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Abstract

Neuroinflammation has become an important underlying factor in many cardiovascular disorders,
including hypertension. Previously we showed that elevated angiotensin 1l (Ang Il) and
angiotensin 11 type | receptor (AT1R) expression levels can increase neuroinflammation leading to
hypertension. We also found that kinin B1 receptor (B1R) expression increased in the
hypothalamic paraventricular neurons resulting in neuroinflammation and oxidative stress in
neurogenic hypertension. However, whether there are any potential interactions between AT1R
and B1R in neuroinflammation is not clear. In the present study, we aimed to determine whether
Ang IlI-mediated effects on inflammation and oxidative stress are mediated by the activation of
B1R in mouse neonatal primary hypothalamic neuronal cultures. Gene expression and
immunostaining revealed that both B1R and AT1R are expressed on primary hypothalamic
neurons. Ang Il stimulation significantly increased the expression of the B1R, decreased
mitochondrial respiration, increased the expression of two NADPH oxidase subunits (Nox2 and
Nox4), increased the oxidative potential, upregulated several proinflammatory genes (IL-1p, IL-6
and TNFa) and increased NF-kB p65 DNA binding activity. These changes were prevented by
pretreatment with the B1R-specific peptide antagonist, R715. In summary, our study demonstrates
a causal relationship between B1R expression after Ang Il stimulation, suggesting a possible cross
talk between AT1R and B1R in neuroinflammation and oxidative stress.
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Introduction

Hypertension is a major risk factor for the development of many cardiovascular diseases and
considered as one of the leading causes of morbidity and mortality worldwide (Bartoloni et
al. 2017). Despite the availability of various anti-hypertensive therapies, the treatment of
hypertension is often unsatisfactory (Winklewski et al. 2015). Increasing evidence suggest
that uncontrolled, resistant hypertension predominantly involves elevated sympathetic drive
and neuroinflammation within the brain, hence referred as neurogenic hypertension
(Chobanian 2009; Mowry and Biancardi 2019; Winklewski et al. 2015). Inflammation
within the brain cardiovascular regulatory centers that control the sympathetic outflow from
the brain resulting in elevated sympathetic drive to target organs, ultimately leading to
increase blood pressure, represents an evolving concept of the pathogenesis of neurogenic
hypertension (Mowry and Biancardi 2019; Sriramula and Lazartigues 2017; Winklewski et
al. 2015). Multiple studies have shown evidence that dysregulated neuroinflammation is
involved in angiotensin Il (Ang Il)-mediated sympathoexcitation and development of
hypertension (Haspula and Clark 2018; Xue et al. 2016; Zubcevic et al. 2017). The
peripheral inflammatory mediators can gain access to the brain through leaky vasculature in
regions where the blood-brain barrier has been disturbed (Abbott 2000; Erickson et al.
2012). On the other hand, proinflammatory cytokines are produced by glia and neurons
within the brain and can induce sympathoexcitation and regulate the peripheral immune
responses (Alvarez et al. 2013; Willis 2011). This bidirectional interaction between the
nervous and immune systems may eventually lead to the development of neurogenic
hypertension.

Previous work with experimental and transgenic animal models has shown that angiotensin
type 1 receptors (AT1R) are expressed in different cell types within the brain and play a role
in the development of neuroinflammation and neurogenic hypertension (Saavedra 2017; Xu
et al. 2017). In contrast to previous immunohistochemistry and in vitro studies that have
localized AT1R and AT2R to non-neuronal cells in the brain (Li et al. 2009; Miyoshi et al.
2008; Wu et al. 2013), recent studies with genetic mouse models and advances in in situ
hybridization provide evidence that, at least under normal conditions, these receptor
subtypes are predominantly expressed in neurons as opposed to glia (Chen et al. 2012; de
Kloet et al. 2016; Gonzalez et al. 2012). Neuron-specific knockdown of prorenin receptor
was shown to reduce Ang Il formation, expression of inflammatory mediators, and blood
pressure in the DOCA-salt mouse model of hypertension (Li et al. 2012; Li et al. 2014). On
the other hand, we previously showed that neuron specific overexpression of ACE2
decreased inflammation, oxidative stress, and reduced hypertension (Sriramula et al. 2015;
Xia et al. 2013). Despite these observations, molecular mechanisms that lead to enhanced
neuroinflammation remain unknown.

The kallikrein-kinin system (KKS) is a hormonal system that plays an important role in
inflammation and blood pressure regulation (Leeb-Lundberg et al. 2005). The KKS system
is composed of vasoactive proinflammatory peptides known as kinins, mainly bradykinin
and Kkallidin. Bradykinin, the well-known kinin, and its active metabolite, des-arg®-
bradykinin, mediate their physiological effects via G-protein-coupled kinin receptor
subtypes B1 (B1R) and B2 (B2R) (Leeb-Lundberg et al. 2005). The B2R is constitutively
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expressed whereas the B1R is inducible by inflammation or oxidative stress (Leeb-Lundberg
et al. 2005). However, under normal physiological conditions, the B1R is expressed in lower
levels in certain organs such as brain and heart (McLean 2000). Direct stimulation of the B1
receptor is shown to be responsible for an increase in the overall number of B1R due to
positive feedback of the receptor-mediated signaling, forming a vicious cycle of BIR
activation (Campos et al. 1996; Campos et al. 1998). This unique aspect of the receptor
distinguishes it from other receptors involved in inflammation and neurological disorders.
Interestingly, components of the KKS have been shown to mediate various
pathophysiological conditions within the nervous system. Both B1R and B2R were
expressed in neurons, more specifically the B1R is expressed in human thalamus,
hypothalamus and spinal cord neurons (Raidoo and Bhoola 1997). It was also shown that the
B1R was detected on dopaminergic neurons of the ventral tegmental area in SHR (De Brito
Gariepy et al. 2013). We and others have shown that elevated levels of angiotensin Il in the
brain or upregulated neuronal AT1R expression, results in increased neuroinflammation and
the development of neurogenic hypertension (Li et al. 2014; Xia et al. 2013; Xu et al. 2017).
In our previous study, we first associated neurogenic hypertension with increased expression
of B1R in the hypothalamic paraventricular neurons in a model of DOCA-salt hypertension
(Sriramula and Lazartigues 2017). In the present study, we investigated the direct interaction
between Ang Il signaling and B1R activation using mouse neonatal primary hypothalamic
neuronal cultures. We hypothesized that B1R activation in primary hypothalamic neurons
plays a role in Ang ll-mediated inflammation and oxidative stress. Our data demonstrate a
causal relationship between B1R expression after Ang |1 stimulation. Overall, this report
supports a mechanistic role for B1R in inflammation and oxidative stress in Ang Il-
stimulated primary hypothalamic neurons.

Materials and Methods

Primary Neuronal Cell Culture

Primary hypothalamic neuronal cultures were prepared and maintained according to a
previously described method with minor modifications (Xu et al. 2018). The experimental
protocols used for breeding mice were approved by East Carolina University Animal Care
and Use Committee (AUP #W254) and were performed in accordance with the National
Institutes of Health Guidelines for the Care and Use of Laboratory Animals. Briefly,
neonatal or 1-day-old mouse pups were anesthetized with isoflurane (4%) in an oxygen flow
(1 L/min) before decapitation and brains were collected in ice-cold Hank’s balanced salt
solution (HBSS) (Gibco 14175-079). Hypothalamic tissue was dissected under sterile
conditions, rinsed in HBSS, and minced into small pieces. The minced tissue was transferred
into a 15 ml conical tube, washed once with HBSS, then treated with HBSS containing 1%
trypsin (Sigma-Aldrich T1426) and 1.5 kU/mL DNasel (Sigma-Aldrich D5025), and
digested for 10 min at 37 °C. Then the tissue was washed with HBSS with 10% FBS twice
followed by washing twice with HBSS. The tissue was further triturated in HBSS containing
DNase I, using pipette with 1ml pipette tip (six times) and then with 200 pl pipette tip (six
times) attached to 10 ml serological pipette. Following the disassociation, the cell pellet was
collected by centrifugation and resuspended in complete Neurobasal culture medium
supplemented with 2% B27, 0.5 mM GlutaMax and penicillin/streptomycin (100 U/ml and
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100 pg/ml, respectively) (Gibco). Then, the resuspended cells were plated into poly-L-
lysine-coated 6 well plates at a density of 50,000 cells per ml. The neurons were grown in a
humidified atmosphere of 5% C02-95% air at 37°C. After 24 hours, additional fresh
medium was added to the cells. On the fourth day, cytosine arabinofuranoside (Ara-C, 2 uM,
Sigma-Aldrich C1768) was supplemented to the cultures to suppress glial cell proliferation.
Hypothalamic primary neurons were cultured at least 10 days and then used for experiments.

Immunofluorescence staining

Cultured neurons were validated using immunofluorescence labeling with a neuron-specific
cytoskeletal marker, MAP2 (microtubule-associated protein 2) and a glial cell-specific
marker, GFAP (glial fibrillary acidic protein). Primary neurons were grown on poly-L-
lysine-coated glass cover slips in 12-well plates for 10 days and fixed with 4%
paraformaldehyde for 15 min. The cells were washed with 100 mM Glycine in 1x PBS for 5
min each for 3 times followed by incubating with 0.1% Triton X-100 in 1x PBS for 15 min
to permeabilize cells. After blocking with 5% donkey serum in 1x PBS containing 0.1%
Tween-20 for 1 h, cells were incubated with MAP2 antibody (#13-1500, lot T5275359,
ThermoFisher, 1:200 dilution) overnight at 4 °C. Cells were washed with 0.1% Triton X-100
in 1x PBS for 10 min each for 3 times and then incubated with specific secondary antibody
(Donkey anti-Mouse Alexa Fluor Plus 488, A32766 or Donkey anti-Mouse Alexa Fluor Plus
594 A32744, Invitrogen, 1:1000 dilution) for 1 h at room temperature in a humidifying
chamber in the dark. For GFAP staining, an Alexa Fluor 488 labeled antibody (#53-9892-82,
lot 1,914,350, ThermoFisher, 1:50 dilution) was used. Triple immunostaining was performed
with specific validated antibodies for detection of AT1R (#AAR-011, lot AN2002, Alomone
labs, 1:200 dilution) and B1R (#ABR-011, lot An-01, Alomone labs, 1:200 dilution) coupled
with MAP2 and DAPI staining. After 3 washes, coverslips were counterstained with DAPI,
then mounted with ProLong Diamond (ThermoFisher) antifade medium and examined under
a confocal microscope (Zeiss LSM 700).

Measurement of Reactive Oxygen Species Generation

Reactive oxygen species (ROS) levels were determined using dihydroethidium (DHE),
which is relatively specific for superoxide anion measurement, oxidized by superoxide to
form DNA binding fluorophore ethidium bromide. Primary neuronal cultures grown on
poly-L-lysine-coated glass coverslips in 12-well plates were treated with 10 uM DHE and
incubated in a light protected humidified chamber at 37°C for 15 minutes. Fluorescent
images of ethidium-stained cells were obtained with a florescent microscope (Leica).
Ethidium bromide was excited at 488 nm, and fluorescence was detected at 560 nm filter.
Generation of superoxide was determined by red florescent labeling. Mean fluorescence
intensity of the digitized image was measured with ImageJ software (version 1.52p, National
Institutes of Health) for quantification. The data was expressed as corrected total cell
fluorescence (CTCF) and calculated by the formula CTCF = Integrated Density — (Area of
selected cell X Mean fluorescence of background readings). In addition, the production of
ROS was measured spectrofluorometrically by using the probe DHE. Briefly, the primary
neurons were cultured in 48-well plates and treated with 10 pM DHE (Invitrogen) for 30
minutes. Cells were exposed to Ang Il or vehicle for 30 minutes with or without a
pretreatment of R715 for 30 minutes. Then the DHE medium was removed and cells were
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washed twice with PBS and fluorescence was detected on a microplate spectrofluorometer
(Tecan infinite m200) at an excitation wavelength of 488 nm and emission wavelength of
610 nm. Treatment with antimycin A, an inhibitor of complex I11 of the mitochondrial
electron transport chain, is used as a positive control for ROS generation. Treatment with N-
acetyl Cysteine is used as an antioxidant control. Data are expressed as total florescence
(relative florescent units, RFU).

Gene Expression Analysis by Real Time gRT-PCR

Gene expression was measured using real time RT-PCR as described previously (Xu et al.
2018). Total RNA from the primary hypothalamic neurons was extracted using the Direct-
Zol RNA miniprep plus kit (Zymo Research) according to manufacturer’s protocol. RNA
concentration was measured using the spectrophotometer (NanoDrop One). Real Time PCR
amplification reactions were performed with Power SYBR Green RNA-to-CT one-step Kit
(Applied Biosystems) using a QuantStudio 6 Flex real time PCR machine (Applied
Biosystems). Data were normalized to B-actin expression by the 2 (AACT) comparative
method and expressed as a fold change compared to control.

Seahorse XF-24 Metabolic Flux Analysis

The Seahorse analyzer XF24 (Agilent) was used to continuously monitor OCR. Primary
hypothalamic mouse neurons were cultured on Seahorse XF-24 plates at a density of 80,000
cells per well. The cells were treated with vehicle or Ang Il with or without R715 for 24
hours. On the day of metabolic flux analysis, unbuffered DMEM (DMEM base medium
supplemented with 25 mM glucose, 1 mM sodium pyruvate, 31 mM NaCl, 2 mM GlutaMax,
pH 7.4) was added to cells and incubated at 37 °C in a non-CO» incubator for 1 h. All
medium and injection reagents were adjusted to pH 7.4 on the day of assay. After
preparation and application of components of the XF Cell Mito Stress Test Kit (Agilent
Technologies, Seahorse Bioscience) into cartridge ports, the cartridge and subsequently the
cell culture plate were loaded into the Seahorse analyzer. Four baseline measurements of
OCR and ECAR were taken before sequential injection of mitochondrial inhibitors. Three
readings were taken after each addition of mitochondrial inhibitor before injection of the
subsequent inhibitors. The mitochondrial inhibitors used were oligomycin (1 pM), FCCP (1
uM), and antimycin A and rotenone (1 uM). OCR and ECAR were automatically calculated
and recorded by the Seahorse XF-24 software. At the end of the assay protocol, the cells in
plates were lysed with NP-40 lysis buffer, and protein concentration was determined using
Pierce BCA protein assay. The data were expressed as percentage of control.

NF-xB Binding Activity Assay

NF-xB activation was measured using a DNA binding assay. Primary hypothalamic neurons
cultured in 6-well plates for 14 days were treated with vehicle and angiotensin 11 for 24
hours with or without R715 pretreatment. The neurons were harvested, and nuclear extracts
were prepared using a nuclear extraction kit (Active Motif). Protein concentrations were
then quantified using a BCA protein assay kit (Thermo Fisher). Equal amounts of protein
were used for the determination of the activity of NF-xB with a colorimetric NF-xB assay
specific for the activated form of the p65 subunit of NF-xB using a commercially available
kit (TransAm NF-xB p65, Active Motif) according to the manufacturer’s instructions.
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Statistical Analysis

Results

Data are presented as mean * standard error of the mean (SEM). Statistical analyses were
performed using GraphPad Prism 7 (GraphPad Software). Multiple comparisons were made
using 1-way analysis of variance followed by Tukey’s multiple comparisons test.
Differences were considered statistically significant at £< 0.05.

Ang Il Stimulation Leads to an Increase in the Expression of the B1IR in Primary
Hypothalamic Neurons

In this study, we used mouse neonatal primary hypothalamic neuronal cultures (Fig. 1A) to
test the hypothesis that the B1R mediates the effects of Ang Il in hypothalamic neurons. We
first validated the primary hypothalamic neurons via immunofluorescence labeling with
MAP2, a neuron-specific cytoskeletal marker, and GFAP, a glial cell-specific marker. Ara-C
treatment was used for glial cell suppression. As expected, in the absence of Ara-C both
glial cells and neurons were observed (Fig. 1B) whereas treatment with Ara-C suppressed
the proliferation of glial cells (Fig. 1C). The neurons cultured for 14 days with Ara-C
treatment showed predominantly neuronal population, demonstrating numerous processes
and discrete cellular morphology of neurons with cell-cell interaction, as shown in Fig. 1D.
Primary hypothalamic neurons showed immunopositivity for the presence of the B1R (Fig.
1E) and the AT1R (Fig.1F) confirming the expression of these receptors in our neuron
preparation. Next, we wanted to know whether Ang 11 effects on the expression of the B1R
is recapitulated in our system. As shown in Fig.1G, treatment of the neurons with 300 nM of
Ang Il increased the expression of the B1R at 3 and 6 hours. Interestingly, this effect of Ang
Il at 6 hours was largely prevented by 1-hour pretreatments with either 10 uM of the AT1R
antagonist, losartan or 10 uM of the B1R antagonist, R715 (Fig.1H). These results confirm
that Ang Il increases the expression the B1R in hypothalamic neurons via activation of
AT1R.

The B1R Mediates the Increase in the Expression of Proinflammatory Mediators Induced
by Ang Il in Primary Hypothalamic Neurons

Both the AT1R and the B1R have been shown to be independently involved in
neuroinflammation and neurogenic hypertension. To determine whether a blockade of the
B1R prevents Ang Il-induced expression of proinflammatory mediators we incubated the
cells with 300 nM Ang 1l for 6 hours with or without a preincubation of 1 hour with 10 uM
R715 and quantified the steady state levels of the MRNA of cyclooxygenase 2 (Cox2),
interleukin-1p (IL-1pB), IL-6 and tumor necrosis factor a (TNFa). The results presented in
Fig 2 illustrates that preincubation with R715 prevents the increase in expression of the four
proinflammatory mediators tested (Fig 2A, 2B, 2C and 2D).

The B1R Mediates the Increase in the Oxidative Potential as Well as the Expression of
NADPH oxidase 2 (Nox2) and Nox4 Induced by Ang Il in Primary Hypothalamic Neurons

The importance of reactive oxygen species (ROS) or more generally oxidants in the
pathophysiology of neurogenic hypertension has been suggested (Chan et al. 2009;
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Zimmerman et al. 2004). To determine whether the B1R are also involved in oxidant
production in cultured primary hypothalamic neurons, dihydroethidium (DHE) a molecule
that can readily be oxidized by various cellular oxidants was used to measure the oxidative
potential of the cells (Kalyanaraman et al. 2012). As shown in Fig 3a, Ang Il exposure led to
increased DHE red fluorescence (2-OH-ethidium and ethidium) indicating increased
oxidative potential. The quantification of DHE florescence showed significant increase in
CTCF by Ang Il stimulation which was attenuated by pretreatment with R715 (Fig 3b). We
further confirmed our DHE staining results with a microplate DHE assay. Using this
method, we showed that stimulation with Ang Il produced a significant 3-fold increase in
ROS production (Fig 3c). This Ang ll-induced ROS production was greatly attenuated by
pretreatment with B1R antagonist. In the DHE plate assay, antimycin A, an inhibitor of
complex 111 of the mitochondrial electron transport chain was used as a positive control as
blocking complex 111 should lead to a progressive increase in ROS and reactive nitrogen
species levels, which should be largely prevented by N-Acetyl-L-Cysteine (NAC).

NADPH oxidases have been implicated in the ROS production caused by Ang Il in neurons
(Case et al. 2013; Peterson et al. 2009). However, the role of the B1R in Ang-11 regulated
Nox2 and Nox4 expression have not been investigated. As shown in Fig 4, R715 largely
prevented Ang Il induction of the expression of Nox2 (Fig 4a) and Nox4 (Fig 4b). Overall,
our results provide evidence that in primary cultured hypothalamic neurons Ang Il-induced
ROS production is mediated at least in part through activation of the B1R and suggest that it
may involve an increase in the expression of Nox2 and Nox4.

The B1R is Largely Responsible for the Decrease Mitochondrial Respiration Elicited by
Ang Il in Primary Hypothalamic Neurons

A decrease in mitochondrial bioenergetic efficiency has been suggested in Ang Il induced
neurogenic hypertension (Zimmerman et al. 2004). To investigate if Ang Il impacts
mitochondrial respiration, a reasonable assumption in cells experiencing such an increase in
oxidative potential, we measured the oxygen consumption rate (Fig 5). Primary
hypothalamic neurons were treated for 24 h with 300 nM Ang Il with or without a 1-h
pretreatment with 10 pM R715. As illustrated in Fig. 5a, Ang Il decreased basal and FCCP-
driven maximal respiration. Although not as clean as in isolated mitochondria where the
substrates and ADP can be provided in a nearly unlimited amount, the observed decrease in
oxygen consumption in the presence of FCCP is highly suggestive of a defect at the level of
the electron transport chain. This is also consistent with a generalized decrease in all
calculated respiratory components including basal respiration (Fig. 5b), the respiration
driven by the ATP regeneration need (Fig. 5¢), maximal respiration (Fig. 5d), and spare
respiratory capacity (Fig. 5E). These effects of Ang Il were all partly (~50-60%) prevented
by the pretreatment with R715 suggesting a role the B1R in Ang Il-induced mitochondrial
dysfunction.

The B1R mediates angiotensin ll-induced NF-xB binding activity in primary hypothalamic

neurons

The AT1R has been shown to be able to promote NF-xB activation in vivo and in vitro
(Kalra et al. 2002; Kang et al. 2009; Mariappan et al. 2010). Because we hypothesized that
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NF-xB in the most likely common denominator with respect to the induction Cox2, I1L-14,
IL-6 and TNF in our cells, we tested the hypothesis that the B1R is involved in these effects
of Ang Il. The cultured primary hypothalamic neurons were pretreated or not with R715 for
1 h, followed by treatment with vehicle or Ang Il for 24 h. NF-xB DNA binding activity was
analyzed by the NF-kB p65 transcription factor assay kit. The results showed that treatment
with Ang |1 significantly increased NF-kB p65 binding activity compared to the vehicle
treated control group (Fig. 6). R715 treatment alone did not have any effect on NF-xB
activity. Ang ll-induced NF-xB activity was significantly attenuated by the treatment with
R715 indicating that B1R activation is at least in part is involved in Ang Il-mediated NF-xB
activation in primary neurons.

Discussion

The primary neuronal cells provide a standard system for the investigation of neuronal
structure and function at a high resolution compared to immortalized cells. Previous studies
have been shown that immortalized neuronal cell lines derived from tumors differ
biologically from normal, differentiated primary neurons (Edwards et al. 2007; LePage et al.
2005). The hypothalamus contains pivotal cardiovascular regulatory nuclei including
subfornical organ and paraventricular nucleus (PVN) that have been shown to be play a role
in blood pressure homeostasis. Therefore, in this study we have used primary hypothalamic
neuronal cultures to examine the interaction between B1R and AT1R.

We and others have previously shown that B1R expression is significantly upregulated in
brain cardiovascular regulatory nuclei during DOCA-salt hypertension (Sriramula and
Lazartigues 2017) or in spontaneously hypertensive rats (Cloutier et al. 2004; Qadri et al.
2002). Using a double immunolabeling of B1R and a neuronal marker - microtubule
associated protein 2, we demonstrated that B1R expression was upregulated specifically in
neurons of hypothalamic PVN during neurogenic hypertension (Sriramula and Lazartigues
2017). It is well established that elevated brain Ang Il levels and upregulated AT1R can
increase neuroinflammation and lead to the development of neurogenic hypertension (Xia et
al. 2013; Xu et al. 2017). However, there has been no study investigating the direct
interaction of AT1R, the main receptor of Ang Il, and B1R, in hypothalamic neurons in
inducing neuroinflammation. In the present study, we demonstrate that Ang Il stimulation
induces B1R gene expression in mouse primary hypothalamic neurons and treatment with
pharmacological B1R antagonist R715 blunts this B1R expression suggesting a direct effect
of Ang Il on B1R gene expression. In addition, pretreatment with AT1R antagonist losartan
attenuated Ang Il-mediated increase in gene expression of B1R suggesting the involvement
of AT1R in this increased B1R expression. Our data is similar to a previous study which
showed that in vascular smooth muscle cells enhanced expression of B1R by Ang Il is
mediated by AT1R possibly via activation of phosphatidylinositol 3-kinase and NF-xB
(Morand-Contant et al. 2010). A growing body of evidence suggest that cross talk exists
between RAS and kinins in multiple physiological and pathological conditions (Ceravolo et
al. 2007; Ceravolo et al. 2014; Fernandes et al. 2006). It has been shown that chronic
infusion of Ang Il for 14 days can increase B1R expression in aorta of Wistar rats (Ceravolo
et al. 2007). In 2 kidneys-1 clip hypertensive rats with elevated plasma Ang Il levels, B1IR
mRNA levels were upregulated in cardiac but not in renal and aortic tissues, suggesting a
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tissue-specific induction of B1R expression (Fernandes et al. 2006). Thus, expression of
B1R and AT1R in primary hypothalamic neurons and induction of B1R by Ang Il treatment
support the evidence that B1R within the neurons play an important role in Ang I1-mediated
hypertension.

A previous study has shown that treatment with LPS upregulated B1R and Cox2 mRNA,
and this B1R upregulation via Cox2 resulted in endothelium-independent contractions in
endotoxin treated pig coronary arteries (More et al. 2014). In cultured vascular smooth
muscle cells, Ang Il induces Cox2 expression in a time-and concentration- dependent
manner (Morinelli et al. 2008). In addition, treatment with Ang Il resulted in increased
inflammatory cytokines TNF, IL-1, and IL-6 production in CATH.a neuronal cell line
(Agarwal et al. 2013). However, whether Ang ll-induced inflammatory cytokine expression
is mediated by B1R is not known. Our data show that blocking B1R prevents the Ang 11-
induced inflammatory gene expression in primary neurons and support the hypothesis that
Ang-Il induced neuroinflammation is indeed mediated by B1R expression.

Increasing evidence implicates oxidative stress and mitochondrial dysfunction within the
brain in neurogenic hypertension. Previous evidence suggest that mitochondria are a major
subcellular cite for superoxide generation in neurons stimulated with Ang Il (Chan et al.
2009; Yin et al. 2010). In this study, we found that elevated oxidative stress and reduced
mitochondrial respiration by Ang Il treatment was abrogated by B1R blockade. The
increased ROS production in primary neurons might be from mitochondrial electron
transport complexes or from mitochondrial Nox4, or both. Indeed, a study by Case et al.,
proposed that Nox4 is a major source of superoxide production in neuron mitochondria that
contributes to Ang Il intraneuronal signaling (Case et al. 2013). In addition, contribution
from extramitochondrial sites, possibly via Nox2 upregulation can also be implicated in Ang
I1-induced oxidative stress (Peterson et al. 2009). Since Ang Il-induced oxidative stress was
mediated by B1R, blocking B1R signaling might be a target to prevent ROS production,
reduce oxidative stress, and improve mitochondrial bioenergetics. Indeed, our recent report
that B1R blockade prevents hypertension by reducing oxidative stress in the brain
hypothalamic PVVN supports this hypothesis (Sriramula and Lazartigues 2017).

Ang Il activates multiple signaling pathways involving p38 mitogen activated protein kinase
leading to activation of NF-xB and cAMP response element binding protein, which
feedback to upregulate the AT1R gene expression in neurons (Haack et al. 2013). B1R
expression shown to be involved in the activation of NF-xB pathway in human (Moreau et
al. 2007) and rat (Morand-Contant et al. 2010) vascular smooth muscle cells. In our study,
treatment with R715 attenuated Ang ll-induced NF-xB activity indicating that B1R is at
least in part is involved in Ang ll-mediated NF-xB activation in neurons. This result is in
agreement with our previous in vivo study where mice DOCA-salt hypertension induced
increase in nuclear NF-xB expression and decrease in cytosolic NF-xB expression in the
hypothalamic PVVN while mice with B1R gene deletion prevented these changes (Sriramula
and Lazartigues 2017). These data further support the evidence that blocking B1R activation
prevents the NF-xB activation and expression of inflammatory genes mediated by AT1R,
thereby decreasing neuroinflammation.

Cell Mol Neurobiol. Author manuscript; available in PMC 2021 May 11.



1duosnuey Joyiny asuel||y yaseasay yiesH

1duosnuey Joyiny aduel|ly yosessay yiesH

Parekh et al.

Funding

Page 10

In summary, to our knowledge, these data provide first direct evidence for involvement of
B1R signaling in neuroinflammation induced by Ang Il in mouse neonatal primary
hypothalamic neurons (Fig. 7). We first demonstrated that the cultured primary hypothermic
neurons express both B1R and AT1R. Then, we have demonstrated that Ang Il stimulation
of neurons increased expression of B1R and resulted in elevated inflammatory cytokine
production, which was blunted by R715 treatment. Furthermore, we have shown that Angll
is associated with impaired mitochondrial respiratory function and increased oxidative
stress, and B1R antagonism preserved the mitochondrial respiratory function and prevented
oxidative stress. Although the current study identifies causal relationship and the
involvement of B1R in Ang-11 mediated neuroinflammation and oxidative stress in neurons,
whether there is a direct interaction between AT1R and B1R in mediating these effects is
still not clear. Further studies are needed to clarify this interaction. Nevertheless, our results
present evidence to support the beneficial effects of B1R blockade in elevated neuronal
inflammation and oxidative stress by Ang Il treatment in primary hypothalamic neurons.

This work was supported, in part, by The American Heart Association Scientist Development Grant
(15SDG25720021), and startup funds from the East Carolina University Division of Research Economic
Development and Engagement and the Department of Pharmacology and Toxicology to S. Sriramula.
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Fig. 1. Kinin B1 receptor gene expression isinduced by angiotensin |1 in primary hypothalamic
neurons.
Brightfield photomicrograph showing primary mouse hypothalamic neuron cultures grown

for 5 days (A). Representative photomicrographs showing immunofluorescence staining for
neuron specific marker microtubule associated protein 2, MAP-2 (Red) and glial cell
specific marker glial fibrillary acidic protein, GFAP (Green) in primary neurons cultured for
10 days without Ara-C (B) and with Ara-C (C) treatment. Treatment with Ara-C for 14 days
resulted in primarily predominant neuronal population as stained for neuronal marker
MAP-2 (D). Triple immunostaining revealed that Kinin B1R (E) and AT1R (F) are
expressed in primary hypothalamic neurons. Treatment with angiotensin 11 (300 nM)
induced increase in BIR mRNA levels in cultured neurons, measured by real time PCR (G).
(n=4 independent cultures/group). Statistical significance: One-way ANOVA followed by
Tukey’s multiple comparisons test. *p<0.05 compared 0-hour group. Angiotensin Il-induced
increase in BIR mRNA was prevented by pre-treatment with losartan or R715 (H). The
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cultured primary neurons are pre-treated with a specific AT1R antagonist (losartan, 10 M)
or a specific B1R antagonist (R715, 10 uM) for 1 hour, followed by treatment with
angiotensin Il (Ang I, 300 nM) for 6 hours. (n=6 independent cultures/group). Statistical
significance: One-way ANOVA followed by Tukey’s multiple comparisons test. *p<0.05
compared to vehicle, Tp<0.05 compared to Ang Il.
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Fig. 2. Angiotensin I1-induced inflammatory gene expression isreduced by treatment with B1IR
antagonist in primary hypothalamic neurons.

Angiotensin Il treatment induced neuroinflammation as indicated by increase in pro-
inflammatory genes (A) cyclooxygenase (Cox2), (B) Interleukin (IL)-1p, (C) IL-6, and (D)
tumor necrosis factor (TNF). This increase in neuroinflammation was prevented by pre-
treatment with R715. The cultured primary neurons are pre-treated with a specific B1R
antagonist (R715, 10 uM) for 1 hour, followed by treatment with angiotensin Il (Ang 11, 300
nM) for 6 hours. The gene expression was measured using real time RT-PCR in triplicates.
(n=4 independent cultures/group). Statistical significance: One-way ANOVA followed by
Tukey’s multiple comparisons test. *p<0.05 compared to vehicle, tp<0.05 compared to Ang
I
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Fig. 3. BIR antagonist treatment reduced angiotensin || induced reactive oxygen species (ROS)
production in primary hypothalamic neurons.

(A). Representative photomicrographs showing dihydroethidium (DHE) stained primary
hypothalamic neurons. (B). DHE staining quantified as corrected total cell fluorescence
shows increased superoxide generation by treatment with angiotensin Il (Ang I1), which was
attenuated by R715 treatment. (n=8/group). Statistical significance: One-way ANOVA
followed by Tukey’s multiple comparisons test. *p<0.05 compared to vehicle. Tp<0.05
compared to Ang Il (C). ROS production measured by microplate DHE assay indicates that
Ang ll-induced a significant increase in total ROS production indicating increased oxidative
stress, and treatment with R715 prevented this Ang Il-induced ROS production. (n=6
independent culture wells/group). Treatment with antimycin A (Ani-A), an inhibitor of
complex 111 of the mitochondrial electron transport chain, is used as a positive control for
ROS generation and treatment with N-Acetyl-L-Cysteine (NAC) is used as an antioxidant
control. Statistical significance: One-way ANOVA followed by Tukey’s multiple
comparisons test. *p<0.05 compared to vehicle, Tp<0.05 compared to Ang II.
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Fig. 4. Angiotensin I1-induced Nox2 and Nox4 gene expression was reduced by treatment with
B1R antagonist in primary hypothalamic neurons.

Angiotensin Il treatment induced oxidative stress by increased gene expression of (A) Nox2
and (B) Nox4. This increase was attenuated or prevented by pre-treatment with R715. The
cultured primary neurons are pre-treated with a specific B1R antagonist (R715, 10 uM) for 1
hour, followed by treatment with angiotensin 11 (Ang I, 300 nM) for 6 hours. The gene
expression was measured using real time RT-PCR in triplicates. (n=4 independent cultures/
group). Statistical significance: One-way ANOVA followed by Tukey’s multiple
comparisons test. *p<0.05 compared to vehicle, Tp<0.05 compared to Ang II.
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Fig. 5. B1R antagonist treatment prevented angiotensin |1-induced decreasein mitochondrial
respiration in primary hypothalamic neurons.
Primary hypothalamic mouse neurons were cultured on Seahorse XF-24 plates and treated

with vehicle or Ang Il with or without R715 for 24 hours. Seahorse mito stress assay was
performed to measure oxygen consumption rate (OCR). (A). Bioenergetic profile following
sequential injection of oligomycin (0), FCCP (F) and antimycin A/rotenone (A/R)
indicating the key parameters of mitochondrial respiration in neurons. OCR measurements
showed that Ang Il stimulation resulted in significant decrease in basal respiration (B), ATP
production (C), maximal respiration (D), and spare respiratory capacity (E) indicating
mitochondrial dysfunction, and treatment with R715 prevented this Ang I1-induced
mitochondrial dysfunction. (n=8 independent culture wells/group). Statistical significance:
One-way ANOVA followed by Tukey’s multiple comparisons test. *p<0.05 compared to
vehicle, Tp<0.05 compared to Ang Il.
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Fig. 6. B1IR antagonist treatment reduced angiotensin || induced NF-xB binding activity in
primary hypothalamic neurons.

The cultured primary neurons are pre-treated with B1R specific antagonist (R715, 10 uM)
for 1 hour, followed by treatment with vehicle or angiotensin 11 (Ang I, 300 nM) for 24
hours. NF-kB DNA binding activity was analyzed by NF-kB p65 transcription factor assay
kit. The result of NF-kB DNA binding showed that Ang Il treatment significant increased
NF-kB p65 DNA binding activity in primary neurons, and treatment with R715 significantly
attenuated this effect. (n=6 independent culture wells/group). Statistical significance: One-
way ANOVA followed by Tukey’s multiple comparisons test. *p<0.05 compared to vehicle,
t,p<0.05 compared to Ang II.
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Fig 7. Angiotensin Il-induced neuroinflammation and oxidative stress are mediated by kinin
B1R.

Mouse neonatal primary hypothermic neurons express both B1R and AT1R. Ang Il
stimulation of neurons increased expression of B1R, which in turn increased resulted in
upregulation of Nox2 and Nox4 expression, and NF-xB activation, and ultimately leading to
expression of pro-inflammatory cytokine production. Treatment with R715, the specific BIR
antagonist blunted angiotensin Il-induced neuroinflammation and oxidative stress by
reducing Nox gene expression and attenuating NF-xB activation.
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