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Abstract: Hypertension is associated with increased expression of kinin B1 receptors (B1R) and
increased levels of pro-inflammatory cytokines within the neurons. We previously reported that
angiotensin II (Ang II) upregulates B1R expression and can induce neuroinflammation and oxidative
stress in primary hypothalamic neurons. However, the order in which B1R activation, neuroinflamma-
tion, and oxidative stress occur has not yet been studied. Using primary hypothalamic neurons from
neonatal mice, we show that tumor necrosis factor (TNF), lipopolysaccharides (LPS), and hydrogen
peroxide (H2O2) can upregulate B1R expression and increase oxidative stress. Furthermore, our study
shows that B1R blockade with R715, a specific B1R antagonist, can attenuate these effects. To further
confirm our findings, we used a deoxycorticosterone acetate (DOCA)-salt model of hypertension
to show that oxidative stress is upregulated in the hypothalamic paraventricular nucleus (PVN) of
the brain. Together, these data provide novel evidence that relationship between oxidative stress,
neuroinflammation, and B1R upregulation in the brain is bidirectional, and that B1R antagonism may
have beneficial effects on neuroinflammation and oxidative stress in various disease pathologies.
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1. Introduction

Hypertension has been found to be associated with increased activity of the kallikrein–
kinin system (KKS), which leads to vasoconstriction and inflammation [1,2]. The KKS
belongs to a family of vasoactive pro-inflammatory peptides that play a part in regulating
blood pressure and inflammation and are primarily known as bradykinin and kallidin [3].
Bradykinin and its active metabolite des-arg9-bradykinin mediate their physiological ef-
fects through two G-protein coupled receptor subtypes, kinin B1 (B1R) and B2 (B2R)
receptors [3–5]. B2R is constitutively expressed, whereas B1R expression is relatively low
at physiological conditions and can be upregulated in the presence of inflammation and
oxidative stress [3,6]. In addition to inflammation and oxidative stress, B1R expression can
be induced by its own agonists, des-Arg9-BK (DABK) or des-Arg10-KD (DAKD) [6,7]. It is
known that both B1R and B2R are expressed in neurons, and that B1R is more specifically
expressed in the human thalamus and hypothalamus [8]. Previously, we showed that neu-
rogenic hypertension is associated with an increased expression of B1R in the hypothalamic
paraventricular nucleus (PVN) in a model of DOCA-salt hypertension [1].

Hypertension remains the dominant risk factor for cardiovascular disease, which is the
leading cause of death worldwide, despite the implications of lifestyle modifications and
readily available hypertension medications [9–11]. It is now well established that hyperten-
sion is a low-grade inflammatory condition that is induced via increased sympathetic drive,
elevated oxidative stress, and an increased release of proinflammatory cytokines within
the cardiovascular regulatory regions of the brain, such as the PVN [1,12,13]. Within these
cardiovascular regulatory regions, neuroinflammation is known to be the primary mediator
of the pathophysiology of many cardiovascular diseases such as hypertension [6,13,14].
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There is a bidirectional interaction between the nervous system and the immune system
and, as a result, there is an inflammatory response within the nervous system that leads to
the activation of proinflammatory cytokines and reactive oxygen species (ROS) that can
worsen a disease state [6,15–17]. Since inflammatory cells are thought to be a large source
of ROS, there is also a bidirectional relationship between the immune system and reactive
oxygen species and this relationship regulates the hypertensive response and ultimate
end-organ damage [15,18,19].

It is known that B1R is inducible by inflammation, injury, DABK or DAKD, inflam-
matory cytokines, and bacterial endotoxins [2,6]. Previously, we were able to show that
Lys-[des-Arg9]-Bradykinin (LDABK) and angiotensin II (Ang II) upregulate B1R expres-
sion in primary hypothalamic neurons [20,21]. We also showed that Ang II can increase
oxidative stress through ROS production, and that this increase is attenuated using the
specific B1R antagonist R715, but not by the specific B2R antagonist HOE [20]. Ang II
is also able to increase Nox2 and Nox4 gene expression as well as TNF, IL-6 and IL-1β
gene expression, indicating that Ang II can induce neuroinflammation and oxidative stress
in primary hypothalamic neurons [20]. These studies suggest that Ang II-induced B1R
activation may increase neuroinflammation and oxidative stress in neurons. However, there
have been no previous studies in neurons providing direct evidence for which comes first,
B1R activation or neuroinflammation and oxidative stress. Therefore, in this present study
we first determined the role of TNF (inflammatory cytokine), LPS (bacterial endotoxin),
and hydrogen peroxide (ROS) on the activation of B1R using mouse primary hypothalamic
neuronal cultures, and then investigated whether B1R activation stimulates oxidative stress
or neuroinflammation, or if neuroinflammation or oxidative stress stimulates B1R activation
using B1R blockade.

2. Materials and Methods
2.1. Animals

Experiments were conducted using adult (12–16 weeks old) wildtype (WT) male
C57Bl/6NJ mice purchased from Jackson Laboratory and housed in a humidity- and
temperature-controlled facility following a 12-h light/dark cycle. Mice were fed standard
mouse chow and water ad libitum. All animal studies were approved by the East Carolina
University Animal Care and Use Committee (AUP #W254) and were performed per the
National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. Mice
underwent a DOCA-salt hypertension paradigm as described previously [1]. Mice were
briefly anesthetized with isoflurane (2%) and oxygen flow 1 L/min and placed on a heating
pad to maintain body temperature. The mice underwent a uninephrectomy in which the
right kidney was removed by making an incision to the skin in the retroperitoneal region.
Mice were divided randomly into 4 groups (n = 12/group) and were then implanted
subcutaneously with a DOCA-silicone sheet (DOCA group, DOCA:silicone = 1:3, DOCA
1 mg/g body weight) or an empty silicone sheet (Sham group). Pre- and post-operative
care included buprenorphine injection to relieve pain (0.05 mg/kg, sc). The DOCA group
were switched to 1% NaCl in drinking water and the sham group received autoclaved
tap water. After the duration of the protocol, mice received heavy anesthesia using 5%
isoflurane and were euthanized by decapitation. The brains were collected and stored at
−80 ◦C until further use.

2.2. Primary Hypothalamic Neuron Isolation

Primary hypothalamic neurons were cultured and maintained from neonatal mice
pups as described in previous studies [20–22]. The experimental protocols used for breeding
mice were approved by East Carolina University Animal Care and Use Committee (AUP
#W261) and were performed in accordance with the National Institutes of Health Guidelines
for the Care and Use of Laboratory Animals. Mouse pups were deeply anesthetized
using isoflurane (4%) in an oxygen flow (1 L/min) prior to decapitation. Brains were
collected and hypothalamic tissue was dissected in Hank’s balanced salt solution (HBSS)
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(Gibco 14,175-079) then minced into small pieces using a sterile blade. The minced tissue
was rinsed twice with HBSS and then was digested in a 15 mL conical tube with HBSS
containing 1% trypsin (T1426 Sigma-Aldrich, St. Louis, MO, USA) and 1.5 kU/mL DNaseI
(D5025 Sigma Aldrich) for 10 min at 37 ◦C. Following dissociation, tissue was washed twice
using HBSS containing 20% FBS and then twice using HBSS. Using HBSS containing DNaseI,
the tissue was further homogenized using a pipette with a 1 mL pipette tip (six times)
followed by using a 200 µL pipette tip (six times) attached to a 10 mL serological pipette.
After the dissociation, the cells were spun down by centrifugation and the cell pellet was
collected and resuspended in complete Neurobasal culture medium supplemented with 2%
B27, 0.5 mM GlutaMax, and penicillin/streptomycin (100 U/mL and 100 µg/mL) (Gibco).
At a density of 50,000 cells per mL, neurons were plated into poly-L-lysine-coated cell
culture plates and grown in a humidified atmosphere of 5% CO2–95% air at 37 ◦C. On the
fourth day of culture, neurons were treated with cytosine arabinofuranoside (Ara-C, 2 µM,
Sigma Aldrich C1768) to suppress non-neuronal cell proliferation. Hypothalamic primary
neurons were cultured for at least 10 days prior to experimentation. Treatment duration and
doses of LDABK (300 nM), R715 (10 µM), SR (10 µM), H2O2 (10 µM), TNF (10 ng), and LPS
(100 ng) were based on our preliminary studies and the published literature [6,22]. All drug
treatments were dissolved in sterile PBS as a vehicle control. LPS purified from Escherichia
coli O55:B5 (Sigma L4005, CAS-No. 93572-42-0) was used as it has been previously shown
to induce neuroinflammation via the TLR4/CD14-mediated pathway [23,24].

2.3. Real Time RT-PCR

Using real time RT-PCR, gene expression was measured as described previously by
our lab [22,25]. Using primary hypothalamic neurons treated with either TNF or LPS,
total RNA was extracted using a Direct-Zol RNA miniprep plus kit (Zymo Research)
according to the manufacturer’s protocol. The concentration of RNA was measured using
a spectrophotometer (NanoDrop One). Using a QuantStudio 6 Flex real time PCR machine
(Applied Biosystems), RT-PCR amplification was performed with Power SYBR Green RNA-
to-CT one step kit (Applied Biosystems). Data were normalized to β-actin expression by
the 2−(∆∆CT) comparative method and expressed as a fold change compared to control.

2.4. Immunofluorescence Staining

Once neurons were cultured for 10 days on poly-L-lysine-coated glass cover slips in
12-well plates and treated with various agonists for time points, they were fixed with 4%
paraformaldehyde for 15 min. The neurons were rinsed three times for 5 min using 1 X
PBS followed by permeabilization with 0.1% Triton X-100 in 1 X PBS for 10 min. Cells were
blocked with 2.5% donkey serum in 1 X PBS containing 0.2% Tween20 for 1 h before being
incubated overnight at 4 ◦C with appropriate primary antibodies that have been validated in
knockout mouse tissues, MAP2 antibody (NBP3-05552, lot 16278-011222, Novus Biologicals,
1:500), or B1R (#ABR-011, lot An-01, Alomone labs, 1:500 dilution) [25]. Following this, the
cells were rinsed with 1 X PBS + 0.2% Tween20 three times then incubated with appropriate
Alexa Fluor conjugated secondary antibodies (Life Technologies, 1:1000 dilution) for 1 h
at room temperature. Cells were washed three times with 1 X PBS + 0.2% Tween20 then
mounted onto slides using ProLong Gold antifade reagent with DAPI (Invitrogen). Images
were captured using an Echo Revolve Microscope.

2.5. Measurement of ROS

Levels of reactive oxygen species (ROS) were identified by dihydroethidium (DHE),
which is relatively specific for the measurement of superoxide. DHE will exhibit a blue
fluorescence until it is oxidized and interacts with the cell’s DNA to produce a bright
fluorescent red staining of the nucleus. Freshly cut brains from DOCA and Sham mice were
incubated with 10 µM DHE (Invitrogen) in a light protected humidified chamber at 37 ◦C for
15 min. Primary neurons that were cultured and treated in 12-well plates on poly-L-lysine
glass coverslips were given 10 µM DHE and incubated in a light protected humidified
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chamber at 37 ◦C for 15 min. Fluorescent images of the DOCA/Sham brains and the primary
neurons were obtained with a fluorescent microscope (Echo Revolve). Mean fluorescence
intensity of the image was measured using ImageJ software (NIH) for quantification. To
supplement this, production of ROS was also measured by spectrofluorometry using DHE
probes. The neurons were cultured in 48-well plates and were briefly treated for their
respective group. Following this, 10 µM DHE was added for 15 min. The plate was read
via spectrofluorometer (Tecan Infinite m200) and fluorescence was detected at an excitation
wavelength of 488 nm and emission wavelength of 610 nm. Data are expressed as total
fluorescence (relative fluorescent units, RFU).

2.6. Statistics

Statistical analyses were performed using GraphPad Prism 9 (GraphPad Software).
Data are presented as mean ± standard error of the mean (SEM). Using one-way analysis
of variance followed by Tukey’s multiple comparisons test, multiple comparisons were
made, and differences were considered statistically significant at p < 0.05.

3. Results
3.1. B1R Activation Induces Reactive Oxygen Species Production in Primary
Hypothalamic Neurons

To investigate the role of LDABK, a B1R selective agonist, in the production of reactive
oxygen species, we used primary neurons cultured from the hypothalamus of neonatal
mice and cultured them for 10 days prior to stimulating them with LDABK (300 nM,
24 h) with or without pretreatment using the B1R specific antagonist R715 (10 µM). First,
using double immunostaining, we confirmed previous findings that LDABK increases
B1R expression [21,22]. As shown in Figure 1A, treatment of the neurons with 300 nM of
LDABK increased the expression of B1R. Furthermore, this effect was prevented by 2-h
pretreatment with B1R antagonist R715, indicating that LDABK induced B1R activation.
Previously, it has been suggested that reactive oxygen species (ROS) play a vital role in
the development of neurogenic hypertension [26,27]. Therefore, to determine the role of
B1R activation in the production of reactive oxygen species, we used dihydroethidium
(DHE) to measure the oxidative potential of the cells. LDABK exposure increased DHE
red fluorescence, indicating an increase in the generation of reactive oxygen species. In-
terestingly, pretreatment with R715 was able to mitigate the increase in production by
LDABK, confirming that B1R activation induces ROS generation in hypothalamic neurons
(Figure 1B). To further confirm these results, we used a microplate DHE assay and found
that stimulation with LDABK produced a significant increase in ROS generation and that
this effect was attenuated by pretreatment with a B1R antagonist (Figure 1C). These results
provide evidence that B1R activation in primary hypothalamic neurons increases ROS
production and that B1R antagonism may attenuate these effects.

3.2. TNF Stimulation Increases Expression of B1R and ROS in Primary Hypothalamic Neurons

B1R activation has been shown to be involved in neuroinflammation as well as neu-
rogenic hypertension. Inflammation is an important factor in the pathogenesis of hy-
pertension, therefore we used TNF, a proinflammatory cytokine, to determine whether
B1R blockade prevents inflammation-induced B1R expression and oxidative stress. Using
RT-PCR, we wanted to determine at what dose TNF induces B1R activation and found
that 10 ng TNF significantly increases B1R expression (Figure 2A). Next, we wanted to
know if TNF-induced activation of B1R could be mitigated by pretreatment with B1R
antagonist R715 and found that pretreatment with R715 was able to attenuate this in-
crease (Figure 2C). Furthermore, we wanted to identify if B1R blockade could prevent
inflammation-induced oxidative stress. To determine this, we treated primary hypotha-
lamic neurons with 10 ng TNF with or without 2-h preincubation with 10 µM R715 and
used DHE immunofluorescence to identify reactive oxygen species production. The results
indicated that preincubation with R715 reduces TNF-induced ROS generation (Figure 2D).
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To further confirm this, we used a DHE microplate assay and confirmed that B1R antago-
nism can attenuate TNF-induced ROS and oxidative stress (Figure 2B). Overall, our results
indicate that blocking B1R can mitigate inflammation-induced B1R activation and ROS
production in primary hypothalamic neurons.
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Figure 1. LDABK treatment on primary hypothalamic neurons. (A) Immunofluorescence staining and
quantification for B1R expression (n = 5–10/group). (B) Superoxide generation using dihydroethid-
ium (DHE) staining (n = 5–10/group). (C) ROS production measured by microplate DHE assay
(n = 6/group). Statistical significance: One-way ANOVA followed by Tukey’s multiple comparisons
test. * p < 0.05 compared to vehicle. † p < 0.05 compared to LDABK.

3.3. LPS Stimulation Increases Expression of B1R and ROS in Primary Hypothalamic Neurons

LPS stimulation has been shown to cause the release of inflammatory cytokines in
cellular models [28,29]. First, we used RT-PCR to identify at what concentration LPS upreg-
ulates B1R and found that 100 ng LPS is the most ideal for activation of B1R (Figure 3A).
Following this, we showed that 2-h pretreatment with R715 was able to significantly
attenuate LPS-induced B1R expression, as shown by immunofluorescence staining and
quantification (Figure 3B). Next, we wanted to identify the role of LPS in reactive oxygen
species generation. Following stimulation with LPS with or without B1R blockade, we
used DHE immunofluorescence and showed that LPS increases ROS generation, as shown
by an increase in red fluorescence (Figure 3D). However, B1R blockade prior to LPS stimu-
lation was able to partially reduce this effect. Furthermore, we followed up with a DHE
microplate assay and further confirmed that B1R antagonism attenuates LPS-induced ROS
production (Figure 3B). Collectively, these data infer that LPS can activate B1R and induce
ROS production, while blocking B1R only partially reduces the effects of LPS stimulation.
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Figure 2. TNF treatment on primary hypothalamic neurons. (A) B1R mRNA levels in cultured
neurons, measured by real time PCR (n = 6 independent cultures/group). (B) ROS generation
indicated by microplate DHE assay (n = 6–7/group). (C) Quantification and immunofluorescent
images of B1R expression (n = 8–10/group). (D) ROS production and quantification of DHE staining
(n = 7/group). Statistical significance: One-way ANOVA followed by Tukey’s multiple comparisons
test. * p < 0.05 compared to vehicle. † p < 0.05 compared to TNF.
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Figure 3. LPS treatment on primary hypothalamic neurons. (A) Levels of B1R mRNA measured
by real time PCR (n = 6 independent cultures/group). (B) ROS production demonstrated using
microplate DHE assay (n = 6/group). (C) Representative images of B1R expression and quantifi-
cation (n = 6–10/group). (D) Superoxide production and quantification of DHE immunostaining
(n = 7/group). Statistical significance: One-way ANOVA followed by Tukey’s multiple comparisons
test. * p < 0.05 compared to vehicle. † p < 0.05 compared to LPS.
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3.4. B1R Blockade Prevents Hydrogen Peroxide-Induced Oxidative Stress

In previous studies, it has been indicated that oxidative stress plays a vital role in
the pathogenesis of hypertension [26,27]. Oxidative stress is caused by excessive gener-
ation of ROS, so to model this in our neuron cultures, we treated neurons with 10 µM
hydrogen peroxide for 24 h. In cellular models, hydrogen peroxide is often used to induce
inflammation and oxidative stress [30]. Using immunofluorescence staining, we found that
hydrogen peroxide stimulation increases B1R expression, and this increase was mitigated
with B1R antagonist R715, indicating that oxidative stress acts, in part, through the B1R
pathway (Figure 4A). To further determine the role of B1R in oxidative stress, we used
DHE and showed that, as predicted, hydrogen peroxide stimulation increases ROS pro-
duction. Interestingly, this production was reduced by pretreatment with R715 (Figure 4B).
To confirm these findings, we used a microplate DHE assay and once again showed that
B1R antagonism prevents hydrogen peroxide-induced oxidative stress (Figure 4C). These
results indicate that there is a relationship between B1R activation and oxidative stress, and
that B1R blockade may prevent these effects.
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using DHE staining (n = 7/group). (C) DHE microplate assay revealing ROS generation (n = 6/group).
Statistical significance: One-way ANOVA followed by Tukey’s multiple comparisons test. * p < 0.05
compared to vehicle. † p < 0.05 compared to H2O2.

3.5. DOCA-Salt Hypertension Model Shows Increased ROS Generation

Prior studies have shown that B1R plays a central role in the pathogenesis of DOCA-
salt hypertension [1]. To further confirm our findings, we wanted to determine if oxidative
stress is increased in DOCA-salt hypertensive mice. Brains from Sham and DOCA mice
were cut, using a cryostat, into 10 µm sections and placed onto a slide. Using dihydroethid-
ium immunofluorescence, we showed that ROS generation was increased in DOCA mice
compared to Sham, as shown by an increase in red fluorescence (Figure 5). These results
further indicate that oxidative stress plays an important role in hypertension.
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4. Discussion

The kinin B1 receptor is known to be inducible by inflammation, oxidative stress, or
injury, however, whether neuroinflammation and oxidative stress precede B1R activation
or vice versa was unknown. In this study, we aimed to investigate the interaction between
B1R activation on neuroinflammation and oxidative stress. Previous studies have shown
that B1R is inducible by its own agonist, LDABK, in hypothalamic neurons [22]. Using
immunocytochemistry on primary hypothalamic neurons, we were able to confirm that
B1R expression is inducible using its own agonists. Treatment with LDABK induced B1R
activation in primary hypothalamic neurons, and this effect was attenuated following
pretreatment with B1R antagonists. Previously, we and others have shown that Ang II can
upregulate B1R expression and oxidative stress, and that this effect was attenuated using
B1R antagonism [20,31,32]. Using dihydroethidium staining and microplate assay, we
found that B1R activation by a specific agonist increases superoxide production, and that
using a B1R antagonist can blunt this increase in ROS production. These results provide
evidence for a direct effect of B1R activation and oxidative stress.

The immune system is of large importance in the pathophysiology of hypertension,
and this is primarily due to its effects on elevated inflammation both in the periphery
and in the central nervous system [33]. Proinflammatory cytokines such as TNF have
been shown to play a vital role in the pathogenesis of cardiovascular diseases, including
hypertension [12]. TNF has been shown to modulate the expression of NADPH oxidases,
which are a known potential source of ROS within cardiovascular diseases [34]. Previous
studies from our lab and others have shown that TNF can induce oxidative stress, leading
to cardiac dysfunction and hypertension. On the other hand, TNF blockade, either using
gene deficient mice or specific antagonists, can prevent the development of angiotensin
II-induced hypertension. Since B1R is also induced by inflammation, whether adverse
outcomes with elevated TNF are mediated by B1R activation is not known. In our study,
we tested the effect of direct treatment of primary hypothalamic neurons with TNF and
measured B1R expression. Our data show that TNF induced B1R expression, as well
as increased ROS production. Furthermore, blocking B1R using B1R antagonists R715
or SR was able to reduce the effects of TNF on reactive oxygen species production and
B1R activation, indicating that TNF induces ROS production at least partially through a
B1R-mediated pathway.
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Increasing evidence implicates the role of bacterial endotoxins such as lipopolysac-
charides (LPS) in the stimulation of B1R expression [35,36]. LPS have been shown to be a
potent stimulator of the innate immune response and are able to initiate the intracellular
signaling proteins required to promote cytokine production during the initiation of inflam-
mation [19,37,38]. Furthermore, studies have shown that LPS can increase oxidative stress
levels, release proinflammatory cytokines, and can also initiate inflammatory response-
mediated hypertension [28,39,40]. However, the role of B1R activation in LPS-induced
oxidative stress, specifically in neurons, is relatively unknown. Here, our data confirm
that LPS treatment of neurons induced B1R expression and increased ROS production.
Additionally, B1R blockade with a specific antagonist was able to attenuate LPS-induced
ROS production, suggesting that LPS-mediated effects on oxidative stress are, at least
in part, mediated by B1R activation. These data allow us to speculate that LPS may act
through a B1R-mediated pathway in the progression of hypertension, and further studies
are needed to explore the role of B1R in LPS-induced hypertension.

Oxidative stress is an excessive production of reactive oxygen species, such as super-
oxide and hydrogen peroxide, and an altered oxidation–reduction state [33]. Generation of
oxidative stress within the CNS has been shown to influence systemic inflammation, which
alters blood pressure responses [33,41–43]. In disease conditions, an imbalance between
ROS production and antioxidants that favor ROS production can lead to the disruption of
redox signaling and molecular damage. Hydrogen peroxide also acts as a second messenger
that has a role in intercellular signaling [44,45]. Using hydrogen peroxide as a stimulant,
we wanted to determine the role of oxidative stress in B1R activation and whether it is
B1R activation that triggers oxidative stress or if oxidative stress can induce B1R activation.
Our data show that hydrogen peroxide stimulation can increase B1R expression in primary
neurons, suggesting a direct role of hydrogen peroxide in B1R induction. In addition,
hydrogen peroxide treatment increased ROS production, which was blunted by a B1R
specific antagonist, suggesting a role of B1R activation in hydrogen peroxide-induced ROS
production. These data provide clear evidence that oxidative stress is, in part, mediated
through the B1R pathway.

Primary hypothalamic neuronal cultures allow us to use a model with a high reso-
lution compared to immortalized cells, as shown in our previous studies [20–22,25]. Our
study, to our knowledge, is the first to look at the bidirectional role between B1R activation,
neuroinflammation, and oxidative stress in primary hypothalamic neurons, and its role in
various disease etiologies. Although we were not able to distinguish the order in which
these events occur, we were able to identify the causal role of B1R in oxidative stress and
neuroinflammation, further indicating its part in the development of many pathologies,
such as hypertension, neurodegenerative diseases, and cardiovascular diseases. We were
also able to identify that B1R blockade may serve as an effective agent in reducing neuroin-
flammation and oxidative stress. Given the pivotal role played by the neuroinflammation
and oxidative stress pathways in the progression of cardiovascular and neurodegenera-
tive diseases, we can speculate that B1R targeting therapies could be clinically beneficial.
Further studies are needed to help identify which events occur first while also looking at
these relationships in other models, such as microglia, neuron–glia cocultures, and in vivo
models. Nevertheless, the results of this study provide evidence to support the role of B1R
activation in in neurons, and the beneficial effects of B1R blockade on mitigating the effects
of neuroinflammation and oxidative stress.

Author Contributions: S.S. conceptualized and designed research. D.T. and S.S. performed the
experiments, collected data, analyzed data, and prepared figures. D.T. wrote the manuscript. S.S.
edited the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Heart, Lung, and Blood Institute of the National
Institutes of Health under award number 5R01HL153115 (S. Sriramula).

Institutional Review Board Statement: Not applicable.



Antioxidants 2023, 12, 150 10 of 11

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors wish to thank Robin Alligood for her excellent technical assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Sriramula, S.; Lazartigues, E. Kinin B1 Receptor Promotes Neurogenic Hypertension Through Activation of Centrally Mediated

Mechanisms. Hypertension 2017, 70, 1122–1131. [CrossRef]
2. Hamid, S.; Rhaleb, I.A.; Kassem, K.M.; Rhaleb, N.E. Role of Kinins in Hypertension and Heart Failure. Pharmaceuticals 2020,

13, 347. [CrossRef]
3. Leeb-Lundberg, L.M.; Marceau, F.; Muller-Esterl, W.; Pettibone, D.J.; Zuraw, B.L. International union of pharmacology. XLV.

Classification of the kinin receptor family: From molecular mechanisms to pathophysiological consequences. Pharmacol. Rev.
2005, 57, 27–77. [CrossRef]

4. Joedicke, L.; Mao, J.; Kuenze, G.; Reinhart, C.; Kalavacherla, T.; Jonker, H.R.A.; Richter, C.; Schwalbe, H.; Meiler, J.; Preu, J.; et al.
The molecular basis of subtype selectivity of human kinin G-protein-coupled receptors. Nat. Chem. Biol. 2018, 14, 284–290.
[CrossRef]

5. Yin, Y.L.; Ye, C.; Zhou, F.; Wang, J.; Yang, D.; Yin, W.; Wang, M.W.; Xu, H.E.; Jiang, Y. Molecular basis for kinin selectivity and
activation of the human bradykinin receptors. Nat. Struct. Mol. Biol. 2021, 28, 755–761. [CrossRef] [PubMed]

6. Sriramula, S. Kinin B1 receptor: A target for neuroinflammation in hypertension. Pharmacol. Res. 2020, 155, 104715. [CrossRef]
[PubMed]

7. Maria, A.G.; Dillemburg-Pilla, P.; Durand, M.T.; Floriano, E.M.; Manfiolli, A.O.; Ramos, S.G.; Pesquero, J.B.; Nahmias, C.;
Costa-Neto, C.M. Activation of the Kinin B1 Receptor by Its Agonist Reduces Melanoma Metastasis by Playing a Dual Effect on
Tumor Cells and Host Immune Response. Front. Pharmacol. 2019, 10, 1106. [CrossRef]

8. Raidoo, D.M.; Bhoola, K.D. Kinin receptors on human neurones. J. Neuroimmunol. 1997, 77, 39–44. [CrossRef]
9. He, J.; Whelton, P.K. Elevated systolic blood pressure and risk of cardiovascular and renal disease: Overview of evidence from

observational epidemiologic studies and randomized controlled trials. Am. Heart J. 1999, 138, 211–219. [CrossRef] [PubMed]
10. Brant, L.C.C.; Passaglia, L.G.; Pinto-Filho, M.M.; de Castilho, F.M.; Ribeiro, A.L.P.; Nascimento, B.R. The Burden of Resistant

Hypertension Across the World. Curr. Hypertens. Rep. 2022, 24, 55–66. [CrossRef] [PubMed]
11. Roth, G.A.; Mensah, G.A.; Johnson, C.O.; Addolorato, G.; Ammirati, E.; Baddour, L.M.; Barengo, N.C.; Beaton, A.Z.; Benjamin,

E.J.; Benziger, C.P.; et al. Global Burden of Cardiovascular Diseases and Risk Factors, 1990-2019: Update From the GBD 2019
Study. J. Am. Coll. Cardiol. 2020, 76, 2982–3021. [CrossRef]

12. Sriramula, S.; Haque, M.; Majid, D.S.; Francis, J. Involvement of tumor necrosis factor-alpha in angiotensin II-mediated effects on
salt appetite, hypertension, and cardiac hypertrophy. Hypertension 2008, 51, 1345–1351. [CrossRef]

13. Khor, S.; Cai, D. Hypothalamic and inflammatory basis of hypertension. Clin. Sci. 2017, 131, 211–223. [CrossRef]
14. Steven, S.; Frenis, K.; Oelze, M.; Kalinovic, S.; Kuntic, M.; Bayo Jimenez, M.T.; Vujacic-Mirski, K.; Helmstadter, J.; Kroller-Schon,

S.; Munzel, T.; et al. Vascular Inflammation and Oxidative Stress: Major Triggers for Cardiovascular Disease. Oxid. Med. Cell.
Longev. 2019, 2019, 7092151. [CrossRef] [PubMed]

15. Crowley, S.D. The cooperative roles of inflammation and oxidative stress in the pathogenesis of hypertension. Antioxid. Redox
Signal. 2014, 20, 102–120. [CrossRef] [PubMed]

16. Chen, L.; Deng, H.; Cui, H.; Fang, J.; Zuo, Z.; Deng, J.; Li, Y.; Wang, X.; Zhao, L. Inflammatory responses and inflammation-
associated diseases in organs. Oncotarget 2018, 9, 7204–7218. [CrossRef]

17. DiSabato, D.J.; Quan, N.; Godbout, J.P. Neuroinflammation: The devil is in the details. J. Neurochem. 2016, 139 (Suppl. S2),
136–153. [CrossRef]

18. Carnagarin, R.; Matthews, V.; Zaldivia, M.T.K.; Peter, K.; Schlaich, M.P. The bidirectional interaction between the sympathetic
nervous system and immune mechanisms in the pathogenesis of hypertension. Br. J. Pharmacol. 2019, 176, 1839–1852. [CrossRef]
[PubMed]

19. Singh, M.V.; Chapleau, M.W.; Harwani, S.C.; Abboud, F.M. The immune system and hypertension. Immunol. Res. 2014, 59,
243–253. [CrossRef]

20. Parekh, R.U.; Robidoux, J.; Sriramula, S. Kinin B1 Receptor Blockade Prevents Angiotensin II-induced Neuroinflammation and
Oxidative Stress in Primary Hypothalamic Neurons. Cell. Mol. Neurobiol. 2020, 40, 845–857. [CrossRef]

21. White, A.; Parekh, R.U.; Theobald, D.; Pakala, P.; Myers, A.L.; Van Dross, R.; Sriramula, S. Kinin B1R Activation Induces
Endoplasmic Reticulum Stress in Primary Hypothalamic Neurons. Front. Pharmacol. 2022, 13, 841068. [CrossRef] [PubMed]

22. Parekh, R.U.; White, A.; Leffler, K.E.; Biancardi, V.C.; Eells, J.B.; Abdel-Rahman, A.A.; Sriramula, S. Hypothalamic kinin B1
receptor mediates orexin system hyperactivity in neurogenic hypertension. Sci. Rep. 2021, 11, 21050. [CrossRef] [PubMed]

http://doi.org/10.1161/HYPERTENSIONAHA.117.09744
http://doi.org/10.3390/ph13110347
http://doi.org/10.1124/pr.57.1.2
http://doi.org/10.1038/nchembio.2551
http://doi.org/10.1038/s41594-021-00645-y
http://www.ncbi.nlm.nih.gov/pubmed/34518695
http://doi.org/10.1016/j.phrs.2020.104715
http://www.ncbi.nlm.nih.gov/pubmed/32087235
http://doi.org/10.3389/fphar.2019.01106
http://doi.org/10.1016/S0165-5728(97)00048-9
http://doi.org/10.1016/S0002-8703(99)70312-1
http://www.ncbi.nlm.nih.gov/pubmed/10467215
http://doi.org/10.1007/s11906-022-01173-w
http://www.ncbi.nlm.nih.gov/pubmed/35118612
http://doi.org/10.1016/j.jacc.2020.11.010
http://doi.org/10.1161/HYPERTENSIONAHA.107.102152
http://doi.org/10.1042/CS20160001
http://doi.org/10.1155/2019/7092151
http://www.ncbi.nlm.nih.gov/pubmed/31341533
http://doi.org/10.1089/ars.2013.5258
http://www.ncbi.nlm.nih.gov/pubmed/23472597
http://doi.org/10.18632/oncotarget.23208
http://doi.org/10.1111/jnc.13607
http://doi.org/10.1111/bph.14481
http://www.ncbi.nlm.nih.gov/pubmed/30129037
http://doi.org/10.1007/s12026-014-8548-6
http://doi.org/10.1007/s10571-019-00778-1
http://doi.org/10.3389/fphar.2022.841068
http://www.ncbi.nlm.nih.gov/pubmed/35350763
http://doi.org/10.1038/s41598-021-00522-0
http://www.ncbi.nlm.nih.gov/pubmed/34702886


Antioxidants 2023, 12, 150 11 of 11

23. Gram, A.; Kowalewski, M.P. Molecular Mechanisms of Lipopolysaccharide (LPS) Induced Inflammation in an Immortalized
Ovine Luteal Endothelial Cell Line (OLENDO). Vet. Sci. 2022, 9, 99. [CrossRef]

24. Ciesielska, A.; Matyjek, M.; Kwiatkowska, K. TLR4 and CD14 trafficking and its influence on LPS-induced pro-inflammatory
signaling. Cell. Mol. Life Sci. 2021, 78, 1233–1261. [CrossRef] [PubMed]

25. Parekh, R.U.; Sriramula, S. Activation of Kinin B1R Upregulates ADAM17 and Results in ACE2 Shedding in Neurons. Int. J. Mol.
Sci. 2020, 22, 145. [CrossRef]

26. Baradaran, A.; Nasri, H.; Rafieian-Kopaei, M. Oxidative stress and hypertension: Possibility of hypertension therapy with
antioxidants. J. Res. Med. Sci. 2014, 19, 358–367.

27. Rodrigo, R.; Gonzalez, J.; Paoletto, F. The role of oxidative stress in the pathophysiology of hypertension. Hypertens. Res. 2011, 34,
431–440. [CrossRef]

28. Kang, J.B.; Park, D.J.; Shah, M.A.; Kim, M.O.; Koh, P.O. Lipopolysaccharide induces neuroglia activation and NF-kappaB
activation in cerebral cortex of adult mice. Lab. Anim. Res. 2019, 35, 19. [CrossRef]

29. Park, B.S.; Lee, J.O. Recognition of lipopolysaccharide pattern by TLR4 complexes. Exp. Mol. Med. 2013, 45, e66. [CrossRef]
30. Ransy, C.; Vaz, C.; Lombes, A.; Bouillaud, F. Use of H(2)O(2) to Cause Oxidative Stress, the Catalase Issue. Int. J. Mol. Sci. 2020,

21, 9149. [CrossRef]
31. Ceravolo, G.S.; Fernandes, L.; Munhoz, C.D.; Fernandes, D.C.; Tostes, R.C.; Laurindo, F.R.; Scavone, C.; Fortes, Z.B.; Carvalho,

M.H. Angiotensin II chronic infusion induces B1 receptor expression in aorta of rats. Hypertension 2007, 50, 756–761. [CrossRef]
[PubMed]

32. Morand-Contant, M.; Anand-Srivastava, M.B.; Couture, R. Kinin B1 receptor upregulation by angiotensin II and endothelin-1
in rat vascular smooth muscle cells: Receptors and mechanisms. Am. J. Physiol. Heart Circ. Physiol. 2010, 299, H1625–H1632.
[CrossRef] [PubMed]

33. Touyz, R.M.; Rios, F.J.; Alves-Lopes, R.; Neves, K.B.; Camargo, L.L.; Montezano, A.C. Oxidative Stress: A Unifying Paradigm in
Hypertension. Can. J. Cardiol. 2020, 36, 659–670. [CrossRef] [PubMed]

34. Guggilam, A.; Haque, M.; Kerut, E.K.; McIlwain, E.; Lucchesi, P.; Seghal, I.; Francis, J. TNF-alpha blockade decreases oxidative
stress in the paraventricular nucleus and attenuates sympathoexcitation in heart failure rats. Am. J. Physiol. Heart Circ. Physiol.
2007, 293, H599–H609. [CrossRef]

35. Ruiz, S.; Vardon-Bounes, F.; Buleon, M.; Guilbeau-Frugier, C.; Seguelas, M.H.; Conil, J.M.; Girolami, J.P.; Tack, I.; Minville, V. Kinin
B1 receptor: A potential therapeutic target in sepsis-induced vascular hyperpermeability. J. Transl. Med. 2020, 18, 174. [CrossRef]

36. Tidjane, N.; Hachem, A.; Zaid, Y.; Merhi, Y.; Gaboury, L.; Girolami, J.P.; Couture, R. A primary role for kinin B1 receptor in
inflammation, organ damage, and lethal thrombosis in a rat model of septic shock in diabetes. Eur. J. Inflamm. 2015, 13, 40–52.
[CrossRef] [PubMed]

37. Rosadini, C.V.; Kagan, J.C. Early innate immune responses to bacterial LPS. Curr. Opin. Immunol. 2017, 44, 14–19. [CrossRef]
38. Grylls, A.; Seidler, K.; Neil, J. Link between microbiota and hypertension: Focus on LPS/TLR4 pathway in endothelial dysfunction

and vascular inflammation, and therapeutic implication of probiotics. Biomed. Pharmacother. 2021, 137, 111334. [CrossRef]
39. Robles-Vera, I.; de la Visitacion, N.; Sanchez, M.; Gomez-Guzman, M.; Jimenez, R.; Moleon, J.; Gonzalez-Correa, C.; Romero, M.;

Yang, T.; Raizada, M.K.; et al. Mycophenolate Improves Brain-Gut Axis Inducing Remodeling of Gut Microbiota in DOCA-Salt
Hypertensive Rats. Antioxidants 2020, 9, 1199. [CrossRef]

40. Bomfim, G.F.; Echem, C.; Martins, C.B.; Costa, T.J.; Sartoretto, S.M.; Dos Santos, R.A.; Oliveira, M.A.; Akamine, E.H.; Fortes, Z.B.;
Tostes, R.C.; et al. Toll-like receptor 4 inhibition reduces vascular inflammation in spontaneously hypertensive rats. Life Sci. 2015,
122, 1–7. [CrossRef]

41. Dinh, Q.N.; Drummond, G.R.; Sobey, C.G.; Chrissobolis, S. Roles of inflammation, oxidative stress, and vascular dysfunction in
hypertension. Biomed. Res. Int. 2014, 2014, 406960. [CrossRef] [PubMed]

42. Krzeminska, J.; Wronka, M.; Mlynarska, E.; Franczyk, B.; Rysz, J. Arterial Hypertension-Oxidative Stress and Inflammation.
Antioxidants 2022, 11, 172. [CrossRef] [PubMed]

43. Solleiro-Villavicencio, H.; Rivas-Arancibia, S. Effect of Chronic Oxidative Stress on Neuroinflammatory Response Mediated by
CD4(+)T Cells in Neurodegenerative Diseases. Front. Cell Neurosci. 2018, 12, 114. [CrossRef] [PubMed]

44. Griendling, K.K.; Camargo, L.L.; Rios, F.J.; Alves-Lopes, R.; Montezano, A.C.; Touyz, R.M. Oxidative Stress and Hypertension.
Circ. Res. 2021, 128, 993–1020. [CrossRef]

45. Sies, H.; Jones, D.P. Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat. Rev. Mol. Cell Biol. 2020, 21,
363–383. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/vetsci9030099
http://doi.org/10.1007/s00018-020-03656-y
http://www.ncbi.nlm.nih.gov/pubmed/33057840
http://doi.org/10.3390/ijms22010145
http://doi.org/10.1038/hr.2010.264
http://doi.org/10.1186/s42826-019-0018-9
http://doi.org/10.1038/emm.2013.97
http://doi.org/10.3390/ijms21239149
http://doi.org/10.1161/HYPERTENSIONAHA.107.094706
http://www.ncbi.nlm.nih.gov/pubmed/17664391
http://doi.org/10.1152/ajpheart.00735.2009
http://www.ncbi.nlm.nih.gov/pubmed/20833961
http://doi.org/10.1016/j.cjca.2020.02.081
http://www.ncbi.nlm.nih.gov/pubmed/32389339
http://doi.org/10.1152/ajpheart.00286.2007
http://doi.org/10.1186/s12967-020-02342-8
http://doi.org/10.1177/1721727X15577736
http://www.ncbi.nlm.nih.gov/pubmed/26413099
http://doi.org/10.1016/j.coi.2016.10.005
http://doi.org/10.1016/j.biopha.2021.111334
http://doi.org/10.3390/antiox9121199
http://doi.org/10.1016/j.lfs.2014.12.001
http://doi.org/10.1155/2014/406960
http://www.ncbi.nlm.nih.gov/pubmed/25136585
http://doi.org/10.3390/antiox11010172
http://www.ncbi.nlm.nih.gov/pubmed/35052676
http://doi.org/10.3389/fncel.2018.00114
http://www.ncbi.nlm.nih.gov/pubmed/29755324
http://doi.org/10.1161/CIRCRESAHA.121.318063
http://doi.org/10.1038/s41580-020-0230-3
http://www.ncbi.nlm.nih.gov/pubmed/32231263

	Introduction 
	Materials and Methods 
	Animals 
	Primary Hypothalamic Neuron Isolation 
	Real Time RT-PCR 
	Immunofluorescence Staining 
	Measurement of ROS 
	Statistics 

	Results 
	B1R Activation Induces Reactive Oxygen Species Production in Primary Hypothalamic Neurons 
	TNF Stimulation Increases Expression of B1R and ROS in Primary Hypothalamic Neurons 
	LPS Stimulation Increases Expression of B1R and ROS in Primary Hypothalamic Neurons 
	B1R Blockade Prevents Hydrogen Peroxide-Induced Oxidative Stress 
	DOCA-Salt Hypertension Model Shows Increased ROS Generation 

	Discussion 
	References

