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Redox signaling has been widely reported to be involved
in modulation of the cardiovascular system in both healthy
and disease conditions. Redox imbalance such as oxida-
tive stress contributes to the pathological process of many
cardiovascular-related diseases such as diabetes, heart failure,
and hypertension while also playing a negative role in the
aging process [1–4]. Overactivation of the sympathetic ner-
vous system (SNS) is a key event in each of these conditions.
However, it is not fully understood how redox signaling
interacts with the SNS in either aging or cardiovascular
diseases. In this special issue, a number of contributions
have been made to address this issue. An original research
article by E. Moya et al. demonstrated that peroxynitrite
formation mediates chronic intermittent hypoxia-induced
hypertension via carotid body chemosensory potentiation.
This study provides an excellent example that redox signaling
can activate the SNS via an interaction with peripheral
chemosensory afferents. On the other hand, J. P. Collister and
colleagues reported that selective overexpression of superox-
ide dismutase (SOD) in one of the circumventricular organs
(organum vasculosum of the lamina terminalis, OVLT) via
injection of adenoviral vectors encoding human CuZnSOD
(SOD1) significantly decreases blood pressure in an AngII-
induced rat model of hypertension.This finding suggests that
redox signaling in the central nervous system (e.g., OVLT)
might play an important role in the development of AngII-
induced hypertension. Finally, J. Hatcher and colleagues used
SOD1 transgenic mice to determine the effect of reactive
oxygen species (ROS) on arterial baroreflex sensitivity. They
demonstrate that global overexpression of SOD1 preserves
normal blood pressure (BP) and heart rate (HR) but enhances

aortic depressor nerve function in mice. Although the
authors did not further address the issue in which part of
baroreflex arc was affected by overexpression of SOD1, this
study did provide strong evidence that redox signaling might
be involved in autonomic regulation.

In addition to identification and description of central
mechanisms mediated by redox signaling, understanding
how sex differences also contribute to these physiological
processes is becoming increasingly important. In this special
issue, original research articles by F. Hao et al. and S. Dai
et al. highlight that female sex hormones, such as estrogen,
are critical to the operation of central neural pathways
that modulate cardiovascular function through antioxidant
and anti-inflammation mechanisms. The article by F. Hao
et al. reports that estrogen replacement reduces oxidative
stress in the rostral ventrolateral medulla (RVLM) as well
as sympathetic outflow in ovariectomized (OVX) rats. These
findings elucidate a potential antioxidant role of estrogen
in the central nervous system. The second article by S. Dai
et al. suggests that the chronic antihypertensive and anti-
inflammatory effects of Compound 21 (a selective angiotensin
type 2 receptor (AT2R) agonist) in DOCA/NaCl-induced
female hypertensive rats may function through female sex
hormones. As evidence, these beneficial effects of Compound
21 could be abolished by OVX.

Several papers in this special issue also described new
insights into the antioxidant therapeutic potential of various
pharmacological and dietary compounds in spinal cord
injury, asthma, and cardiomyopathy. M. Su and colleagues
demonstrated a role for histone deacetylase-6 (HDAC6) in
the protection of neurons after spinal cord injury and the
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resulting hypoxia-ischemia insult. The investigators demon-
strate that inhibition of HDAC6 in vivo and in vitro exac-
erbates ROS production and neuronal apoptosis, indicating
that HDAC6 might serve as a new antioxidant target in
neurotrauma. In another report in this issue, Y. Ma and
colleagues provided evidence that an active compound found
in figs and mulberries, known as morin, abrogated immune
cell migration as well as cytokine production and ROS
attenuating inflammatory processes in a model of asthma.
This study highlights a novel profile of morin as a potent
antioxidant and anti-inflammatory agent for asthma. In
addition, a paper by M. Zhao et al. investigated the potential
redox signaling pathways involved in cardiomyocyte hyper-
trophy induced by palmitic acid, the most common saturated
fatty acid found in animals, plants, and microorganisms.
These investigators demonstrated that palmitic acid-induced
cardiomyocyte hypertrophy is associated with activation of
necroptosis markers such as receptor interacting protein
kinases (RIPK) 1 and 3. Moreover, the authors observed
crosstalk between ER stress and necroptosis induced by
palmitic acid. They suggested that mammalian target of
rapamycin (mTOR) signaling was a key factor mediating the
palmitic acid-induced activation of necroptosis and cardiac
hypertrophy. Finally, the article by T. Dong et al. provided
a very interesting observation that renal denervation slowed
the development of deep venous thrombosis (DVT).Theyuti-
lized several different measures to show that the mechanisms
related to DVT are related to oxidative stress, as antioxidants
such as tempol (small molecule superoxide scavenger) could
achieve a protective effect similar to renal denervation.These
findings extend our understanding of howneuronsmay affect
the circulation via interactions with redox signaling.

The final topic of this special issue is related to exercise.
It is well known that acute exercise can dramatically increase
ROS production whereas long-term exercise training (ExT)
plays an antioxidant and anti-inflammatory role [5–7]. Two
papers in this special issue are focused on the ExT-mediated
cardiovascular benefits in hypertension and diabetes, respec-
tively. C. Ren and colleagues examined the effects of ExT
on the components of brain renin-angiotensin system in the
RVLM of spontaneously hypertensive rats (SHR). The data
indicated that ExT for 12 weeks decreased the expression of
ACE and AT-1R in the RVLM but increased the expression of
ACE-2 and Mas receptors. Therefore, the authors concluded
that ExT improves hypertension via resetting the balance of
ANG II andANG 1–7 at the level of theRVLM.N. Sharma and
colleagues reported that ExT significantly reduced expression
of NADPH oxidase subunits p47 and p67 in hearts of
streptozotocin-induced diabetic rats. They also confirm that
ExT reduced the elevated levels of collagen type III in diabetic
hearts. Taken together, these data suggest that ExT attenuates
oxidative stress in the diabetic heart. This new evidence is
useful to our understanding of the beneficial effects of ExT on
the cardiac extracellularmatrix, cardiac function, and cardiac
remodeling in diabetes.

In summary, the articles presented in this special issue
highlight the current advances in the research fields of
redox biology, neural science, and exercise physiology. These
articles enrich our understanding of how redox signaling

interacts within the nervous system both at rest and dur-
ing exercise. Moreover, the works highlight the therapeutic
potential of antioxidants as effective treatments for various
cardiovascular and neural diseases.
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Exercise training (ExT) is currently being used as a nonpharmacological strategy to improve cardiac function in diabetic patients.
However, the molecular mechanism(s) underlying its beneficial effects remains poorly understood. Oxidative stress is known
to play a key role in the pathogenesis of diabetic cardiomyopathy and one of the enzyme systems that produce reactive oxygen
species is NADH/NADPH oxidase. The goal of this study was to investigate the effect of streptozotocin- (STZ-) induced diabetes
on expression of p47phox and p67phox, key regulatory subunits of NADPH oxidase, in cardiac tissues and determine whether ExT
can attenuate these changes. Four weeks after STZ treatment, expression of p47phox and p67phox increased 2.3-fold and 1.6-fold,
respectively, in left ventricles of diabetic rats and these increases were attenuated with three weeks of ExT, initiated 1 week after
onset of diabetes. In atrial tissues, there was increased expression of p47phox (74%), which was decreased by ExT in diabetic rats.
Furthermore, increased collagen III levels in diabetic hearts (52%)were significantly reduced by ExT. Taken together, ExT attenuates
the increased expression of p47phox and p67phox in the hearts of diabetic rats which could be an underlyingmechanism for improving
intracardiac matrix and thus cardiac function and prevent cardiac remodeling in diabetic cardiomyopathy.

1. Introduction

Diabetes mellitus (DM) is leading metabolic disease with
the highest morbidity and mortality and according to 2014
estimate of InternationalDiabetes Federation the disease now
affects more than 387 million people worldwide. DM is asso-
ciated with an increased risk of cardiovascular complications,
including hypertension and coronary artery disease [1].There
is growing recognition of diabetic cardiomyopathy, a primary
myocardial disease, defined as either systolic or diastolic left
ventricular dysfunction in otherwise healthy diabetic person.
This is one of the most serious complications of diabetes;
however, the underlying mechanism/s for this dysfunction
are not clearly understood [2, 3]. Originally, Rubler et al.
in 1972 [4], based on postmortem findings, proposed that
diabetic cardiomyopathy is secondary to underlying hyper-
glycemia resulting in a multitude of adverse downstream

effects, including impaired myocyte calcium handling,
renin-angiotensin-aldosterone activation, microangiopathy,
myocardial fibrosis, and increased oxidative stress [5–7].
Mechanistically, chronic hyperglycemia exerts oxidative
stress to cardiomyocytes by the production of reactive oxygen
species (ROS) culminating in these pathological abnormal-
ities [8, 9]. Indeed, a number of studies have reported
increased ROS formation in cultured cells exposed to high
glucose concentrations. Similarly, in animal models of dia-
betes, ROS are generated as natural byproducts of oxygen
metabolism and theirmoderate levels are thought to function
as intracellular signaling molecules; however, high levels of
ROS are detrimental to cardiomyocytes and lead to cell death,
mitochondrial dysfunction due to mitochondrial fragmenta-
tion [10], or impaired insulin signaling [11]. ROS contribute to
inducing various cardiovascular complications including car-
diac dysfunction accelerated by inflammation, apoptosis, and
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fibrosis [12–14]. Furthermore, O
2

− has been shown to impair
nitric oxide (NO) dependent vasodilation [15, 16] and thus
enhance endothelium-dependent vasoconstriction [17, 18]
and precipitate cardiomyocyte hypertrophy [19].

ROS is generated by all cell types within the heart,
including cardiomyocytes, endothelial cells, vascular smooth
muscle cells (VSMCs), fibroblasts, and infiltrating inflam-
matory cells [20]. Nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidases (NOXs) are membrane-associated
enzymes which are the primary physiological producers
of O
2

− [21] and ROS [20, 22]. NOXs consist of 4 major
subunits: a plasma membrane-spanning cytochrome b

558

composed of a large gp91phox subunit and a smaller p22phox

subunit, whereas 2 cytosolic subunits are p47phox and p67phox.
Endothelial cells (ECs) andmyocytes express all four compo-
nents of NADPHoxidase [23, 24], while VSMCs express all of
the subunits with the exception of p67phox subunit [25]. The
lowmolecular weight G protein rac2 (in some cells rac1) par-
ticipates in the assembly of the active complex, and a second
G protein, rap1A, is thought to be involved in the deactivation
of NADPH oxidase enzyme activity.

DM is associated with increased levels of Ang II [26–
30] and numerous studies have shown that Ang II upsurges
production of O

2

− by activating NADPH oxidases [31–34]
in VSMCs [35–37], adventitial fibroblasts [32, 38], ECs [33,
39], and cardiomyocytes [34]. Additionally, hyperglycemia,
a key clinical manifestation of diabetes, also produces ROS
via NADPH oxidase activation by glycation end products
[40], while blocking of ROS formation is known to prevent
hyperglycemic damage [41]. In rat ventricularmyocytes, high
glucose conditions induced cardiac contractile dysfunction
and cardiomyopathy occurs via Ang II type 1 receptor (AT

1
R)

mediated activation of NADPH oxidase [27, 28, 30]. High
glucose conditions may also increase the activity of NADPH
oxidase by increasing the expression of its various subunits
resulting in increased production of ROS [8, 42]. Infusion
of Ang II has also been shown to increase NADPH oxidase
activity and O

2

− production by increasing expression of
p67phox and gp91phox in aortic adventitial cells [32]. Exposure
of ventricularmyocytes to high glucose also increases expres-
sion of p47phox and production of ROS and these increases
were blocked by AT

1
R antagonist, L-158,809 [42]. Addition-

ally, Hink et al. [43] found increasedNADPH oxidase activity
and a 7-fold increase in gp91phox mRNA in aortic tissue from
rats with streptozotocin- (STZ-) induced diabetes.

Aerobic exercise of moderate intensity and frequency
is one of a number of cardiac rehabilitation programs pre-
scribed to patients with chronic heart failure [44]. Exercise
training (ExT) reduces blood glucose, body fat, and insulin
resistance and improves glycemic control, lipid metabolism,
and baroreflex sensitivity in diabetes [45–48]. Additionally,
ExT lowers plasma Ang II levels [49–51] and reduces renal
sympathetic nerve activity and arterial pressure responses to
Ang II [50–53]. Previous studies have also shown that ExT
increases expression of superoxide dismutase (SOD), cata-
lase, and glutathione in cardiac tissues [49, 54–56].The ability
of these antioxidant enzymes to reduce ROS has also been
well documented [57, 58]. However, the impact of ExT on

NADPHoxidase activity and expression of its subunits in dia-
betes is not entirely clear. These findings have led us to inves-
tigate whether diabetes-induced cardiac dysfunction may be
due in part to increased expression of p47phox and p67phox and
further whether ExT could improve/attenuate the increased
expression of these subunits induced by diabetes.

2. Materials and Methods

2.1. Induction andVerification of Experimental Diabetes. Ani-
mals used for this study were approved by the Animal Care
and Use Committee of the University of Nebraska Medical
Center and all experiments were conducted according to the
APS’s Guiding Principles for Research Involving Animals and
Human Beings and the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. Male Sprague-
Dawley rats weighing between 180 and 190 g were purchased
from Sasco Breeding Laboratories (Omaha, NE). After 1
week of acclimatization in housing facilities diabetes was
induced by a single intraperitoneal injection (65mg/kg) of
streptozotocin (STZ, Sigma) in a 2% solution of cold 0.1M
citrate buffer (pH 4.5). Onset of diabetes was identified by
polydipsia, polyuria, and blood glucose levels >250mg/dL.
Control animals were injected with citrate buffer containing
no STZ. Throughout the study, animals were housed in pairs
(similar weights to minimize dominance) at 22∘C with fixed
12 h light/dark cycles and humidity at 30–40%. Laboratory
chow (Harlan, Madison, WI) and tap water were available
ad libitum. Experiments were performed 4 weeks after the
injection of STZ or vehicle.

2.2. Exercise Protocol. After one week, rats in each of control
and diabetic groups were randomly divided into two groups.
One subgroup of control and one subgroup of diabetic rats
remained sedentary, while the other two subgroups were sub-
jected to ExT according to the protocols used by Musch and
Terrell [59] with modifications [60] for three weeks after one
week after diabetes induction. The resulting four subgroups
of animals were referred to as nonexercised controls (Sed-
control, 𝑛 = 16), diabetic nonexercise (Sed-Dia, 𝑛 = 16),
exercise trained controls (ExT-control, 𝑛 = 20), and exercise
trained diabetic (ExT-Dia, 𝑛 = 20). During the training
period, rats were exercised between 5 and 15min/day at an
initial treadmill speed of 10m/min up a 0% grade for 5 days.
In order to ensure a significant endurance ExT regimen, the
treadmill grade and speed were gradually increased to 10%
and 25m/min, respectively, and the exercise duration was
increased to 60min/day.Animals demonstrating the ability to
run steadily on the treadmill with very little or no prompting
(with electrical stimulation) were used in the study. The Sed-
control and Sed-Dia rats were treated similarly to the ExT-
control and ExT-Dia subgroup and handled daily except for
the treadmill running.

2.3. Sample Collection. At the end of the in vivo protocol,
animals in all four subgroups (Sed-control, Sed-Dia, ExT-
control, and ExT-Dia) were anesthetized using overdose of
pentabarbital (65mg/kg, i.p.). Chest cavities were opened and
hearts were removed, quick-frozen by dropping into liquid
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nitrogen, and stored at −80∘C. Soleus muscle from hind legs
was also removed, quick-frozen, and stored at −80∘C.

2.4. Citrate Synthase Assay. The efficacy of ExT was assessed
by measuring citrate synthase activity in whole muscle
homogenate as previously described [51, 61]. Citrate synthase
activities were normalized to total protein content and
reported as micromoles per milligram protein per minute.

2.5. Semiquantitative RT-PCR. Relative levels of p47phox and
p67phox in left and right ventricles and atria tissues were
determined using semiquantitative RT-PCR. One hundred
micron (100 𝜇m) thick coronal sections were cut on a cryostat
from the left and right ventricles and a 15-gauge needle
stub was used to punch atrial samples. Total RNA from left
ventricle, right ventricle, and atrial tissue was isolated by TRI
Reagent (MRC) method as per the manufacturer’s instruc-
tions as previously described [62, 63]. Equivalent amounts
of total RNA (1 𝜇g) from each of Sed-control, Sed-Dia, ExT-
control, and ExT-Dia rats were then reverse-transcribed for
40min at 37∘C in the presence of 1.5 𝜇M of random hex-
amers and 100U of MMLV-Reverse transcriptase. Primers
for p47phox and p67phox (200 nM) were used in polymerase
chain reactions to determine the amount of transcripts in
each sample. 𝛽-actin was coamplified as an internal control.
After 10min of denaturing at 94∘C, the amplification was
performed at 94∘C for 1min, at 56∘C for 1min, and at 72∘C
for 1min for 33 cycles with the final extension at 72∘C for
10min. At the end of the reaction, 7 𝜇L from each PCR
reaction wasmixed with Blue/Orange loading dye (Promega)
and electrophoresed for 45min at 100V using 1% agarose
gels containing ethidium bromide. The gels were visualized
with gel doc system (Kodak ID gel Imager). Band intensities
were then analyzed with the Kodak analysis software and
normalized to that of their respective 𝛽-actin bands. Oligo-
primers for PCR were synthesized in-house at University
of Nebraska Medical Center. Sequences of primers used
were as follows: p47phox: 5-ACCTGTCGGAGAAGGTGG-
T (forward), 5-TAGGTCTGAAGGATGATGGG (reverse);
p67phox: 5-AGGACTATCTGGGCAAGGC (forward), 5-
GCTGCGACTGAGGGTGAAT (reverse); 𝛽-actin 5-GGG-
AAATCGTGCGTGACATT (forward), 5-CGGATGTCA-
ACGTCACACTT (reverse).

2.6. Western Blotting. Western blot analyses were used to
determine p47phox and p67phox in the left ventricle, right ven-
tricle, and atria tissues in the four subgroups of rats. Protein
was extracted from the heart after homogenization in RIPA
buffer (cat. number BP-115, Boston BioProducts, Worcester,
MA, USA) supplemented with 1mM phenylmethylsulfonyl
fluoride and protease inhibitor cocktail. Collagen III levels
were measured as an index of myocardial stiffness (diabetic
cardiomyopathy) in atrial tissue. 30–40 𝜇g of each protein
sample was mixed with an equal volume of 4% SDS sample
buffer, fractionated on 7.5% polyacrylamide-sodium dodecyl
sulfate gel, and transferred to a PVDF membrane (Milli-
pore). After transfer, the membranes were blocked with 5%

Table 1: Characteristics of the Sed-control, Sed-Dia, ExT-control,
and ExT-Dia groups. 𝑛 = 10 in each group. Values represent mean ±
S.E. ∗𝑃 < 0.01 versus Sed-control. #𝑃 < 0.05 versus Sed-Dia group.

Sed-control Sed-Dia ExT-control ExT-Dia
(𝑛 = 10) (𝑛 = 10) (𝑛 = 10) (𝑛 = 10)

Body weight
(g) 323 ± 7 209 ± 7∗ 226 ± 2∗ 208 ± 12∗

Blood glucose
(mg/dL) 72 ± 6 362 ± 18∗ 78 ± 7 315 ± 11#

Citrate
synthase
(mmol/g/min)

4.58 ± 0.34 4.01 ± 0.42 6.93 ± 0.56∗ 6.94 ±
0.56∗

nonfat dry milk powder in TBST (20mMTris/HCl, pH 7.4,
150mMNaCl, 0.1% (v/v) Tween 20) at room temperature
for 1 h. Subsequently, membranes were probed with a pri-
mary anti-p47phox rabbit polyclonal or anti-p67phox rabbit
polyclonal or anti-collagen III goat polyclonal antibody
from Santa Cruz Biotechnology overnight at 4∘C followed
by incubation with a corresponding peroxidase-conjugated
secondary antibody for one hour.The signals were visualized
using an enhanced chemiluminescence (Pierce Chemical,
Rockford) and detected by a UVP digital imaging system.
ImageJ-NIH program was used to quantify the signal.

2.7. Statistical Analysis. Data was presented as mean ± SEM
and subjected to Student-Newman-Keuls test.𝑃 values < 0.05
were considered to indicate statistical significance.

3. Results

3.1. General Characteristics of Animals. Table 1 summarizes
the characteristics of the Sed-control, Sed-Dia, ExT-control,
and ExT-Dia animals used in the present study. Mean body
weight of all animals at the start of the study was 186 ± 2 g.
As shown in Table 1, after 28 days, the mean body weight of
Sed-control animals increased to 323±7 g, whereas the mean
bodyweight of ExT-control animals was 226±2 g.Mean body
weight of sedentary and exercised trained diabetic animals
increased modestly to 209 ± 7 and 208 ± 12 g, respectively.
In the animals injected with citrate buffer only, mean blood
glucose levels did not change significantly during the study
(72.0 ± 6.0mg/dL at start and 78.0 ± 7.0mg/dL at the time
of sacrifice). Sed-Dia animals had significant high blood
glucose levels at the time of sacrifice, 362±18mg/dL, whereas
ExT had significantly lowered blood glucose levels, 315 ±
11mg/dL. We have used citrate synthase activity as a marker
of increased aerobic metabolism in the soleus muscle. The
enzyme citrate synthase catalyzes the formation of citrate
from acetic acid and oxaloacetic acid in the first step of
Krebs cycle. Regular exercise increases the size and number of
skeletal muscle mitochondria to increase respiratory capacity
of the muscle. Increased mitochondria translate to increased
citrate synthase activity, reflecting the increased activity of
muscle associated with ExT [51, 61]. Cardiac muscle does not
increase respiratory capacity in response to ExT as skeletal
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Figure 1: Expression of left ventricle p47phox and p67phox in Sed-control, Sed-Dia, ExT-control, and ExT-Dia animals. (a) RT-PCR of p47phox:
top: a representative gel; bottom: quantification of p47phox transcript normalized to 𝛽-actin as loading control. 𝑛 = 10 in each group.
(b)Western blot analysis of left ventricle p47phox in four groups: top: a representative gel; bottom: bar graph of summary data of densitometry
analyses of p47phox protein level normalized to actin for loading variations. 𝑛 = 6–8 in each group. Values represent mean ± S.E. (c) RT-PCR of
left ventricle p67phox in Sed-control, Sed-Dia, ExT-control, and ExT-Dia animals: top: a representative gel; bottom: quantification of p67phox
transcript normalized to 𝛽-actin as loading control. 𝑛 = 6 in each group. (d) Protein expression of p67phox in four groups: top: a representative
Western blot; bottom: densitometry analysis of p67phox protein normalized to 𝛽-actin as loading control. 𝑛 = 3-4 in each group. Values are
represented as mean ± S.E. ∗𝑃 < 0.05 versus Sed-control. +𝑃 < 0.05 versus Sed-Dia group.

muscle does [64]. Therefore measuring the citrate synthase
activity in soleus muscle is extensively used as a metabolic
marker in assessing oxidative and respiratory capacity. In
the current study, Sed-control and diabetic animals had a
lower citrate synthase activity (4.58 ± 0.34 𝜇mol/g/min and
4.01 ± 0.42 𝜇mol/g/min, resp.) than ExT animals (6.93 ±
0.56 𝜇mol/g/min for ExT-control and 6.94±0.56 𝜇mol/g/min
for ExT-diabetic).These data also indicate that similar level of
ExT was performed in the two groups of animals.

3.2. Increased Expression of p47phox and p67phox in Left Ven-
tricle Alleviated with ExT in Diabetic Animals. Expressions
of p47phox and p67phox were determined by semiquantita-
tive RT-PCR and Western blot using actin as an internal
reference in four groups of rats, namely, Sed-control, Sed-
Dia, ExT-control, and ExT-Dia (Figure 1). There were sig-
nificantly increased transcripts of p47phox I (45.8% increase)
and protein (2.3-fold) in the left ventricle of 4-week Sed-
Dia versus 4-week Sed-control rats (Figures 1(a) and 1(b)).
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Sed-Dia animals also demonstrated increased steady-state
levels of mRNA encoding p67phox (increased 78.1% of
the 4-week Sed-control) (Figure 1(c)) and protein (1.6-fold)
(Figure 1(d)) in the left ventricle.Threeweeks of ExT, initiated
after 1 week of diabetes, reduced mRNA and protein levels of
p47phox and p67phox in the left ventricle of the heart to levels
similar to those of the ExT controls (≈40–50% less than Sed-
Dia).

3.3. Increased Expression of p47phox and p67phox in Right
Ventricle Alleviated with ExT in Diabetic Animals. Similar to
the left ventricle, 4 weeks of diabetes also increased p47phox
mRNA and protein expression in the right ventricle, albeit
not reaching statistical significance compared to Sed-control
(Figure 2(a)). Steady-state levels of mRNA encoding p67phox
in the right ventricle of the heart increased slightly (17.7%).
However, there were no significant differences in p67phox
protein expression between the two groups (Figures 2(c) and
2(d)). Three weeks of ExT regimen attenuated the increase
in steady-state levels of mRNA encoding p47phox to similar
levels in ExT-control and ExT-Dia groups.

3.4. Increased Expression of p47phox and p67phox in the Atria
Alleviated with ExT in Diabetic Animals. As shown in
Figure 3, steady-state levels of mRNA encoding p47phox and
p67phox were increased significantly in atria of the diabetic
group. The increase was 30.1% for p47phox and 35.5% for
p67phox over sedentary controls (Figures 3(a) and 3(c)). As
expected, threeweeks of ExT, initiated after 1week of diabetes,
significantly lowered mRNA levels of p47phox and p67phox in
the atria of ExT-Dia heart compared to Sed-Dia group. Pro-
tein expression of p47phox was increased 74%, while p67phox
protein expression increased but did not reach statistical
significance (Figures 3(b) and 3(d)). Interestingly, p47phox
mRNA and protein expression in ExT-control and ExT-Dia
atria was decreased to almost similar levels suggesting that
ExT attenuated the increase in steady-state levels of p47phox
expression in atria.

3.5. Increased Expression of Arterial Collagen III Is Allevi-
ated with ExT in Diabetic Animals. As shown in Figure 4,
expression of the extracellular matrix protein collagen III
significantly increased by 53% in 4 weeks Sed-Dia group.
This increase in steady-state levels of collagen III suggests
increasing ventricular stiffening, a characteristic feature of
diabetic cardiomyopathy. Three weeks of ExT initiated after
1 week of STZ-induced diabetes attenuated the increase in
collagen III protein expression (38%) in the diabetic group
at the same level as control, while three weeks of ExT had
no effect on collagen III expression in nondiabetic control
animals.

4. Discussion

The principal finding of the present study is that expression
of the cytosolic subunits of NADPH oxidase, p47phox and
p67phox, is upregulated in hearts of STZ-induced diabetic

rats and the increased expression was attenuated with ExT.
Since ExT was initiated after 1 week of diabetes, it is likely
that it is preventing or minimizing rather than reversing the
increase in expression induced by diabetes. Previously, we
have reported that Sed-Dia animals demonstrated significant
reductions in fractional shortening, ejection fraction, stroke
volume, and cardiac output compared with Sed-control
animals and ExT (for 3weeks) implemented 4weeks after the
onset of diabetes significantly increased percent ejection frac-
tion, attenuated the increase in left ventricular end-systolic
diameter, and improved dP/dt and isoproterenol induced
increase in dP/dt in the diabetic group [60]. It is possible that
these changes in expression of NADPH oxidase subunits in
the heart are associated with improvement in cardiac func-
tion in diabetes.

There is increasing information that mitochondria and
NADPH oxidase play a fundamental role in ROS produc-
tion in the diabetic heart [12]. Furthermore, ROS-mediated
increase in peroxynitrite formation induces apoptosis in
cardiomyocytes in vitro and in the myocardium in vivo as
shown by Levrand et al. [65] suggesting that oxidative stress
is a commonmediator for apoptosis induced cardiac damage
in diabetic rats [13]. Our data suggest that the increased
oxidative stress levels observed in diabetic hearts may be in
part due to the upregulation of NADPH oxidase subunits and
this change can be alleviated by ExT.These results suggest that
beneficial effects of ExT may involve improvement in oxida-
tive stress commonly observed in diabetic cardiomyopathy.

Diabetic cardiomyopathy, one of the leading causes of
increasedmorbidity andmortality in the diabetic population,
is characterized by the prolongation of action potential dura-
tion, delayed cytosolic Ca2+ clearance, and impaired systolic
and diastolic left ventricular function [42, 60]. Several factors
are believed to contribute to the pathogenesis of diabetic car-
diomyopathy, including insulin resistance, enhanced renin-
angiotensin system activation, hyperglycemia, and damage
from ROS [66]. These pathophysiological factors associated
with diabetes, including hyperglycemia and elevated Ang II
levels, have been shown to increase the expression ofNADPH
oxidase subunits and the enzyme’s activity [32, 43, 67] leading
to myocardial oxidative stress. A pivotal role of NADPH
oxidase in Ang II-induced cardiac hypertrophy and intersti-
tial fibrosis was demonstrated by using mice with targeted
disruption of the NADPH oxidase subunit gp91phox [34].
p47phox subunit of NADPH oxidase has also been demon-
strated to play a key role in the enzyme’s activation by
agonists. Using p47phox knockout mice and p47phox cDNA
transfection and antisense techniques, Li et al. [68] demon-
strated the necessity of p47phox subunit for the activation
of NADPH oxidase when exposed to the agonists Ang II,
TNF-𝛼, or phorbol 12-myristate 13-acetate, an activator of
protein kinase C. The phosphorylation of p47phox is believed
to induce conformational changes that facilitate its binding to
the other cytosolic subunits, including p67phox, and their sub-
sequent binding to the membrane-bound cytochrome b

558

to allow optimal O
2

− production [69]. Precise mechanisms
underlying agonist-induced nonphagocytic NADPH oxidase
activation are not yet understood, but it is clear that both
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Figure 2: Expression of right ventricle p47phox and p67phox in Sed-control, Sed-Dia, ExT-control, and ExT-Dia animals. (a) RT-PCRof p47phox:
top: a representative gel; bottom: bar graph shows quantification of densitometry analysis of p47phox normalized to 𝛽-actin. 𝑛 = 10 in each
group. Values represent mean ± S.E. (b) Protein expression of p47phox in four groups: top: a representative gel; bottom: densitometry analyses
of p47phox protein level normalized to actin. 𝑛 = 3-4 in each group. Values represent mean ± S.E. (c) RT-PCR of right ventricle p67phox in
Sed-control, Sed-Dia, ExT-control, and ExT-Dia animals: top: a representative gel; bottom: quantification of p67phox transcript normalized to
𝛽-actin as loading control. 𝑛 = 6 in each group. (d) Protein expression of p67phox in four groups: top: a representative Western blot; bottom:
densitometry analysis of p67phox protein normalized to 𝛽-actin as loading control. 𝑛 = 3-4 in each group. Values are represented as mean ±
S.E. ∗𝑃 < 0.05 versus Sed-control. +𝑃 < 0.05 versus Sed-Dia group.

acute proteinmodification and chronic changes in expression
levels may be involved.

Our findings indicate that the cardiac tissue expressions
for p47phox and p67phox are upregulated in the diabetic rats.
This upregulation was greatest in the left ventricle and atria,
while it was slightly elevated in the right ventricle of the
diabetic group. These findings are consistent with clinical
data showing an association of DM with an increased risk
of systolic, diastolic, and any left ventricular dysfunction and
the relative sparing of the right ventricle [1, 2]. In ventricular
myocytes, it was reported that hyperglycemic conditions

increase the production of ROS via an enhanced expression
of p47phox protein, which could be blocked by an AT

1
R

antagonist [42]. Cifuentes et al. [32] have also shown that
Ang II infusion, via theAT

1
Ractivation, induces an enhanced

expression of p67phox and gp91phox proteins in aortic adventi-
tia. Additionally, an increased NADPH oxidase activity and a
7-fold upregulation of gp91phox mRNA in aortic tissue have
been reported in STZ-induced diabetic rats [43]. Further-
more, increased NADPH oxidase activity and collagen 3 were
demonstrated in pathogenesis of the heart failure as seen
in hearts of Duchenne muscular dystrophy rat model [70]
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Figure 3: Expression of atrium p47phox and p67phox in Sed-control, Sed-Dia, ExT-control, and ExT-Dia animals. (a) RT-PCR of p47phox: top:
a representative gel; bottom: bar graph shows quantification of densitometry analysis of p47phox normalized to 𝛽-actin. 𝑛 = 10 in each group.
Values represent mean ± S.E. (b) Protein expression of p47phox in four groups: top: a representative gel; bottom: densitometry analyses of
p47phox protein level normalized to actin. 𝑛 = 6–8 in each group. Values represent mean ± S.E. (c) RT-PCR of atrium p67phox in Sed-control,
Sed-Dia, ExT-control, and ExT-Dia animals: top: a representative gel; bottom: quantification of p67phox transcript normalized to 𝛽-actin as
loading control. 𝑛 = 6 in each group. (d) Protein expression of p67phox in four groups: top: a representativeWestern blot; bottom: densitometry
analysis of p67phox protein normalized to 𝛽-actin as loading control. 𝑛 = 3-4 in each group. Values are represented as mean ± S.E. ∗𝑃 < 0.05
versus Sed-control. +𝑃 < 0.05 versus Sed-Dia group.

and also a significant increase in collagen III was found in
endomyocardial biopsies obtained from patients with DM
[71]. Ang II has also been shown to stimulate collagen I and
collagen III in cardiac fibroblast, and apocynin, an inhibitor
of NADPH oxidase, prevents this initiation suggesting a
critical role for ROS in cardiac remodelling [72]. Although
a medical treatment with different antioxidant has been
proposed for diabetic cardiomyopathy for decades, unfortu-
nately, such treatments have failed to attenuate cardiac dys-
function or improve outcomes [73]. This may be due to lack
of improving the ROS load in an appropriate measure in the
myocardium rather than an overall reduction in ROS.

Physical activity is widely accepted as a key element in
the prevention of type 2 diabetes [74] and also has bene-
ficial effects in patients with established heart disease [75],
although the physiologicalmechanisms explaining howphys-
ical activity promotes health remain to be fully elucidated.
ExT maintains cardiac output by blunting diabetes-induced
bradycardia and the reduction in force ofmyocardial contrac-
tility [60]. ExT has been shown to elicit a number of beneficial
physiological changes in animals and clinical studies. These
include (1) a reduction in blood glucose, body fat, and
insulin resistance [45, 47], (2) improved glycemic control and
lipid metabolism [45, 76], (3) improved baroreflex sensitivity
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Figure 4: Collagen III expression in atria: top: representative
Western blot showing collagen III protein expression in Sed-control,
Sed-Dia, ExT-control, and ExT-Dia animals; bottom: densitometry
analysis of collagen III expression normalized to 𝛽-tubulin as
loading control. 𝑛 = 6 in each group. Values represent mean ± S.E.
∗
𝑃 < 0.01 versus Sed-control group. +𝑃 < 0.05 versus Sed-Dia
group.

[46], (4) reduced plasma Ang II levels [49–51, 54], and (5)
reduced renal sympathetic nerve activity and arterial pressure
responses to Ang II [50, 52, 54, 77]. Additionally, the ability of
ExT to upregulate antioxidant enzyme expression and activity
in the cardiovascular system has been clearly demonstrated
[48, 54, 55, 78, 79]. Previously, our lab showed ExT ini-
tiated after the onset of diabetes blunts primarily beta(1)-
adrenoceptor expression loss and improves cardiac function
in diabetic rats [60].

The current study adds to this literature by demonstrating
for the first time that ExT significantly reduces p47phox
mRNA expression in the left and right ventricles and atria
of diabetic rats. In diabetic rats, ExT significantly reduced
p67phox mRNA expression of the left ventricle and attenuated
the increased p67phox message in the atria. The increase in
NADPH oxidase subunit expression observed in the diabetic
condition and its attenuation by ExT may occur via a variety
of mechanisms. Hyperglycemia, enhanced renin-angiotensin
system activity, and elevated levels of circulating cytokines
are all clinical manifestations associated with the diabetic
condition, and each is known to promote NADPH-derived
O
2

− production. TNF-𝛼, a cytokine that activates transcrip-
tion factors which induce the expression of genes involved in
inflammation and cell growth, has been identified as an ago-
nist for NADPH oxidase [68]. Levels of TNF-𝛼 are increased
in response to both hyperglycemic conditions and elevated
Ang II levels, and the increase is mediated via AT

1
R [68, 80].

Hyperglycemia and elevated Ang II levels have been clearly
shown to upregulate the expression of NADPH oxidase
subunits and increase NADPH oxidase activity and O

2

−

production [32, 39, 67, 81]. Based on these findings, it appears
that hyperglycemia and elevated Ang II associated with dia-
betes work via the AT

1
receptor to increase TNF-𝛼 levels and

Diabetes
(hyperglycemia)

↑ expression of p47phox and p67phox

Reactive oxygen species
(ROS)

Increased collagen III

ExT

Cardiomyopathy
(heart failure)

Figure 5: Amelioration of cardiomyopathy by exercise training.
Hyperglycemia induces overexpression of cytoplasmic subunits of
NADH oxidase (p47phox and p67phox) in left ventricle. Overexpres-
sion of these subunits exhibits high reactive oxygen species and
leads to increased collagen III and hence cardiomyopathy. Exercise
training (ExT) mitigates the expression of p47phox, and p67phox
consequently ameliorates heart dysfunctions.

NADPH oxidase activity, while ExT suppresses expression
of TNF-alpha and thus offers a potential protection against
TNF-alpha-induced insulin resistance [82] and increased
ROS production [83, 84].

Our study provides evidence that increase in oxidative
stress, specifically in left ventricle, may be due to an enhanced
transcription as well as translation of p47phox and p67phox

subunits of NADPH oxidase. Expression of p67phox was
increased at transcription level but not at the protein level in
atria of diabetic rats suggesting that increased transcription
did not contribute to changes in protein expression in this
tissue. Translocation of cytosolic subunits (p47phox, p67phox,
p40phox, and rac1) and their association with membrane-
bound cytochrome b

558
(consisting of one p22phox and one

gp91phox subunit) follows during acute oxidase activation
[85]. In present studies perhaps there was only translocation
of p67phox in the atria of diabetic heart rather than overall
expression of synthesis, a possibility that remains to be
explored.

The numerous physiological benefits of ExT offer sev-
eral mechanisms via which the expression and activity of
NADPH oxidase may be attenuated in diabetes. ExT has
been shown to normalize diabetes-related elevations in blood
glucose [45–47], plasma Ang II [49, 50, 53], and TNF-𝛼
[83, 84]. Normalizing these factors could lower levels of ROS-
inducing agonists, thus dampening NADPH oxidase activity.
Additionally, ExT has repeatedly been shown to upregulate
antioxidant expression and activity, including SOD, catalase,
and glutathione, in aortic and cardiac tissues [48, 49, 54,
56, 78, 79]. However, while the literature provides some
insight, the specific mechanism by which ExT lowered the
mRNAexpression of p47phox and p67phox in our current study
remains to be elucidated.
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5. Conclusions

In summary, our data show that themRNA expressions of the
NADPH oxidase subunits p47phox and p67phox are upregu-
lated in cardiac tissue in the diabetic condition. Furthermore,
our data show that ExT attenuates the upregulated expres-
sion of these NADPH oxidase subunits and normalizes the
increased collagen III levels (Figure 5) and provides support
with a potentialmechanistic link for exercise training as being
an effective nonpharmacological tool in regulating oxidative
stress levels in the diabetic heart. Future areas of research
will need to focus on understanding some of the mechanisms
involved in diabetic cardiomyopathy and the therapeutic
strategies such as ExT to halt or slow its progression.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

Funding fromNational Institutes of Health, Heart, Lung, and
Blood Institute, R56HL124104, andAmericanHeart Associa-
tion 14SDG19980007 grant supported thework.The technical
assistance of Dr. Xuefei Liu is greatly appreciated.

References

[1] S. Dandamudi, J. Slusser, D. W. Mahoney, M. M. Redfield, R.
J. Rodeheffer, and H. H. Chen, “The prevalence of diabetic
cardiomyopathy: a population-based study in Olmsted County,
Minnesota,” Journal of Cardiac Failure, vol. 20, no. 5, pp. 304–
309, 2014.

[2] R. B. Devereux, M. J. Roman, M. Paranicas et al., “Impact of
diabetes on cardiac structure and function: the Strong Heart
study,” Circulation, vol. 101, no. 19, pp. 2271–2276, 2000.

[3] A. Ilercil, R. B. Devereux, M. J. Roman et al., “Relationship of
impaired glucose tolerance to left ventricular structure and
function: the Strong Heart study,” American Heart Journal, vol.
141, no. 6, pp. 992–998, 2001.

[4] S. Rubler, J. Dlugash, Y. Z. Yuceoglu, T. Kumral, A. W. Bran-
wood, and A. Grishman, “New type of cardiomyopathy asso-
ciated with diabetic glomerulosclerosis,” The American Journal
of Cardiology, vol. 30, no. 6, pp. 595–602, 1972.

[5] S. Boudina and E. D. Abel, “Diabetic cardiomyopathy revisited,”
Circulation, vol. 115, no. 25, pp. 3213–3223, 2007.

[6] A. Aneja, W. H. W. Tang, S. Bansilal, M. J. Garcia, and M. E.
Farkouh, “Diabetic cardiomyopathy: insights into pathogenesis,
diagnostic challenges, and therapeutic options,” American Jour-
nal of Medicine, vol. 121, no. 9, pp. 748–757, 2008.

[7] I. Falcão-Pires and A. F. Leite-Moreira, “Diabetic cardiomyopa-
thy: understanding the molecular and cellular basis to progress
in diagnosis and treatment,” Heart Failure Reviews, vol. 17, no.
3, pp. 325–344, 2012.

[8] J. W. Baynes and S. R. Thorpe, “Role of oxidative stress in
diabetic complications: a new perspective on an old paradigm,”
Diabetes, vol. 48, no. 1, pp. 1–9, 1999.

[9] D. Giugliano, A. Ceriello, and G. Paolisso, “Oxidative stress and
diabetic vascular complications,” Diabetes Care, vol. 19, no. 3,
pp. 257–267, 1996.

[10] T. Yu, S.-S. Sheu, J. L. Robotham, and Y. Yoon, “Mitochondrial
fission mediates high glucose-induced cell death through ele-
vated production of reactive oxygen species,” Cardiovascular
Research, vol. 79, no. 2, pp. 341–351, 2008.

[11] S. Boudina, H. Bugger, S. Sena et al., “Contribution of impaired
myocardial insulin signaling to mitochondrial dysfunction and
oxidative stress in the heart,”Circulation, vol. 119, no. 9, pp. 1272–
1283, 2009.

[12] Y. Teshima, N. Takahashi, S. Nishio et al., “Production of reac-
tive oxygen species in the diabetic heart: roles of mitochondria
and NADPH oxidase,” Circulation Journal, vol. 78, no. 2, pp.
300–306, 2014.

[13] M.M. Dallak, D. P. Mikhailidis, M. A. Haidara et al., “Oxidative
stress as a common mediator for apoptosis induced-cardiac
damage in diabetic rats,”OpenCardiovascularMedicine Journal,
vol. 2, no. 1, pp. 70–78, 2008.

[14] N. Takahashi, O. Kume, O. Wakisaka et al., “Novel strategy to
prevent atrial fibrosis and fibrillation,” Circulation Journal, vol.
76, no. 10, pp. 2318–2326, 2012.

[15] R. J. Gryglewski, R. M. J. Palmer, and S. Moncada, “Superoxide
anion is involved in the breakdown of endothelium-derived
vascular relaxing factor,”Nature, vol. 320, no. 6061, pp. 454–456,
1986.

[16] A. Mugge, J. H. Elwell, T. E. Peterson, and D. G. Harrison,
“Release of intact endothelium-derived relaxing factor depends
on endothelial superoxide dismutase activity,” The American
Journal of Physiology—Cell Physiology, vol. 260, no. 2, part 1, pp.
C219–C225, 1991.

[17] B. Tesfamariam and R. A. Cohen, “Enhanced adrenergic neu-
rotransmission in diabetic rabbit carotid artery,”Cardiovascular
Research, vol. 29, no. 4, pp. 549–554, 1995.

[18] Z. S. Katusic and P. M. Vanhoutte, “Superoxide anion is an
endothelium-derived contracting factor,”TheAmerican Journal
of Physiology—Heart and Circulatory Physiology, vol. 257, no. 1,
part 2, pp. H33–H37, 1989.

[19] P. H. Sugden and A. Clerk, “Cellular mechanisms of cardiac
hypertrophy,” Journal of Molecular Medicine, vol. 76, no. 11, pp.
725–746, 1998.

[20] A. Akki, M. Zhang, C. Murdoch, A. Brewer, and A. M. Shah,
“NADPH oxidase signaling and cardiac myocyte function,”
Journal of Molecular and Cellular Cardiology, vol. 47, no. 1, pp.
15–22, 2009.

[21] K. K. Griendling, D. Sorescu, and M. Ushio-Fukai, “NAD(P)H
oxidase: role in cardiovascular biology and disease,” Circulation
Research, vol. 86, no. 5, pp. 494–501, 2000.

[22] H. D. Wang, S. Xu, D. G. Johns et al., “Role of NADPH oxidase
in the vascular hypertrophic and oxidative stress response to
angiotensin II in mice,” Circulation Research, vol. 88, no. 9, pp.
947–953, 2001.

[23] J.-M. Li and A. M. Shah, “Differential NADPH- versus NADH-
dependent superoxide production by phagocyte-type endothe-
lial cell NADPH oxidase,” Cardiovascular Research, vol. 52, no.
3, pp. 477–486, 2001.

[24] A. Cave, D. Grieve, S. Johar, M. Zhang, and A. M. Shah,
“NADPH oxidase-derived reactive oxygen species in cardiac
pathophysiology,”Philosophical Transactions of the Royal Society
B: Biological Sciences, vol. 360, no. 1464, pp. 2327–2334, 2005.

[25] C. Patterson, J. Ruef, N. R. Madamanchi et al., “Stimulation of
a vascular smooth muscle cell NAD(P)H oxidase by thrombin:
evidence that p47𝑝ℎ𝑜𝑥may participate in forming this oxidase in
vitro and in vivo,” Journal of Biological Chemistry, vol. 274, no.
28, pp. 19814–19822, 1999.



10 Oxidative Medicine and Cellular Longevity

[26] K. P. Patel, W. G. Mayhan, K. R. Bidasee, and H. Zheng,
“Enhanced angiotensin II-mediated central sympathoexcita-
tion in streptozotocin-induced diabetes: role of superoxide
anion,” American Journal of Physiology—Regulatory Integrative
andComparative Physiology, vol. 300, no. 2, pp. R311–R320, 2011.

[27] H. M. Siragy, “AT(1) and AT(2) receptors in the kidney: role
in disease and treatment,” American Journal of Kidney Diseases,
vol. 36, no. 3, supplement 1, pp. S4–S9, 2000.

[28] J. R. Sowers, M. Epstein, and E. D. Frohlich, “Diabetes, hyper-
tension, and cardiovascular disease—an update,” Hypertension,
vol. 37, no. 4, pp. 1053–1059, 2001.

[29] V. Koshkin, O. Lotan, and E. Pick, “The cytosolic component
p47(phox) is not a sine qua non participant in the activation
of NADPH oxidase but is required for optimal superoxide
production,” The Journal of Biological Chemistry, vol. 271, no.
48, pp. 30326–30329, 1996.

[30] H.M. Siragy, A. Awad, P. Abadir, andR.Webb, “The angiotensin
II type 1 receptor mediates renal interstitial content of tumor
necrosis factor-alpha in diabetic rats,” Endocrinology, vol. 144,
no. 6, pp. 2229–2233, 2003.

[31] K. K. Griendling, C. A. Minieri, J. D. Ollerenshaw, and R.
W. Alexander, “Angiotensin II stimulates NADH and NADPH
oxidase activity in cultured vascular smooth muscle cells,”
Circulation Research, vol. 74, no. 6, pp. 1141–1148, 1994.

[32] M. E. Cifuentes, F. E. Rey, O. A. Carretero, and P. J. Pagano,
“Upregulation of p67(phox) and gp91(phox) in aortas from
angiotensin II-infused mice,” The American Journal of Physi-
ology—Heart and Circulatory Physiology, vol. 279, no. 5, pp.
H2234–H2240, 2000.

[33] D. Lang, S. I.Mosfer, A. Shakesby, F.Donaldson, andM. J. Lewis,
“Coronary microvascular endothelial cell redox state in left
ventricular hypertrophy: the role of angiotensin II,” Circulation
Research, vol. 86, no. 4, pp. 463–469, 2000.

[34] J. K. Bendall, A. C. Cave, C. Heymes, N. Gall, and A. M.
Shah, “Pivotal role of a gp91phox-containing NADPH oxidase in
angiotensin II-induced cardiac hypertrophy in mice,” Circula-
tion, vol. 105, no. 3, pp. 293–296, 2002.

[35] K. K. Griendling, T. J.Murphy, and R.W.Alexander, “Molecular
biology of the renin-angiotensin system,”Circulation, vol. 87, no.
6, pp. 1816–1828, 1993.

[36] K. K. Griendling, D. Sorescu, B. Lassègue, and M. Ushio-Fukai,
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Angiotensin II (AngII) can access the brain via circumventricular organs (CVOs), including the subfornical organ (SFO) and
organum vasculosum of the lamina terminalis (OVLT), to modulate blood pressure. Previous studies have demonstrated a role for
both the SFO and OVLT in the hypertensive response to chronic AngII, yet it is unclear which intracellular signaling pathways are
involved in this response. Overexpression of copper/zinc superoxide dismutase (CuZnSOD) in the SFOhas been shown to attenuate
the chronic hypertensive effects of AngII. Presently, we tested the hypothesis that elevated levels of superoxide (O

2

∙−) in the OVLT
contribute to the hypertensive effects of AngII. To facilitate overexpression of superoxide dismutase, adenoviral vectors encoding
human CuZnSOD or control adenovirus (AdEmpty) were injected directly into the OVLT of rats. Following 3 days of control
saline infusion, rats were intravenously infused with AngII (10 ng/kg/min) for ten days. Blood pressure increased 33 ± 8mmHg in
AdEmpty rats (𝑛 = 6), while rats overexpressing CuZnSOD (𝑛 = 8) in the OVLT demonstrated a blood pressure increase of only
18 ± 5mmHg after 10 days of AngII infusion. These results support the hypothesis that overproduction of O

2

∙− in the OVLT plays
an important role in the development of chronic AngII-dependent hypertension.

1. Introduction

Many years ago the anterior ventral portion of the hypothala-
mus lining the third ventricle (AV3V) was implicated in play-
ing a role in almost every form of experimental hypertension
[1, 2]. This hypothalamic region is comprised primarily of
the organum vasculosum of the lamina terminalis (OVLT),
median preoptic nucleus (MnPO), and efferent fibers of
the subfornical organ (SFO) [3]. Both the SFO and OVLT
are known circumventricular organs (CVOs) devoid of the
normal blood brain barrier and have been shown to be
directly responsive to actions of angiotensin II (AngII) [4, 5].
While not a CVO, the MnPO of the lamina terminalis has
both anatomical and functional connections to/from the SFO
and OVLT [6–11], and its lesion or disruption from these

other brain nuclei has been shown to inhibit the AngII-
induced drinking response, elevation in blood pressure, and
vasopressin secretion [12–16].

In recent years, our laboratory has been dissecting the
individual components of this AV3V region and their role
in chronic AngII-induced hypertension in order to better
understand the exact involvement of these specific central
nuclei. Indeed, through lesions of individual components of
the AV3V, we have shown a role for each of these areas
in the chronic hypertensive response to AngII. In response
to a 10-day infusion of AngII, we have previously shown
that rats with specific lesions of each of the SFO, MnPO,
and OVLT have demonstrated an attenuated hypertensive
response, implicating each of these sites as having a specific
role in the chronic actions of AngII [17–22].
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More recently, in an attempt to investigate the underlying
signalingmechanisms in the central hypertensive response to
peripherally administered AngII, we investigated the role of
central superoxide (O

2

∙−) production during AngII-induced
hypertension. Previously, it has been reported that overex-
pression of copper/zinc superoxide dismutase (CuZnSOD),
an antioxidant enzyme that specifically scavenges O

2

∙−, in
the SFO markedly attenuates the gradual and chronic hyper-
tension produced by peripheral administration of AngII
[23]. These results were very similar to those in which we
reported an attenuation of AngII-induced hypertension in
rats with lesions of the SFO [17, 18]. More recently, we
tested the hypothesis that elevated O

2

∙− levels in the MnPO
additionally play a role in the chronic hypertensive response
to AngII. Utilizing direct central injections of adenovirus
encoding CuZnSOD into the MnPO, we demonstrated an
attenuated hypertensive response to chronic intravenously
administered AngII [24]. Collectively, these previous studies
have (1) demonstrated a role for each of the SFO, MnPO, and
the OVLT in the chronic hypertensive response to AngII [17–
22] and (2) demonstrated a role for O

2

∙−-dependent signaling
in mediating these effects, thus far, in the SFO and MnPO
[23, 24].

In the present study, we hypothesized that elevated levels
ofO
2

∙− in theOVLTcontribute to theAngII-induced increase
in blood pressure observed during peripheral infusion of
AngII. To test this hypothesis, we overexpressed CuZnSOD
specifically in theOVLTof rats by utilizing direct injections of
adenoviral vectors encoding CuZnSOD into the OVLT. Rats
were instrumented with telemetric blood pressuremeasuring
transducers and peripherally infused with AngII for 10
days, as we have previously described [17, 19]. Our results
demonstrate that the chronic hypertensive effects of AngII
are reduced in rats with overexpression of CuZnSOD in the
OVLT.

2. Materials and Methods

All experiments were approved by the University of Min-
nesota Institutional Animal Care and Use Committee
(IACUC) and conducted according to guidelines of the
National Institutes of Health. Adult male Sprague Dawley
(Charles River Laboratory, Wilmington, MA, USA) rats
(250–275 g) were used in all experiments. Animals were
housed in an IACUC approved and monitored facility with
a 12-hour day/night light cycle (lights on 7:00 AM).

2.1. Surgical Procedures. Rats were anesthetized with an
intraperitoneal injection of ketamine (75mg/kg) and xylazine
(10mg/kg). Rats were then placed in a stereotaxic apparatus
with the head level and fixed. A dorsal midline skull incision
was made and a 2mm hole was drilled in the skull just caudal
to bregma. Replication-deficient adenoviral vectors encoding
human CuZnSOD (AdCuZnSOD) or control adenovirus
(AdEmpty) (Viraquest Inc., North Liberty, IA) were pair
matched at titers of 109 pfu/mL. Using a Hamilton syringe,
50 nL of either virus was directly injected into the dorsal
OVLT of rats (𝑛 = 8 AdCuZnSOD; 𝑛 = 6 AdEmpty). The

coordinates used for injection caudal and ventral to bregma,
respectively, were as follows inmm: (+0.65,−7.95).Thehole in
the skull was repaired with bone wax and the skin was closed
with 3-0 silk suture. After completion of surgery, all rats were
given antibiotic and analgesic injections (gentamicin; 2.5mg,
I.M. and butorphanol tartrate; 0.075mg, S.C., resp.).

After one week of recovery, all rats were instrumented
with blood pressure monitoring radiotelemeter devices
(model number TA11PA-C40, Data Sciences International, St.
Paul, MN) and femoral venous catheters, as we previously
described [17, 20]. Rats were anesthetized as described above
and an abdominal incisionwasmade to expose and clamp the
abdominal aorta proximally. The distal aorta was punctured
with a 19-gauge needle and the tip of the transducer catheter
was introduced into the aorta and secured in place with
tissue adhesive. The body of the transducer was secured to
the abdominal wall and the incision was closed. All rats
were given antibiotics and analgesics as described above and
individually placed in metabolic cages upon recovery. Rats
were started on a continuous IV isotonic saline infusion of
7mL/24 hr and given a 0.4% NaCl diet and water ad libitum.

2.2. Experimental Protocol. Following another week of recov-
ery, all rats entered the experimental protocol. The first three
days of the protocol served as a control period during which
time a continuous intravenous infusion of 0.9% sterile saline
(7mL/24 hr) was maintained. This was followed by a 10-day
infusion ofAngII (10 ng/kg/min)whichwas dissolved in 0.9%
sterile saline and intravenously infused at a rate of 7mL/24 hr.
Finally, a 3-day recovery period identical to the control period
(i.e., saline infusion) completed the protocol.

Measurements of food intake,water intake, andurine out-
put were made daily. Twenty-four-hour sodium intake was
calculated as dietary sodium intake (product of food intake
and sodium content of the food (0.4% NaCl, 0.07mmol/g)
plus infused sodium (1mmol/day)). Urinary sodium was
measured using a NOVA-5+ ion specific electrode (Biomed-
ical, Waltham, MA, USA). Daily urinary sodium excretion
was calculated as the product of urinary sodium content
and daily urine volume. Total water intake was calculated as
water ingested plus 7mL from the daily IV infusion. Balance
measurements were calculated as the difference between total
input and excretion.

2.3. Immunofluorescent Detection of CuZnSOD. Following
the measurement of hemodynamic parameters, rats were
euthanized and perfused with 4.0% paraformaldehyde, and
brains were removed. Coronal brain sections were pro-
cessed for CuZnSOD protein immunoreactivity, as previ-
ously described [23]. Briefly, brain sections were incubated
overnight at 4∘C with human CuZnSOD antibody (1 : 500;
sheep anti-human CuZnSOD; The Binding Site, Birming-
ham, UK) in 2% normal horse serum and 0.3% Triton fol-
lowed by incubation with donkey anti-sheep AlexaFluor 488
secondary antibody (1 : 200; Invitrogen, Molecular Probes,
Carlsbad, CA). CuZnSOD immunofluorescence in the OVLT
was imaged with confocal microscopy (Zeiss 510 Meta
Confocal Microscope, Carl Zeiss Microscopy GmbH, Jena,
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Figure 1: Schematic of coronal brain section showing location of OVLT (a). Representative confocal microscopy immunofluorescence images
demonstrating CuZnSOD expression (green fluorescence) in the OVLT from an AdEmpty- or AdCuZnSOD-injected rat (b). Fluorescence
intensity in the OVLT was quantified with Image J analysis software and is reported as fold-change in AdCuZnSOD rats (𝑛 = 8) versus
AdEmpty rats (𝑛 = 6) (c). ∗𝑃 < 0.05 versus AdEmpty-injected rats.

Germany). Image J analysis software was used to quantify
fluorescence intensity in OVLT brain sections from rats
injected with AdEmpty or AdCuZnSOD. Fluorescence inten-
sity in brain sections from AdCuZnSOD-injected is reported
as fold-change versus intensity in sections from AdEmpty-
injected rats.

2.4. Statistical Analysis. Data are reported as mean ± SE.
Student’s 𝑡-test was used to compare two groups while one-
or two-way ANOVA was used for multiple comparisons
combined with a Student-Newman-Keuls post hoc analysis.
Differences were considered significant at 𝑃 < 0.05.

3. Results

3.1. Adenovirus-Mediated Overexpression of CuZnSOD in the
OVLT. Immunofluorescence confocal microscopy was used
to confirmoverexpression of CuZnSOD in theOVLT in brain
sections from rats that received an injection of AdCuZn-
SOD directly into the OVLT. Approximately 5 weeks after
direct injection of either AdCuZnSOD or AdEmpty, levels of
CuZnSOD were significantly elevated (1.7-fold increase, 𝑃 <

0.05; Figure 1(c)) in the OVLT of rats receiving the AdCuZn-
SOD injection compared to those of rats receiving direct
injection of AdEmpty. Representative confocal microscopy
images showing CuZnSOD immunoreactivity are presented
in Figure 1(b). It should be noted regarding the study popula-
tion that all AdCuZnSOD-injected rats included in the final
hemodynamic analyses (described below) were confirmed to
have robust CuZnSOD expression in and confined to the
OVLT relative to the low fluorescence detected in the OVLT
of AdEmpty-treated rats.

3.2. CuZnSOD Overexpression in the OVLT Attenuates AngII-
Induced Hypertension. Average baseline mean arterial pres-
sure (MAP) was not different between AdCuZnSOD- (105 ±
2mmHg) andAdEmpty-injected (106± 3mmHg) rats during
the control saline infusion period (Figure 2(a)). However,
during the 10-day AngII infusion period, MAP was signifi-
cantly reduced (on days 6–10 of AngII and on days 1 and 2 of
the recovery period) in AdCuZnSOD-treated rats compared
to MAP of AdEmpty-injected rats (Figure 2(a)). Specifically,
MAP reached 121 ± 6mmHg in AdCuZnSOD rats by day
10 of AngII infusion but increased to 140 ± 8mmHg in
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Figure 2: Summary data showing average 24-hour mean arterial pressure (a) and heart rate (b) recorded during saline infusion (3 days),
AngII infusion (10 ng/kg/min) for 10 days, and recovery saline infusion (3 days) in rats that were OVLT injected with AdCuZnSOD (𝑛 = 8)
or AdEmpty (𝑛 = 6). ∗𝑃 < 0.05 versus AdCuZnSOD-injected rats.

AdEmpty rats. Average heart rate (HR) (Figure 2(b)) was
not significantly different between the two groups during
the control saline infusion period (AdCuZnSOD: 424 ± 9,
AdEmpty: 440 ± 4 beats/min). In addition, while all rats were
observed to have generally lower HR during AngII infusion,
there was no statistical significance between the two groups.

3.3. CuZnSOD Overexpression in the OVLT Does Not Affect
Sodium and Water Balance in AngII-Infused Hypertensive
Rats. To determine if overexpression of CuZnSOD in the
OVLT affects body fluid homeostasis during AngII-induced
hypertension, sodium intake, sodium excretion, and sodium
balance (Figure 3), as well as water intake, urine output,
and water balance (Figure 4), were measured throughout
the protocol. Regarding sodium intake, sodium excretion,
and sodium balance, no differences were observed between
groups throughout the protocol. Regarding water intake,
AdCuZnSOD-treated rats showed a significant increase on
days 2 and 3 of saline infusion, day 1 of AngII treatment,
and the last 2 recovery days (Figure 4(a)) and tended to have
increased water intake during the protocol. However, this
was offset by a slightly increased urine output throughout
the protocol (Figure 4(b)). Thus, no change in overall water
balance (Figure 4(c)) was observed between the groups.
Collectively, overexpression of CuZnSOD in the OVLT did
not alter sodium and water balance during the protocol
compared to AdEmpty-injected control rats.

4. Discussion

Much research has been conducted examining the AngII
model of hypertension and its neurogenic component(s) [25,
26]. However, we still do not have a complete understanding

of the integrative pathways and central nuclei involved
in the hypertensive response to peripherally administered
AngII. Our laboratory has characterized and extensively used
a modest dose of AngII and normal salt diet in rats to
produce a reproducible and chronic hypertension model
that is gradual and progressive in onset similar to human
hypertension [17, 19, 20]. It does not appear to be associated
with or dependent on the angiotensin converting enzyme
2 (ACE2) and angiotensin (1–7) (Ang(1–7)) axis [27], and
despite known renal actions of AngII given at higher doses,
we have repeatedly reported no chronic changes in sodium
or water balance using this model of hypertension [17, 19, 21].
Rather, it appears that there is a significant central nervous
system signaling component via CVOs associated with the
chronic hypertension in this model [17–22]. By utilizing
lesion studies, our laboratory has previously demonstrated
that both the SFO and OVLT, as well as one of their down-
stream integration sites, the MnPO, are each independently
necessary for the full hypertensive response to elevated AngII
[17–22].

More recently, attention has also been directed toward
fully understanding the intracellular signaling pathways
involved in the chronic hypertensive response toAngII. In the
current study, we report that overexpression of CuZnSOD, an
intracellular superoxide scavenging enzyme, in theOVLT sig-
nificantly attenuates the increase inMAP induced by chronic,
peripheral infusion of AngII. Control rats that received an
injection of an empty adenovirus into the OVLT responded
to AngII with a 33 ± 8mmHg rise in arterial pressure
after 10 days of exogenous AngII, while rats overexpressing
CuZnSOD in the OVLT showed a markedly attenuated
response of only 18 ± 5mmHg over the same 10 days of
AngII treatment. These results support the hypothesis that
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Figure 3: Summary data showing average 24-hour sodium intake (a), sodium output (b), and sodium balance (c) during control saline
infusion and subsequent AngII infusion (10 ng/kg/min) for 10 days in rats that were OVLT injected with AdCuZnSOD (𝑛 = 8) or AdEmpty
(𝑛 = 5).

overproduction of O
2

∙− in theOVLT significantly contributes
to the full hypertensive response to AngII.

The SFO has been one of the more extensively studied
CVOs and has been widely reported as having an important
role in the dipsogenic and hypertensive effects of circulating
AngII [28–32]. We have previously demonstrated that the
SFO is necessary to achieve the full hypertensive response
to chronic peripheral AngII infusion in studies utilizing
electrolytic lesion of this CVO [17, 18]. Furthermore, it has
been shown that this effect is mediated, at least in part,
through increased O

2

∙− signaling in the SFO [23]. Thus,
the SFO has clearly been given much deserved attention as

having a major role in the chronic AngII-induced hyper-
tension model. In addition to the SFO, the OVLT is a
hypothalamic sensory CVO of significance and part of the
originally described anterior ventral 3rd ventricle (AV3V).
Along with the OVLT, this area contains the ventral part
of the MnPO and the periventricular tissue surrounding
the 3rd ventricle [3] and was originally characterized for
its role in the mechanisms of hypertension, as lesion of
this area prevents many forms of experimental hypertension
including the AngII-dependent model [1, 2]. Therefore, we
recently attempted to dissect the individual role of the OVLT
itself in chronic AngII-dependent hypertension by discrete



6 Oxidative Medicine and Cellular Longevity

Water intake

∗

Saline AngII Saline

∗
∗

∗ ∗

AdEmpty (n = 6)
AdCuZnSOD (n = 8)

15

20

25

30

35

(m
L)

2 4 6 8 10 12 14 160
Day

(a)

Urine output
Saline AngII Saline

AdEmpty (n = 6)
AdCuZnSOD (n = 8)

0

5

10

15

20

(m
L)

2 4 6 8 10 12 14 160
Day

(b)

Water balance
Saline AngII Saline

AdEmpty (n = 6)
AdCuZnSOD (n = 8)

5

10

15

20

25

(m
L)

2 4 6 8 10 12 14 160
Day

(c)

Figure 4: Summary data showing average 24-hour water intake (a), urine output (b), and water balance (c) during control saline infusion
followed by AngII infusion (10 days; 10 ng/kg/min) and recovery saline infusion (3 days) in rats that were OVLT injected with AdCuZnSOD
(𝑛 = 8) or AdEmpty (𝑛 = 6). ∗𝑃 < 0.05 versus AdEmpty-injected rats.

lesion of the OVLT followed by administration of AngII.
In those studies, we observed that specific lesion of the
OVLT markedly attenuated the effects of a 10-day infusion
of AngII in rats [21]. In the current study, similar to what
has been studied in the SFO, we aimed to further elucidate
the mechanisms of this response by testing the hypothesis
that increased levels of O

2

∙− contribute to the long-term
hypertensive effects of AngII. To do this, an adenovirus
encoding CuZnSOD was injected directly into the OVLT to
selectively overexpress this O

2

∙− scavenging enzyme in this
brain region involved in cardiovascular control. The results
of the study demonstrate a strikingly similar inhibition of the
rise in arterial pressure during 10 days of intravenous AngII
infusion towhatwe have previously reported in SFOorOVLT

lesioned rats [17, 21]. Furthermore, these results suggest that
not only is O

2

∙− playing a role in the signaling mechanism
at the SFO during AngII-induced hypertension [23], but also
it has at least an equally important role in the OVLT in this
model of hypertension.

The present study suggests a definitive role of O
2

∙−

in the OVLT as an intracellular signaling mechanism in
chronic AngII-induced hypertension. While these results are
similar to the attenuation of the hypertensive effects of AngII
that was previously reported in mice with overexpression
of CuZnSOD in the SFO [23], there are some notable
differences. The above-mentioned study conducted by Zim-
merman et al. used a mouse model in which AdCuZnSOD
was injected intracerebroventricularly (ICV), and AngII was
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delivered subcutaneously via osmotic minipump at a dose of
600 ng/kg/min over a period of 16 days [23]. In the current
study, we used direct injection of AdCuZnSOD into the
OVLT and a continuous IV infusion of AngII (10 ng/kg/min)
for 10 days. In both studies, MAP gradually increased in
control animals, an effect that was significantly attenuated
in AdCuZnSOD-treated animals throughout the course of
AngII treatment. In the above-mentioned AdCuZnSOD SFO
mouse study, MAP rose to approximately 150–160mmHg,
and this effect was attenuated after 11 days of AngII infusion
in mice overexpressing SOD in the SFO [23] compared
to the present study, in which we report a peak MAP
of 140mmHg in control animals after 10 days of AngII
treatment that was attenuated after 6 days of AngII at
a level of approximately 120mmHg in AdCuZnSOD rats.
These differences are probably attributable to a number of
factors including the choice of animal model, as well as
the dose and route of AngII administration. Nevertheless,
both studies demonstrate a chronic hypertension during
AngII treatment that was significantly attenuated only after
several days in animals treated with central AdCuZnSOD,
equally implicating O

2

∙− signaling in the OVLT as well as in
the SFO as a mechanism mediating chronic AngII-induced
hypertension. Another difference between previous studies
and the current study is that AdCuZnSOD was directly
injected into the OVLT in the present study. In contrast,
Zimmerman et al. performed ICV injections of adenovirus
and thus targeted the SFO nonspecifically. Nonetheless, they
observed CuZnSOD overexpression predominantly in the
SFO and thus concluded that increased scavenging of O

2

∙−

in the SFO attenuated AngII-induced hypertension [23].
Through lesion studies, our laboratory has much previous
experience with specifically targeting the OVLT [21, 22] and
was therefore able to utilize direct injections into theOVLT in
the present study in order to specifically target this important
cardiovascular control nucleus.

Downstream of the OVLT, following activation by AngII,
the MnPO receives reciprocal inputs from not only the
OVLT but also the SFO and is therefore believed to form
part of the sympathoexcitatory pathway [10, 11, 33, 34]. In
an attempt to further clarify the role of the MnPO in the
development of AngII-induced hypertension, our laboratory
reported similar decreases in the long-term hypertensive
response to AngII in rats with either total electrolytic or
chemical ablation of the MnPO [19, 20]. Building from these
previous observations, we sought to shed further light on
the role of O

2

∙− as an intracellular signaling molecule in,
specifically, the MnPO, using the same model of AngII-
induced hypertension [24]. The results from that study
again demonstrated a very similar attenuation of the typical
development of hypertension during 10 days of exogenous
AngII to what has been reported in the SFO [23] and to
our current OVLT data presented herein. Collectively, these
studies indicate that O

2

∙−-dependent signaling in the SFO,
MnPO, and OVLTmediates, at least in part, the hypertensive
response to elevated levels of circulating AngII.

While the observations in theMAP response were similar
in the present OVLT study to those in the study using
overexpression of CuZnSOD in the MnPO [24], there are

some apparent differences. Overexpression of CuZnSOD in
the MnPO caused an attenuated MAP response to AngII
that began after only 2 days of AngII infusion and lasted
throughout day 10, whereas the attenuated response to
elevated AngII in rats receiving injections into the OVLT
in the present study began on day 6 of AngII treatment.
Furthermore, themaximal attenuation ofMAPwas greater in
rats with overexpression of CuZnSOD in the MnPO, as MAP
in those rats only increased 6mmHg [24]. These differences
are perhaps not surprising considering that if the MnPO
is indeed receiving AngII-mediated signaling inputs from
both the SFO and OVLT, one would expect a more dramatic
attenuation in theMAP response to AngII when the signaling
pathway in this integration site for more than one CVO
is disrupted compared to blocking signaling mechanisms
in either CVO alone. Lastly, of notable interest is that the
attenuation of the MAP response in OVLT lesioned animals
treated with 10 days of AngII was also much greater than the
attenuated response of rats with overexpression of CuZnSOD
in the OVLT. We previously reported that rats with lesions of
the OVLT responded with a maximal attenuated response of
only approximately 25% the rise in MAP compared to sham
lesioned rats during a 10-day infusion of AngII [21]. This
suggests that while O

2

∙− in the OVLT is playing an important
role in the intracellular signaling cascade mediating the rise
in blood pressure during AngII infusion, it is not the only
mechanism functioning during this model of hypertension.

In conclusion, our current results support a notable role
of elevated O

2

∙− in the OVLT in mediating the chronic
hypertensive effects of AngII. Furthermore, we have now
clearly established that O

2

∙− signaling in both the SFO and
OVLT, as well as the downstreamMnPO, is all independently
important in mediating the chronic hypertensive response
to AngII. Some arguable questions remaining are as follows:
which CVO is the primary site driving this response, or
are they equally important, and if so are they redundant or
even compensatory in their function? For example, when this
pathway is blocked in one CVO, is it possible that we are not
observing the maximal response due to some compensatory
function or redundancy in CVO signaling, and therefore we
have possibly observed the maximal attenuated response to
AngII in our studies involving the MnPO? Taken together,
our current and previous data support further investigations
into new therapies and technologies for delivering antiox-
idant treatments to these definitive central nuclei in the
treatment of hypertension, specifically targeting reductions
in or prevention of increased O

2

∙− levels.
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The imbalance between angiotensin II (Ang II) and angiotensin 1–7 (Ang 1–7) in the brain has been reported to contribute to
cardiovascular dysfunction in hypertension. Exercise training (ExT) is beneficial to hypertension and the mechanism is unclear.
This study was aimed to determine if ExT improves hypertension via adjusting renin angiotensin system in cardiovascular centers
including the rostral ventrolateral medulla (RVLM). Spontaneously hypertensive rats (SHR, 8 weeks old) were subjected to low-
intensity ExT or kept sedentary (Sed) for 12 weeks. Blood pressure elevation coupledwith increase in age was significantly decreased
in SHR received ExT compared with Sed.The results in vivo showed that ExT significantly reduced or increased the cardiovascular
responses to central application of sarthran (antagonist of Ang II) or A779 (antagonist of Ang 1–7), respectively. The protein
expression of the Ang II acting receptor AT1R and the Ang 1–7 acting receptor Mas in the RVLM was significantly reduced
and elevated in SHR following ExT, respectively. Moreover, production of reactive oxygen species in the RVLM was significantly
decreased in SHR following ExT.The current data suggest that ExT improves hypertension via improving the balance of Ang II and
Ang 1–7 and antioxidative stress at the level of RVLM.

1. Introduction

Hypertension is characterized by elevated levels of blood
pressure (BP) and sympathetic tone, which are associated
with the development and prognosis of this disease [1, 2]. It
is well known that the rostral ventrolateral medulla (RVLM)
is a key region for central control of sympathetic outflow and
plays a vital role in maintaining resting BP and sympathetic
tone [3]. It has been suggested that abnormalities in structure
and function of the RVLM contribute to the pathogenesis of
the neurogenic hypertension [4, 5].

It is also well known that the renin-angiotensin system
(RAS) has widely cardiovascular regulatory effects and its
abnormality participates the generation and development of
hypertension [6, 7]. Besides the peripheral RAS as we know
well, there is another independent RAS in the central nervous
system, which also has been implicated in the pathogenesis of

hypertension [8]. All of the components of the RAS (precur-
sor, enzymes, peptides, and receptors) are presented in brain
areas (e.g., RVLM,NTS, andPVN) involved in cardiovascular
control [9]. In a classical RAS, angiotensin (Ang) II produced
from Ang I by an angiotensin-converting enzyme (ACE) is
a strong bioactive substance and its activation contributes
to the development of the hypertension [10]. Besides the
ACE-Ang II-AT

1
R axis, recent studies have established a new

regulatory axis in the RAS [11]. In this axis, angiotensin (Ang)
(1–7) is finally produced from Ang I or Ang II by the catalytic
activity of angiotensin-converting enzyme 2 (ACE2). Ang (1–
7) shows actions different from those of AT

1
R stimulation,

such as vasodilatation, natriuresis, and antiproliferation [12].
It has been found that the microinjection of Ang II into the
RVLM can cause the higher elevated amplitude of BP, and
the expression of AT

1
R in the spontaneously hypertensive

rats (SHR) was higher than in the normotensive rats [13–16].
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In contrast, the evidence showed that the central effect of Ang
1–7 had been downregulated in SHR [17, 18].

Previous studies [19–23] have shown that low-intensity
exercise training (ExT) is an efficient strategy for patient
with hypertension by reducing BP and cardiovascular risk.
However, the mechanisms by which ExT improves cardio-
vascular dysfunction in hypertension have been still unclear.
Previous studies often focused on the peripheral mechanism
which ExT may act on, such as predominance of endothe-
lium relaxing over contractile factors [24]. Recent evidence
suggested that neural plasticity in the central cardiovascular
networks can be more important for the beneficial effects
of ExT on cardiovascular dysfunctions [25, 26]. It has been
known that antihypertension can be caused by blockade of
central/peripheral RAS [27]. A previous study further showed
that ExT can affect the central RAS via anti-inflammatory
cytokines [28]. However, it is still not known whether the
ExT-induced benefit on hypertension is dependent or not on
balance of the expression/activity of central Ang II and Ang
1–7.Therefore, this study was designed to determine the effect
of ExT on the imbalance of the central Ang II and Ang 1–7 in
SHR.

2. Methods

2.1. Animals and General Procedures. Experiments were
carried out in eight-week-old male SHR and age-matched
normotensive Wistar-Kyoto (WKY) rats purchased from
Sino-British SIPPR/BK Laboratory Animal Ltd. (Shanghai,
China). All of the procedures in this study were approved by
the Second Military Medical University Institutional Animal
Care and Use Committee and were performed as per the
institutional animal care guidelines.

2.2. ExT Protocol and Experimental Design. Male WKY and
SHR (eight-week-old) were preselected from their ability
to walk on a treadmill (FT-200, Taimen Co., China), and
only active rats (≈80%) were used in this study. These
selected rats were randomly assigned to the sedentary group
(WKY-Sed; SHR-Sed) or the ExT group (WKY-ExT; SHR-
ExT). Briefly, the ExT rats ran on a motor-driven treadmill
continuously for a period of 12 weeks (5 days per week;
60min per day at 15–20m/min), as described in our and
other previous studies [29–31]. The training intensity was
based on 50–60% of each animal’s maximal running speed,
which was measured by maximal exercise tests on weeks 0,
6, and 12 (Table 1). Based on a previous study [32], maximal
running speed of each group was estimated from graded
exercise on treadmill. The test was started at 7.5m/min
with increments of 1.5m/min every 2min up to exhaustion.
Maximal running speed achieved was considered as the
maximal exercise capacity. Training intensity was at 50–
60% of each animal’s maximal running speed. The sedentary
groups were handled at least 3 times every week to become
accustomed to the experimental procedures. A noninvasive
computerized tail-cuff system (ALC-NIBP, Shanghai Alcott
Biotech, Inc., China), as described previously [28], was used
to measure BP and HR under conscious condition.Themean

Table 1: Maximal running speeds in ExT groups.

Maximal speeds (km/h)
𝑛 Week 0 Week 6 Week 12

WKY-ExT 15 1.33 ± 0.07 1.76 ± 0.05∗ 2.21 ± 0.06∗

SHR-ExT 15 1.87 ± 0.06† 2.04 ± 0.08∗† 2.43 ± 0.07∗†

Data are mean ± SE. ∗𝑃 < 0.05 versus week 0. †𝑃 < 0.05 versus WKY-ExT.

arterial BP and heart rate (HR) were measured with volume
pressure recording sensor technology, which measures four
parameters simultaneously: systolic blood pressure, diastolic
blood pressure, mean arterial pressure, and heart pulse rate.
BP was measured on three consecutive days, and values
were averaged from at least six consecutive cycles. BP was
measured at baseline (8 weeks of age) and then every 4 weeks
until the end of the training protocol and sedentary period.

After the last exercise session at the age of 20 weeks,
animals were allowed at least 24 hr to recover from exercise
to minimize alterations in cardiovascular control and further
subjected to the following in vivo or in vitro experiments.

2.3. Measurement of Citrate Synthase Concentration. Citrate
synthase (CS) activity is a validated biomarker for mitochon-
drial density in skeletal muscle and used as a biochemical
marker which undergoes adaptive increase in skeletal muscle
with ExT [33]. Soleus muscles from the right leg of the
animals were collected, weighted, and stored at −80∘C for
measurement of citrate synthase. Rat Citrate Synthase ELISA
kit (E03876; Shanghai Yunyan Biological Technology Co,
China) was used to measure citrate synthase concentration
in the whole muscle. Briefly, muscle tissue was homogenized
in an extraction buffer and centrifuged at 4∘C and an aliquot
of supernatants was collected for measuring the enzyme
concentration. Reaction was terminated by an addition of a
sulfuric acid solution, and the color change was measured
spectrophotometrically at a wavelength of 450 nm. The con-
centration (pg/mg) of citrate synthase in the samples was
then determined by comparing the OD of the samples to the
standard curve.

2.4. General Surgical Procedures and Intracerebroventricular
(ICV) Injections. The surgical procedures were carried out
as our study described previously [34]. Briefly, rats were
anesthetized with urethane (800mg/kg ip) and 𝛼-chloralose
(40mg/kg ip), and the trachea was cannulated to facilitate
mechanical respiration. The right common carotid artery
was catheterized for BP measurement by PowerLab (8SP, AD
Instruments). The mean arterial pressure (MAP) and heart
rate (HR) were derived from the BP pulse. The vein was
cannulated for supplemental anesthesia and drugs. The rat
was placed in a stereotaxic frame. A hole in skull surface
was drilled for lateral ventricle injections, or the dorsal
surface of the medulla was surgically exposed for RVLM
microinjections. Body temperature was kept at 37∘C by a
temperature controller.

The rats were implanted with unilateral guide cannula
(21 gauges) for ICV injections of drugs, which was described
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previously [35, 36]. Coordinates for lateral ventricle injections
(−1.0mm to Bregma; 1.5mm lateral to midline; and −4.5mm
to the surface of the skull) were based on the rat atlas of
Paxinos andWatson [37]. The guide cannula was fixed to the
skull with dental acrylic resin. The needle used for injection
into the LV was connected by a PE-10 tubing to a 10 𝜇L
Hamilton syringe. The needle was carefully inserted into
the guide cannula and slow injections were performed. The
volume of LV injection each time was 1 𝜇L.

2.5. RVLM Microinjection. The procedures for RVLM
microinjection were described previously [38]. In brief,
microinjections were made from a multibarrel micropipette
(20–50𝜇m diameter) and the coordinates for the RVLM
(2.0–2.5mm rostral and 1.8–2.1mm lateral to Obex and
2.8–3.2mm ventral to the dorsal surface of the medulla)
were based on the rat atlas [37]. Three-barrel micropipette
was connected by a pneumatic picopump (PV820, WPI).
The three-barrel micropipette was filled with L-glutamate,
tempol, and artificial cerebrospinal fluid (aCSF). The
injection volume each time was 100 nL and made over a
period of 5–10 s. The aCSF served as vehicle control. The
RVLM was chemically identified by a pressor response to
L-glutamate (1 nmol) microinjection. The levels of BP and
HR were monitored before and after RVLM injection of
tempol (1 nmol). At the end of experiments, 2% pontamine
sky blue solution was injected into the same site for marking
the injection distribution.

2.6. Western Blot Analysis. After rats were euthanized with
an overdose of pentobarbital sodium (200mg/kg, ip), the
brain tissues including theRVLM, the nucleus of solitary tract
(NTS) were punched and collected on coronal sections of
brainstem according to the rat atlas [37]. The fixed frozen
brainstem was cut into 20 𝜇m thick coronal sections of
brainstem by the cryoultramicrotome and punched with a
1mm internal diameter needle according to the coordinates.
As described previously [38], western blot was performed for
determining protein levels of ACE, AT

1
R, ACE2, and MasR

in the RVLM and NTS. The membrane was probed with
anti-ACE (sc-20791, Santa Cruz), anti-AT

1
R (sc-31181, Santa

Cruz), anti-ACE2 (sc-20998, Santa Cruz), and anti-MasR (sc-
54848, Santa Cruz).The protein bands were visually detected
and analyzed.The levels of target proteins were normalized to
𝛼-tubulin (number T6074, Sigma), which served as a loading
control.

2.7. High-Performance Liquid Chromatography (HPLC). As
described previously [31], HPLC (model 582 pump, ESA,
USA) with electrochemical detection (Model 5300, ESA,
USA) was performed to detect 24 h urinary excretion of
norepinephrine (NE). Briefly, urinary samples (24 h) were
collected and acidified with glacial acetic acid. Dihydrox-
ybenzylamine (Sigma) was used as the internal standard.
NE was absorbed onto acid-washed alumina with 3mol/L
tris(hydroxymethyl)aminomethane buffer. After shaking and
settlement, NE was extracted with 0.2M glacial acetic acid

(400 𝜇L). Supernatant (40 𝜇L) was injected into HPLC col-
umn (reverse phase, ESA 150 × 3.2mm, 3𝜇m C18 (P/N 70-
0636)), and NE was eluted with mobile phase. The flow rate
was set at 0.5mL/min.

2.8. Measurement of Reactive Oxygen Species (ROS) in the
RVLM. The level of ROS in the RVLM was evaluated by
the oxidative fluorescence dye dihydroethidium (DHE), as
described previously [39]. In brief, unfixed frozen brains were
cut into 30 𝜇m thick coronal sections of brainstem according
to the standard atlas of rat [37]. Brain sections were placed
on glass slides. We added the DHE (10 𝜇mol/L) on the brain
section directly and did not cover the glass slides with the
cover-slips, and then put the glass slides in a light-protected
humidified chamber at 37∘C for 30min.Theoxidative fluores-
cence intensity was detected at 585 nm wave length by a laser
scanning confocal imaging system (Leica SP5). The average
fluorescent intensities were evaluated by Leica software and
used for image quantification. This software was designed
with the auto model to calculate the fluorescence intensity in
the chosen areas.

2.9. Statistical Analysis. All data were presented as mean ±
SEM. Two-way ANOVA with repeated measures was used to
assess the efficacy of ExT during the ExT. Student’s 𝑡-test or
two-way ANOVA followed by Newman-Keuls post hoc test
was used to assess the differences between groups (WKY and
SHR) and conditions (Sed and ExT). Differences with a 𝑃 <
0.05 were considered significant.

3. Results

3.1. Assessment of ExT Efficacy. At the beginning of ExT (rats
at age of 8 weeks), MAP of SHR-Sed (157 ± 5.1mmHg)
in conscious condition was significantly higher (𝑃 < 0.05,
𝑛 = 15) than WKY-Sed (118 ± 6.2mmHg) and remained
the higher levels for the time of the study. After 12 wk period
of ExT, MAP was significantly lower (𝑃 < 0.05, 𝑛 = 15)
in SHR-ExT (183 ± 6.2mmHg) than in SHR-Sed (198 ±
3.2mmHg). However, WKY rats showed no change of BP
following ExT treatment (Figure 1). As shown in Table 2,
several values were measured for effects of ExT at the end
of Sed or ExT protocol (at age of 20 weeks). Body weight
in ExT groups was significantly reduced compared with Sed
groups. Soleus muscle weight was significantly increased
in ExT groups compared to Sed groups. Twenty-four-hour
urinary excretion of NE level was higher in SHR-Sed than in
WKY-Sed,whereas it was significantly reduced following ExT
protocol. In additional, we confirmed that the concentration
of citrate synthase, a marker of ExT efficacy, in soleus muscle
was significantly higher in ExT than in Sed rats.

3.2. ExT Modulates RAS Components in the RVLM of SHR.
To determine whether ExT modulates the components of
RAS, we examined the protein levels of ACE, AT

1
R, ACE2,

and MasR in the RVLM and the NTS. As shown in Figure 2,
the protein expressions of ACE and AT

1
R in the RVLM
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Table 2: Measurements of parameters for determining efficacy of ExT.

Parameters 𝑛 WKY-Sed WKY-ExT SHR-Sed SHR-ExT
Body weight (BW, g) 15 320 ± 5 292 ± 4∗ 305 ± 5 280 ± 4†

SMW (mg) 15 110 ± 3 136 ± 4∗ 105 ± 5 137 ± 4†

SMW/BW (mg/g) 15 0.34 ± 0.01 0.47 ± 0.01∗ 0.34 ± 0.01 0.49 ± 0.01†

CS in SMW (pg/mg) 15 672 ± 25 790 ± 35∗ 685 ± 25 778 ± 30†

MAP (mmHg) 10 122 ± 3 116 ± 6 175 ± 5∗ 150 ± 5∗†

HR (beats/min) 10 397 ± 8 352 ± 9∗ 453 ± 8∗ 392 ± 7†

NE in 24 h urine (𝜇g) 10 0.41 ± 0.03 0.39 ± 0.05 0.71 ± 0.05∗ 0.55 ± 0.04∗†

𝑛: number of animals; MAP: mean arterial pressure; SMW: soleus muscle wet weight; CS: citrate synthase; MAP: mean arterial pressure; NE: norepinephrine;
WKY-Sed:Wistar-Kyoto-sedentary; SHR-Sed: spontaneously hypertensive rat-sedentary;WKY-ExT:Wistar-Kyoto-exercise training; SHR-ExT: spontaneously
hypertensive rat-exercise training. Data are mean ± SE. Values for MAP and HR were obtained in anaesthetized rats. MAP was measured by catheterizing
femoral artery. ∗𝑃 < 0.05 versus WKY-Sed. †𝑃 < 0.05 versus SHR-Sed.
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Figure 1: Time course of systolic blood pressure (a) and mean arterial pressure (b) in sedentary or exercised WKY and SHR groups. The
values for blood pressure in conscious rats were measured by tail-cuff method. Blood pressure has already lowered in SHR-ExT compared
with SHR-Sed rats from 8th week of ExT (at 16 weeks of age). 𝑛 = 15 in each group. ∗𝑃 < 0.05 versus WKY-Sed; #𝑃 < 0.05 versus SHR-Sed.
𝑃 value for groups was <0.001, 𝑃 value for time was <0.001, and group 𝑥 time interaction was <0.001.

were significantly higher in SHR-Sed compared with WKY-
Sed, which were downregulated following ExT treatment.
However, these two proteins showed no differences in the
NTS of rats with or without ExT. In additional, the protein
expressions of ACE2 and MasR levels in the RVLM and NTS
were significantly reduced in SHR-Sed compared withWKY-
Sed (Figure 3). ExT significantly increased ACE2 and MasR
expression in the RVLM of SHR. In the NTS, interestingly,
onlyMasR expressionwas significantly increased in SHRwith
ExT.

3.3. ExT Improves Central Functionality of ACE-Ang II-AT1R
Axis and ACE2-Ang-1–7-MasR Axis in SHR. To investigate
the influence of ExT on central functionality of RAS in
SHR, we examined the cardiovascular response to acute ICV
injection of the Ang II antagonist sarthran and the Ang
1–7 antagonist A779. As shown in Figure 4, the depressor
response evoked by ICV injection of sarthran (15 nmol) was
significantly attenuated (−40±3.4 versus −28±3.8mmHg) in

SHRwith ExT treatment. It was interesting that the depressor
effect (−10±3.5mmHg) of ICV injection of A779 (500 pmol)
was reversed to a pressor response (13.2±2.5mmHg) in SHR
following ExT treatment. However, there was no difference in
HR between SHR-Sed and SHR-ExT.

3.4. ExT Attenuated ROS Production in the RVLM of SHR.
As shown in Figure 5, microinjection of the SOD mimic
tempol (1 nmol) into the RVLMproduced a greater depressor
response in SHR-Sed, which was significantly attenuated in
SHR with ExT treatment. DHE staining showed that the pro-
duction of ROS in the RVLMwas significantly higher in SHR-
Sed than in WKY-Sed, which was significantly decreased in
SHR-ExT (Figure 6).

4. Discussion

The major observations of this study are that (1) ExT sig-
nificantly reduces BP and sympathetic activity in SHR; (2)
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Figure 2: Representative western blot (a, c) and densitometric analysis (b, d) of ACE and AT
1
R in the RVLM and NTS of sedentary or

exercised WKY and SHR groups. 𝑛 = 5 in each group. ∗𝑃 < 0.05 versus WKY-Sed; #𝑃 < 0.05 versus SHR-Sed. As to AT
1
R in the RVLM, 𝑃

value for WKY-SHR was 0.0006, 𝑃 value for Sed-ExT was 0.0616, and 𝑃 value for cross interactions was 0.0177; as to ACE in the RVLM, 𝑃
value for WKY-SHR was <0.0001, 𝑃 value for Sed-ExT was 0.0045, and 𝑃 value for cross interactions was 0.1937; as to AT

1
R in the NTS, 𝑃

value forWKY-SHR was 0.3501, 𝑃 value for Sed-ExT was 0.7997, and 𝑃 value for cross interactions was 0.8495; as to ACE in the NTS, 𝑃 value
for WKY-SHR was 0.5408, 𝑃 value for Sed-ExT was 0.4906, and 𝑃 value for cross interactions was 0.9744.

ExT treatment improves the functionality of central ACE-
Ang II-AT

1
R and ACE2-Ang-1–7-MasR in SHR; and (3) ExT

significantly reduced the level of ROS in the RVLM of SHR.
On basis of these results, we conclude that ExT improves
central RAS and decreases oxidative stress in the RVLM of
SHR.

ExT, a part of lifestyle modification, has been recog-
nized as an important strategy for antihypertension [40, 41].
However, the exact mechanism by which ExT improves the
cardiovascular dysfunctions in hypertension is still unclear. It
has been documented that the low-intensity ExT effectively
decreases BP in hypertension [42]. In this work, we tested
the maximum ExT capacity (velocity) at the beginning of
the protocol and further determined the ExT intensity at
weeks 6 and 12, which was controlled at 50–60% of maximal
ExT capacity according to previous studies [31]. Our study
showed that the maximal running speed of SHR was faster
than the WKY rats, which was completely consistent with

a previous study [43].The reason for high exercise capacity in
the SHR is not clear. It is possible that the enhanced cardiac
output, blood pressure, and sympathetic activity in the SHR
are attributed to the higher exercise capacity than WKY rats.
We found that soleus muscle weight and citrate synthase
concentration were significantly increased in ExT groups
compared to Sed groups, whereas bodyweightwas reduced in
ExT group compared to Sed groups. We also confirmed that
ExT significantly lowers BP in SHR but inWKY, as described
previously [44]. It is notable that the data of BPwas somewhat
higher in conscious animals (measured by tail-cuff method)
than in anesthetized rats (measured by arterial cannula).
This high level of BP in conscious rats may have resulted
from the stress induced by the tail-cuffmethod. Additionally,
urinary excretion of NE was significantly decreased in SHR
after treatment of ExT. It may be a limitation that the
direct recording of sympathetic nerve activity in rats was
not performed, which would be more specific measurement.
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Figure 3: Representative western blot (a, c) and densitometric analysis (b, d) of ACE2 and MasR in the RVLM and NTS of sedentary or
exercised WKY and SHR groups. 𝑛 = 5 in each group. ∗𝑃 < 0.05 versus WKY-Sed; #𝑃 < 0.05 versus SHR-Sed. As to ACE2 in the RVLM, 𝑃
value for WKY-SHR was <0.0001, 𝑃 value for Sed-ExT was <0.0001, and 𝑃 value for cross interactions was 0.0002; as to MasR in the RVLM,
𝑃 value for WKY-SHR was 0.1891, 𝑃 value for Sed-ExT was <0.0001, and 𝑃 value for cross interactions was 0.0003; as to ACE2 in the NTS,
𝑃 value for WKY-SHR was 0.0002, 𝑃 value for Sed-ExT was 0.9242, and 𝑃 value for cross interactions was 0.8496; as to MasR in the NTS, 𝑃
value for WKY-SHR was 0.0075, 𝑃 value for Sed-ExT was 0.0231, and 𝑃 value for cross interactions was 0.0612.

However, elevation of NE can be partly correlated with the
enhanced cardiovascular sympathetic activity. Collectively,
the current data confirmed the efficacy of ExT to BP and
sympathetic activity in SHR.

Previous studies showed that ExT improved the car-
diovascular function in hypertension via peripheral and
central pathways [24, 26]. For example, ExT can enhance
the release of nitric oxide which had been downregulated
in hypertension [24]. However, it is also suggested that
the central effect of the ExT plays an important role in
antihypertensive mechanism [25, 26, 43, 45]. For example,
ExT effectively improves abnormalities in the cardiovascular
reflex (e.g., baroreflex, chemoreflex). In hypertension, the
function of central Ang II is upregulated, whereas central Ang
1–7 is downregulated [16]. Previous study also showed that
ExT can change components of RAS via anti-inflammatory
cytokines [28]. This study focused on balance between pro-
and anti-inflammatory cytokines in the brain of SHR affected
by ExT, but the effect of ExT on the functional change of

endogenous RAS was still unknown. In order to detect the
effect of ExT on RAS involved in cardiovascular regulation
in the whole central nervous system, the agents of A779
or sarthran were injected into the lateral ventricles in this
study. Because the RVLM is a key region involved in control
of resting blood pressure and sympathetic outflow, it was
further subjected for detecting the protein levels of ACE,
AT
1
R, ACE2, and MasR in response to ExT, which is helpful

for determining the possible mechanism responsible for the
effect of ExT on central cardiovascular regulation. However,
BP and HR in WKY groups have not been changed in
response to ExT treatment.Moreover, ExT did not change the
expression levels of RAS components in the RVLM of WKY
groups. Our data suggested that ExT is capable of improving
the balance between Ang II and Ang 1–7 in the brain of
SHR. The data from in vivo experiments showed that ExT
decreased the cardiovascular response to central blockade of
Ang II in SHR. The change in BP evoked by acute injection
of Ang 1–7 seems to be similar to Ang II, while the response
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Figure 4: Representative original recordings of effects of ICV infusion of sarthran (15 nmol) or A779 (500 pmol) on cardiovascular activities
in sedentary or exercised SHR groups (a, d). ABP: arterial blood pressure; MAP: mean arterial pressure; bpm: beats/min. Percent changes in
mean arterial pressure (b, e) and HR (c, f) induced by ICV infusion of sarthran (15 nmol) or A779 (500 pmol) in the two groups. 𝑛 = 5 in
each group. ∗𝑃 < 0.05 versus SHR-Sed.
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Figure 5: (a) Representative original recordings of effects of the SODmimic tempol (1 nmol) bilaterally injected into the RVLMonBP andHR
in sedentary or exercised spontaneously hypertensive rat groups. ABP: arterial blood pressure; MAP: mean arterial pressure; bpm: beats/min.
Percent changes in mean arterial pressure (b) and HR (c) induced by bilateral microinjection of tempol into the RVLM. (d) Distribution of
the maker sky blue within the brain section. 𝑛 = 5 in each group. ∗𝑃 < 0.05 versus SHR-Sed.

sensitivity to central Ang 1–7 is increased in SHR following
ExT.This data reveals that ExT increases the MasR-mediated
actions in central nervous system. ExT reduces the depressor
response to central blockade of AT

1
R with sarthran in SHR,

suggesting that ExT decreases the endogenous Ang II via
downregulating ACE. Additionally, blockade of the MasR
with A779 showed that the cardiovascular response to the
endogenous Ang 1–7 was more sensitive in SHR with ExT,
suggesting that the activity of the MasR is upregulated by

ExT treatment. Previous studies show that acute injection of
exogenous Ang II and Ang 1–7 produced a similar effect on
BP in the RVLM [46] and NTS [47]. Interestingly, increase
in endogenous Ang 1–7 by overexpression of ACE2 in the
RVLM produced a long-term decrease in BP in hyperten-
sive rats [48]. Acute or chronic increase in Ang 1–7 may
present different effect on cardiovascular regulation. So, the
significance of Ang 1–7 in the brain area in cardiovascular
regulation needs to be further determined. In this study,
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Figure 6: Effects of exercise training on level of ROS in the RVLM from SHR. (a) Representative DHE fluorescence staining images (red
color) ROS content in the RVLM of sedentary or exercised SHR and sedentary WKY groups. (b) A red square in a coronary drawing of rat
standard atlas of RVLM. (c) Bar graphs show ROS content obtained from DHE fluorescence intensities in the RVLM of SHR. The value of
DHE fluorescence intensities in the sedentary WKY was normalized as 100%. 𝑛 = 5 per group. ∗𝑃 < 0.05 versus WKY-Sed, #𝑃 < 0.05 versus
SHR-Sed. Scale bars = 200 𝜇m.

the ExT-induced enhancement in Ang-1–7/MasR axis may
have resulted from chronic upregulation of ACE2. Because
comparison of central cardiovascular response to RAS com-
ponents between SHR and WKY has widely been reported,
only SHR rats with or without ExT were performed to in vivo
functional experiments in the present study. This may be a
limitation in this study. However, we had verified the change
of RAS inWKY and SHR groups via the western blot showing
the change of protein expression of RAS components.

Although ExT adjusts the central RAS-mediated cardio-
vascular effects, it is not clear which cardiovascular region is
involved in the effect of ExT on central RAS in hypertension.
In viewof the importance of theNTS andRVLM in regulating
cardiovascular function [49, 50], they are subjected to further
experiments. It is reported that ExT downregulates the
expression of angiotensinogen mRNA but has no effect on
AT
1
R in the NTS [43]. We also confirmed that ExT had no

effect on AT
1
R expression in the NTS of SHR. In the RVLM,

ExT significantly reduced ACE and AT
1
R expression and

increasedACE2 andMasR expression in the RVLMof SHR. It
is worth to concern the specificity of commercially available
antibodies for the AT

1
R [51]. In this work, however, we

confirmed that functional state of central AT
1
R by ExT was

reduced by observation of BP and HR changes in response
to central injection of sarthran. These data indicate that the
RVLMmay be a main region involved in the effect of ExT on
central RAS in hypertension.

In the RVLM, oxidative stress originated from RAS
contributes to high levels of BP in hypertension. We first
confirm that the decrease in BP evoked by injection of the
SOD mimic tempol into the RVLM is attenuated by ExT
in SHR, suggesting that ExT effectively reduced the ROS-
mediated cardiovascular function in SHR. This is consistent
with a previous study [52]. Importantly, we directly detected
the level of ROS by DHE probe in the RVLM. We further
confirmed that the level of ROS within the RVLMwas higher
in SHR than inWKY, which was attenuated by ExT. It may be
a limitation that the ROS level betweenWKY-Sed andWKY-
ExT was not further compared. The mechanism responsible
for the ExT-mediated antioxidative stress in the RVLM of
hypertension is not clear. It is reported that activation of the
AT
1
R-mediated NADPH oxidase plays an important role in

ROS production in hypertension [53].Therefore, it is possible
that downregulation of ACE-Ang II- AT

1
R axis by ExT is
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an important pathway for antioxidative stress in the RVLM.
Additionally, upregulation of ACE2-Ang-1–7-MasR axis by
ExT is also involved in reducing oxidative stress in the RVLM.

In summary, the chronic ExT improves the cardiovascu-
lar function in hypertension. However, the antihypertensive
mechanism of ExT is fully not understood. Here we provide
new insight into the signaling mechanism by which ExT is
capable of improving the balance between Ang II and Ang
1–7 in the RVLM of hypertensive rats.
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Palmitic acid (PA) is known to cause cardiomyocyte dysfunction. Cardiac hypertrophy is one of the important pathological features
of PA-induced lipotoxicity, but themechanismbywhich PA induces cardiomyocyte hypertrophy is still unclear.Therefore, our study
was to test whether necroptosis, a receptor interacting protein kinase 1 and 3 (RIPK1 and RIPK3-) dependent programmed necrosis,
was involved in the PA-induced cardiomyocyte hypertrophy. We used the PA-treated primary neonatal rat cardiac myocytes
(NCMs) orH9c2 cells to study lipotoxicity.Our results demonstrated that cardiomyocyte hypertrophywas induced byPA treatment,
determined by upregulation of hypertrophic marker genes and cell surface area enlargement. Upon PA treatment, the expression
of RIPK1 and RIPK3 was increased. Pretreatment with the RIPK1 inhibitor necrostatin-1 (Nec-1), the PA-induced cardiomyocyte
hypertrophy, was attenuated. Knockdown of RIPK1 or RIPK3 by siRNA suppressed the PA-induced myocardial hypertrophy.
Moreover, a crosstalk between necroptosis and endoplasmic reticulum (ER) stress was observed in PA-treated cardiomyocytes.
Inhibition of RIPK1 with Nec-1, phosphorylation level of AKT (Ser473), and mTOR (Ser2481) was significantly reduced in PA-
treated cardiomyocytes. In conclusion, RIPKs-dependent necroptosis might be crucial in PA-induced myocardial hypertrophy.
Activation of mTOR may mediate the effect of necroptosis in cardiomyocyte hypertrophy induced by PA.

1. Introduction

It is well recognized that excessive intake of dietary saturated
fatty acids contributes to heart failure [1]. Considering the
elevated plasma concentration of free fatty acids (FFAs), this
phenomenon is partly explained by the development of obe-
sity, coronary atherosclerosis, and myocardial ischemia [1].
However, dysfunction of cardiomyocytes caused by excessive
intracellular lipids accumulation could be a significant other
side of this phenomenon. Overload of lipids in nonadipose
tissues that affects cellular functions, namely, lipotoxicity,
could also induce cell hypertrophy or even cell death [2].
Evidence suggests that accumulation of PA, the major sat-
urated fatty acids in blood, may give rise to lipotoxicity
in cardiomyocytes by induction of oxidative stress [3] and
persistent ER stress [4].

ER performs a pivotal role in various cell processes,
including synthesizing, assembling, modifying and traffick-
ing of proteins, andmaintaining intracellular Ca2+ homeosta-
sis [5]. Upon ER stress, accumulation of unfolded proteins
leads to activation of sensors (PERK, ATF6, and IRE1)
via dissociating GRP78 from them and triggers unfolded
protein response (UPR). A short-term UPR functions as a
prosurvival response via reducing accumulation of unfolded
proteins and restoring ER function. If UPR prolongs, its
downstream signaling initiates complicated response to
strengthen ER stress, activates proapoptosis pathways, and
eventually induces cell death [6]. According to previous
studies, myocardial hypertrophy and apoptosis induced by
PA are accompanied with increased expression of ER stress
markers [7].
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Moreover, mammalian target of rapamycin (mTOR),
which is also essential for cardiomyocyte development,
growth, and functions, regulates mitochondrial fatty acid
utilization in the heart [8]. The AKT/mTOR signaling path-
way has emerged as an important regulator in the patho-
genesis of myocardial hypertrophy [9]. In cardiomyocytes,
PI3K/mTOR/p70 (S6K) plays a critical role in the leptin-
induced hypertrophy [10]. In islet beta-cells, PA activates
mRNA translation and increases ER protein load via acti-
vation of the mTOR pathway [11]. In adipocytes, inhibition
of AKT or mTOR signals by rapamycin attenuates the PA-
induced ER stress [10]. However, whether PA evokes ER
stress by activating mTOR signaling in cardiomyocytes is
unclear, and the underlying mechanism of the PA-induced
cardiomyocyte lipotoxicity, more specifically, in the PA-
induced cardiomyocyte hypertrophy still remains elusive.

Recent studies have indicated a previously unknown form
of programmed necrosis called necroptosis, which is regu-
lated by the RIPK1 andRIPK3. In particular, a kinase complex
consisted of the RIPK1 and RIPK3 is a central step in the
programmed necrotic cell death [12]. Necroptosis represents
a newly identified mechanism of cell death sharing features
of both apoptosis and necrosis. Although RIPKs-dependent
necroptosis has been implicated in the development of
several cardiovascular diseases, such as atherosclerosis [13],
myocardial infarction [14], and ischemia-reperfusion injury
[15], the potential role of RIPKs-dependent necroptosis in the
PA-inducedmyocardial hypertrophy is still unknown.There-
fore, in the perspective of its critical role in inflammation
and cell death in cardiovascular diseases, we hypothesized
that necroptosis might participate in the pathophysiological
process of cardiomyocyte hypertrophy induced by PA.

In order to verify our hypothesis, we sought to examine
the influence of PA on the expression of RIPK1 and RIPK3 in
NCMs and in H9c2 cells in this study. It has been reported
that blockade of mTOR with its specific inhibitor CCI-
779 stimulates autophagy and eliminates the activation of
RIPKs in RCC4 cells [16]. Accordingly, the crosstalk between
necroptosis, ER stress, and AKT/mTOR signaling pathway in
cardiomyocytes with PA treatment was also investigated.

2. Materials and Methods

2.1. Cell Culture and Pharmaceutical Treatments. The NCMs
were obtained from decapitated 0 to 3-day-old Sprague-
Dawley rats by collagenase II (0.05%) (Gibco) and trypsin
(0.05%) digestion according to the methodology of previous
studies [17]. The culture medium consisted of DMEM (high
glucose) (Gibco) and 10% (v/v) fetal bovine serum (FBS,
Hyclone, USA). All cells were maintained in a humidified 5%
CO
2
/95% air incubator at 37∘C. H9c2, rat embryonic cardiac

myoblasts from American Type Culture Collection (ATCC),
were grown in DMEM with 10% FBS at 37∘C and 5% CO

2
.

When cells reached 70–80% confluence, they were incubated
with 1%BSA-DMEMwith or without PA (200𝜇M, Sigma) for
24 h. Thapsigargin (100 nM, Sigma) and pravastatin (10 𝜇M,
Squibb) were used as the agonist and antagonist for ER stress
[18]. Nec-1 (10 nM, Selleck) was a known specific inhibitor

for RIPK1, and rapamycin (1 𝜇M, Sigma) was used to block
the mTOR signaling activation. All these treatments were
pretreated with the NCMs or H9c2 cells for 2 h before the PA
stimulation.

2.2. siRNA Transfection. Transient transfection was per-
formed by use of the cationic lipid Lipofectamine 3000 (Invit-
rogen, USA) according to the manufacturer’s instruction.
The H9c2 cells were transfected for 24 h with 50 nM siRNA
specific for RIPK1/RIPK3 or negative control siRNA before
exposure to PA (200𝜇M) for another 24 h. The sequences of
siRNAs used were as follows:

Negative control siRNA (siNC): 5-GUG CGU-
UGCUAGUACCAAC dUdU-3.
RIPK1-siRNA (siRIPK1/siR1): 5-GCG GGCAUG-
CACUACUUACAUG dUdU-3.
RIPK3-siRNA (siRIPK3/siR3): 5-GCG GGGUCA-
GGAUCGAGAGAUU dUdU-3.

2.3. Real-Time PCR. Gene expressionwasmeasured by quan-
titative RT-PCR (Q-PCR) as our previous report [19]. Total
RNAwas extracted from cells with TRIzol (Invitrogen, USA),
and cDNA was synthesized using a reverse transcription
(RT) kit (Toyobo, Japan). Q-PCR was carried out on CFX96
Real-Time PCR Detection System (BIO-RAD, USA) with
fluorescence dye SYBR Green (SYBR Green Super mix kit,
Bio-Rad, USA). Primer sequences were shown in Table 1.
Normalization of gene expressionwas achieved by comparing
the expression of 𝛽-actin for the corresponding samples.
Relative fold expression values were determined applying the
ΔΔCT threshold (Ct) method.

2.4. Western Blot Analysis. Total proteins were extracted
from cells with radio-immunoprecipitation assay (RIPA)
lysis buffer. Protein from cell extracts was quantified by
Varioskan (Thermo, USA) using a BCA protein assay kit
(Pierce, USA). Equivalent amount of cells lysates (25𝜇g) was
separated by denaturing 10% SDS-PAGE and then transferred
to 0.45 𝜇m polyvinylidene difluoride (PVDF) membrane
(Millipore, USA) using a MiniProtein III system (Bio-Rad,
USA). Membranes were subsequently blocked with 5% skim
milk in Tris-buffered saline and Tween 20 (TBST) solution
for 2 h and were incubated with primary antibodies at 4∘C
overnight: RIPK3 (Cell Signaling, number 14401), RIPK1
(Cell Signaling, number 3493), GRP78 (Cell Signaling, num-
ber 3183), Phospho-mTOR (Ser2481) (Cell Signaling, number
2974), mTOR (Cell Signaling, number 2983), Calreticulin
(Cell Signaling, number 12238), AKT (Cell Signaling, number
4685), and Phospho-AKT (Ser473) (Cell Signaling, number
4058). The antigen-antibody complexes were detected by
enhanced chemiluminescence (ECL) substrate kit (Thermo,
USA). Specific bands were scanned and quantified by the
Quantity One analysis software (Bio-Rad, USA).

2.5. Detection of Cell Surface Area by F-Actin Staining. Car-
diomyocytes surface area was detected by F-actin staining
as previously reported [20]. After treatment, H9c2 cells
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Table 1: Primer sequences and amplicon sizes for real-time RT-PCR.

Genes GenBank ID Primer sequence (5-3) Amplicon (bp)

ANP NM 012612.2 F: 5 ACCAAGGGCTTCTTCCTCT 3 141
R: 5 TTCTACCGGCATCTTCTCC 3

BNP NM 031545.1 F: 5 GCTCTTCTTTCCCCAGCTCT 3 130
R: 5 ACTGTGGCAAGTTTGTGCTG 3

GRP78 NM 013083.2 F:5 CCCCAGATTGAAGTCACCTTTGAG 3 117
R: 5 CAGGCGGTTTTGGTCATTG 3

CHOP NM 001109986.1 F: 5 AGCAGAGGTCACAAGCACCT 3 157
R: 5 CTCCTTCATGCGCTGTTTCC 3

ATF6 NM 001107196.1 F: 5 GCAGGTGTATTACGCTTCGC 3 136
R: 5 TGTGGTCTTGTTATGGGTGG 3

𝛼-MHC NM 017239.2 F: 5 ATACCTCCGCAAGTCAGAGAA 3 114
R: 5 ACGATCTTGGCCTTGACATAC 3

𝛽-actin NM 001099771 F: 5 ACTATCGGCAATGAGCGGTTC 3 77
R: 5 ATGCCACAGGATTCCATACCC 3

𝛽-MHC NM 017239.2 F: 5 GTGCCAAGGGCCTGAATGAG 3 353
R: 5 GCAAAGGCTCCAGGTCTGA 3

RIPK1 NM 001107350.1 F: 5 CTTAAGCCCAAGTGCAGTCA 3 166
R: 5 ATAGCCCAACAAGGAGGATG 3

RIPK3 NM 139342.1 F: 5 CAGTGTTGGCTGGAAGAGAA 3 173
R: 5 AGGCTCAGAACTCCAGCAAT 3

were washed and fixed by 4% paraformaldehyde for 30min
at room temperature. Then the cells were incubated with
0.1% TritonX-100 in PBS for 3 to 5min and stained with
Rhodamine Phalloidin (100 nM, Cytoskeleton) for 20min.
Rinse cells with PBS and incubate them with diluted DAPI
for 10mins, away from light. Images were captured by Eclipse
TE2000-Ufluorescentmicroscope system (Nikon, Japan) and
semiquantitatively analyzed for cell surface area with ImageJ
software (NIH, USA).

2.6. Cells Ultrastructure Observation by Transmission Electron
Microscopy [21]. After treatment, H9c2 cells were collected
and fixed with 3% glutaraldehyde in 100mM cacodylate
buffer, postfixed in 1% cacodylate-buffer osmium tetroxide
for 2 h at room temperature, and dehydrated in a graded
series of ethanol. Then the cells were embedded in Epon-
Aradite. Ultrathin sections were cut with a diamond knife on
a Leica EM UC6rt (Leica, German) and double-stained with
uranyl acetate and lead citrate. Ultrastructure of H9c2 cells
was observed with a Hitachi H7650 transmission electron
microscope (TEM, Hitachi, Japan) at 80 kV.

2.7. Immunofluorescence Staining. H9c2 cells were plated
onto coverslips in 6-well plated. When reaching 60–70%
confluent, the cells were treated with PA and Nec-1 or with
PA alone. Coverslipswere then fixed and blocked as described
before [22], followed by exposure to the primary antibodies
(anti-RIPK1 1 : 100 or anti-RIPK3 1 : 100, Cell Signaling, USA)
at 4∘C overnight. After washing with PBS, incubate the cells
with fluorescent-conjugated secondary antibodies for 2 h at
room temperature, away from light. The second antibody

used was Alexa Fluor 488 Goat Anti-Rabbit IgG (1 : 400,
green fluorescence, Invitrogen, USA) or Alexa Fluor 594
Goat Anti-Rabbit IgG (1 : 400, red fluorescence, Invitrogen,
USA). Rinse cells and incubate them with diluted DAPI
for 10min, away from light. Images were collected using an
Eclipse TE2000-U fluorescence microscope system (Nikon,
Japan) and analyzed with ImageJ software (NIH, USA) to
semiquantitatively determine the expression of RIPK1 and
RIPK3.

2.8. Oil Red O Staining. To measure intracellular lipid
accumulation, H9c2 cells were stained by Oil Red O dye
(Sigma-Aldrich, catalog number 398039) according to the
methodology of previous study [23]. After treatment, cells
were washed and fixed by 4% (v/v) paraformaldehyde. Then
the cells were incubated with the Oil Red O working solution
for 30min at room temperature. Subsequently, the cells were
washed twice with 60% isopropanol and then counterstained
with hematoxylin (Dako, USA) for 30 s. Excess hematoxylin
was washed in water. Cells were then observed under the
microscope and images were collected using an ECLIPSE
50i system (Nikon, Japan). Oil Red O-staining positive cell
countswere determined over five viewing fields and averaged.
Totally more than 150 cells in each group were chosen
randomly for statistical analysis.

2.9. Statistical Analysis. All results were expressed as mean ±
SD. We performed statistical analysis using one- or two-way
ANOVA and Student-Newman-Keuls post hoc tests or 𝑡-tests.
A 𝑝 value of <0.05 was considered as significant.
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3. Results

3.1. Cardiomyocyte Hypertrophy Is Induced by Palmitic Acid
Stimulation. In order to observe the lipotoxicity induced by
PA administration in cardiomyocytes, we used Oil Red O,
an agent that detects neutral lipids, to assess intracellular
lipid accumulation in H9c2 cells under different treatments:
(1) control (without any treatment); (2) stimulation with
PA (200𝜇M); and (3) pretreatment with Nec-1 (10 nM) and
then exposure to PA. As shown in the representative images
(Figure 1(a)), PA treatment induced lipids accumulation in
H9c2 cells, and the PA-induced intracellular accumulation
of neutral lipids in H9c2 cells could be inhibited by Nec-1
(Figure 1(a)).

Cardiomyocyte hypertrophy is one of consequences of
lipotoxicity induced by PA treatment. We subsequently
detected the changes in expression of hypertrophic marker
genes after excessive PA supply in cardiomyocytes. Oleic acid
(OA), the major unsaturated fatty acid in plasma which plays
different pathophysiological roles [24], was set as another
treatment measure for comparison. Thus, we treated H9c2
cells with PA (200𝜇M) or OA (250 𝜇M) for 24 h. The results
exhibited that gene expression of hypertrophicmarkers, atrial
natriuretic peptide (ANP), brain natriuretic peptide (BNP),
myocardial 𝛼-myosin heavy chain (𝛼-MHC), and 𝛽-myosin
heavy chain (𝛽-MHC), was upregulated only in the PA
stimulation groupwhen comparedwith controls (without any
treatment and with OA treatment) (Figure 1(b)). To confirm
the prohypertrophy effect of PA, the primary rat NCMs were
treated with PA (200 𝜇M) for 24 h and the gene expression
levels of ANP and BNP were nearly 2-fold higher than those
in the control (without any treatment) (Figure 1(c)).

We further measured the change of cell surface area by F-
actin staining. The results illustrated that a cell surface area
enlargement was observed in H9c2 cells treated with PA for
24 h (Figure 1(d)). The above data suggested that it is PA but
not OA that could induce cardiomyocyte hypertrophy.

3.2. Necroptosis Is Induced in Cardiomyocytes with PA Stimu-
lation and Is Involved in PA-Induced Cardiomyocyte Hypertro-
phy. We investigated whether PA could induce necroptosis
in cardiomyocytes. For this purpose, we first detected the
gene expression of RIPK1 and RIPK3. After treatment with
PA or OA for 24 h, the gene expression of both RIPK1 and
RIPK3 in primary rat NCMs was upregulated only in the
PA stimulation group compared with controls (without any
treatment and with OA treatment), while Nec-1, a specific
inhibitor of RIPK1, significantly decreased the PA-induced
gene expression of RIPK1 and RIPK3 (Figure 2(a)).

Under the normal growth condition, the growth-arrested
NCMs showed the low levels of RIPK1/RIPK3 protein
expression. Western blot results showed that total cellular
RIPK1/RIPK3 protein level was increased markedly after
treatment with PA for 24 h and downregulated by Nec-1
(Figure 2(b)). The expression of RIPK1/RIPK3 protein ob-
tained by immunofluorescence staining also indicated that
growth-arrested H9c2 cells presented a slight RIPK1 and
RIPK3 staining, while treatmentwith PA for 24 h significantly
increased cytoplasmic RIPK1/RIPK3 staining (Figures 2(c)

and 2(d)). We further found that expression of both RIPK1
and RIPK3 was repressed by Nec-1 pretreatment.

There are also ultrastructural features of necroptosis [25].
TEM analysis provided evidence for PA-induced lipid accu-
mulation and alterations of ultrastructural features of necro-
sis, including swollen mitochondria, cytoplasmic clearing,
cell membrane damage, and characteristic nuclear changes.
Inhibition of RIPK1 with Nec-1 ameliorated necrotic char-
acters of cardiomyocytes (reduction of cells fracture, etc.)
(Figure 2(e)).The results displayed that PA stimulation could
trigger necroptosis in cardiomyocytes.

Furthermore, we tested the hypothesis that RIPK1/
RIPK3-mediated necroptosis may be actively involved in
PA-induced cardiomyocyte hypertrophy. We observed that
pretreatment with Nec-1 significantly decreased the mRNA
expression of hypertrophy markers (including ANP, BNP, 𝛼-
MHC, and 𝛽-MHC) (Figure 2(f)). Moreover, the result of F-
actin staining illustrated that Nec-1 significantly decreased
the augment of cell surface area induced by PA, as shown in
Figure 1(d). Red Oil O staining also demonstrated that lipid
accumulation in H9c2 cells induced by PA was attenuated by
Nec-1 pretreatment, as shown in Figure 1(a).

To further investigate the role of necroptosis in PA-
induced cardiomyocyte hypertrophy, we also used a gene
silencing approach to specifically knockdown RIPK1 and
RIPK3 expression. In order to confirm the inhibition effect of
RIPK1/RIPK3-siRNA, wemeasured both the gene expression
(Figure 2(g)) and the protein level (Figure 2(h)) of RIPK1
and RIPK3 in H9c2 cells after transfection. Subsequent to
transfection of RIPK1-siRNA or RIPK3-siRNA into H9c2
cells, the PA-induced expression of RIPK1 or RIPK3 mRNA
and protein were significantly suppressed.The knockdown of
either RIPK1 or RIPK3 significantly reduced both basal and
PA-inducedANPandBNPgene expression inH9c2 cells. As a
negative control, the scrambled siRNA had no effect on ANP
or BNP expression in H9c2 cells (Figure 2(i)). Altogether,
cardiomyocyte hypertrophy induced by PA could be sup-
pressed via specifically blocking RIPKs-dependent necrop-
tosis.

3.3. The Endoplasmic Reticulum Stress Is Involved in the
Palmitic Acid-Induced Necroptosis. We investigated whether
there was a crosstalk between ER stress and necroptosis
evoked by PA. In our experiments, we first treated the
NCMs with PA (200𝜇M) or OA (250 𝜇M) for 24 h. The gene
expression of GRP78, ATF6, and CHOP, the markers of ER
stress, was upregulated only in the PA stimulation group
compared to OA treatment group (Figure 3(a)).

Then we pretreated H9c2 cells with pravastatin (10𝜇M),
which has been recognized as an inhibitor to ER stress.
We also pretreated H9c2 cells with thapsigargin (100 nM),
a known ER stress agonist. When the ER stress in H9c2
cells was suppressed, we observed that the ER stress markers
were downregulated (Figure 3(b)) and the gene expression of
RIPK1 and RIPK3 was also decreased compared to PA stim-
ulation group (Figure 3(c)). Interestingly, when necroptosis
was inhibited by Nec-1 in primary NCMs, the protein levels
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Figure 1: PA-induced hypertrophy in cardiomyocytes. (a) H9c2 cells were stained by Oil Red O dye. (1) Control (without any treatment).
(2) Stimulation with PA (200𝜇M). (3) Pretreatment with Nec-1 (10 nM), 𝑛 = 3. The result of Oil Red O+ (%population) indicated that lipid
accumulation was induced in PA stimulation group in H9c2 cells, and the PA-induced intracellular accumulation of neutral lipids in H9c2
cells decreased in PA + Nec-1 group. (b) Gene expression of ANP, BNP, 𝛼-MHC, and 𝛽-MHC in H9c2 cells was induced by PA, but not OA,
𝑛 = 3. (c) Gene expression of ANP and BNP was upregulated in NCMs, 𝑛 = 4. (d) Fluorescence microscopy observed the increased H9c2
cells surface area of F-actin staining in PA group, which was suppressed by Nec-1 (10 nM), according to the semiquantitative results by ImageJ
software, 𝑛 = 3. The red fluorescence indicated cytoskeleton stained by rhodamine phalloidin and the blue fluorescence indicated the cell
nucleus stained by DAPI. Data in (a), (b), (c), and (d) are expressed as mean ± SD, ∗ indicates 𝑝 < 0.05 compared to control treatment, and
# indicates 𝑝 < 0.05 compared to PA treatment.
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Figure 2: Continued.
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Figure 2: RIPK1/RIPK3 expressions are significantly increased in cardiomyocytes with PA stimulation. (a) The increased gene expression of
RIPK1/RIPK3 was inhibited by Nec-1 (10 nM) in NCMs (𝑛 = 3). (b)The increased protein level of RIPK1/RIPK3 in NCMs was downregulated
byNec-1 (10 nM) (𝑛 = 4). (c) Immunofluorescence for RIPK1 and RIPK3 inH9c2 cells. Note the higher immunoreactivity for RIPK1/RIPK3 in
H9c2 cells (200x) with PA stimulation. The green fluorescence indicated RIPK1 staining, the red fluorescence indicated RIPK3 staining, and
the blue fluorescence indicated the cell nucleus stained by DAPI. (d) Quantitative analysis of fluorescent microscopy images (c) (𝑛 = 3). (e)
Transmission electronmicroscopy images ofH9c2 cells treatedwith PA for 24 h showed lipid depositionwithin the cells. Necroticmorphology
was observed including swollenmitochondria, cytoplasmic clearing, andmembrane damage (M:mitochondrion; N: nucleus; L: lipid droplet;
C: cytoplasmic clearing. Scale bars: 2𝜇m). (f) Treating the H9c2 cells with Nec-1 (10 nM), a specific necroptosis inhibitor, the increased
gene levels of ANP, BNP, 𝛼-MHC, and 𝛽-MHC were downregulated via real-time PCR (𝑛 = 3). (g) After transfection with siRIPK1 or
siRIPK3 (50 nM) in H9c2 cells, the PA-induced mRNA expression of RIPK1 or RIPK3 was significantly suppressed (𝑛 = 4 in each group). (h)
After transfection with siRIPK1 or siRIPK3 (50 nM) in H9c2 cells, the PA-induced protein expression of RIPK1 or RIPK3 was significantly
suppressed (𝑛 = 3). (i) Accordingly, silenced RIPK1 with siRIPK1 (siR1) or silenced RIPK3 (siR3) with siRIPK3 significantly inhibited both
basal and PA-induced ANP and BNP gene expression in H9c2 cells (𝑛 = 3), as evaluated by quantitative RT-PCR. Data in (a), (b), (d), (f),
(g), (h), and (i) are expressed as mean ± SD; ∗ indicates 𝑝 < 0.05.
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Figure 3: There is a crosstalk between ER stress and necroptosis in PA-induced cardiomyocyte hypertrophy. (a) Treating the NCMs with
PA (200 𝜇M) and OA (250𝜇M), the mRNA expressions of GRP78, ATF6, and CHOP were increased in PA group, not OA group, 𝑛 = 4. (b)
Pretreating the H9c2 cells with pravastatin (10𝜇M) and effectively blocking the upregulated mRNA expression of GRP78, ATF6, and CHOP
(ER stress markers) induced by PA and thapsigargin (100 nM) (an ER stress agonists) via real-time PCR, 𝑛 = 3. (c) Pretreating the H9c2 cells
with pravastatin (10𝜇M) and also effectively blocking the upregulated mRNA expression of RIPK1/RIPK3 induced by PA and thapsigargin
via real-time PCR, 𝑛 = 3. (d) The increased protein level of GRP78 and CRT in NCMs was downregulated by pravastatin (10𝜇M) (western
blot), 𝑛 = 3. Data in (a), (b), (c), and (d) are expressed as mean ± SD, ∗ indicates 𝑝 < 0.05 compared to control treatment, and # indicates
𝑝 < 0.05 compared to PA treatment.
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of the ER stress markers calreticulin (CRT) and GRP78 were
also downregulated (Figure 3(d)).

3.4. mTOR Mediates the Necroptosis Induced Cardiomyocyte
Hypertrophy. It is recently reported that mTOR is involved
in high-fat diet-Induced cardiac hypertrophy in mice [9],
and AKT/mTOR mediates programmed necrosis in neurons
[26]. Thus, we hypothesized that mTOR signaling partici-
pated in PA-induced necroptosis. Firstly, we observed the
effect of rapamycin on cardiomyocyte hypertrophy with PA
stimulation. Pretreating the NCMs with rapamycin could
significantly decrease the mRNA level of ANP and BNP
(Figure 4(a)), indicating that mTOR was involved in the
PA-induced cardiac hypertrophy. To observe whether a
crosstalk between necroptosis and AKT/mTOR signaling
pathway exists, we pretreated NCMs with Nec-1 (10 nM) and
rapamycin (1 𝜇M). After specifically blocking RIPK1 by Nec-
1, the increased phosphorylation of AKT (Ser473) andmTOR
(Ser2481) induced by PA stimulation was inhibited (Figures
4(b) and 4(c)), suggesting that activation of AKT/mTOR
in response to PA in NCMs is RIPK1-dependent. However,
pretreatment with rapamycin had no effect on the protein
expression of RIPK1 (Figure 4(d)).

4. Discussion

In the present study, the potential link between PA-induced
hypertrophy and necroptosis has been investigated. The
major findings are that (1) necroptosis is involved in PA-
induced cardiomyocyte hypertrophy; (2) there is a crosstalk
between ER stress and necroptosis in PA stimulated hyper-
trophic cardiomyocytes; and (3) mTOR is identified as one
of the molecular bases underlying PA-induced hypertrophy,
which might be a downstream signaling molecule of RIPK1.

PA is the major saturated free fatty acid in plasma
and is known to induce cellular dysfunction and cell death
in a number of cell types, including cardiomyocytes [27].
Inflammation, hypertrophy, and cell death are major patho-
logical events of the PA-induced cardiomyocyte lipotoxic-
ity. The PA-induced inflammation and cell death including
apoptosis and autophagy have been widely investigated in
different cell types [24]. In the present study, therefore, we
focus on the mechanism of the PA-induced cardiomyocyte
hypertrophy. Several signaling pathways (e.g., LKB1/AMPK
pathway)mediate the development of the PA-induced cardiac
hypertrophy [28]. Consistent with previous reports, our data
shows that exposure of primary rat NCMs orH9c2 cells to PA
but not OA leads to an increase in expression of hypertrophy
markers and a cell surface area enlargement. To further
elucidate the underlying mechanism, we examined whether
PA-induced cardiomyocyte hypertrophy was regulated by
necroptosis, a novel cell deathmanner different fromnecrosis
and apoptosis. It is negatively regulated by caspase and
is dependent on the kinase activity of RIPK1 and RIPK3.
We have detected an increased expression of RIPK1 and
RIPK3 in PA-treated cardiomyocytes, implying activation of
necroptosis [15, 22, 29, 30]. By usingNec-1 and specific siRNA
for RIPK1 or RIPK3, our results demonstrate that inhibition

of RIPK1 or knockdown of RIPK1/RIPK3 expression prevents
the expression of hypertrophic marker genes effectively,
indicating that necroptosis performs an important role in
mediating cardiomyocyte hypertrophy in response to PA.

Necroptosis is regarded as a kind of cell death that is the
caspase-independent programmed necrosis. It is involved in
myocardial infarction and myocardial ischemia-reperfusion
injury, whereas inhibition of both necroptosis and apoptosis
could improve the cardioprotective effects [31]. In endothe-
lial cells, the PA-induced necroptosis is carboxyl-terminal
hydrolase- (CYLD-) dependent, but RIPK1- independent
[32]. Nevertheless, we observed that the PA-induced car-
diomyocyte hypertrophy is RIPKs-dependent. Nec-1 could
inhibit RIPK1 expression, endogenous RIPK1 autophospho-
rylation, and even the formation of RIPK1-RIPK3 complex
[22, 30, 33]. It has been used in many studies to test
the contributions of RIPK1 and RIPK1-RIPK3 complex in
cell death and inflammation [29, 33]. In our study, we
observed that Nec-1 significantly reduced the intracellular
lipid accumulation in PA-treated cardiomyocytes, suggesting
that Nec-1 might protect cardiomyocyte from PA stimula-
tion by repairing the cellular membrane damage. Moreover,
Nec-1 pretreatment suppressed expression of both RIPK1
and RIPK3, demonstrating that the kinase complex which
consisted of RIPK1 and RIPK3 might be essential in PA-
induced cardiomyocyte necroptosis. Taken together, we have
indicated that necroptosis is one of themain causes of the PA-
induced cardiomyocyte hypertrophy.

It is interesting that by which approach the PA-induction
of RIPKs-dependent necroptosis leads to cardiomyocyte
hypertrophy. Some studies have shown that necroptosis
mediates and even promotes the pathological processes of
inflammation and cell death, and inhibition of this pathway
can limit extensive tissue damage [13]. Elevated level of
inflammation and apoptosis accounts mainly for the PA-
induced lipotoxicity in cardiomyocytes [27, 34], consequently
the inhibition of necroptosis attenuated cardiac hypertrophy.
It is suggested that hypertrophy is accompanied by inflamma-
tion and apoptosis [35].This might be the direct role of RIPK
inhibition in mediating cardiac hypertrophy induced by PA.

In addition to the direct role, increased RIPKs expression
may interact with other signals involved in cardiac hypertro-
phy. Several intracellular signals elicited by PA are responsible
to cardiac hypertrophy, including ER stress and mTOR
pathway. Previous studies have verified that ER stress is a
pathological characteristic of cardiac hypertrophy, and the
expression of related molecules such as GRP78, ATF6, CRT,
andCHOP is increased significantly during cardiac hypertro-
phy [36]. An induction of the prolonged ER stress has also
been proposed as a molecular mechanism of the PA-induced
cardiomyocyte lipotoxicity [23]. Recently, it is reported that
ER stress is able to induce necroptosis in L929 cells in
a tumor necrosis factor receptor 1- (TNFR1-) dependent
manner, but independent of autocrine TNF or lymphotoxin
𝛼 production [37]. Therefore, we have investigated a possible
crosstalk between ER stress and necroptosis in the PA-
induced hypertrophic cardiomyocytes. Our study reveals that
inhibiting of ER stress attenuated RIPKs expression induced
by PA. On the other hand, blocking necroptosis decreased
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Figure 4:AKT/mTORmediates necroptosis in the PA-induced cardiomyocyte hypertrophy. (a) Pretreating theNCMswith rapamycin (1 𝜇M),
the mRNA level of ANP and BNP was decreased, 𝑛 = 4. (b) Pretreating the NCMs with Nec-1 (10 nM), the upregulated Ser473 of AKT and
Ser2481 of mTOR phosphorylation by PA stimulation (western blot) was inhibited. (c) Quantitative analysis of western blots (b), 𝑛 = 3. (d)
Pretreating the NCMs with rapamycin (1𝜇M) had no effect on the upregulated RIPK1 by PA stimulation via western blot, 𝑛 = 6. Data in
(a), (c), and (d) are expressed as mean ± SD, ∗ indicates 𝑝 < 0.05 compared to control treatment, and # indicates 𝑝 < 0.05 compared to PA
treatment.

the expression of ER stress markers in cardiomyocytes. The
effects of PA on ER stress may be different, depending on cell
type and the duration of treatment. According to the present
study, it is not sufficient to draw a conclusion that ER stress
could evoke necroptosis in the PA-induced cardiomyocyte
hypertrophy. However, there is a crosstalk between ER stress

and necroptosis in mediating cardiomyocyte hypertrophy
induced by PA, suggesting that necroptosis might play its role
in the PA-induced cardiomyocyte hypertrophy via interac-
tion with ER stress.

Then we pay attention to AKT/mTOR pathway, which
is activated in both physiological and pathological cardiac
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Figure 5: Schematic illustration of the signaling pathways of palmitic acid-induced cardiomyocyte hypertrophy.

hypertrophy. Dysregulation of the mTOR pathway has been
implicated in a number of human diseases such as obesity,
diabetes mellitus, and cardiovascular diseases [38]. It has
been reported that mTOR mediates RhoA-dependent [10]
and hormone-induced cardiomyocyte hypertrophy [39], and
previous report has shown that dual inhibition of AKT and
mTOR reduced acute cell death [40]. AKT/mTOR mediates
programmed necrosis in some types of cells such as RCC4
cells and neurons [26]. Recent study has shown that AKT
is activated in a RIPK1-dependent way in L929 cells during
necroptosis, and AKT regulates necroptosis via its down-
stream signaling complex mTORC1 [41]. These findings raise
the possibility that mTOR mediates necroptosis in the PA-
treated cardiomyocytes. We have observed that inhibition of
necroptosis by Nec-1 attenuates the phosphorylation of AKT
and mTOR induced by PA. However the mTOR inhibitor
rapamycin has no influence on the expression of RIPK1,
indicating that RIPK1 might be an upstream signal molecule
of PA-induced AKT/mTOR activation. But, how about the
effect of rapamycin on the activity of RIPK1 in PA-treated car-
diomyocytes? To address this question, the phosphorylation
of PIPK1 induced by PA may be needed to determine after
rapamycin pretreatment in further study [42]. Here the cur-
rent evidence suggests that necroptosis is involved in the PA-
induced cardiac hypertrophy via activation of AKT/mTOR
pathway. These phenomena summarized in Figure 5 indicate
the processing of PA-induced cardiomyocyte hypertrophy.

In conclusion, necroptosis is involved in PA-induced car-
diomyocyte hypertrophy and contributes to the pathogenesis
of PA-induced lipotoxicity in the heart. Our work provides
a novel insight into the mechanism of cardiac lipotoxicity
and suggests a therapeutic potential of blocking necroptosis

in the management of cardiac hypertrophy associated with
elevated plasma concentration of FFAs.
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Overproduction of reactive oxygen species (ROS), such as the superoxide radical (O
2

∙−), is associated with diseases which
compromise cardiac autonomic function. Overexpression of SOD1 may offer protection against ROS damage to the cardiac
autonomic nervous system, but reductions of O

2

∙− may interfere with normal cellular functions. We have selected the C57B6SJL-
Tg (SOD1)2 Gur/J mouse as a model to determine whether SOD1 overexpression alters cardiac autonomic function, as measured
by baroreflex sensitivity (BRS) and aortic depressor nerve (ADN) recordings, as well as evaluation of baseline heart rate (HR)
and mean arterial pressure (MAP). Under isoflurane anesthesia, C57 wild-type and SOD1 mice were catheterized with an arterial
pressure transducer and measurements of HR and MAP were taken. After establishing a baseline, hypotension and hypertension
were induced by injection of sodium nitroprusside (SNP) and phenylephrine (PE), respectively, and ΔHR versus ΔMAP were
recorded as a measure of baroreflex sensitivity (BRS). SNP and PE treatment were administered sequentially after a recovery period
to measure arterial baroreceptor activation by recording aortic depressor nerve activity. Our findings show that overexpression
of SOD1 in C57B6SJL-Tg (SOD1)2 Gur/J mouse preserved the normal HR, MAP, and BRS but enhanced aortic depressor nerve
function.

1. Introduction

Autonomic control of the cardiovascular system is compro-
mised in multiple disease conditions such as diabetes [1–3],
hypertension [4], sleep apnea [5], and aging [6–9]. One of
the autonomic functions impacted is the baroreflex control
of heart rate (HR). Baroreflex sensitivity (BRS) is a measure
of the strength of baroreflex control of heart rate in response
to changes in arterial pressure, and it is an important index
of cardiac autonomic function. Several clinical conditions
are strongly associated with an attenuated BRS, including
hypertension [10], vasovagal syncope [11], and heart failure
[12], and it is considered as an independent risk factor for
cardiac failure and sudden death [13–15].

The baroreflex arc is composed of multiple neural com-
ponents including the aortic and carotid baroreceptors, the
nucleus tractus solitarius (NTS), paraventricular nucleus of
the hypothalamus (PVN), nucleus ambiguus (NA), caudal
ventrolateral medulla (CVLM), and rostral ventrolateral

medulla (RVLM) [16–19]. An increase in levels of reactive
oxygen species (ROS) in these neural components of the
baroreflex arc including the carotid and aortic baroreceptors
[20–23],NTS [24–26], PVN [27], andRVLM[28–30] are seen
in conditions such as diabetes, sleep apnea, hypertension, and
heart failure.

Several lines of research suggest that antioxidant therapy,
whether applied locally [20, 21, 31] or systemically [32–34],
can restore normal baroreflex function in some of these
disease states, ostensibly by decreasing levels of ROS species.
However, ROS, including the superoxide radical, play critical
roles in regulating the firing properties of neurons [35].
For instance, the ANGII signaling pathway is dependent
upon superoxide anions generated by the actions of NADPH
oxidase [24, 36]. Indeed, some studies have noted that
superoxide scavenging can affect central regulation of heart
rate and blood pressure in healthy animals as well as some
disease models [31, 32, 37].
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Conversely, other investigations have suggested SOD1
overexpression can be detrimental to neuronal tissues. Some
studies [38, 39] found evidence of mild axonal degeneration
and some death of motor neurons in mice overexpressing
hSOD1. In addition, increased lipid peroxidation [40, 41],
increased sensitivity to kainic acid excitotoxicity [42], and
impaired recovery following nerve injury [43] have been
reported in hSOD1 transgenic mice. Though SOD1 overex-
pression is protective up to a certain level, further increases
in expressionmay contribute to peroxide formation and dele-
terious sequela for the tissues [44, 45]. SOD1 overexpression
has also been investigated as a contributor to the pathology of
Down syndrome, a condition in which SOD1 overexpression
is well documented [46–48].

All together, the available evidence from the literature
has suggested that SOD1 overexpression can have either
protective or detrimental effects on tissues. Therefore, we
need to consider if hSOD1 overexpression in animals can
affect the neural components of the baroreflex loop in healthy
animals. Only then, we can consider any potential benefits
of SOD1 overexpression in chronic intermittent hypoxia-,
diabetes-, and aging-induced impairment of baroreflex arc as
shown in our previous studies [49–57]. In the present study,
we have determined the effects of hSOD1 overexpression in
transgenic mice on several physiological variables [arterial
pressure (AP), heart rate (HR), baroreflex sensitivity (BRS),
and aortic depressor nerve function] compared to controls.
Our data indicated that hSOD1 overexpression in transgenic
mice did not alter the values of AP, HR, and baroreflex
sensitivity but enhanced aortic depressor nerve function.This
study will provide baseline data on the hSOD1 overexpressing
mouse line in order to facilitate future studies on possible
baroreflex protective effects of overexpressed SOD1 inmurine
disease models.

2. Materials and Methods

2.1. Animals. Mice (C57BL/6j 3-4 mo, 𝑛 = 16) were used as
controls for the transgenic human Cu/Zn SOD overexpress-
ing mice (C57B6SJL-Tg (SOD1)2Gur/J, Jackson catalog #
002297, 𝑛 = 16). Procedures were approved by the University
of Central Florida Animal Care and Use Committee and
followed the guidelines established by the National Institutes
of Health. Efforts were made to conduct the experiments
humanely and to minimize the numbers of animals used.

2.1.1. Surgical Procedure. The surgical procedure has been
described previously in detail [52]. Briefly, mice were anes-
thetized with 3% isoflurane inhalation and maintained with
1% in a 95% O

2
and 5% CO

2
through a tracheal tube which

was connected to a rodent ventilator, as in our previous
studies [51–53].

Depth of anesthesia was carefully monitored by eye blink,
withdrawal reflexes (toe and tail pinch), and fluctuations
of AP. Body temperature was maintained at 37 ± 1∘C with
a homeostatic plate and a rectal probe (ATC 1000; World
Precision Instrument, Sarasota, FL, USA). The tips of plas-
tic catheters (polyethylene-50) were tapered to ∼0.3mm
diameter, the right femoral artery and left femoral vein

were exposed, and the tapered ends of the two catheters
were filled with heparinized saline and inserted into the
femoral artery and vein. Measurement of AP was through
the artery. Vasoactive drugs sodium nitroprusside (SNP) and
phenylephrine (PE) were infused into the femoral vein using
a microinfusion pump. These mice were used for AP, HR,
baroreflex bradycardia and tachycardia, and aortic depressor
nerve (ADN) recordings.

2.1.2. Baroreflex Sensitivity. The blood pressure catheter was
connected to a pressure transducer (MIT0699, AD instru-
ments) which was connected to the PowerLab Data Acquisi-
tion System (PowerLab/8 SP). Baseline values ofmean arterial
pressure (MAP) and HR and the MAP and chronotropic
responses to sequential SNP/PE applications were measured
using Chart 5 software (AD instruments). SNP and PE
(Sigma, St. Louis,MO,USA)were freshly prepared, diluted in
0.9% NaCl, and infused by sequential bolus injections. SNP
[2.3 ± 0.1 𝜇g (C57) versus 2.2 ± 0.1 𝜇g (SOD1) in 0.1 𝜇g/𝜇L
saline, 𝑃 > 0.05] was first injected, and after 10–20 s PE
[8.1 ± 0.1 𝜇g (C57) versus 6.9 ± 0.4 𝜇g (SOD1) in 1 𝜇g/𝜇L
saline, 𝑃 < 0.05] was then injected. Such doses of sequential
bolus injections of SNP/PE could induce a fast and large
decrease followed by an increase of the AP.Themeasurement
of decrease and increase in the AP was completed in ∼1min
to reduce possible baroreflex resetting. Using these doses,
MAP decreases and increases were quite comparable in
control and SOD1 mice. Baseline values of MAP and HR
were measured from a 30 s interval before SNP injection.
After injections, MAP and HR returned to baseline values
normally within 10–20min. HR responses to MAP changes
induced by sequential administration of SNPandPE included
two phases: tachycardiac and bradycardic responses. During
the tachycardiac (SNP) phase, MAP and HR changes were
measured in the time window as indicated by a light gray box
in Figure 1, that is, the baseline of MAP to the nadir of MAP.
During the bradycardic (PE) phase, MAP and HR changes
weremeasured in the timewindow as indicated by a dark gray
box in Figure 1, that is, from the peak of theHR to the nadir of
the HR. The MAP and corresponding HR were sampled and
averaged every second. We applied linear regression analysis
of theΔHR-ΔMAPrelationship for each animal, and the slope
of the regression line was used as an indicator for baroreflex
sensitivity (BRS) as previously described [52]. Data obtained
for SNP and PE injections were averaged separately and
reconstructed as separated regression lines for each group.

2.2. Baroreceptor Afferent Function. The aortic depressor
nerve (ADN) on the left side was identified in the cervical
region using a dissecting microscope. The left ADN was
carefully isolated from surrounding connective tissues with
fine glass tools to avoid stretching or injury of nerve. After
that, the left ADN was placed on miniaturized bipolar plat-
inum electrodes (outer diameter: 0.12-mm). The nerve and
electrodes were soaked in mineral oil. Aortic depressor nerve
activity (ADNA) was amplified (×10,000) with the band-
pass filters set between 300 and 1000Hz by an AC Amplifier
(Model 1800, A-M Systems, Sequim, WA, USA). The ADNA,
integrated ADNA, phasic arterial pressure (PAP), HR, ECG,
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Figure 1: Original recordings of heart rate responses to pulse arterial pressure changes (PAP) induced by the sequential administration
of SNP/PE in representative C57 and SOD1 animals. A tachycardiac phase was induced by a baroreflex-mediated increase in heart rate in
response to decreased blood pressure due to SNP infusion. A bradycardic phase was induced by a baroreflex-mediated decrease in heart rate
in response to increased blood pressure caused by injection of PE. During SNP application, MAP and HR changes from the baseline of MAP
to the nadir of MAP were measured as shown in the light gray box. During PE application, MAP and HR changes were measured from the
peak of the HR to the nadir of the HR as shown in the dark gray box.

and body temperature were all recorded and simultaneously
displayed on different channels of the PowerLab System.
Chart 5.2 software and Sigma Plot 9.0 were used for data
acquisition, analysis, and presentation. All ADNA for analysis
had a signal-to-noise ratio > 10 : 1.

The ADNA signal occurred as rhythmic bursts that
exhibited cardiac cycles and were synchronized with PAP
(Figure 3). ADNA signal was integrated using a 10ms time
constant to obtain the integrated ADNA (Int. ADNA). The
“ADNA silent” or the “noise level” between the ADNA
bursts was averaged from 30 “ADNA silent” intervals and
was used to determine the noise level for Int. ADNA as
shown in Figure 3. This averaged noise level was subtracted
from original Int. ADNA signal to obtain the corrected Int.
ADNAwith the averaged noise level of 0 𝜇V⋅ s.The corrected
Int. ADNA and MAP were used to construct baroreceptor
afferent function curves using logistic sigmodal function. For
simplicity, we used Int. ADNA for corrected Int. ADNA in the
text below. The baroreceptor function curve was calculated
at the rising phase of PE-induced AP increase starting from
the nadir of the SNP-induced fall in AP to the maximum
of the AP increase. R waves of ECG signal were used to
automatically define cardiac cycles by the Chart 5.2 Macro
function (arrows in Figure 3). The baroreceptor function
curve was fitted by plotting the percent (%) of change of the
mean Int. ADNA per cardiac cycle relative to the Int. ADNA
baseline value before drug administration againstMAP using
a sigmoid logistic function [58]. The logistic function for Int.

ADNA used the mathematical expression: 𝑌 = −𝑃
1
/{1 +

exp[𝑃
2
(𝑋 − 𝑃

3
)]} + 𝑃

4
, where 𝑋 = MAP, 𝑌 = Int. ADNA (%

baseline), 𝑃
1
= maximum − minimum (range), Int. ADNA

(range), 𝑃
2
= slope coefficient, 𝑃

3
= MAP at 50% of the Int.

ADNA range (𝑃mid), and 𝑃4 = maximum Int. ADNA.
The 𝑃th and 𝑃sat were calculated from the 3rd derivative of

the logistic function, and they were expressed as 𝑃th = 𝑃3 −
(1.317/𝑃

2
) and 𝑃sat = 𝑃3 + (1.317/𝑃2). Themaximum slope or

gain (𝐺max) was calculated at 𝑃mid from the 1st derivative of
the logistic function: 𝐺max = 𝑃1 × 𝑃2/4. Approximately 200–
500 data pointsmeasured over 30–50 swere used to construct
a baroreceptor function curve using Sigma Plot software.The
squared correlation coefficient 𝑅2 was used to determine the
goodness of curve fitting.

2.3. Statistical Analysis. Data were presented as means ± S.E.
Student’s 𝑡-test was used to compare the difference of HR,
MAP, slopes of the regression lines, and parameters of the
baroreceptor function curves between groups. Differences
were considered significant at 𝑃 < 0.05.

3. Results

3.1. MAP, HR, and SNP/PE-Induced MAP Changes. hSOD1
overexpression did not alter baselineMAP andHR, and SNP-
induced minimums and PE-induced maximums for MAP
changes in C57 and SOD1 mice were comparable (Table 1),
which allowed us to investigate baroreflex control of HR over
a similar range of blood pressure changes (see the following).
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Table 1: There were no significant differences in baseline heart rate (HR) and mean arterial pressure (MAP) between C57 and SOD1 mice.
Depression in arterial pressure following exposure to SNP, or increase in arterial pressure after PE infusion, was also similar between the two
groups of animals.

Animal group Average HR (BPM) MAP (mmHg) SNP MAP (mmHg) PE MAP (mmHg)
C57 (𝑛 = 8) 558 ± 8 88.8 ± 2.9 38.7 ± 1.4 135.8 ± 3.1

SOD1 (𝑛 = 8) 553 ± 13 85.8 ± 2.1 39.5 ± 1.3 136.6 ± 3.5
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Figure 2: Baroreflex sensitivity. (a)The averaged regression lines forΔHR/ΔMAP for the SNP-induced tachycardiac baroreflex for C57 (𝑛 = 8)
and SOD1 (𝑛 = 8). Regression lines for tachycardiac baroreflex response are similar between the two groups. (b)The averaged regression lines
for ΔHR/ΔMAP for the PE-induced bradycardic baroreflex for C57 (𝑛 = 8) and SOD1 (𝑛 = 8). Though visibly distinct, the slope of the
regression line for SOD mice was not significantly different than that of C57 (𝑃 > 0.5).

3.2. Baroreflex Sensitivity. The original recordings of HR
changes (ΔHR) in response to sequential injections of SNP
and PE were shown in Figure 1. SNP infusion (light gray box)
decreased AP which induced a HR increase (tachycardiac
phase). PE infusion (dark gray box) resulted in an increase in
AP that drove a baroreflex-mediated reduction in heart rate
(bradycardic phase). Tachycardiac and bradycardic responses
(ΔHR) against ΔMAP were fitted using separate regression
lines for both C57 and SOD1 animals (𝑛 = 8/group),
respectively. The slopes of the regression lines represent the
baroreflex sensitivity (BRS) and they were similar (Figures
2(a) and 2(b)) for the tachycardiac phase [C57: −0.57 ±
0.06 bpm/mmHg, SOD1: −0.61 ± 0.08; 𝑃 > 0.05] as well as
the bradycardic phase [C57: −2.9 ± 0.57 bpm/mmHg, SOD1:
−4.3 ± 0.84 bpm/mmHg; 𝑃 > 0.05]. Even though there
was a trend of increased BRS for SOD1 animals during the
bradycardic phase, the slopes of the regression lines were not
significantly different. Therefore, overexpression of hSOD1
did not significantly change baroreflex-mediated tachycardia
and bradycardia.

3.3. Aortic Depressor Nerve Function. Aortic depressor nerve
function was measured as the aortic depressor nerve activ-
ity (ADNA) decreases in response to SNP/PE-induced AP
elevation. Figure 3 shows the original recordings of typical
burst ADNA in synchrony with PAP. Figures 4(a) and 4(b)
show the original recordings of ADNA in response to changes

in blood pressure in representative C57 and SOD1 mice.
SNP injection decreased and PE injection increased ADNA.
Int. ADNA and MAP relationship curves were fitted using
the logistic sigmodal function in these two mice as shown
in Figures 4(a) and 4(b). The averaged parameters of the
logistic function curves (Table 2) show that the SOD1 animals
had a significantly larger maximal Int. ADNA response (𝑃

4
)

compared to C57 (𝑃 < 0.05). The maximal gain of the
ADNA response (𝐺max) was also significantly greater in SOD1
than C57 (𝑃 < 0.01), indicating that hSOD1 overexpression
resulted in more sensitive responses than the control, thus
increasing the aortic baroreceptor depressor nerve function.
The plots of the sigmoid logistic function curves of the
averaged Int. ADNA-MAP relationship for C57 and SOD1
mice were shown in Figure 5.

4. Discussion

In this study, we demonstrated that the overexpression of
human SOD1 in mice does not have significant effect on AP,
HR, or SNP/PE-induced changes of MAP and BRS as com-
pared to controls. However, SOD1 overexpression enhanced
baroreceptor depressor nerve function in response to AP
elevation. While we could not fully interpret the mechanism,
Li et al. [31] measured a similar increase in baroreceptor
sensitivity after application of SOD1 and catalase to the
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Table 2: Parameters defining the baroreceptor afferent function curve (ADNA% baseline) in C57 and SOD1 mice.

𝑅
2

𝑃
1
(%) 𝑃

2
𝑃
3
(mmHg) 𝑃

4
(%) 𝐺max (%/mmHg) 𝑃th (mmHg) 𝑃sat (mmHg)

C57 (𝑛 = 8) 0.95 ± 0.01 −307 ± 19 0.07 ± 0.006 94 ± 3 314 ± 18 5.4 ± 0.3 74 ± 3 114 ± 4

SOD1 (𝑛 = 8) 0.95 ± 0.01 −434 ± 44 0.07 ± 0.004 94 ± 3 436 ± 37 7.4 ± 0.5 73 ± 2 114 ± 4

𝑃 value N.S 𝑃 < 0.02 N.S N.S 𝑃 < 0.02 𝑃 < 0.01 N.S N.S
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Figure 3: Original recording of PAP, ADNA (Raw ADNA), integrated ADNA (Int. ADNA), and ECG in aC57 mouse. Trace 1: PAP. Trace 2:
ADNA occurred as rhythmic bursts that exhibited cardiac rhythmic patterns and was synchronous with PAP. Note: ADNA increased prior
to AP increases. This is because the catheter for blood pressure measurement was inserted into the femoral artery. Trace 3: ADNA signal was
integrated using a 10ms time constant to obtain the Int. ADNA curve. The small boxes in the Int. ADNA trace enclose the intervals between
ADNA bursts where signal noise can be measured. Trace 4: ECG.The R waves of the ECG signal were used to separate ADNA firing intervals
automatically by Chart 5.2 (arrows).

nodose ganglia of healthy rabbits, though the effect was mild
and not reversed by washout of the SOD or catalase.

4.1. hSOD1 Overexpression Did Not Change Basal Blood
Pressure and Heart Rate. Superoxide radicals have profound
effects in the modulation of neural activity in the brain stem
[24, 59], and it is known that increases inROS alter autonomic
regulation of blood pressure [24, 60, 61]. One of the concerns
of using the SOD1 mouse line is that interference with
superoxide-dependent signaling in the brainstem by hSOD1
overexpression would alter basal HR and MAP. It is fairly
well established that treatments with antioxidants may lead
to changes of autonomic regulation in normal and disease
models. hSOD1 overexpression in the paraventricular nucleus
was found to reduce sympathetic activity and attenuate
hypertension in spontaneously hypertensive rats, although
no effect was detectable in the Wistar controls [27]. Another
study found that endothelial-specific catalase overexpression
caused a significant reduction in blood pressure in healthy
mice [62]. Systemic administration of tempol, a SOD mimic
[63], has previously been found to reduce MAP, HR, and
renal sympathetic nerve activity (RSNA) in both normal

and baroreceptor denervated rats [34]. The same study
noted reduced spontaneous discharge rate of neurons in
the paraventricular nucleus of the hypothalamus (PVN) and
the rostral ventrolateral medulla (RVLM), two critical nuclei
involved in sympathetic regulation of the cardiovascular sys-
tem. A similar study performed on normotensive WKY and
spontaneously hypertensive (SHR) rats also demonstrated
reduced HR and MAP during systemic tempol administra-
tion in both groups of animals, as well as decreased splanch-
nic nerve activity [32]. Kawada’s study determined that the
reduction in blood pressure was not caused by changes
in peripheral vascular tone in WKY animals, although AP
reduction was associated with relaxation of vascular tone
in the SHR rats. Taken together, these prior studies raise
the possibility that superoxide radical scavenging may have
effects on neural and vascular control of blood pressure in
diseased and healthy animals.

In our study, hSOD1 overexpression had no significant
effect on MAP, HR, and BRS in healthy mice. This is in
agreement with a previously published report [64] showing
blood pressure equivalence between C57bl/6J mice and 6-
TgN(SOD1)3Cje mice with a 3-fold overexpression of hSOD1
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Figure 4: Baroreceptor function curve. (a and b) Original recordings showing pulse arterial pressure (PAP) and ADNA responses to
sequential i.v. injections of SNP/PE in two representative C57 and SOD1 mice, respectively. (a and b) Int. ADNA and MAP relationship
curves of these two representative mice were fitted using logistic function, respectively (Int. ADNA: integrated ADNA).

(Jackson Catalog#: 002629). Therefore, hSOD1 overexpres-
sion in healthy animals does not seem to compromise basic
hemodynamic stability as measured by HR and AP.

4.2. Baroreflex Control of Heart Rate Not Significantly Affected
by hSOD1 Overexpression. Previous studies have shown that
redox species modulate the activity of baroreceptor neurons
[20–23], NTS [24–26], sympathetic brain stem nuclei such
as the PVN [27] and RVLM [28–30], and intrinsic cardiac
ganglia [65]. Perturbations in the function of any of the com-
ponents of the baroreflex loop can alter baroreflex sensitivity
and function. Indeed, it is well established that increased ROS
levels in these components can reduce baroreflex sensitivity
and response [26, 31, 61]. However, the effect of long-term

antioxidant supplementation, and in particular SOD1 overex-
pression, on baroreflex function in healthy animals was less
well documented. Li et al. [31] found that exogenous SOD1
or catalase applied to the carotid sinus caused a small but
significant increase in baroreceptor activity between the pres-
sures of 60 and 80mmHg but did not increase the maximal
baroreceptor activation. However, this study did not measure
HR response to blood pressure ramps (ΔHR/ΔMAP), so it
is uncertain if local application of SOD or catalase to the
carotid baroreceptors would have had an appreciable effect
on the baroreflex control of heart rate. Guimarães et al. [66]
investigated the effects of NADPH-derived superoxide anion
reductions by IV Tiron (a superoxide anion scavenger, [67])
or apocynin (NADPH oxidase inhibitor, [68]) on BRS in
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Figure 5: Baroreceptor afferent function: baroreceptor function
curves for C57 (𝑛 = 8) and SOD1 (𝑛 = 8) groups were reconstructed
using the averaged parameters of sigmoid logistic function curves
(see Table 2). The baroreceptor discharge function curve for SOD1
mice is significantly higher for SOD mice compared to C57 (∗𝑃 <
0.05) and the gain of the baroreceptor afferent function curve was
significantly higher for the SOD1 mice than for the C57 mice (∗∗𝑃 <
0.01).

WKY and SHR rats and found that the acute application
of these agents had no significant effect on BRS in healthy
animals, although they improved BRS in the hypertensive
animals. Unfortunately, this still does not give any indication
as to what effects long-term superoxide anion scavenging
could have on BRS. The results of our investigation suggest
for the first time that moderate (∼3.5-fold, [69]) chronic
systemic hSOD1 overexpression does not significantly impact
baroreflex sensitivity in healthy animals.

4.3. Baroreceptor Afferent Function Enhanced by Overexpres-
sion of Human SOD1. As shown in Figure 5, we found that
hSOD1 overexpressing mice showed significantly increased
aortic baroreceptor activation slope and gain compared to
C57 controls. This result is similar to the finding of Li et al.
[31], who reported that carotid sinus nerve (CSN) activation
in response to BP ramps was enhanced by application of SOD
or catalase to the carotid sinus in rabbits.

Defining themechanism the observed increase in barore-
ceptor activation is beyond the scope of this investigation, but
there are certainly precedents in the literature. SOD1 is known
to support nitrous oxide (NO) mediated vasorelaxation [70],
which improves arterial compliance [71–73]. A high degree of
vascular compliance is linked to robust baroreflex sensitivity
[9, 74, 75], which decreases in step with vascular compliance.
There is research that supports the hypothesis that antioxi-
dant supplementation can improve large artery compliance
[76, 77].

SOD1 may directly affect the mechanosensory properties
of the aortic baroreceptor terminals by altering the expres-
sion or activity of critical ion channels in the baroreceptor
terminals. There is evidence that ROS inhibit the expression
of ASIC2 (Acid-Sensitive Ion Channel) which is critical to
mechanotransduction of arterial pressure [78, 79]. ASIC2
expression is downregulated in SHR rats [80, 81], which
show a similar diminution of baroreceptor activation to
ASIC2 null mice [79]. Application of the superoxide mimetic
tempol to nodose ganglia cells in either the ASIC2 null
mice or SHR rats has been shown to restore baroreflex
activation of baroreceptor neurons to near normal levels
[78]. Hyperpolarization-activated cyclic nucleotide (HCN)
channels, which are also strongly linked tomechanoreception
in arterial baroreceptors, are shown to be upregulated in type
1 diabetesmellitus leading to a reduced baroreceptor function
that can be rescued with tempol [22].

4.4. Perspectives. A growing body of evidence has shown
that interventions based on antioxidants can be effective in
reducing hypertension, increasing vascular compliance and
function, and improving baroreflex-mediated control of heart
rate [25, 27, 32, 33, 66, 76]. However, because ROS have a wide
variety of necessary biological functions, it is important to
evaluate the effect of systemic application of antioxidants on
cardiac autonomic function in the absence of any other dis-
eases.The current study uses a transgenicmousemodel based
on the C57bl/6j mouse line which has been engineered to
express human Cu/ZnSOD (SOD1) at a level roughly 3.5-fold
over normal murine SOD1 expression in cortical tissue [69].
This transgenic mouse line was originally developed in 1994
as a gene-dosage control for a mouse model of amyotrophic
lateral sclerosis (ALS) overexpressing a SOD1-G93A muta-
tion.The SOD1mouse line used in this study showed no signs
of ALS-like symptoms. In addition, Dal Canto and Gurney
[39] also performed anatomical assessment of neural tissue
and found that the mice overexpressing hSOD1 showed very
subtle changes in the anterior portion of the anterior horn
(mild swelling ofmotor fibers and vacuolization of dendrites)
but were free of any ALS-like symptoms [39]. Functionally,
there were no signs of impaired motor performance until 58
weeks of age. tgSOD1 mice in the current experiment were
between 12 and 16 weeks of age, well before the window in
which motor function changes are observed. In our study,
we did not find any changes in AP, HR, vasoactive drugs-
induced hypo- and hypertension, and BRS. Noticeably, the
aortic depressor nerve function is increased in hSOD1 mice.
Even though we could not interpret the mechanism for such
an enhancement of aortic depressor nerve function, it appears
that hSOD1 overexpression in this line of mouse did not
impair but may have increased the function of baroreceptor
afferent components in the baroreflex arc. Interestingly, Xu
et al. [82] reported thatmice overexpressing hSOD1, the same
model as the one we used in present study, showed increased
resistance to oxidative stress and apoptosis of cortical neurons
after exposure to chronic intermittent hypoxia compared
to wild-type control. hSOD1 overexpression has also been
shown to protect againstmitochondrial cytochromeC release
and subsequent apoptosis in focal cerebral ischemia models



8 Oxidative Medicine and Cellular Longevity

of stroke [83]. Since our data indicate that hSOD1 overex-
pression did not cause dysfunction of MAP, HR, and BRS
but may increase aortic baroreceptor nerve function, we
suggest that this model can be potentially used to study
whether increased expression of hSOD1 protects against
disease (such as chronic intermittent hypoxia and diabetes-)
induced impairment of baroreflex sensitivity, vagal motor
neuron death in the nucleus ambiguus, and degeneration
of vagal afferent and efferent axons in the aortic arch and
cardiac ganglion shown in the previous studies [51, 52,
55, 84–86]. Whether the increased baroreceptor sensitivity
in healthy animals may prove advantageous in mitigating
disease-induced impairment of autonomic control of the
heart is a promising concept, and we are currently using
our hSOD1 overexpressing mice to determine if hSOD1
overexpression can preserve normal afferent, efferent, and
central components of the baroreflex arc in the CIH model
of sleep apnea.

It should be pointed out that since baroreflex-mediated
reduction of heart rate in response to increased arterial
pressure had a trend of increase but not significantly, it
appears that the increased signaling from the aortic depressor
baroreceptor nerves to the brainstem is buffered by other
neural components of the baroreflex loop, such as the NTS,
NA, or cardiac ganglia within the heart. Whether such a
buffering is a product of normal physiologic compensation
or something of a more pathologic nature is undetermined.
Thus, careful studies of other neural components in the
baroreflex arc in addition to aortic depressor nerves are
critically important to fully understand the effects of hSOD
overexpression on the whole baroreflex circuitry.
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Oxidative stress is involved in the development of carotid body (CB) chemosensory potentiation and systemic hypertension induced
by chronic intermittent hypoxia (CIH), the main feature of obstructive sleep apnea. We tested whether peroxynitrite (ONOO−),
a highly reactive nitrogen species, is involved in the enhanced CB oxygen chemosensitivity and the hypertension during CIH.
Accordingly, we studied effects of Ebselen, an ONOO− scavenger, on 3-nitrotyrosine immunoreactivity (3-NT-ir) in the CB, the CB
chemosensory discharge, and arterial blood pressure (BP) in rats exposed to CIH. Male Sprague-Dawley rats were exposed to CIH
(5% O

2

, 12 times/h, 8 h/day) for 7 days. Ebselen (10mg/kg/day) was administrated using osmotic minipumps and BP measured
with radiotelemetry. Compared to the sham animals, CIH-treated rats showed increased 3-NT-ir within the CB, enhanced CB
chemosensory responses to hypoxia, increased BP response to acute hypoxia, and hypertension. Rats treated with Ebselen and
exposed to CIH displayed a significant reduction in 3-NT-ir levels (60.8 ± 14.9 versus 22.9 ± 4.2 a.u.), reduced CB chemosensory
response to 5% O

2

(266.5 ± 13.4 versus 168.6 ± 16.8Hz), and decreased mean BP (116.9 ± 13.2 versus 82.1 ± 5.1mmHg). Our results
suggest that CIH-induced CB chemosensory potentiation and hypertension are critically dependent on ONOO− formation.

1. Introduction

The obstructive sleep apnea (OSA) syndrome, a worldwide
sleep-breathing disorder, is recognized as an independent
risk factor for hypertension [1–3]. OSA is characterized by
repeated episodes of complete or partial obstruction of the
upper airway during sleep, resulting in chronic intermittent
hypoxic and hypercapnic events. Among the disturbances
produced byOSA, chronic intermittent hypoxia (CIH) is con-
sidered themain factor for the development of systemic hyper-
tension [1–4]. Although the link between OSA and hyper-
tension is well known, the mechanisms responsible for the
hypertension are not entirely understood. OSA elicits oxida-
tive stress, inflammation, and sympathoexcitation, which

contribute to the endothelial dysfunction and hypertension
[1, 2, 5–8]. Recently, it has been proposed that the carotid
body (CB), the main O

2

chemoreceptor, plays a pivotal role
in the development of the enhanced sympathetic activity and
the generation of the hypertension following CIH [1, 2, 7,
8]. Indeed, CIH selectively enhanced CB chemosensory dis-
charges during normoxia and hypoxia [8–12], which in turn
led to a sustained potentiation of the sympathetic discharges
to blood vessels, eliciting neurogenic hypertension [1, 2, 7, 12–
14]. The repetitive episodes of hypoxia-reoxygenation during
CIH produce oxidative stress due to the accumulation of
reactive oxygen species (ROS) [1–7]. The evidence indicates
that the CB chemosensory potentiation induced by CIH is
mediated by oxidative stress, which increases the levels of CB
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excitatory modulators such as angiotensin II and endothelin-
1, and reduces the bioavailability of the inhibitory chemosen-
sorymodulator nitric oxide (NO) in theCB [15, 16]. Peng et al.
[8] proposed that the superoxide radical (O

2

−) participates
in the potentiation of the rat CB chemosensory responses
to hypoxia since they found that pretreatment of rats for
10 days before and concomitant with the exposure to CIH
withmanganese (III) tetrakis (1-methyl-4-pyridyl) porphyrin
pentachloride (MnTMPyP), a superoxide dismutase (SOD)
mimetic, prevented the CB chemosensory potentiation. We
tested the hypothesis that oxidative stress contributes to the
CB chemosensory potentiation and the progression of the
hypertension in rats exposed toCIH [9].We found that ascor-
bic acid treatment prevented systemic and local CB oxidative
stress, the potentiation of CB chemosensory responses to
hypoxia, and the hypertension in rats exposed to CIH for 21
days [9]. Although these results suggest that CB chemosen-
sory potentiation is mediated by oxidative stress, it is matter
of debate whether superoxide per se may increase the CB
chemosensory discharges [17].Thus, it is plausible that mole-
cules downstream ROS formation may mediate the effects
of oxidative stress on CB chemoreception. It is well known
that O

2

− radical reacts with NO to produce peroxyni-
trite (ONOO−), which can nitrate several proteins residues.
Indeed, we have previously shown that CIH increases 3-
nitrotyrosine immunoreactivity (3-NT-ir) levels in the CB
and that changes in 3-NT-ir correlate with the enhanced
CB chemosensory responses to hypoxia following CIH [18].
Accordingly, it is plausible that nitrooxidative stress, through
an ONOO− dependent pathway, may play a role in OSA
pathophysiology. Thus, we studied if ONOO− is involved in
the enhanced CB chemosensitivity and the generation and
maintenance of the hypertension induced by CIH.Therefore,
we tested the effects of Ebselen treatment, a potent ONOO−
scavenger [19–21], on 3-NT-ir accumulation in the CBs, CB
chemosensory responses to hypoxia, and arterial blood pres-
sure (BP) in conscious rats exposed to CIH, a well stablished
experimental model of OSA [7, 9, 15, 18].

2. Material and Methods

2.1. Animals and Intermittent Hypoxia Protocol. Experiments
were performed on adult male Sprague-Dawley rats weight-
ing 200 g fedwith standard diet ad libitumand kept on a 12:12-
hour light dark cycle. Room temperature was maintained
between 23 and 25∘C. All the experimental procedures were
approved by the Bioethical Committee of the Biological Sci-
ences Faculty, Pontificia Universidad Católica de Chile, San-
tiago, Chile, and were performed according to the National
Institutes of Health Guide (NIH, USA) for the care and use
of animals. Unrestrained, freely moving rats were housed
in individual chambers (12 cm × 35 cm, 3 L) and exposed to
hypoxic cycles of 5% inspired O

2

for 20 s, followed by 280 s
of room air, 12 times per hour during 8 hours a day, or
exposed to shamair-air cycles, emulating the same conditions
of noise, temperature, and flow [7, 9, 10]. Rats were exposed
to CIH from 8:00 AM to 16:00 PM. The O

2

level inside
the chambers was continuously monitored with an oxygen
analyzer (Ohmeda 5120, BOC Healthcare, Manchester, UK)

and the CO
2

levels and humidity were maintained at low
levels by continuous air extraction.

2.2. Carotid Body Chemosensory Recording. The CB chemo-
sensory discharges were measured in situ as previously des-
cribed [9, 10, 12]. Rats were anesthetized with sodium pen-
tobarbitone (40mg/kg) and additional doses were given to
the animal when necessary to maintain a level of surgical
anesthesia. Rats were placed on supine position and the body
temperature was maintained at 38 ± 0.5∘C with a heating
pad. The trachea was cannulated for gases administration.
One carotid sinus nerve was dissected and placed on a pair
of platinum electrodes and covered with mineral oil. The
neural signal was preamplified (Grass P511, Grass Instru-
ments, Quincy, MA, USA), filtered (30Hz–1 kHz), and fed
to an electronic spike-amplitude discriminator, allowing the
selection of action potentials of particular amplitude above
the noise to be counted with a frequency meter, thus being
able to measure the frequency of carotid chemosensory
discharges (𝑓

𝑥

) expressed in Hz. The carotid sinus elec-
troneurogram was continuously monitored using an oscillo-
scope. Baroreceptor activity, which consisted of repetitive and
rhythmic discharges synchronized with the systolic arterial
blood pressure, was eliminated by crushing the baroreceptor
fibers between the carotid bifurcation and the CB. This
procedure resulted in the complete elimination of discharge
synchronized with arterial blood pressure. 100% O

2

(Dejours
test) was used to confirm that all the neural activities
recorded correspond to chemosensory discharge [9, 12]. The
contralateral carotid sinus nerve was cut to prevent vascular
and ventilatory reflexes evoked by hypoxic activation.TheCB
chemosensory frequency of discharge (𝑓

𝑥

) was measured in
response to several levels of inspired PO

2

(∼5–670mmHg,
applied for 20–30 s), by averaging the maximal values during
the semiplateau of the chemosensory response. Thus, 𝑓

𝑥

is
the absolute value of chemosensory rate of discharge. The O

2

levels weremeasuredwith an oxygen analyzer (Ohmeda 5120,
BOC Healthcare, Manchester, UK).

2.3. Arterial Blood Pressure Telemetry. In a subset of rats,
arterial blood pressure (BP) was recorded using radio-
telemetry. Briefly, rats were anesthetized with 5% isoflurane
and maintained with 1-2% isoflurane in 100% O

2

during the
surgical procedure. An abdominal incision was performed
to isolate the abdominal aorta. The tip of a cannula-coupled
telemetry device (Telemetry Research TRM54P, Millar USA)
was inserted into the abdominal aorta and fixed with
methacrylate. After this procedure, the abdominal incision
was sutured in layers. At the end of the surgery, rats received
an i.p. injection of enrofloxacin (1%) and ketoprofen (1%) and
were supplied during 3 subsequent days with the same dose of
enrofloxacin in the drinking tapwater. Physiological variables
were acquired with an analogue-digital system (PowerLAB
8SP, ADInstruments, Australia) and analyzed with the Chart
7.2-Pro software. BPwasmeasured after oneweek of recovery.
For quantification of the baseline BP during normoxia, we
averaged 10 minutes of BP signal, recorded 30 minutes before
the beginning of the CIH protocol. To quantifyΔBP response
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evoked by acute 5% O
2

, we measured the difference between
the maximal BP averaged for 5 s and the baseline BP values
averaged for 1min before the acute hypoxic challenge.

2.4. Experimental Procedure and Ebselen Administration. The
peroxynitrite targeted antioxidant Ebselen (Enzo Life Sci,
Inc., Farmingdale, NY, USA) was administrated with osmotic
minipumps (2ML4, Alzet Scientific Products, Chevy Chase,
MD, USA). Rats were anesthetized with isoflurane in 100%
O
2

, and osmotic minipumps were implanted subcutaneously
on the back. Pumps were filled with 33.3mg Ebselen in
1mL of 80% DMSO in saline, to achieve a delivering rate of
10mg/kg/day, a similar dose used in other studies [22, 23].
Control animals were implanted with osmotic minipumps
filled with DMSO 80% in saline solution. After surgical pro-
cedures, the rats were treated with enrofloxacin and ketopro-
fen asmentioned before. Due to the nature of the experiments
related to the study of CB chemosensory activity, a cross-
sectional study was performed. Twenty-four rats were ran-
domly divided into 3 groups: one control group, exposed to
sham conditions and treated with Ebselen (Ebselen-Sham);
a second group, exposed to CIH and treated with vehicle
(Vehicle-CIH); and a third group, exposed toCIH and treated
with Ebselen during the hypoxic protocol (Ebselen CIH). To
study the therapeutic effect of Ebselen on the CIH-induced
hypertension, we performed a longitudinal study. Rats with
indwelling catheter from telemetry devices were exposed first
to sham conditions for 7 days and then to CIH for other
7 days. At the end of the CIH 7-day exposure, an osmotic
minipump filled with Ebselen was subcutaneously implanted
and the rats were kept another week in CIH.

2.5. Nitrotyrosine Immunohistochemistry. At the end of the
CB chemosensory studies, anesthetized rats were perfused
intracardially with saline at pH 7.4 for 15min followed by
buffered 4% paraformaldehyde (PFA, Sigma, St. Louis, MO,
USA). The carotid bifurcations were dissected and postfixed
in the same fixative solution for 12 h to 4∘C. Then, the
samples were dehydrated in ethanol, included in paraffin, cut
in 5 𝜇m sections, and mounted on silanized slides. Samples
were deparaffinized and exposed to antigen-retrieval solution
(citrate buffer 1M, pH 6.0) as previously described [9, 18].
Samples were then incubated in 0.3% H

2

O
2

solution and
blocked using normal horse serum (ABC, Vectastain kit, Vec-
tor) for 1 hour.The samples were then incubatedwith primary
antibody against 3-NT (1 : 500, number A21285, Molecular
Probes) overnight at 4∘C.The immunoreactivity staining was
detected using a streptavidin-peroxidase kit (ABC,Vectastain
kit, Vector) and revealed at 37∘C in dark chamber with 3,3-
diaminobenzidine tetrahydrochloride (DAB, Sigma). Sam-
ples were counterstained with Harris haematoxylin and
mounted with Entellan (Merck, Whitehouse station, NJ,
USA). Photomicrographs were taken at 100x using a CCD
camera coupled to an Olympus CX 31 microscope (Olympus
Corp., USA), digitized, and analyzed using ImageJ software
(NIH, Betheseda, MD, USA). We measure two nonconsecu-
tive CB sections per rat, obtaining four CB photographs from
each one of those sections. The positive 3-NT-ir, averaged

Table 1: Systolic, diastolic, and pulse pressure measured in nor-
moxia in the same rats exposed to sham, CIH, or Ebselen CIH con-
dition.

Sham CIH Ebselen CIH
𝑃
𝑠

(mmHg) 109.7 ± 2.7 138.0 ± 12.6∗ 110.0 ± 3.5
𝑃
𝑑

(mmHg) 79.1 ± 2.7 106.4 ± 13.5∗ 71.2 ± 4.9
𝑃
𝑝

(mmHg) 30.6 ± 1.4 31.7 ± 2.0 32.9 ± 3.0
𝑃

𝑠

, systolic, 𝑃
𝑑

, diastolic, and 𝑃
𝑝

pulse arterial pressure (𝑃
𝑠

− 𝑃

𝑑

). ∗𝑝 <
0.05, CIH versus sham and Ebselen CIH and Newman-Keuls after Repeated
Measures ANOVA, 𝑛 = 4 rats.

Table 2: Arterial blood pressure responses to 5% O
2

measured
during normoxia in the same rats exposed to sham, CIH, or Ebselen
CIH condition.

Sham CIH Ebselen CIH
Δ𝑃
𝑠

(mmHg) 14.6 ± 3.5 45.5 ± 4.6∗ 14.4 ± 5.7
Δ𝑃
𝑑

(mmHg) 4.7 ± 4.3 19.7 ± 4.3 3.6 ± 3.5
Δ𝑃
𝑝

(mmHg) 9.9 ± 1.9 17.2 ± 10.3 10.8 ± 4.2
Δ𝑃

𝑠

, max-baseline systolic arterial pressure, Δ𝑃
𝑑

, max-baseline diastolic
arterial pressure, and Δ𝑃

𝑝

, max-baseline pulse arterial pressure. ∗𝑝 < 0.05,
CIH versus sham and Ebselen CIH and Newman-Keuls after Repeated
Measures ANOVA, 𝑛 = 4 rats.

from the eight CB fields, was expressed as optical integrated
intensity, in arbitrary units.

2.6. Statistical Data Analysis. Data was expressed as mean ±
SEM. For cross-sectional studies (Figures 1 and 2), statistical
analysis was performed using one-way or two-way ANOVA
tests followed by Bonferroni post hoc analysis. For longitu-
dinal studies (Figures 3 and 4 and Tables 1 and 2), Repeated
Measures one-way ANOVA followed by Newman-Keuls post
hoc comparisons was used. 𝑃 < 0.05 was set as the level of
statistical significance for both studies.

3. Results

3.1. Effects of Ebselen on the CIH-Induced Increase of 3-NT-ir in
the CB. The exposure to CIH for 7 days produced a marked
increase in the 3-NT-ir levels in the CB (Figure 1(a)). Indeed,
we found a 2.5-fold increase in 3-NT-ir in the CB from CIH-
treated rats compared to the levels observed in sham rats.
The administration of the peroxynitrite scavenger Ebselen to
the rats during the CIH exposure prevented the CIH-induced
increase of 3-NT-ir in the CB (Figure 1(b)). Figure 1(b) shows
the quantification of the effects of Ebselen on the 3-NT-ir
accumulation induced by CIH. Rats exposed to CIH and
treated with Ebselen showed 60% of reduction in 3-NT-ir as
compared with the CIH rats treated with vehicle (60.8 ± 14.9
versus 22.9 ± 4.2 a.u., 𝑃 < 0.05, and CIH and CIH Ebselen
rats, resp.).

3.2. Ebselen Prevented CB Chemosensory Potentiation Induced
by CIH. To assess the effect of Ebselen on CB chemosensory
activity, we measured the frequency of chemosensory dis-
charge (𝑓

𝑥

), from the carotid sinus nerve from rats exposed
to CIH and treated with Ebselen (Figure 2). The exposure to
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Figure 1: Ebselen treatment prevented the increased levels of 3-NT-ir. (a) Representative effects of Ebselen on positive 3-NT immunoreactivity
(3-NT-ir) in CBs from rats exposed to CIH. Inset, negative controls omitted inclusion of primary antibody. Scale bars 20𝜇m. (b) Summary
of the effects of Ebselen on 3-NT-ir measured in CBs. ∗𝑃 < 0.05, vehicle CIH versus Ebselen sham and Ebselen CIH, and Bonferroni after
one-way ANOVA, 𝑛 = 5 rats per group.

CIH for 7 days increases the baseline CB chemosensory and
the discharge evoked by hypoxia. Indeed, Ebselen treatment
prevented the potentiation of the hypoxic CB chemosensory
response in CIH rats (Figure 2). The two-way ANOVA
analysis showed a significant increase of CB chemosensory
discharge for different levels of inspired PO

2

in rats exposed
to CIH (𝑃 < 0.01). The treatment with Ebselen during CIH
exposure effectively prevented the CB increased responses to
several levels of hypoxia (Figure 2(b)).

3.3. Effects of Ebselen on the CIH-Induced Hypertension.
Exposure to 7 days of CIH produced a significant increase in
baseline BPmeasured in normoxia (Figure 3).We found that,
after oneweek of CIH exposure, themean arterial blood pres-
sure (MABP) increased about 25mmHg compared to the
value measured during sham condition (89.3 ± 2.5mmHg
versus 116.9 ± 13.2mmHg, 𝑃 < 0.05 sham versus CIH,
resp.). Remarkably, Ebselen treatment normalized MABP
during CIH to similar levels to those observed during sham
conditions (82.1 ± 5.1mmHg, Figure 3). The values for base-
line systolic (𝑃

𝑠

), diastolic (𝑃
𝑑

), and pulse pressure (𝑃
𝑝

) are
summarized in Table 1.We did not find significant differences
in resting heart rate (HR) between animals exposed to sham,
CIH, and Ebselen CIH conditions (sham 321.9 ± 15.5, CIH
383.6 ± 20.3, and CIH Ebselen 351.8 ± 36.3 beats per minute,

Figure 3(c), 𝑃 > 0.05, one-way ANOVA). In a separate
experimental series, we measured MABP and HR in 3 sham
rats after one week of the implantation of osmotic pumps
containing the vehicle (DMSO 80%).We did not find any dif-
ferences (MABP 97.4 ± 3.9mmHg, HR 333.1 ± 5.3 beats per
minute) related to the values recorded in rats implanted with
pumps containing Ebselen in DMSO in sham conditions for
one week.

In addition, we measured the BP response evoked by
acute hypoxia (Figure 4). Acute hypoxic episodes (5% O

2

) in
sham rats produced a mild increase in BP (ΔMABP = 8.0 ±
3.9mmHg). In contrast, after one week of CIH exposure, the
BP response to the same level of hypoxiawas largely increased
(ΔMABP = 28.1±4.1mmHg). Ebselen treatment during CIH
exposure normalized BP responses to hypoxia (ΔMABP =
7.2. ± 3.9mmHg). The mean values for Δ𝑃

𝑠

, Δ𝑃
𝑑

, and Δ𝑃
𝑝

during acute hypoxic stimulus are shown in Table 2. There-
fore, treatment with Ebselen effectively restores the normal
arterial pressure response to hypoxia, even in the presence of
CIH.The increases in BP following acute hypoxic stimulation
produced a reflex bradycardia in all three conditions (sham,
CIH, and Ebselen CIH). The ΔHR response to hypoxia did
not reach statistical significance between the treatments (𝑃 >
0.05, Sham= 21.8±28.8, CIH= 90.8±54.5, and EbselenCIH=
60.8 ± 64.8 beats per minute, Figure 4(c), 𝑃 < 0.05, one-way
ANOVA).
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Figure 2: Ebselen treatment prevented the CB chemosensory potentiation in rats exposed to CIH. (a) Recordings of the CB frequency of
chemosensory discharge (𝑓

𝑥

) measured from the carotid sinus nerve in response to acute hypoxia (5% O
2

) in rats treated with Ebselen or
vehicle and exposed to sham or CIH conditions. The enhanced CB chemosensory response induced by CIH (vehicle CIH) was prevented by
Ebselen (Ebselen CIH). (b) Summary of the effect of the Ebselen treatment at different levels of inspired PO

2

(mmHg) on 𝑓
𝑥

. ∗∗∗𝑃 < 0.001,
vehicle CIH versus Ebselen sham and Ebselen CIH, and Bonferroni after two-way ANOVA, 𝑛 = 8 rats per group.

4. Discussion

Present results show that Ebselen prevented the accumulation
of 3-NT-ir in the CB and the enhancedCB chemosensory dis-
charges induced by CIH. Indeed, Ebselen reduced the base-
line chemosensory discharge and the responses to hypoxia
(Figure 2), confirming observations showing that antioxidant
treatment prevents the potentiation of the rat CB chemosen-
sory response to hypoxia induced byCIH [8, 9]. Furthermore,
we found that administration of Ebselen, once rats already
developed hypertension induced by CIH exposure, was able
to normalize baseline BP in normoxia and the BP response to
acute hypoxia. Our results suggest that increases in ONOO−
in the CB contribute to the CB chemosensory potentiation
induced by CIH. In addition, CIH-induced systemic hyper-
tension is critically dependent on ONOO− since Ebselen
treatment reduces BP to values similar to the ones measured
in normotensive animals.Thus, it is plausible that the primary
action of Ebselen reduced the exacerbation of CB chemosen-
sory output and the sympathetic induced hypertension, but

we cannot exclude other effects on the hypoxic chemoreflex
pathway. To our knowledge, this is the first study that shows
that an ONOO− scavenger was effective to prevent the CB
chemosensory potentiation and reverses the hypertension
induced by CIH.

A growing body of evidence supports the proposal that
the CB contributes to the autonomic dysfunction and hyper-
tension inOSA patients and animals exposed to CIH. Indeed,
patients with recently diagnosed OSA show enhanced venti-
latory, pressor, and sympathetic responses to acute hypoxia,
attributed to a potentiation of the CB chemoreflexes [1, 2, 7].
Indeed, Narkiewicz et al. [13] found potentiated reflex venti-
latory, tachycardic, and pressor responses to acute hypoxia in
untreated normotensive patients with OSA. On the contrary,
the ventilatory and pressor responses induced by hypercapnia
and by the cold pressor test in OSA patients were not
different from those observed in control subjects. Similarly,
animals exposed to CIH show enhanced hypoxic ventilatory
responses to acute hypoxia [7] for review and long-term
facilitation of respiratory motor responses [8, 11]. Recording
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Figure 3: Ebselen reversed the increased arterial blood pressure measured during normoxia in CIH rats. Telemetric recording realized in
the same rat during control condition ((a), sham), after 7 days of CIH ((a), CIH) and the effect of Ebselen after additional 7 days of CIH ((a),
Ebselen CIH). Summary of the effect of Ebselen on mean arterial blood pressure (MABP, (b)) and heart rate (HR, (c)). ∗𝑃 < 0.05, CIH versus
sham and Ebselen CIH, and Newman-Keuls after Repeated Measures ANOVA, 𝑛 = 4 rats.

of chemosensory discharges from the carotid sinus nerve
has confirmed the idea that CIH produces facilitation of the
CB chemosensory responses to hypoxia. Indeed, exposure
of rats and cats to CIH for few days increases the baseline
CB discharges measured in normoxia and enhances the
chemosensory responses to acute hypoxia [8–12]. Peng et al.
[8] reported that baseline CB discharge and chemosensory
responses to acute hypoxia were higher in rats exposed to
short cyclic hypoxic episodes followed by normoxia, applied
during 8 hours for 10 days. Similarly, we found that cats and
rats exposed to CIH for 7 days showed enhanced CB chemo-
sensory and ventilatory responses to acute hypoxia [8, 12].
Studies performed in OSA patients and animals exposed to
CIH show that OSA is associated with sympathoexcitation,
mainly attributed to the enhance CB chemosensory function
elicited by CIH [1, 2, 7].

Several studies have proposed that ROS are involved in
the progression of the cardiovascular pathologies in patients
suffering OSA and animals exposed to CIH [2, 3, 5, 7, 24].
Indeed the O

2

− radical has been proposed as the main
ROS responsible for these pathological consequences, since
treatment with SOD mimetic prevented the hypertension
induced byCIH in rats [8, 24]. It is well known thatO

2

− reacts
with nitric oxide (NO) producing ONOO− with an elevated
constant rate of ∼7⋅109/M s [25]. Interestingly, this rate is
3.5 times higher than its enzymatic dismutation by SOD
[26].This fast reaction explains how these particularly elusive
species could rapidly react to form ONOO− [27], reducing

the NO bioavailability [28, 29]. Accordingly, we previously
found a reduction in the NO production in the rat CB after
7 days of CIH [30]. Since NO is considered an inhibitory
modulator of CB chemosensory discharges [31], a reduced
NO level may partially contribute to enhancing the baseline
CB discharges and chemosensory responses to hypoxia. This
interpretation agrees with the observation of Marcus et al.
[32], who found that CIH decreased the expression of the
nNOS in the ratCB, suggesting that the removal of the normal
inhibitory NO influence contributes to enhancing the CB
chemosensory responses to hypoxia.

There is evidence suggesting thatONOO− radical is invol-
ved in the development of diseases such as type I diabetes,
cancer, stroke, heart failure, and neurodegenerative disorders
[33, 34].TheONOO− radical is highly unstable and produces
deleterious reactions and cytotoxic effects, such as oxidation
of several molecular targets like lipids, proteins, and DNA
[35–37]. One of the main consequences of increased levels of
ONOO− is the modification of tyrosine residues in proteins
producing 3-NT [27], which has been related with many dis-
eases and cellular damage including liver disease [38], chronic
allograft nephropathy [39], and Alzheimer’s and Parkin-
son’s disease [40]. We found an increase of 3-NT-ir accu-
mulation in the CB from rats exposed for 7 to 21 days to
CIH, suggesting that ONOO− formation due to the reaction
of NO with O

2

− is a critical step in the CB chemosensory
potentiation induced by CIH [9, 18]. Present results agree
with and extend the idea that ONOO− radical contributes to
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Figure 4: Ebselen reversed the CIH-induced increase in BP responses evoked by an acute hypoxic stimulus. Telemetry recordings realized in
the same rat show the pressure response evoked by hypoxia (5%O

2

for 50 s), during sham conditions, after 7 days of CIH, and after additional
7 days of CIH but supplemented with Ebselen (a). Summary of the effect of Ebselen on mean arterial blood pressure (MABP, (b)) and heart
rate (HR, (c)). ∗𝑃 < 0.05, CIH versus sham and Ebselen CIH, and Newman-Keuls after Repeated Measures ANOVA, 𝑛 = 4 rats.

the CB enhanced responses to hypoxia after CIH. Ebselen is
an organoselenium compound that mimics glutathione per-
oxidase activity [19–21], which rapidly reacts with ONOO−
[19]. The generation of 3-NT is a direct result of the ONOO−
generation, and the treatment with Ebselen prevented the
CIH-induced increase of 3-NT-ir levels in the CB and the
chemosensory potentiation of the CB after CIH, suggesting
that protein nitration may play a role in enhancing the
chemoreceptor responses to acute hypoxia.

To study plausible therapeutic effects of Ebselen in an
experimental model of OSA, we decide to administrate Ebse-
len after the development of hypertension in rats exposed to
CIH.We found that Ebselen treatment effectively normalized

resting BP in awake rats, even in the presence of the inter-
mittent hypoxic stimulus (Figure 3). In addition, Ebselen
abolished the potentiated BP response to acute hypoxic
stimulation observed during CIH exposure (Figure 4). Taken
together, Ebselen administration should be considered as a
novel tool to restore normal BP adjustments following CIH.
In contrast, we did not find any significant difference between
the HR in response to acute hypoxia between the treatments
(Figure 4). Acute hypoxia in conscious rats generates a bipha-
sic HR response, characterized by an initial tachycardia
during mild hypoxia, but bradycardia when inspired fraction
of O
2

decrease below 8% [41]. Then, chronic exposure to
intermittent hypoxia may affect both the tachycardic and
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bradycardic responses to acute hypoxia. Future studies are
needed to elucidate these questions.

5. Limitations of the Study

Our results suggest that Ebselen prevents the nitration of
proteins in the CB, which contributes to normalizing the
CB frequency of discharge and the sympathetic-mediated
hypertension. Administration of Ebselen was achieved using
subcutaneous osmotic minipumps; therefore, the treatment
is delivered systemically. Thus, it is possible that Ebselen
may act not only in the CB, but also in other parts of the
chemosensory pathway (i.e., nucleus of the tractus solitary,
rostral ventrolateral medulla), since Ebselen can cross the
blood brain barrier [42]. Rats exposed to CIH show increased
plasma renin activity [43], and it is known that Losartan
treatment prevents the CIH-induced hypertension [43], the
increased sympathetic activity induced by apnea episodes
[32], and the decrease in arterial vasodilation induced by
acetylcholine after 28 days of CIH [44]. Moreover, intrac-
erebroventricular injection of Losartan prevents the hyper-
tension induced by CIH and the neuronal activation in
areas related to sympathetic activation [45]. Thus, we cannot
exclude effects of Ebselen at the central nervous system,
sympathetic peripheral system, or arterial vessels, which may
all be involved in the antihypertensive effect of Ebselen.

6. Conclusion

Present results suggest that 3-NT accumulation contributes
to the CB chemosensory potentiation through the nitration
of protein residues, which in turn promotes hypertension.
Ebselen treatment prevents the increased CB chemosensory
activity and reverses the hypertension in rats exposed to CIH,
suggesting that theCB chemosensory potentiation plays a key
role in the generation and maintenance of the hypertension
induced by CIH. Further development of ONOO− targeted
scavengers should be of therapeutic interest in the treatment
of hypertension in OSA patients.
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Asthma is one of the most common inflammatory diseases characterized by airway hyperresponsiveness, inflammation, and
remodeling. Morin, an active ingredient obtained from Moraceae plants, has been demonstrated to have promising anti-
inflammatory activities in a range of disorders. However, its impacts on pulmonary diseases, particularly on asthma, have not been
clarified.This study was designed to investigate whether morin alleviates airway inflammation in chronic asthma with an emphasis
on oxidative stress modulation. In vivo, ovalbumin- (OVA-) sensitized mice were administered with morin or dexamethasone
before challenge. Bronchoalveolar lavage fluid (BALF) and lung tissues were obtained to perform cell counts, histological analysis,
and enzyme-linked immunosorbent assay. In vitro, human bronchial epithelial cells (BECs) were challenged by tumor necrosis
factor alpha (TNF-𝛼).The supernatant was collected for the detection of the proinflammatory proteins, and the cells were collected
for reactive oxygen species (ROS)/mitogen-activated protein kinase (MAPK) evaluations. Severe inflammatory responses and
remodeling were observed in the airways of the OVA-sensitized mice. Treatment with morin dramatically attenuated the extensive
trafficking of inflammatory cells into the BALF and inhibited their infiltration around the respiratory tracts and vessels. Morin
administration also significantly suppressed goblet cell hyperplasia and collagen deposition/fibrosis anddose-dependently inhibited
the OVA-induced increases in IgE, TNF-𝛼, interleukin- (IL-) 4, IL-13, matrix metalloproteinase-9, andmalondialdehyde. In human
BECs challenged by TNF-𝛼, the levels of proteins such as eotaxin-1, monocyte chemoattractant protein-1, IL-8 and intercellular
adhesion molecule-1, were consistently significantly decreased by morin. Western blotting and the 2,7-dichlorofluorescein assay
revealed that the increases in intracellular ROS and MAPK phosphorylation were abolished by morin, implying that ROS/MAPK
signaling contributes to the relief of airway inflammation. Our findings indicate for the first time that morin alleviates airway
inflammation in chronic asthma, which probably occurs via the oxidative stress-responsive MAPK pathway, highlighting a novel
profile of morin as a potent agent for asthma management.

1. Introduction

Allergic asthma, which is caused by inappropriate responses
to inhaled allergens, is a heterogeneous inflammatory dis-
order characterized by airway hyperresponsiveness (AHR),
remodeling, and inflammation [1]. Among these charac-
teristics, chronic inflammation has attracted much atten-
tion for its contribution to asthma [2]. Conventional anti-
inflammatory therapies such as glucocorticoids are merely
ameliorative rather than curative and are associated with
diverse unexpected side effects [3]. Some patients benefit

little from these therapies and some even suffer from a series
of adverse effects, including hyperglycemia, hyperlipidemia,
hypertension, osteoporosis, and susceptibility to pathogens
[4]. Thus, there is an urgent need for the safe and effective
therapeutic options in asthma treatment.

As the first line of defense against challenges, bronchial
epithelial cells (BECs) produce innate immune media-
tors that limit foreign antigen invasion, in addition to
chemokines/cytokines that modulate immune responses
under physiological conditions [5, 6]. During the develop-
ment of asthma, which involves an aberrant airway immune
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Figure 1: Chemical structure ofmorin and experimental protocol for the chronic asthmamodel. (a) Chemical structure ofmorin. (b) BALB/c
mice were sensitized with OVA and aluminum hydroxide gel by intraperitoneal injection on days 0, 7, and 14 and then challenged with
aerosolized 5% OVA for 30min per day, three days per week for eight weeks, beginning on the 16th day of the experiment. The control mice
were sensitized and challenged only with saline. Morin, DEX, or a vehicle (DMSO) was given by intraperitoneal injection at 30min before
each OVA challenge. i.p.: intraperitoneal injection; i.n.: inhalation.

response, insults such as infection, allergens, or environ-
mental factors could alter the profile of BECs, initiating
chronic inflammation by polarizing T-helper type 2 (Th2)
lymphocytes and promoting the secretion of proinflamma-
tory proteins, including eotaxin-1, monocyte chemoattrac-
tant protein-1 (MCP-1), interleukin- (IL-) 8, and intercellular
adhesionmolecule-1 (ICAM-1) [7–9]. BECs also contribute to
airway remodeling by producing various extracellular matrix
(ECM) proteins [10], which in turn affect inflammation,
determining the outcome of asthma. Therefore, strategies
targeting themodulation of BECsmay represent a newoption
for asthma treatment.

Tumor necrosis factor alpha (TNF-𝛼) is an important
proinflammatory molecule secreted by both immunocytes
and structural cells [11]. Accumulating data have shown
that TNF-𝛼 is markedly increased during the process of
asthma [12]. It elicits proinflammatory cytokines generation
and evokes the activation of various cells, leading to an
amplification of inflammatory responses [13]. Clinical trials
of agents targeting TNF-𝛼 have been shown to be effective
in asthma management [11]. Blockade of the activity of TNF-
𝛼 notably decreases Th2 cytokines production, the serum
IgE levels, and inflammatory cell infiltration [11, 14, 15].
This evidence highlights the critical role of TNF-𝛼 in the
inflammation.Herein,we established an inflammatorymodel
with TNF-𝛼 in vitro.

Morin (3,5,7,2,4-pentahydroxyflavone), which exists in
high concentrations inmany herbs (Figure 1(a)), such asCud-
rania tricuspidata, Osage orange, Artocarpus heterophyllus
Lam., fig, and other Moraceae family members, has been
shown to have strong antitumor and anti-inflammatory activ-
ities. Emerging data have indicated that morin protects rats
from carbon tetrachloride-induced acute liver damage [16],
suppresses the growth of hepatocellular carcinoma [17], and
attenuates inflammatory responses in chronic experimental
colitis [18]. Althoughmorin has gainedmuch attention in the
treatment of a number of chronic diseases, it remains unclear
whether it has benefits in asthma therapy. Given that asthma
is characterized by airway inflammation and that morin has
anti-inflammatory activities, the aim of the present study
was to determine the impact of morin on allergic airway
inflammation both in vivo and in vitro. The results obtained

here indicate that morin significantly attenuates allergic
airway inflammation, which might be due to an inhibition
of reactive oxygen species (ROS)/mitogen-activated protein
kinase (MAPK) signaling.

2. Materials and Methods

2.1. Animals. Specific pathogen-free female BALB/c mice
(18–22 g) aged 6 to 8 weeks were obtained from Vital River
Laboratories (Beijing, China). The mice were kept in a
temperature-controlled room under a 12 h dark/light cycle
and were provided with food and water ad libitum. All
experiments that involved animal and tissue samples were
performed in accordance with the guidelines of the National
Institutes of Health and Nanjing Medical University, and all
procedures were approved by the Institutional Animal Care
and Use Committee of Nanjing Medical University (Nanjing,
China).

2.2. Ovalbumin(OVA)Sensitization andChallenge. Figure 1(b)
schematically depicts the protocols used in this study. In
total, 42 specific pathogen-free female BABL/c mice were
randomly divided into 6 groups as follows: control, OVA
(Grade V, Sigma-Aldrich, Milwaukee, WI, USA), OVA +
ML (5mg/kg morin, Sigma), OVA + MH (10mg/kg morin),
OVA + dexamethasone (1mg/kg DEX, Sigma), and OVA +
dimethylsulfoxide (DMSO, Biosharp, Hefei, Anhui, China).
The asthmatic models were established by sensitization to
OVA. Specifically, all of the mice in the OVA, OVA + ML,
OVA + MH, OVA + DEX, and OVA + DMSO groups were
sensitized on days 0, 7, and 14 by intraperitoneal injection
of 20𝜇g OVA emulsified in 2mg aluminum hydroxide gel
(Invivo-Gen, San Diego, CA, USA) in a total volume of
200𝜇L.These sensitizedmicewere exposed to aerosolized 5%
OVA in sterile saline for 8 weeks beginning on the 16th day
of the experiment, three times a week for 30min each time.
We placed the mice in 51 × 31 × 21 cm chambers that were
connected to a jet nebulizer (NE-U11B; Omron Corp., Tokyo,
Japan) to create a whole-body inhalation system. Morin (5
and 10mg/kg), DEX (1mg/kg, positive control), and DMSO
(0.4 𝜇L in a total of 200𝜇L saline, solvent control) were
administered by intraperitoneal injection at 30min before
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each OVA challenge. The control subjects were sensitized
and challenged using the same protocol with saline alone.
The mice were sacrificed at 24 h after the last challenge, and
bronchoalveolar lavage fluid (BALF) and lung tissues were
collected for analysis.

2.3. BALF Collection and Differential Cell Counts. Briefly,
the mice were anesthetized by intraperitoneal injection of
pentobarbital sodium (70mg/kg) at 24 h after the final chal-
lenge. BALF was collected by lavage with ice-cold phosphate-
buffered saline (PBS, 400 𝜇L× 3; 85–90%of the lavage volume
was recovered) via a tracheal catheter. The lavage samples
from each mouse were centrifuged at 1000 rpm for 10min at
4∘C.The total number of inflammatory cells in the BALF was
counted using a hemocytometer. Differential cell counts were
performed usingWright’s staining on the basis ofmorpholog-
ical criteria.The number of cells in the BALF was determined
by two independent investigators in a single-blind study, and
at least 200 cells each were analyzed from three different
random locations using a microscope. Then, the supernatant
was collected and divided into four equal portions and frozen
at −80∘C for enzyme-linked immunosorbent assay (ELISA).

2.4. Lung Histology. After BALF samples were collected, a
20mL syringe equipped with a 18G needle was used to
inject 10–15mL PBS slowly into the right ventricle. Then
the lungs were inflated with 4% paraformaldehyde under
20 cm pressure by a tracheal catheter and placed in 4%
paraformaldehyde fixative for paraffin embedding. A series of
microsections (5𝜇m) were cut with a microtome and stained
with hematoxylin and eosin (H&E) to assess inflammatory
cell infiltration. The inflammation score was determined
as follows: grade 0: no inflammation; grade 1: occasional
cuffing with inflammatory cells; and grades 2, 3, and 4: most
bronchi or vessels which were surrounded by a thin layer
(1-2 cells: grade 2), a moderate layer (3–5 cells: grade 3),
or a thick layer (>5 cells: grade 4) of inflammatory cells,
respectively. The total inflammation score was calculated
by the addition of the peribronchial (PB) and perivascular
(PV) inflammation scores. Periodic acid-Schiff (PAS) stain-
ing was used to quantify airway goblet cells, and Masson’s
trichrome staining was used to visualize collagen deposition
and fibrosis. Both staining methods were scored as follows:
0: none; 1: <25%; 2: 25–50%; 3: 50–75%; and 4: >75% goblet
cells [19–21]. Sections were also immunohistochemically
stained for matrix metalloproteinase-9 (MMP-9). For the
semiquantitative evaluation of MMP-9 expression, we used
a scoring method modified by Sinicrope and Lu [22, 23]. The
mean percentage of positive epithelial cells in the bronchi was
determined in at least five areas at ×400 magnification and
assigned to one of the following categories: 0: <5%; 1: 5–25%;
2: 25–50%; 3: 50–75%; and 4: >75%. The immunostaining
intensity of MMP-9 was scored as 1+ (weak), 2+ (moderate),
or 3+ (intense).The percentage of positive epithelial cells and
the staining intensity were multiplied to produce a weighted
score for each case. All of the scores were calculated by 2
independent observers who were blinded to the experiment,
and at least three different fields were examined for each lung
section.

2.5. Determination of Tissue Malondialdehyde (MDA) Level.
The left lung tissues were homogenized on ice in normal
saline. The homogenates were centrifuged at 4000 rpm at
4∘C for 10min. The MDA level in the supernatants was
determined using the thiobarbituric acid reacting substances
(TBARS) assay (Nanjing Jiancheng Corp., China) as previ-
ously described [23]. MDA reacts with thiobarbituric acid
under acidic conditions at 95∘C to form a pink-colored
complex.This product can bemeasured at 532 nm. In this test,
1,3,3-tetraethoxypropane (TEP) was used as a standard.

2.6. Culturing and Morin Treatment of Normal Human BECs.
Normal human BECs were purchased from the Beijing
Institute for Cancer Research (Beijing, China). They were
obtained from bronchial epithelial tissues of healthy adults
who did not have a respiratory disease and did not smoke.
The cells were cultured at 37∘C and 5% CO

2
in RPMI 1640

medium (Invitrogen-Gibco, Paisley, Scotland) supplemented
with 20U/L penicillin, 20 𝜇g/mL streptomycin, and 10% fetal
bovine serum (Invitrogen-Gibco). Cells between passages 4
and 8 were used for the experiments. After serum starvation
for 6–12 h, the cells were stimulated with 10 ng/mL TNF-
𝛼 (Peprotech, Rocky Hill, USA) alone or in combination
with morin (10 𝜇M), and they were further cultured for the
indicated durations. Cells were treated in the same manner
with N-acetylcysteine (NAC) as a positive control.

2.7. Cell Viability Assay. The cytotoxicity of morin on BECs
was examined using the CCK-8 (Dojindo Molecular Tech-
nologies Inc., Kumamoto, Japan) assay. Human BECs were
cultured in a 96-well plate at a density of 5 × 103 cells
per well and treated with morin at concentrations ranging
from 0.1 to 200𝜇M for 24 h. Then, CCK-8 solution was
added to the cell culture medium at a 1 : 10 dilution, and the
cultures were incubated for another 1-2 h at 37∘C. Absorbance
at 450 nm (A450) was measured with a microplate reader
(CANY, Shanghai, China).

2.8. ELISA. To explore the effect ofmorin onTNF-𝛼-induced
inflammation in human BECs, human eotaxin-1, MCP-1, IL-
8, and ICAM-1 (R&D Systems, Abingdon, UK) levels were
measured. Cells were cultured using the aforementioned
procedure and were then divided into the following four
treatment groups: control, T (10 ng/mL TNF-𝛼), T + M
(10 ng/mLTNF-𝛼+ 10 𝜇Mmorin), andM (10 𝜇Mmorin).The
cells were treated for 6 h as described above, and ELISAs were
performed. The total IgE (Immuno-Biological Laboratories
Co., Hamburg, Germany), TNF-𝛼, IL-4, and IL-13 levels
(R&D) in the BALF of themicewere alsomeasured by ELISA,
according to the manufacturer’s instructions.

2.9. Determination of Intracellular ROS Production. Intracel-
lular ROS were measured using the 2,7-dichlorofluorescin
diacetate (DCFH-DA) assay. Briefly, 1.5 × 104 cells were
seeded into each well of a 6-well plate, cultured for 24 h,
and exposed to morin (10 𝜇M) or NAC (10mM) with TNF-𝛼
(10 ng/mL) for 6 h. The cells were then incubated with 10𝜇M
DCFH-DA for 30min at 37∘C in the dark. Next, they were
washed twice with PBS and analyzed within 30min using a
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FACScan instrument (Becton Dickinson, San Jose, CA, USA)
with an excitation setting of 488 nm.The specific fluorescence
signals corresponding toDCFH-DAwere determined using a
525 nmbandpass filter. For consistency, 10,000 cellswere ana-
lyzed for each determination. Intracellular ROS production
was alsomeasured with a laser scanning confocal microscope
(Zeiss LSM 5 live, German). After incubation with DCFH-
DA, the cells were fixedwith 4%paraformaldehyde for 10min
andwashed three times with PBS before being photographed.
The excitation and emission wavelengths used were identical
to those described previously, and photographs were taken.
For each culture, a minimum of 5 random fields were
captured.

2.10. Western Blotting. Total cellular protein was collected
following lysis in lysis buffer (Cell Signaling Technology Inc.,
Beverly, MA, USA) on ice and centrifugation for 15min
at 14,000 rpm at 4∘C. The supernatant was transferred into
a fresh tube and denatured in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) Loading
Buffer (Beyotime, Shanghai, China) with heating to 100∘C
for 5min, and it was then stored at −80∘C. The total protein
concentration was determined using the BCA protein assay
(Thermo, Rockford, IL, USA). Proteins were separated by
10% SDS-PAGE. After electrophoresis, the separated proteins
were transferred to polyvinylidene difluoride membranes
(Millipore, Billerica, MA, USA) using the wet transfer
method. Nonspecific sites were blocked with 5% nonfat milk
in TBS Tween 20 (TBST; 25mM Tris [pH 7.5], 150mM
NaCl, and 0.1% Tween 20) for 2 h, and the blots were incu-
bated with primary antibodies (Cell Signaling Technology
Inc.), including anti-glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), anti-phospho-p38, anti-p38, anti-phospho-
ERK, anti-ERK, anti-phospho-JNK, and anti-JNK antibodies,
overnight at 4∘C. Goat anti-rabbit horseradish peroxidase-
conjugated IgG (Cell Signaling Technology Inc.) was used
to detect antibody binding. After treatment of the mem-
branes with enhanced chemiluminescence system reagents
(Thermo), the binding of specific antibodies was visualized
using a Bio-Rad Gel Doc/Chemi Doc Imaging System and
analyzed by Quantity One software.

2.11. Statistical Analysis. The data are expressed as the mean
± standard deviation (SD). All tests were performed using
Prism 6.00 (GraphPad Software, San Diego, CA, USA) and
SPSS version 20 (SPSS Inc., Chicago, IL, USA). The results
were analyzed by one-way analysis of variance for repeated
measures, followed by Dunnett’s post hoc test to determine
differences among multiple comparisons. The significance
level was set to 𝑃 < 0.05.

3. Results

3.1. Morin Attenuated Allergic Airway Inflammation in OVA-
Sensitized Mice. Lung sections were stained with H&E, and
inflammatory cells in BALF were counted at 24 h after the
last OVA challenge. Compared with the mice in the control
group, those in the OVA and the vehicle group (OVA +
DMSO) displayed severe airway inflammatory responses,

including extensive infiltration of inflammatory cells into
the BALF (Figure 2(a)) and around the respiratory tracts
and vessels (Figure 2(b)). Treatment with morin or DEX
suppressed the infiltration of inflammatory cells to varying
degrees. Administration of morin (10mg/kg) induced a
remarkable decrease in not only the total cell counts but also
the numbers of macrophages, eosinophils, and lymphocytes
compared with those observed in the untreated asthmatic
mice (𝑃 < 0.05), while the lower dose of morin (5mg/kg)
did not cause such drastic decreases in the cell numbers
(Figure 2(a)). These results were further confirmed by H&E
analysis and inflammation scores. Mice treated withmorin (5
and 10mg/kg) and DEX had fewer PB and PV inflammatory
cells (Figure 2(b)), and the total inflammation scores were 4.1
± 0.99, 2.5 ± 1.58, and 2.3 ± 1.64, respectively (𝑃 < 0.05)
(Figure 2(c)). All of these findings indicated that adminis-
tration of morin before the OVA aerosol challenge dose-
dependently attenuated the inflammatory responses in the
asthmatic airways.

3.2. Morin Abrogated Goblet Cell Hyperplasia in OVA-
Sensitized Mice. The number of goblet cells and the extent
of mucus production were assessed by PAS staining, and
the percentage of PAS-positive cells in the bronchioles was
also evaluated. We observed that the OVA-challenged mice
developed marked goblet cell hyperplasia and mucus hyper-
secretion in the lumens of the bronchioles (Figure 2(b)). The
morin- (10mg/kg) andDEX-treated animals had fewer goblet
cells in the airway epithelium, and the mucus scores in these
two groups were reduced to 1.2 ± 0.79 and 1.1 ± 0.74 (𝑃 <
0.05), respectively, indicating the equivalent effects of the
treatments (Figure 2(d)).

3.3. Morin Impaired Collagen Deposition/Fibrosis in OVA-
Sensitized Mice. The area of collagen deposition/fibrosis
was assessed using Masson’s trichrome staining. Collagen
deposition was profoundly enhanced in the interstitia of
the airways and vessels of the tissues in the OVA group
mice compared with the control group mice. Airway fibrosis
was significantly ameliorated by administration of 10mg/kg
morin, with a score of 1.0 ± 1.05 (𝑃 < 0.05). The OVA + DEX
group mice also showed significantly less fibrosis than the
untreated asthmatic mice. However, no significant reduction
in collagen deposition was observed in the OVA +ML group
mice (Figures 2(b) and 2(e)).

3.4. Morin Decreased Expression of MMP-9 in OVA-Sensitized
Mice. Representative photomicrographs of immunohisto-
chemical staining for MMP-9 in the airways are shown in
Figure 2(b). The densities of MMP-9 staining around the
bronchioles and the infiltrated inflammatory cells in the
OVA-challenged mice were higher than those in the control
mice, and the score was 8.2 ± 0.92 (𝑃 < 0.05).These increases
were dramatically reversed by the administration of DEX or
the high dose of morin, with scores of 1.7 ± 1.34 and 1.5 ± 1.18,
respectively (𝑃 < 0.05) (Figure 2(f)).

3.5. Morin Reduced Levels of IgE, TNF-𝛼, and Th2 Cytokines
in BALF. The total IgE, TNF-𝛼, IL-4, and IL-13 levels in
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Figure 2: Continued.
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Figure 2: Treatment with morin reduced inflammatory cells infiltration, goblet cell hyperplasia, collagen deposition, and the expression of
MMP-9 in lung tissue (magnification 400x). (a) Cell numbers and differentiation in BALF were determined by hemocytometer, and at least
200 cells were counted (𝑛 = 7 per group). (b) Lung sections were stained with H&E to analyze the infiltration of inflammatory cells, PAS to
assess goblet cell hyperplasia,Masson’s trichrome to evaluate the subepithelial deposition of collagen and fibrosis, and immunohistochemistry
to assess the distribution of MMP-9. Scale bar: 50𝜇m. (c) The layers of inflammation cells were counted and the total inflammation score
was summed up with peribronchial (PB) and perivascular (PV) inflammation scores. (d) PAS-positive and PAS-negative epithelial cells were
counted, and the percentage of PAS-positive cells per bronchiolewas calculated. (e)Masson’s trichrome staining analysis of collagen deposition
was calculated. (f) The MMP-9 expression was evaluated and the total MMP-9 staining score was multiplied up with percentage of positive
epithelial cells and staining intensity scores. Values represented as mean ± SD (𝑛 = 7 per group). #𝑃 < 0.05 compared with the control group,
and ∗𝑃 < 0.05 compared with the OVA group.

the BALF were notably increased by airway challenge with
OVA. Administration of morin dose-dependently reduced
the levels of IgE, Th2 cytokines, and TNF-𝛼 in the BALF
compared with those in the BALF of the OVA group mice
(𝑃 < 0.05) (Figures 3(a)–3(d)). These findings indicated
that morin could inhibit allergic airway reactions by modify-
ing Th2-predominant immune activity in the OVA-induced
mouse asthma model.

3.6. Morin Inhibited MDA Level in Lung Tissues. To deter-
mine whether morin inhibits OVA-induced airway inflam-
mation by the scavenging of free radicals, we detected the
MDA level in the lung tissues to evaluate the changes in
OVA-induced oxidative damage. As shown in Figure 3(e), the
concentrations of MDA in the lung tissues in the OVA and
vehicle groups (1.638 ± 0.17 nmol/L and 1.666 ± 0.20 nmol/L,
resp.) were significantly higher than that in the control group
(1.189 ± 0.25 nmol/L) (𝑃 < 0.05). The MDA levels in the
lung tissues in the DEX and morin (10mg/kg) pretreatment
groups (1.267 ± 0.21 nmol/L and 1.330 ± 0.09 nmol/L, resp.)
were significantly decreased compared with that in the OVA
group (𝑃 < 0.05).

3.7. Morin Restrained TNF-𝛼-Induced Proinflammatory Pro-
tein Expression in Human BECs. The toxicity of morin
(0.1, 1, 5, 10, 50, 100, and 200 𝜇M) to human BECs was
first determined. Cell viability was 81% ± 4% in the 10 𝜇M
group at 24 h (Figure 4(a)). BECs have been reported to
release chemokines and adhesion molecules to induce an
inflammatory response and stimulate eosinophil migration

in asthmatic patients [5]. To further ascertain the anti-
inflammatory mechanism of morin, we studied its effects on
the TNF-𝛼-induced expression of proinflammatory proteins
in BECs.The results showed that morin (10𝜇M) dramatically
blocked the TNF-𝛼-induced upregulation of eotaxin-1, MCP-
1, IL-8, and ICAM-1 expression in human BECs (𝑃 < 0.05)
(Figures 4(b)–4(e)).

3.8. Morin Diminished TNF-𝛼-Induced ROS Generation in
Human BECs. ROS are considered to mediate the persistent
inflammation that occurs in asthma [24]. Therefore, in the
present study, we investigated whether it can regulate ROS
generation. As shown in Figure 5, ROS production was
promoted by TNF-𝛼, which is an effective activator in BECs.
Flow cytometric analysis showed that pretreatment with
morin (10 𝜇M) or NAC (10mM) decreased the intracellular
ROS levels to 85% ± 18% or 77% ± 7% (𝑃 < 0.05),
respectively (Figure 5(a)).These significant data revealed that
the antioxidant effect of morinmay be similar to that of NAC,
which is a potent ROS scavenger. In addition, the ROS levels
in BECs were monitored using a laser scanning confocal
microscope, and similar results were obtained. In brief, we
found that morin could apparently suppress TNF-𝛼-induced
intracellular ROS production in BECs (Figure 5(b)), implying
a significant protective effect against oxidative stress.

3.9. Morin Suppressed TNF-𝛼-Induced MAPK Signaling Acti-
vation in Human BECs. It has been established that MAPK
signaling pathways are responsible for oxidative stress-
associated airway epithelial damage and that they are crucial
for TNF-𝛼-induced inflammation in BECs [25]. As shown
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Figure 3: Treatment with morin inhibited the levels of IgE, TNF-𝛼, and Th2 cytokines in BALF and MDA in lung tissues. (a–d) The
concentrations of IgE, TNF-𝛼, IL-4, IL-13, and MDA were measured with ELISA. Values represented as mean ± SD (𝑛 = 7 per group).
#
𝑃 < 0.05 compared with the control group, and ∗𝑃 < 0.05 compared with the OVA group.
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Figure 4: Treatment with morin restrained the proinflammatory proteins induced by TNF-𝛼 in BECs. (a) Effects of morin on the viability
of human BECs assessed by CCK-8. (b–d) The expression levels of MCP-1 (b), eotaxin-1 (c), IL-8 (d), and ICAM-1 (e) in supernatant were
measured by ELISA. Values represented as mean ± SD of at least four independent experiments performed in triplicate. #𝑃 < 0.05 compared
with the control group, and ∗𝑃 < 0.05 compared with TNF-𝛼 group. M: morin (10 𝜇M) and T: TNF-𝛼 (10 ng/mL).

in Figure 6, we confirmed the effects of TNF-𝛼 on the
activation of ERK, JNK, and p38 in the BECs within 1 h after
stimulation and quantified their relative densities (phospho-
rylated proteins relative to total proteins). This activation
was partially blunted in the morin-pretreated group. These
results suggested that morin may attenuate TNF-𝛼-induced
inflammation in BECs by suppressing the activation of
MAPK pathways.

4. Discussion

Over the last three decades, the prevalence of asthma has
markedly increased worldwide. The high costs of asthma

treatments pose an immense financial burden to society
[1, 26]. Current pharmaceutical options, such as inhaled
corticosteroids, long-acting 𝛽 agonists, and other potential
agents, have had unsatisfactory effects on controlling asthma.
Thus, physicians are searching for novel therapeutic options
that are both safe and effective in asthma management [27,
28].

Morin, a natural flavonol, appears to confer a protective
effect in chronic inflammatory diseases. In the present study,
treatment with morin inhibited the increase of inflammatory
cells (including macrophages, eosinophils, and lymphocytes)
and downregulated the total IgE, IL-4, and IL-13 levels in
OVA-induced mice. Overexpression of IgE and the Th2
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Figure 6: Treatment with morin suppressed the activation of the ERK, JNK, and p38 in BECs. The phosphorylation and total of ERK, JNK,
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cytokines is known to result in eosinophil-rich inflammation,
mucus hypersecretion, and enhanced collagen deposition in
the lungs [29, 30]. Our findings indicated that morin inhib-
ited inflammatory cell infiltration, mucus hypersecretion,
and collagen deposition/fibrosis, implying that it might be
valuable as a new antiallergic and anti-inflammatory agent for
asthma management.

Several studies have shown that MMP-9, an enzyme
that promotes cleavage of the ECM by degrading structural
proteins such as collagen, plays a crucial role in the patho-
genesis of airway inflammation and remodeling in asthma
[31]. The MMP-9 levels in patients with classic asthma are
elevated in the serum, sputum, and BALF [32]. MMP-9-
deficient animals exhibit reduced airway inflammation, and
the immunoreactivity of MMP-9 has been demonstrated to
be associated with the severity of asthma [33]. Anti-MMP-9
therapy has been shown to be useful for preventing airway
inflammation and remodeling in murine model of asthma
[34]. In the current study, we found that morin significantly
attenuatedMMP-9 expression, whichmight have contributed
to the lessened ECM, thereby contributing to its positive
effects on asthma.

Emerging data have provided new insights into the com-
plex interactions that occur between MMP-9 and inflamma-
tory cytokines such as TNF-𝛼. The TNF-𝛼 level is increased
in numerous inflammatory diseases, such as rheumatoid
arthritis [35], inflammatory bowel disease [36], psoriasis [37],
chronic obstructive pulmonary disease [38], and asthma [12].
Evidence obtained from recent studies indicate that the tran-
scriptional and translational activation of MMP-9 is involved
in the loss of endothelial barrier integrity induced by TNF-
𝛼 [39, 40]. Airway epithelial injury also leads to an exposure
to TNF-𝛼, which induces MMP-9 expression, provoking cell
migration via various pathways, including the PKC, AP-1,
NF-𝜅B, and MAPK pathways [41, 42]. Indeed, anti-TNF-
𝛼 therapy has been reported to reduce the expression of
MMP-9 as well as that of other inflammatory cytokines (e.g.,
IL-4, IL-13, and IgE), thereby hindering the recruitment of
inflammatory cells and inhibiting the airway inflammation
in asthma [11, 14, 15, 39]. In our study, morin markedly
suppressedOVA-inducedTNF-𝛼 andMMP-9 overexpression
with attenuation of airway inflammation, implying that its
effects might be attributed to the downregulation of TNF-𝛼.

Asthma is a pulmonary inflammatory disorder involv-
ing excessive oxidative stress. ROS, which are known to
contribute to oxidative stress, are primarily produced by
eosinophils and other inflammatory cells recruited to the
airways in asthma [43–45]. Moreover, stimulated BECs have
been shown to generate ROS, exacerbating airway dam-
age, including bronchial hyperreactivity, inflammatory cell
infiltration, epithelial cell shedding, goblet cell metaplasia,
and mucus hypersecretion [24, 46]. In the present study,
severe damage was observed in the airways of the untreated
asthmatic mice. Treatment with morin significantly amelio-
rated these asthma-related pathological injuries. Moreover,
the level of MDA, a common indicator of oxidative damage
to membrane lipids, in the lung tissues from the OVA-
challenged rats was increased, and morin significantly atten-
uated this increase. This finding revealed that the protective

effects of morin in chronic asthma may be partly due to its
ROS scavenging activity, resulting in a reduction in OVA-
induced oxidative damage.

Accumulating data have shown that ROS are also sec-
ondary messengers that are involved in intracellular signal
transduction. Increased ROS levels lead to activation of
the MAPK pathways [46, 47]. MAPK signaling has been
implicated in the transcription of various proinflammatory
cytokines (e.g., eotaxin-1, MCP-1, and IL-8) and adhesion
molecules (e.g., ICAM-1 and VCAM-1) [48, 49], which
contribute to a worsened airway inflammation. It has been
well established that eotaxin-1 is important for the delivery
of eosinophils to the airways and that it could cause tissue
damage and severe inflammation. Many studies have indi-
cated that eotaxin-1 expression is stimulated by TNF-𝛼 via
p38 MAPK/NF-𝜅B signaling [50]. MCP-1 has monocyte and
lymphocyte chemotactic activities and stimulates histamine
release from basophils. A recent study has confirmed that
TNF-𝛼 inducesMCP-1 secretion from human airway smooth
muscle cells [51]. IL-8, which is perhaps best known for
its proinflammatory effects on immune cells, stimulates the
infiltration of neutrophils into the airways in asthma and is
associated with severe asthma [52]. ICAM-1 is critical for the
transmigration of leukocytes out of blood vessels and into
inflamed tissues. Inhibitors of MMPs regulate inflammatory
cellmigration by reducing ICAM-1 expression in asthma [53].
It has been postulated that TNF-𝛼 upregulates the production
of ROS, which in turn activates BECs to overexpress proin-
flammatory proteins, such as eotaxin-1, MCP-1, IL-8, and
ICAM-1 [24, 54, 55]. These proteins are predominant agents
that increase the severity of inflammatory responses. Direct
or indirect oxidative stress can also induce BECs to generate
TNF-𝛼 [54, 56]. Thus, a vicious feedback cycle occurs due
to the cytotoxic activities of ROS. Our findings showed that
morin markedly alleviated the increases in eotaxin-1, MCP-
1, IL-8, and ICAM-1 in human BECs, indicating that the
relief of airway inflammation might have been due to the
downregulation of these proinflammatory proteins, which
probably occurred via ROS.

Our findings further demonstrated that morin strongly
inhibited the intracellular ROS induced by TNF-𝛼, pro-
ducing effects similar to those of NAC. As a free radi-
cal scavenger, NAC prevents oxidant-induced inflammatory
mediator release [57]. It is known that ROS and MAPK
are both closely related to airway inflammation, but the
modulation between them is not clear so far. The previous
data confirmed that ERK phosphorylation is ROS-dependent
in Siglec-8-mediated eosinophil cell death [58], and JNK
phosphatases were critical molecular targets of ROS in TNF-
𝛼-induced programmed cell death [59]. Pretreatment of cells
with the antioxidant enzyme abrogated the thalidomide-
induced p38MAPK activation in adult erythropoiesis [60]. A
recent study provided that H

2
O
2
significantly increased p38

MAPK and ERK1/2 phosphorylation while NAC effectively
suppressed phosphorylation of p38 MAPK and ERK1/2 [61].
Additionally, reduction of ROS has been shown to inhibit the
TNF-𝛼-mediated airway inflammation [62]. These evidences
collectively suggested that ROS play key roles in MAPK
signaling associated with TNF-𝛼 stimulation. Therefore,
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we hypothesize that morin might suppress TNF-𝛼-induced
inflammation by inhibiting MAPK signaling via ROS.

To confirm this hypothesis, we investigated the effects of
morin on the TNF-𝛼-induced activation of MAPKs in BECs.
The results showed that TNF-𝛼 induced the phosphorylation
of ERK, p38, and JNK in the BECs. Morin pretreatment
significantly inhibited the phosphorylation of these kinases,
suggesting that morin inhibited TNF-𝛼-induced inflamma-
tion via the oxidative stress-responsive MAPK pathways.

The present study has confirmed that morin suppresses
OVA-induced airway inflammation and ROS as well as
inhibiting TNF-𝛼-induced ROS/MAPK activation. However,
there are some limitations to our study. Although OVA-
induced murine models closely mimic human asthma, TNF-
𝛼, as a proinflammatory cytokine, cannot completely stimu-
late the development of the complex alterations characteristic
of asthma, such as subepithelial fibrosis, airway smoothmus-
cle mass increases (including hypertrophy and hyperplasia),
and vascular remodeling. Thus, our findings warrant further
evaluations of its in vitro and in vivo functions as well as its
clinical utility in the treatment of delayed allergic diseases.

5. Conclusions

In conclusion, we have demonstrated the potential thera-
peutic action of morin in an experimental model of asthma
and its anti-inflammatory properties in human BECs. Collec-
tively, our findings have indicated that morin (I) suppresses
both the infiltration of inflammatory cells and the hyperplasia
of goblet cells in the airways, (II) reduces MMP-9 expres-
sion and fibrosis in OVA-sensitized mice, (III) attenuates
elevations in the total IgE, TNF-𝛼, IL-4, and IL-13 levels in
BALF, and MDA level in lung tissues, (IV) suppresses TNF-
𝛼-induced eotaxin-1, MCP-1, IL-8, and ICAM-1 expression
in human BECs, and (V) inhibits TNF-𝛼-induced ROS
by regulating MAPK signaling. Taken together, our results
provide direct evidence that morin might be a candidate for
the adjuvant therapy for asthmatic patients.
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The present study investigated whether central activation of angiotensin II type 2 receptor (AT2-R) attenuates deoxycorticosterone
acetate (DOCA)/NaCl-induced hypertension in intact and ovariectomized (OVX) female rats and whether female sex hormone
status has influence on the effects of AT2-R activation. DOCA/NaCl elicited a greater increase in blood pressure in OVX females
than that in intact females. Central infusion of compound 21, a specific AT2-R agonist, abolished DOCA/NaCl pressor effect
in intact females, whereas same treatment in OVX females produced an inhibitory effect. Real-time RT-PCR analysis revealed
that DOCA/NaCl enhanced the mRNA expression of hypertensive components including AT1-R, ACE-1, and TNF-𝛼 in the
paraventricular nucleus of hypothalamus in both intact and OVX females. However, the mRNA expressions of antihypertensive
components such as AT2-R, ACE-2, and IL-10 were increased only in intact females. Central AT2-R agonist reversed the changes
in the hypertensive components in all females, while this agonist further upregulated the expression of ACE2 and IL-10 in
intact females, but only IL-10 in OVX females. These results indicate that brain AT2-R activation plays an inhibitory role in the
development of DOCA/NaCl-induced hypertension in females. This beneficial effect of AT2-R activation involves regulation of
renin-angiotensin system and proinflammatory cytokines.

1. Introduction

It has been well documented that activation of angiotensin
II type 2 receptor (AT2-R) plays a critical role in antago-
nizing AT1-R overactivity, particularly during pathological
conditions [1–3]. Most of early studies looking at short-
term or long-term effects of AT2-R revealed that peripheral
AT2-R activation did not have an antihypertensive effect but
enhanced tissue protection in various hypertensive models
[1, 2]. However, recent studies implicated that AT2-R in the
central nervous system (CNS)may exert more critical actions
on blood pressure (BP) regulation [4]. AT2-R has been shown
to reside or be in close proximity to CNS nuclei involved in
cardiovascular regulation, including the solitary tract nucleus
(NTS), rostral ventrolateral medulla (RVLM), subfornical
organ (SFO), and paraventricular nucleus of hypothalamus

(PVN) [5, 6]. In particular, within the PVN, the AT2-R-
containing neuron fibres and terminals appear to synapse
onto preautonomic neuron cell bodies, suggesting that AT2-
R can influence sympathetic outflow and BP through these
connections [6]. Central blockade of AT2-R in normal male
animals attenuates baroreflex control of renal sympathetic
nerve activity (RSNA) and heart rate (HR) [7]. In contrast,
central activation of AT2-R by intracerebroventricular (icv)
infusion of Compound 21 (C21), the first selective nonpeptide
AT2-R agonist, or AT2-R overexpression in the RVLM of
heart failure animals leads to sympathoinhibition [8, 9],
which is accompanied with upregulation of neuronal nitric
oxide synthase and downregulation of AT1-R in the several
nuclei involved in regulation of BP and sympathetic activity
including the PVN [9]. Moreover, central administration of
C21 lowered BP and plasma norepinephrine levels in both
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spontaneous hypertensive (SHR) and WKY male rats. These
effects were abolished by coadministration of the AT2-R
antagonist PD123319 or the nitric oxide synthase inhibitor
N𝜔-nitro-L-arginine methyl ester (L-NAME) hydrochloride
[10].These results indicate that central AT2-R plays an impor-
tant role in regulation of BP and sympathetic activity in both
physiological and pathophysiological states. However, the
precise mechanisms underlying the antihypertensive effect of
central AT2-R activation remain unclear.

Accumulating evidence indicates that the expression and
function of the AT2-R are sexually different. Female sex
hormones, especially estrogen, increase the expression of the
AT2-R but inhibit the AT1-R expression [11–14]. A series of
studies fromDenton and colleagues have shown that chronic
infusion of a low dose of angiotensin (ANG) II results in an
increase in BP in male rats but a decrease in BP in female rats
[15].This depressor effect of ANG II in females is via an AT2-
R-mediated and an estrogen-dependent mechanism [15].
Moreover, the AT2-R mediates the normal midgestational
decrease in BP and contributes to BP regulation during
late gestation [16]. These findings suggest that the BP is
differentially regulated by the AT2-R in females as compared
with males and support an enhanced role for AT2-R in
regulating BP in females. However, these studies focused on
the regulating effects of AT2-R in peripheral cardiovascular
tissues such as kidney and vasculature. There are few animal
studies evaluating the effects of central AT2-R activation on
BP regulation in female rats and the influence of female sex
hormone status on the effects of central AT2-R activation.

Downregulation of renin-angiotensin system (RAS)
hypertensive components, upregulation of RAS antihyper-
tensive components, and anti-inflammation have been
shown to be important features of the AT2-R underlying
improved outcome in experimental disease models [16–
23]. Our previous study has demonstrated that central
blockade of AT2-R augments deoxycorticosterone acetate
(DOCA)/NaCl-induced pressor effect in females through
modulating expression of RAS components and proin-
flammatory cytokines in the PVN [24]. In the present
study, we investigated whether central activation of AT2-R
by icv infusion of C21 attenuates DOCA/NaCl-induced
hypertension in female rats and whether female sex hormone
status has influence on the effects of AT2-R activation. To
do so, we employed in vivo telemetric recording of BP and
real-time quantitative reverse transcription polymerase chain
reaction (RT-PCR) assessing mRNA expression of several
RAS components and proinflammatory cytokines in the
PVN to determine the effects of central activation of AT2-R
on the development of DOCA/salt-induced hypertension in
intact and ovariectomized (OVX) female rats.

2. Methods

2.1. Animals. Thirty-six female rats (Wistar, 10–12wk old)
were purchased from Beijing Laboratory Animal Research
Center (Beijing, China) and were maintained at an ani-
mal facility under barrier-sustained conditions with 12 h
light/dark cycle at standard conditions (temperature: 23±2∘C,

relative humidity: 40%–80%) and free access to standard
rat chow ad libitum. All animal procedures were reviewed
and approved by the China Medical University and the
Hebei North University Institutional Animal Care and Use
Committee conforming to US National Institutes of Health
guidelines.

The female rats were prepared with a lateral ventricular
cannula, osmotic minipumps, and DOCA pellet for intrac-
erebroventricular (icv) and subcutaneous drug infusions
and with telemetry probes for continuous BP recording, as
previously described [24].Water was also changed to 1%NaCl
as the sole drinking fluid. 1% NaCl intakes were measured
daily. Thus, the primary study groups (𝑛 = 6/group) were the
following: (1) intact female icv C21 (0.25𝜇g/h, SPS Alfachem)
+ 1% NaCl; (2) intact female icv vehicle (V) + DOCA/NaCl;
(3) intact female icv C21 + DOCA/NaCl; (4) OVX female icv
C21 (0.25 𝜇g/h) + 1% NaCl; (5) OVX female icv vehicle (V) +
DOCA/NaCl; and (6) OVX female icv C21 + DOCA/NaCl.

Animals assigned to DOCA treatment were subcuta-
neously implanted with a DOCA pellet (150mg/kg, Sigma-
Aldrich, USA). After the physiological studies were fin-
ished, brains were taken and PVN tissue was collected by
micropunching for determining mRNA expression of RAS
components and proinflammatory cytokines.

2.2. Ovariectomy. Ten days before implantation of telemetry
probes, bilateral ovariectomy was performed in female rats
anesthetized with pentobarbital sodium (1%, 50mg/kg). A
single 2-3 cm dorsal midline incision was made in the skin
and underlying muscles. The ovaries were isolated, tied-off
with sterile suture, and removed, and the incisions were
closed.

2.3. Telemetry Probe Implantation. Under anesthetization
with pentobarbital sodium (1%, 50mg/kg), rats were
implanted with telemetry transmitters (TA11-PA40, DSI)
through the femoral artery for continuous monitoring of BP
and HR.

2.4. Chronic Icv Cannula, Osmotic Pump, and DOCA Pellet
Implantation. DOCApellets weremade bymixing 30–40mg
DOCA (adjusted by animal body weight) into 1mL of
silicone (Sylgard 184 silicone elastomer base; Dow Corning,
Midland, MI). Once the DOCA was homogenously mixed
into the silicone, silicone elastomer curing agent (0.2mL)was
added. The DOCA implants were allowed to cure at room
temperature for 24 hours and were then stored at 4∘C until
implantation.

After baseline BP and HR recordings were made, the rats
were again anesthetized with pentobarbital sodium, and the
icv cannula with an osmotic pump (model 2004, 0.25 𝜇L/h
for 4 weeks, ALZET Brain Infusion Kits, Alzet Co.) was
implanted into the right lateral ventricle (the coordinates
1.0mm caudal, 1.5mm lateral to bregma, and 4.5mm below
the skull surface) for chronic infusion of vehicle or C21 for
4 weeks. At the same time, a pellet of DOCA (150mg/kg)
was implanted subcutaneously in the back and tap water was
changed to 1% NaCl.



Oxidative Medicine and Cellular Longevity 3

Table 1: Sequences for primers.

Gene Gene ID Primers Sequences

AT1-R NM 030985 Forward 5
-CTCAAGCCTGTCTACGAAAATGAG-3

Reverse 5
-GTGAATGGTCCTTTGGTCGT-3

AT2-R NM 012494 Forward 5
-TGCTGTTGTGTTGGCATTCA-3

Reverse 5
-ATCCAAGAAGGTCAGAACATGGA-3

ACE-1 NM 012544 Forward 5
-TTTGCTACACAAATGGCACTTGT-3

Reverse 5
-CGGGACGTGGCCATTATATT-3

ACE-2 NM 001012006 Forward 5
-TTGAACCAGGATTGGACGAAA-3

Reverse 5
-GCCCAGAGCCTACGATTGTAGT-3

TNF-𝛼 NM 013693 Forward 5
-GCATGATCCGCGACGTGGAA-3

Reverse 5
-AGATCCATGCCGTTGGCCAG-3

IL-10 NM 012854 Forward 5
-GTTGCCAAGCCTTGTCAGAAA-3

Reverse 5
-TTTCTGGGCCATGGTTCTCT-3

GAPDH NM 017008 Forward 5
-GCCAAAAGGGTCATCATCTC-3

Reverse 5
-GGCCATCCACAGTCTTCT-3

AT-R, angiotensin receptor; ACE, angiotensin converting enzyme; TNF-𝛼, tumor necrosis factor-𝛼; IL-10, interleukin-10.

2.5. Real-Time RT-PCR Analysis. At the end of experiments,
the animals were euthanized with an overdose of pentobar-
bital. The brain was removed and quickly frozen on dry ice.
Six serial coronal sections (100𝜇m) were cut through the
hypothalamus at the level of the PVN using a cryostat and
the PVN region was punched using a blunt 18-gauge needle
as previously described [25].

The total RNA was extracted using RNeasy Mini Kit
(Qiagen, Valencia, CA, USA) and reverse transcribed into
cDNA. mRNA levels for RAS components [AT1-R, AT2-
R, angiotensin-converting enzyme- (ACE-) 1, and ACE-2],
inflammatory cytokines [tumor necrosis factor- (TNF-)𝛼 and
interleukin- (IL-)10], and GAPDH were analyzed with SYRB
Green real-time PCR.The sequences for the primers are sum-
marized in Table 1. Real-time RT-PCR was performed with
the ABI prism 7300 Sequence Detection System (Applied
Biosystems, Carlsbad, CA). The values were corrected by
GAPDH and the final concentration ofmRNAwas calculated
using the formula 𝑥 = 2−ΔΔCt, where 𝑥 is fold difference
relative to control.

2.6. Data Analysis. MAP andHR are presented asmean daily
values. Differences for mean arterial pressure (MAP) and HR
were calculated for each animal based on the mean of the 3-
day baseline subtracted from the mean of the final 5 days of
treatment. Two-way ANOVA analysis for the experimental
groups was then conducted on the means of calculated
differences. After establishing a significant ANOVA, post hoc
analyses were performed with Tukey multiple comparison
tests between pairs of mean changes. The same statistical
methods were used to analyze the changes in HR, 1%
NaCl intake, and differences in mRNA expression of the
RAS components and cytokines in the PVN. All data are
expressed as means ± SE. Statistical significance was set at
𝑃 < 0.05.

3. Results

3.1. Effect of Icv C21 on DOCA/NaCl-Induced Hypertension in
Intact Female Rats. Icv infusion of C21 plus 1% NaCl had no
effects on basal MAP (100.9 ± 1.5mmHg) and HR (385.6 ±
7.9 beats/min) in intact female rats. DOCA/salt treatment
elicited significant increases in MAP in intact females (Δ12.1
± 1.5mmHg, 𝑃 < 0.05). Icv infusion of C21 abolished this
pressor effect induced by DOCA/NaCl (Δ4.0 ± 1.9mmHg,
𝑃 < 0.05, Figures 1(a) and 3(a)). In contrast, systemic DOCA
infusion resulted in significant, comparable decrease in HR
(Figures 1(b) and 3(b),𝑃 > 0.05) in all groupswhen compared
to intact females receiving C21 plus 1% NaCl.

3.2. Effect of Icv C21 on DOCA/NaCl-Induced Hypertension
in OVX Female Rats. OVX elicited a slight, but significant,
increase in baseline MAP (105.8 ± 1.9mmHg) but decrease
in baseline HR (356.8 ± 8.1 beats/min) when compared with
intact females (𝑃 < 0.05). Icv infusion of C21 plus 1% NaCl
had no effects on these basal MAP and HR in OVX females.
After 4 weeks of DOCA/salt treatment, MAPwas remarkably
elevated (Δ23.8 ± 2.9mmHg, 𝑃 < 0.05 versus baseline
and intact female group with icv vehicle plus systemic
DOCA). Icv infusion of C21 for 4 weeks also attenuated the
DOCA/NaCl pressor effect (Δ11.6 ± 1.6mmHg, 𝑃 < 0.05,
Figures 2(a) and 3(a)). Systemic DOCA infusions produced
significant, comparable decrease in HR in all groups (Figures
2(b) and 3(b)).

3.3. Effect of DOCA Infusion on 1%NaCl Intake. Therewas no
difference in 1% NaCl intake between intact and OVX female
rats when given icv infusions of C21 alone. Systemic infusion
of DOCA produced a significant, but comparable, increase in
1% NaCl intake in all groups of rats (Figure 4).

3.4. Effect of Icv C21 on mRNA Expression of RAS Components
and Inflammatory Cytokines in the PVN. In PVN tissue
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Figure 1: The effect of central infusion of AT2-R agonist, Compound 21 (C21), on DOCA/NaCl-induced increase in blood pressure in intact
female rats. Daily mean arterial pressure (MAP) (a) and heart rate (HR) (b) before and during DOCA/NaCl treatment in intact females with
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infusion of C21.
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Figure 2: The effect of central infusion of AT2-R agonist, C21, on DOCA/NaCl-induced hypertension in ovariectomized (OVX) rats. Daily
mean arterial pressure (MAP) (a) and heart rate (HR) (b) before and during DOCA/NaCl treatment in OVX females with or without central
infusion of C21. 𝑛 = 6 per group; ∗𝑃 < 0.05 compared to baseline or central infusion of C21 alone; #𝑃 < 0.05 compared to OVX females with
central C21 plus DOCA/NaCl.

collected from intact females, DOCA/NaCl upregulated the
mRNA expression of both hypertensive components (AT1-R,
ACE1, and TNF-𝛼) and antihypertensive components (AT2-
R, ACE2, and IL-10) within RAS and inflammatory cytokines
when compared with controls (𝑃 < 0.05). Central infusion
of C21 reversed the changes in mRNA expression of AT1-
R, ACE1, and TNF-𝛼. In contrast, the mRNA expressions of
ACE2 and IL-10 were further increased (𝑃 < 0.05, Figure 5)
while the mRNA expression of AT2-R remained higher.

Ovariectomy alone had no effect on the mRNA expres-
sion of RAS components and inflammatory cytokines in the
PVN. In these OVX females, DOCA infusion resulted in
a significant increase in the mRNA expression of AT1-R,
ACE1, and TNF-𝛼 in the PVN (𝑃 < 0.05, Figure 5) while
the expressions of AT2-R, ACE2, and IL-10 were not altered.
Central infusion of C21 reduced these increased expressions
of AT1-R, ACE1, and TNF-𝛼 while IL-10 expression was

elevated during DOCA infusion (𝑃 < 0.05, Figure 5). The
mRNA expression of ACE2 andAT2-R remained unchanged.

4. Discussion

The major findings of the present study are as follows: (1)
central activation of AT2-R abolished DOCA/NaCl pressor
effect in intact females, whereas same treatment in OVX
females produced an inhibitory effect; (2) DOCA/NaCl
treatment resulted in a greater increase in BP in OVX
females, which was accompanied with increased mRNA
expression of AT1-R, ACE1, and TNF-𝛼, but with no altered
expression of AT2-R, ACE2, and IL-10 in the PVN when
compared to intact females; these changes in gene expression
may be responsible for the augmentation of pressor effects
induced by DOCA/NaCl in OVX females; and (3) central
infusion of AT2-R agonist C21 reversed the changes in the



Oxidative Medicine and Cellular Longevity 5

0

5

10

15

20

25

30

Intact female icv C21+1% NaCl
Intact female icv V+DOCA/NaCl
Intact female icv C21+DOCA/NaCl
OVX female icv C21+1% NaCl
OVX female icv V +DOCA/NaCl
OVX female icv C21+DOCA/NaCl

Δ
M

A
P 

(m
m

H
g)

∗#

∗

∗

#§

(a)

0

∗
∗

∗

∗

−10

−20

−30

−40

−50

−60

Δ
H

R 
(b

ea
ts/

m
in

)

Intact female icv C21+1% NaCl
Intact female icv V+DOCA/NaCl
Intact female icv C21+DOCA/NaCl
OVX female icv C21+1% NaCl
OVX female icv V +DOCA/NaCl
OVX female icv C21+DOCA/NaCl

(b)
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hypertensive components in all females, while this agonist
further upregulated the expression of ACE2 and IL-10 in
intact females, but only IL-10 in OVX females, suggesting
different mechanism involving the AT2-R regulation of anti-
hypertensive components of the RAS between intact and
OVX females. These results indicate that activation of AT2-
R in the CNS plays an inhibitory role in the development
of DOCA/salt-induced hypertension in females and that this
antihypertensive effect involves regulation of the RAS and
proinflammatory cytokines.

Whether AT2-R activation alone is sufficient to lower BP
has been debated. Some studies showed the antihypertensive
effect of systemic AT2-R activation only in the presence
of AT1-R blockers or ACE inhibitors [1, 2], whereas others
demonstrated a direct depressor effect of systemic AT2-R
activation [20, 23]. Hussain and colleagues reported that oral
administration of C21 prevents salt-sensitive hypertension in
obese Zucker rats and that this protective effect of C21 is
associated with activation of renal AT2-R and improvement
of renal function [23]. However, Hilliard et al. did not
observe an antihypertensive effect of AT2-R activation in
male SHRs [26]. Recent studies revealed that activation of
AT2-R locally within the brain, without manipulating AT1-
R or ACE activity, results in a BP lowering effect. Gao and
colleagues reported that there is robust expression of AT2-
R in the brain and that central overexpression or activation
of AT2-R by C21 reduces sympathetic outflow and BP in
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Figure 5: mRNA levels for renin-angiotensin system components (AT1-R and AT2-R (a); ACE1 and ACE2 (b)) and inflammatory cytokines
(TNF-𝛼 and IL-10 (c)) in the PVN in each group of females with or without central infusion of C21 during DOCA/NaCl treatment. Values
are mean ± SEM and expressed as a fold change relative to corresponding control (intact females). 𝑛 = 6 per group; ∗𝑃 < 0.05 compared to
control intact females; #𝑃 < 0.05 compared to intact and OVX females with central vehicle plus systemic DOCA/NaCl. †𝑃 < 0.05 compared
to intact females with central vehicle plus systemic DOCA/NaCl.

male rats [5, 6, 8, 9]. Brouwers and colleagues also demon-
strated central administration of C21 lowered BP and plasma
norepinephrine levels in both spontaneous hypertensive and
WKY male rats [10]. These results suggest that central AT2-
R negatively regulates neuronal function and cardiovascular
activity, thereby reducing BP.

In human and animal hypertensive models, sex differ-
ences in the regulation of BP have been established, possibly
through differences in the function of the RAS and in
response to stimulation and inhibition of RAS betweenmales

and females. Accumulating evidence shows that the expres-
sion and function of the AT2-R are enhanced in females [11–
13], suggesting that the activation of AT2-R in females may
play a more potentiated role. In the female rats, the elevated
BP induced by systemic ANG II infusion was markedly
reduced when C21 was concomitantly infused intrarenally
[27]. Hilliard et al. reported that AT2-R stimulation increases
renal function in female, but not in male SHR rats [26]. Our
previous studies also showed that central blockade of AT2-
R augmented increase in the BP induced by DOCA/NaCl in



Oxidative Medicine and Cellular Longevity 7

female while the same treatment had no effect in male rats,
suggesting that central AT2-R in females plays an enhanced
protective role [24]. The present study extends our previous
work by showing that icv infusion of AT2-R agonist abolished
and inhibited DOCA/NaCl pressor effect in intact and OVX
females, respectively.This study provides direct evidence that
activation of central AT2-R is also sufficient to reduce the
increase in BP induced by DOCA/NaCl in females.

Within the RAS, ACE1/ANG II/AT1-R has been consid-
ered as a hypertensive axis while ACE2/ANG-(1–7)/Mas-R
and ANG II/AT2-R have been viewed as an antihypertensive
axis [28]. Likewise, the proinflammatory cytokines such as
TNF-𝛼 are involved in the development and the maintenance
of hypertension. In contrast, IL-10 plays a protective role
against hypertension [29–31]. It has been established that
female sex hormones play a critical role in regulating the
expression of the RAS and cytokines, with downregulation
of hypertensive components including AT1-R, ACE1, and
TNF-𝛼 and upregulation of antihypertensive components
including AT2-R, ACE2, and IL-10 [11, 16, 17]. In the present
study, we found that DOCA/NaCl treatment upregulated
expression of AT1-R, ACE1, and TNF-𝛼 in the PVN in both
intact andOVX females, while themRNA expression of AT2-
R, ACE2, and IL-10 was upregulated only in intact females,
but not in OVX females. Given the counterregulatory effects
of the AT2-R, ACE2, and IL-10 on AT1-R, ACE1, and TNF-𝛼
overactivity, these results implicate that increased expression
of AT2-R, ACE2, and IL-10 may play a protective role in the
development of hypertension in intact females. The results
also suggest that the female sex hormone status makes a
different way in the RAS and cytokines where intact female
and OVX female respond to physiological and pathophys-
iological stimulations, and female sex hormones shift the
balance of the RAS and proinflammatory cytokines to favor
the antihypertensive elements.

It has been shown that AT2-R is expressed to a greater
extent in the kidney and vasculature of female rats and
mice when compared to respective males [32]. In the CNS,
Rodriguez-Perez and colleagues reported that the basal
mRNA and protein expressions of AT2-R in the substantia
nigra were higher in females with high level of estrogen
during estrous cycle than in males. Estrogen replacement
reversed ovariectomy-induced decrease in AT2-R expression
in same nucleus [12, 13]. Our previous and current study
showed only a slight, but not significant increase in AT2-
R expression in the PVN of female rats when compared to
male rats [24]. However, after DOCA/NaCl treatment, AT2-
R expression in the PVN was significantly increased in intact
females, but not inmales andOVX females.These results sug-
gest that female sex hormone status has an influence on the
expression of AT2-R, especially under the pathophysiological
condition, and thatAT2-Rplays a role in opposing the pressor
actions induced by hypertensive component activation in
females via an estrogen-dependent mechanism.

Accumulating evidence demonstrates that long-term
AT2-R activation increases kidney ACE2 expression and
activity, the Mas receptor (MasR), and its ligand ANG-(1–
7) as well as IL-10 level but attenuates AT1-R and TNF-
𝛼 expression in obese Zucker rats. Conversely, blockade of

AT2-R by PD123,319 reversed the changes of these genes or
agents [18–20, 23]. In in vitro studies, AT2-R stimulation
exerts an anti-inflammatory action in renal epithelial cells,
THP-1 macrophages, and humanmonocytic cells via reduced
TNF-𝛼 and enhanced IL-10 production. IL-10 was critical for
the anti-inflammatory effects of AT2-R stimulation because
the IL-10-neutralizing antibody dose-dependently abolished
the AT2R-mediated decrease in TNF-𝛼 level [19, 21, 22]. In
the present study, we found that, in both intact and OVX
female rats, central activation of AT2 not only downreg-
ulated expression of AT1-R, ACE1, and TNF-𝛼, but also
upregulated expression of IL-10 in the PVN. The changes
in these gene expressions may be responsible for the AT2-R
attenuation of DOCA/NaCl-induced hypertension in female
rats, independent of female sex hormone status. Moreover,
we found that central AT2-R activation further upregulated
the expression of ACE2 while the AT2-R was kept higher
in intact females, but not in OVX females, suggesting that
female sex hormones are involved in the AT2-R regulation
of antihypertensive components of the RAS and that the
protective role of ACE2 was lost in the OVX females. These
may be the explanations for the blocking effect of AT2-R
activation on DOCA/NaCl-induced increase in BP in intact
females and for only attenuating effect of AT2-R activation in
the OVX females.

In addition, although OVX female rats showed a greater
increase in BP response to DOCA than intact female rats,
and central AT2-R activation altered the BP responses to
DOCA infusion in all female rats in the present studies,
saline intakes and decreases in HR in all groups were similar
regardless of female sex hormone status or treatment condi-
tion. Thus, the differences in DOCA-induced hypertension
between intact and OVX females and the effects of central
AT2-R activation on DOCA-induced hypertension in the
present study are unlikely to be due to saline intakes and
HR changes, which is consistent with the previous studies
[33].

It should be noted that there are several limitations in
the present study. The present study determined the mRNA
expression in a single cardiovascular autonomic nucleus,
the PVN, after central C21 and DOCA/NaCl treatment.
However, the protective role of central AT2-R activation in
the development of DOCA-induced hypertension cannot be
attributed solely to the changes in gene expression in the
PVN. The central AT2-R activation-induced alterations of
gene expression in other cardiovascular regulatory centers
such as the nucleus of solitary tract, a nucleus with robust
expression of AT2-R [6],may also contribute to the protective
role of AT2-R activation in DOCA-induced hypertension. In
addition, the possibility cannot be ruled out that the changes
in BP produced by DOCA/NaCl and C21 treatment have
an influence on the expression of the RAS components and
proinflammatory cytokines in the PVN, and the studies on
the time sequence of changes in mRNA expression in the
PVN relative to the pressor response should be performed in
the future.

Taken together, female sex hormone status has an influ-
ence on mRNA expression of central AT2-R and its regu-
lation of antihypertensive components of the RAS such as
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ACE2 expression. Nonetheless, central activation of AT2-
R inhibited hypertensive components and enhanced anti-
hypertensive components in the brain nucleus involved in
regulation of cardiovascular function, thereby decreasing the
BP induced by DOCA/NaCl in both intact and OVX females.
The present study extends the previous studies focusing on
the effect of AT2-R in peripheral tissues and provides a new
centralmechanism responsible for the antihypertensive effect
of AT2-R activation in females.
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Hypoxia-ischemia- (HI-) induced oxidative stress plays a role in secondary pathocellular processes of acute spinal cord injury (SCI)
due to HI from many kinds of mechanical trauma. Increasing evidence suggests that the histone deacetylase-6 (HDAC6) plays an
important role in cell homeostasis in both physiological and abnormal, stressful, pathological conditions. This paper found that
inhibition of HDAC6 accelerated reactive oxygen species (ROS) generation and cell apoptosis in response to the HI. Deficiency of
HDAC6 hindered the chaperone-mediated autophagy (CMA) activity to resistance of HI-induced oxidative stress. Furthermore,
this study provided the experimental evidence for the potential role of HDAC6 in the regulation of CMA by affecting HSP90
acetylation. Therefore, HDAC6 plays an important role in the function of CMA pathway under the HI stress induced by SCI and it
may be a potential therapeutic target in acute SCI model.

1. Introduction

Spinal cord injury (SCI) is a kind of serious and debilitating
disease.Themain clinicalmanifestations of SCI are neurolog-
ical dysfunction at and/or below the level of the injury [1].The
disability and lethal rate of this disease are extremely high and
at present there is no effective treatment to it [1]. Although the
underlying pathocellular processes of SCI remain uncertain,
secondary damage following primary SCI extends pathology
beyond the site of initial trauma, characterized by neurons
inflammation, demyelination, and axonal degeneration, and
various degrees of oligodendrocyte and neuronal cell death
[2]. Consequently, defining the mechanism of secondary
damage will be important to understand neurodegenerative
disorders and find the best therapeutic procedures.

Hypoxia-ischemia (HI) of the cord, resulting from var-
ious mechanical trauma, has been reported to induce the
formation of active oxygen and free radicals (reactive oxygen
species, ROS) which can bring irreversible secondary lesion

[3, 4]. In another word, SCI is considered to be related to a
vulnerability of spinal somatic and motor neurons to HI as
well as the involvement of ROS [5]. However, themechanisms
underlying this vulnerability are not fully understood.

Several reports have described that autophagy occurred
in SCI [6, 7]. Three different types of autophagy have been
described in mammalian cells; chaperone-mediated auto-
phagy (CMA) is one type of autophagy that was involved in
resisting the ROS-inducedmotoneuronal death during spinal
cord development [8, 9].

In addition, the recent evidence directly supports that the
knockdown of histone deacetylase-6 (HDAC6) triggered a
significant generation of ROS and disruption of mitochon-
drial membrane potential (MMP) [10]. Several investigations
have demonstrated that targetingHDAC6 activity can protect
neurons and glia and improve outcomes in CNS injury and
disease models [11–13]. However, the role of HDAC6 in acute
SCI remains unclear.
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2. Materials and Methods

2.1. Animals and Surgical Procedures. A total of 30 adult
female C57BL/6J mice (10–12 weeks old; Laboratory Ani-
mals Center of the Medical College of Soochow University,
Suzhou, China) were used in this study. Each experimental
group includes at least 5mice. Every cage housed three or four
mice and the temperature was kept at 24∘C. All of the animals
easily get enough water and food before and after surgery.

The mice were anesthetized with 1.25% halothane in an
oxygen/nitrous oxide (30/70%) gas mixture. During surgery
the rectal temperature was monitored and maintained at 37.0
± 0.5∘C by a heating pad. A sterile manner was used to
preserve the skin above the thoracic vertebrae and 15mm
midline skin incision was made. Then the laminae of T7–
9 were exposed, and the laminectomy was performed at
T8 till the dura mater emerged. With a sharp scalpel, the
spinal cord was hemitransected on the right side only [14].
Finally, the muscles and skin were closed in layers. The
mice with compromised bladder function (a rare compli-
cation) received manual bladder expression twice a day
until establishing reflex bladder emptying. The same surgical
procedures were performed to the sham operated animals,
but without the hemisection to the spinal cord. All surgical
and animal handling procedures were performed following
the guidelines of theNational Institutes of Health for the Care
of Animals, approved by the Experimental Animal Center,
Soochow University, Suzhou, China.

2.2. Cell Culture and Treatments. The rat pheochromocy-
toma (PC12) cell line was provided by Shanghai Institute
of Cell Biology, Chinese Academy of Sciences. Cells were
maintained in complete Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with 10% fetal bovine serum (FBS)
and 1%penicillin/streptomycin. In order to simulate hypoxia-
ischemia (HI) condition, the cultures were transferred to a
serum-free medium (only DMEM) preequilibrated with 95%
N
2
and 5%CO

2
.Then the cells were incubated in themedium

and placed in the incubator equipped with 3% O
2
.

2.3. Transient Transfection with HDAC6 siRNA. Three inter-
ference sequences were designed and tested for HDAC6
silencing by Shanghai Zimmer. Silencing efficiency of two
interference sequences was more than 70%. The two inter-
ference sequences were chosen for further experimentation
based on their ability to block HDAC6 expression. The PC12
cells were transiently transfected with HDAC6 siRNA or
control sequence using Lipofectamine 2000 (Invitrogen) in
accordancewith themanufacturer’s instructions. At 24 h after
transfection, cells were subjected toWestern blotting analysis.
And GFP immunofluorescence was also assessed with an
inverted fluorescence microscope. 48 h later, the cells with
the greatest reduction of HDAC6 expression were used for
further studies. Specificmethodswere showed in the previous
publication [15].

2.4. Histological Assessments. 100mg/kg sodium pentobarbi-
tal was injected to the mice by abdominal cavity at 24 h after

the operation. The normal saline was overdosed to the mice
by transcardial perfusion, followed by 4% paraformaldehyde
in 0.1M PBS, pH 7.4. Before the immunohistochemical stain-
ing, the spinal cord segments containing the injured center
were collected, postfixed in the same fixative overnight at 4∘C,
and embedded in paraffin [14]. Serial 1 cm segment of spinal
cord including the injury sites was dissected and sectioned
longitudinally in the horizontal plane or transversely at 5𝜇m
thickness on the slides. The sections were used for immuno-
histochemical and TUNEL staining. TUNEL staining was
used to observe neuronal apoptosis, and SP staining was used
to observe the HDAC6 expression in the neuron. Then the
positive expression units were semiquantitatively analyzed
using the Image-pro plus software which used surface density
and optical density [16].

2.5. Western Blotting Analysis. Briefly, a 10mm spinal cord
segment containing the injury centerwas removed for protein
extraction 24 h following SCI. After each indicated treatment,
equal amounts of protein from the cell or tissue extracts were
mixedwith sodiumdodecyl sulphate polyacrylamide gel elec-
trophoresis (SDS-PAGE) sample buffer and boiled for 8min.
Equal amounts of proteins (15 𝜇g) were loaded and separated
by SDS-PAGE in Tris-glycine running buffer. After that,
proteins were transferred onto a polyvinylidene difluoride
membrane (Millipore, Bedford, MA, USA) and blocked with
5% nonfat milk in Tris-buffered saline for 30min. The mem-
branes were then incubated with anti-HDAC6 (1 : 100; Biovi-
sion), anti-LAMP-2a (1 : 1000; Abcam), anti-HSP90 (1 : 1000;
Abcam), anti-HSC70 (1 : 1000; Abcam), and anti-HIF-1-alpha
antibody (1 : 500; Abcam) at 4∘C overnight. After washing in
Tris-buffered saline containing 0.1% Tween 20 (TBST) for
3 times, the membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies (Vector Labora-
tories, Burlingame, CA) in TBST containing 3% nonfat dry
milk for 2 h. Immunoreactivity was detected with enhanced
chemiluminescence autoradiography (ECL kit, Amersham,
Arlington Heights, IL). The densitometry of the bands was
quantitatively analyzedwith Sigma Scan Pro 5 software (NIH,
Bethesda, MD, USA). Independent experiments were carried
out in triplicate. 𝛽-actin was used as protein loading control.
Repeat 3 times.

2.6. Immunoprecipitations. At the end of treatment, the
culture media were aspirated and the cells were washed once
with ice-cold PBS. The cells were then lysed with lysis buffer
containing 20mM Tris (pH 7.5), 150mMNaCl, 1% Triton X-
100, and sodium pyrophosphate, 𝛽-glycerophosphate, EDTA,
Na
3
VO
4
, leupeptin, and other protease inhibitors (Sigma-

Aldrich). Protein samples per 100 𝜇g were added with 4 𝜇L
anti-HSP90 antibody (Abcam, Cambridge, UK) and shaked
at 4∘C overnight. 40 𝜇L Protein A Agarose (Sigma Chemical
Company) was added and incubated for 3 h at 4∘C and then
centrifuged at 1000 g for 5min. After that, the supernatant
was discarded and the pellet was washed 3 times with PBS.
Thereafter, the precipitates were resuspended with 40𝜇L 1x
sample buffer and heated at 96∘C for 5min.The samples were
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centrifuged for 5 s and the supernatants were collected for
Western blotting.

2.7. Intracellular ROS Determination. Reactive Oxygen Spe-
cies Assay Kit was obtained from Sigma Chemical Com-
pany (D6883, USA). Intracellular ROS was measured using
the nonfluorescent probe 2,7-dichlorofluorescein diacetate
(DCFH-DA). PC12/siRNA PC12 cells were plated at a density
of 1 × 105/well in 6-well plates. One day after plating, the cells
were treated with serum-free and hypoxia (3% O

2
) for 24 h.

For specific method, refer to the previous publication [17].
After DCFH-DA treatment, the cells were washed with cold
phosphate-buffered saline (PBS), collected, and subjected
immediately to flow cytometry (Becton Dickinson FACSCal-
ibur) analysis of DCF fluorescence at excitationwavelength of
488 nm and emission wavelength of 610 nm.The fluorescence
was expressed as a percentage of total area. This process was
repeated 3 times.

2.8. ELISA. ELISA kits for rat RNase A were obtained from
Antibodies Company (ABIN431684, Aachen, Germany).
Cells were collected after treatment, then immunoprecipita-
tion of RNase A from cells as themanufacturer’s instructions.
Briefly, the supernatants were mixed with anti-RNase A
antibody (1 : 5000; Rockland, PA, USA) and incubated with
Protein A Agarose beads. After appropriate washing, aspirate
last wash and proceed as all ELISA methods. The fluorescent
properties of each sample and appropriate standards were
measured using a Microplate Reader, read absorbance at
450 nm. The data were linearized by plotting the log of the
RNase-A concentrations versus the log of theOD and the best
fit line was determined by curve expert 13.0.This process was
repeated 3 times.

2.9. ImmunofluorescenceMicroscopy. The cells were collected
and washed by PBS for 3 × 5min, followed by being fixed
for 20min in PBS containing 4% paraformaldehyde (pH 7.4).
After that, the cells were washed in PBS for 4 × 5min and
blocked in PBS containing 1% normal bovine serum albumin
and 0.1% Triton-X-100 for 10min at room temperature. Then
we exposed the cells to anti-LAMP-2a (1 : 200; Abcam), anti-
LAMP-1 (1 : 200; Abcam), or anti-HDAC6 (1 : 250; Abcam)
antibody at 4∘C overnight. Cultures were subsequently
washed and incubated with mixture secondary antibody at
37∘C for 1 h and then rinsed several times and incubated again
with 10mg/mL 4-6-diamidino-2-phenylindole (DAPI; Serva,
Heidelberg, Germany) for 10min at room temperature. At
last, cultures were mounted on glass slides with Vectashield
mountingmedium (Vector Lab) and analyzedwith a confocal
microscope (LEICA TCS SP5II, Germany). Images were
digitally analyzed by Leica microsystem software to quantify
the fluorescence intensity of cells. From each group, 5 pieces
of coverslips including at least 60 cells were analyzed.

2.10. Cells Apoptosis Analysis. Apoptosis was measured by
flow cytometry to detect annexin V staining and propidium
iodide uptake (Invitrogen Detection Technology, Eugene,

OR) as described previously [15]. Three independent exper-
iments were performed to determine the standard deviation.

2.11. Transmission ElectronMicroscopy. After each treatment,
cells were harvested and viewed under a transmission elec-
tron microscope (JEM-1011, Japan). Specific methods were
showed in the previous publication [15].

2.12. Statistical Analysis. All experiments were performed for
at least three sets of independent experiments. The data are
presented as mean ± SEM. Two group comparisons were
performedusing Student’s 𝑡-test.Multiple group comparisons
were performed using one-way analysis of variance and
Fisher’s least significant difference. A 𝑃 value of less than 0.05
was set as statistically significant.

3. Results

3.1. The Spinal Cord Injury Activates the HDAC6 and CMA.
In order to confirm the role of HDAC6 and CMA in acute
SCI, a spinal cord hemitransected model in mice was set up.
As indicated in Figure 1(a), after acute SCI for 24 h, HDAC6
protein expression in the damaged spinal cord tissue was dra-
matically increased compared with the sham operated group
(𝑃 < 0.01). SP staining showed that the presence of brown
granules was found in some neurons’ cytoplasm after injury
versus sham whereas the negative neurons become pyknotic
(Figure 1(a)). TUNEL staining data further demonstrated the
greater number of apoptosis neurons in the damaged spinal
cord tissue compared to the sham operated group at 24 h
after being hemitransected (𝑃 < 0.05). From these results,
we confirmed that acute SCI caused the increased HDAC6
expression, which is associatedwith neuronal apoptosis in the
damaged spinal cord.

In Western blot experiments, we further found that not
only the protein expression of HDAC6, but also the pro-
tein expression of LAMP-2a was increased in the SCI mice
compared with sham operated mice (𝑃 < 0.05) (Figure 1(b)).
The previous studies had shown that the LAMP-2a is the
speed-limiting protein of the CMA metabolic pathway [18].
Therefore, we speculated that HDAC6 affects the neuronal
survival by regulating the CMA activity. In order to confirm
this hypothesis, a series of in vitro studies were conducted.

3.2. Hypoxia-Ischemia Induced HDAC6 Expression and Oxi-
dative Stress In Vitro. It is well known that various mechani-
cal trauma would induce the hypoxia-ischemia (HI) which is
the primary cause of secondary damage of SCI and can bring
irreversible neurodegenerative changes [2]. To replicate the
HI pathological state, the PC12 cells were treated with serum-
free and hypoxia (3% O

2
) for 24 h.

From Figure 2(a), HI cause the protein expression of
hypoxia-inducible factor 1 alpha (HIF-1-alpha) dramatically
increase compared with the medium-treated group (𝑃 <
0.01). While the reactive oxygen species (ROS) is able to
promote rapid activation and stabilization of the transcrip-
tion factor HIF-1-alpha, which regulates expression of genes
involved in inflammation, metabolism, and cell survival [19].
Therefore these evidences suggested to us that HI triggered
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Figure 1: The expression of HDAC6 and LAMP-2a protein increased in the ASCI. 30 adult female C57BL/6J mice were divided into two
groups: the T8 spinal cord hemitransected group (ASCI) and the sham operated group (Ctrl). (a) The expression of HDAC6 was analyzed
by SP standing at 24 h after the operation ((A)-(B)). Brown represents HDAC6 positive expression in the cytoplasm, and its negative cell
cytoplasm is light blue, while gray matter supports network negative staining; ((C)-(D)) TUNEL staining was used to observe neuronal
apoptosis. (C) Field of vision is a small amount of TUNEL staining positive neurons and glial cells, which shows that only a small amount of
neurons is undergoing apoptosis. Spinal cord tissue structure is basic intact, and there are few cavity formations. (D) Field of vision is more
TUNEL staining positive neurons and glial cells (tan for its nucleus is positive), which shows that a large number of nerve cells are undergoing
apoptosis.The structure of the spinal cord tissue is disorder, and there are more cavity formations. Scale bar: 20𝜇m. Semiquantitative analysis
are consistent with the figure, and HDAC6 expression in ASCI was dramatically increased compared with the control group. At least 60 cells
were included for analysis from five images per group. Values represent mean ± SEM, ∗𝑃 < 0.01, 𝑃 < 0.05 versus corresponding control
group. (b) By Western blot, in the ASCI group, the protein expression of HDAC6 and LAMP-2a was significantly higher than the control
group. Values represent mean ± SEM, ∗𝑃 < 0.01, 𝑃 < 0.05 versus corresponding control group. Each experiment repeated at least 3 times.

the generation of ROS and PC12 cells were actually experi-
encing hypoxia.

By exposed PC12 cell in HI condition for 24 h, the protein
expression of HDAC6 was also significantly increased com-
paredwithmedium-treated group (𝑃 < 0.05) (Figure 2(b)). It
has been proved that the accumulation of ROS is an oxidative
stress to which cells respond by activating various defense

mechanisms; thereby we speculated that HDAC6 is involved
in the process of the cells resistance to oxidative stress. This
needs further study to approve the hypothesis.

3.3. Deficiency of HDAC6 Accelerates the Oxidative Stress
in Response to Hypoxia-Ischemia. To investigate whether
HDAC6 is essential for the cells against ROS-induced
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Figure 2: Hypoxia-ischemia induced HDAC6 expression and oxidative stress in vitro. The PC12 cells were treated with HI for 24 h. Ctrl
express medium-treated group. (a) The expression of HIF-1-alpha was analyzed by Western blot. Results of the densitometric quantification
are represented as mean ± SEM (𝑛 = 3). ∗𝑃 < 0.01 versus control group. (b)The expression of HDAC6 was analyzed byWestern blot. Results
of the densitometric quantification are represented as mean ± SEM (𝑛 = 3). 𝑃 < 0.05 versus control group.

cytotoxicity, in vitro flow cytometry studies were applied to
detect the intracellular level of ROS.

As shown in Figure 3, HI induces a net increase of intra-
cellular ROS compared with the vehicle-treated cells (𝑃 <
0.01), which is reflected by the DCF fluorescence value and
the percentage of cell with fluorescence. After the siRNA
inhibition of HDAC6, the generation of ROS was further
accentuated to the HI-induced stress. These findings suggest
that hypoxic stress induces accumulation of ROS in neuronal
cells whereas HDAC6 deficiency induced the occurrence
of the secondary oxidative stress which is considered to
contribute to neural tissue damage. However, disruption of
HDAC6 stimulates ROS production which may be related to
the decreased cellular antioxidant activity.

3.4. Inhibition of HDAC6 Aggravates Cell Apoptosis to HI-
Induced Oxidative Stress. Oxidative stress is one of the pri-
mary metabolic disorders jeopardizing cell survival [20]. To
investigate whether HDAC6 is essential for the cells against

ROS-induced cytotoxicity, the apoptosis of PC12 cells was
analyzed by flow cytometry.

An increase in the number of apoptotic cells, especially
early apoptosis, occurred after PC12 cells were exposure to
HI for 24 h (Figure 4(a)). Knockdown of HDAC6 resulted
in a slow but evidently increased rate of apoptosis reflected
to HI (Figure 4(a)). Furthermore, the ultrastructural features
of PC12 cells were examined with transmission electron
microscopy (EM). Compared with vehicle-treated control
cells (Figure 4(b)-(A)), HI-treated cells exhibited the initial
characteristics of autophagy, such as lysosome amplification
and autophagy bubbles in the cytoplasm (Figure 4(b)-(C)).
EM studies confirmed that knockdown of HDAC6 further
elicited cell apoptosis in response to HI. As shown in
Figure 4(b)-(D), nuclear chromatin margination, cytoplas-
mic vacuolization, and the apoptotic bodies appeared. These
results showed that HI triggered early cell apoptosis, and
deficiency of HDAC6 increased the sensitivity of cells to HI-
induced stress, which can exacerbate the cellular damage and
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the significance among the groups indicated in the bar chart.

apoptosis. Meanwhile the form of apoptosis further causes
the production of ROS, eventually leading to irreversible cell
death.

3.5. HDAC6 Regulates the Activity of CMADegradation Path-
way in Response to Hypoxia-Ischemia. To clarify the mech-
anism of deficiency of HDAC6 leading to cell apoptosis

and ROS increase, the further study was made. The recent
evidence directly supports the fact that theCMAwas involved
in resisting the ROS-induced motoneuronal death during
spinal cord development [21, 22]. Thereby, we observed the
effect of HDAC6 on the CMA activity.

TheHSC70 and LAMP-2a, two relatively specificmarkers
of CMA, were examined and semiquantified by Western
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blotting analysis. The expression level of both proteins was
significantly increased in the HI-treated cells compared with
the vehicle-treated cells (Figure 5(a)). However, it was inter-
esting that inhibition of HDAC6 by siRNA further increased
the expression of LAMP-2a andHSC70 in PC12 cells exposed
to HI for 24 h (Figure 5(a)). In order to confirm whether the
CMA activity was consistent with the changes of LAMP-2a
and HSC70, the amount of RNase A, a well-characterized
protein substrate of CMA proteolytic pathway, was examined
[23]. Of note, HI induced the increase in substrate degra-
dation whereas an opposite change was observed if HDAC6
was inhibited (Figure 5(b)). These results suggest that HI
may activate CMA degradation pathway which may be
responsible, at least in part, for the accumulation of damaged
abnormal and unnecessary proteins induced by oxidative
stress in the cytoplasm. Inhibition of HDAC6 caused the
reduction of CMA activity, and the increase of LAMP-2a and
HSC70may only act as a compensatory response to the ROS-
induced stress.

Furthermore, we confirmed the change of LAMP-2a and
LAMP-1, a marker of lysosome [24], by the immunofluo-
rescence staining. As shown in Figure 5(c), HI treatment
significantly increased the expression of LAMP-2a and also
enhanced the colocalization of LAMP-2a with LAMP-1
around the nucleus. Simultaneously, the increase of LAMP-
2a tends to be more notable than that of LAMP-1. Of interest,
after deficiency of HDAC6, the level of LAMP-1 was shown
to be further enhanced and significantly exceeded the LAMP-
2a, while the colocalization of LAMP-2awith LAMP-1 did not
add (Figure 5(c)). Therefore, it could be speculated that HI
indeed activate CMA degradation pathway, and inhibition of
HDAC6 induced LAMP-2a which is compensatory increased
partially by the expansion of lysosomal membrane, instead of
further improving the CMAdegradation activity to resist HI-
induced oxidative stress toxicity.

3.6. HDAC6 Affects the Activity of CMA by Regulating HSP90
Acetylation. Why does the inhibition of HDAC6 disrupt the
activity of CMA? Previous evidence indicates that HSP90, as
a constitutively and ubiquitously expressed ATP-dependent
molecular chaperone, was also associated with lysosomes
and, thus, may play critical roles in the functional dynamics
of the CMA [25, 26]. As HDAC6 deacetylates lysine residues
of HSP90 [27], the further study was continued to investigate
whetherHDAC6may affect the activity of CMAby regulating
the acetylation of HSP90.

To this end, the level of acetylated HSP90 and the inter-
action of HSP90 with HSC70 and LAMP-2a in response to
HI were analyzed in combination with HDAC6 siRNA and
immunoprecipitation techniques. As shown in Figure 6(a),
after HI treatment for 24 h in PC12 cells, the total level of
HSP90 was markedly increased, while HSP90 acetylation
level did not show any significant change. However, the
level of acetylated HSP90 was significantly increased by the
inhibition of HDAC6. Moreover, in HDAC6 deficient cells,
the interaction of HSP90 with LAMP-2a and HSC70 was
markedly decreased in response to HI (Figure 6(b)). These
results strongly suggest that HDAC6 may affect the activity
of CMA by acting as a HSP90 deacetylase. As a key molecule

chaperone to resist the oxidative stress [28], the expression
of compensatory HSP90 increases after loss of HDAC6,
and increased HSP90 protein synthesis may determine its
greater resistance to stressor that elicits the formation of ROS-
induced cellular damage.

4. Discussion

The present study firstly revealed SCI induced HDAC6
expression increase in vivo; simultaneously inhibition of
HDAC6 accelerates ROS generation andneurons apoptosis in
response to the hypoxia-ischemia (HI) in vitro. Second, a pos-
itive correlation between HDAC6 and CMA was represented
in vivo and in vitro, and inhibition of HDAC6 hinders the
CMA activity. Third, our results provided the experimental
evidence for the potential role of HDAC6 in the regulation of
CMA by affecting HSP90 acetylation.

Effective management of the secondary damage follow-
ing primary SCI is imperative for maximizing anatomical
and functional recovery [29]. Consequently, defining the
mechanism of secondary damage will be important to the
understanding of neurodegenerative disorders and to find the
best therapeutic procedures. In recent years, several labora-
tories have obtained experimental evidence indicating that
oxidative stress elicited by HI from all kinds of mechanical
trauma is a major player in the pathogenesis of secondary
damage after acute SCI [30–32]. The involvement of ROS
in neuronal subsequent death has been determined, which
can induce about 50% of the neuronal programmed cell
death [30]. Our study shows that overproduction of ROS
was correlated in a significant manner with the apoptotic
index (Figures 3 and 4). High levels of ROS can oxidize cell
constituents, such as lipids, proteins, and DNA, thus posing a
threat to the cell integrity and viability [33]. Various defense
mechanisms have been mobilized to protect cells against
oxidative stress [34].

Our data had shown that both SCI and HI caused the
expression increase of HDAC6 (Figures 1 and 2). As a
member of the histone deacetylase family, HDAC6 is mainly
localized in the cytoplasm and has two catalytic sites and
an ubiquitin-binding domain at the C terminus [35]. Due to
the special structure and positioning of HDAC6, it has been
implicated to be involved in many cellular processes, includ-
ing degradation of misfolded proteins, cell migration, and
cell-cell interaction [36].The reduction of HDAC6 activity in
cultured cells may compromise cell viability when the cells
are exposed to different stressors. Recently, malfunctioning
of HDAC6 has been linked to a growing number of human
disorders [37, 38]. In this study, we also provided the evidence
that inhibition of HDAC6 accelerates ROS generation and
neurons apoptosis in response to the hypoxia-ischemia (HI)
in vitro (Figures 3 and 4).

To clarify the mechanism of HDAC6 in secondary dam-
age following primary SCI, we observed the changes in the
acetylation level of Hsp90 which is not only the exclusive
substrate of HDAC6, but also a critical molecular chaperone
to CMA degradation pathway. The dynamic equilibrium of
protein acetylation and deacetylation plays a pivotal role
in the normal physiological process of cells. Acetylation of
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Figure 5: Deficiency of HDAC6 disrupts the CMA activity in response to HI. The PC12 and PC12/siHDAC6 cells were treated with HI for
24 h. Ctrl express vehicle-treated group. (a)The expression of LAMP-2a and HSC70 was analyzed byWestern blot.The level of LAMP-2a and
HSC70 was further observed in HDAC6 knockdown cells by siRNA. Results of the densitometric quantification are represented as mean ±
SEM (𝑛 = 3). #𝑃 < 0.05, ##𝑃 < 0.01 versus control group; $𝑃 < 0.01 indicates the significance among the groups indicated in the bar chart.
(b) Immunoprecipitated RNase A (an identified CMA substrate) from the treated cells and then assay RNase A activity by ELISA. Group
data represent mean ± SEM (𝑛 = 3); #𝑃 < 0.05 versus corresponding control group; $$𝑃 < 0.01 indicates the significance among the groups
indicated in the bar chart. (c) Double immunostained with antibody to LAMP-1 (green) and LAMP-2a (red) as indicated. Superimposed
confocal images (merge) demonstrate the colocalization of LAMP-2a with LAMP-1 (a lysosome marker). Arrows indicate LAMP-2a mainly
clustered in the perinuclear lysosomal membrane. Scale bar: 15𝜇m. The fluorescence intensity of LAMP-1 and LAMP-2a from experiments
results shown. At least 60 cells were included for analysis from five images per group. Group data represent mean ± SEM (𝑛 = 3); 𝑃 < 0.05,


𝑃 < 0.01, and ##
𝑃 < 0.01 versus corresponding control group.

HSP90 at lysine294 has been shown to modulate its activ-
ity by regulating client protein and cochaperone binding
[39]. In addition, our study showed that the expression of
compensatory HSP90 increases after loss of HDAC6 in HI
condition. As a keymolecule chaperone to resist the oxidative
stress [28], increasedHSP90 protein synthesismay determine
its greater resistance to stressor that elicits the formation of
ROS-induced cellular damage.

Our findings signaled that SCI increases the components
of the CMA pathway and a positive correlation between
HDAC6 activity and indicators of CMA pathway in vivo and
in vitro (Figures 1 and 5). In mammalian cells, the pathway of
CMA is constitutively and maximally activated under stress-
ful conditions, especially oxidative stress [22]. As a cell repair
mechanism, CMAwas really activated duringHI in our study
(Figure 5). The pathway of CMA selectively degrades cytoso-
lic proteins containing the KFERQ (five peptide sequences
can be recognized by a chaperone complex containing
HSC70) signal motif through direct translocation into the
lysosome [40]. Oxidized substrate proteins are translocated
into lysosomes more efficiently by this pathway than mar-
coautophagy [33]. In addition, under mild oxidative stress
condition, the lysosomes bring into play a higher tendency to
bind and internalize substrates transferred by CMA [7, 33].
Collectively, this shows that CMA provides the front line of
defense against oxidative stress [33]. Therefore, we believe
that CMA favors degradation of abnormal and unnecessary
proteins against that of proteins essential for cell survival.

This may also explain why CMA degradation pathway can be
activated under SCI and hypoxia-ischemia condition.

The successful implementation of the CMA depends
on substrates, which could be recognized by a chaperone
complex containing HSC70 and delivered into lysosomes
via the interactions with LAMP-2a. The cycle of HSC70-
client protein complex involves successive association and
dissociation with chaperone HSP90 to form various multi-
meric protein complexes [41]. This is dictated by the ATP-
binding state of HSP90 [42]. A conformational change in
HSP90 leads to the release and realignment of cochaperones
HSC70 to form a mature chaperone-subtract complex [41–
43]. The change of HSP90 activity is closely related to its
acetylation level. Our study demonstrates for the first time
that the depletion of HDAC6 levels led to the increase of
HSP90 acetylation and decrease of the association between
HSC70 and HSP90 in cells exposure to HI (Figure 6).

Moreover, the chaperone-substrate complex must specif-
ically bind to LAMP-2a which located on the membrane
of the lysosomal, a receptor for CMA, and the binding of
substrates to LAMP-2a is the limiting step for CMA [18]. The
substrate only binds with LAMP-2amonomers and promotes
the organization of LAMP-2a into a high multimeric com-
plex of approximately 700 kDa, a critical step for substrate
translocation [18, 23].WhenCMA ismaximally activated, the
level of LAMP-2a located on the lysosomal membrane may
increase [23, 24].The LAMP-2a undergoes continuous cycles
of assembly/disassembly, while HSP90 is the key molecule



Oxidative Medicine and Cellular Longevity 11

AC-HSP90 IP: AC-Lys
WB: HSP90

HSP90 WB: HSP90

IgG

Ctrl siRNA HI siRNA+ HI

90kD

42kD

(a)

HSC70 IP: HSP90
WB: HSC70

LAMP-2a
IP: HSP90
WB: LAMP-2a

IgG

Ctrl siRNA HI siRNA+ HI

42kD

(b)

Figure 6: HDAC6 affects the activity of CMAby regulating the level
of acetylated HSP90. (a) The cell lysates isolated from PC12 and
PC12/siHDAC6 cells exposed to HI for 24 h. Ctrl express vehicle-
treated group. The protein complexes were immunoprecipitated
with anti-acetylation antibody and blotted with anti-HSP90 anti-
body for determination of acetylated HSP90 (Ac-Hsp90) level. The
level of IgG was used as a loading control. (b) The immunocom-
plexes were precipitated from PC12 and PC12/siHDAC6 cells with
anti-HSP90 antibody and blotted with anti-HSC70 or anti-LAMP-
2a antibodies for determination of the interaction of HSP90 with
HSC70 or LAMP-2a. The level of IgG was used as a loading control.

chaperone to drive the cycle. HSP90 binds to the lysosomal
membrane to stabilize LAMP-2a and induce it to change
from the monomeric to the multimeric state in order to
efficaciously transfer substrate proteins [23, 26]. Our results
showed that knockdown of HDAC6 induced irreversible
hyperacetylation of HSP90 and attenuated the interaction of
HSP90with LAMP-2a.Thismay result in the reduction of the
stability of LAMP-2a, ultimately interfering with the CMA.

In addition, the relation between the LAMP-1 and LAMP-
2a was accidentally observed in our study. The LAMP-1 is
a major protein component of the lysosomal membrane. The
LAMP-1 has 37% amino acid sequence homology with
LAMP-2, which is also the protein component of the lyso-
somal membrane [44]. LAMP-2a is not only an important
active subtype of LAMP-2, but also the speed-limiting pro-
tein of the CMA metabolic pathway. LAMP-1 deficiency
can induce overexpression of murine LAMP-2a [45], while
our study showed that inhibition of HDAC6 hindered the
increase of LAMP-2a; as a consequence, the number of
LAMP-1 was compensatory increased to resist HI-induced
oxidative stress toxicity (Figure 5(c)). Therefore, we specu-
lated there is a regulatory balance between LAMP-2a and
LAMP-1 that can further regulate the CMA pathway, which
needs further study to be proven.

In this study, we provided the evidence that SCI and HI
stress activated the function of CMA pathway to restrain
ROS generation and alleviate cell damage, while loss of
HDAC6 hindered the CMA activity increase, which could
partially regulate the acetylation ofHSP90. Consequently, the
deacetylation of HSP90 by HDAC6 is perhaps a potential
therapeutic target in acute SCI model and arouses our
interests to study it in depth.

5. Conclusions

Hypoxia-ischemia- (HI-) induced oxidative stress plays a
role in secondary pathocellular processes of acute SCI due
to hypoxia-ischemia (HI) from many kinds of mechanical
trauma. Our results showed that inhibition of HDAC6 accel-
erated reactive oxygen species (ROS) generation and cell
apoptosis in response to the HI. Deficiency of HDAC6 hin-
dered the CMA activity to resistance HI-induced oxidative
stress. Furthermore, our results provided the experimental
evidence for the potential role of HDAC6 in the regulation
of CMA by affecting HSP90 acetylation. Therefore, HDAC6
plays an important role in the function of CMA pathway
under the HI stress induced by SCI and arouses our interests
to pursue it further in an in-depth study.
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Cardiovascular disease prevalence rises rapidly after menopause, which is believed to be derived from the loss of estrogen. It is
reported that sympathetic tone is increased in postmenopause.The high level of oxidative stress in the rostral ventrolateral medulla
(RVLM) contributes to increased sympathetic outflow. The focus of this study was to determine if estrogen replacement reduces
oxidative stress in the RVLM and sympathetic outflow in the ovariectomized (OVX) rats. The data of this study showed that OVX
rat increased oxidative stress in the RVLM and sympathetic tone; estrogen replacement improved cardiovascular functions but
also reduced the level of oxidative stress in the RVLM. These findings suggest that estrogen replacement decreases blood pressure
and sympathoexcitation in the OVX rats, which may be associated with suppression in oxidative stress in the RVLM through
downregulation of protein expression of NADPHase (NOX4) and upregulation of protein expression of SOD1. The data from this
study is beneficial for our understanding of themechanismof estrogen exerting cardiovascular protective effects on postmenopause.

1. Introduction

The prevalence and severity of cardiovascular diseases (e.g.,
hypertension and coronary heart disease) increase more
markedly along with increasing age in postmenopausal
women. A higher percentage of women thanmen suffer from
hypertension after the age of 65 years [1, 2]. It has been
indicated that estrogen possesses beneficial effects on these
cardiovascular diseases [3]. Beside its well-known periph-
eral cardiovascular protective effects, accumulating evidence
shows that estrogen is recognized as a modulator in the
central nervous system (CNS) to cardiovascular regulation.
For example, activation of estrogen receptors in the cardio-
vascular centers stimulates the release of nitric oxide but also
reduces hypertension induced by L-glutamate, aldosterone,
or salt [4–6].

It is well known that the rostral ventrolateral medulla
(RVLM) is a key region for control of sympathetic outflow
and blood pressure [7]. Overactivity of sympathetic tone is a
hallmark of cardiovascular disorders including hypertension

and heart failure [8]. It is interesting that sympathetic activity
is also increased in the ovariectomized (OVX) rats [9–
11]. Increased oxidative stress is reported to be relative to
hypertension development [12]. Oxidative stress results from
an imbalance of generation over degradation of the reactive
oxygen species (ROS), especially superoxide [13]. It is well
known that NADPH oxidase (NADPHase) transfers electron
tomolecular oxygen and formats superoxide [14]. Superoxide
dismutase 1 (SOD1) is enzyme that alternately catalyzes the
dismutation of the superoxide radical into either ordinary
molecular oxygen or hydrogen peroxide [15].Therefore, ROS
production is closely relative to activity of NADPHase and
SOD1. The increased sympathetic outflow in hypertension
is associated with enhanced oxidative stress at the level of
RVLM [16]. Interestingly, administration of estrogen coun-
teracts oxidative stress in erythrocytes and plasma of OVX
rats and in premenopausal women [17, 18]. However, it is
unclear if the beneficial effect of estrogen replacement on
the OVX-induced sympathetic overactivity is associated with
suppression of oxidative stress in the RVLM. Therefore, the
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present studywas designed to determine the level of oxidative
stress in the RVLM in the OVX rats and further evaluate the
effect of estrogen replacement on oxidative stress.

2. Materials and Methods

2.1. Animals. Female Sprague-Dawley rats (Sino-British
SIPPR/BK Laboratory Animal Ltd., Shanghai, China) were
used in these experiments. All of the procedures of this study
conformed to the institutional animal care guidelines and all
performances were approved by the Animal Care and Use
Committee of the Second Military Medical University. The
rats were assigned to 4 groups: sham with vehicle (sham +
vehicle), shamwith 17𝛽-estradiol injection (sham+E2), OVX
with vehicle (OVX + vehicle), and OVX with 17𝛽-estradiol
injection (OVX + E2).

2.2. Ovariectomy. Ovariectomy was carried out according
to previous study [19]. At 10 weeks of age, animals were
anesthetized by isoflurane (induction 4%;maintenance 1.5%).
The abdomen of the rat was cleaned and disinfected with
75% ethanol. An abdominal median incision was made and
bilateral ovaries were removed.The rat that received the same
operationwithout removing ovarieswas regarded as the sham
group. After surgery, the animals received intramuscular
injection of antibiotics. One week after being OVX, rats
were treated with 4-week subcutaneous injections of estrogen
(17𝛽-estradiol-water soluble, 30 𝜇g/kg/day, Sigma, St. Louis,
MO,USA) [20] and 0.9% salinewas used as vehicle treatment.
Finally, uterine weight and serum samples were collected for
assessing the effectiveness of OVX and estrogen treatment
[21]. Serum sample was diluted by 1 : 100 and performed to
detect estrogen concentration by estradiol Elisa kit (BioTNT
Co.).

2.3. Measurement of Cardiovascular Parameters. The pro-
cedure for general surgery was described previously [22].
Briefly, rats were anaesthetized (urethane 800mg/kg, alpha-
chloralose 40mg/kg, i.p.) and the trachea was cannulated.
The right femoral artery was catheterized for BP measure-
ment by the PowerLab system. The mean arterial pressure
(MAP) and heart rate (HR) were derived from the BP
pulse. Body temperature was kept at 37∘C [23]. The renal
sympathetic nerve was isolated retroperitoneally and placed
on a pair of silver recording electrodes.The renal sympathetic
nerve activity (RSNA) signal was amplified, integrated, and
recorded with the PowerLab system (AD Instruments, Aus-
tralia). The maximum nerve activity (Max) and background
noise level of RSNA were obtained as described previously
[24]. Briefly, Max occurred 1-2min after the rat was euth-
anized with an overdose of pentobarbital sodium. Baseline
RSNA, subtracting the noise level from the absolute value,
was expressed as a percentage of Max.

2.4. Measurement of Norepinephrine (NE) Concentration. As
described previously [22], the norepinephrine (NE) in 24-h
urine was detected byHigh-Performance Liquid Chromatog-
raphy (HPLC, Model 582 pump, ESA, USA) with electro-
chemical detection (Model 5300, ESA, USA). Briefly, urinary

samples were collected by placing rats in metabolic cages
for 24-h and embalmed with glacial acetic acid. The internal
standard was dihydroxybenzylamine (DHBA; Sigma). NE
was absorbed onto acid-washed alumina with 1.5mmol/L tris
HCl (pH = 8.8). Then we performed shaking of NE and
standing for a while before being extracted with 0.2mol/L
glacial acetic acid (400𝜇L). Supernatant was injected into
HPLC column (reverse phase, ESA 150 × 3.2mm, 3 𝜇m C18
(P/N 70-0636)), and NE was eluted with mobile phase. The
flow rate was 0.4mL/min. The experiments were performed
at a temperature of 22–26∘C.

2.5. Western Blot Analysis. The protein expression of NOX4
and SOD1 in the RVLM was detected by Western blot, as
described previously [22]. Rats were euthanized by overdose
of anesthetic and the brains were removed.TheRVLM tissues
were punched from 100 𝜇m coronal sections of brainstem
according to the rat atlas [25]. The tissues were prepared and
centrifuged. The total protein concentration was determined
and equal amounts of protein (20𝜇g) were applied to a
10% SDS-polyacrylamide gel, followed by transferring to
PVDFmembrane.Themembranewas blocked and incubated
overnight at 4∘C with NOX4 antibody (1 : 2000, Epitomics,
America) or SOD-1 (1 : 2000, Epitomics, American). The
following day, the membrane was incubated with goat anti-
rabbit IgG (H + L) for 2 h at room temperature. Finally, the
membrane was visually detected and analyzed [26]. Tubulin
was severed as loading control.

2.6. Measurement of ROS Production in the RVLM. In this
study, two measurements were performed to detect the ROS
production in the RVLM tissue. After RVLM tissue was
punched and weighed from the rat which was euthanized
(pentobarbital sodium, 300mg/kg, i.p.), 80 𝜇L Protein Lysis
Buffer (Cell Signaling Technology, USA) was added into the
test tube and tissue was polished by electric homogenizer
and then centrifuging for 20min. Supernatant was collected
for analysis by lucigenin chemiluminescence quantitative
kit (Genmed Scientifics Inc., USA, GMS10113.5) and dihy-
droethidium (DHE). We can complete lucigenin chemilumi-
nescence quantitative detecting according to the instructions.
DHE, ROS sensitive fluorescent dye, brain tissues (15 𝜇m
thick) were incubated at 37∘C with DHE (5 𝜇mol/L) for
30min. Sections were washed in 0.1M PBS (3 × 1min) and
then examined by confocal laser scanning microscope (Fuji
Film, Japan) and the image was captured at red fluorescence
microscope around the RVLM and was evaluated using LAS-
AF-Lite software [24].

2.7. Statistical Analysis. Data are presented as mean ± SEM.
The difference of plasma estrogen concentration between
sham-operated group, ovariectomized group, and ovariec-
tomized rats with estrogen replacement group was analyzed
by one-way ANOVA, followed by SNK post hoc analysis.The
differences between sham-operated and ovariectomized rats
with vehicle or estrogen treatment were analyzed by two-way
ANOVA, followed by SNK post hoc analysis. 𝑝 < 0.05 was
considered significant.
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Figure 1:The plasma estrogen concentration as well as relative uterine weight in sham-operated, ovariectomized rats and ovariectomized rats
with estrogen treatment for 4 weeks. (a) Plasma estrogen concentration; (b) uterine weight was attenuated body weight in sham and OVX
rats with vehicle or estrogen treatment. Means ± SEM, 𝑛 = 5/group, ∗𝑝 < 0.05 versus sham group, and #𝑝 < 0.05 versus OVX or with vehicle
group.

3. Results

3.1. OVX Model Assessment. Compared with sham group,
the OVX rats showed significant lower level in the relative
uterine weight (0.182 ± 0.018 versus 0.037 ± 0.003mg/g) and
plasma estrogen concentration (966.7 ± 37.4 versus 535.8 ±
16.5 pmol/L), which was significantly attenuated by estrogen
replacement (Figure 1).

3.2. The Cardiovascular Effect of Estrogen on OVX Rats.
Levels of BP, HR, and RSNA began to be significantly
increased 6 weeks after ovariectomy, which were completely
prevented by subsequent injection of estrogen for 4 weeks
(Figures 2(a)–2(d)). In additional, estrogen replacement also
prevented the OVX-induced increase in NE in 24-h urine
(Figure 2(e)).

3.3. Detection of ROS Production in the RVLM. To elucidate
the effect of estrogen on ROS production in the RVLM, flu-
orescent labeling (DHE) was used to detect ROS production,
as indicated in Figure 3.The results of DHE fluorescent stain-
ing and lucigenin chemiluminescence quantitative detection
showed that the level of ROS production in the RVLM was
significantly higher in the OVX group than in sham group,
which was reduced by estrogen replacement.

3.4. Protein Detection of NOX4 and SOD1 in the RVLM.
As indicated in Figure 4, Western blot analysis demon-
strated that ovariectomy procedure significantly increased
and decreased NOX4 and SOD1 protein expression in the
RVLM, respectively. It was found that changes in NOX4 and
SOD1 protein expression in the RVLM of VOX rats were
attenuated by estrogen treatment for 4 weeks.

4. Discussion

The main finding from this study is that OVX rats show a
significant increase in BP and sympathetic activity as well
as ROS production in the RVLM, which can be attenuated
by estrogen replacement. These data suggest that estrogen
replacement decreases BP and sympathoexcitation in OVX
rats, which maybe resulted from the estrogen-mediated
depression of oxidative stress in the RVLM.

Accumulating evidences indicate that estrogens exert
protective effects on cardiovascular disorder through actions
within the CNS [4, 27]. Menopause is a cardiovascular
risk factor, which is mainly related to abrupt withdrawal
of estrogen, and the lack of estrogen contributes to sym-
pathoexcitation in both human and animal models [11, 28].
The mechanism by which estrogen withdrawal increases
sympathetic outflow is not clear. Several regions in CNS,
including the nucleus tractus solitarius, RVLM, and the
paraventricular nucleus (PVN), are known to be involved in
regulation of sympathetic tone and BP [29]. Abnormalities
in the RVLM neurons contribute to sympathetic overactivity,
which is associated with the development and progression of
cardiovascular disorders including hypertension and chronic
heart failure [30, 31]. It is reported that BP, HR, and NE (an
index of sympathetic nerve activity) were increased in OVX
rats [11]. In this study, it has been confirmed that, under
anesthesia state, OVX rats show a significant increase in BP
and RSNA, which can be attenuated by estrogen replacement.
This is similar to that observed previously in conscience,
freely moving OVX versus sham rats [32]. Therefore, these
data lead to a conclusion that withdrawal of estrogen is a
major contributor to sympathoexcitation in the OVX rats.

Sympathoexcitation is closely associated with the devel-
opment and progression of cardiovascular diseases [30]. High
level of oxidative stress in the RVLM which is resulting from
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Figure 2:Cardiovascular changes in sham-operated andovariectomized ratswith vehicle or estrogen treatment for 4weeks. (a) Representative
original tracings of BP, HR, and RSNA in four groups. Maximum and background noise levels of RSNA were measured after rats were
euthanized. Changes in MAP (b), HR (c), baseline RSNA (d), and NE in 24-h urine (e) were presented in four groups. Means ± SEM, 𝑛 =
5/group, ∗𝑝 < 0.05 versus sham + vehicle, and #𝑝 < 0.05 versus OVX + vehicle.

abnormalities of renin angiotensin system and proinflam-
matory cytokines is responsible for increased sympathetic
outflow [33, 34]. In this work, 𝛽-estradiol (water soluble) was
used for estrogen replacement. This drug is water soluble
and belongs to steroid hormone and penetrates the blood
brain barrier, so it was applied by subcutaneous injection
in this work. Although we did not detect the effective

concentration of estrogen in the RVLM, this dosage of
subcutaneous administration led to a significant reduction
in ROS production at the level of RVLM and sympathetic
outflow. Therefore, the concentration of estrogen has effect
on RVLM neurons. Our findings have shown that the level
of ROS in the RVLM is significantly increased in OVX
rats, which is effectively prevented by estrogen replacement.
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Figure 3: Estrogen attenuated the level of ROS in the RVLM of sham and OVX rats. (a) Representative confocal images of ROS (red) in the
RVLM (indicated by a red square in the rat atlas) stained by fluorescent labeling (DHE). Scale bar, 200𝜇m. Quantification of ROS production
in the RVLM fromDHEfluorescent analysis (b) and lucigenin chemiluminescence (LCL) detection (c).Means± SEM, 𝑛 = 5/group, ∗𝑝 < 0.05
versus sham vehicle, and #𝑝 < 0.05 versus OVX with vehicle.

Expression of NOX4 (NADPHase subtype) is increased and
SOD1 is decreased in OVX rats compared with sham rats.
NOX4 is predominantly involved inROS regeneration among
the NOX family in brain [35]. The antioxidant SOD catalyzes
the dismutation of superoxide into hydrogen peroxide [36].
It is reported that overexpression of SOD in the RVLM
attenuates the angiotensin II-induced oxidative stress [37].
Based on the present and previous work, we suggest that
changes in NADPHase and SOD1 play an important role in
high level of oxidative stress in the RVLM of OVX rats.

The more important finding in this work is that estrogen
administration significantly reduced ROS production at the
level of RVLM in OVX rats. This data supports the idea
that the estrogen-mediated antioxidative stress contributes to

decrease of BP and sympathoexcitation via the central mech-
anism. However, there are several limitations in this work.
First, it is reported that serum estrogen and uterine weight
were increased during prooestrus compared to dioestrus, but
both of them in ovariectomized rats were decreased signif-
icantly compared with sham rats during either prooestrus
or dioestrus [38]. Therefore, the success of OVX model was
usually assessed by the levels of serum estrogen and relative
uterine weight. In this previous study, the baseline of MAP
presents fluctuation and baseline blood pressure is higher in
dioestrus compared to prooestrus rats.The change difference
of MAP caused by estrus cycle was an average of 7.4mmHg
in this previous study [38], which was significantly lower
compared with the difference caused by ovariectomy in our
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Figure 4: Representative bands (top) and quantification (bottom) of NOX4 (a) and SOD1 (b) in the RVLM of sham and OVX rats. Means ±
SEM, 𝑛 = 5/group; ∗𝑝 < 0.05 versus sham + vehicle; #𝑝 < 0.05 versus OVX + vehicle.

work (an average of 28.5mmHg). Moreover, there are no
differences between dioestrus rats and prooestrus rats in
baseline HR, lumbar, and splanchnic and renal sympathetic
nerve activity. Although estrous cycle influences, at least
partially, cardiovascular function, it has little impact on the
conclusion of this study. Second, in addition to RVLM, the
other regions such as paraventricular nucleus (PVN) also
contribute to regulation of sympathetic tone [7]. Gingerich
and Krukoff found that estrogen attenuated the L-glutamate-
induced pressor response by microinjection into PVN medi-
ated by ER𝛽 receptor [5]. Site-specific injections of siRNA-
ERbeta into PVN augmented aldo-induced hypertension [6].
These evidences indicate that the other centers may play
a role in mediating the effect of estrogen on sympathetic
outflow. Thirdly, It is not clear which receptor type in the
RVLM is involved in meditating the effect of estrogen in
OVX rats. Estrogen exerts its physiological effects mainly via
two estrogen receptor (ER) subtypes: intracellular receptors
(including ER𝛼 and ER𝛽) or membrane estrogen receptors
(mERs). It is reported that both ER𝛼 and ER𝛽 are expressed
in the CNS [39]. Importantly, cardiovascular effects induced
by injection of estrogen into the RVLM can be prevented
by the ER𝛽 antagonist but not ER𝛼 antagonist [4]. However,
it is reported that ER𝛼 is centrally in the subfornical organ
and is involved in the cardiovascular response to angiotensin
II [40]. Thirdly, the mechanism by which estrogen reg-
ulates the ROS production in the RVLM is not further
determined in this work. According to previous studies, the
possible link between estrogen receptor and antioxidative
stress has been indicated. For example, it is reported that
treatment of OVX-SHR with conjugated equine estrogen
(CEE) reduces ROS generation and NADPHase activity and

enhances SOD and catalase expression in vascular and heart
tissue [41, 42]. Moreover, several studies have demonstrated
that estrogen is capable of regulating the transcript factor
NF-KappaB, which is an important factor for regulating
NADPHase expression [39, 43]. Therefore, it is possible that
functional state of some transcript factor (e.g., NF-KappaB)
associated with NOX4 and SOD is regulated by estrogen. In
addition, the significance of estrogen-mediated antioxidative
stress in protection against cardiovascular diseases needs to
be further investigated. Whether estrogen could effectively
reduce the incidence of hypertension and its complication in
menopausal women still remains under debate. Although the
beneficial effect of estrogen replacement on cardiovascular
diseases in menopausal women is widely reported, it is also
found that this treatment increases risk of stroke and invasive
breast cancer [44].
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The increasing pressure of modern social life intensifies the impact of stress on the development of cardiovascular diseases, which
include deep venous thrombosis (DVT). Renal sympathetic denervation has been applied as one of the clinical approaches for the
treatment of drug-resistant hypertension. In addition, the close relationship between oxidative stress and cardiovascular diseases has
been well documented. The present study is designed to explore the mechanism by which the renal sympathetic nerve system and
the oxidative stress affect the blood coagulation system in the development of DVT. Chronic foot shockmodel in rats was applied to
mimic a state of physiological stress similar to humans. Our results showed that chronic foot shock procedure could promote DVT
which may be through the activation of platelets aggregation. The aggravation of DVT and activation of platelets were alleviated
by renal sympathetic denervation or antioxidant (Tempol) treatment. Concurrently, the denervation treatment could also reduce
the levels of circulating oxidation factors in rats. These results demonstrate that both the renal sympathetic nerve system and the
oxidative stress contribute to the development of DVT in response to chronic stress, whichmay provide novel strategy for treatment
of clinic DVT patients.

1. Introduction

Deep venous thrombosis (DVT) is a common cardiovascular
disease associated sequelae, pulmonary embolism, which is
the third most common cause of death from cardiovascular
diseases after heart attack and stroke. A slow blood flow,
vein wall damage, and a hypercoagulable state are the three
principal risk factors for DVT development. Consequently,
anticoagulants and thrombolytics are the two main treat-
ments for clinical DVT patients. The triad of risk factors
predisposing to thrombus formation, postulated by Virchow,
includes changes in the ratio between blood components,
the integrity of the vessel wall, and the blood flow rate.
The blood coagulation system plays a key role in protecting
mammals against lethal bleeding. In all forms of thrombosis,
coagulation and inflammation are the two principal pathways
acting together to coordinate the body’s responses to injury
[1, 2].

Over the past few decades, psychological factors, such as
stress and depression, have been recognized as important fac-
tors affecting human health [3]. Long periods of anxiety will
induce the development of cardiovascular diseases. More-
over, by occurring simultaneously, depression and anxiety
will aggravate the development of cardiovascular disease
even further. In addition, stress and other psychological
factors have been demonstrated to be closely related to
the occurrence of stroke and myocardial infarction [4].
Numerous studies also have shown that stress can cause
long-lasting structural damage to tissues and organs [5]. The
chronic electric foot shock procedure has been characterized
as amodel of uncontrollable and unpredictable psychological
stress [6], which has been demonstrated to be able to induce
increase in systolic blood pressure [7–9]. However, there is
still no report related to the effects of chronic shock on the
development of DVT.
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The role of sympathetic renal nerve in the development
of hypertension has been demonstrated in both experimental
and clinical observations [10, 11]. There are two types of
sympathetic renal nerve: renal afferent nerves and renal
efferent nerve. The afferent sympathetic fibers originate from
the kidneys, and by modulating central sympathetic outflow
they directly modify neurogenic hypertension. At the same
time, the efferent nerve enhances sodiumandwater retention,
stimulates renin release, and alters renal blood flow [10–13].
In this way, both short-term and long-term blood pressure
could be influenced by renal sympathetic nerve [13]. Clinical
studies have reported the beneficial effects of renal sympa-
thetic denervation in patients with refractory hypertension
[9]. In addition to the lowering effect of denervation on
blood pressure, additional benefits have also been reported
in cardiovascular diseases, diabetes [9], renal dysfunction,
cardiac hypertrophy [1], heart failure [9], and arrhythmias
[14]. Hypertension, a major risk factor for many diseases, can
increase endothelial dysfunction and promote thrombosis
and is also closely related to the incidence of cardiocerebral
vascular diseases [9]. Therefore, renal sympathetic denerva-
tion may provide new strategy in prevention and treatment
of cardiovascular diseases under high stress condition.

Recently, experiments show that oxidative stress might
be responsible for the change in endothelial function [15].
The increased reactive oxygen species produced by vascular
endothelium and circulating blood cells will impair vasomo-
tor and endothelial barrier functions and enhance thrombus
formation [16]. Oxidative stress was also found to be a
determinant of platelet activation [17], which was the risk
factor for atherothrombosis. However, whether chronic stress
could affect coagulation system by increasing of oxidative
stress is still unknown.

Currently, no reports are directly linking psychologi-
cal stress with the coagulation system and cardiocerebral
vascular diseases. Considering that the activation of the
coagulation system has an important influence on both
physiological hemostasis and pathological thrombosis [9], we
applied foot shock stress model in rats to explore whether
chronic could affect the development ofDVTand the possible
mechanisms involved.

2. Materials and Methods

2.1. Animal Preparation. Ten-week-old male Sprague-Daw-
ley rats, obtained from Shanghai Laboratory Animal Center,
were used in this study. Animals were maintained in a
25∘C temperature-controlled environment with a 12 : 12-hour
light : dark cycle. Rats exposed to the stress protocol were
individually placed into a foot shock stress box, where they
received a 4-hour session of electrical foot shock through an
electrified grid floor delivering a 5-second long 0.15mA shock
every 30 seconds. The rat renal sympathetic nerve was surgi-
cally severedwhile animals were under a 10% chloral hydrate-
induced anesthesia. After a one-week recovery period, the
foot shock protocol was started. Tempol (10mg/kg/day) was
administered by intraperitoneal injection after the start of
the stress protocol [18–20]. Venous thrombosis was induced
under anaesthetized conditions with 10% chloral hydrate as

previously described by Leung [21]. Briefly, the abdomen
was opened, and the inferior vena cava (IVC), after being
carefully separated from the surrounding tissues, was ligated
tightly just below the left renal vein using a cotton thread.
Then, the abdomen was closed with a double layer of sutures,
closing the peritoneum with muscles first and then the skin
separately. After twelve hours, the animals were anaesthetized
again, the abdomen was reopened, and the plasma and
thrombus were collected for further analysis [2]. The present
study was performed in conformity with the European
Convention for the Protection of Vertebrate Animals used
for Experimental and Other Scientific Purposes (Coun-
cil of Europe number 123, Strasbourg, 1985). All surgical
procedures were approved by the Soochow University and
performed in accordance with the guidelines for the care and
use of animals established by the Soochow University.

2.2. Plasma Corticosterone Levels Measurements. Plasma cor-
ticosterone levels were measured using a commercially avail-
able enzyme-linked immunosorbent assay (ELISA) kit (TSZ
Elisa, USA).

2.3. Thrombus Weight Measurements. From the reopened
abdominal cavity, the ligated segment of the vena cava was
removed and opened longitudinally to remove the formed
thrombus, which was rinsed and weighed on filter paper.

2.4. Analysis of the Blood Coagulation Parameters. Prothrom-
bin time (PT), activated partial thromboplastin time (APPT),
and thrombin time (TT) were measured using an automated
blood coagulation analyzer (Sysmex Corporation CA-50,
Japan). From the reopened abdominal cavity, blood (4.5mL)
was collected from the inferior vena cava using a disposable
syringe, containing 0.5mL of a 3.8% sodium citrate solution,
and transferred into autoclaved centrifuge tubes. Half of
the blood was centrifuged at 3000 rpm for 10min and the
serumwas collected. A 0.1mL serumaliquotwas combined to
0.1mL of PT reagent. After preheating for 20min, the PT was
measured using an automated blood coagulation analyzer,
as mentioned above. The APPT and the TT were measured
using the same method as the PT.

Platelet aggregation was measured using a platelet aggre-
gation analyzer (Chrono-Log 560 Ca, Germany). After the
cavity was reopened, 4.5mL blood was collected from the
inferior vena cava by using a disposable syringe contained
with 0.5mL sodium citrate (3.8%) and then transferred to
centrifuge tube.The second half of the blood was centrifuged
at 1000 rpm for 10min to obtain the platelet-rich plasma.The
blood remaining in the tube was centrifuged at 3000 rpm for
10min to prepare the platelet-poor plasma.Then, coagulation
of the plasma samples was stimulated using collagen protein
and adenosine diphosphate disodium (ADP) (1mM, 10mL)
as platelet agonists.

2.5. Determination of Plasma Noradrenaline (NA) Concentra-
tion. Plasma noradrenaline (NA) levels weremeasured using
a commercially available enzyme-linked immunosorbent
assay (ELISA) kit (TSZ Elisa, USA).
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Table 1: Effect of shock, denervation, and Tempol treatment on PT, APPT, and TT.

Control Shock Denervation + shock Tempol + shock
PT (s) 11.97 ± 0.47 10.4 ± 0.15

∗

11.03 ± 0.52 11.25 ± 0.35

APPT (s) 19.85 ± 0.14 19.05 ± 0.87 19.72 ± 1.26 18.28 ± 2.11

TT (s) 47.98 ± 0.55 64.65 ± 2.75
∗

56.30 ± 2.41
†

53.25 ± 3.16
†

PT, prothrombin time; APPT, activated partial thromboplastin time; TT, thrombin time; ∗𝑃 < 0.05 versus control group; †𝑃 < 0.05 versus shock group.
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Figure 1: Plasma concentrations of corticosterone. Concentrations
of corticosterone in plasma in each group after two-week stress were
measured as described in Materials and Methods section. Data of
each group (𝑛 = 15) were presented as mean ± SEM. *

𝑃 < 0.05

compared with control group. †𝑃 < 0.05 compared with stress
group.

2.6. Measurement of Lipid Peroxidation Levels and Plasma
Superoxide Dismutase (SOD) and Glutathione Peroxidase
(GSH-Px) Activity. Plasma SOD and GSH-Px activity and
lipid peroxidation levels (thiobarbituric acid reactive sub-
stances, TBARS) were measured using commercially avail-
able enzyme-linked immunosorbent assay (ELISA) kits (TSZ
Elisa, USA).

2.7. Statistical Analyses. All of the data were presented as the
mean ± SEM. The statistical significance of the comparisons
between more than two groups was tested using a two-way
ANOVA followed by the Newman-Keuls test or using an
unpaired two-tailed Student’s 𝑡-test. 𝑃 values < 0.05 were
considered statistically significant.

3. Results

3.1. Effect of Shock, Denervation, and Tempol Treatment on
the Plasma Corticosterone Concentrations. Plasma corticos-
terone levels (the marker of stress) were markedly increased
in the foot shock group when compared with the control
group (𝑃 < 0.05, Figure 1) and were markedly suppressed
in both the denervation plus shock and the Tempol plus
shock groups compared with the foot shock alone group
(𝑃 < 0.05, Figure 1). This result indicated that chronic foot
shock significantly increased plasma corticosterone when the
body was under stress, and both of denervation and Tempol
treatment could alleviate the stress state.

3.2. Effect of Shock, Denervation, and Tempol Treatment on
the Weight of IVC Ligation-Induced Thrombi. Thrombi were
collected 12 hours after IVC ligation and weighted. In the foot
shock group, the thrombus weight was significantly increased
compared with that of the control group (𝑃 < 0.05, Figure 2).
However, the thrombus weight of the denervation plus shock
and Tempol plus shock groups remained unchanged com-
pared with the control group thrombi but was significantly
decreased compared with the foot shock group thrombi (𝑃 <
0.05, Figure 2).These results suggest that chronic shock could
facilitate the formation of DVT, while both denervation and
Tempol treatment could inhibit stress-induced increase of
DVT formation.

3.3. Effect of Shock, Denervation, and Tempol Treatment on
Blood Coagulation Parameters. After blood collection from
the IVC, blood parameters (PT, APPT, TT, and platelet aggre-
gation) were measured. There was a significant difference in
the PT, TT, and platelet aggregation parameters between the
control and the foot shock groups. The PT of the foot shock
group was lower than that of the control group; however,
the TT and platelet aggregation parameters were higher in
the foot shock group compared with the control group. In
parallel, a significant decrease was observed in the TT and
platelet aggregation parameters of the denervation plus shock
and Tempol plus shock groups compared with the foot shock
group (𝑃 < 0.05, Table 1 and Figure 3). These results reveal
that chronic shock could enhance coagulation system by
activation of platelet aggregation.

3.4. Effect of Shock, Denervation, and Tempol Treatment on
the Plasma Noradrenaline (NA) Concentrations. Foot shock
significantly increased the plasma noradrenaline (NA) levels
compared with control group (𝑃 < 0.05, Figure 4). The
plasma NA levels in the denervation plus shock and Tempol
plus shock group were significantly suppressed compared
with the foot shock group (𝑃 < 0.05, Figure 4). These
results confirm the success of the renal denervation surgical
procedure.

3.5. Effect of Shock, Denervation, and Tempol Treatment on
Plasma SOD and GSH-Px Activity and on TBARS Levels.
The plasma SOD activity in the stress group was markedly
reduced compared with the control group (𝑃 < 0.05,
Figure 5(a)).The plasma SOD activity in the denervation plus
shock and Tempol plus shock groups was markedly elevated
compared with the foot shock group (𝑃 < 0.05, Figure 5(a)).

The plasma GSH-Px activity in the foot shock group was
alsomarkedly higher than that of the control group (𝑃 < 0.05,
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Figure 2: Weight of thrombus. (a) Representative image of thrombus in each group. (b) Weight of thrombus was measured in each group
after two-week stress as described in Materials and Methods section. Data of each group (𝑛 = 15) were presented as mean ± SEM. *𝑃 < 0.05
compared with control group. †𝑃 < 0.05 compared with stress group.
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Figure 3: Platelet aggregation rate. Platelet aggregation rate stimulated by ADP (a, b) and platelet aggregation rate stimulated by collagen (c,
d) were measured in each group after two-week stress as described in Materials and Methods section through platelet aggregation analyzer.
(a) and (c) represent platelet aggregation trace provided by platelet aggregation analyzer. Data of each group (𝑛 = 15) were presented as mean
± SEM. *𝑃 < 0.05 compared with control group. †𝑃 < 0.05 compared with stress group.

Figure 5(b)). The plasma GSH-Px activity in the denervation
plus shock and Tempol plus shock groups was markedly
elevated compared with the foot shock group (𝑃 < 0.05,
Figure 5(b)).

Foot shock led to amarked increase in the levels of plasma
thiobarbituric acid reactive substances (TBARS) compared
with control group (𝑃 < 0.05, Figure 5(c)). The plasma
TBARS levels in the denervation plus shock and Tempol plus
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Figure 4: Plasma concentrations of noradrenaline. Concentrations
of noradrenaline in plasma in each group after two-week stress were
measured as described in Materials and Methods section. Data of
each group (𝑛 = 15) were presented as mean ± SEM. *

𝑃 < 0.05

compared with control group. †𝑃 < 0.05 compared with stress
group.

shock groups were markedly suppressed compared with the
foot shock group (𝑃 < 0.05, Figure 5(c)).

4. Discussion

In this study, we identified that DVT formation is facilitated
under stress conditions and that changes in the blood
coagulation system are induced by stress. Accumulating
data have shown that chronic psychological stress activated
two systems: one is hypothalamus-pituitary-adrenal cortex
(HPA) system which was mainly mediated by release of
catecholamine, cortisol, vasopressin, endorphins, and aldos-
terone [7, 22]; the other is through activation of sympathetic-
adrenal medullar system [22–25]. As shown in the data, the
corticosterone levels of chronic shock group were signifi-
cantly increased, indicating that HPA was activated. What
is the role of sympathetic nerve system in response to
stress? Since it has been demonstrated that renal sympathetic
system activation is highly related to the development of
hypertension, and renal denervation is a new treatment in
clinical for refractory hypertension patients [26], renal sym-
pathetic systemmust play an important role in cardiovascular
diseases. In addition, recent observations show that high
stress condition is highly related to cardiovascular diseases
[4] especially cardiac and brain infarction; therefore, we
speculate whether chronic stress will activate coagulation
system through activation of renal sympathetic nerve system.
In the present study, we firstly found that chronic stress
could aggregate the DVT formation, suggesting that stress
will increase the risk of cardiovascular diseases. In addition,
we measured parameters defining the activity of the blood
coagulation system, including PT, APPT, TT, and platelet
aggregation. Our data showed that there was a significant
change in platelet aggregation induced by both ADP and col-
lagen suggesting that the aggravating effect of stress on DVT
formation was mediated by activation of platelet. Our results
firstly reveal the mechanism which links the high stress
condition and cardiovascular diseases. Although our present

data clearly demonstrated the role of renal sympathetic
nerve system in the chronic shock induced development
of DVT, it is hard to identify whether afferent or efferent
nerve plays a major role due to the limitation of surgical
procedure. We speculate that both are involved in; the reason
is that afferent nerve could affect neurogenic control of blood
pressure which may contribute to the development of DVT;
and efferent nerve could regulate renal secretion of nora-
drenaline which may also contribute to the development of
DVT.

The presence of damaged endothelium and activated
clotting factors or platelets facilitates the development and
progression of DVT [27]. Platelet aggregation (i.e., when
platelets adhere to each other) occurring at sites of vascular
injury has long been recognized as critical for thrombosis
development [28]. In the present study, we focused mainly
on platelet function in DVT. The phenomena of platelet
adhesion, release, or aggregation are also known as platelet
activation [29]. Activated platelets play an important role
in the thrombosis process. Our data show that platelet
aggregation increased after stress treatment, along with the
enhancement in DVT formation.The platelet count was used
to normalize the measure of platelet activity; however, no
statistics on the number of platelets in each group were
performed.

Our analyses of the plasma GSH-Px and SOD activity,
as well as the plasma TBARS level, showed that the body
is in a state of oxidative stress induced by chronic foot
shock treatment, which was inhibited by renal denervation.
Several reports have shown that NAD(P)H oxidase activity
could be directly increased by the 𝛼1- and 𝛽2-receptors
[30] through the catecholamines (CA) released by the renal
sympathetic nerve. Moreover, 𝛽1-receptor antagonists were
shown to reduce the vascular oxidative stress caused by
NAD(P)H oxidase activation [31]. Therefore, we can say that
the renal sympathetic innervation directly increases oxidative
stress levels. It has been reported that platelet aggregation,
an additional risk factor for thrombus, is associated with
oxidative stress [32]. Oxidative stress could directly increase
platelet aggregation through oxygen-free radicals located on
the platelet surface [32]. Solid evidence has demonstrated
that oxidative stress could directly activate platelets through
a variety of ways. As the product of oxidative stress O2−
could react with platelet or endothelium, then NO derived
from ONOO-, which is of particular importance for vascular
thrombosis, also has such effects. Several studies have shown
that O2− could reduce the threshold for platelet activation
to thrombin, collagen, or ADP and O2− may even be able
to induce spontaneous aggregation [33–35]. The activated
platelet even could produce ROS; the role of this endogenous
ROS is similar to exogenous ROS in platelet activation.
Generally, several scenarios leading to stress-induced platelet
aggregation exist. In the first one, the renal sympathetic nerve
is activated by stress, which leads to an increased oxidative
stress throughout the body that is then followed by an
increase in platelet aggregation. In the other scenario, stress
directly triggers the body oxidative stress production, which
directly increases platelet aggregation. Renal sympathetic
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Figure 5: Plasma SOD, GSH-Px activities, and TBARS levels. Plasma SOD activity (a), GSH-Px activity (b), and TBARS levels (c) in each
group after two-week stress were measured as described in Materials and Methods section. Data of each group (𝑛 = 15) were presented as
mean ± SEM. *𝑃 < 0.05 compared with control group. †𝑃 < 0.05 compared with stress group.

nerve denervation may affect the platelet activation directly,
however, the mechanism of which remains to be explored.

Our data showed that chronic stress treatment has no
significant effect on either APPT or PT, suggesting that the
stress-facilitated DVTmay not be associated with the extrin-
sic or intrinsic coagulation system. Nevertheless, chronic
stress treatment could markedly increase TT, which indi-
cates that the conversion time of fibrinogen into fibrin was
prolonged because of a hyperfibrinolysis. Hence, we speculate
that fibrinolytic hyperfibrinolysis was due to an enhanced
blood coagulation under the condition of chronic stress. Con-
currently, the renal denervation and antioxidant treatment
could decrease platelet aggregation, which in turn suppressed
blood coagulation. Based on our data, we could observe that
the TT tended towards a normal rate in these two conditions
when compared with the shock group.

It should be noted that, in our present observation, we
found that Tempol treatment could reduce chronic stress-
induced increase of corticosterone levels, suggesting the
involvement of oxidative stress in HPA activation induced
hormone release, indicating that antioxidant treatment may
provide some beneficial effects in HAP activation induced
organ injury.However, we did not find any difference between
denervation and antioxidant treatments in any parame-
ters, indicating that sympathetic nerve and oxidative stress
may independently contribute to the development of DVT
induced by chronic shock.

In conclusion, chronic stress could increase platelet ag-
gregation directly via the activation of the renal sympathetic
nerve and increase of oxidative stress. Then, DVT comes
to be facilitated by the increase in platelet aggregation. A
number of studies have shown that atherosclerosis and other
cardiovascular diseases are closely associated with oxidative
stress [36] and that patients often present with low blood
antioxidant levels [37] and enhanced levels of oxidative stress
markers [38]. So, in view of the cardiocerebral vascular
diseases and DVT, we can prevent and treat these diseases by
targeting the therapy at the hormonal and antioxidant levels.
In addition to this, it is a new way of therapy through renal
sympathetic nerve.
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