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Dexmedetomidine improves cardiac function and
protects against maladaptive remodeling
following myocardial infarction
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Abstract. Dexmedetomidine (DEX), a highly specific and
selective a2 adrenergic receptor agonist, has been demon-
strated to possess potential cardioprotective effects. However,
the mechanisms underlying this process remain to be fully
illuminated. In the present study, a myocardial infarction
(MI) animal model was generated by permanently ligating
the left anterior descending coronary artery in mice. Cardiac
function and collagen content were evaluated by transthoracic
echocardiography and picrosirius red staining, respectively.
Apoptosis was determined by the relative expression levels
of Bax and Bcl-2 and the myocardial caspase-3 activity.
Additionally, nicotinamide adenine dinucleotide phosphate
oxidase (NOX)-derived oxidative stress was evaluated by the
relative expression of Nox2 and Nox4, along with the myocar-
dial contents of malondialdehyde (MDA) and superoxide
dismutase (SOD) activity. It was demonstrated that intraperi-
toneal DEX treatment (20 pg/kg/day) improved the systolic
function of the left ventricle, and decreased the fibrotic
changes in post-myocardial infarction mice, which was
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paralleled by a decrease in the levels of apoptosis. Subsequent
experiments indicated that the restoration of redox signaling
was achieved by DEX administration, and the over-activation
of NOXs, including Nox2 and Nox4, was markedly inhib-
ited. In conclusion, this present study suggested that DEX
was cardioprotective and limited the excess production of
NOX-derived ROS in ischemic heart disease, implying that
DEX is a promising novel drug, especially for patients who
have suffered MI.

Introduction

Despite the advance of therapeutic approaches, ischemic
heart disease, in particular myocardial infarction (MI),
remains a major cause of left ventricular dysfunction or heart
failure (1,2). Hypoxia and hypoperfusion disrupt regional
redox homeostasis, trigger inflammatory cascades and subse-
quently facilitate excessive cell death and cardiac remodeling,
resulting in the deterioration of cardiac dysfunction. During
this process, the sympathetic stress response may also exac-
erbate the imbalance between reactive oxygen species (ROS)
production and the protective antioxidant defense system,
thereby increasing the levels of oxidative stress in the heart
tissue (3).

Nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase (NOX) is a prominent source of excess ROS in the
cardiovascular system (4). Treatments targeting NOX inhibi-
tion have demonstrated therapeutic success in a number
of previous studies (5-7). Following MI, NOX expression is
significantly increased and serves a critical role in cardiac
remodeling in the infarcted myocardium. The adverse
remodeling of the left ventricle is an unfavorable development
associated with myocardial hypertrophy and increased the
sympathetic activity (8-10). However, it is unclear whether
dexmedetomidine (DEX)-mediated sympathetic sedation
contributes to curbing NOX-derived ROS, thereby protecting
MlI-induced cardiac dysfunction.
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DEX, with an a2 to al selectivity ratio of 1,600:1, is a
highly selective a adrenergic receptor agonist (11,12). It targets
the a2 adrenergic receptors in the central nervous system to
inhibit the activity of sympathetic outflow, producing the
effects of analgesia, anxiolysis and sedation (13,14). Therefore,
the application of DEX may alleviate the sympathetic stress
response induced by acute MI injury. The present study
involved an animal model of permanent coronary ligation
and the cardio-protective effects of DEX were analyzed. It
was demonstrated that DEX hindered NOX-derived oxidative
stress and improved the systolic performance of the damaged
left ventricle following MI.

Materials and methods

Induction of myocardial infarction and drug treatment. Male
C57BL/6J mice (8-10 weeks old, n=55), obtained from the
Model Animal Research Center of Nanjing University, were
divided into 4 groups (n=12/group; others failing to survive
the surgery): Sham + Normal Saline (NS) group, Sham + DEX
group, MI + NS group and MI + DEX group. The mice were
maintained in air-filtered units at 21+2°C and 50+15% relative
humidity under a 12-h light/dark cycle. Mice were random-
ized and anesthetized using inhaled isoflurane (2%) with the
heart rate monitored simultaneously. Surgical procedures were
performed as described previously (15). Briefly, mice in the
MI + NS and MI + DEX groups received a left thoracotomy and
the left anterior descending coronary artery was permanently
ligated by using a 7.0 polypropylene suture. The surgery in
Sham + NS and Sham + DEX groups involved an identical
procedure, with the exception of coronary artery ligation. DEX
treatment was initiated immediately following surgery.

Mice in the Sham + DEX and MI + DEX groups were
treated with DEX (Jiangsu Nhwa Pharmaceutical Co., Ltd.;
20 pg/kg/day intraperitoneally), as previously described (16).
Mice in the Sham + NS and MI + NS groups were administered
normal saline injection only. Throughout these experiments,
the therapeutic treatments were administered once per day
for 7 days, and no significant side effects were observed in
any animals following drug treatment. For ex vivo analyses
of protein expression and histological study, animals were
sacrificed using anesthesia of inhaled isoflurane, followed by
cervical dislocation, 3 or 7 days after the surgery. All animal
protocols were reviewed and approved by the Committee on
the Ethics of Animal Experiments of the Shanghai Jiao Tong
University School of Medicine.

Echocardiography analysis. A total of 1 week after surgery,
cardiac function was evaluated by transthoracic echocar-
diography with a high-resolution ultrasound imaging system
(Vevo 2100; FUJIFILM VisualSonics, Inc.) equipped with a
30-MHz mechanical transducer. M-mode tracings were used
to measure percentage of ejection fraction (EF%) and frac-
tional shortening (FS%) as described previously (17). M-mode
measurement data represent 3 to 6 averaged cardiac cycles
from at least 2 scans/mouse.

Histological analysis. Collagen content in the heart was
analyzed using picrosirius red staining. Briefly, the hearts
were quickly removed, weighed and then fixed in 4% buffered
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paraformaldehyde at room temperature for 48 h. The hearts
were embedded in paraffin,and then cutinto 6 ym serial sections
using a microtome. Picrosirius red staining (0.5% Picrosirius
red at room temperature for 20 min) was performed to evaluate
the severity of fibrosis. Images were captured with an Olympus
light microscope (magnification, x400) and quantitatively
analyzed using Image-Pro Plus v.6.0 (Media Cybernetics,
Inc.).

Western blot analysis. A total of 3 days after surgery, tissue
samples of the left ventricular myocardium were homogenized
in in RIPA lysis buffer containing 1% PMSF. Protein concen-
trations in supernatants were measured with a bicinchoninic
acid protein assay (Beyotime Institute of Biotechnology).
Equal amounts of prepared proteins (50 ug/lane) were
subjected to 10% SDS-PAGE, separated by electrophoresis
and transferred to nitrocellulose membranes. Following
blocking in 5% non-fat milk PBS for 2 h, the membranes were
incubated overnight at 4°C with anti-Nox2 (cat. no. ab80508;
Abcam; 1:1,000), anti-Nox4 (cat. no. ab195524; Abcam;
1:1,000), anti-Bax (cat. no. ab32503; Abcam; 1:1,000),
anti-Bcl-2 (cat. no. ab182858; Abcam; 1:1,000) or B-actin
(cat.no. ab8227; Abcam; 1:1,000) primary antibodies, followed
by incubation with horseradish peroxidase-conjugated goat
anti-rabbit secondary antibodies (cat. no. 7074; Cell Signaling
Technology, Inc.; 1:5,000) for 1 h at room temperature.
Immunoreactive bands were detected using an enhanced
chemiluminescence system (EMD Millipore) and quantified
by Image-Pro Plus v.6.0.

Caspase-3 activity assay. Myocardial caspase-3 activity was
determined by colorimetric assay kits (Beyotime Institute of
Biotechnology), as described previously (18). The heart tissue
was collected from mice 3 days after MI and the assays were
performed according to the manufacturer's protocol.

Malondialdehyde (MDA) and superoxide dismutase (SDS)
assay. At the end of the experimental period, mice were
sacrificed, the hearts were excised and heart tissues were
weighed (wet weight) and homogenized in ice-cold PBS. The
homogenates were centrifuged at 3,000 x g for 15 min at 4°C
to obtain the supernatant. The MDA content, a reliable index
of ROS-induced lipid peroxidation, and SOD activity were
measured by commercially available kits according to the
manufacturer's protocol (Nanjing Jiancheng Bioengineering
Institute Co., Ltd.).

Statistical analysis. Continuous data are presented as
means + standard error of the mean and were analyzed by
paired or unpaired Student's t-test unless otherwise stated.
Differences between multiple groups were determined
with one way analysis of variance followed by a Bonferroni
post hoc analysis. P<0.05 was considered to indicate a statisti-
cally significant difference. Data were analyzed with the use
of GraphPad Prism v.5 software (GraphPad Software, Inc.).

Results

DEX treatment leads to an improvement in LV dysfunction
following MI. As demonstrated in Fig. 1, echocardiographic
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Figure 1. Functional analysis of the left ventricle with echocardiography. (A) Representative M-mode echocardiograms from the Sham + NS, Sham + DEX,
MI + NS, and MI + DEX mice. (B) The mean left ventricular LVEDD, LVESD and FS in the Sham + NS, Sham + DEX, MI + NS, and MI + DEX-treated mice.
(C) The mean left ventricular LVEDV, LVESV and EF in the Sham + NS, Sham + DEX, MI + NS, and MI + DEX mice. Data are presented as mean + standard
error of the mean. n=6. "P<0.05. NS, normal saline; DEX, dexmedetomidine; MI, myocardial infarction; LVEDD, left ventricle end-diastolic dimension;

LVESD, LV end-systolic dimension; FS, fractional shortening.
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Figure 2. Analysis of pathological cardiac remodeling with picrosirius red staining. (A) Representative images of picrosirius red-stained sections in the
Sham + NS, Sham + DEX, MI + NS, and MI + DEX mice. Scale bar, 50 ym. (B) Quantitative analysis of picrosirius red-positive area in the Sham + NS,
Sham + DEX, MI + NS, and MI + DEX mice. Data are presented as mean + standard error of the mean (n=6.P<0.05 vs. MI + NS group. NS, normal saline;

DEX, dexmedetomidine; MI, myocardial infarction.

parameters were measured in each group at day 7 post-MI.
For sham mice, the results revealed no significant changes
in ejection fraction or fractional shortening regardless of
whether or not DEX treatment was given. LAD ligation
resulted in the dilatation of LV and a serious impairment
of cardiac function. Notably, the MI-induced acceleration
of cardiac dilatation and deterioration of LV function were
inhibited in MI + DEX mice, in comparison with those in the
MI + NS mice.

DEX treatment mitigates cardiac fibrosis following MI.
Picrosirius red staining was performed to determine the
severity of fibrotic changes in each group. No significant
difference was observed in the positive picrosirius red

stained areas between the Sham + NS and Sham + DEX
mice. In the MI mice, DEX treatment resulted in signifi-
cantly decreased collagen content in the peri-infarct zone
(Fig. 2).

DEX treatment protects the myocardium against apoptosis
after M1. The levels apoptosis of myocardium was analyzed by
western blot analysis and the detection of caspase-3 activity.
The data from the western blot analysis performed in the
present study revealed significant upregulation of Bax and
downregulation of Bcl-2 expression in myocardium following
MI, indicating the occurrence of enhanced cardiomyocyte
apoptosis. MI-induced apoptosis was decreased following the
administration of DEX (Fig. 3A and B).
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Figure 3. Analysis of apoptosis with western blot analysis and caspase-3 activity assay. (A) Representative gel images and (B) quantitative densitometric
analysis of western blot analysis data demonstrating the expression levels of Bax and Bcl-2 proteins in the Sham + NS, Sham + DEX, MI + NS, and MI + DEX
mice. (C) Analysis of caspase-3 activity assay in the Sham + NS, Sham + DEX, MI + NS, and MI + DEX mice. Data are presented as mean + standard error of
the mean (n=6. ‘P<0.05. NS, normal saline; DEX, dexmedetomidine; MI, myocardial infarction.

Caspase-3 is involved in a number of important events in
the apoptosis process (19). LAD ligation led to the upregulation
of caspase-3 activity compared with sham mice. The data from
the present study also revealed that this pro-apoptotic change
was markedly hindered by the administration of DEX (Fig. 3C).

DEX treatment inhibits NOX-derived oxidative stress in
myocardium following MI. Whether NOX served an impor-
tant role in DEX-induced cardiac protection was examined.
The protein expression levels of NOX2 and NOX4 were
evaluated by western blot analysis. The results revealed that
DEX significantly decreased the expression levels of both
NOX2 and NOX4, which were upregulated following MI
(Fig. 4A and B).

MDA is an oxidative stress marker, the expression levels
of which are considered the index of ROS-induced lipid
peroxidation in cardiac tissue (20). In the present study, in the
cardiac tissue, MI significantly increased the MDA level in
comparison with the sham mice. In the MI mice, treatment
with DEX resulted in a significant decrease in MDA level in
comparison with NS-treated mice.

In addition, SOD, a component of several myocardial
endogenous antioxidants, was decreased significantly in
the MI groups as compared with the sham groups, whereas
SOD levels were increased significantly in MI + DEX mice
compared with MI + NS mice.

Discussion

Ischemic injury leads to the loss of viable myocardium,
which is followed by adverse cardiac remodeling. Eventually,
progressive changes in the molecular and structural compo-
nents of the myocardium result in cardiac dysfunction. In the
present study, the administration of DEX, a highly selective
a2 adrenergic receptor agonist, was identified as a protec-
tive factor for the recovery of heart tissue post-MI. DEX
treatment contributed to the successful healing process and
limited the level of oxidative stress, through the over-activation
of NOXs.

Clinically, DEX is frequently prescribed during periop-
erative periods, and contributes to an enhancement of vagus
nerve excitability, hemodynamic stability and permits the
use of a lower dosage of anesthetic with sedation and anal-
gesia (21). As an anesthetic adjuvant, DEX produces sedative
and analgesic effects, primarily through its agonistic action
on the a2 adrenergic receptors in the locus coeruleus of the
pons and the spinal cord (22). Without depressing respira-
tion, DEX is also a potential regulator of inflammatory and
immune responses (23,24). These properties suggest that
DEX may have an effect on post-MI remodeling and cardiac
dysfunction, in spite of the fact that DEX is not a component
of conventional therapies for patients who have suffered
MI. In the present study, DEX treatment was identified to
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Figure 4. Western blot analysis of NOX2 and NOX4 expression and SOD and MDA assays. (A) Representative gel images and (B) quantitative densitometric
analysis of western blot analysis data demonstrating the expression levels of NOX2 and NOX4 proteins in the Sham + NS, Sham + DEX, MI + NS, and
MI + DEX mice. (C) Analysis of MDA content in the Sham + NS, Sham + DEX, MI + NS, and MI + mice. (D) Analysis of SOD activity in the Sham + NS,
Sham + DEX, MI + NS, and MI + DEX mice. Data are presented as mean = standard error of the mean. n=6. "P<0.05. NOX, nicotinamide adenine dinucleotide
phosphate oxidase; NS, normal saline; DEX, dexmedetomidine; MI, myocardial infarction.

markedly decrease the levels of fibrotic changes and improve
the cardiac performance after MI. While the deposition of
non-contractile scar tissue is important for a successful
healing process, excess fibrogenesis is a key component of
adverse cardiac remodeling.

The fibrosis and dysfunction of MI hearts may be
attributed to the loss of viable myocardium. Bax, Bcl-2 and
caspase-3 are all closely associated with apoptosis (17). The
present study demonstrated that DEX administration restored
the Bax and Bcl-2 ratio and simultaneously decreased the
activity of caspase-3, implying that DEX decreased the levels
of apoptosis of the myocardium. The underlying mechanism
for the anti-apoptosis properties of DEX requires further
investigation.

Oxidative stress serves a vital role in the development
of post-MI remodeling and cardiomyocytic apoptosis
following MI (25,26). SOD and MDA are two common
indexes used for evaluating the ability to eliminate oxygen
free radicals in cells (27). SOD, engaged in scavenging free
radicals, protects cells from damage elicited by ROS, while

MDA, together with excessive oxyradicals, attacks the cell
membrane, leading to cell death. The present study revealed
that ischemic injury resulted in an increased MDA level
and a decreased SOD level; furthermore, the homeostasis
between MDA and SOD was partially restored following
the administration of DEX, suggesting that DEX may
participate in the inhibition of the activated oxidative stress
response.

Previous studies have confirmed the importance of
ROS-generating NOX family in redox signaling following
ischemic injury (28,29). Of the 5 NOX family members, Nox2
and Nox4 are expressed in the murine heart (17,30). In the
present study, the expression levels of these two molecules
were analyzed by western blot analysis. The results indicated
that their expression levels were both decreased following
the administration of DEX in MI mice. Understanding of
the mechanisms of DEX-induced cardioprotective signaling
is complex, as 02 adrenergic receptors are also present in
the myocardial tissue (31,32). In addition to the action of
DEX-induced neurohumoral systemic modulation, the direct
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stimulation of cardiac a2 adrenergic receptors may also
facilitate the benefits of DEX administration.

Taken together, the results of the present study demon-
strated that the administration of DEX promoted recovery
from ischemic injury and improved the performance of
damaged left ventricles following MI. The therapeutic effect
may be associated with the inhibition of excess NOX-derived
ROS, thereby decelerating apoptosis in the myocardium and
the subsequent adverse cardiac remodeling.
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