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Abstract
Purpose of Review Essential hypertension is a huge health problem that significantly impacts worldwide population in terms 
of morbidity and mortality. Idiopathic in its nature, elevated blood pressure results from a complex interaction between 
polygenic components and environmental and lifestyle factors. The constant growth in the burden of hypertension is at odds 
with expectations, considering the availability of therapeutic strategies. Hence, there is an endless need to further investigate 
the complexity of factors contributing to blood pressure elevation.
Recent Findings Recent data indicate that bidirectional interactions between the nervous system and the immune system 
alter inflammation in the brain and periphery, contributing to chronic hypertension. These findings indicate that the nerv-
ous system is both a direct driver of hypertension and also a target of feedback that often elevates blood pressure further. 
Similarly, the immune system is both target and driver of the blood pressure increases. The contributions of the feedback 
loops among these systems appear to play an important role in hypertension.
Summary Together, recent mechanistic studies strongly suggest that the interactions among the brain, immune system, and 
inflammation affect the participation of each system in the pathogenesis of hypertension, and thus, all of these systems must 
be considered in concert to gain a full appreciation of the development and potential treatments of hypertension.
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Introduction

Hypertension is an epidemic health challenge recognized 
as major worldwide risk factor for the rising incidence of 
cardiovascular disease [1]. Numerous antihypertensive drugs 
are available to tailor therapies, yet many patients fail to stay 
in an optimal range of blood pressure control, contributing to 
the increasing prevalence of uncontrolled hypertension [2].

The neurogenic basis of hypertension is usually ascribed 
to a sustained overactivation of the sympathetic nervous 
system (SNS) [3–5]. The persistent SNS stimulation of the 
heart, vasculature, and kidneys consequently affects cardiac 

output, vascular resistance, and fluid retention, overall con-
tributing to blood pressure elevation [3]. On another note, 
the spectrum of factors contributing to etiology of hyper-
tension has been widened by the observation that inflam-
mation is involved in the onset of elevated blood pressure 
[6]. A multitude of studies conducted in the past decade 
demonstrated that activated T lymphocytes and macrophages 
accumulate in the kidneys and peripheral vasculature of 
experimental models of hypertension, likely contributing to 
blood pressure increase and end organ damage (see [7] for 
review). The SNS is also a main physiological system that 
provides a functional interface between the nervous and the 
immune systems. Hence, it has been postulated a new role 
of the autonomic control in hypertension, partly attributed 
to the modulation of immune responses [8, 9•, 10]. The 
autonomic nervous system comprises fibers that innervate 
organs of the immune system to modulate their functions 
through neurotransmitters’ release. Besides expressing 
receptors for neurotransmitters, immune cells also respond 
to the hypothalamic pituitary adrenal (HPA) axis by binding 
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glucocorticoids, hence indicating that SNS and HPA axis 
represent a further level of control of innate and adaptive 
immune responses [9•]. Additionally, the adipose tissue that 
surrounds the vasculature is directly entangled by SNS fibers 
and provides a fine regulation of metabolic and endocrine 
functions contributing to blood pressure regulation [11]. 
Since perivascular adipose tissue can also directly release 
noradrenaline independently from innervation, it has been 
postulated that another route of cardiovascular control is 
ascribable to neuroimmune interactions established at a local 
vascular level [12, 13].

The autonomic nervous system utilizes efferent neural 
circuits, dependent on specific forebrain and hindbrain areas, 
to exert a direct control of peripheral tissues. Among the 
brain areas involved, the circumventricular organs (CVOs), 
the paraventricular nucleus of the hypothalamus (PVN), the 
rostral ventral lateral medulla (RVLM), the anteroventral 
third ventricle (AV3V), and the nucleus of the solitary tract 
(NTS) are well known to participate in the brain-mediated 
cardiovascular control [14–16]. Notably, a common property 
of the above-mentioned brain structures is the high expres-
sion of Angiotensin II type 1 receptors (AT1R), making 
them sensitive to Angiotensin II signaling [17–20]. CVOs 
are characterized by an elevated permeability to circulating 
substances and by the presence of fenestrated capillaries, 
enabling them to regulate bidirectional exchanges of hor-
mones and soluble substances that usually do not cross the 
intact blood–brain barrier (BBB) [21].

Cytokines play an additional role in the bidirectional 
brain-body communication. In fact, the entire spectrum 
of cells composing the nervous system, ranging from neu-
rons to glial and immune cells as well as to vascular cells, 
is endowed with cytokines’ receptors, enabling them to 
respond challenges coming from the periphery. Cytokines 
produced in response to tissues’ perturbation cross the BBB 
at sites of increased permeability, providing feedback to the 
brain. Sensitivity to peripheral disturbances depends on the 
ability of the brain to respond to the stimulation exerted 
by pro-inflammatory cytokines, like tumor necrosis fac-
tor-alpha (TNF-α) and interleukin-1 beta (IL-1β), which 
contribute to enhancement of sympathetic outflow and 
subsequent BP elevation [22, 23]. With ongoing neuroin-
flammation, glial cells and neurons contribute to cytokine 
release in the brain itself to further signal back to the periph-
eral tissues. This neuroinflammatory brain-body circuit is 
an additional mechanism involved in onset of hypertension 
[21]. Cytokines like IL-1β, TNF-a, and interleukin-6 (IL-6) 
might also directly impact the cerebral vasculature altering 
adherent and tight junctions of capillaries, further increasing 
BBB permeabilization and brain injury [24, 25].

Peripherally produced Angiotensin II is an additional 
signal that contributes to the brain-body bidirectional com-
munication. Circulating Angiotensin II can cross the BBB 

to activate neuronal circuits within areas characterized by 
increased permeability [26]. On the other hand, Angiotensin II 
contributes to BBB disruption [27], further facilitating perme-
ability in brain areas like the PVN, RVLM, and NTS, which 
are usually inaccessible because lined by a tight BBB [28].

The above observations have delineated a brain-body 
feedback and feedforward mechanism that recognizes brain 
inflammation as a cause/effect process involved in the etiol-
ogy of hypertension.

Can Neuroinflammation Trigger Blood 
Pressure Elevation?

Peripheral sympathoexcitation is mostly related to the stim-
ulation of AT1R within the PVN [17–19, 29], whereby its 
persistent activation has been frequently recognized as a 
major cause of neurogenic hypertension. Notably, chronic 
infusion of Angiotensin II, which is a well-validated rodent 
model of human hypertension, activates the inflammatory 
signaling mediated by nuclear factor kappa B (NFkB) in 
the PVN [30], further sustaining neuroinflammation. At 
the same time, pro-inflammatory cytokines like IL-1β, 
directly administered into the PVN or infused intracer-
ebroventricularly, determine an elevation of mean blood 
pressure levels [30–32].

The chronic administration of Angiotensin II also 
increases leukocyte adhesion to brain capillaries and ven-
ules, with consequent rolling and infiltration in the brain 
parenchyma [21]. At the cellular level, it has been observed 
that the process of leukocyte adhesion takes place concomi-
tantly to the development of oxidative stress, and both phe-
nomena precede blood pressure increase [27]. An additional 
tract that characterizes the process of brain inflammation 
ensuing upon Angiotensin II infusion is increased BBB per-
meability, which in turn facilitates leakage of the circulat-
ing vasoactive peptide in the PVN, RVLM, and NTS [28, 
33•]. Studies that have utilized a treatment with tempol, a 
superoxide dismutase mimetic, showed a rescue of cerebro-
vascular inflammation and a restoration of BBB function 
[27], suggesting the dependence of this process on neuroin-
flammation-induced vascular oxidative stress.

Prorenin and its receptor (prorenin receptor, PRR)—additional 
members of the renin-angiotensin system (RAS)—can contrib-
ute to neurogenic hypertension by eliciting neuroinflammatory 
processes [34–36]. In fact, prorenin activates NFkB signaling in 
the NTS and enhances the expression of the pro-inflammatory 
cytokines IL-1b and TNF-α [37]. In microglia, prorenin has 
the further ability to enhance Angiotensin II effects, eliciting a 
heightened cytokine production.

Evidence that prorenin contributes to neurogenic-mediated 
blood pressure elevation has been provided in additional models 
of experimental hypertension. As an example, the downregulation 
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of PRR in the supraoptic nucleus of the spontaneously 
hypertensive rat (SHR), obtained by viral transfection, effectively 
counteracted hypertension [38]. Also, inhibition of PRR in the 
brain rescued blood pressure elevation and sympathetic outflow 
in double transgenic hypertensive mice expressing human renin-
angiotensinogen [39]. The selective deletion of PRR in neurons of 
mice subjected to hypertension induced by deoxycorticosterone 
acetate (DOCA)-salt counteracted Angiotensin II production and 
blood pressure elevation [39, 40].

On the other hand, strategies hampering the inflammatory 
burden proved effective in ameliorating blood pressure elevation. 
Dampening inflammation by administration of interleukin-10 
(IL-10) or minocycline successfully reduced microglial reactiv-
ity and blood pressure increase [41]. Additionally, minocycline 
hindered the increase in pro-inflammatory cytokines and the 
concomitant decrease in IL-10 induced by Angiotensin II on 
production [31, 41, 42].

The PVN is not the sole brain region contributing to neuro-
genic hypertension. Other studies executed in the SHR imply 
that an inflammatory state exists in the NTS too [43]. Also, a 
relationship among RVLM cytokines’ expression and burden 
of oxidative stress, enhanced SNS outflow, and hypertensive 
responses has been proposed. Moreover, it has been demon-
strated that the signaling of angiotensin-converting enzyme in 
the PVN induces pro-inflammatory cytokines in the RVLM 
through direct projections of the PVN, resulting in sympatho-
excitation and oxidative stress [40].

Taken together, the studies here recapitulated show that 
RAS activation and consequent hypertension result from a 
mixed effect of feedforward signaling of Angiotensin II and 
prorenin on the PVN and RVLM and feedback effect of cir-
culating Angiotensin II and cytokines acting on the CVOs.

Can Peripheral Inflammatory Conditions Trigger 
Feedforward Neurogenic Hypertension?

Manifold processes activate a state of inflammation in 
the peripheral tissues and, depending on the causes and 
pathophysiological context, feedback signals to the brain 
can be evoked to elicit reflex responses that might help 
to restore the homeostasis. At the same time, the activa-
tion of specific brain areas sensitive to pro-inflammatory 
signaling can in turn recruit pro-hypertensive responses. 
Hence, peripheral inflammatory conditions might provide 
an enhancement of ongoing neurogenic hypertension or 
trigger blood pressure elevation per se. This part of the 
review will encompass the studies that describe some of 
the common conditions leading to persistent peripheral 
inflammation and recognized as factors predisposing to 
hypertension. Among these, it is noteworthy mentioning 
hyperlipidic diets, autoimmune disease, and commensal 
bacteria dysbiosis.

A typical chronic low-grade inflammation is induced 
by obesity, often accompanied by increased RAS activity 
[44]. High-fat diet (HFD)-induced obesity triggers micro-
glial reactivity in specific brain areas [45]. In particular, 
animals fed with HFD are characterized by neuroinflam-
matory processes involved in BP and metabolism regulation, 
established in the PVN and the SFO. Notably, these areas are 
also sensitive to Angiotensin II, and on the other hand, diet 
and leptin have been shown to enhance AT1aR expression 
in glial cells and neurons [35, 44], suggesting the existence 
of mutual interactions between RAS and neuroinflammation 
during metabolic derangement. A further relationship with 
peripheral increase of autonomic activity has been identi-
fied. Mice with an inhibition of AT1aR signaling in the brain 
display an attenuated response to leptin in terms of sym-
pathetic outflow to key districts involved in cardiovascular 
regulation, namely, renal and brown adipose tissues [35]. 
However, no effect on metabolic phenotypes and feeding 
behavior was observed. Other works have demonstrated that 
leptin sensitizes key brain areas, namely, the NTS [46], the 
SFO [47], and the RVLM [48], to affect the cardiovascular 
responses mediated by RAS neurohumoral control.

Immune factors exert actions in the brain that exacerbate 
hypertension. Notably, experimental models of hyperten-
sion display enhanced activation of immune reactions in the 
brain, whereas neuroinflammatory processes trigger blood 
pressure increase [49], hence suggesting that there is a bidi-
rectional regulation between brain and peripheral inflamma-
tory processes and blood pressure regulation.

Autoimmune diseases are correlated with heightened 
cardiovascular risk, yet the mechanistic contribution of 
immune derangement to cardiovascular pathophysiology 
is still object of investigation. What is well known is the 
consistent association reported between hypertension and 
autoimmune disorders. Also, hypertension in this specific 
population of patients is characterized by earlier manifesta-
tion and higher resistance to treatment. Autoimmune con-
ditions more frequently associated with enhanced cardio-
vascular risk are systemic lupus erythematosus, psoriasis, 
rheumatoid arthritis, and systemic sclerosis.

Patients affected by systemic lupus erythematosus have 
an elevated risk of developing hypertension, which overall 
contributes to most of the cardiovascular-related morbid-
ity and mortality in this category of individuals [50]. A 
key feature of systemic lupus erythematosus is the forma-
tion of immune complexes composed by autoantibodies 
that deposit in various tissues, especially in kidneys. As 
a result, glomerulonephritis ensues in a vast majority of 
patients, resulting in renal dysfunction [51]. Nonetheless, 
data supporting a direct relationship between the onset and 
progression of glomerulonephritis and hypertension are 
missing, suggesting the further studies will be necessary 
to clarify the underlying mechanisms.
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Similarly, patients suffering from psoriasis have high 
prevalence of hypertension, which typically correlates 
with disease severity [52]. This risk is particularly high 
in the subset of patients with psoriatic arthritis. Since a 
positive correlation has been found between psoriasis and 
metabolic syndrome [53], it has been postulated that the 
relationship with hypertension might be partly dependent 
on this aspect. However, no definitive data is available.

Rheumatoid arthritis is a further autoimmune disorder 
typically associated with enhanced cardiovascular risk [54]. 
While no clear mechanistic information is available to sup-
port this relationship, it is well recognized that the varia-
tions in the incidence of hypertension depend on confound-
ing factors, like age, ethnicity, and therapeutic compliance.

On a different note, it is less clear whether other dis-
eases related to a derangement of immune system, namely, 
systemic sclerosis, have a pathophysiological relationship 
with hypertension [55]. Key tracts of systemic sclerosis that 
might favor the hypothesis of being considered a triggering 
condition for the development of hypertension are related 
to the frequently reported vascular endothelial dysfunction 
manifested by these patients [56]. Also, scleroderma, a typi-
cal feature of systemic sclerosis, leads to hypoxic mecha-
nisms in vascular tissues, lastly resulting in fibrosis and 
dysfunction. The resulting chronic vascular inflammation 

might represent a key contributor to progression of vascular 
fibrosis, impairment of vascular function and cardiovascular 
disease progression.

Peripheral inflammatory and immune homeostasis might 
be also challenged by conditions that alter a proper com-
mensal relationship with bacteria, particularly those of the 
gut and oral microbiome. In fact, periodontitis and gut dys-
biosis are associated with an increased risk of cardiovascular 
disease, particularly hypertension. Periodontitis results in a 
local autoimmune process that affects the cardiovascular sys-
tem and risk of hypertension [57, 58•]. Other cardiovascular 
conditions that associate, in combination with hypertension 
or alone, with periodontitis are represented by renal disease, 
left ventricular hypertrophy, and atherosclerosis [59, 60]. A 
similarly increased risk of cardiovascular disease, particularly 
hypertension, is observed in patients suffering from gut dys-
biosis [61]. The capability of specific metabolites produced 
by altered gut microbiota to trigger the autonomic nervous 
system has been postulated to represent a main contributor 
to neurogenic hypertension [62, 63]. Additional mechanisms 
have been also identified, discovering that chemosens-
ing receptors, like the olfactory receptors, expressed in the 
juxtaglomerular apparatus of kidneys respond to short chain 
fatty acids by activating renin secretion and hence contribut-
ing to blood pressure dysregulation [64].

Fig. 1  Schematics of the bidirectional communication established 
between the nervous and immune system. Brain areas sensitive to cir-
culating substances like Angiotensin II are represented in blue boxes. 
Key brain areas composing the brain renin angiotensin system are 
represented by the red boxes. Green boxes and circles represent the 

peripheral efferent of the neuroimmune communication involved in 
cardiovascular diseases. Abbreviations: subfornical organ (SFO); area 
postrema (AP); paraventricular nucleus of the hypothalamus (PVN); 
nucleus of the solitary tract (NTS)/dorsal motor nucleus of the vagus 
nerve (DMV); rostroventrolateral medulla (RVLM)
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Conclusions and Perspectives

Chronic inflammation and immune dysregulation are impor-
tant comorbidities in hypertension. In fact, the treatment of 
inflammation improves blood pressure control, ameliorating 
cardiovascular function and reducing the overall cardiovas-
cular risk. Together, the studies summarized in this review 
provide support to the concept that the brain is central in the 
interactions established between inflammatory and immune 
dysregulation and blood pressure regulation. Revealing the 
underlying mechanisms might unveil promising avenues for 
new therapeutics in neurogenic hypertension (Fig. 1).
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