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Abstract: Asprosin is a newly discovered adipokine that is involved in regulating metabolism.
Sympathetic overactivity contributes to the pathogenesis of several cardiovascular diseases. The par-
aventricular nucleus (PVN) of the hypothalamus plays a crucial role in the regulation of sympathetic
outflow and blood pressure. This study was designed to determine the roles and underlying mecha-
nisms of asprosin in the PVN in regulating sympathetic outflow and blood pressure. Experiments
were carried out in male adult SD rats under anesthesia. Renal sympathetic nerve activity (RSNA),
mean arterial pressure (MAP), and heart rate (HR) were recorded, and PVN microinjections were
performed bilaterally. Asprosin mRNA and protein expressions were high in the PVN. The high
asprosin expression in the PVN was involved in both the parvocellular and magnocellular regions
according to immunohistochemical analysis. Microinjection of asprosin into the PVN produced
dose-related increases in RSNA, MAP, and HR, which were abolished by superoxide scavenger
tempol, antioxidant N-acetylcysteine (NAC), and NADPH oxidase inhibitor apocynin. The asprosin
promoted superoxide production and increased NADPH oxidase activity in the PVN. Furthermore, it
increased the cAMP level, adenylyl cyclase (AC) activity, and protein kinase A (PKA) activity in the
PVN. The roles of asprosin in increasing RSNA, MAP, and HR were prevented by pretreatment with
AC inhibitor SQ22536 or PKA inhibitor H89 in the PVN. Microinjection of cAMP analog db-cAMP
into the PVN played similar roles with asprosin in increasing the RSNA, MAP, and HR, but failed to
further augment the effects of asprosin. Pretreatment with PVN microinjection of SQ22536 or H89
abolished the roles of asprosin in increasing superoxide production and NADPH oxidase activity in
the PVN. These results indicated that asprosin in the PVN increased the sympathetic outflow, blood
pressure, and heart rate via cAMP-PKA signaling-mediated NADPH oxidase activation and the
subsequent superoxide production.

Keywords: asprosin; paraventricular nucleus; reactive oxygen species; sympathetic activity;
blood pressure

1. Introduction

Sympathetic activity plays a critical role in the regulation of blood pressure. Chronic ex-
cessive sympathetic activity contributes to the pathogenesis of hypertension, chronic heart
failure, and chronic kidney disease [1-4]. Renal denervation is effective in lowering blood
pressure in patients with resistant hypertension [5]. The hypothalamic paraventricular
nucleus (PVN) is an important central integrative region in the regulation of cardiovascular
activity and a major source of excitatory drive for sympathetic outflow to the spinal cord
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by both direct and indirect projections [6]. The excessive sympathetic activation in hyper-
tension and chronic heart failure is mainly related to the changes in molecular signaling in
the PVN [7,8].

Asprosin, a novel adipokine, was firstly identified in 2016 as a fasting-induced protein
hormone that regulates hepatic glucose release [9]. The proprotein of asprosin is 2871 amino
acids long and is cleaved by the activated protease furin at its C terminus to produce a
140-amino-acid-long asprosin and mature fibrillin-1 (FBN1) [10]. Asprosin contributes to
metabolism and metabolic disorders, including obesity, diabetes, cardiovascular diseases,
and polycystic ovary syndrome [11-14]. Asprosin can cross the blood-brain barrier to
enhance the activity of orexigenic agouti-related peptide (AgRP) neurons in the hypotha-
lamus to increase appetite [15]. Asprosin is widely distributed in multiple tissues and
organs, including the hypothalamus of the brain [16]. Our preliminary study showed that
abundant asprosin existed in the PVN. However, it is not known whether asprosin in the
PVN is involved in regulating sympathetic activity and blood pressure.

Activation of the cAMP—protein kinase A (PKA) pathway in the PVN increases sympa-
thetic outflow [17-19]. The classical cAMP-PKA signaling contributes to the reactive oxygen
species (ROS) production induced by the 3-adrenergic receptor agonist isoproterenol in
mouse cardiomyocytes [20,21]. NADPH-oxidase-derived superoxide production in the
PVN increases sympathetic outflow and mediates the angiotensin II or salusin-p-induced
sympathetic activation [22-24]. The increased superoxide production in the PVN contributes
to sympathetic overactivity in hypertension and chronic heart failure [7]. It was found that
the cAMP-PKA pathway is necessary for asprosin-mediated AgRP neuron activation in
the brain [15]. We were interested in whether cAMP and ROS production were involved in
the effects of asprosin. Here we investigated the roles and underlined the mechanisms of
asprosin in the PVN when regulating sympathetic activity and blood pressure.

2. Results
2.1. Asprosin Expression

The asprosin expressions were examined and compared in several important nuclei
of the brain for the regulation of sympathetic outflow and blood pressure. The asprosin
mRNA level was higher in the PVN but lower in the caudal ventrolateral medulla (CVLM)
compared with that in the rostral ventrolateral medulla (RVLM) (Figure 1A). Western blot
analyses showed high asprosin expression in the PVN; moderate expression in the RVLM,
nucleus tractus solitaries (NTS), and dorsal motor nucleus of the vagus (DMV); and low
expression in the CVLM (Figure 1B). Inmunohistochemistry for asprosin at the PVN level
of the brain showed that high asprosin expression existed in the PVN, including both the
magnocellular and parvocellular neurons in the PVN (Figure 1C). These results suggested
a possibility that asprosin may have played crucial roles in the control of the sympathetic
outflow and blood pressure.

2.2. Dose Effects and Time Effects of Asprosin in PVN

Bilateral microinjection of asprosin in the PVN caused an immediate increase in the
RSNA, MAP, and HR (Figure 2A). Asprosin dose-dependently increased the RSNA, MAP,
and HR, and 5 pmol of asprosin almost reached its maximal effects (Figure 2B). The effects
of asprosin lasted about 30 min, and the maximal effects occurred approximately 5 min
after the PVN microinjection of asprosin. The PVN microinjection of PBS had no significant
effects on the RSNA, MAP, and HR (Figure 2C).
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Figure 1. Asprosin expression in the PVN. (A) Relative asprosin mRNA levels in some nuclei of the brain.
(B) Relative asprosin protein levels in some nuclei of the brain. (C) Representative images of immuno-
histochemistry for asprosin (brown color) in the PVN. The nuclei were stained with hematoxylin (blue
color). * p < 0.05 vs. RVLM. Values are given as mean =+ SE. n = 3 per group. RVLM, rostral ventrolateral
medulla; CVLM, caudal ventrolateral medulla; PVN, paraventricular nucleus of hypothalamus; NTS,
nucleus tractus solitaries; DMV, dorsal motor nucleus of the vagus; 3V, the third ventricle.
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Figure 2. Effects of the microinjection of asprosin in the PVN on the RSNA, MAP and HR. (A) Repre-
sentative recordings showing the effects of microinjection of PBS and asprosin (5 pmol) in the PVN.
(B) Dose effects of asprosin (0, 0.05, 0.5, 5 pmol) in the PVN. * p < 0.05 vs. 0 pmol. (C) Time effects
of microinjection of PBS and asprosin (5 pmol) in the PVN. * p < 0.05 vs. PBS. Values are given as
mean =+ SE. n = 6 per group.



Int. . Mol. Sci. 2022, 23, 12595

4 of 14

RSNA change (%) >

W

RSNA change (%)

SR - N W B
o cocococ o oo

2.3. Effects of Asprosin Antibody in the PVN

Microinjection of specific antibodies in the PVN is a common method that is used to
investigate the effects of endogenous active peptides [25-27]. The PVN microinjection of
an anti-asprosin antibody to neutralize the endogenous asprosin reduced the RSNA and
MAP (Figure 3A) and abolished the asprosin-induced increases in the RSNA, MAP, and
HR (Figure 3B). The PVN microinjection of the control antibody had no significant effects.
These results suggest that endogenous asprosin in the PVN played a tonic role in enhancing
the sympathetic outflow.
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Figure 3. Roles of endogenous asprosin in regulating the RSNA, MAP, and HR. (A) Effects of
microinjection of anti-asprosin antibody in the PVN on the RSNA, MAP, and HR. * p < 0.05 vs. PBS.
1 p < 0.05 vs. control antibody. (B) Effects of PVN pretreatment of anti-asprosin antibody on the roles
of asprosin in increasing the RSNA, MAP, and HR. The pretreatment was carried out 10 min before
the microinjection of asprosin (5 pmol) in the PVN. * p < 0.05 vs. PBS + PBS; t p < 0.05 vs. control
antibody + asprosin. Values are given as mean + SE. n = 6 per group.

2.4. Roles of Superoxide Production Mediated the Effects of Asprosin

Enhanced superoxide production in the PVN increases the sympathetic outflow [7].
We were interested to know whether superoxide production was involved in the effects
of asprosin in the PVN. The microinjection of asprosin in the PVN increased superoxide
production and NADPH oxidase activity (Figure 4A). The PVN microinjection of superox-
ide scavenger tempol, antioxidant N-acetylcysteine (NAC), or NADPH oxidase inhibitor
apocynin reduced the RSNA, MAP, and HR (Figure 4B). Pretreatment with tempol, NAC,
or apocynin in the PVN almost abolished the effects of asprosin in the PVN (Figure 4C).
These results suggested that NADPH-oxidase-dependent superoxide production mediated
the effects of asprosin in increasing the RSNA, MAP, and HR.
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Figure 4. Roles of superoxide production in mediating the effects of asprosin in the PVN on the
RSNA, MAP, and HR. (A) Effects of PVN microinjection of asprosin on superoxide production and
NADPH oxidase activity in the PVN. The measurements were made 15 min after the microinjection.
*p <0.05 vs. PBS. (B) Effects of superoxide scavenger tempol (20 nmol), antioxidant NAC (40 nmol),
and NADPH oxidase inhibitor apocynin (1 nmol) on the RSNA, MAP, and HR. * p < 0.05 vs. PBS or
DMSO. (C) Effects of PVN pretreatment with tempol, NAC, and apocynin on the roles of asprosin in
increasing the RSNA, MAP, and HR. The pretreatment was carried out 10 min before the microin-
jection of asprosin (5 pmol) in the PVN. * p < 0.05 vs. PBS + PBS; t p < 0.05 vs. PBS + asprosin or
DMSO + asprosin. Values are given as mean + SE. n = 6 per group.

2.5. Roles of cAMP-PKA Signaling in Mediating the Effects of Asprosin in the PVN

The activation of cAMP-PKA pathway in the PVN promotes sympathetic activa-
tion [17-19]. The microinjection of asprosin into the PVN increased the cAMP level, AC
activity, and PKA activity in the PVN (Figure 5A). The PVN microinjection of the cAMP ana-
log dibutyryl-cAMP (db-cAMP) increased the RSNA and MAP, but AC inhibitor SQ22536 or
PKA inhibitor H89 reduced the RSNA and MAP (Figure 5B). Pretreatment with SQ22536 or
H89 in the PVN abolished the roles of asprosin, but db-cAMP failed to further enhance the
roles of asprosin in increasing the RSNA, MAP, and HR (Figure 5C). These results indicated
that asprosin-induced sympathetic activation was mediated by the cAMP-PKA signaling
pathway in the PVN, which was supported by findings showing that the cAMP-PKA
pathway contributes to asprosin-mediated glucose release in the liver [9] and AgRP neuron
activation in the brain [15].
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Figure 5. Roles of cAMP signaling in the effects of asprosin in the PVN on the RSNA, MAP, and HR.
(A) Effects of PVN microinjection of asprosin on the cAMP levels, adenylyl cyclase (AC) activity,
and protein kinase A (PKA) activity in the PVN. The measurements were made 15 min after the
microinjection. * p < 0.05 vs. PBS. (B) Effects of the cAMP analog db-cAMP (1 nmol), AC inhibitor
5022536 (2 nmol), and PKA inhibitor H89 (1 nmol) on the RSNA, MAP, and HR. * p < 0.05 vs.
PBS or DMSO. (C) Effects of PVN pretreatment with db-cAMP, SQ22536, and H89 on the roles of
asprosin in increasing the RSNA, MAP, and HR. The pretreatment was carried out 10 min before the
microinjection of asprosin (5 pmol) in the PVN. * p < 0.05 vs. PBS + PBS; t p < 0.05 vs. PBS + asprosin
or DMSO + asprosin. Values are given as mean + SE. n = 6 per group.

2.6. cAMP-PKA Signaling Mediated the Effects of Asprosin on Superoxide Production

The cAMP-PKA signaling contributes to ROS production [20,21]. ROS plays a critical
role in the cAMP-induced activation of Ras in Leydig cells [28]. We further examined
whether cAMP-PKA signaling was involved in the NADPH oxidase activation and super-
oxide production in the PVN. The microinjection of AC inhibitor SQ22536 or PKA inhibitor
H89 attenuated the asprosin-induced superoxide production in the PVN (Figure 6A). The
role of 5Q22536 or H89 in inhibiting the asprosin-induced superoxide production was
involved in both the magnocellular and parvocellular neurons in the PVN (Figure 6B).
Similarly, SQ22536 or H89 attenuated the asprosin-induced NADPH oxidase activation
in the PVN (Figure 6C). These results indicated that the cAMP-PKA signaling pathway
at least partially mediated the asprosin-induced NADPH oxidase activation and superox-
ide production.
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Figure 6. Effects of adenylyl cyclase inhibitor SQ22536 and PKA inhibitor H89 on the asprosin-
induced changes in superoxide production and NADPH oxidase activity in the PVN. (A) Superoxide
production. (B) Representative images showing the dihydroethidium (DHE) staining in the PVN.
3V, the third ventricle. (C) NADPH oxidase activity. The pretreatment with SQ22536 (2 nmol) or
H89 (1 nmol) was carried out 10 min before the microinjection of asprosin (5 pmol) in the PVN. The
measurements were made 15 min after the microinjection of asprosin. * p < 0.05 vs. PBS + PBS;
1 p < 0.05 vs. PBS + asprosin. Values are given as mean =+ SE. n = 6 per group.

3. Discussion

Asprosin is an adipokine that is associated with metabolism and metabolic disorder [9].
It serves as a hormone that acts on the hypothalamus to increase appetite by crossing the
blood-brain barrier [15]. The primary novel findings in this study were that asprosin in the
PVN increased the sympathetic activity, blood pressure, and heart rate via NADPH-oxidase-
dependent superoxide production. The cAAMP-PKA signaling pathway was involved in
the asprosin-induced NADPH oxidase activation and subsequent superoxide production
(Figure 7).
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Figure 7. Schematic diagram showing the effects of asprosin in the PVN on the sympathetic outflow

and blood pressure in rats and its signaling pathway.

The PVN, which is composed of parvocellular neurons and magnocellular neurons,
is an important integrative site in the brain. The parvocellular neurons project to the
intermediolateral cell column (IML) of the spinal cord and the RVLM neurons project to
the IML and contribute to the regulation of sympathetic activity and blood pressure [29].
Magnocellular neurons express a variety of neuropeptides, including arginine vasopressin
and oxytocin, and are involved in the regulation of both hydromineral homeostasis and
autonomous functions [30]. The asprosin mRNA and protein expressions existed in several
important nuclei in the brain for autonomic regulation, including RVLM, CVLM, PVN,
NTS, and DMV, while the highest asprosin expression was found in the PVN. The asprosin-
positive neurons included both parvocellular neurons and magnocellular neurons. The
PVN microinjection of asprosin increased the RSNA, MAP, and HR, while neutralization of
asprosin in the PVN with asprosin antibody reduced the RSNA, MAP, and HR. It was noted
that asprosin induced an immediate increase in the RSNA and MAP with similar durations.
According to the immediate response, the change range, and the parallel changes of the
RSNA and MAP, the asprosin-induced pressor response was primarily caused by sympa-
thetic activation. However, we cannot completely exclude the possibility that vasopressin
might play a small role in the asprosin-induced pressor response. Persistent sympathetic
activation not only increases blood pressure directly, and the increased norepinephrine from
the sympathetic endings promotes extracellular vesicle release from adventitial fibroblasts
of arteries [31]. These extracellular vesicles further contribute to vascular remodeling in
hypertension [32,33].

Superoxide production in the PVN increased the sympathetic outflow [34]. We found
that the microinjection of asprosin in the PVN increased the NADPH oxidase activity
and superoxide production. Inhibiting NADPH oxidase or scavenging superoxides in the
PVN not only reduced the RSNA, MAP, and HR but also abolished the effects of asprosin
in the PVN. These results provided solid evidence that the roles of asprosin in the PVN
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in increasing the RSNA, MAP, and HR were mediated by NADPH-oxidase-dependent
superoxide production. Previous studies showed that the increased superoxide production
in the PVN attributes to the excessive sympathetic activation in hypertension [35], chronic
heart failure [36], obesity [37], diabetes [38], and metabolic syndrome [23]. It is worthy to
study the roles of asprosin in the PVN in the sympathetic over-activation of these diseases.

The cAMP-PKA signaling pathway in the PVN mediates the roles of angiotensin-(1-7)
and alamandine in increasing the sympathetic activity [17-19]. Asprosin stimulates glucose
release from hepatic cells via activating the cAMP-PKA pathway [39]. We found that the
microinjection of asprosin into the PVN increased the cAMP level, AC activity, and PKA
activity in the PVN. The inhibition of AC or PKA in the PVN reduced the RSNA and MAP
and abolished the roles of asprosin in increasing the RSNA, MAP, and HR. The cAMP analog
db-cAMP increased the RSNA and MAP but did not further enhance the roles of asprosin.
These results indicated that the cAMP-PKA signaling pathway in the PVN mediated
the asprosin-induced sympathetic activation. The inhibition of AC or PKA in the PVN
attenuated the asprosin-induced NADPH oxidase activation and superoxide production in
the PVN. These results indicated that CAMP-PKA signaling mediated the asprosin-induced
superoxide production, which was supported by the findings that superoxides contribute
to the cAMP-induced activation of Ras in Leydig cells [28]. It was noted that the inhibition
of AC or PKA in the PVN could not completely abolish the effects of asprosin on the
NADPH oxidase activity and superoxide production, suggesting that there might be some
other signals involved in mediating the asprosin-induced NADPH oxidase activity and
superoxide production. It was found that serum asprosin is positively related to angiotensin-
converting enzyme inhibitor/angiotensin II receptor blocker therapy in type 2 diabetes
patients [40]. However, the interaction of asprosin with angiotensin in the PVN is not
known. Our previous studies showed that angiotensin II in the PVN induces sympathetic
activation and pressor responses via NADPH-oxidase-derived superoxide production [36],
and that Ang-(1-7) contributes to the enhanced sympathetic outflow via the cAMP-PKA
pathway in renovascular hypertension [17]. In the present study, we found that asprosin in
the PVN increased the sympathetic outflow, blood pressure, and heart rate via cAMP-PKA
signaling-mediated NADPH oxidase activation and subsequent superoxide production.
These results suggested that the interaction of asprosin with the angiotensin system might
exist in their downstream signaling pathway, which needs further investigation.

A previous study showed that asprosin promotes the upregulation of the antioxidant
enzyme superoxide dismutase 2 (SOD2) in mesenchymal stromal cells and that asprosin
inhibits the hydrogen-peroxide-induced ROS generation and apoptosis via ERK1/2-50D2
pathway in these cells [41]. This study showed the novel mechanism of asprosin. We
found that asprosin induced an immediate sympathetic activation and increased NADPH
oxidase activity and superoxide production. The rapid responses must be mediated by the
intracellular second messenger rather than SOD2 or other anti-oxidant enzyme expressions;
therefore, we did not measure the antioxidant enzyme expressions in the PVN in this study.
However, we could not exclude the possibility that long-term asprosin administration may
increase the expressions of antioxidant enzymes in the PVN via its direct or secondary
mechanism. The different roles of asprosin in modulating the ROS may attribute to the
different receptors. So far, three types of asprosin receptors have been reported as follows:
(1) asprosin promoted glucose release in the liver through its G-protein-coupled receptor
called OR4M1 and its downstream cAMP-PKA pathway [9], (2) the olfactory receptor
OLFR?734 acted as an asprosin receptor to regulate hepatic glucose production [42] and
male fertility [43], and (3) asprosin impairs insulin secretion through toll-like receptor
4 (TLR4) and its downstream JNK-mediated inflammation [44]. Asprosin activated cCAMP-
PKA pathway to cause sympathetic activation in the present study. We speculate that
the effects of asprosin in the PVN may be mediated by OR4M1 or OLFR734 receptors.
A limitation of the present study was that the exact receptors of asprosin in the PVN in
modulating sympathetic outflow were not identified because specific antagonists of OR4M1
or OLFR734 receptors are not available at present.
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4. Materials and Methods
4.1. Animals and General Procedures

Experiments were performed in male SD rats weighing between 300 and 350 g. The rats
were kept in an environment under a 12 h cycle of light/dark with controlled temperature
and humidity. Standard laboratory chow and tap water were available ad libitum. Rats were
anesthetized with an intraperitoneal injection of a mixture of urethane (800 mg/kg) and «-
chloralose (40 mg/kg). The animal was kept in a supine position and the trachea and carotid
artery were exposed through a vertical incision in the middle of the neck. Endotracheal
intubation was made and connected to a small animal ventilator (683, Harvard Apparatus
Inc., Holliston, MA, USA) for positive pressure ventilation with room air. A PE50 catheter
connected with a pressure transducer was inserted into the right carotid artery for the blood
pressure recording. Then, the rats remained in a prone position and fixed on a stereotaxic
frame (Stoelting, Chicago, IL, USA) to perform surgery for the PVN microinjection and the
renal sympathetic nerve activity (RSNA) recording. Both the blood pressure and RSNA
signals were recorded with a data acquisition system (8SP, ADInstruments, Bella Vista,
NSW, Australia). The rats were stabilized for at least 30 min before the experiment and
finally euthanized via intravenous injection of sodium pentobarbital (100 mg/kg).

4.2. RSNA Recording

A left retroperitoneal incision was made to expose the left renal nerve. The nerve was
isolated and cut at its distal end to abolish the renal afferent activity. The central end of
the nerve was put on a pair of platinum electrodes and immersed in mineral oil at 37 °C.
The nerve signals were amplified using a model DP-304 differential amplifier (Warner
Instruments, Hamden, CT, USA). The band-pass filtration was set at 100-3000 Hz. The
RSNA was integrated at a time constant of 100 ms with LabChart 8 software (ADInstru-
ments, Bella Vista, NSW, Australia). Background noise was obtained by cutting the central
end of the nerve. The percentage change of integrated RSNA from the baseline value was
calculated after each intervention [25].

4.3. PVN Microinjection

Stereotaxic coordinates for the PVN microinjection were 0.4 mm lateral to the midline,
1.8 mm caudal from bregma, and 7.9 mm ventral to the dorsal surface according to the
Paxinos and Watson rat atlas. Bilateral PVN microinjections were made through glass
micropipettes (tip outer diameter 50 um) with a 0.5 uL microsyringe and completed within
1 min. The microinjection volume for each side of the PVN was 50 nL. In the end, the same
volume of Evans Blue was microinjected into the PVN and prepared for the histological
identification of the microinjection sites. The rats were excluded if the microinjection
site was out of the PVN. A total of 6 rats were excluded from the data analysis in the
present study.

4.4. In Situ Detection of the Superoxide Level in the PVN

DHE (Beyotime Biotechnology, Shanghai, China) was used as a specific fluorogenic
probe for detecting superoxide levels in the PVN [26]. The rats were euthanized and
the brains were rapidly removed, frozen with liquid nitrogen, embedded into the tissue
OCT-Freeze Medium, and cryostat-sectioned (30 um, coronal) onto the chilled microscope
slides. The sections were thawed at room temperature, rehydrated with phosphate-buffered
saline, and incubated for 5 min in the dark with DHE (1 pumol/L). After washing with
phosphate-buffered saline, the DHE fluorescence in sections was detected with a fluores-
cence microscope (BX51, Olympus, Tokyo, Japan) with an excitation wavelength of 543 nm.
The detector and laser settings were kept constant among all samples.

4.5. Measurements of Superoxide Production and NADPH Oxidase Activity

Coronal sections with a thickness of 450 um at the PVN level were performed with
a cryostat microtome (Model CM1900, Leica, Wetzlar, Germany). The PVN tissue was
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punched out with a 15-gauge needle, homogenized in a lysis buffer, and then centrifuged.
The total protein concentration was measured with Bradford assay kit (BCA; Pierce, Santa
Cruz, CA, USA). The lucigenin-derived chemiluminescence method was used to measure
superoxide production and NADPH oxidase activity in the PVN [27,28]. Photon emission
was triggered by adding dark-adapted lucigenin (5 uM) to measure the superoxide produc-
tion, or both dark-adapted lucigenin (5 uM) and NADPH (100 M) to measure the NADPH
oxidase activity. Light emission was measured with a luminometer (Model 20/20n, Turner,
CA, USA) ten times in 10 min. Background chemiluminescence was measured in the buffer
containing lucigenin (5 uM). The data were expressed in terms of the mean light unit
(MLU)/min/mg protein.

4.6. Quantitative PCR

Total RNA in the RVLM, CVLM, PVN, NTS, and DMV of the rat was extracted with
the reagent (Life Technologies, Gaithersburg, MD, USA). The purity and concentration of
the extracted RNA were determined with a UV spectrophotometer. The RNA samples were
subjected to a reverse transcription reaction to synthesize cDNA templates, which were
then subjected to PCR amplification. According to the consistency of the standard curve
amplification efficiency, the relative expression levels of asprosin mRNA in the samples
were analyzed using the AACt method. GAPDH was used as a normalized control. The
primers used are listed in the online Supplementary Materials (Table S1).

4.7. Western Blot

Asprosin protein expression in the RVLM, CVLM, PVN, NTS, and DMV was examined
with Western blotting. Equal amounts of protein extracts were electrophoresed on 10%
SDS-PAGE and transferred onto a PVDF membrane. After blocking with 5% milk, the
membranes were incubated with the antibody against asprosin (1:1000) overnight at 4 °C
followed by incubation in HRP-conjugated secondary antibody (1:5000) for 1h at room
temperature. The blots were visualized with chemiluminescence. 3-actin was employed as
a normalized control.

4.8. Measurements with Commercial Kits

Measurements were performed following the manufacturer’s descriptions of the
kits. The cAMP content was measured with a Cyclic Adenosine Monophosphate Assay
Kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The AC activity was
examined with Adenylate Cyclase Activity Assay Kit (Mlbio Co., Shanghai, China). PKA
activity was determined with PKA Activity Kit (Enzo Life Sciences, Ann Arbor, MI, USA).
Absorbance was examined at 450 nm using an automatic plate reader (ELx800, Biotek
Instruments, Winooski, VT, USA).

4.9. Immunohistochemistry

Immunohistochemistry was performed to detect the asprosin expression in the brain
sections at the PVN level of rats. The primary anti-asprosin antibody was obtained from
FineBiotechCo. (Wuhan, China) and was diluted for use (1:200). Horseradish peroxidase-
conjugated goat anti-rabbit antibody was acquired from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA, USA). Images were taken with a light microscope (BX-51, Olympus,
Tokyo, Japan).

4.10. Chemicals

5Q22536, db-cAMP, H89, and asprosin were purchased from Med Chem Express
(Monmouth Junction, NJ, USA). Tempol, apocynin, and NAC were obtained from Sigma
(St. Louis, MO, USA). Asprosin and tempol were dissolved in PBS, and other chemicals
were dissolved in PBS containing 1% DMSO. Vehicles were used as controls.
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4.11. Statistics

RSNA, MAP, and HR values were assessed by averaging 1 min data. All data were
expressed as mean =+ SE. Student’s ¢-test was used to evaluate the statistical significance
of the difference between the two groups. Multiple comparisons were performed using
one-way or two-way ANOVA followed by Bonferroni’s post hoc analysis. A p-value < 0.05
was considered statistically significant.

5. Conclusions

Asprosin in the PVN increased the sympathetic outflow, blood pressure, and heart rate.
The effects of asprosin were mediated by the cAMP-PKA signaling-pathway-mediated
NADPH oxidase activation and subsequent superoxide production.

Supplementary Materials: The following supporting information can be downloaded from https:
//www.mdpi.com/article/10.3390/ijms232012595/s1.

Author Contributions: Conceptualization, X.-L.W., Q.C., Y.-H.L., G.-Q.Z. and X.-Z.L.; formal analysis,
X-LW, J-XW,, ]J.-L.C., W-Y.H. and G.-Q.Z.; funding acquisition, G.-Q.Z.; investigation, X.-L.W.,
J-XW, J.-L.C, W-YH., W.-ZX.,, Z-Q.X,, Y.-T]. and P-Q.L.; methodology, X.-L.W.,]-X.W. and G.-Q.Z.;
project administration, G.-Q.Z.; resources, G.-Q.Z.; supervision, G.-Q.Z. and X.-Z.L.; validation, G.-
Q.Z.; writing—original draft, X.-L.W., G.-Q.Z. and X.-Z.L.; writing—review and editing, Q.C., Y.-H.L.,
G.-Q.Z. and X.-Z.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (31871148
and 32071106).

Institutional Review Board Statement: The study was conducted in accordance with the NIH
guidelines and approved by the Experimental Animal Care and Use Committee of Nanjing Medical
University (no. 1811017).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data for this study are available from the corresponding author on
reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Grassi, G.; Ram, V.S. Evidence for a critical role of the sympathetic nervous system in hypertension. J. Am. Soc. Hypertens. 2016,
10, 457-466. [CrossRef] [PubMed]

2. Hering, D.; Schlaich, M. The Role of Central Nervous System Mechanisms in Resistant Hypertension. Curr. Hypertens. Rep. 2015,
17, 58. [CrossRef] [PubMed]

3. Noh, M.R; Jang, H.S; Kim, ].; Padanilam, B.]. Renal Sympathetic Nerve-Derived Signaling in Acute and Chronic kidney Diseases.
Int. ]. Mol. Sci. 2020, 21, 1647. [CrossRef]

4.  Lymperopoulos, A.; Borges, J.I.; Cora, N.; Sizova, A. Sympatholytic Mechanisms for the Beneficial Cardiovascular Effects of
SGLT2 Inhibitors: A Research Hypothesis for Dapagliflozin’s Effects in the Adrenal Gland. Int. J. Mol. Sci. 2021, 22, 7684.
[CrossRef]

5. Delalio, L.J.; Sved, A.E,; Stocker, S.D. Sympathetic Nervous System Contributions to Hypertension: Updates and Therapeutic
Relevance. Can. J. Cardiol. 2020, 36, 712-720. [CrossRef] [PubMed]

6. Dampney, R.A.; Michelini, L.C.; Li, D.P; Pan, H.L. Regulation of sympathetic vasomotor activity by the hypothalamic par-
aventricular nucleus in normotensive and hypertensive states. Am. J. Physiol. Heart Circ. Physiol. 2018, 315, H1200-H1214.
[CrossRef]

7. Chen, WW,; Xiong, X.Q.; Chen, Q.; Li, Y.H.; Kang, Y.M.; Zhu, G.Q. Cardiac sympathetic afferent reflex and its implications for
sympathetic activation in chronic heart failure and hypertension. Acta. Physiol. 2015, 213, 778-794. [CrossRef] [PubMed]

8. Wu, L.L; Zhang, Y,; Li, X.Z.; Du, X.L.; Gao, Y.; Wang, ].X.; Wang, X.L.; Chen, Q.; Li, YH.; Zhu, G.Q.; et al. Impact of Selective
Renal Afferent Denervation on Oxidative Stress and Vascular Remodeling in Spontaneously Hypertensive Rats. Antioxidants
2022, 11, 1003. [CrossRef] [PubMed]

9. Romere, C.; Duerrschmid, C.; Bournat, J.; Constable, P,; Jain, M.; Xia, F; Saha, P.K.; Del, S.M.; Zhu, B.; York, B.; et al. Asprosin, a
fasting-induced glucogenic protein hormone. Cell 2016, 165, 566-579. [CrossRef] [PubMed]

10.  Yuan, M.; Li, W;; Zhu, Y;; Yu, B.; Wu, J. Asprosin: A Novel Player in Metabolic Diseases. Front. Endocrinol. 2020, 11, 64. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms232012595/s1
https://www.mdpi.com/article/10.3390/ijms232012595/s1
http://doi.org/10.1016/j.jash.2016.02.015
http://www.ncbi.nlm.nih.gov/pubmed/27052349
http://doi.org/10.1007/s11906-015-0570-0
http://www.ncbi.nlm.nih.gov/pubmed/26070453
http://doi.org/10.3390/ijms21051647
http://doi.org/10.3390/ijms22147684
http://doi.org/10.1016/j.cjca.2020.03.003
http://www.ncbi.nlm.nih.gov/pubmed/32389344
http://doi.org/10.1152/ajpheart.00216.2018
http://doi.org/10.1111/apha.12447
http://www.ncbi.nlm.nih.gov/pubmed/25598170
http://doi.org/10.3390/antiox11051003
http://www.ncbi.nlm.nih.gov/pubmed/35624870
http://doi.org/10.1016/j.cell.2016.02.063
http://www.ncbi.nlm.nih.gov/pubmed/27087445
http://doi.org/10.3389/fendo.2020.00064

Int. . Mol. Sci. 2022, 23, 12595 13 of 14

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Hekim, M.G.; Kelestemur, M.M.; Bulmus, EG,; Bilgin, B.; Bulut, F.; Gokdere, E.; Ozdede, M.R.; Kelestimur, H.; Canpolat, S.; Ozcan,
M. Asprosin, a novel glucogenic adipokine: A potential therapeutic implication in diabetes mellitus. Arch. Physiol. Biochem. 2021,
1-7, Online ahead of print. [CrossRef] [PubMed]

Liu, LJ.; Kang, Y.R; Xiao, Y.F. Increased asprosin is associated with non-alcoholic fatty liver disease in children with obesity.
World |. Pediatr. 2021, 17, 394-399. [CrossRef]

Maylem, E.R.S.; Spicer, L.]J.; Batalha, I.; Schutz, L.F. Discovery of a possible role of asprosin in ovarian follicular function. J. Mol.
Endocrinol. 2021, 66, 35—44. [CrossRef] [PubMed]

Guven, C.; Kafadar, H. Evaluation of Plasma Asprosin Concentration in Patients with Coronary Artery Disease. Braz. ]. Cardiovasc.
Surg. 2022, 37, 493-500. [CrossRef]

Duerrschmid, C.; He, Y.; Wang, C.; Li, C.; Bournat, J.C.; Romere, C.; Saha, PK.; Lee, M.E,; Phillips, K.J.; Jain, M.; et al. Asprosin is
a centrally acting orexigenic hormone. Nat. Med. 2017, 23, 1444-1453. [CrossRef]

Kocaman, N.; Kuloglu, T. Expression of asprosin in rat hepatic, renal, heart, gastric, testicular and brain tissues and its changes in
a streptozotocin-induced diabetes mellitus model. Tissue Cell 2020, 66, 101397. [CrossRef] [PubMed]

Han, Y.; Sun, H]; Li, P; Gao, Q.; Zhou, Y.B.; Zhang, F; Gao, X.Y.; Zhu, G.Q. Angiotensin-(1-7) in paraventricular nucleus
modulates sympathetic activity and cardiac sympathetic afferent reflex in renovascular hypertensive rats. PLoS ONE 2012,
7,e48966. [CrossRef] [PubMed]

Li, P; Cui, B.P; Zhang, L.L.; Sun, H.J.; Liu, T.Y.; Zhu, G.Q. Melanocortin 3/4 receptors in paraventricular nucleus modulates
sympathetic outflow and blood pressure. Exp. Physiol. 2013, 98, 435—443. [CrossRef]

Shen, Y.H.; Chen, X.R.; Yang, C.X,; Liu, B.X,; Li, P. Alamandine injected into the paraventricular nucleus increases blood pressure
and sympathetic activation in spontaneously hypertensive rats. Peptides 2018, 103, 98-102. [CrossRef] [PubMed]

Zhang, J.; Xiao, H.; Shen, J.; Wang, N.; Zhang, Y. Different roles of b-arrestin and the PKA pathway in mitochondrial ROS
production induced by acute b-adrenergic receptor stimulation in neonatal mouse cardiomyocytes. Biochem. Biophys. Res.
Commun. 2017, 489, 393-398. [CrossRef]

Andersson, D.C.; Fauconnier, ].; Yamada, T.; Lacampagne, A.; Zhang, S.J.; Katz, A.; Westerblad, H. Mitochondrial production
of reactive oxygen species contributes to the b-adrenergic stimulation of mouse cardiomycytes. . Physiol. 2011, 589, 1791-1801.
[CrossRef] [PubMed]

Li, H.B.; Yu, X.J.; Bai, J.; Su, Q.; Wang, M.L.; Huo, C.J.; Xia, WJ.; Yi, Q.Y.; Liu, K.L.; Fu, L.Y,; et al. Silencing salusin beta ameliorates
heart failure in aged spontaneously hypertensive rats by ROS-relative MAPK/NF-kappaB pathways in the paraventricular
nucleus. Int. ]. Cardiol. 2019, 280, 142-151. [CrossRef] [PubMed]

Cruz, ].C.; Flor, A.F,; Franca-Silva, M.S.; Balarini, C.M.; Braga, V.A. Reactive oxygen species in the paraventricular nucleus of the
hypothalamus alter sympathetic activity during metabolic syndrome. Front. Physiol. 2015, 6, 384. [CrossRef] [PubMed]

Han, Y.; Zhang, Y.; Wang, H.].; Gao, X.Y.; Wang, W.; Zhu, G.Q. Reactive oxygen species in paraventricular nucleus modulates
cardiac sympathetic afferent reflex in rats. Brain Res. 2005, 1058, 82-90. [CrossRef]

Chen, W.W,; Sun, H.J.; Zhang, E,; Zhou, Y.B.; Xiong, X.Q.; Wang, ].].; Zhu, G.Q. Salusin-b in paraventricular nucleus increases
blood pressure and sympathetic outflow via vasopressin in hypertensive rats. Cardiovasc. Res. 2013, 98, 344-351. [CrossRef]
Zheng, F; Ye, C.; Wan, G.W.; Zhou, B.; Tong, Y.; Lei, ].Z.; Chen, Q.; Li, YH.; Kang, YM.; Zhu, G.Q. Interleukin-1b in hypothalamic
paraventricular nucleus mediates excitatory renal reflex. Pflugers. Arch. 2020, 472, 1577-1586. [CrossRef]

Li, P; Jie, Y,; YuGen, S.; Yu, W.; Yan, S. High mobility group box-1 in hypothalamic paraventricular nuclei attenuates sympathetic
tone in rats at post-myocardial infarction. Cardiol. . 2019, 26, 555-563. [CrossRef]

Tai, P.; Ascoli, M. Reactive oxygen species (ROS) play a critical role in the cAMP-induced activation of Ras and the phosphorylation
of ERK1/2 in Leydig cells. Mol. Endocrinol. 2011, 25, 885-893. [CrossRef]

Badoer, E. Hypothalamic paraventricular nucleus and cardiovascular regulation. Clin. Exp. Pharmacol. Physiol. 2001, 28, 95-99.
[CrossRef]

Palasz, A.; Della, V.A.; Saganiak, K.; Worthington, ].J. Neuropeptides of the human magnocellular hypothalamus. ]. Chem.
Neuroanat. 2021, 117, 102003. [CrossRef]

Ye, C.; Zheng, F.; Xu, T.; Wu, N.; Tong, Y.; Xiong, X.Q.; Zhou, Y.B.; Wang, ].].; Chen, Q.; Li, Y.H.; et al. Norepinephrine acting
on adventitial fibroblasts stimulates vascular smooth muscle cell proliferation via promoting small extracellular vesicle release.
Theranostics 2022, 12, 4718-4733. [CrossRef] [PubMed]

Ren, X.S.; Tong, Y.; Qiu, Y.; Ye, C.; Wu, N.; Xiong, X.Q.; Wang, ].].; Han, Y.; Zhou, Y.B.; Zhang, F,; et al. MiR155-5p in adventitial
fibroblasts-derived extracellular vesicles inhibits vascular smooth muscle cell proliferation via suppressing angiotensin-converting
enzyme expression. J. Extracell. Vesicles. 2020, 9, 1698795. [CrossRef] [PubMed]

Ye, C.; Zheng, E; Nan, W.; Zhu, G.Q.; Li, X.Z. Extracellular vesicles in vascular remodeling. Acta. Pharmacol. Sin. 2022, 43,
2191-2201. [CrossRef] [PubMed]

Qiu, Y.; Zheng, F; Ye, C.; Chen, A.D.; Wang, ].].; Chen, Q.; Li, YH.; Kang, YM.; Zhu, G.Q. Angiotensin type 1 receptors and
superoxide anion production in hypothalamic paraventricular nucleus contribute to capsaicin-induced excitatory renal reflex and
sympathetic activation. Neurosci. Bull. 2020, 36, 463—474. [CrossRef] [PubMed]

Yuan, N.; Zhang, F.; Zhang, L.L.; Gao, J.; Zhou, Y.B.; Han, Y.; Zhu, G.Q. SOD1 gene transfer into paraventricular nucleus attenuates
hypertension and sympathetic activity in spontaneously hypertensive rats. Pflugers. Arch. 2013, 465, 261-270. [CrossRef]


http://doi.org/10.1080/13813455.2021.1894178
http://www.ncbi.nlm.nih.gov/pubmed/33663304
http://doi.org/10.1007/s12519-021-00444-x
http://doi.org/10.1530/JME-20-0218
http://www.ncbi.nlm.nih.gov/pubmed/33112803
http://doi.org/10.21470/1678-9741-2021-0003
http://doi.org/10.1038/nm.4432
http://doi.org/10.1016/j.tice.2020.101397
http://www.ncbi.nlm.nih.gov/pubmed/32933720
http://doi.org/10.1371/journal.pone.0048966
http://www.ncbi.nlm.nih.gov/pubmed/23139827
http://doi.org/10.1113/expphysiol.2012.067256
http://doi.org/10.1016/j.peptides.2018.03.014
http://www.ncbi.nlm.nih.gov/pubmed/29580957
http://doi.org/10.1016/j.bbrc.2017.05.140
http://doi.org/10.1113/jphysiol.2010.202838
http://www.ncbi.nlm.nih.gov/pubmed/21486840
http://doi.org/10.1016/j.ijcard.2018.12.020
http://www.ncbi.nlm.nih.gov/pubmed/30581101
http://doi.org/10.3389/fphys.2015.00384
http://www.ncbi.nlm.nih.gov/pubmed/26779026
http://doi.org/10.1016/j.brainres.2005.07.055
http://doi.org/10.1093/cvr/cvt031
http://doi.org/10.1007/s00424-020-02461-7
http://doi.org/10.5603/CJ.a2018.0117
http://doi.org/10.1210/me.2010-0489
http://doi.org/10.1046/j.1440-1681.2001.03413.x
http://doi.org/10.1016/j.jchemneu.2021.102003
http://doi.org/10.7150/thno.70974
http://www.ncbi.nlm.nih.gov/pubmed/35832088
http://doi.org/10.1080/20013078.2019.1698795
http://www.ncbi.nlm.nih.gov/pubmed/31839907
http://doi.org/10.1038/s41401-021-00846-7
http://www.ncbi.nlm.nih.gov/pubmed/35022541
http://doi.org/10.1007/s12264-019-00460-y
http://www.ncbi.nlm.nih.gov/pubmed/31989424
http://doi.org/10.1007/s00424-012-1173-0

Int. . Mol. Sci. 2022, 23, 12595 14 of 14

36.

37.

38.

39.

40.

41.

42.

43.

44.

Han, Y,; Shi, Z.; Zhang, F; Yu, Y.; Zhong, M.K; Gao, X.Y.; Wang, W.; Zhu, G.Q. Reactive oxygen species in the paraventricular
nucleus mediate the cardiac sympathetic afferent reflex in chronic heart failure rats. Eur. J. Heart Fail. 2007, 9, 967-973. [CrossRef]
Lu, Q.B.; Sun, J.; Kang, Y.; Sun, H.J.; Wang, H.S.; Wang, Y.; Zhu, G.Q.; Zhou, Y.B. Superoxide Anions and NO in the Paraventricular
Nucleus Modulate the Cardiac Sympathetic Afferent Reflex in Obese Rats. Int. J. Mol. Sci. 2017, 19, 59. [CrossRef]

Patel, K.P; Mayhan, W.G.; Bidasee, K.R.; Zheng, H. Enhanced angiotensin II-mediated central sympathoexcitation in
streptozotocin-induced diabetes: Role of superoxide anion. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2011, 300, R311-R320.
[CrossRef]

Mazur-Bialy, A.I. Asprosin-a fasting-induced, glucogenic, and orexigenic adipokine as a new promising player. Will it be a new
factor in the treatment of obesity, diabetes, or infertility? A review of the literature. Nutrients 2021, 13, 620. [CrossRef]

Wang, R.; Lin, P.; Sun, H.; Hu, W. Increased serum asprosin is correlated with diabetic nephropathy. Diabetol. Metab. Syndr. 2021,
13, 51. [CrossRef]

Zhang, Z.; Tan, Y.; Zhu, L.; Zhang, B.; Feng, P; Gao, E.; Xu, C.; Wang, X.; Yi, W.; Sun, Y. Asprosin improves the survival of
mesenchymal stromal cells in myocardial infarction by inhibiting apoptosis via the activated ERK1/2-SOD2 pathway. Life Sci.
2019, 231, 116554. [CrossRef]

Li, E.; Shan, H.; Chen, L.; Long, A.; Zhang, Y.; Liu, Y; Jia, L.; Wei, E; Han, J.; Li, T.; et al. OLFR734 Mediates Glucose Metabolism
as a Receptor of Asprosin. Cell Metab. 2019, 30, 319-328. [CrossRef] [PubMed]

Wei, F,; Long, A.; Wang, Y. The Asprosin-OLFR734 hormonal signaling axis modulates male fertility. Cell Discov. 2019, 5, 55.
[CrossRef] [PubMed]

Lee, T,; Yun, S.; Jeong, ]. H.; Jung, T.W. Asprosin impairs insulin secretion in response to glucose and viability through TLR4/JNK-
mediated inflammation. Mol. Cell Endocrinol. 2019, 486, 96-104. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ejheart.2007.07.004
http://doi.org/10.3390/ijms19010059
http://doi.org/10.1152/ajpregu.00246.2010
http://doi.org/10.3390/nu13020620
http://doi.org/10.1186/s13098-021-00668-x
http://doi.org/10.1016/j.lfs.2019.116554
http://doi.org/10.1016/j.cmet.2019.05.022
http://www.ncbi.nlm.nih.gov/pubmed/31230984
http://doi.org/10.1038/s41421-019-0122-x
http://www.ncbi.nlm.nih.gov/pubmed/31798959
http://doi.org/10.1016/j.mce.2019.03.001
http://www.ncbi.nlm.nih.gov/pubmed/30853600

	Introduction 
	Results 
	Asprosin Expression 
	Dose Effects and Time Effects of Asprosin in PVN 
	Effects of Asprosin Antibody in the PVN 
	Roles of Superoxide Production Mediated the Effects of Asprosin 
	Roles of cAMP–PKA Signaling in Mediating the Effects of Asprosin in the PVN 
	cAMP–PKA Signaling Mediated the Effects of Asprosin on Superoxide Production 

	Discussion 
	Materials and Methods 
	Animals and General Procedures 
	RSNA Recording 
	PVN Microinjection 
	In Situ Detection of the Superoxide Level in the PVN 
	Measurements of Superoxide Production and NADPH Oxidase Activity 
	Quantitative PCR 
	Western Blot 
	Measurements with Commercial Kits 
	Immunohistochemistry 
	Chemicals 
	Statistics 

	Conclusions 
	References

