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Aims

and results

Angiotensin Il (Ang Il) has been shown to have both central and peripheral effects in mediating hypertension, for
which the hypothalamic paraventricular nucleus (PVN) is an important brain cardio-regulatory centre. Angioten-
sin-converting enzyme 2 (ACE2) has been identified as a negative regulator of the pro-hypertensive actions of
Ang Il. Recent findings from our laboratory suggest that Ang Il infusion decreases ACE2 expression in the PVN. In
the present study, we hypothesized that ACE2 overexpression in the PVN will have beneficial effects in counteracting
Ang ll-induced hypertension.

Male Sprague-Dawley rats were used in this study. Bilateral microinjection of an adenovirus encoding hACE2
(Ad-ACE2) into the PVN was used to overexpress ACE2 within this region. Mean arterial pressure measured by
radiotelemetry was significantly increased after 14 days in Ang ll-infused (200 ng/kg/min) rats vs. saline-infused con-
trols (162.9 + 3.6 vs. 102.3 + 1.5 mmHg). Bilateral PVYN microinjection of Ad-ACE?2 attenuated this Ang Il-induced
hypertension (130.2 + 5.7 vs. 162.9 + 3.6 mmHg). ACE2 overexpression also significantly decreased AT¢R and ACE
expression and increased AT,R and Mas expression in the PYN. Additionally, ACE2 overexpression in the PVN atte-
nuated the Ang ll-induced increase in the expression of the pro-inflammatory cytokines tumour necrosis factor-c,
interleukin (IL)-1B and IL-6 in the PVN.

Conclusion Our findings suggest that attenuation of pro-inflammatory cytokines in the PVN in combination with the shift of the
renin—angiotensin system towards the anti-hypertensive axis (ACE2/Ang-(1—7)/Mas) may be responsible for the
overall beneficial effects of ACE2 overexpression in the PVN on the Ang ll-induced hypertensive response.
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1. Introduction

The renin—angiotensin system (RAS) plays an important role in the
regulation of blood pressure and volume homeostasis through its
effects on vasoconstriction, cardiac remodelling, sympathetic
outflow, and vasopressin synthesis and release.” Angiotensin Il (Ang
I), the main physiologically active effector peptide of the RAS,
exerts its actions mainly via interaction with the angiotensin I
type-1 receptor (ATR), thereby contributing to blood pressure regu-
lation.” In addition to the classic endocrine system, the discovery of
RAS components in various tissues throughout the body confirmed
the existence of a local or tissue RAS, which participates in the
local synthesis, release, and action of all angiotensin peptides.>* Com-
ponents of the RAS have been identified in multiple brain areas that
are involved in the central regulation of blood pressure, including

the paraventricular nucleus (PVN), subfornical organ (SFO), rostral
ventrolateral medulla (RVLM), area postrema and nucleus tractus soli-
tarius, among others.” Moreover, increased circulating Ang Il by per-
ipheral infusion can increase neuronal activity in these regions and is
implicated in autonomic and cardiovascular regulation leading to sym-
pathetic hyperactivity and neurogenic hypertension.®™®

The hypothalamic PVN is recognized as a critical central nervous
system centre for the coordination of autonomic and neuroendocrine
homeostatic responses.”'® The PVN contains a complex profile of
excitatory and inhibitory neurotransmitters and neuromodulators,
and receives inputs from a wide variety of sources, including periph-
eral receptors, higher brain centres (e.g. cortex and amygdala), and
the circumventricular organs.”"”
Several studies support the role of the PVN in blood pressure

control. Microinjection of Ang Il into the PVN of rats increases
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mean arterial pressure (MAP), which is attenuated following systemic
administration of losartan, an AT;R antagonist."> It has also been
shown that electrolytic or chemical ablation of the PVN attenuated
the development of high blood pressure in spontaneously hyperten-
sive (SH) rats, DOCA-salt hypertensive rats, and Dahl salt-sensitive
rats."*~"> Others have shown that activation of the PVN results in
sympathoexcitation'® and increased blood pressure.” Recent evi-
dence also suggests that hypertension is an inflammatory condition
where various pro-inflammatory cytokines (PICs) such as tumour
necrosis factor (TNF)-a, interleukin (IL)-6, and IL-13, both centrally
and in the periphery, have been shown to play an important role in
the pathogenesis of hypertension.'®™*' We have recently reported
that chronic peripheral Ang Il infusion results in an increased pro-
duction of PICs in the PYN.”?

Previous studies on the RAS have identified new components and
have proposed alternate signalling pathways, such as the ACE2/
Ang-(1-7)/Mas receptor pathway, in addition to the classical ACE/
Ang II/AT R pathway.”> ACE2 is considered a critical enzyme of the
RAS cascade that is potentially important in counterbalancing the
vasoconstrictor and proliferative effects of Ang Il with the vasodilatory
and anti-proliferative effects of Ang-(1-7) and other-related pep-
tides.**?® Several recent studies showed that alterations in ACE2
expression are implicated in cardiovascular diseases. Targeted disrup-
tion of ACE2 in mice results in severe cardiac contractility defects
with elevated cardiac Ang Il levels.*® ACE2 overexpression by sys-
temic lentiviral delivery prevents cardiac hypertrophy in an Ang Il infu-
sion rat model of hypertension,” and exerts protective effects on
high blood pressure and cardiac pathophysiology induced by hyper-
tension in SH rats.*’ Furthermore, lentiviral-mediated overexpression
of ACE2 in the RVLM decreases high blood pressure in SH rats.?®
Recently, it has been shown that brain-targeted overexpression of
an adenovirus coding for human ACE2 (Ad-ACE2) in the SFO
reduces the acute Ang ll-mediated pressor and drinking responses.*’

Based on these observations, we hypothesized that ACE2 overex-
pression within the PVN will have beneficial effects in counteracting
the Ang ll-induced hypertensive response. To test this hypothesis,
rats were injected with an Ad-ACE2 or its control (Ad-eGFP) bilater-
ally into the PVN to test against the Ang Il-mediated hypertensive
response. Our observations demonstrate that overexpression of
ACE2 in the PVN attenuated the Ang ll-induced inflammatory and
hypertensive response.

2. Methods

Detailed description of methodologies can be found in the accompanying
Supplementary material online.

2.1 Animals

Male Sprague-Dawley rats (12 weeks old) were used in this study. Animals
were housed in a temperature-controlled room (25 + 1°C) and main-
tained on a 12:12h light:dark cycle with free access to water and
normal laboratory rat chow (0.4% salt). This study conforms to the
Guide for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication no. 85-23, revised 1996).
All animal procedures were reviewed and approved by the Institutional
Animal Care and Use Committee at Louisiana State University.

2.2 Experimental design

Rats were anaesthetized with a ketamine (90 mg/kg) and xylazine
(10 mg/kg) mixture (ip) and implanted with radio-telemetry transmitters

for continuous blood pressure recording. Following a 7-day surgical
recovery, Ad-ACE2 or Ad-eGFP was injected bilaterally intra-PVN using
a pressure injector. Osmotic minipumps (Alzet, model 2002) with an infu-
sion rate of 0.5 plL/h for 14 days were filled with Ang Il (Bachem, 200 ng/
kg/min) dissolved in 0.9% saline or saline alone. The minipumps were
implanted subcutaneously (sc) in the retroscapular area at the time of
the adenoviral injections. The rats were divided into four groups: (i)
Ad-eGFP group: saline minipump (sc) + intra-PVN  Ad-eGFP, (ii)
Ad-ACE2 group: saline minipump (sc) + intra-PVN Ad-ACE?2, (iii) Ang
Il + Ad-eGFP group: Ang Il minipump (sc) + intra-PVN Ad-eGFP, (iv)
Ang Il + Ad-ACE2 group: Ang Il minipump (sc) + intra-PVN Ad-ACE2.
Blood pressure was measured using radio telemetry for 2 weeks. Rats
were euthanized after 14 days with CO, inhalation and brains collected
for mRNA and protein measurements.

2.3 Blood pressure measurement

Blood pressure was measured continuously in conscious rats implanted
with radio-telemetry transmitters (Model TA11PA-C40, Data Sciences
International, St Paul, MN, USA). Rats were anaesthetized with a ketamine
(90 mg/kg) and xylazine (10 mg/kg) mixture (ip) and placed dorsally on a
heated surgical table. The adequacy of anaesthesia was monitored by limb
withdrawal response to toe pinching. An incision was made on the ventral
surface of the left leg, and the femoral artery and vein were exposed and
bluntly dissected apart. The femoral artery was ligated distally, and a small
clamp was used to temporarily interrupt the blood flow. The catheter tip
was introduced through a small incision in the femoral artery, advanced
~6 cm into the abdominal aorta such that the tip was distal to the
origin of the renal arteries, and secured into place. The body of the trans-
mitter was placed into the abdominal cavity and sutured to the abdominal
wall. The abdominal musculature was sutured, and the skin layer was
closed. Rats received benzathine penicillin (30 000 U, im) and buprenor-
phine (0.1 mg/kg, sc) immediately following surgery and 12 h postopera-
tively. The rats were allowed to recover for 7 days after the surgery.

2.4 Bilateral intra-PVN injections

Rats were anaesthetized with a ketamine (90 mg/kg) and xylazine (10 mg/
kg) mixture (ip). The adequacy of anaesthesia was monitored by limb
withdrawal response to toe pinching. The rats were placed in a stereo-
taxic instrument (Kopf instruments; Tujunga, CA, USA) and the skull
was exposed through an incision on the midline of the scalp. After
bregma was identified, the coordinates for the PVN were determined
from the Paxinos and Watson (2007) rat atlas, at 1.8 mm posterior,
0.4 mm lateral to the bregma, and 7.9 mm ventral to the zero level.
Ad-ACE2 or Ad-eGFP virus was injected bilaterally intra-PVN [2 x 10°
plaque-forming units (p.f.u.), 200 nL] using a pressure injector (Tritech
Research, Los Angeles, CA, USA), as described previously.29 The
Ad-ACE2 virus was generated by cloning 2418-bp hACE2 fragment
(GenBank accession no. AF291820) into a pacAd5 CMV IRES eGFP pA
shuttle vector.”

2.5 Real-time RT-PCR

The rats were euthanized using CO, inhalation, brains were quickly
removed, flash frozen in liquid nitrogen and stored at —80°C. Coronal
sections of brains were made using a cryostat microtome and the PVN
punches were made from frozen brain sections using a Stoelting brain
punch with a diameter of 1.0 mm (Stoelting). Total RNA was isolated
from PVN tissue using RNeasy plus micro kit (Qiagen), and cDNA was
synthesized using the iScript cDNA synthesis kit (Bio-Rad). Real-time
PCR amplification reactions were performed with iQ SYBR Green
Super mix with ROX (Bio-Rad) using the ABI Prism 7900 Real-time
PCR machine (Applied Biosystems). The primer sequences used for real-
time PCR were given in Supplementary material online. Data were nor-
malized to GAPDH expression by the AACy comparative method.


http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvr242/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvr242/-/DC1

PVN ACE2 overexpression on ANG Il-mediated effects

403

Interaural 7.20 mm

Bregma 1,80 mm

Ad-ACE2
. S

E 20-

D Ad-eGFP Ad-ACE2
hACE2
(120kDa) —— e

CAPDH e e c— —

(37kDa)

y
L
2

ACE2/GAPDH (AU)
2 3

=
o
1

Ad-eGFP

Ad-ACE2

Figure | Overexpression of ACE2 in the PVN. (A) Schematic showing delivery of Adenovirus to the PVN. (B) Increased ACE2 immunofluorescence
within the PVN after Ad-ACE2 injection (C) ACE2 immunoreactivity was increased in the PVN following Ad-ACE2 injection when compared with
Ad-eGFP injection. Scale bar, 100 wm. (D) Western blot using specific antibody against human ACE2 (hACE2) and (E) densitometric analysis
showing a significant increase in hACE2 protein expression in the PYN compared with control Ad-eGFP. *P < 0.05 compared with Ad-eGFP.

2.6 Western blot analysis

Western blot analysis was performed according to standard protocols.
The PVN tissue was homogenized with RIPA lysis buffer. Equal amounts
of protein (5 ng) were separated by SDS—PAGE on 10% (wt/vol) gels
and transferred on to PVDF membrane (Immobilon-P, Millipore), and
blocked with 1% BSA in TBS-T at room temperature for 60 min. The
membranes were subjected to immunoblot analyses with anti-AT,
(Santa Cruz), anti-AT, (Santa Cruz), anti-ACE2 (Santa Cruz), anti-hACE2
(R&D systems), anti-Mas (Almone Labs), and anti-GAPDH (Santa Cruz)
antibodies (1:200 dilution). Immunodetection was accomplished with a
horse radish anti-rabbit or anti-goat secondary antibody (1:2000 dilution)
using an enhanced chemiluminescence kit (Amersham). The data were
quantified by the densitometry using Chemidoc XRS system and
Quantity-One software (Bio-Rad), and were normalized to GAPDH
expression.

2.7 Immunohistochemical analysis

Rats (n=6 in each group) were euthanized using CO, inhalation and
transcardially perfused with 200 mL of ice-cold PBS (7.4 pH; 0.1 M) fol-
lowed immediately by 200 mL of 4% paraformaldehyde in PBS. The
brains were removed, post-fixed in 4% paraformaldehyde solution for

2 h, and transferred to a 0.1% phosphate buffer containing 20% sucrose
(pH 7.4) and stored overnight. Frozen brain tissues were sectioned in
the coronal plane (10 wm) and sections without immunostaining were
used to examine GFP expression. For immunostaining, 10-um coronal
sections from paraffin embedded brains were collected on slides. First
the sections were incubated with 0.3% H,O, in methanol for 10 min.
For antigen retrieval, citrate buffer with microwave heating technique is
used. Then the sections were incubated with 1.5% goat or rabbit serum
in PBS containing 0.3% Triton X100 for 30 min. The sections were incu-
bated with primary antibodies anti-hACE2 (R&D systems), anti AT¢R
(Santa Cruz) 1:50 dilution overnight at 4°C followed by incubation with
biotinylated goat-anti rabbit or rabbit-anti goat secondary antibodies
1:100 dilution for 60 min, and stained with Vectastain ABC kit (Vector
Laboratories) according to the manufacturer’s instructions. Each step
was followed by washing the sections with PBS containing 0.3% Triton
X-100. Sections incubated without primary antibody were used as nega-
tive controls.

2.8 ACE2 activity assay

The rats were euthanized using CO, inhalation; the brains were quickly
removed, frozen on dry ice and stored at —80°C until use. The tissue
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Figure 2 Overexpression of ACE2 in the PVN reduces Ang Il
hypertension. Ang Il infusion significantly increased MAP in
Ad-eGFP injected control rats. Overexpression of ACE2 by bilateral
PVN microinjection of Ad-ACE2 virus alone did not produce any sig-
nificant change in MAP when compared with control Ad-eGFP rats.
In contrast, bilateral ACE2 overexpression in the PVN significantly
reduced Ang ll-mediated hypertension, though the MAP was not
decreased to control levels. n = 5—6/group; *P < 0.05 compared
with Ad-eGFP; #P < 0.05 compared with Ang Il + Ad-eGFP.

from brain hypothalamus containing the PVN was collected and ACE2
activity was measured as described previously.? >

2.9 Statistical analysis

Data are presented as mean + SEM. Data were analysed, when appropri-
ate, by Student’s t-test, repeated measures ANOVA, or one-way ANOVA
followed by Newman—Keuls correction for multiple comparisons
between means. Statistical comparisons were performed using Prism5
(GraphPad Software). Differences were considered statistically significant
at P < 0.05.

3. Results

3.1 Ad-ACE2 gene transfer increases the
expression of ACE2 in the PVN

To determine the role of ACE2 in the central regulation of blood
pressure, we used an adenovirus encoding human ACE?2 gene to over-
express ACE2 in the PVN (Figure 1A). Figure 1B shows the localization
of ACE2 gene expression in the PVN as indicated by enhanced green
fluorescence protein (eGFP) expression. Figure 1C shows increased
ACE2 immunoreactivity, using an antibody staining against hACE2, in
the PVN region that received Ad-ACE2 injection when compared
with the PVN region that received Ad-eGFP. Similarly, hACE2
protein expression was detected only in the PVN of Ad-ACE2
injected rats (Figure 1D and E). To determine the functionality of
the protein expressed, following the initial intra-PVN injection of
Ad-ACE2, ACE2 activity was measured in rat PVNs at different time
points (Supplemental material online, Figure S7). ACE2 activity in the
PVN was significantly increased 7 days after injection and achieved a
maximum at 14 days post-injection. ACE2 activity had returned to
baseline 21 days following Ad-ACE2 injection. These results demon-
strate that ACE2 expression and activity are increased in the PVN fol-
lowing bilateral Ad-ACE2 microinjection.

3.2 ACE2 overexpression and Ang
ll-induced hypertension

To assess the effect of overexpression of ACE2 in the PVN on Ang
ll-induced hypertensive response, BP was measured continuously.
Figure 2 shows the effects of bilateral ACE2 overexpression on
MAP. Ad-ACE2 alone did not produce any significant change in
MAP when compared with control Ad-eGFP rats. Chronic 14-day
Ang Il infusion significantly increased MAP in rats that had received
bilateral PVN microinjection of Ad-eGFP virus (102.3 + 1.5 mmHg
in Ad-eGFP vs.162.9 4+ 3.6 mmHg in Ang Il + Ad-eGFP). In contrast,
Ang ll-treated rats that had received bilateral PVN microinjection of
Ad-ACE2 virus had a significantly decreased MAP (130.2 +
57 mmHg in Ang Il + Ad-ACE2 vs.162.9 4+ 3.6 mmHg in Ang Il +
Ad-eGFP), though the MAP was not decreased to control levels.
These data indicate that ACE2 expression within the PVN plays an
important regulatory role in Ang ll-induced hypertension.

3.3 ACE2 overexpression and RAS
components

To study the effect of ACE2 overexpression on other RAS com-
ponents, we measured the expression levels of ACE, ACE2, AT4R,
AT,R and the Mas receptor by real-time PCR, western blot, and
immunohistochemistry. Ang Il infusion significantly increased mRNA
expression of ACE and AT¢R, and decreased ACE2, AT,R, and Mas
mRNA levels in the PVN when compared with Ad-eGFP rats. Bilateral
overexpression of ACE2 in the PVN reversed these gene expression
changes (Figure 3). These results were further confirmed by western
blot and immunohistochemical analysis for AT4R protein levels in the
PVN (Figure 4). Similarly, the changes in protein expression were
examined by western blot using specific antibodies against ACE2,
AT,R, and Mas receptor. Ang Il infusion significantly decreased
ACE2, AT,R, and Mas receptor protein expression in the PVN
when compared with saline infused control rats; this was prevented
by bilateral PYN ACE2 overexpression (Figure 5).

3.4 ACE2 overexpression and
pro-inflammatory cytokines

To study the effect of ACE2 overexpression on PIC production in the
PVN, we measured the expression levels of PICs by real-time PCR.
Ang Il infusion significantly increased the PIC mRNA expression of
TNF-a, IL-1B, IL-6, and the chemokine MCP-1 in the PVN vs.
control Ad-eGFP rats. ACE2 overexpression attenuated the Ang
ll-induced increase in TNF-q, IL-1pB, IL-6, and MCP-1 gene expression
in the PVN (Figure 6). These results suggest that the beneficial effects
of ACE2 overexpression on Ang ll-induced hypertensive response
might be, in part, mediated by reduction in the expression of PICs.

4. Discussion

In this study, we investigated the effects of bilateral overexpression of
ACE?2 in the hypothalamic PVN of the brain on Ang Il-induced hyper-
tension. The salient findings of this study are: (i) Chronic Ang Il infu-
sion significantly increased MAP and reduced the mRNA and protein
expression of ACE2 in the PVN; (ii) ACE2 overexpression resulted in
increased ACE2 activity and the down-regulation of AT4R expression
in the PVN, thus reducing the Ang Ill-mediated hypertension; (iii) Ang
Il infusion significantly increased the expression of PICs in the PVN,
which was attenuated by ACE2 overexpression; (iv) ACE2


http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvr242/-/DC1

PVN ACE2 overexpression on ANG Il-mediated effects

405

ACE/GAPDH

AT,R/GAPDH

2.0 1

1.5 1

1.0 1

Mas/GAPDH
.|

0.5 1

0.0

[ Ad-eGFP

3 Ad-ACE2

2.0

1.5 1

1.0 1

ACE2/GAPDH

0.5 1

0.0
1.5 1

0.5 1

AT,R/GAPDH

0.0
2.0 1

1.5 1

1.0

0.5 1

Mas/AT1R ratio

0.0
Bl Angli+Ad-eGFP [l Angli+Ad-ACE2

Figure 3 Effect of ACE2 overexpression on RAS components expression in the PVYN. Ang Il infusion significantly increased mRNA expression of
ACE and AT4R, and decreased ACE2, AT,R, Mas mRNA expression, and Mas/AT ratio in the PVN when compared with control rats. Bilateral over-
expression of ACE2 in the PVN reversed these gene expression changes. n = 9/group; *P < 0.05 compared with Ad-eGFP; P < 0.05 compared with

Ang Il + Ad-eGFP.

overexpression resulted in increased expression of the anti-
hypertensive components of RAS (ACE2, Mas, and AT,R). These find-
ings indicate that the Ang ll-induced hypertensive effects are attenu-
ated via bilateral PVN ACE2 overexpression. This demonstrates the
importance of ACE2 within the PVN, an important central cardiovas-
cular regulatory region, as well as the implications an imbalanced RAS
can have on hypertensive drive.

In the present study, we found that overexpression of ACE2 in the
PVN alone without Ang Il infusion did not have any effect on BP
response, but that overexpression of ACE2 within the PVN attenu-
ated the Ang ll-mediated hypertension. It has been shown that
lentiviral-mediated overexpression of ACE2 in the heart”’ or
RVLM?® of Wistar-Kyoto rats had no effect on BP. Also, transgenic
mice with brain-targeted overexpression of hACE2 remained normo-
tensive;®* supporting the idea that overexpression of ACE2 does not
have any effect on basal BP regulation, but plays a major role in the
pathophysiology of hypertension.

In our study, ACE2 overexpression resulted in decreased AT{R
expression and increased the expression of Mas and AT,R, shifting

the RAS balance towards the protective axis. Studies examining the
anti-hypertensive effects of ACE2 overexpression in SH rats*”*® and
Ang ll-infused mice®® are consistent with the current results of our
study. Previous studies also showed down-regulation of ACE2 in
the heart, kidney, and brain of several hypertensive animal models
and in patient populations,®® with this ACE2 down-regulation com-
monly being attributed to AT4R activation. Furthermore, it has been
shown that when ACE2 is overexpressed in the SFO of mice, AT{R
expression was also ultimately decreased, suggesting that ACE2 can,
directly or indirectly, affect AT4R transcription and/or internaliz-
ation.?” Another recent study in mice with human ACE2 overexpres-
sion targeted selectively to neurons by using a synopsin promoter
(Syn-hACE2 transgenic mice) showed that ACE2 overexpression in
the brain resulted in AT{R down-regulation and attenuation of neuro-
genic hypertension.®” These findings suggest an important interplay
between ACE2 and AT4R activity in hypertension. Furthermore, this
corroborates with the present study, in that chronic Ang Il infusion
resulted in both decreased mRNA and protein expression of ACE2,
and an increased expression of AT4R in the PVN, and that ACE2
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Figure 4 Overexpression of ACE2 down-regulates AT¢R expression in the PVN of Ang ll-infused rats. Western blot (A), and quantitative data (B)
showing a reduction in AT;R expression in the PVN of Ang Il-infused rats following ACE2 overexpression. (C) This was further confirmed by immu-
nohistochemistry against AT R. Scale bar, 100 wm; n = 6/group; *P < 0.05 compared with Ad-eGFP; P < 0.05 compared with Ang Il + Ad-eGFP.

overexpression reversed these changes. These results further confirm
that the AT4R in the PVN mediates the central inhibitory effects on
ACE2 in Ang ll-mediated hypertension, as previously suggested.31 Fur-
thermore, the prevention of hypertension by ACE2 overexpression in
Syn-hACE?2 mice was reversed by blockade of Ang-(1—-7) receptor by
D-Ala7-Ang-(1-7). Following Ang Il infusion, both Mas/AT,R and
AT,R/ATR ratios were increased in the presence of overexpressed
ACE2 in these mice. In our study, ACE2 overexpression in the PVN
caused an up-regulated expression of ACE2, Mas, and AT;R, resulting
in an increased Mas/AT4R ratio, thus favouring the anti-hypertensive
axis of the RAS.

Accumulating evidence shows that hypertension is a chronic low
grade inflammatory condition where various PICs, such as TNF-a,
IL-6 and IL-1B, have been shown to play an important role."®=*' A
recent study showed that microinjection of IL-1B into the PVN
increases BP via the AT4R, and also that microinjection of a subpres-
sor dose of IL-1B into the PVN enhances its sensitivity to the central
Ang Il pressor response.’” We have previously demonstrated that
chronic Ang Il infusion increases PIC expression in the PYN.?> More-
over, Ang ll-induced increases in the cellular adhesion molecules
VCAM-1 and MCP-1 were attenuated in endothelial cells that had
adenovirus-mediated ACE2 over-expression* A recent study
showed that Ang ll-mediated hypertension is caused by central mech-
anisms and described a feed-forward process in which the central

pressor effects of Ang Il lead to activation of T cells, which, in turn,
promotes vascular inflammation and further raises BP, leading to
severe hypertension.®® The current study shows that Ang Il infusion
significantly increased the MRNA expression of PICs such as
TNF-a, IL-1B, IL-6, and the chemokine MCP-1 in the PVN. This
increase was attenuated by bilateral ACE2 overexpression in the
PVN. These findings suggest that the beneficial effects of ACE2 over-
expression are, at least in part, mediated by decreased PIC expression
in the PVN. A study by Sinnayah et al. reported that injection of an
adenoviral vector into the mouse brain results in gene transduction
of both neuronal and glial cells (a primary source of central PICs)
with approximately equal affinity.>® It has also been shown that over-
expression of human ACE2 in the SFO using an adenoviral vector
results in expression of ACE2 in both neurons and glial cells. Once
transfected, overexpression of human ACE2 in these cell types can
be targeted by endogenous sheddases, thus resulting in secreted
ACE2 being released in the surrounding milieu and potentially
acting on every cell type in the proximity, including glial cells.””
Since glial cells are the primary source of PICs in the brain, the
reduction in PICs within the brain can potentially be attributed to
beneficial effects exerted by ACE2 overexpression.

As evidenced extensively over the years, overactivity of the RAS
has been implicated in the development and maintenance of several
cardiovascular diseases, including hypertension, and participation of
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Figure 5 Effect of ACE2 overexpression on ACE2, AT,R and Mas
protein expression in the PVN. Protein expression was measured by
western blot using specific antibodies against ACE2, AT,R and the
Mas receptor and data were normalized using GAPDH expression.
Densitometric analysis of western blot shows that 14 days Ang Il
infusion reduced protein expression of ACE2, AT,R and Mas recep-
tor in the PVN. ACE2 overexpression reversed these changes in the
PVN. n = 6/group; *P < 0.05 compared with Ad-eGFP; #P < 0.05
compared with Ang Il + Ad-eGFP.
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the brain RAS in the pathophysiology of hypertension is now well
established.>*’ Levels of Ang Il and AT4R in the PVN are increased
in many animal models of hypertension.*” Furthermore, Ang Il
up-regulates ACE and down-regulates ACE2 in patients with hyper-
tension.*® Previous studies have shown that the Mas and AT, recep-
tors oppose the actions of the AT4R in the brain and periphery.***
Thus, it is the imbalance between the hypertensive (ACE, Ang ll,
and AT4R) and anti-hypertensive components (ACE2, Ang1—7, Mas,
and AT,R) of the RAS that results in hypertension. In our study,
the use of ACE2 overexpression determined the relevance of this
imbalance in perpetuating the hypertensive state. ACE2 overexpres-
sion caused a decreased expression of ACE and AT4R, and an
increased expression of ACE2, Mas, and AT,R, resulting in an
increased Mas/AT, receptor ratio and therefore counter balancing
the Ang ll-induced hypertensive response.

In summary, Ang Il infusion resulted in a hypertensive state associ-
ated with increased AT4R and ACE gene expression, and decreased
ACE2 and Mas gene expression in the PVN. Ang Il infusion also
increased gene expression of the PICs TNF-«, IL-1B and IL-6 in the
PVN. Bilateral microinjection of Ad-ACE2 into the PVN attenuated
the Ang ll-induced hypertension and reversed these gene expression
changes. Our findings, together with previous reports, suggest that
attenuation of PICs in combination with the shift of the RAS
towards the anti-hypertensive axis may be responsible for the
overall beneficial effects of ACE2 overexpression on Ang ll-induced
hypertension.

Hypertension, while easily detectable, remains poorly controlled
with current therapeutic regimes, with more than half of treated
patients showing a poor response to standard drug therapy, and

IL-13/GAPDH
3*

MCP-1/GAPDH
n

0

Bl Angl+Ad-eGFP @ Angli+Ad-ACE2

Figure 6 Overexpression of ACE2 reduces pro-inflammatory cytokine and chemokine expression in the PVN. mRNA expression in the PVN was
measured using real-time-RT—PCR and normalized to GAPDH expression. ACE2 overexpression significantly reduced the Ang ll-induced increases in
TNF-q, IL-1B, IL-6 and MCP-1 mRNA expression in the PYN. n = 6—9/group; * P < 0.05 compared with Ad-eGFP; P < 0.05 compared with Ang

Il + Ad-eGFP.
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highlighting the need for additional avenues for hypertensive treat-
ments. Recent studies have begun to clarify the complexity of the
RAS both systemically and locally, including the less understood anti-
hypertensive axis.”> The present study indicates that bilateral overex-
pression of ACE2 in the hypothalamic PVN of the brain attenuated
the Ang Il-mediated pressor response. The anti-hypertensive effects
of ACE2 overexpression are likely a result from the net effect of shift-
ing the RAS balance towards decreased expression of ACE and AT¢R,
and increased expression of ACE2, Mas, and AT,R, resulting in attenu-
ation of PICs and the hypertensive state. This study demonstrates the
importance of controlling ACE2 in neurogenic hypertension and a
possible new focus for the development of future therapeutics
towards up-regulating the actions of the central anti-hypertensive
axis of the RAS, thereby potentially negating the effects of brain
Ang Il in perpetuating the hypertensive state.
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Supplementary material is available at Cardiovascular Research online.
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