the plasma membrane and total expression of
NKA with Western blots and immunostaining. As shown
in Figures 1(e)–1(g), treatment with Ang II reduced plasma
membrane NKA expression (Figures 1(e) and 1(f) and S1F)
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Figure 1: Effects of DR-Ab on Ang II-induced H9c2 cardiomyocyte hypertrophy. DR-Ab (2 μM) was given 30min before treatment with Ang
II (100 nM) for 48 h. (a, b) Representative immunofluorescence staining (a) and group data (b) showing that DR-Ab reversed enlarged cell
size caused by Ang II. Red: α-actinin. Blue: DAPI. Scale bar, 25μm. n = 6. (c) qRT-PCR analysis showing the mRNA levels of ANP, BNP,
and β-MHC. n = 4. (d–g) DR-Ab reversed Ang II-induced loss of plasma membrane NKA α1 (e, f), increase of endosome NKA α1 (g),
and downregulation of NKA activity (d). n = 4~6. Scale bar, 30μm. Blue: DAPI. Green: NKA α1 staining. ∗p < 0 05 versus control group,
†p < 0 05 versus Ang II alone group.
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and increased endosome NKA expression (Figures 1(g)
and S1G), but had minor effect on its total protein expres-
sion. Pretreatment with DR-Ab reversed the effect of Ang II
on plasma and endosome NKA expression. Taken together,
our experiments indicated that DR-Ab inhibits plasma mem-
brane NKA endocytosis. Our data imply that membrane
NKA expression and activity are important in regulation of
cell size when RAS is upregulated.

3.2. DR-Ab Alleviates Ang II-Induced Intracellular ROS
Generation in H9c2 Cells.Oxidative stress plays an important
role in Ang II-induced cardiomyopathy [2]. We first detected
whether DR-Ab can affect Ang II-induced intracellular ROS
production by using both DHE and DCFH-DA staining kits.
As shown in Figures 2(a)–2(c), Ang II (100nM, 48 h) signif-
icantly increased the generation of superoxide, hydroxyl,
peroxyl, and other ROS. Pretreatment with DR-Ab (2 μM,
30min), which itself had no obvious effect, significantly
reduced Ang II-induced intracellular ROS generation
(Figures 2(a)–2(c)).

To examine the involvement of NADPH oxidase, we
detected the protein expression of two subunits of NADPH
oxidase (NOX2): p22phox and p47phox. Western blotting

analysis showed that treatment with Ang II upregulated the
protein expression of these two proteins and this effect was
attenuated by pretreatment with DR-Ab in both H9c2 and
neonatal mouse cardiomyocytes (Figures 2(d) and S1). Our
data suggest that DR-Ab may inhibit NADPH oxidase activ-
ity in pathological situations.

3.3. DR-Ab Prevents Ang II-Induced Mitochondrial ROS and
Energy Metabolic Dysfunction.We further studied mitochon-
drial ROS generation with MitoSOX™ Red staining. As
shown in Figures 3(a) and 3(b), Ang II significantly increased
mitochondrial ROS generation in the mitochondria, and this
effect was reversed by pretreatment with DR-Ab. The mito-
chondrial permeability transition, an important step in the
induction of cellular apoptosis, was also determined using
the unique fluorescent cationic dye, JC-1. It was found that
Ang II induced loss of red JC-1aggregate fluorescence, and
only green monomer fluorescence was detected in the cyto-
plasm of these cells (Figure 3(c)). This effect was also reversed
by DR-Ab treatment.

We continued to study the mRNA levels of mitochon-
drial DNA-encoded genes including ND-1, cyt-b, and mt-
co1. Real-time PCR analysis showed that pretreatment

Control DR-Ab Ang II DR-Ab+Ang II

D
CF

H
-D

A
D

H
E

(a)

   
   

D
H

E 
flu

or
es

ce
nc

e
de

ns
ity

 (f
ol

d 
of

 co
nt

ro
l) 

0

1

2

3

4

5

⁎

†

DR-Ab −

Ang II
+ − +

− − + +

(b)

D
CF

H
-D

A
 fl

uo
re

sc
en

ce
de

ns
ity

 (f
ol

d 
of

 co
nt

ro
l) 

0

1

2

3

4

5

⁎

†

DR-Ab −

Ang II
+ − +

− − + +

(c)

p4
7ph

ox
 p

ro
te

in
 le

ve
l

(fo
ld

 o
f c

on
tro

l)

0.0

1.2

1.6

2.0

p47phox

GAPDH

†

⁎

0.8

0.4

kDa
47
37

DR-Ab −
Ang II

+ − +

− − + +

p2
2 

ph
ox

 p
ro

te
in

 le
ve

l
(fo

ld
 o

f c
on

tro
l)

0.0

1.0

1.5

2.0

2.5

†

⁎

0.5

�훽-Tubulin

kDa
22
55

p22phox

DR-Ab −
Ang II

+ − +

− − + +

(d)

Figure 2: Effects of DR-Ab on Ang II-induced intracellular ROS generation in H9c2 cells. DR-Ab (2 μM) was given 30min before treatment
with Ang II (100 nM) for 48 h. (a–c) Representative immunofluorescence image (a) and group data (b, c) showing that DR-Ab decreased ROS
generation caused by Ang II. Red: DHE staining (a, upper). Scale bar, 100 μm. Green: DCFH-DA staining (a, lower). Scale bar, 50 μm. n = 6.
(d) Effect of DR-Ab on the protein level of two subunits of NADPH oxidase: p22phox and p47phox. n = 4‐6. ∗p < 0 05 versus control group,
†p < 0 05 versus Ang II alone group.
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Figure 3: Effect of DR-Ab on Ang II-induced mitochondrial ROS (mit-ROS) generation and energy metabolic dysfunction. (a, b)
Representative image (a) and group data (b) showing that DR-Ab decreased Ang II-induced mit-ROS generation. Red: Mit-ROS. Scale
bar, 50 μm. n = 4‐6. (c) Representative JC-1 staining showing that DR-Ab reversed mitochondrial membrane potential loss caused by Ang
II. Red: aggregate. Green: monomer. Scale bar, 50μm. (d) qRT-PCR analysis showing that DR-Ab increased the mRNA expression of
mitochondrial encoded genes (ND-1, Cyt-b, and mt-co1) in Ang II-treated cells. n = 4. (e) qRT-PCR analysis showing the effect of DR-Ab
on the mRNA expression of fatty acid oxidation related genes (CPT-1β, CPT-2, LCAD, and MCAD). n = 4. ∗p < 0 05 versus control
group, †p < 0 05 versus Ang II alone group.
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Figure 4: Continued.
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with DR-Ab significantly attenuated Ang II-suppressed
expression of these genes (Figure 3(d)). Our data imply
that DR-Ab recovered impaired mitochondrial function
induced by Ang-II.

Fatty acid oxidation (FAO) is one of the pivotal mecha-
nisms involved in the development of cardiomyopathy [25].
We also studied whether DR-Ab can affect fatty acid metab-
olism in Ang-II-induced H9C2 cardiomyocyte damage. As
shown in Figure 3(e), Ang II-significantly reduced the
mRNA expression of FAO-related genes including CPT-1β,
CPT-2, long-chain acyl-CoA dehydrogenase (LCAD), and
medium-chain acyl-CoA dehydrogenase (MCAD), and these
effects were reversed by pretreatment with DR-Ab. These
data suggest that DR-Ab may improve Ang II-induced
impaired fatty acid oxidation.

3.4. DR-Ab Protects H9c2 Cardiomyocytes against Ang
II-Induced Hypertrophy via Activation of AMPK/Sirt-
3/PPARγ Signaling Pathway. It is well known that the
AMPK/Sirt-3/PPARγ signaling pathway participates in Ang
II-induced cardiomyocyte hypertrophy [26–34]. In this study,

we also tested the involvement of this pathway in the
effect of DR-Ab. We first repeated the effects of DR-Ab
on cell morphology (Figures 4(a) and 4(b)), intracellular
(Figures 4(c)–4(f)) and mitochondrial ROS (Figures 5(a)
and 5(b)) generation, mitochondrial membrane potential
loss (Figure 5(c)), and mitochondrial function-related gene
level (Figures 5(d)–5(h)) in the presence and absence of
compound C, an AMPK inhibitor, 3-TYP, a selective Sirt3
inhibitor, and GW9662, a PPARγ antagonist. As shown in
Figures 4 and 5, all these inhibitors abolished the protective
effects of DR-Ab. Our data suggest that the AMPK/Sirt-
3/PPARγ signaling pathway mediates the cardioprotective
effects of DR-Ab.

To further confirm the involvement of this signaling
pathway, we observed the effect of DR-Ab on AMPK phos-
phorylation (P-AMPK). A time-course study showed that
DR-Ab obviously increased P-AMPK level and the strongest
effect was observed when cells were treated with DR-Ab for
30min (Figure 6(a)). For this reason, DR-Ab reversed Ang
II-suppressed P-AMPK (Figure 6(b)). To study the signaling
cascade, compound C, an AMPK inhibitor, was used. As
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Figure 4: Effect of DR-Ab on myocyte hypertrophy and intracellular ROS generation in Ang II-treated H9c2 in the presence and absence of
compound C (40 μM, a selective AMPK inhibitor), 3-TYP (50 μM, a selective Sirt3 inhibitor), or GW9662 (10 μM, a PPARγ antagonist). Cells
were treated with these inhibitors for 30min before DR-Ab (2 μM, 30min) and Ang II (100 nM, 48 h). (a, b) Representative
immunofluorescence staining (a) and group data (b) showing that blockade of AMPK, Sirt3, or PPARγ abolished the effect of DR-Ab on
cell size. Red: α-actinin. Blue: DAPI. Scale bar, 25μm. n = 4‐6. (c–f) Representative image (c, e) and group data (d, f) showing that
blockade of AMPK, Sirt3, or PPARγ promoted the intracellular ROS which were decreased by DR-Ab in Ang II-induced cells. (c) Red:
DHE relative fluorescence density. Scale bar, 100μm. (e) Green: DCFH-DA staining. Scale bar, 50μm. n = 4‐6. ∗p < 0 05 versus control,
†p < 0 05 versus Ang II alone group, ‡p < 0 05 versus Ang II+DR-Ab group.

8 Oxidative Medicine and Cellular Longevity



A
ng

 II
 

Co
nt

ro
l 

Vehicle DR-Ab Compound C 3-TYP
DR-Ab

GW 9662

(a)

M
ito

ch
on

dr
ia

l R
O

S 
le

ve
l

(fo
ld

 o
f c

on
tr

ol
)

0

1

2

3

4

5

M
ito

ch
on

dr
ia

l R
O

S 
le

ve
l

(fo
ld

 o
f c

on
tr

ol
)

0.0

0.3

0.6

0.9

1.2

1.5

Control Ang II + +− + ++

Control
Vehicle
DR-Ab

Compound C+DR-Ab
3-TYP+DR-Ab
GW 9662+DR-Ab

†

⁎ ‡ ‡
‡

(b)

Vehicle DR-Ab Compound C 3-TYP
DR-Ab

GW 9662

A
ng

 II
   

Co
nt

ro
l 

0
0

(c)

Re
la

tiv
e M

CA
D

 m
RN

A
 le

ve
l

(fo
ld

 o
f c

on
tr

ol
)

0.0

0.4

0.8

1.2

1.6

2.0

Re
la

tiv
e M

CA
D

 m
RN

A
 le

ve
l

(fo
ld

 o
f c

on
tr

ol
)

0.0

0.3

0.6

0.9

1.2

1.5

Control Ang II + +− + ++

Control
Vehicle
DR-Ab

Compound C+DR-Ab
3-TYP+DR-Ab
GW 9662+DR-Ab

†

⁎ ‡ ‡‡

(d)

Re
la

tiv
e N

D
-1

 m
RN

A
 le

ve
l

(fo
ld

 o
f c

on
tr

ol
)

0.0

0.3

0.6

0.9

1.2

1.5

Re
la

tiv
e N

D
-1

 m
RN

A
 le

ve
l

(fo
ld

 o
f c

on
tr

ol
)

0.0

0.3

0.6

0.9

1.2

1.5

Control Ang II + +− + ++

Control
Vehicle
DR-Ab

Compound C+DR-Ab
3-TYP+DR-Ab
GW 9662+DR-Ab

†

⁎ ‡
‡‡

(e)

Figure 5: Continued.
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shown in Figures 6(f) and 6(g), compound C abolished the
effect of DR-Ab on both Sirt-3 and PPARγ. Moreover, Ang
II treatment significantly reduced the protein levels of
PPARγ and Sirt-3 (Figures 6(c) and 6(d)). These effects were
significantly attenuated by incubation with DR-Ab. Interest-
ingly, treatment with 3-TYP, a selective Sirt3 inhibitor,
reversed the effect of DR-Ab on PPARγ protein expression
(Figure 6(e)). Taken together, DR-Ab protects H9c2 cardio-
myocytes against Ang II-induced hypertrophy may via
activate the AMPK/Sirt-3/PPARγ signaling pathway.

4. Discussion

Ang II, a key component of renin-angiotensin system (RAS),
is crucial in cardiovascular physiology and pathology [35].
The increased circulating Ang II level and activated RAS
are closely associated with cardiovascular diseases such as
cardiac hypertrophy [36] and heart failure [37]. Therefore,
Ang II is widely used to mimic the pathology of clinical
cardiac hypertrophy. An important function of NKA is to
regulate cell volume [38, 39]. Recently, NKA expression
and activity were also found to be closely regulated by
Ang II [14, 40–42]. For instance, Ang II can inhibit NKA
activity via induction of NADPH oxidase-derived O2

∗-15.
Molkentin’s group also reported that overexpression of

NKA successfully protects the heart against pathological
cardiac hypertrophy and remodeling [43]. We previously
reported that DR-Ab protects the heart against oxidative
and ischemic injury [10, 12]. In this study, we demonstrated
for the first time that DR-Ab prevented Ang II-induced
myocyte hypertrophy through observing myocyte size, cell
morphology, ROS generation, and mitochondrial functions.

We first investigated whether Ang II can regulate NKA
expression and function in this study. It was found that
Ang II treatment significantly reduced both plasma expres-
sion and activity of NKA. To study whether Ang II-induced
pathology is caused by impairment of NKA, we pretreated
the cells with DR-Ab which stimulates NKA activity. As
expected, DR-Ab improved cardiomyocytes hypertrophy
induced by Ang II. The enlarged cell size induced by Ang II
was recovered to nearly normal cell after treatment with
DR-Ab. Our results suggest that DR-Ab protect cells against
Ang II-induced cells injury through preservation of mem-
brane NKA activity, which helps to maintain resting poten-
tial, ion transport, and regulates cellular volume.

Oxidative stress plays an important role in Ang
II-induced cardiomyopathy [44]. Recent studies have
revealed that NKA is one of the target proteins of ROS
[45, 46]. Moreover, it was found that NADPH oxidase is
crucial for the inhibited NKA activity in cardiac myocytes
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Figure 5: Effects of DR-Ab on mit-ROS production and energy metabolic dysfunction in Ang II-treated cells in the presence and absence of
inhibitors of AMPK, Sirt3, or PPARγ. (a, b) Representative image (a) and statistic data (b) showing that blockade of AMPK, Sirt3, or PPARγ
with their inhibitors abolished the protective effect of DR-Ab on mit-ROS production. Red: mit-ROS. Scale bar, 50μm. n = 4‐6. (c) JC-1
staining showing that blockade of AMPK, Sirt3, or PPARγ reversed the effect of DR-Ab on mitochondrial membrane potential. Red:
aggregate. Green: monomer. Scale bar, 50μm. (d–h) qRT-PCR analysis showing that blockade of AMPK, Sirt3, or PPARγ abolished the
effects of DR-Ab on the mRNA expression of ND-1, Cyt-b, CPT-2, LCAD, and MCAD. n = 4‐6. ∗p < 0 05 versus control, †p < 0 05 versus
Ang II alone group, ‡p < 0 05 versus Ang II+DR-Ab group.
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Figure 6: Continued.
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treated with Ang II [13]. For the above reasons, we first exam-
ined whether DR-Ab can protect cardiomyocytes through
inhibition of NADPH oxidase. We found that DR-Ab
markedly attenuated Ang II-induced intracellular ROS
generation through inhibition of NADPH oxidase. This effect
was achieved by inhibition of the upregulated protein expres-
sion of p22phox and p47phox caused by Ang II.

Mitochondrial dysfunction also produces high levels of
ROS. Multiple experiments were therefore performed to
test the mitochondrial functions. We found that Ang II
treatment largely increased mitochondrial ROS production
and decreased mitochondrial membrane potential. This is
consistent with previous studies [47]. We further studied its
effects on mitochondrial DNAs, which encode proteins for
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Figure 6: Western blotting analysis showing that DR-Ab stimulated AMPK/Sirt-3/PPARγ signaling pathway. (a) Time-course study showing
the effect of DR-Ab on AMPK phosphorylation. (b–d) DR-Ab reversed the effect of Ang II on p-AMPK (b), PPARγ (c), & Sirt-3 (d). n = 4‐6.
(e) 3-TYP eliminated DR-Ab effect on the PPARγ level in Ang II-treated cells. n = 4. (f, g) Compound C abolished the effect of DR-Ab on the
protein expression of PPARγ (f) and Sirt-3 (g) in Ang II-treated cells. n = 4‐6. ∗p < 0 05 versus control group, †p < 0 05 versus Ang II alone
group, ‡p < 0 05 versus Ang II+ DR-Ab.
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Figure 7: Schematic illustration showing the mechanisms for the protective effects of DR-Ab. DR-Ab protects against Ang II-induced cell
injury by stabilization of membrane NKA and stimulation of its activity. This helps to maintain the normal intracellular ion homeostasis,
thus reserves the cell size. DR-Ab inhibits NADPH oxidase activity by downregulation of p22phox and p47phox expression. Meanwhile,
DR-Ab inhibits mitochondrial ROS generation and preserves mitochondrial function through stimulation of the AMPK/Sirt-3/PPARγ
signaling pathway.
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the electron transport chain and then produce the majority of
cellular energy [48, 49]. Our results showed that Ang II nota-
bly decreased the mRNA levels of ND-1, cyt-b, and mt-co1.
Metabolic derangement is a signature in pathological cardiac
hypertrophy [50]. Ang II also significantly inhibited the
mRNA levels of CPT-1β, CPT-2, LCAD, and MCAD, all of
which are important in mitochondrial oxidative phosphory-
lation and fatty acid metabolism. Interestingly, all the above
effects caused by Ang II were significantly reversed by the
pretreatment with DR-Ab.

DR-Ab is an antibody targeted at the 4th extracellular
domain of α-subunit of NKA. It remains unclear why
and how DR-Ab protects mitochondrial functions by bind-
ing to NKA. As NKA also serve as a signaling protein
[28], we studied the signaling mechanisms underlying the
protective effect of DR-Ab. Previous studies revealed that
Ang II-induced cardiac hypertrophy is mediated by
AMPK- [29–31, 51, 52], Sirt3- [32–34], and PPARγ-
[26–28] dependent mechanisms. Therefore, there is a close
relationship between NKA and AMPK [53–56]. On the
one hand, activation of AMPK has been reported to regu-
late the activity and cell surface abundance of NKA [57].
On the other hand, ouabain blocks the carbachol-induced
phosphorylation and activation of AMPK [58]; thus,
activation of NKA also stimulates AMPK activity [59].
For this reason, we studied the effect of DR-Ab on AMPK
activity and found that DR-Ab promoted AMPK phos-
phorylation. Activation of AMPK has been shown to
stimulate Sirt-3 [60–62], and then activated Sirt-3 affects
PPARγ [32] which has been proved in participating in
Ang II-induced myocyte hypertrophy [26–28]. In our
study, we confirmed the involvement of the Sirt-3/PPARγ
pathway with pharmacological manipulation. Western
botting analysis also confirmed that activation of Sirt-
3/PPARγ is secondary to that of AMPK. Our data suggest
that the AMPK/Sirt-3/PPARγ signaling pathway mediates
the protective effects of DR-Ab against Ang II-induced
H9c2 cardiomyocyte damage.

In summary, as shown in Figure 7, we found for the
first time that DR-Ab prevents Ang II-induced H9c2 car-
diomyocyte hypertrophy. This protective effect is mediated
by activation of the AMPK/Sirt-3/PPARγ signaling path-
way and stabilization of membrane NKA expression. Our
results suggest a novel mechanism and therapeutic strategy
in the treatment of cardiac hypertrophy and associated
oxidative injury.
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Objective. The aim of the study was to estimate the impact of whole-body cryotherapy (WBC) and subsequent kinesiotherapy on
oxidative stress and lipid profile when performed in a closed cryochamber on healthy subjects.Material and Methods. The effect of
ten WBC procedures lasting 3 minutes a day followed by a 60-minute session kinesiotherapy on oxidative stress and lipid profile in
healthy subjects (WBC group, n = 16) was investigated. The WBC group was compared to the kinesiotherapy only (KT; n = 16)
group. The routine parameters of oxidative stress (antioxidant enzymatic and nonenzymatic antioxidant status, lipid
peroxidation products, total oxidative status (TOS), and oxidative stress index (OSI)) and lipid profile were estimated one day
before the beginning and one day after the completion of the research program. Results. After treatment, in the WBC group, a
significant decrease of oxidative stress markers (TOS and OSI) and a significant increase of total antioxidant capacity were
observed. The activity of plasma SOD-Mn and erythrocyte total SOD increased significantly in the WBC group. In the KT
group, the erythrocyte activity of total SOD, CAT, and GR decreased significantly after the treatment. The levels of T-Chol and
LDL-Chol decreased significantly after treatment in both groups, but the observed decrease of these lipid parameters in the
WBC group was higher in comparison to the KT group. The level of TG decreased significantly after treatment in the WBC
group only. Conclusion. WBC performed in a closed cryochamber followed by kinesiotherapy improves lipid profile and
decreases oxidative stress in healthy subjects.

1. Introduction

Whole-body cryotherapy (WBC) is the therapeutic exposure
of the total human body to extreme cold temperatures
(below -100°C) for a short time (maximum up to 120-180
seconds) [1, 2]. Immediately after each cryotherapy proce-
dure, subjects usually perform an appropriate set of kine-

siotherapy exercises in order to increase and consolidate the
beneficial effects of cryogenic temperature treatment [2].

The action of cryogenic temperatures causes several
favorable physiological reactions such as an analgesic [1–3],
anti-inflammatory [4–6], and the promotion of a circulatory
effect [1, 2]. Cryogenic temperatures applied to the whole
body also improve mood [7] and have a beneficial influence
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on the endocrine system [8, 9]. Additionally, the latest
studies show that WBC may improve memory deficits [10],
prooxidant-antioxidant balance [11, 12], lipid profile [13],
and skin appearance [14, 15].

Until now, WBC has been used mainly in sports medi-
cine [16, 17] and in the treatment of locomotor system dis-
eases [18, 19]. Currently, WBC is used more and more
frequently as a wellness method in healthy subjects, to help
maintain good health [2, 20], but the mechanisms of WBC
action are not fully known.

The effect of WBC treatment may depend on the type of
cryochamber in which procedures are performed, the
temperature and number of procedures, and whether WBC
procedures are connected with a subsequent session of kine-
siotherapy [21, 22]. In the available literature, there has been
only one study [13], which estimated the influence of WBC
on lipid profile parameters in healthy subjects, but WBC pro-
cedures were not connected with a subsequent session of
kinesiotherapy, and the authors only estimated lipid profile
parameters. Similarly, there have been a few studies, which
showed a beneficial influence of WBC procedures on the
prooxidant-antioxidant balance in healthy subjects, but they
were performed in different circumstances (type of cryo-
chamber, temperature, without subsequent sessions of kine-
siotherapy), and very often, the authors only estimated the
level of selected parameters of prooxidant-antioxidant bal-
ance. However, evaluation of oxidative stress severity must
be comprised of the determination of oxidative stress
markers as well as the activity of enzymatic and nonenzy-
matic antioxidant systems simultaneously [23, 24]. This is
because disruption of the prooxidative-antioxidative balance
may be caused by increased reactive oxygen species (ROS)
production, impaired ROS elimination, or the combined
effect of both processes [25].

In light of the above findings, the aim of this research was
to assess the influence of WBC, performed in a closed
cryochamber (Wroclawski type) with a subsequent session
of kinesiotherapy, on oxidative stress and lipid profile
simultaneously in healthy subjects. The scheme of whole-
body cryotherapy procedures and estimation of oxidative
stress parameters were similar to the methods used in
our manuscript published earlier [21].

2. Materials and Methods

2.1. Subjects. The research protocol was approved by the
Bioethical Committee of the Medical University of Silesia
in Katowice (permission no. NN-6501-93/I/07), Poland.

All analyzed subjects gave written consent for inclusion
in the research. All investigations were conducted accord-
ing to the Declaration of Helsinki principles (1964).

The research engaged 32 healthy nonsmoking male sub-
jects who were divided randomly by a physician into two
groups with an allocation ratio of 1 : 1 : 16 healthy subjects
exposed to whole-body cryotherapy procedures with subse-
quent kinesiotherapy (WBC group, mean age 46 63 ± 1 5
years) and 16 healthy subjects exposed only to kinesiotherapy
procedures (KT group, mean age 45 94 ± 1 24 years), with no
significant difference in mean age and body mass index
(BMI) between them.

All subjects were healthy volunteers who qualified for a
routine complex treatment called cryorehabilitation includ-
ing WBC (treated as an assisting component) with subse-
quent kinesiotherapy or kinesiotherapy procedures only, in
order to promote and increase wellness. The subjects were
not previously exposed to WBC.

Prior to the research, a resting electrocardiogram was
performed in all the subjects and each subject was examined
by a physician to exclude any coexisting diseases as well as
any contraindications for WBC procedures. Before each
session of WBC, the blood pressure was measured for each
subject [2]. All the subjects were asked to avoid alcohol, any
immunomodulators, immunostimulators, hormones, vita-
mins, minerals, or other substances with antioxidant prop-
erties and drugs for 4 weeks before and during the research.
The diet of the subjects was not modified, although they
were asked to abstain from the consumption of caffeine
12 hours prior to laboratory analyses. They also maintained
the same mode of physical activity during the research. The
demographic characteristics of the healthy subjects are
shown in Table 1.

2.2. Scheme of Whole-Body Cryotherapy and Kinesiotherapy
Procedures. The healthy subjects, depending on the group,
were exposed either to a cycle of WBC procedures lasting 3
minutes a day with a subsequent 60-minute session of kine-
siotherapy or to a 60-minute session of kinesiotherapy only
for 10 consecutive days at the same time in the morning,
excluding the weekend.

The WBC procedures were performed in a closed cryo-
chamber (Wroclawski type) cooled by liquid nitrogen (pro-
duced by Creator, Poland). The cryochamber consisted of
an antechamber with the temperature -60°C and a proper
chamber, where the temperature reached -120°C. The sub-
jects were let into the chamber in groups of four. Each entry
to the cryochamber was preceded by a 30-second adaptation

Table 1: Demographic characteristics of the research subjects.

Characteristic
WBC group
(n = 16)

Kinesiotherapy group
(n = 16) P value

Age, years, mean (SD) 45 75 ± 2 08 46 06 ± 1 44 0.459

Sex (M/F) 16/0 16/0 —

BMI, kg/m2, mean (SD) 23 83 ± 4 5 24 26 ± 6 8 0.957

Smoking (yes/no) 0/16 0/16 —

SD: standard deviation; BMI: body mass index.
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period in the antechamber. After adaptation to cryogenic
temperatures in the antechamber, the subjects entered the
proper chamber for 3 minutes. During the WBC procedure,
all the subjects wore swimsuits, cotton socks, gloves, wooden
shoes, and also dust masks to protect their mouths and noses
and ear-protectors to cover their ears. The subjects were not
allowed to wear jewelry, glasses, and contact lenses. Each sub-
ject was given information concerning the rules of behaviour
in the cryochamber: the need for slow, shallow breathing and
no touching each other while moving about (slow walking in
circles) [20, 21, 26].

Directly after leaving the cryogenic chamber, the subjects
underwent kinesiotherapy lasting for one hour. The program
of kinesiotherapy was the same for all the subjects in both
groups. The program of kinesiotherapy consisted of exercises
on stationary bikes lasting 20 minutes (5min.: 3.5 Rate of
Perceived Exertion (RPE), 4min.: 5 RPE, 2min.: 7 RPE,
4min.: 5 RPE, and 5min.: 3.5 RPE), treadmill (20 minutes
walking at 4.0mph), and whole body stretching exercises
lasting for 20 minutes. All the exercises were carried out
under the supervision of physiotherapists [20]. All the sub-

jects completed the research program, and no complications
or side effects related to the WBC procedures were observed.

A scheme of the study protocol is presented in Figure 1.

2.3. Blood Sample Collection. Two blood samples of all the
subjects were collected in the morning before the first meal:
one on the day before the beginning of the procedure and
the other on the day after completing the research program.
Samples of whole blood (5ml) were collected from the basi-
lic vein into tubes containing ethylenediaminetetraacetic
acid tripotassium salt (Sarstedt, S-Monovette with 1.6mg/ml
EDTA-K3) and into tubes with a clot activator (Sarstedt, S-
Monovette). The blood samples were centrifuged (10min.,
900 g 4°C), and then, the plasma and serum were immedi-
ately separated and stored at a temperature of −75°C, until
biochemical analyses could be performed. The red blood
cells retained from the removal of EDTA-plasma were
rinsed with an isotonic salt solution, and then, 10% of the
hemolysates were prepared for further analyses. Hemoglobin
concentration in the hemolysates was determined by the
standard cyanmethemoglobin method. The inter- and

32 healthy men

Randomization with an
allocation ratio of 1 : 1

Group WBC-16 healthy men Group KT-16 healthy men

One day before the beginning of
therapeutic cycle

Blood sample collection with the
plasma, serum and hemolysates separation

and storage at a temperature of –75°C

A cycle of 10 daily whole-body
cryotherapy procedures lasting

3 minutes with a subsequent
60-minute session of

kinesiotherapy procedures  

A cycle of 10 daily 60-minute
sessions of kinesiotherapy

procedures only

One day a�er the completion of
therapeutic cycle

Blood sample collection with the
plasma, serum and hemolysates separation

and storage at a temperature of –75°C

Determination of biochemical parameters

Figure 1: A scheme of the study protocol.
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intra-assay coefficients of variations (CV) were 1.1% and
2.4%, respectively.

2.4. Biochemical Analysis

2.4.1. Determination of Lipid Profile Parameters. Total, HDL,
and LDL cholesterol (T-Chol, HDL-Chol, LDL-Chol) and
triglyceride (TG) concentrations in serum were estimated
using routine techniques (Cobas Integra 400 plus analyzer,
Roche Diagnostics, Mannheim, Germany). The concentra-
tions were expressed in mg/dl. The inter- and intra-assay
coefficients of variations (CV) were, respectively, 2.8% and
5.4% for T-Chol, 3.2% and 5.4% for HDL-Chol, 2.6% and
6.5% for LDL-Chol, and 2.5% and 7.6% for TG.

2.4.2. Oxidative Stress Analysis

(1) Determination of Lipid Peroxidation Products, Total
Oxidative Status, and Oxidative Stress Index. The intensity
of plasma and the erythrocyte lipid peroxidation was mea-
sured spectrofluorimetrically as thiobarbituric acid-reactive
substances (TBARS) according to Ohkawa et al. [27]. The
TBARS concentrations were expressed as malondialdehyde
(MDA) equivalents in μmol/l in plasma or nmol/gHb in
erythrocytes. The inter- and intra-assay coefficients of var-
iations (CV) were 2.1% and 8.3%, respectively.

The total oxidant status (TOS) in serum was determined
with the method described by Erel [28] and expressed in
μmol/l. The inter- and intra-assay coefficients of variations
(CV) were 2.2% and 6.4%, respectively.

The oxidative stress index (OSI), an indicator of the
degree of oxidative stress, was expressed as the ratio of total
oxidant status (TOS) to total antioxidant capacity (FRAP)
in arbitrary units [29].

(2) Determination of Activity of Antioxidant Enzymes. The
activity of superoxide dismutase (SOD, E.C.1.15.1.1) in
plasma and erythrocytes was measured by the Oyanagui
method [30]. Enzymatic activity was expressed in nitrite unit
(NU) in each mg of hemoglobin (Hb) or ml of blood plasma.
One nitrite unit (1NU) means a 50% inhibition of nitrite ion
production by SOD in this method. SOD isoenzymes
(SOD-Mn and SOD-ZnCu) were measured using potas-
sium cyanide as the inhibitor of the SOD-ZnCu isoen-
zyme. The inter- and intra-assay coefficients of variations
(CV) were 2.8% and 5.4%, respectively.

The erythrocyte catalase (CAT, E.C.1.11.1.6.) activity was
assayed by the Aebi [31] kinetic method. It was expressed in
IU/mgHb. The inter- and intra-assay coefficients of varia-
tions (CV) were 2.6% and 6.1%, respectively.

The activity of glutathione peroxidase (GPx,
E.C.1.11.1.9.) in erythrocytes was determined by Paglia and
Valentine’s kinetic method [32], with t-butyl peroxide as a
substrate and expressed as micromoles of NADPH oxidized
per minute and normalized to one gram of hemoglobin
(IU/gHb). The inter- and intra-assay coefficients of varia-
tions (CV) were 3.4% and 7.5%, respectively.

The erythrocyte glutathione reductase (GR, E.C.1.6.4.2)
activity was determined by Richterich’s kinetic method
[33], expressed as micromoles of NADPH utilized per min-
ute and normalized to one gram of hemoglobin (IU/gHb).
The inter- and intra-assay coefficients of variations (CV)
were 2.1% and 5.8%, respectively.

(3) Determination of Nonenzymatic Antioxidant Status. The
total antioxidant capacity of plasma was assayed as the ferric
reducing ability of plasma (FRAP) according to Benzie and
Strain [34] and calibrated using Trolox. It was expressed in
μmol/l. The inter- and intra-assay coefficients of variations
(CV) were 1.1% and 3.8%, respectively.

The concentration of protein sulfhydryl (PSH) was
determined in serum by Koster’s method [35], using dithio-
nitrobenzoic acid (DTNB) and expressed in μmol/l. The
inter- and intra-assay coefficients of variations (CV) were
2.6% and 5.4%, respectively.

The concentration of uric acid (UA) in serum was mea-
sured by a uricase-peroxidase method [36] on the Cobas
Integra 400 plus analyzer and expressed as mg/dl. The inter-
and intra-assay coefficients of variations (CV) were 1.4% and
4.4%, respectively.

2.5. Statistical Analysis. For statistical analysis, the statistical
package of Statistica 10 Pl software was used. For each
parameter, the indicators of descriptive statistics were deter-
mined (mean value and standard deviation (SD)). The nor-
mality of the data distribution was checked using the
Shapiro-Wilk test, while the homogeneity of the variance
was checked by applying Levene’s test. In order to compare
differences between groups, either an independent sample
Student t test was used or, alternatively, the Mann-Whitney
U test. In the case of dependent samples, the Student t test
was used or alternatively the Wilcoxon test. Differences at
the significance level of P < 0 05 were considered as statisti-
cally significant.

3. Results

3.1. Lipid Profile Parameters. Levels of T-Chol and LDL-Chol
decreased significantly after the treatment in both groups,
but the observed decrease of these lipid parameters in the
WBC group was higher in comparison to the KT group. In
turn, in the WBC group, the level of TG decreased signifi-
cantly after the completion of the treatment in comparison
to the KT group. The level of HDL-Chol did not change sig-
nificantly in both groups (Figures 2–5).

3.2. Lipid Peroxidation Products, Total Oxidative Status, and
Oxidative Stress Index. The subjects in the WBC group who
underwent a ten-day long cycle of WBC procedures with
subsequent kinesiotherapy had, after the completion of the
treatment, a statistically significant decrease in plasma
MDA, serum TOS, and value of OSI in comparison to initial
values. The differences of these parameters prior to posttreat-
ment values (Δ) in the WBC group were significantly higher
in comparison to the KT group. The levels of MDA in
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erythrocyte did not change significantly in the WBC group.
In the KT group of subjects who underwent a cycle of only
kinesiotherapy, without previous cryotherapy procedures,
no significant changes in the levels of plasma and erythrocyte
MDA or serum TOS or OSI were observed after the comple-
tion of the treatment, in comparison to the initial values
before the beginning of the kinesiotherapy cycle (Table 2).

3.3. Antioxidant Enzymes. The subjects in the WBC group
had, after the completion of the treatment, a statistically sig-
nificant increase in the plasma activity of SOD-Mn and
erythrocyte total SOD.

However, the activity of plasma total SOD, SOD-CuZn,
and erythrocyte activity of CAT, GPx, and GR did not change
significantly in theWBC group after the treatment. In the KT
group, the erythrocyte activity of total SOD, CAT, and GR, in

contrast to the WBC group, decreased significantly after the
treatment. Additionally, the difference prior to posttreatment
values (Δ) of erythrocyte total SOD activity in the WBC
group was significantly higher as compared to the KT group.
Similarly, as in the WBC group, the activity of plasma total
SOD, SOD-CuZn, and erythrocyte GPx did not change sig-
nificantly in the KT group after the treatment.

Additionally, in the KT group, the activity of plasma
SOD-Mn and SOD-CuZn did not change significantly after
the treatment in comparison to the WBC group (Table 3).

3.4. Nonenzymatic Antioxidant Status. In the WBC group of
subjects who underwent a ten-day long cycle of WBC proce-
dures with subsequent kinesiotherapy, FRAP values
increased significantly after the treatment. After the comple-
tion of the treatment, FRAP values were significantly higher
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Figure 3: Levels of LDL cholesterol (LDL-Chol) (mean value ± standard deviation (SD)) in healthy subjects before and after the completion of
a cycle of ten whole-body cryotherapy procedures with subsequent kinesiotherapy (WBC group) or a cycle of ten kinesiotherapy procedures
only (KT group), with statistical analyses. (s): serum; Δ: difference prior to posttreatment.
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Figure 2: Levels of total cholesterol (T-Chol) (mean value ± standard deviation (SD)) in healthy subjects before and after the completion of a
cycle of ten whole-body cryotherapy procedures with subsequent kinesiotherapy (WBC group) or a cycle of ten kinesiotherapy procedures
only (KT group), with statistical analyses. (s): serum; Δ: difference prior to posttreatment.
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in the WBC group when compared to the KT group. Simi-
larly, the difference of this parameter prior to posttreatment
values (Δ) in theWBC group was significantly higher in com-
parison to the KT group. The level of PSH and UA in the
WBC group of subjects did not change significantly after
the treatment. However, FRP values as well as PSH and UA
concentration did not change significantly in the KT group
of patients who underwent a cycle of kinesiotherapy only,
without previous cryotherapy procedures (Table 4).

4. Discussion

Only a few papers have estimated the impact ofWBC on lipid
profile parameters. In experimental model animals (rats)
who were exposed to WBC for 5 or 10 days, HDL and LDL
cholesterol fraction decreased and total cholesterol levels in

animals subjected to -60°C sessions for 10 days remained
unchanged [37]. However, in the available literature so far,
there has been only one paper on the effect of WBC on lipid
profile in healthy subjects. Lubkowska et al. [13] reported
reducing T-Ch, LDL-Ch, and TG levels and increasing
HDL-Ch level after 20 sessions of WBC in healthy men, but
after 10 sessions of WBC only, the LDL-Ch level decreased
together with an observed HDL-Ch level increase in healthy
men (cryogenic temperature -130°C, liquid nitrogen, without
kinesiotherapy procedures). In another paper by these
authors [38], in obese subjects without diet modification, a
significant decrease in the level of LDL-Ch and TG was
observed with a slight increase in the HDL-Ch level after
WBC treatment (temperature -120°C, 2-3 minutes, the type
of cryochamber not given), including two cryotherapy treat-
ments of 20 daily sessions in the second and the last month of
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ten whole-body cryotherapy procedures with subsequent kinesiotherapy (WBC group) or a cycle of ten kinesiotherapy procedures only (KT
group), with statistical analyses. (s): serum; Δ: difference prior to posttreatment.
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intervention. In our study, we observed a significant decrease
in T-Chol, LDL-Ch, and TG levels after a ten-day long cycle
of WBC procedures with subsequent kinesiotherapy in
healthy subjects. The HDL-Ch level did not change signifi-
cantly in the present study in the WBC group after the com-
pletion of the treatment.

So far, there have not been many reports on the impact of
WBC procedures performed in different cryochambers on
the prooxidant-antioxidant balance in healthy subjects.

In their study, Dugue et al. [39] observed a significant
increase in the value of total peroxyl radical-trapping antiox-
idant capacity of plasma (TRAP) 2 minutes after cold stress
in the first 4 weeks of their study. Thirty-five minutes after
application of WBC, the values of TRAP did not vary from
baseline values. But after 4 weeks, no changes in TRAP values
after the WBC were noticed and no long-term changes in
basal TRAP values were observed (temperature: -110°C, time:
2 minutes, coolant liquid nitrogen, 3 times per week for 12
weeks, without subsequent kinesiotherapy).

In the study of Lubkowska et al. [40], healthy men were
exposed to a single WBC session (temperature: −130°C, time:
3 minutes, closed cryochamber, liquid nitrogen coolant)
without subsequent kinesiotherapy. A significant increase in
GPx and GR activities, with a simultaneous decrease in
CAT and glutathione S-transferase activities, was observed.

A significant increase in the concentration of glutathione,
uric acid, albumins, and extraerythrocyte hemoglobin was
also observed in the serum of the subjects. The level of TOS
did not change after WBC procedure. The authors concluded
that a single stimulation with cryogenic temperatures results
in oxidative stress in a healthy body, but the level of this stress
is not very high.

However, Mila-Kierzenkowska et al. [41] showed that
even a single application of cryotherapy prior to exercise
may have a beneficial impact on the antioxidant system of
the body and alleviates signs of exercise-induced oxidative

Table 2: Levels of lipid peroxidation parameters, total oxidative
status (TOS), and oxidative stress index (OSI)
(mean value ± standard deviation (SD)) in healthy subjects before
and after the completion of a cycle of ten whole-body cryotherapy
procedures with subsequent kinesiotherapy (WBC group) or a
cycle of ten kinesiotherapy procedures only (KT group), with
statistical analyses.

Parameters WBC group KT group P

MDA (p)
(μmol/l)

Before 2 08 ± 0 47 2 30 ± 0 52 0.227

After 1 63 ± 0 35 2 39 ± 0 52 <0.001
P∗ 0.013 0.569

Δ −0 45 ± 0 61 0 09 ± 0 70 0.027

MDA (e)
(nmol/gHb)

Before 0 13 ± 0 01 0 17 ± 0 03 <0.001
After 0 13 ± 0 01 0 17 ± 0 05 0.010

P∗ 0.234 0.999

Δ 0 00 ± 0 01 0 00 ± 0 05 0.799

TOS (s)
(μmol/l)

Before 20 69 ± 4 99 10 12 ± 3 28 <0.001
After 15 88 ± 3 77 11 97 ± 6 71 0.053

P∗ 0.006 0.485

Δ −4 81 ± 5 51 1 85 ± 7 80 0.010

OSI (p/s)
(arbitrary unit)

Before 19 51 ± 7 75 6 84 ± 3 03 <0.001
After 9 65 ± 3 18 10 79 ± 9 02 0.637

P∗ <0.001 0.196

Δ −9 87 ± 7 50 3 96 ± 8 73 <0.001
P: statistical significance of differences between both groups of patients; P∗:
statistical significance of differences between values before and after
treatment in particular groups of patients. (p): plasma; (s): serum; (e):
erythrocyte lysates; Δ: difference prior to posttreatment.

Table 3: Activities of antioxidant enzymes
(mean value ± standard deviation (SD)) in healthy subjects before
and after the completion of a cycle of ten whole-body cryotherapy
procedures with subsequent kinesiotherapy (WBC group) or a
cycle of ten kinesiotherapy procedures only (KT group), with
statistical analyses.

Parameters WBC group KT group P

Total SOD (p)
(NU/ml)

Before 9 43 ± 2 77 11 2 ± 1 93 0.050

After 9 40 ± 3 07 11 6 ± 3 26 0.062

P∗ 0.818 0.679

Δ −0 03 ± 4 74 0 40 ± 3 82 0.775

SOD-Mn (p)
(NU/ml)

Before 3 96 ± 2 01 4 50 ± 1 41 0.387

After 5 19 ± 2 05 5 16 ± 2 19 0.964

P∗ 0.030 0.179

Δ 1 23 ± 1 96 0 65 ± 2 00 0.419

SOD-CuZn (p)
(NU/ml)

Before 6 77 ± 2 70 6 72 ± 1 96 0.957

After 4 84 ± 2 05 6 60 ± 2 92 0.060

P∗ 0.063 0.918

Δ −1 93 ± 4 05 −0 12 ± 3 05 0.166

Total SOD (e)
(NU/mgHb)

Before 83 0 ± 9 82 114 0 ± 20 8 <0.001
After 102 0 ± 13 1 98 5 ± 17 4 0.493

P∗ 0.001 0.002

Δ 19 3 ± 13 9 −15 3 ± 12 7 <0.001

CAT (e)
(IU/mgHb)

Before 104 0 ± 15 0 128 0 ± 11 2 0.352

After 112 0 ± 11 2 111 0 ± 15 6 0.242

P∗ 0.179 0.049

Δ 34 4 ± 87 0 39 9 ± 80 0 0.853

GPx (e)
(IU/gHb)

Before 23 1 ± 3 86 23 8 ± 7 20 0.752

After 22 0 ± 4 57 21 2 ± 3 71 0.606

P∗ 0.121 0.179

Δ −1 17 ± 3 31 −2 59 ± 7 99 0.519

GR (e)
(IU/gHb)

Before 1 17 ± 0 37 1 49 ± 0 53 0.056

After 0 99 ± 0 48 1 14 ± 0 61 0.450

P∗ 0.134 0.010

Δ −0 18 ± 0 43 −0 35 ± 0 44 0.267

P: statistical significance of differences between both groups of patients; P∗:
statistical significance of differences between values before and after
treatment in particular groups of subjects. (p): plasma; (e): erythrocyte
lysates; Δ: difference prior to posttreatment.
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stress (a single session of WBC, temperature: -130°C, time: 1-
2min., cryochamber with cold retention, liquid air coolant).

In addition, Miller et al. [42] also observed an increase in
total antioxidant status and the level of UA as a result of a
series of short-term whole-body cryotherapy (10 WBC ses-
sions, temperature: -130°C, time: 3 minutes, without subse-
quent kinesiotherapy) in healthy subjects.

In our research, the WBC group who underwent a ten-
day long cycle of WBC procedures with subsequent kine-
siotherapy had, after the completion of the treatment, a sig-
nificant decrease in plasma MDA, serum TOS, and value of
OSI. This is in comparison to initial values and the KT group
of subjects who underwent a cycle of kinesiotherapy only,
without previous cryotherapy procedures. Additionally, the
subjects in the WBC group had, after the completion of the
treatment, a significant increase in the plasma activity of
SOD-Mn, FRAP values, and erythrocyte total SOD in com-
parison to the KT group. So, a ten-day long cycle of WBC
procedures performed in a closed cryochamber cooled by liq-
uid nitrogen at the temperature of -120°C with subsequent
kinesiotherapy significantly decreased oxidative stress in
healthy subjects.

The observed differences in the results of various
researches may be related to the type of cryochamber
being used and the coolant medium, in addition to the
time and temperature of exposure to WBC as well as sex
and body mass of subjects. Therefore, further studies are
necessary [43].

4.1. Novelty of the Presented Research. In this research, for the
first time, we assessed the influence of WBC, performed in a

closed cryochamber (Wroclawski type) with a subsequent
session of kinesiotherapy, on oxidative stress and lipid
profile parameters, which were estimated simultaneously
in healthy subjects.

There have been a few studies [41, 42], which showed
a beneficial influence of WBC procedures on the
prooxidant-antioxidant balance in healthy subjects, but
they were performed in different circumstances (type of
cryochamber, temperature, without subsequent sessions
of kinesiotherapy), and very often, the authors only esti-
mated the level of selected parameters of prooxidant-
antioxidant balance. In the presented study, we estimated
oxidative stress assessing the parameters of enzymatic
and nonenzymatic antioxidant system as well as parame-
ters of lipid peroxidation, total oxidant status, and oxida-
tive stress index.

Similarly, in the available literature, there has been only
one study [13], which estimated the influence of WBC on
lipid profile parameters in healthy subjects, but WBC
procedures were not connected with a subsequent session
of kinesiotherapy, and the authors only estimated lipid
profile parameters.

The obtained results in this presented study are similar to
our previous research, in which a beneficial impact of ten
WBC procedures performed in a cryochamber with cold
retention followed by kinesiotherapy (temperature: -120°C,
time: 3min, liquid air coolant) on oxidative stress was
observed in healthy subjects [20]. We also observed a similar
influence of WBC procedures performed in closed cryo-
chamber [21] as well as in cryochamber with cold retention
[44] on oxidative stress in patients with ankylosing spondyli-
tis. Additionally, we observed in patients with ankylosing
spondylitis a significant decrease in T-Ch, LDL-Ch, and TG
levels after the completion of ten daily procedures of WBC
treatment (cryochamber with cold retention cooled by syn-
thetic liquid air, temperature: -120°C) followed by kine-
siotherapy [44].

To sum up, for the first time, in our studies, we showed
that WBC performed in closed cryochamber and in cryo-
chamber with cold retention has similar effect on oxidative
stress and lipid profile. It also seems that it does not depend
on the state of health. The obtained results give very impor-
tant information about indications for the use of WBC by
physicians and physiotherapists.

5. General Conclusion

Whole-body cryotherapy procedures performed in a closed
cryochamber (Wroclawski type) followed by kinesiotherapy
decrease lipid profile as well as oxidative stress in healthy
subjects. Whole-body cryotherapy may be a beneficial well-
ness method.

Data Availability

The data used to support the findings of this study are
included within the article.

Table 4: Levels of nonenzymatic antioxidants
(mean value ± standard deviation (SD)) in healthy subjects before
and after the completion of a cycle of ten whole-body cryotherapy
procedures with subsequent kinesiotherapy (WBC group) or a
cycle of ten kinesiotherapy procedures only (KT group), with
statistical analyses.

Parameters WBC group KT group P

FRAP
(μmol/l)

Before 646 1 ± 146 0 639 4 ± 83 8 0.876

After 727 1 ± 114 4 609 9 ± 90 4 0.003

P∗ <0.001 0.088

Δ 81 0 ± 59 6 −29 5 ± 78 9 <0.001

PSH (s)
(μmol/l)

Before 613 2 ± 323 1 481 4 ± 126 8 0.145

After 588 6 ± 312 7 451 4 ± 137 0 0.123

P∗ 0.438 0.087

Δ −24 6 ± 170 1 −30 1 ± 163 2 0.926

UA (s)
(mg/dl)

Before 5 33 ± 1 50 5 61 ± 0 86 0.513

After 5 47 ± 1 26 5 31 ± 1 24 0.720

P∗ 0.352 0.198

Δ 0 15 ± 0 85 −0 30 ± 0 88 0.154

P: statistical significance of differences between both groups of patients; P∗:
statistical significance of differences between values before and after
treatment in particular groups of patients. (p): plasma; (s): serum; Δ:
difference prior to posttreatment.
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Metabolites of the Nitric Oxide (NO) Pathway Are Altered and
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Objective. The status of metabolites of the nitric oxide (NO) pathway in patients with chronic wounds in the course of
cardiometabolic diseases is largely unknown. Yet arginine supplementation and citrulline supplementation as novel therapeutic
modalities aimed at increasing NO are tested. Material and Methods. Targeted metabolomics approach (LC-MS/MS) was
applied to determine the concentrations of L-arginine, L-citrulline, asymmetric and symmetric dimethylarginines (ADMA and
SDMA), and arginine/ADMA and arginine/SDMA ratios as surrogate markers of NO and arginine availability in ulnar and
femoral veins, representing systemic and local levels of metabolites, in patients with chronic wounds in the course of
cardiometabolic diseases (n = 59) as compared to patients without chronic wounds but with similar cardiometabolic burden
(n = 55) and healthy individuals (n = 88). Results. Patients with chronic wounds had significantly lower systemic L-citrulline and
higher ADMA and SDMA concentrations and lower L-arginine/ADMA and L-arginine/SDMA as compared to healthy controls.
The presence of chronic wounds in patients with cardiometabolic diseases was associated with decreased L-arginine but
with increased L-citrulline, ADMA, and SDMA concentrations and decreased L-arginine/ADMA and L-arginine/SDMA.
Serum obtained from the ulnar and femoral veins of patients with chronic wounds differed by L-arginine concentrations and
L-arginine/SDMA ratio, both lower in the femoral vein. Wound etiology affected L-citrulline and SDMA concentrations, lower
and higher, respectively, in patients with venous stasis, and the L-arginine/SDMA ratio—lower in venous stasis. The wound
type affected L-arginine/ADMA and citrulline—lower in patients with ulcerations or gangrene. IL-6 was an independent
predictor of L-arginine/ADMA, VEGF-A of ADMA, G-CSF of L-arginine/SDMA, and GM-CSF of L-citrulline and SDMA.
Conclusion. Chronic wounds in the course of cardiometabolic diseases are associated with reduced NO and arginine
availability due to ADMA and SDMA accumulation rather than arginine deficiency, not supporting its supplementation.
Wound character seems to affect NO bioavailability and wound etiology—arginine bioavailability. Arginine concentration and
its availability are more markedly reduced at the local level than the systemic level.
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1. Introduction

Sufficient synthesis and bioavailability of nitric oxide
(NO)—a free radical and a key vasodilator—are crucial
for proper functioning of the vascular endothelium. Conse-
quently, NO deficiency is a prerequisite for and a hallmark
of endothelial dysfunction, a pathology preceding the
development of cardiovascular diseases (CVD) [1]. CVD
and their main risk factors, such as obesity, hypertension,
and type 2 diabetes mellitus (T2DM), are, in turn, among
key factors negatively affecting proper wound healing [2].
Nonhealing wounds constitute a serious problem for
affected people and a growing burden for public health
care [3]. Currently, they affect 4.5 million people in the
United States alone [4] but the incidence of chronic
wounds is likely to increase along with estimated rise in
the incidence of CVD, obesity, and T2DM [5–8]. The over-
all prevalence of peripheral artery disease (PAD) in Europe
is estimated to be 5.3% but differs by country [9]. The dis-
turbed blood flow and blood vessel damage accompanying
CVD and specifically PAD may result in ulcerations or
gangrene located in the lower extremities [9–11]. NO-
releasing wound dressings as well as diet supplementation
with L-arginine, a NO substrate, are currently being evalu-
ated as novel modalities in the treatment of chronic
wounds [12, 13].

Successful healing requires spacial and temporal cooper-
ation of a myriad of players, mediating three key phases of
the process: inflammatory, proliferative, and remodelling
[5]. Nonhealing wounds are believed to be locked in the
inflammatory phase [14]. While most mediators are proteins,
other molecules, such as NO, are recently gaining attention as
potentially relevant for all phases of the healing [15–19]. The
importance of NO has been demonstrated by the delayed
healing of animals with genetically impaired NO synthesis
[20, 21]. Moreover, it has been shown that NO therapy is
effective in healing ischemic [22] and diabetic ulcers [23] in
experimental animals by inducing reepithelization, angio-
genesis, and collagen synthesis.

NO is synthesized by nitric oxide synthases (NOS) from
L-arginine, and L-citrulline is the other reaction product.
There are three isoforms of the enzyme: constitutively
expressed endothelial (eNOS; NOS1) and neuronal (nNOS;
NOS3) isoforms and the inducible isoform (iNOS; NOS2)
[24]. The activity of NOS enzymes is regulated by methylated
derivatives of arginine, of which asymmetric dimethylargi-
nine (ADMA) is believed to be a strong and symmetric
dimethylarginine (SDMA) a weak enzyme inhibitor. Both
ADMA and SDMA compete with L-arginine for its trans-
porters, and therefore, their accumulation decreases NO
production by diminishing L-arginine availability for the
NOS enzymes. The ADMA and SDMA pool is regulated
at the level of their synthesis, conducted by the protein argi-
nine methyltransferases (PRMTs), and degradation. While
ADMA is mostly catabolized to L-citrulline and dimethyla-
mine (DMA), by dimethylarginine dimethylaminohydro-
lases (DDAHs), SDMA is preferentially excreted with
urine. L-Citrulline may be used in the arginine-citrulline
cycle to satisfy the body demand for L-arginine [24].

The gaseous nature, high diffusion capacity, and short
half-life make NO the ideal signalling molecule but cause
its quantification to be a challenge. Therefore, relatively more
stable products of NO oxidation, nitrites and nitrates, are
measured instead of NO. Nitrate has even been proposed as
a “wound healing biomarker and surrogate end point” for
treatment of diabetic foot ulcers [18]. Another approach for
the assessment of NO and its bioavailability is the evaluation
of intermediates in the NO synthesis pathway and inhibitors
of NOS enzymes. Of those, the measurement of L-arginine
and/or ADMA is the most popular.

Despite the relevance of NO for wound healing, the status
of its pathway metabolites and surrogate markers is largely
unknown. Recently, an elevation in serum ADMA [25] has
been reported in patients with chronic wounds while our
own preliminary research showed a decrease in serum L-
arginine [26]. However, there seem to be a paucity of data
on SDMA and citrulline or regarding the possible association
between NO metabolites and wound etiology and the type or
their interplay with inflammatory and immune mediators.
Therefore, this study was designed to simultaneously evalu-
ate a wider panel of L-arginine/NO pathway metabolites
using targeted metabolomics approach and a novel assay
recently developed by our group [27]. We measured L-argi-
nine, L-citrulline (referred to hereafter simply as arginine
and citrulline), ADMA, and SDMA to determine their status
and clinical relevance in patients with chronic wounds of var-
ious etiologies and types, at systemic and local levels.

2. Materials and Methods

2.1. Ethical Approval. The study protocol was approved by
the Medical Ethics Committees of Wroclaw Medical Univer-
sity (#KB-384/2012) from April 12, 2012, and the study was
conducted in accordance with the Helsinki Declaration of
1975, as revised in 1983, and an informed consent has been
obtained from all patients.

2.2. Patients. The study population consisted of 202 individ-
uals: 114 patients with cardiovascular diseases and/or diabe-
tes, of whom 59 had chronic wounds of lower extremities,
and 88 healthy individuals. Patients were recruited from
among patients of the Dept. of Angiology of the Regional
Specialist Hospital and the Dept. of Angiology, Hypertension
and Diabetes of the Wroclaw Medical University. Concern-
ing patients with nonhealing wounds, only those with
wounds in the course of vascular disease and diabetes were
included while others, with wounds due to autoimmune dis-
eases, malignancy, infections, or drugs, were not enrolled.
Wound etiology was determined by the evaluation of wound
characteristics (location and an appearance of the wound, its
borders and those of the surrounding skin, pain, and the
presence of bleeding on manipulation) in addition to the
patient’s history and clinical assessment, which was based
on the ankle-brachial pressure index, ultrasound, angiogra-
phy, and computer tomography. The wound etiology was
as follows: venous stasis (n = 25), ischemic (arterial) (n = 17),
and neurotrophic (n = 17). Patients’ wounds were mechani-
cally cleaned of necrotic tissue and excess wound exudate,
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photographs were taken, and wound material was collected
for bacteriological examination. Subsequently, wounds were
washed with antiseptic octenidine dihydrochloride and
dressed using a sterile gauze. None of the patients used argi-
nine supplements.

The control group consisted of healthy volunteers
recruited from hospital staff and blood donors from Lower
Silesian Center of Blood Donation and Therapy, Wroclaw,
Poland (recruited on the basis of standard eligibility criteria
for blood donation with an age > 50 yrs and an insignificant
medical history as additional inclusion criteria for the current
study). Table 1 presents detailed characteristics of the study
population, and the categorization into examined groups is
depicted in Figure 1.

In a subgroup of patients (n = 7), blood was sampled
from the ulnar and femoral veins in order to compare sys-
temic metabolite concentrations with those more local and
closer to the wound.

2.3. Analytical Methods. Blood (7.5mL), after an overnight
fasting, was drawn into serum separator tubes from ulnar
veins and, additionally, from femoral veins. Blood was
clotted for 30min and subsequently centrifuged (15min,
10°C, 720×g). Collected serum was aliquoted and kept frozen
at -80° until examination.

2.3.1. Materials. LC-MS-grade acetonitrile, water, andmetha-
nol were purchased fromMerckMillipore (Warsaw, Poland).
L-Arginine, SDMA, ADMA, L-citrulline, sodium tetraborate,
benzoyl chloride (BCl), and HPLC-grade formic acid (FA)
were obtained from Sigma-Aldrich (Poznan, Poland).
Isotope-labeled asymmetric dimethylarginine (2,3,3,4,4,5,5-
D7-ADMA, 98%) and L-arginine:HCl (D7-arginine, 98%)
were acquired from Cambridge Isotope Laboratories (MA,
USA). Leucine-enkephalin was purchased from Waters
(Warsaw, Poland).

2.3.2. Quantitative Analysis of Metabolites Involved in NO
Synthesis. Serum concentrations of metabolites involved in
NO synthesis were measured by stable isotope dilution liquid
chromatography tandemmass spectrometry using a Xevo G2
quadrupole-TOF instrument (Waters, Milford, MA, USA) as
described in detail by Fleszar et al. [27]. Briefly, aliquots of
100 μL of sera or the calibration sample, 10μL of internal
standard solution in water (100 μM D7-arginine and
20 μM D7-ADMA), and 50μL of borate buffer (0.025M
Na2B4O7·10H2O, 1.77mM NaOH, pH = 9 2) were trans-
ferred into polypropylene microtubes and vortexed (1min,
1100 rpm, 25°C). Then, 400 μL of acetonitrile and 10μL of
10% BCl in acetonitrile were added and vortexed (5min,
1100 rpm, 25°C). After derivatization, samples were centri-
fuged (7min, 4°C, 15000 × g) and 100 μL of supernatants
was transferred into a chromatographic glass vial with
300μL of water for LC-MS analysis.

2.3.3. LC-ESI-MS Analysis. The LC analysis was carried out
on a nanoACQUITY UPLC System equipped with an
ACQUITY HSS T3 column (50 × 1 0mm, 1.75 μm) with a
0.22μm membrane inline filter (Waters). The total run time
of the method was 10min with a flow rate of 80μL/min.

Mobile phase A consisted of 0.1% FA in water, while mobile
phase B consisted of 0.1% FA in methanol. For ADMA
and SDMA isomer separation, the following gradient was
applied: 11% B for 0–1min, 11%–13% B for 1–2min,
13%–60% B for 2–5min, 60%–90% B for 5–5.5min, 90%
B for 5.5–6min, and 90%–11% B for 6–6.05min. The
sample injection volume was 2 μL.

Mass spectra for the compounds were acquired in a Xevo
G2 Q-TOF mass spectrometer (Waters) in positive ion mode
electrospray ionization (ESI). The MS operating conditions
were as follows: capillary voltage, 3000V; cone voltage,
40V; source temperature, 120°C; cone gas flow, 85L/hour;
desolvation temperature, 350°C; and desolvation gas flow,
800 L/hour. Data acquisition was carried on MassLynx Soft-
ware (Waters) using the following ions: 279.1457 m/z,
286.1897 m/z, 307.1770 m/z, 314.2076 m/z, and 280.1136
m/z for L-arginine, D7-arginine, ADMA and SDMA, D7-
ADMA, and L-citrulline, respectively.

As previously described [27], the method is character-
ized by intra- and interassay coefficients of variation of
1.6% and 3.3% for arginine, 3.2% and 3.1% for citrulline,
7.5% and 9.4% for ADMA, and 6.4% and 7.1% for
SDMA determination.

2.4. Statistical Analysis.Data were tested for normality of dis-
tribution using the Kolmogorov-Smirnoff test and for homo-
geneity of variances using Levene’s test and presented as
means or medians with 95% confidence interval (CI) around
them. Between-group differences in means or medians were
tested using a t-test for independent samples withWelch cor-
rection if appropriate or with the Mann-Whitney U test
(two-group comparisons) and with a one-way ANOVA with
the Tukey-Kramer post hoc test or with the Kruskal-WallisH
test with the Conover post hoc test (multigroup compari-
sons). Log-transformation was used if necessary to obtain
normality of distribution and/or homogeneity of variances.
Additionally, a t-test for paired samples was used to analyze
differences in metabolite concentrations between femoral
and ulnar veins. Frequency analysis was conducted using
the chi-squared test. Univariate correlations were examined
using Pearson tests. Multivariate linear regression was
conducted to discern the independent predictor of NO-
associated metabolites. Regression models were built with
a stepwise method using the following criteria: enter vari-
able if p < 0 05 and remove variable if p > 0 1. All calculated
probabilities were two-tailed, and p values ≤ 0.05 were con-
sidered statistically significant. The analyses were per-
formed using MedCalc Statistical Software version 18.11.6
(MedCalc Software bvba, Ostend, Belgium; https://www.
medcalc.org; 2019).

3. Results

Both patients’ cohorts were well matched with respect to sex
distribution, age, and concentrations of biochemical indices,
indicative of similar disease burden. There were, however,
significant differences in HDL cholesterol and CRP lower
and higher, respectively, in patients with chronic wounds
(Table 1). There were no sex-related differences in any
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intermediate in the arginine/NO pathway among patients
with chronic wounds or healthy controls. However, in a
group of patients with cardiometabolic diseases without
wounds, males had higher citrulline, ADMA, and SDMA
concentrations and lower Arg/ADMA and Arg/SDMA ratios
(for details, see Suppl. Tab. 1).

3.1. Intermediates in the Arginine/NO Pathway in Patients
with Cardiometabolic Diseases with and without Chronic
Wounds. As compared to healthy individuals, patients with
cardiometabolic diseases without chronic wounds had signif-
icantly higher arginine (Figure 2(a)) but lower citrulline
(Figure 2(b)) concentrations and comparable ADMA and

Table 1: Characteristics of the study population.

Parameter Healthy controls
Patients with cardiometabolic diseases

p value
Without chronic wounds With chronic wounds

Number of patients 88 55 59 —

Age (yrs.), median (range) 63 (50-73) 64 (49-81) 65 (40-87) 0.086K

Sex (F/M), n 33/55 29/26 22/37 0.145χ2

FG (mg/dL), mean (95% CI) — 159.5 (149-179) 147.2 (105-189) 0.591W

HbA1C (%), mean (95% CI) — 7.73 (7.2-8.2) 7.98 (7-8.9) 0.620t

CHOL (mg/dL), median (95% CI) — 168 (163-177) 164 (147-175) 0.162M

HDL (mg/dL), median (95% CI) — 44.5 (40-49) 35 (32-44) 0.008M

LDL (mg/dL), mean (95% CI) — 101 (91-112) 89.8 (81-99) 0.104W

TG (mg/dL), mean (95% CI) — 148.4 (129-171) 126.7 (108-148) 0.156t

Creatinine (mg/dL), mean (95% CI) — 0.98 (0.92-1.04) 0.89 (0.78-1.02) 0.191W

HGB (g/dL), mean (95% CI) — 13.5 (13-13.9) 12.9 (12.4-13.8) 0.084t

CRP (mg/L), mean (95% CI) — 1.7 (1.3-2.3) 19.6 (13.5-28.5) <0.0001t

yrs.: years; F/M: female-to-male ratio; SD: standard deviation; n: number of patients; FG: fasting glucose; HbA1C: glycated hemoglobin; CHOL: total cholesterol;
HDL: high-density lipoprotein cholesterol; LDL: low-density lipoprotein cholesterol; TG: triglycerides; HGB: hemoglobin; CRP: C-reactive protein; KKruskal-
Wallis H test; WWelch test; χ2chi-squared test; tt-test for independent samples; MMann-Whitney U test.

Study population
n = 202

Patients with
cardiometabolic

burden
n = 114

Healthy controls
n = 88

Without chronic
wounds
n = 55

With chronic
wounds
n = 59

Phlegmon
n = 11

Gangrene
n = 17

Ulcers
n = 50

Dominant ischemic
(arterial) etiology

n = 17

Dominant 
neurotrophic

etiology
n = 17

Dry
n = 10

Wet
n = 7

Dominant venous
stasis etiology

n = 25

Figure 1: Diagram showing the categorization of study population into groups.
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SDMA concentrations (Figures 2(c) and 2(d)) andArg/ADMA
and Arg/SDMA ratios (Figures 2(e) and 2(f)). As compared to
healthy individuals, patients with cardiometabolic diseases with
chronic wounds had significantly lower citrulline (Figure 2(b))
and higher ADMA and SDMA concentrations (Figures 2(c)
and 2(d)) and lower Arg/ADMA and Arg/SDMA ratios
(Figures 2(e) and 2(f)). The presence of chronic wounds in
patients with cardiometabolic diseases was associated with

decreased arginine (Figure 2(a)) but with increased citrulline
(Figure 2(b)), ADMA, and SDMA concentrations (Figures 2(c)
and 2(d)) and decreased Arg/ADMA and Arg/SDMA ratios
(Figures 2(e) and 2(f)).

3.2. Impact of Wound Etiology on Intermediates in the
Arginine/NO Pathway. Arginine (Figure 3(a)) and ADMA
(Figure 3(c)) did not differ with respect to wound etiology,
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Figure 2: Intermediates in the arginine/NO pathway in chronic wounds: (a) arginine, (b) citrulline, (c) ADMA, (d) SDMA, (e) arginine-to-
ADMA ratio (Arg/ADMA), and (f) arginine-to-SDMA ratio (Arg/SDMA). Data are presented as medians with 95% confidence intervals and
analyzed using the Kruskal-Wallis H test. CM+W: patients with cardiometabolic diseases and chronic wounds; CM: patients with
cardiometabolic diseases without chronic wounds; HC: healthy controls. Numbers below the dot plots represent the mean value within a
group. Letters above the dot plots indicate groups from which a given group mean differs significantly: A: significantly different from CM
+V; B: significantly different from CM; C: significantly different from HC.
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but citrulline concentrations (Figure 2(b)) were significantly
higher in patients with venous stasis wounds than in those with
neurotrophic wounds. SDMA concentrations (Figure 3(d))
were significantly higher in patients with venous stasis wounds
as compared to both neurotrophic and ischemic wounds. The
Arg/SDMA ratio (Figure 2(e)) was significantly lower in
patients with venous stasis wounds as compared to neuro-
trophic wounds, and the Arg/ADMA ratio displayed a simi-
lar tendency (Figure 3(f)).

3.3. Intermediates in the Arginine/NO Pathway and Wound
Characteristics. The concentrations of intermediates of the
arginine/NO pathway were compared between patients with
and without gangrene and between two of its types (dry and
wet) as well as between patients with and without phlegmon
or with and without ulceration.

Concerning gangrene, only citrulline concentrations
differed significantly and were lower in patients with gan-
grene (Figure 4(a)). There were no differences in other
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Figure 3: Wound etiology and intermediates in the arginine/NO pathway: (a) arginine, (b) citrulline, (c) ADMA, (d) SDMA, (e) arginine-to-
ADMA ratio (Arg/ADMA), and (f) arginine-to-SDMA ratio (Arg/SDMA). Data are presented as means with 95% confidence intervals and
analyzed using one-way ANOVA. ISCH: ischemic etiology; NEURO: neurotrophic etiology; VEN: venous stasis etiology. Numbers below the
dot plots represent the mean value within a group. Letters above/below the dot plots indicate groups from which a given group mean differs
significantly: A: significantly different from ISCH; B: significantly different from NEURO; C: significantly different from VEN.
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intermediates in the arginine/NO pathway with respect to
the presence or absence of gangrene (p = 0 443 for arginine,
p = 0 327 for ADMA, p = 0 775 for SDMA, p = 0 159 for
Arg/ADMA, and p = 0 547 for Arg/SDMA) (for details,
see Suppl. Fig. 1). Also, the intermediates did not differ
with respect to the gangrene type (p = 0 905 for arginine,
p = 0 508 for citrulline, p = 0 990 for ADMA, p = 0 810 for
SDMA, p = 0 859 for Arg/ADMA, and p = 0 940 for
Arg/SDMA) (for details, see Suppl. Fig. 2).

Concerning phlegmon, there were no differences as well
(p = 0 599 for arginine, p = 0 183 for citrulline, p = 0 134
for SDMA, p = 0 208 for Arg/ADMA, and p = 0 231 for
Arg/SDMA) (for details, see Suppl. Fig. 3), although ADMA
tended to be lower in patients with phlegmon (Figure 4(b)).

Concerning ulceration, ADMA (p = 0 118) only tended
to be higher in patients with ulcers and arginine (p = 0 291
) tended to be lower (for details, see Suppl. Fig. 4) but their
ratio (Arg/ADMA) was significantly lower in patients with
ulceration as compared to those without (Figure 4(c)). Cit-
rulline tended to be elevated in patients with ulceration
(Figure 4(d); 41.9 μM (35.9-47.9) vs. 27.4μM (18.8-35.9),
p = 0 052), and SDMA (p = 0 351) and Arg/SDMA
(p = 0 101) did not show significant differences (for details,
see Suppl. Fig. 4).

3.4. Intermediates in the Arginine/NO Pathway and Blood
Source. For a subgroup of seven patients, blood was sampled
from both the ulnar and femoral veins. The comparison of
metabolite concentrations with respect to blood source did
not show statistically significant differences for ADMA
(p = 0 852), SDMA (p = 0 554), Arg/ADMA (p = 0 198),
and citrulline (p = 0 954) (for details, see Suppl. Fig. 5). How-
ever, concentrations of arginine (Figure 5(a)) as well as
Arg/SDMA (Figure 5(b)) were significantly lower in blood
sampled from the femoral vein than the ulnar vein.

3.5. Correlation Pattern between Intermediates in the
Arginine/NO Pathway and Cytokines, Chemokines, and
Growth Factors. The correlation patterns between intermedi-
ates in the arginine/NO pathway and key cytokines, chemo-
kines, and growth factors implicated in the pathogenesis of
wound healing have been examined (Table 2). There was
no significant correlation between arginine and any of evalu-
ated mediators. Citrulline correlated negatively with G-CSF,
GM-CSF, IL-4, and IL-8. Of these, GM-CSF was an indepen-
dent predictor of citrulline concentrations, explaining 15% in
its variability (rpartial = −0 39, p = 0 013; R2 = 0 155). ADMA
correlated negatively with GM-CSF, TNFα, and VEGF-A.
Of these, VEGF-A was an independent predictor of ADMA
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Figure 4: Wound type and intermediates in the arginine/NO pathway: (a) citrulline and gangrene, (b) ADMA and phlegmon, (c) Arg/ADMA
and ulceration, and (d) citrulline and ulceration. Data are presented as (a) medians or means with 95% confidence intervals and analyzed
using (a) the Mann-Whitney U test or t-test for independent samples.
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concentrations, explaining 13% in its variability (rpartial =
−0 37, p = 0 022; R2 = 0 134). SDMA correlated negatively
with G-CSF, GM-CSF, IL-1β, IL-4, IL-8, and TNFα.
Of these, GM-CSF was an independent predictor of
SDMA concentrations, explaining 17% in its variability
(rpartial = −0 42, p = 0 008; R2 = 0 174). Arg/ADMA corre-
lated with G-CSF, GM-CSF, IL-1β, IL-4, IL-6, VEGF-A,
and TNFα, of which IL-6 was an independent predictor,
explaining 28% of variability in its value (rpartial = 0 52,
p < 0 001; R2 = 0 275). Arg/SDMA correlated with G-CSF,
GM-CSF, IL-1β, IL-4, and TNFα, of which G-CSF was an
independent predictor of the Arg/SDMA ratio, explaining
17% in its variability (rpartial = 0 41, p = 0 010; R2 = 0 167).

3.6. Interplay between Intermediates in the Arginine/NO
Pathway. The pattern of interrelationships of intermediates
in the arginine/NO pathway in patients with cardiometabolic
diseases with and without chronic wounds has been exam-
ined. Arginine did not correlate with any other metabolite
in patients with cardiometabolic diseases without chronic

wounds but became directly correlated with the ADMA
and SDMA levels in patients with chronic wounds. Citrulline
was positively correlated with ADMA and SDMA in both
patient groups, but the associations were weaker in patients
with chronic wounds. ADMA correlated positively with
SDMA, and the association was weaker in patients with
chronic wounds (Table 3).

4. Discussion

Detrimental effects of diminished NO bioavailability on car-
diovascular health and wound healing are well documented
and have led to an outburst of novel treatment strategies
aiming at its increase. Intuitively, an elevation in arginine, a
direct substrate for NOS enzymes, ought to increase NO
availability. Indeed, in addition to wound dressings contain-
ing NO precursors [12], the effect of arginine supplementa-
tion on a diet has been found beneficial for facilitating the
healing of pressure ulcers [13]. However, our results do not
confirm that systemic arginine is diminished in patients
with chronic wounds to warrant its supplementation. Rather
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Figure 5: Difference in (a) arginine concentrations and (b) arginine-to-SDMA ratio between the ulnar and femoral veins. Data are presented
as means with 95% confidence intervals and analyzed using a t-test for paired samples.

Table 2: Correlation pattern between intermediates in the arginine/NO pathway and cytokines, chemokines, and growth factors.

Cytokine Arg Cit ADMA SDMA (log) Arg/ADMA Arg/SDMA

FGF2 0.13 -0.29 -0.17 -0.28 0.21 0.27

G-CSF 0.12 -0.35∗ -0.27 -0.37∗ 0.42‡ 0.41‡

GM-CSF (log) 0.06 -0.39∗ -0.36∗ -0.42‡ 0.39∗ 0.36∗

IL-1β 0.10 -0.27 -0.27 -0.36∗ 0.38∗ 0.35∗

IL-4 0.17 -0.32∗ -0.21 -0.34∗ 0.32∗ 0.36∗

IL-6 (log) 0.08 -0.30 -0.39∗ -0.23 0.52† 0.27

IL-8 -0.06 -0.36∗ -0.30 -0.34∗ 0.28 0.23

MCP1 (log) -0.07 -0.24 -0.10 -0.25 0.10 0.20

MIP-1α 0.07 -0.07 -0.16 -0.20 0.23 0.22

PDGF (log) 0.25 -0.21 -0.10 -0.17 0.27 0.28

TNFα (log) 0.14 -0.31 -0.32∗ -0.38∗ 0.46‡ 0.40∗

VEGF-A (log) -0.07 -0.28 -0.37∗ -0.28 0.32∗ 0.14
∗p ≤ 0 05, ‡p < 0 01, and †p < 0 001. Data were analyzed using the Pearson test and reported as correlation coefficients r.
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unexpectedly, they were increased in patients with cardio-
metabolic burden but without chronic wounds. This observa-
tion, however, agrees well with previously reported increased
risk for CVD in patients with elevated arginine, independent
from traditional risk factors [28]. Still, we also demonstrated
that arginine concentrations in the blood from the femoral
vein, draining the wounded leg, are significantly lower imply-
ing that arginine might indeed be depleted locally. Moreover,
also the Arg/SDMA ratio was markedly reduced in the fem-
oral vein than in the ulnar vein, indicative of more severe
local arginine depletion.

Nonetheless, it has been suggested that an elevation in
systemic or local arginine may not directly translate into
increased NO concentrations, a phenomenon explained by
impaired arginine availability for NO synthesis by NOS
enzymes. At least several mechanisms are in operation, that
is, concomitant upregulation of NOS inhibitors, NOS
uncoupling due to oxidative stress and tetrahydrobiopterin
deficiency, and arginine utilization by an upregulated argi-
nase [29]. Indeed, corroborating the first mechanism, we
showed that patients with chronic wounds had increased
both ADMA and SDMA concentrations as compared to
healthy individuals and patients with cardiometabolic dis-
eases without chronic wounds. Elevated ADMA increases
cardiovascular risk [30] and is associated with every disease
within the CVD spectrum as well as with CVD risk factors
[31]. Mechanistically, ADMA interferes with NO synthesis
by inhibiting NOS enzymes and by reducing arginine avail-
ability by competing for its membrane transporters. Addi-
tionally, it impairs NO signalling by inhibiting eNOS
phosphorylation [32]. Also, El-Mesallamy et al. [25] demon-
strated that ADMA was elevated in patients with leg ulcers
significantly more so than in T2DM patients without neu-
ropathy. SDMA negatively affects arginine availability by
inhibiting its membrane transport as well but has not gained
as much attention as ADMA as it is only a weak NOS inhib-
itor. There seems to be a paucity of information on SDMA in
chronic wounds in the course of cardiometabolic diseases. In
turn, data linking SDMA with a risk of CVD and CVD-
caused mortality derived from meta-analyses are contradic-
tory [30, 33]. However, individual studies indicate SDMA
elevation to be an independent predictor of CVD-related
mortality [34, 35] and to predict renal and cardiovascular
outcomes in patients with chronic kidney disease [36]. Fur-
thermore, functional studies have shown SDMA to abolish

anti-inflammatory and antiatherogenic properties of HDL.
Consequently, SDMA has been claimed to be a marker of
HDL dysfunction [34].

We also observed that due to ADMA and SDMA accu-
mulation, both Arg/ADMA and Arg/SDMA ratios were
significantly decreased in patients with chronic wounds, indi-
cating reduced availability of NO and arginine, respectively.
Wound character seemed to have an impact on NO bioavail-
ability since the Arg/ADMA ratio was markedly reduced in
patients with ulcerations. In turn, wound etiology affected
arginine bioavailability as patients with venous stasis had
markedly elevated SDMA and decreased Arg/SDMA. The
ADMA and SDMA pool is regulated mainly by the rates of
their synthesis by type I (ADMA) and type II (SDMA)
PRMTs and the rate of their degradation by DDAH enzymes
(ADMA) and renal excretion [24]. Impaired renal secretion
does not seem to explain the phenomenon of their accumu-
lation in full as cardiometabolic burden, including chronic
kidney disease, was similar in patients with and without
chronic wounds. There is a paucity of data regarding PRMT
and DDAH activity and expression in metabolic disorders
and in chronic wounds. However, limited animal studies
have linked PRMT overexpression with obesity, nonalcoholic
fatty liver disease, and diabetic retinopathy [37, 38] and
DDAH downregulation with diabetic retinopathy [38] and
impaired vascular homeostasis [39]. PRMT and DDAH
might be altered more strongly among patients with chronic
wounds than without as they are positively (PRMTs) and
negatively (DDAHs) affected by inflammatory mediators
[31, 40] and, as we have previously demonstrated, chronic
wounds are accompanied by systemic elevation in proinflam-
matory cytokines [41].

An interesting observation is the difference between
SDMA, which was elevated in patients with cardiometabolic
burden as compared to controls, and ADMA, which was not.
It might result from differences in sensitivity of distinct
PRMT enzymes. It has been shown that ADMA-yielding
PRMT2 expression is inhibited by high glucose concentra-
tion, a common occurrence among our patients, which, in
turn, upregulates SDMA synthesis owing to substrate scav-
enging by type II PRMTs [37].

A direct link between arginine and NO concentrations is
further disturbed by NOS uncoupling [29]. The lack of argi-
nine [42], high ADMA concentrations [43], inflammation
and oxidative stress [44], and tetrahydrobiopterin deficiency

Table 3: Correlation pattern between intermediates in the arginine/NO pathway in patients with cardiometabolic diseases with and without
chronic wounds.

Metabolite Arginine Citrulline ADMA SDMA (log) Arg/ADMA Arg/SDMA

Arginine — -0.14 -0.15 0.23 — —

Citrulline 0.20 — 0.81† 0.85† -0.62† -0.63†

ADMA 0.45† 0.69† — 0.84† — —

SDMA (log) 0.28∗ 0.63† 0.68† — — —

Arg/ADMA — -0.35‡ — — —

Arg/SDMA — -0.36‡ — — — —

The right side of the table (in italics) presents correlations in patients without wounds; the left side (in a straight script) presents correlations in patients with
chronic wounds. ∗p ≤ 0 05, ‡p < 0 01, and †p < 0 001. Data were analyzed using the Pearson test and reported as correlation coefficients r.
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[45] are considered main culprits of switching enzyme
activity from NO synthesis to the production of superoxide
anion. As such, the uncoupling of NOS leads not only to
the concomitant decrease in NO availability but also to the
exacerbation of oxidative stress. Furthermore, NOS enzymes
compete for arginine with arginases, the enzymes converting
arginine to ornithine. Correspondingly, the upregulated
ARG1 expression has been reported in patients with diabetic
foot and venous ulcers [46] as well as in chronic wounds in
recessive dystrophic epidermolysis bullosa [47].

Data regarding citrulline association with chronic
wounds in the course of cardiometabolic diseases are miss-
ing, and those on citrulline in underlying conditions seem
to be contradictory. Elevated citrulline has been associated
with an increased CVD risk [28] and has a negative impact
on arginine bioavailability in obesity and T2DM [48]. How-
ever, it is also an effective antioxidant [49], argued to be more
effective in restoring cardiometabolic health via increasing
NO availability than arginine [49]. In addition to improving
endothelial function via NO-associated mechanisms, citrul-
line supplementation in patients with vasospastic angina
has been shown to reduce the concentrations of oxidized
LDL thus alleviating oxidative stress [50]. Citrulline in our
study was diminished in patients with cardiometabolic bur-
den as compared to healthy individuals and strongly and
positively correlated with NOS inhibitors—ADMA and
SDMA. Considering that citrulline is a second reaction prod-
uct and an effective arginine precursor, these findings seem to
confirm reduced rates of NO synthesis among patients with
cardiometabolic burden and especially among patients with
gangrene. Still, citrulline was less diminished in patients with
chronic wounds than those without, particularly in case of
wounds of venous stasis etiology. Also, in line with its nega-
tive impact on arginine availability, it negatively and strongly
correlated with the Arg/SDMA ratio. Debats et al. [51], in
turn, found citrulline to be elevated exclusively in patients
with infected chronic wounds but not with noninfected or
acute wounds.

Inflammatory cytokines are among the initiators of endo-
thelial dysfunction [44] and key players in sustaining inflam-
mation in chronic wounds. Among others, they induce the
expression of iNOS [16] but inhibit that of eNOS [52, 53]
and contribute to ADMA accumulation [31, 40]. Recently,
we have demonstrated that chronic wounds are accompanied
by systemic elevation of IL-1β, IL-4, IL-6, IL-8, FGF-2, MIP-
1α, PDGF-BB, and VEGF-A [41]. Also, markedly elevated
CRP and reduced HDL in patients with chronic wounds
compared to those with similar cardiometabolic burden are
indicative of a higher grade of inflammation in the former.
Among our patients, ADMA concentrations were indepen-
dently and inversely associated with VEGF-A, indicative of
the negative impact of ADMA accumulation and resulting
diminished NO synthesis on angiogenesis in patients with
chronic wounds. We also observed that the higher inflamma-
tory response, indicated by IL-6 concentration, the lower the
NO availability, indicated by the reduced Arg/ADMA ratio.
We found that GM-CSF was an independent predictor for
citrulline and SDMA and G-CSF for Arg/SDMA. G-CSF
and GM-CSF are hematopoietic cytokines displaying immu-

nomodulatory and antibiotic-enhancing activities with a
proven beneficial effect on wound healing [54–56]. Their
concentrations are reduced in patients with chronic wounds
[41]. Park et al. [57] demonstrated that G-CSF exerts a pro-
tective effect on endothelial cells via stimulating eNOS
expression and phosphorylation and thus enhancing NO
synthesis and signalling. The close relation between G-CSF
and Arg/SDMA observed here may indicate an additional
mechanism, that is, increased arginine availability.

5. Conclusions

Taken together, our results demonstrate that patients with
chronic wounds in the course of cardiometabolic diseases
have reduced bioavailability of NO and its substrate, argi-
nine, resulting from ADMA and SDMA accumulation
rather than from arginine deficiency. Citrulline, in turn, is
decreased in patients with cardiometabolic diseases in gen-
eral, but the presence of chronic wounds is associated with
its elevation, reflecting degree of ADMA, and SDMA accu-
mulation and inversely related to NO and arginine bioavail-
ability. As such, our findings do not support arginine or
citrulline supplementation in patients with chronic wounds
and rather suggest the need for treatment aiming at decreas-
ing ADMA and SDMA concentrations.
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