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Abstract

Systemic arterial hypertension (SAH) is a major health problem around the world and its development has been associated
with exceeding salt consumption by the modern society. The mechanisms by which salt consumption increase blood pres-
sure (BP) involve several homeostatic systems but many details have not yet been fully elucidated. Evidences accumulated
over the last 60 decades raised the involvement of the immune system in the hypertension development and opened a range
of possibilities for new therapeutic targets. Green propolis is a promising natural product with potent anti-inflammatory
properties acting on specific targets, most of them participating in the gut—brain axis of the sodium-dependent hypertension.
New anti-hypertensive products reinforce the therapeutic arsenal improving the corollary of choices, especially in those
cases where patients are resistant or refractory to conventional therapy. This review sought to bring the newest advances in
the field articulating evidences that show a cross-talking between inflammation and the central mechanisms involved with
the sodium-dependent hypertension as well as the stablished actions of green propolis and some of its biologically active
compounds on the immune cells and cytokines that would be involved with its anti-hypertensive properties.
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Introduction

High-sodium intake has been long associated with physi-
ological adaptations in a number of contra-regulatory
mechanisms that, somehow, lead to SAH while tries to rec-
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oncile hydroelectrolytic balance back within homeostatic
boundaries. Therefore, an increment in sodium intake is
accompanied by an increased sodium absorption by the
gut, what triggers key mechanisms involving endocrine,
neural, cardiovascular and renal systems that, as a whole,
handle the sodium content within extracellular fluid so
that the extra sodium absorbed is excreted to preserve the
required sodium levels to keep homeostasis (Karppanen and
Mervaala 2006). On an ongoing basis, the continuous activa-
tion of such regulatory systems seems to contribute to the
development of hypertension by mechanisms that are not
yet fully understood.

Over the last 60 years, many studies have revealed the
role of the immune system and inflammation on SAH
development and maintenance with particular attention
to salt-dependent hypertension (Abais-Battad et al. 2015;
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Rucker et al. 2018; Wade et al. 2016; Wenzel et al. 2016).
The anti-hypertensive effect of immunosuppression seems
the most compelling evidence indicating that the inter-
action between the immune system and key regulatory
mechanisms controlling BP is, somehow, linked to SAH
(Li et al. 2020; Moreira et al. 2019; Shi et al. 2010). Yet,
the exogenous administration of pro-inflammatory mol-
ecules in normotensive experimental animals is correlated
with high BP what provides further support to the role
of the immune system for hypertension development (Shi
et al. 2010; Vasdev et al. 2011; Wei et al. 2015). However,
the importance of the immune system to the individual
survival poses serious limitations to immunosuppression
therapies and is highly unlike to suit long-lasting treat-
ments like the usual ones in hypertension management.
To fully explore the immunotherapeutic potential in SAH
treatment, it becomes critical to identify and better under-
stand specific components of the immune system and the
precise immunological mechanisms that pathogenically
contribute to hypertension development as well as the
outcomes of targeting such components and mechanisms
with bioactive molecules.

Currently, treatment of SAH uses a variety of drugs
already available on market such as angiotensin-converting
enzyme (ACE) inhibitors, AT, receptor antagonists, calcium
channel inhibitors, diuretics, and beta-blockers (Bouhanick
et al. 2019). However, about 20% of the hypertensive popu-
lation has resistance to conventional treatment (Carey et al.
2018; Daugherty et al. 2012; Muxfeldt et al. 2019). Within
this population of patients resistant to treatment, about 8%
develop refractory arterial hypertension, which is set at
the moment that SAH treatment fails to reduce BP despite
the use of 5 or more classes of anti-hypertensive drugs
(Muxfeldt et al. 2019). Based on the statistics regarding
patients resistant and refractory to conventional treatment
of hypertension, new therapeutic tools and medicine are
required to treat such condition. Medicines based on natu-
ral products have proven effective in treating many chronic
diseases, including SAH, and, for this reason, have attracted
great scientific interest due to their high popularity and ther-
apeutic effects (Hadi et al. 2019). Experimental and clinical
evidences indicate that green propolis, a resinous material
produced by honeybees from material collected from the
Baccharis dracunculifolia (DC) plant, has potential to treat
hypertension and, possibly, improve the treatment of resist-
ant hypertension. Most of the biological effects attributed to
DC, green propolis and constitutive components are related
to its anti-inflammatory properties (de Figueiredo-Rinhel
et al. 2019; Okamoto et al. 2012), angiotensin-converting
enzyme inhibitor-like effect (Kwon et al. 2006), vascular
activity (Kubota et al. 2004) and diuretic properties (El
Menyiy et al. 2018) studied in different experimental mod-
els of hypertension.
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In this review, we sought to line out some of latest
advances in the role of the immune system on BP control
and salt-dependent hypertension development through the
gut-brain axis as well as the potential anti-hypertensive
effects of green propolis base on its anti-inflammatory prop-
erties and effects through neurogenic mechanisms.

Hypertension and high-sodium intake: long
story short

Systemic arterial hypertension is characterized by a sus-
tained increase in BP levels. SAH is currently considered a
public health problem, affecting roughly 1.5 billion people,
and it is also one of the biggest causes of death worldwide
(WHO 2012). This clinical condition is an important risk
factor for several diseases such as ischemic brain infarction,
intracranial hemorrhage, myocardial infarction, and con-
gestive heart failure (APA 2020; WHO 2012). It has been
widely documented that smoking (Groppelli et al. 1992),
alcoholism (Lima et al. 1999), sedentarism (Alvarez Li et al.
1999) and eating habits (Yamamoto-Kimura et al. 1996) are
important factors associated to the development of SAH.
Among eating habits, salt intake plays a key role in the
development of SAH (Grillo et al. 2019) and will be fur-
ther discussed here. Sodium is an essential mineral, usually
found in its ionized form (Na*) within the body fluids, espe-
cially in the extra-cellular fluid. It plays an important role
in regulating cellular volume and, thereby, cellular concen-
tration of several signaling components within the cells as
well as propagation of electrical impulses along the plasma
membrane (Guyton et al. 1972). Therefore, its concentra-
tion in the body fluids is tightly regulated by several redun-
dant mechanisms that controls sodium intake and excretion
(Stanhewicz and Larry Kenney 2015). Daily salt intake rec-
ommendations usually follow assessments based on physi-
ological parameters, especially the plasma renin activity and
its correlation with salt intake in different mammal species,
including the humans (Bie and Evans 2017). However, clini-
cal and experimental evidences have suggested that chronic
activation of such mechanisms during high-sodium intake
can result in BP regulation disfunctions and increased BP
as detailed discussed elsewhere (Bie and Evans 2017; Karp-
panen and Mervaala 2006).

Several key systems are implicated in SAH develop-
ment and the common sense amongst researchers is that
neural, renal and local (vascular) mechanisms are the major
involved in the process (Bie and Evans 2017). Between the
70’s and the early 90’s, Guyton and cols. propose a model
of blood volume and pressure regulation in which an acute
increase in circulating volume (which could be caused by a
sudden increase in salt intake followed by high-water intake)
is promptly compensated by an increase water as sodium
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excretion by the kidney as a result of an increase in cardiac
debit and, therefore, blood pressure—the so-called pressure-
natriuresis mechanism—(Guyton 1989, 1991; Guyton et al.
1972). Renal medulla plays a pivotal role in the pressure-
natriuresis mechanism, because renal medullary blood flow
is poorly autoregulated, unlike whole kidney blood flow and
glomerular filtration rate (Cowley et al. 1992). Along with
increased medullary flow due to increase systemic blood
pressure, several molecular mechanisms, including inflam-
matory processes, take place in the medullary portion of
the tubules to prevent sodium reabsorption thus increasing
sodium excretion and reduces blood volume (Cowley et al.
1992). It has been proposed that an impairment in such
mechanisms is the primary responsibility for the loss in
renal ability of handling excess sodium intake thus leading
to hypertension (Ivy and Bailey 2014; Rucker et al. 2018),
and might be especially important when renal tissue is dam-
aged by chronic handling of large amounts of sodium. As
a consequence, an imbalance between sodium intake and
excretion would favor sodium accumulation in the extracel-
lular fluid. Sodium accumulation results in osmotic changes
that activate counter-regulatory mechanisms which promote
greater water reabsorption in the kidneys and thirst (Bourque
2008). Collectively, these mechanisms result in water accu-
mulation, what keeps sodium concentration normal, but lead
to an increase in blood volume and thus, in BP. For these
reasons, renal system has been pointed as the major ruler in
high-blood pressure development for at least 40 years.
Nevertheless, further advances in the physiology field
revealed that the central nervous system (CNS) also play an
important role in SAH development due to high-salt intake.
The involvement of neurogenic mechanisms and the sympa-
thetic tone has been extensively studied and, despite the dif-
ficulties in establishing a complete and clear picture of how
disfunction the sympathetic control of the blood pressure
contribute to hypertension (Bie and Evans 2017), several
pieces of evidence support the importance of these mecha-
nisms in the development of high BP levels as a consequence
of high-sodium intake (Bie and Evans 2017; Guyenet 2006).
Dating back to the mid of the twentieth century, the lack
of drug treatments for hypertension then led to the use of
surgical procedures which consisted of sympathetic gangli-
onectomy and was referred as a tool to treat patients with
severe and refractory hypertension at that time (Peet and
Isberg 1946; Smithwick and Thompson 1953). Also, celiac
ganglionectomy proved efficient in mitigating hypertension
development in an experimental model of salt-angiotensin
II-dependent hypertension (King et al. 2007) and modern
experimental studies have reported that renal sympathetic
denervation has also the potential to treat hypertension (Ber-
tog et al. 2012). Yet, it has been reported that at least 50%
of patients with essential hypertension display augmented
levels of renal norepinephrine spillover despite the fact that

considerable overlapping in the levels of renal epinephrine
does exist among hypertensive and normotensive patients
(Esler 2015). Renal norepinephrine comes mainly from
sympathetic endings which release the neurotransmitter on
an ongoing basis (Guyenet 2006). Because the tissue nor-
epinephrine levels depend on nerve fibers release, the rates
of degradation/uptake and diffusion across the tissue make
the interpretation of the results somehow difficult and must
be evaluated carefully (Bie and Evans 2017). Limitations
apart, many authors have used norepinephrine spillover as
a tool to index sympathetic tone dysfunctions to a specific
tissue and its correlation with most cases of hypertension
corroborates this idea (Bie and Evans 2017). The discus-
sion extends to the fact that frequency of sympathetic bursts
in multifiber recordings from peroneal nerve is elevated in
hypertensive patients compared to normotensive (Schlaich
et al. 2004), and several other forms of hypertension such as
those related to obesity or obstructive sleep apnoea (Schlaich
et al. 2004) as well as in other pathological conditions like
heart failure, hemorrhage and dehydration (Guyenet 2006).
Collectively, evidence strongly suggests that dysfunctions in
sympathetic regulation by the central nervous system play
an important role in SAH development. The remaining ques-
tions rely on what neurogenic dysfunctions play a primary
role in SAH development or if they are consequence of other
systemic dysfunctions like in the renal system. At least for
sodium-dependent hypertension, data from our group are
aligned with the hypothesis that neurogenic dysfunctions
may develop early, before renal damage, in a salt-dependent
hypertension model where rats are exposed to mild sodium
overload diet from weaning (Gomes et al. 2017).

The relation between high-salt intake and sympathetic-
related hypertension has been grounded on a large body of
evidences suggesting that changes in sympathetic regulation
affect not only renal function at several levels but also vascu-
lar capacitance and resistance, especially the splanchnic bed
(King et al. 2007; Osborn et al. 2008), despite the parallel
in humans is still unclear and require further studies (Wein-
berger 2006). High-sodium intake was clearly demonstrated
to increase the excitability of neuronal populations in the
central nervous system that comprehends the rostral ventral
part of the medulla, the so-called rostroventrolateral medulla
(RVLM), and this increase in RVLM neurons excitability is
greatly correlated to increased blood pressure levels (Adams
et al. 2007). This portion of the medulla encloses the main
source of pre-motor sympathetic neurons within the central
nervous system (Guyenet 2006) and is largely responsible
for the sympathetic drive to peripheral organs. Interestingly,
the increase in the adrenal and lumbar sympathetic drive due
to high-sodium artificial cerebrospinal fluid (aCSF) infu-
sion in the lateral ventricles is accompanied by renal sympa-
thetic drive depression, indicating that sympathetic control
driven by sodium within the central nervous system seems

@ Springer



1166

M. A. C. Batista et al.

to follow the organotopy theory (Guyenet 2006; McAllen
and Dampney 1990). Such theory states that separate groups
of RVLM neurons preferentially controls different vascular
beds or organs (Guyenet 2006). This concept and the above-
mentioned findings reveal the complexity of the sodium-
driven changes in sympathetic control by the central nervous
system and raise some potential problems related to wide-
spread targets in many anti-hypertensive therapeutic profiles.

Sodium and osmotic driven control
of the sympathetic drive

Ongoing sympathetic nerve activity can be either withdrawn
or enhanced according to the nature of the deviation in the
sensory mechanisms allowing short- and long-term stabi-
lization of BP (Guyenet 2006). Many sensory mechanisms
take place in such process and here we will discuss those
strictly related to sodium in the extracellular fluid. Sodium
concentration, in the extracellular fluid figures around
150 mmol/L, is tightly regulated and deviations from this
set point can be detected either by osmoregulatory (Bour-
que 2008) or sodium-sensing (Noda and Hiyama 2015b)
mechanisms located peripherally (peripheral osmorecep-
tors) or centrally (central osmoreceptors and sodium sen-
sors). Central circuitry responsible for the osmotic-triggered
contra regulatory mechanisms is scattered throughout the
brain and involves mainly the hypothalamus and the medulla
oblongata (Bourque 2008). Changes in extracellular fluid
osmolarity, including those in the brain, are accompanied
by sympathetic nerve activity responses aiming the re-estab-
lishment of normal extracellular osmolality levels, usually
by changing sodium concentration or water content in the
extracellular fluid (Bourque 2008; Toney and Stocker 2010).
It had been postulated that continuous activation of such a
mechanism could, somehow, contribute to dysfunction in
the sympathetic drive control and, thus, to the development
of hypertension (Toney and Stocker 2010). Parallel to the
osmoregulatory mechanisms, recent studies have identified
and described a new set of molecular mechanisms that detect
increases in extracellular sodium concentration within the
brain and translate such information in activation of mecha-
nisms related to the control of descending sympathoexcita-
tory pathways and blood pressure (Nomura et al. 2018). The
response to an increase in sodium concentration is triggered
by a sodium channel (Na,) located in the astrocytes cells
within the organum vasculosum of the lamina terminalis
(OVLT) and subfornical organ (SFO) (Noda and Hiyama
2015a; Nomura et al. 2018). Those same regions are also
known to participate in the osmoregulatory response (Bour-
que 2008) and now, it seems reasonable that osmotic and
sodium-sensing mechanisms regulating blood pressure may
share some neuronal pathways but are still distinguished one
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from another regarding the nature of the stimuli. However,
if those mechanisms are designed to tightly regulate body
fluid volume and composition, sympathetic activation driven
by them would have only temporary effects on blood pres-
sure and once extracellular fluid is restored to its original
composition, the stimulus would cease as well. Based on this
assumption, it seems unlikely that such mechanisms could
contribute to long-lasting changes in sympathetic drive and
high blood pressure levels as observed in salt-dependent
hypertension. Therefore, how increased salt intake would
contribute to hypertension?

As a matter of fact, many studies, including one by our
group, have demonstrated that high-salt intake is associated
with increased concentration of sodium in the cerebrospi-
nal fluid (CSF) and that other hypertensive models like the
renovascular display increased CSF sodium concentration
as well (Gomes et al. 2017; Haywood et al. 1984; Leenen
et al. 2002) without changes in plasma sodium concentra-
tion (Gomes et al. 2017). Choroid plexus (ChP) is located
within the ventricles of the brain, produces CSF and form
an interface that regulates the trafficking of ions, water and
cells between the peripheral blood and the CSF (Brown
et al. 2004). Few pieces of evidence have showed possible
mechanisms regulating sodium permeability in the ChP.
Even though many ion exchangers and channels are involved
in CSF ion composition, ENaC is the most explored due
to the role sodium in the extracellular fluid osmolarity and
electrical properties of the brain. ENaC and mineralocorti-
coid (an important hormone related to sodium metabolism)
receptors were found to be colocalized in the choroid plexus
and paraventricular nucleus suggesting a possible regula-
tion of ENaC expression by mineralocorticoids (Amin et al.
2005). How that kind of regulation might occur under high-
sodium intake is poorly understood. However, experimental
findings have reported that central nervous system ENaC,
especially those found in the ChP, mediate the hypertensive
response in a mouse model of Liddle syndrome as well as
a greater increase in blood pressure due to Na*-rich CSF
infusion into lateral brain ventricles of these mice (Huysse
et al. 2012). Corroborating these finding, a following study
with mice knockout for the gene Nedd4-2, which nega-
tively regulates ENaC expression, showed that ENaC in the
kidney, choroid plexus and brain nuclei was enhanced and
that such phenotype produced higher increase in BP due to
high-salt diet without affect the increase in BP produced by
subcutaneous infusion of Ang II (Leenen et al. 2015). The
results suggest that increased ENaC expression in the brain
of Nedd4-2—/— mice mediates their hypertensive response
to a high-salt diet by causing increased sodium levels in
the CSF, as well as hyperresponsiveness to CSF sodium
(Huysse et al. 2012). Furthermore, intracerebroventricular
injection of high-sodium artificial CSF (aCSF) in normoten-
sive rats increased sympathetic drive and led to hypertension
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(Huang et al. 1998). This finding is corroborated by findings
of Stocker and cols. showing that acute infusion of high-
sodium aCSF in the lateral ventricle of normotensive rats
elicits a transient increase in sympathetic drive and blood
pressure (Stocker et al. 2015). Some of the mechanisms dis-
cussed here are summarized in Fig. 1.

Currently, increased interest has been raised on the
interaction between systemic inflammation and the brain.
ChP also constitutes a barrier between blood and CSF
with a remarkably high rate of secretion controlling the
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Fig. 1 Proposed hypothesis of how high-salt intake and the immune
system contribute to hypertension development. Increase of salt
intake leads to change in intestinal microbiota, vascular lesion, kidney
inflammation and increase of Na* in CSF. Change in intestinal micro-
biota diversity, vascular lesions and kidney inflammation are accom-
panied by CD8 and CD4 lymphocytes resulting in increased IL-1f,
IL-6, IL-17 and TNF-a production and release in loco and in the
blood stream. Increased CSF [Na*] would result from changes in the
choroid plexus (Ch. P.) channels and transporters expression due to
peripheral signaling mechanisms involving endogenous ouabain-like
molecule (Huang et al. 1998). The role of inflammatory cytokines
on Ch. P. channels expression is still unknown. Both, increased CSF
[Na*] and cytokines would act on central targets associated to trans-
duction of the input signals in the lamina terminalis (SFO and OVLT)
through sodium sensing mechanisms (Noda and Hiyama 2015a), AT,
receptors, and activation of COX-2-derived prostaglandins (PGE,)
resulting in increased neuronal firing probability in sympathetic path-
ways of the paraventricular nucleus (PVN) and rostral ventrolateral
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trafficking not only of ions but also of signaling molecules
and inflammatory cells from capillary blood. Therefore, ChP
is an important site for communication and regulation of
peripheral and central inflammatory cross-talking. Among
the findings supporting such a role, mRNA expression for
the pro-inflammatory cytokines IL-1p and TNF-a were
increased in LPS-induced systemic inflammation (Marques
et al. 2007) and ChP enhances CSF secretion in response to
local inflammation due to brain hemorrhage (Karimy et al.
2017). Therefore, ion secretion into CSF by ChP could be
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medulla (RVLM), increased sympathetic drive to the cardiovascular
system and increased blood pressure. Despite the fact that angiotensin
II (Ang II) levels are expected to reduce with higher sodium intake
(Thomson et al. 2006), tissue angiotensinergic mechanism seem more
active in the central nervous system (Gomes et al. 2017) and can also
stimulate the proliferation of resident lymphocytes by activation of
AT, receptors expressed in its plasma membrane of these cells and
stimulate secretion of TNF-a, TGF-p and MCP cytokines. Cytokines
produce changes in renal sodium handling mechanisms resulting in
increased epithelial sodium channels expression and increased Na*
reabsorption, what may contribute to high-blood pressure develop-
ment. /L-1f interleukin 1f, IL-6 interleukin 6, IL-17 interleukin 6,
TNF-a tumor necrosis factor-a, COX-2 cyclooxygenase-2, PGE,
prostaglandin E2, Ch. P choroid plexus, CSF cerebrospinal fluid,
Na* sodium, SFO subfornical organ, MnPO median preoptic nucleus,
OVLT organum vasculosum of the lamina terminalis, PVN hypotha-
lamic paraventricular nucleus, RVLM rostral ventrolateral medulla,
SNA sympathetic nerve activity, BP blood pressure
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under influence of inflammatory signaling molecules as also
demonstrated for aldosterone and endogenous ouabain-like
compound (Huang et al. 1998; Leenen 2010). On the other
hand, many in vitro and in vivo studies have also showed
high sodium can stimulating the production of pro-inflam-
matory cytokines such as TNF-a, IL-1p, IL-6 and IL-17,
and induce differentiation of Ty;17 cells without having any
direct effect on murine myeloid dendritic cells generation,
maturation or function (Jorg et al. 2016; Kleinewietfeld
et al. 2013; Wilck et al. 2017; Zhang et al. 2015a). Since
high-sodium diet seems to correlate with high-CSF sodium
concentration, these findings indicate that increased sodium
concentration in CSF might be corroborating a process of
brain inflammation in individuals under high-sodium diet
suggesting that brain inflammation could play an important
role in SAH development through mechanisms involving
functional dysfunctions in ChP due to high-sodium intake.

The role of the immune system
in hypertension: a new paradigm

At this point, it seems undoubtful that high-salt intake has a
causal relation to hypertension. However, it is still not clear
how high-salt intake leads to neural adaptations that contrib-
ute to hypertension? In the last 3 decades, a number of stud-
ies have been dedicated to the understanding of how blood
pressure can be regulated by the immune system as well
discussed by Rucker and cols (Rucker et al. 2018). This idea
began to be shaped by Guzik and cols. in 2007 when it was
demonstrated that T cells were required for the full devel-
opment of angiotensin II (Ang II)-induced hypertension in
mice (Guzik et al. 2007). Since then, many authors have
focused their attention on the role of T cells in the patho-
genesis of hypertension, although many other players in the
inflammatory process could contribute to SAH development.

Data from studies with hypertensive patients showed that
they have a higher fraction of immunosenescent, proinflam-
matory, perforin®, granzyme B*, INF-y* and TNF-a* cyto-
toxic CD8* T cells in the peripheral blood when compared
to normotensive age- and sex-matched subjects (Youn et al.
2013) as well as increased CD4 cells, especially the CD4
Ty17 population (Itani et al. 2016), suggesting that T cells
are, somehow, related to hypertension development. Signifi-
cant accumulation of CD8 cells was found in the tubuloint-
erstitium of hypertensive patients with nephrosclerosis com-
pared to normotensive subjects (Youn et al. 2013) suggesting
that they play a role in the functional changes that take place
in the kidney of such individuals and contribute for hyper-
tension development as well (Rucker et al. 2018; Youn et al.
2013). Substantiating the role of CD8 cells in hypertension
development, mice lacking CD8 T cells (CD8—/—) were
protected from Ang II-induced hypertension and vascular
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dysfunction (Trott et al. 2014) showing the critical need for
this cell type in the mechanisms by which Ang II produced
high blood pressure experimentally. On the other hand, mice
lacking CD4 T cells (CD4—/—) were not protected from Ang
II-induced hypertension, suggesting that hypertensive mech-
anisms activated by Ang II rely on inflammatory pathways
dependent on CDS cells (Trott et al. 2014) instead. Ang II
is an important hormone from the renin—angiotensin sys-
tem that plays a pivotal role in blood pressure regulation
and hydroelectrolytic balance (Santos et al. 2018). Inter-
estingly, an interplay between Ang II and immune systems
seems to exist in such a way that not only immune system
can influence the Ang II pressor effects but, Ang II by itself
can stimulate the proliferation of lymphocytes through AT,
receptors expressed on plasma membrane of splenic lym-
phocytes (Nataraj et al. 1999). Also, Ang II stimulates the
release of inflammatory mediators such as TNF-a, TGF-f,
and monocyte chemoattractant protein-1 (MCP-1) in renal
tissue through a mechanism that involves NF-xB activation
(Klahr and Morrissey 1998) possibly because of Ang II-
driven infiltration of inflammatory cells in the renal tissue.
On the other hand, the activation of AT, receptors on mac-
rophages seems to have an anti-inflammatory effect since
peritoneal macrophages from animals lacking AT, receptors
have enhanced expression of pro-inflammatory markers such
as monocyte chemoattractant protein, TNF-o and IL-1p (Ma
et al. 2011). It seems that AT, stimulation on macrophages
provides a feedback mechanism meant to temper the inflam-
matory response due to increases in Ang II stimulation
(Rucker et al. 2018). From a clinical perspective, however,
the effects of Ang Il on T cells seem less compelling since
Itani and cols. have demonstrated that Ang II had no direct
effect on cytokine production by human T cells (Itani et al.
2016) suggesting that Ang II-driven increase in blood pres-
sure through inflammatory mechanisms might involve other
players than only stimulation of T cells or indirect stimula-
tion mechanisms.

As discussed previously, CNS plays a pivotal role in
blood pressure regulation and many forms of hypertension.
Inflammation development in cardioregulatory centers of
CNS has been associated with enhanced sympathetic drive,
resulting in BP increase, whereas inhibition of this inflam-
mation ameliorates hypertension (Xue et al. 2016; Yu et al.
2010). For instance, chimeric spontaneously hypertensive
rats (SHR) reconstituted with Wistar—Kyoto (WKY) bone
marrow resulted in significant BP reduction associated with
attenuation of both central and peripheral inflammation.
On the other hand, elevated BP along with increased cen-
tral and peripheral inflammation was observed in chimeric
WKY rats reconstituted with SHR bone marrow (Santiste-
ban et al. 2015). Findings in this study strongly suggest that
extravasation of bone-marrow-derived cells to the PVN is an
important mechanism corroborating the high blood pressure
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development when chimeric animals was challenged with an
chronic infusion of Ang II (Santisteban et al. 2015). The traf-
ficking of circulating immune cells into the CNS is believed
to involve increased permeability of the blood—brain bar-
rier due to hypertension (Biancardi et al. 2014; Ueno et al.
2004). Such increase in permeability would also allow sys-
temic Ang II to enter the cerebral circulation (Biancardi
et al. 2014) thus activating AT, receptor on perivascular
macrophages (PVM) in the brain, which promotes patho-
genic actions of the PVM to instigate neurovascular dys-
function through reactive oxygen species (ROS) production
via the superoxide-producing enzyme NOX, during chronic
hypertension (Faraco et al. 2016).

On a reciprocal basis, autonomic nervous system (SNA)
also innervates bone marrow (Katayama et al. 2006) and
spleen (Carnevale et al. 2016) what can stimulate mobili-
zation and release of hematopoietic stem cells into blood
stream through adrenergic neurotransmission stimulation
(Hanoun et al. 2015; Santisteban et al. 2016). Sympa-
thetic stimulation of bone marrow has been shown to favor
enhanced proinflammatory responses in a mature innate
immune system (Harwani et al. 2012). Likewise, selective
ablation of splenic nerve prevents T cell egression from
spleen and infiltration into renal and aorta tissue, and pro-
tects against hypertension (Carnevale et al. 2016). This inter-
play between sympathetic drive and immune cell stimulation
can contribute to a positive feedback loop allowing further
sympathetic stimulation and, ultimately, BP increase over
time. However, increased sympathetic drive is a common
finding in individuals with hypertension already stablished
and, again, raises the question of whether hypertension-
related inflammation is cause or consequence of high BP.
For instance, renal sympathetic denervation inhibits myeloid
cell activation and blood pressure in experimental models in
a pressure-independent way (Xiao et al. 2015) as well as in
human hypertensive patients (Zaldivia et al. 2017). However,
the clinical studies could not discriminate between direct and
indirect outcomes from renal denervation regarding direct
nerve ablation effects on blood pressure versus indirect
attenuation of innate immunity effect on other sympathetic
beds resulting in reduced blood pressure.

The CNS has its own hand of innate immune cells
which is the microglia (Kettenmann et al. 2011). Its role
in SAH development has been demonstrated by a study in
which selective ablation of microglia reduces glutamate,
an excitatory neurotransmitter, receptor expression in PVN
neurons as well as the plasma levels do vasopressin, and
kidney norepinephrine concentrations (Shen et al. 2015).
These findings indicate that neuronal excitation of hypo-
thalamic pathways involved with sympathetic (parvocel-
lular cells in PVN) and hydric (vasopressin secretion)
control is under influence of local innate immune system
within the CNS which contribute to high BP development.

Yet, the fact that kidney norepinephrine concentrations
are diminished in microglia-depleted animals indicate that
sympathetic-mediated changes in renal function are also
affected by local inflammation within the CNS. Further
studies have showed that not only sympathetic-driven
increase in BP was mitigated by microglia inhibition but
also peripheral inflammation was decreased (Carnevale
et al. 2016; Santisteban et al. 2015; Shi et al. 2010) sug-
gesting that central inflammation can influence peripheral
inflammation as well.

The relation between sodium-dependent hypertension
with disturbances in the immune system has been proposed
since the 1960s (White and Grollman 1964) and reinforced
a decade later (Svendsen 1976). Even though most stud-
ies confirm a dominant role of CDS8 cells in hypertensive
mechanisms that involve kidney and angiotensinergic
mechanisms, CD4 cells also seem to play an important role
in the development of sodium-dependent hypertension. Ty
cells seem particularly susceptible to stimulation by sodium.
High concentrations of sodium can induce a T;17 polariza-
tion of naive cells, both from humans and mice, through a
mechanism mediated by the induction of serum glucorti-
coid kinase-1 (SGK1), essential to stabilization of the Ty;17
phenotype via IL-23 (Kleinewietfeld et al. 2013; Wu et al.
2013). In vitro studies showed that high-salt treatment also
increased the production of pro-inflammatory cytokines
like tumor necrosis factor alpha (TNF-a), IL-2 and gran-
ulocyte—macrophage colony-stimulating factor by Ty17
cells (Kleinewietfeld et al. 2013). Also, incubation of bone
marrow-derived macrophages with NaCl elicited a strong
pro-inflammatory phenotype characterized by enhanced pro-
inflammatory cytokine production, increased expression of
immune-stimulatory molecules, and an antigen-independ-
ent boost of T cell proliferation through pathways that may
involve NF-kB and MAPK signaling (Hucke et al. 2016).
Other study reported that an 1/3 increase in medium sodium
concentration significantly induced IL-6 and MCP-1 produc-
tion by ARPE-19 cells (retinal pigment epithelium cells)
and that the effect was not mediated by osmolarity since
mannitol addition to the medium had no effect on IL-6 or
MCP-1 production (Zhang et al. 2015a). Together, the find-
ings indicate that high-sodium concentrations in the medium
has the ability of direct stimulating inflammatory cells to
produced cytokines. Outside the controlled conditions
of in vitro experiments, a study carried out with humans
showed that a high-salt meal is accompanied by a modest
increase (~ 1.4%) in systemic serum sodium concentration
at least for 2 h after the meal but no change was detected in
serum concentration of classical hormones involved with
body fluid homeostasis or endothelial function as endothe-
lin-1 (ET-1), vasopressin (AVP) and atrial natriuretic peptide
(ANP) (Dickinson et al. 2014). Since sodium absorption by
the intestine does not distribute throughout body volume at
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once, such increase in serum sodium levels might indicate
that inflammatory cells at some organs, like the intestine,
could be under much greater sodium influence than other
systemic inflammatory cells and, therefore, they could be
more susceptible to sodium-driven changes in phenotype and
cytokines profile production as describe in in vitro studies.

Besides the direct effect of sodium on lymphocytes differ-
entiation, an indirect effect of salty diets on Ty;17 cells dif-
ferentiation has also been explored and documented. Com-
pelling evidence has indicated that high-salt diet intake can
elicit significant changes in the population diversity of the
intestinal microbiome. Studies by Wilck et al. (2017) have
shown that a 4% NaCl diet (8—10 times the recommended
for rodents) for 14 days caused a reduction in the Lacto-
bacillus murinus population of mice intestinal microbiota
(Wilck et al. 2017). Such change in intestinal microbiota
of high-salt diet-fed mice was accompanied by increased
levels of blood pressure and increased population of CD4
Ty17 pro-inflammatory cells in the intestinal mucosa
(Wilck et al. 2017). When placed under a regular-salt diet,
the intestinal population of Lactobacillus murinus returned
to normal levels, clearly indicating that a high-salt diet can
influence the bacterial population present in the intestine.
In vitro assays confirmed that high-sodium concentration in
the media inhibits the L. murinus growth (Wilck et al. 2017).
“Treatment” of mice fed high-salt diet with L. murinus by
gavage for 3 weeks reverted the effect of the diet on the
levels of systolic and diastolic blood pressure (Wilck et al.
2017). Other studies also showed salt-induced increase in
taxa from the Erwinia genus, the Christensenellaceae and
Corynebacteriaceae families in Dahl salt-sensitive rats (Bier
et al. 2018). In contrast, taxa from the Anaerostipes genus
displayed a decreased abundance in this model (Bier et al.
2018) indicating that beyond Lactobacillus genus, the dys-
biosis of other genus and families may also be implicated
in salt-induced hypertension. Corroborating experimental
data, a recent study identified a dysbiosis of the intestinal
microbiota in hypertensive subjects, featured by reduced
biodiversity and distinct bacterial signatures compared
with the normotensive counterpart (Silveira-Nunes et al.
2020). Along with a reduction in Bacteroidetes members,
hypertensive individuals displayed increased proportions of
Lactobacillus and Akkermansia and decreased relative abun-
dances Roseburia and Faecalibacterium within the Lachno-
spiraceae and Ruminococcaceae families (Silveira-Nunes
et al. 2020). This study also reported an inflamed immune
profile in hypertensive individuals with an increase in TNF/
IFN-v ratio, and in TNF and IL-6 production when com-
pared to normotensive subjects (Silveira-Nunes et al. 2020).
Despite lending support for experimental data, this study did
not address important questions like whether the changes in
gut microbiota are, indeed, a cause for the immune-related
hypertension in humans or if dietary salt consumption is
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associated to the reported changes in microbiota. Experi-
mental evidences indicate that high-sodium intake increase
(and in some cases, nearly double) fecal sodium content of
rats (Linz et al. 2012; Pacha 1998) and support the idea
that high-sodium content in the feces are, somehow, related
to bacterial dysbiosis, favoring relative abundance of some
populations and disfavoring others.

Adding up the spectrum of possible mechanisms by
which high-sodium diet can lead to inflammation-medi-
ated hypertension, high-salt intake significantly enhanced
ischemic brain damage which was associated with enhanced
blood—-brain-barrier disruption, increased leukocytes infil-
tration and loss of tight junction proteins expression with-
out apparent change in blood pressure levels (Zhang et al.
2015b). The authors also showed, by in vitro assays, that
sodium chloride down-regulated protein expression by
endothelial cells and substantially increased blood-brain-
barrier permeability during starvation (Zhang et al. 2015b).
Interesting, the authors also reported a positive correla-
tion between urinary sodium levels and ischemic lesion
size in stroke patients (Zhang et al. 2015b), indicating that
blood-brain-barrier disruption by high-sodium intake can
occur in humans as well. The mechanisms involved in this
process are not yet fully understood but, some evidences
suggest that it may involve inflammatory process trig-
gered by IL-17 (Kleinewietfeld et al. 2013). Disruptions in
blood-brain barrier have also been associated to high blood
pressure (Gonzalez-Marrero et al. 2012; Mueller and Heis-
tad 1980) and in some cases, like the Ang II-induced high
blood pressure, disruptions are reported to precede hyper-
tension development (Capone et al. 2011) in experimental
models. Capillary permeability of brain regions classically
associated to sympathetic drive and blood pressure control
like PVN, nucleus of the solitary tract (NTS) and RVLM are
increased in hypertensive SHR but normal in pre-hyperten-
sive SHR (Buttler et al. 2017). In addition, high circulating
levels of Ang II can also produce disruptions of blood—brain
barrier, what can facilitate not only the trafficking of small
peptide into the brain parenchyma but also the infiltration
of inflammatory cells from the circulation. Therefore, one
may speculate that lesions across the blood-brain barrier has
the potential to produce inflammation within the brain in a
positive feedback fashion and consequently further activate
neurogenic mechanisms involved with hypertension devel-
opment. The injury process in vascular tissue stimulates
infiltration of inflammatory cells into the brain, especially
in the perivascular tissue (Yu et al. 2010), reinforcing the
inflammatory process. Those cells are responsible for secret-
ing other pro-inflammatory cytokines such as IL-6, IL-1p
and TNF-a locally (Hashmat et al. 2016; Winklewski et al.
2015) thus affecting local neurotransmission and neuronal
activity of cardioregulatory centers in the brain resulting
in increased blood pressure. Some of the findings allow
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an interpretation in which blood—brain barrier disruptions
may develop as a consequence of hypertension, and in this
scenario brain inflammation develops as a consequence of
the hypertensive state. However, evidences supporting such
conclusion seems weak, because most of the studies fail to
demonstrate a clear temporal correlation showing that hyper-
tension precedes blood—brain barrier disruption in other
models of hypertension than Ang II-induce. In fact, most
of the studies show disruption in blood—brain barrier after
hypertension is already stablished making it difficult to settle
down a cause—consequence relation between blood—brain
barriers disruptions, inflammation, and hypertension with
current available knowledge.

Cytokines play an important role in the development,
maintenance, and resolution of inflammatory processes,
but here, we will draw the reader’s attention to the pieces
of evidence that support their role in the development of
hypertension. As reported by Wang et al. (2012), some
clinical findings support the role of Ty17/IL-17 in the
development of essential hypertension in humans as a posi-
tive correlation was found between hypertensive and non-
hypertensive groups and Ty17 cells count in the peripheral
blood (Wang et al. 2012). Experimental data also showed
that high-sodium intake was accompanied by an increase
in IL-17A and BP of mice and that treatment of these mice
with L. murinus reduced IL-17 and BP back to normal levels
(Wilck et al. 2017). These findings indicate that IL-17 and
BP levels are related to salt-drive changes in the intestinal
microbiota and suggest that IL-17 might be related to hyper-
tension development due to high-salt intake. Other findings
also indicate that IL-17 may be associated with hyperten-
sion development, because knockout mice for IL-17 does not
sustain hypertension produced by chronic infusion of Ang
II (Madhur et al. 2010). The authors suggest that endothe-
lial dysfunction caused by enhanced superoxide production
in the vasculature is the most likely molecular mechanism
involved in this process (Madhur et al. 2010). On the other
hand, some clinical evidences indicate that neither IL-
17-producing cells (Youn et al. 2013) nor circulating IL-17
levels (Alhusseiny and Al-Nimer 2016) are positively cor-
related with increased levels of blood pressure. One caveat
here is that most of the clinical studies searching a correla-
tion between IL-17 and SAH were carried out in patients
with stablished SAH, many under pharmacological treat-
ment and regardless of salt-intake control or assessment.
Since IL-17 seems to play an important role in experimen-
tal forms of salt-dependent hypertension, further studies in
humans should be done to correctly assess the salt-intake
role on IL-17 and BP correlation since most of the eastern
society is actually on constant high-salt diet (Rodrigues et al.
2015). The controversial findings regarding the IL-17 role in
hypertension evince the complexity of its action and reveal

the need for further detailed studies including time course
of the increase in blood vs. tissue IL-17 levels.

Similarly to IL-17, other cytokines are shown to play
a role in hypertension development/maintenance either
peripherally or at the central nervous system. For instance,
tissue levels of IL-1p, IL-6, and TNF-a were increased in
the PVN of Ang II-induced hypertensive rats and intrac-
erebroventricular administration of minocycline produced
neuroprotective effects, with attenuation of mean arterial
pressure, cardiac hypertrophy, plasma norepinephrine lev-
els, decreased numbers of activated microglia and decreased
mRNA expression for interleukin IL-1f, IL-6, and TNF-a
in PVN (Shi et al. 2010). In addition, both intracerebroven-
tricular and PVN injections of IL-1f produced an increase
in blood pressure of normotensive Sprague—Dawley rats (Shi
et al. 2010). IL-1p is an interleukin produced by the innate
immune system like monocytes and macrophages cells
(Lopez-Castejon and Brough 2011) and is a key modulator
of inflammatory responses (Knoll et al. 2017). The actions
of IL-1p on SAH development seems to be focused on the
central nervous system, influencing sympathetic drive by
indirect mechanisms that involve activation of perivascular
macrophages and increase of type 2 cyclooxygenase (COX-
2) expression/activity thus leading to increased production
of prostaglandin E, (PGE,) (Yu et al. 2010). Increased secre-
tion of PGE, by perivascular macrophages is believed to
act on neuronal pathways within the PVN to increase the
sympathetic drive to cardiovascular organs such as the heart
and vasculature (Yu et al. 2010). IL-1p can also act on the
endothelial cells of fenestrated capillaries in the brain to
trigger sickness responses dependent on intact IL-1p sign-
aling in blood vessels (Knoll et al. 2017). Since fenestrated
capillaries are commonly found in circumventricular organs
of the brain (CVO) such as the SFO and OVLT, it might be
possible that CVO-acting IL-1p also contribute to activation
of neurons in the lamina terminalis, especially at endothelial
cells of fenestrated capillaries at CVO (Fig. 1). Evidence
in the literature suggests that these mechanisms could be
associated to those activated by Ang II, reinforcing pressor
effect of this peptide on these specific sites.

At the central nervous system, TNF-a seems to act
through similar mechanisms than IL-1p, regulating the PGE,
production in perivascular macrophage and stimulating neu-
ronal activation through molecular mechanisms activated
by PGE,, especially in the PVN of Dahl salt-sensitive rats
(Jiang et al. 2018). Experimental evidences have shown that
intracarotid infusion of TNF-a produced an increase in renal
sympathetic nerve activity as well as BP and heart rate in
normotensive Sprague—Dawley rats (Yu et al. 2010). Yet,
intracerebroventricular infusion of TACE, an enzyme that
frees membrane attached TNF-«, produced an increase in
BP and sympathetic nerve activity of normotensive rats (Yu
et al. 2019), and an increase in BP levels with potentiation
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of the central pressor effects of Ang II in rats with chronic
heart failure (Zera et al. 2009). These findings indicate that
sympathetic drive can be influenced by brain-acting TNF-«
at important sites that integrate osmotic/sodium-activated
mechanisms such as the PVN and SFO (Fig. 1). Consist-
ently, central blockade of TNF-a prevents dysregulation
of brain RAS components and attenuates Ang II-induced
hypertension (Sriramula et al. 2013) in rats, reinforcing
the idea that centrally acting TNF-a play an important
role linking inflammation to BP regulation through neuro-
genic mechanisms. Peripherally, especially in the kidneys,
TNF-a has a dubious action on sodium handling. Experi-
mental evidences showed that TNF-a can produce either
increased sodium excretion or increased sodium retention
and that those effects seem to depend on TNF-a levels,
time of exposure and direct or indirect actions of TNF-«
on nephron [reviewed in (Ramseyer and Garvin 2013)]. In
summary, direct actions of TNF-a on TNF-a receptors of
epithelial cells at the proximal tubule, thick ascending limb
and collecting duct reduced sodium absorption, thus leading
to an increase in sodium excretion (Ramseyer and Garvin
2013). On the other hand, more moderate and chronic activa-
tion of the adaptive immune response with participation of
macrophages and lymphocytes by TNF-a might contribute
to slowly developing renal damage what leads to increased
NaCl retention due to loss of renal tissue ability to handle
sodium (Ramseyer and Garvin 2013). In the last case, renal
damage secondary to inflammation can contribute to devel-
opment of hypertension with sodium retention, opposing the
direct effects of TNF-a on nephron cells.

IL-6 is reported as one of the most consistently elevated
cytokine related to human hypertension (Afsar et al. 2018;
Sesso et al. 2007). For instance, hypertensive patients have
higher baseline IL-6 levels when compared to normotensive
ones on both diets, low sodium and high sodium (Chamarthi
et al. 2011). These results may indicate that IL-6 increase in
hypertensive patients is not related to high-sodium intake and
might suggest that IL-6 increase could be secondary to SAH.
On the other hand, a high-salt diet induces an increase in kid-
ney IL-6 levels and administration of IL-6 antibody attenu-
ated hypertension, albuminuria, and renal injury of Dahl salt-
sensitive rats (Hashmat et al. 2016) suggesting that high-salt
intake could have a causal relation to IL-6 increase, even if
indirectly. The increase in IL-6 secretion is involved with renal
inflammatory process and, consequently, with the pathogen-
esis of nephropathies (Barbaro et al. 2017; Shahi et al. 2016)
which can influence the development or maintenance of SAH
by kidney-mediated mechanisms (Ruiz-Ortega et al. 2002).
In a study carried out with patients who developed kidney
injury, an increase in the expression of IL-6 was associated to
an inflammatory process in the renal tubules and glomeruli,
in addition to tubular hypertrophy (Fukatsu et al. 1991, 1993).
Sodium reabsorption process in the distal tubules is carried out
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by ENaC and studies carried out by Li and cols. showed that
IL-6 stimulates p-ENaC and y-ENaC subunits expression in
mouse cortical collecting duct cells (Li et al. 2010) suggest-
ing that higher rates of IL-6 production may facilitate greater
sodium reabsorption by the kidney and sodium retention in
the body, thus contributing to SAH development. If the similar
mechanism occurs in ChP, it could provide a link between the
effects produced by high-sodium intake, increased circulating
IL-6, and increased CSF sodium concentration since increased
ENaC expression was also reported in ChP of Liddle’s syn-
drome rats (Huysse et al. 2012; Wang and Leenen 2002).

Put under perspective, data in literature so far indicate that
high-salt intake can modify the diversity of intestinal micro-
biome what triggers a chain of events that include increased
intestinal population of Ty;17 cells, increased production of
IL-17 and other cytokines such as IL-1 and TNF-a which, in
turn, affect sodium handling by the kidney and the activity of
hypothalamic nuclei that lead to increased sympathetic drive
and blood pressure levels. However, one caveat here should
be taken in consideration. Long-lasting exposure to high-salt
diets equivalent to that humans currently ingest, i.e., about
three times the recommendation by World Health Organi-
zation (WHO), from weaning to adult life in experimental
models are not accompanied by increased sodium levels in
the blood (Gomes et al. 2017). Therefore, the role of renal-
mediated changes in sodium metabolism in early stages of
sodium-dependent hypertension should be taken carefully,
because immune-related changes in renal function might not
have the same impact on blood pressure as in late stages, when
renal damage due to high-blood pressure could play a major
role in hypertension maintenance. For the time being, many
aspects and details of such mechanisms remain unclear, mostly
because some effects of the cytokines in key sites of the brain
are not fully understood. For instance, it is currently not known
whether or not an increase in circulating levels of IL-6 can
affect the ENaC expression in the choroid plexus or if IL-6
would be related in any way to increased levels of sodium in
de CSF of high-salt-fed rats as a potential neurogenic medi-
ated contribution of the IL-6 to sodium-dependent hyperten-
sion. Taking together, the pieces of evidence indicate that pro-
inflammatory cytokines stimulate cardioregulatory center in
the brain to produce a neurogenic-mediated increase in blood
pressure suggesting that brain inflammation may be an impor-
tant factor leading to hypertension. On the other hand, stud-
ies have not addressed the question whether brain cytokines
increase before hypertension develops in experimental models
and in hypertensive patients. However, the mechanistic para-
digm of inflammation-mediated hypertension, independent
of cause for increased blood pressure or aggravation due to
hypertension, opens a whole set of possible targets for anti-
hypertensive drug therapy.
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Propolis and its anti-inflammatory
actions: possible application

on inflammation-related hypertensive
mechanisms

Propolis, a word coming from the Greek “pro" meaning
in favor of plus "polis" meaning city, is generally defined
as a resinous substance produced by honeybees (Apis mel-
lifera) in a process that involves harvesting resin from the
local flora and alter it by blending this resinous substance
with their salivary secretions and wax flakes secreted from
special glands on their abdomens (Farooqui and Farooqui
2010). Propolis has defensive purposes in the hive pro-
tecting it against scratch cards, invasion by predators, and
maintaining the internal temperature of the hive (De Vec-
chi and Drago 2007). The color, flavor, aroma, and chemi-
cal composition of propolis vary according to phenological
factors, such as flora, geographical origin, seasonality of
collection and production (Park et al. 2002; Teixeira et al.
2010). These factors can influence the biosynthesis of sec-
ondary metabolites produced by the plants (Teixeira et al.
2010) which, in turn, influences the qualitative and quanti-
tative characteristics of the bioactive substances present in
the resin used by bees to produce propolis. General com-
position of propolis comprises 50% resin, 30% bee-wax,
10% essential aromatic oils, 5% bee-pollen, and 5% other
substances that include minerals as nicotinic acid and folic
acid and vitamins A, B1, B2, B6, C, D, E (Bankova 2005).
Propolis characterization and composition studies describe
between 250 and 350 constituents, what depends on sev-
eral factors as describe before (Huang et al. 2014). Flavo-
noids, phenolic acids and terpenes were identified as the
major bioactive constituents of propolis and were exten-
sively revised by Farooqui and Farooqui (2010). Based on
color characteristics, propolis can be classified as brown,
red, yellow and green (Machado et al. 2016).

Green propolis is one of the most studied, character-
ized and widely used in the medicine for its therapeutic
properties (Kubota et al. 2004; Kujumgiev et al. 1999). Its
deep green color results from the most important botani-
cal source of resin used by the bees, the plant Baccha-
ris dracunculifolia (Park et al. 2002, 2004). This plant
belongs to the Asteraceae family and is native to south-
eastern part of Brazil (Park et al. 2004). Green propolis
has approximately 78 bioactive compounds that include
phenylpropanoids, triterpenes, sesquiterpenes, diterpe-
nes, and flavonoids among other phenolic compounds
(Chang et al. 2008; Park et al. 2002). Various biological
and physiological activities have been attributed to green
propolis, such as antibacterial (Drago et al. 2000), antivi-
ral (Kujumgiev et al. 1999), anti-inflammatory (Szliszka
et al. 2013; Tanaka et al. 2012), and anticancer (Scheller

et al. 1989) effects. The main compounds associated to
propolis anti-inflammatory effects are isosakuranetina
(Cruz et al. 2016), caffeoylquinic acid (Abdel Motaal et al.
2016), kaempferol (Kitamura et al. 2018) and p-coumaric
acids derivatives, including artepillin C (Paulino et al.
2008) (Table 1). Phenolic compounds are the most com-
mon bioactive substances present in a number of natural
products extracts and frequently associated with thera-
peutic properties. One of these phenolic compounds is
the kaempferol which is present in green propolis and
has anti-inflammatory properties (Kitamura et al. 2018).
In vivo and in vitro studies have shown that both, etha-
nolic extract of green propolis and kaempferol, were effec-
tive in reducing the population of type M1 macrophages
through a mechanism that involves transdifferentiation of
macrophages into Gr-1* myeloid-derived suppressor cells
(MDSC) in visceral adipose tissue of obese mice (Kita-
mura et al. 2018). Since type M1 macrophages secrete
important pro-inflammatory cytokines like TNF-a and
IL-6 (Vogel et al. 2014), the propolis/kaempferol-induced
transdifferentiation of M1 into MDSC, which have strong
anti-inflammatory action, would represent important
therapeutic properties by shifting the inflammatory pro-
cess toward resolution. The cardiovascular benefits of the
propolis/kaempferol action on inflammation remain to be
further studied.

Despite the numerous biological properties of phenolic
compounds like anti-inflammatory and anti-hypertensive,
the most abundant bioactive compound found in propolis
is artepillin C, an important derivative of the p-coumaric
acids. P-cumaric derivative compounds include drupanin,
baccharin (Shimizu and Suzuki 2019), capsaicin (Zhang
et al. 2019) and allyl isothiocyanate (Chang et al. 2019) that
also have anti-inflammatory properties reported in the lit-
erature (Table 1). In vitro studies by Okamoto et al. (2012)
showed that ethanolic extract of green propolis contain-
ing approximately 12% (w/w) of artepillin C successfully
inhibits the differentiation of cultures splenocytes into Ty;17
lymphocytes by approximately 92% when the culture was
stimulated with IL-6 and TNF-a (Okamoto et al. 2012). The
proposed mechanism behind this effect seems to involve the
decrease in the IL-6 and TNF-a-dependent phosphorylation
levels of signal transducers and activators of transcription
(STAT?3) (Okamoto et al. 2012). In vivo data also showed
that differentiation of splenocytes cells into IL.-17- produc-
ing cells in a model of collagen-induced arthritis mice fed
propolis were significantly decreased (Tanaka et al. 2012)
suggesting that in vitro effects of green propolis can be
replicated in vivo. Besides its effects on Ty17 cells differ-
entiation, in vitro studies also showed that IL-17 produc-
tion is reduced in a dose-dependent manner when cultured
splenocytes of normal mice were stimulated with PMA and
ionomycin (Tanaka et al. 2012). In addition to these findings,
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Table 1 Major components of green propolis and its actions related to hypertension and inflammation

Compound?* Key actions References

Isosakuranetin Reduction of systolic blood pressure by vasodila- Maruyama et al. (2009, Spigoni et al. (2017)
N tion

o o ©/ et Apoptosis induction by mutations in the genes

that initiate the inflammatory process

OH o
Kaempferol Immunosuppression, hypotension associated to Duarte et al. (1993), Kitamura et al. (2018)
oH vasodilatory effects on the aorta
HO. 0.
(L]
oH
OH o
Caffeoylquinic acid Hypotensive effects produced by vasodilation Cicala et al. (2003), dos Santos et al. (2010),
0 Anti-inflammatory action, regulation of TNF-a Mishima et al. (2005)
N secretio
Inhibition of calcium transposition through the
cell membrane of vascular smooth muscle
RSN Reduction of nitric oxide
oH
Artepillin C Anti-inflammatory effects associated to reduction Paulino et al. (2008)

of the inflammatory infiltrate, decrease in the
prostaglandins production, inhibition of nitric
oxide, modulation of NF- B

CHy OH CHs

p-Coumaric acid Anti-inflammatory effect by reduction of IL-1p, =~ Mozaffari Godarzi et al. (2019), Shimizu and
IL-6, IL-17, TNF-a and superoxide production Suzuki (2019)

o
/@/\/MOH in ischemic renal tissue
HO

Drupanin Anti-inflammatory effect by reduction of IL-6, Shimizu and Suzuki (2019)
IL-17 and TNF-a production by macrophages

CH, o}
and murine splenocytes
HSCWOH P y
HO

Baccharin Anti-inflammatory effect by reduction of IL-6, Shimizu and Suzuki (2019)
IL-17 and TNF-a production by macrophages

CHj o)
HchOH and murine splenocytes
[0}
o

Capsaicin TNF-a release inhibition Antunes et al. (2019), Zhang et al. (2019)
o Antioxidant properties by reduction of the oxida-
tive stress
HaC/Ojij/\NHMCH3
o CHs
Allyl-isothiocyanate (AITC) IL-6 and TNF-«a release inhibition Chang et al. (2019), Li et al. (2019)
o /\/N\\S NF-kB inhibition

Structures reproduced in the Software ACD/Labs (version DO5SE41)
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other in vitro studies have also reported that green propolis
reduces the production of IL-6, TNF-a, and IL-1f but not
IL-17 by J774A.1 macrophages stimulated with lipopolysac-
charide (LPS) and interferon-gamma (INF-y) (Szliszka et al.
2013). Such finding rises the possibility of green propolis
components act on specific targets in cytokines producing
cells and the nature of the stimulus can differentially affect
the range of interleukins produced by macrophages. As dis-
cussed before, Tyy17 lymphocytes and IL-17, IL-6, TNF-a,
and IL-1p play an important role in salt-dependent hyperten-
sion what support the hypothesis that green propolis could
be an effective anti-hypertensive agent for this type of hyper-
tension, especially by targeting inflammatory mechanisms
affected by artepillin C.

In addition to its effects on interleukins production,
green propolis can also directly inhibit the production of the
inflammatory mediator PGE, in vivo through its major bio-
active compound, artepillin C (Paulino et al. 2008). In this
study, mice with acute carrageenan-induced inflammatory
reactions in the peritoneal cavity were treated with artepillin
C and the levels of PGE, were measured in the peritoneal
fluid after 4 h. The treatment was effective in reducing PGE,
levels to less than half of the untreated mice (Paulino et al.
2008). The author of this study proposed that the mechanism
seems to involve the COX-2 downregulation as the levels
of NF-kB-driven luciferase was reduced in HEK-293 cells
treated with artepillin C (Paulino et al. 2008). As previously
described in this review, PGE, was demonstrated to activate
neurons within the hypothalamus involved with sympathetic
controlling pathways thus increasing the sympathetic drive
to the cardiovascular system (Yu et al. 2010) and contribut-
ing to the hypertension. Therefore, it is reasonable to assume
that propolis and artepillin C could have potential anti-
hypertensive action through PGE,-mediated mechanisms.

Several pieces of evidence indicate that not only green
propolis, but also isolated compounds present in the green
propolis such as isosakuranetin (Maruyama et al. 2009) and
caffeoylquinic acid (Mishima et al. 2005) have anti-hyper-
tensive properties. Studies by Kubota et al. (2004) showed
that a 4-week diet supplemented with green propolis (0.5 and
5.0% w/w) reduced systolic blood pressure of SHR (Kubota
et al. 2004). The proposed mechanism may involve acetyl-
choline (ACh)-induced vasodilation over vasoconstriction
(Kubota et al. 2004). Aligned with these findings, studies by
Mishima et al. (2005) found that water—ethanol extracts of
green propolis and caffeoylquinic acid oral treatment of SHR
for 28 days reduced high blood pressure, but not to levels
(Mishima et al. 2005). However, results also showed that
propolis prevented further increase in blood pressure com-
pared to placebo-treated rats, but did not reduced BP below
the levels measured at the beginning of treatment suggesting
that green propolis might be preventing further disfunctions

in BP regulatory mechanisms and not necessary reverting
the ones already stablished. The authors hypothesized that
anti-hypertensive effects may involve vasodilation, espe-
cially by caffeoylquinic acid (Mishima et al. 2005) based
on studies showing vasodilator effect of prenethyl ester caf-
feic acid (CAPE) present in the European propolis (Cicala
et al. 2003). The vasodilator effect of CAPE is said partially
dependent on nitric oxide (NO) production by endothelium
since contraction response to phenylephrine or KCl is still
diminished by CAPE. Actually, CAPE vasorelaxant effect
also occurs in absence of endothelium and it is likely due
to an inhibitory effect on calcium movements through cell
membranes of smooth muscle cells (Cicala et al. 2003).

Despite the importance of renal mechanisms controlling
blood pressure, the effect of green propolis-based treatments
on renal function have been assessed in very few studies.
As one of the few examples, in a double-blind study con-
ducted on patients with chronic kidney disease, oral treat-
ment with green propolis extract had no effect on BP levels,
but decreased proteinuria levels suggesting some improve-
ment in damaged renal tissue and no change in glomerular
filtration rate (Silveira et al. 2019). On the other hand, an
experimental study carried out in Wistar rats undergoing
renal ablation, oral treatment with red propolis extract low-
ered blood pressure, proteinuria, glomerulosclerosis and
macrophage infiltration in kidney tissue (Teles et al. 2015).
These conflicting findings can result from several differ-
ences in experimental design, model, reversibility of the
renal damage, salt intake assessment as well as the stability
of propolis components in the digestive system, bioavailabil-
ity and dose. Findings in the literature clearly point out the
role of inflammation in renal tissue as an important factor
contributing to renal damage and SAH (Rucker et al. 2018).
Therefore, it seems unlike that the anti-inflammatory prop-
erties of propolis could not provide any significant protec-
tion against renal inflammation and disfunctions unless the
damage extends to far so its impact on BP could be reversed.
Therefore, further studies must be conducted in order to
better understand the mechanisms underlying some of the
anti-hypertensive properties of propolis targeting the renal
system. Working hypothesis for the anti-inflammatory and
anti-hypertensive effects of green propolis summarized in
Fig. 2.

Many of the findings discussed here suggests that green
propolis has an important therapeutic potential to treat
hypertension by acting on vascular, renal and neural mecha-
nisms supporting SAH. The emerging role of inflammation
at central and peripheral mechanisms controlling BP and its
contribution for SAH rises the importance of stablishing the
effects and mechanisms of anti-inflammatory therapies base
on green propolis given its acknowledged anti-inflammatory
property. Whether the use of green propolis-based medicine
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Fig.2 Working hypothesis for the anti-inflammatory and anti-hyper-
tensive effects of green propolis. Resinous material produced by
Baccharis dracuncufolia (rosemary) is harvested and processed by
honeybees to produce green propolis. This resinous and defensive
material is composed of many bioactive compounds like p-cumaric,
kaempferol, Artepelin C, Caffeoyliquinic acid, among others. These
compounds can act on the immune system allowing the M1 mac-
rophages reduction through a mechanism that involves the transdif-
ferentiation of macrophages into Gr-1+myeloid-derived suppressor
cells, inhibiting the differentiation of lymphocytes into Ty17 and
reducing production/release of inflammatory cytokines as TNF-
o, IL-1p, IL-6 and IL-17 that might affect central nervous system

or supplements have better results if the use starts before or
after SAH is already stablished has yet to be determined.
However, data reported here suggest that green propolis
might be effective in lower BP levels after SAH is stablished
and, therefore, may represent an important adjuvant in SAH
treatment through immunomodulatory mechanisms.

@ Springer

mechanisms controlling sympathetic drive and blood pressure. Also,
propolis compounds are demonstrated to act on vascular mechanisms
leading to predominance of relaxing over contractile factors and sup-
porting blood pressure reduction. Despite renal protection has been
reported, it is not always accompanied by blood pressure reduction,
suggesting that vascular and neural actions of the propolis bioactive
compounds might be more important in the anti-hypertensive effects.
However, most of the mechanisms involved in this process, if really
involved in anti-hypertensive propertied of propolis, remain largely
unknow. IL-1f interleukin 1f, IL-6 interleukin 6, /L-17 interleukin 6,
TNF-a tumor necrosis factor-a, M/ macrophage M1, T;17 lympho-
cyte T helper 17

Conclusion

The contribution of the immune system to the development
SAH represents a new paradigm and the interaction between
immune system and neural mechanisms controlling blood
pressure through the gut-brain axis opens up a wide vari-
ety of new possible targets for adjuvants in the hyperten-
sion therapy. However, many questions remain unanswered
regarding the nature and time course of inflammatory
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mechanisms to the development of SAH, especially because
some findings indicate that inflammation plays a primary
role in SAH while other finding sustain a different role, i.e.,
immune system is a adjuvant in SAH maintenance since it
also may appear after hypertension sets in. It is our view that
the cause—consequence role of the inflammation on SAH
development largely depends on the hypertension origin and
other factors listed as risky for SAH development. At least
for sodium-dependent forms of hypertension, evidences indi-
cate that sodium-driven inflammation seems to play a pivotal
primary role in adaptive changes that trigger neural and renal
disfunctions related to hypertension (Fig. 1). Natural prod-
ucts like green propolis provide a rich corollary of bioactive
components, many with anti-inflammatory properties, reach-
ing multiple targets. This is one of the greatest advantages
of natural products, because the diversity of active com-
pounds can collectively act on different pathophysiological
mechanisms, especially important in a multifactorial disease
like hypertension. However, many mechanistic aspects of
the effect of green propolis on BP control have yet to be
elucidated and further studies are needed to accurately estab-
lish the relationship between propolis, immune system, gut
microbiota and BP control, and the benefits and risks of
green propolis therapies for human cardiovascular health.
The multiple targets of modulation, including the immune
system and local blood pressure control mechanisms, as well
as the lack of additional knowledge of how the neural and
humoral mechanisms of BP control are affected by green
propolis, make it a suitable choice for future studies and
development of new medicine for hypertension treatment.

Perspectives

The use of natural products to treat hypertension focusing
on immune-mediated mechanisms seems promising and may
yield several benefits as adjuvant therapy. More promising is
the possibility of treatment of other immune co-morbidities
that develop along with or are aggravated by hypertension.
The recent outbreak of the new coronavirus infectious dis-
ease (COVID-19) have exposed a critical and concerning
aspect of hypertension: pre-existing hypertension diagnose,
independently of the treatment, seem to prompt the indi-
vidual to a more severe form of the severe acute respira-
tory syndrome associated to coronavirus-2 (SARS-CoV-2)
as many reports are showing (Fang et al. 2020; Strabelli
and Uip 2020). Recent evidence has shown that comorbidi-
ties such as arterial hypertension can increase the risk of
death due to complications associated to COVID-19 by 2.5
times (Lippi et al. 2020) and, therefore, understanding the
relationship between hypertension and respiratory disorders
associated with COVID-19 is important and urgent. The role
of the immune system in the hypertension—SARS-CoV-2

interaction is still poorly understood. It is known that the
inflammatory profile in COVID 19 has its own characteris-
tics, such as an increase in the serum concentration of TNF-
a, IL-6 and IL-10 (Diao et al. 2020; Huang et al. 2020),
which are higher in patients under intensive care. Surpris-
ingly, these levels of cytokines become negatively correlated
with the counting of T cells over time, what has been asso-
ciated to depletion and functional exhaustion of these cells
(Diao et al. 2020). Other authors have also shown that, in
addition to the depletion of CD4 INF-y* and TNF-a* cells,
the population of CD8 granzyme B and perforin™ cells
is increased in SARS-CoV-2 patients (Zheng et al. 2020),
revealing an intricated immune response to the virus infec-
tion over time. Additionally, in a recent clinical study per-
formed by Huang et al. (2020), the cytokine profile of inten-
sive unit care and non-intensive unit care patients infected
with the new coronavirus was assessed and revealed that
most of the cytokines associated to hypertension such as
IL-1p, IL-6, IL-17, and TNF-a are, as expected, increased
in those patients that developed symptoms more severe of
the COVID-19 (Huang et al. 2020). What draw our attention
in this study was a careful analysis of the IL-5, IL-6, IL-8
levels distribution of patients on intensive unit care that dis-
played distinct profiles, with several values extremely high
and others with values extremely low (Huang et al. 2020)—
supplement material. The authors did not cross-reference the
cytokines levels with hypertension/diabetes history of the
patient, but one can wonder whether or not those with hyper-
tension are the ones with higher levels of those cytokines
and how this relationship could contribute to the severity of
the pulmonary edema. Furthermore, the interaction between
the immune responses elicited by the coronavirus infection
and the sodium-dependent forms of hypertension are not
stablished and may represent an important mechanism con-
tributing to the higher probability of severe respiratory fail
development reported in hypertensive patients infected by
coronavirus. If such relation could be demonstrated, treat-
ment with immune-modulatory properties medicines like
the green propolis could show itself promising, producing
beneficial effects on both, blood pressure control and SARS-
CoV improvement.
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