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Abstract

Purpose of Review To gather data from studies evaluating the pro-inflammatory profile of individuals with resistant hypertension
(RH), and bring a clinical update of new and potential complementary therapies to treat inflammation in RH.

Recent Findings Increases in pro-inflammatory cytokines are related to elevated blood pressure and target organ damage in RH
patients. Clinical and experimental studies have shown that some biological therapies, especially TNF-o inhibitors, regulated
pro- and anti-inflammatory cytokines associated with improvements in clinical outcomes, although they are not yet reported in
RH.

Summary New emerging therapies to treat inflammation in RH, although promising, are still hypotheses that have not been
scientifically confirmed in clinical trials. For this reason, inflammation-target treatments, such as the TNF-« and IL-6 inhibitors,

should be encouraged for testing as complementary therapies in RH in order to elucidate their potential benefits.
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Introduction

An individual is considered resistant to antihypertensive treat-
ment when they do not achieve optimal blood pressure (BP)
levels, despite concomitant use of a calcium channel blocker
(CCB), a blocker of the renin-angiotensin system, and a di-
uretic, at tolerated maximal doses—namely uncontrolled re-
sistant hypertension (RH). Also, the definition includes hyper-
tensive patients who achieve appropriate BP levels, but re-
quire > 4 antihypertensive classes, referred to in the literature
as controlled RH [1]. True diagnosis of RH includes exclusion
of both (i) patients with the white-coat effect and (ii) non-
adherence to antihypertensive treatment [1].

The lack of BP control along with coexisting multiple co-
morbidities, metabolic abnormalities, and target organ dam-
age (TOD) places RH as a high cardiovascular (CV) risk [1].
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Due to its complex nature, many pathophysiological mecha-
nisms underly the development and progression of the dis-
ease; among them, the inflammatory process has played a
critical role in the regulation of BP in RH [2, 3].
Antihypertensive therapies such as angiotensin-converting
enzyme inhibitors (ACEI), angiotensin receptor blockers
(ARB), and mineralocorticoid receptor (MR) antagonists are
widely used in RH. Beyond the reduction in BP levels, de-
crease in plasma levels of some cytokines has been reported in
the literature after the application of drugs from these classes
[4, 5]; however, despite these potential benefits, the pro-
inflammatory profile of RH remains elevated. Studies have
shown that individuals with resistance to antihypertensive
therapy have an imbalance in plasma levels of both pro-
inflammatory cytokines and adipocytokines, associated with
TOD, such as arterial stiffness, CV remodelling, and renal
alterations [6, 7+¢]. However, it has not been well established
whether such changes correlate with RH in a causal relation-
ship or simply as a marker for the presence of the condition.
Investigating alternative therapies with biological agents
capable of altering the pathways of some cytokines has
sparked marked interest in recent years. Agents such as inhib-
itors of tumor necrosis factor-alpha (TNF-«) and interleukin
(IL)-6 have shown promise in reducing BP in animal models
[8<] as well as in humans [9, 10], and thus may represent new
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pharmacological strategies to treat RH. Therefore, the aim of
this review was to gather data from studies evaluating the pro-
inflammatory profile of individuals with RH and bring a clin-
ical update of what the new and potential complementary
therapies for inflammation are in RH and their possible
implications.

Pro-inflammatory Profile of Resistant
Hypertension

The pathophysiology of RH is multifactorial and complex and
among the many mechanisms involved, the immune system is
activated [3, 11]. Hypertension is known to activate the adap-
tive immune response, which in turn stimulates the production
of pro-inflammatory cytokines [12]. Since inflammation is
closely related to the pathogenesis of hypertension and other
cardiovascular diseases (CVD), the link between angiotensin
IT (Ang II) and pro-inflammatory cytokines may be important
in modulating the hypertensive response. Angiotensin II is an
effector peptide of the renin-angiotensin aldosterone system
(RAAS), closely related to the pathophysiology of hyperten-
sion [13], and because of this biological importance, it has
been used to investigate the role of pro-inflammatory cyto-
kines in animal models.

For instance, researchers analyzed BP and plasma levels of
IL-17, IL-6, and TNF-« cytokines in wild-type mice com-
pared with IL-17 —/—, IL-6 —/—, and TNF-x —/— mice after
chronic Ang II infusion. Wild-type mice showed increased
production of these cytokines as well as an Ang Il-induced
hypertensive response, but these were absent in the knockout
mice. [13-15]. Kirabo et al. also explored possible pathways
that could lead to hypertension using multiple murine models
of hypertension. It was observed that dendritic cells from Ang
II-infused mice had increased oxidative stress, accumulated
isoketal protein adducts, and released pro-inflammatory cyto-
kines such as IL-6, IL-1f3, and IL-23. These cells also pro-
duced proliferation and polarization of T cells generating an
inflammatory phenotype, by increasing the production of IL-
17, IFN-y, and TNF-« [16]. These experimental results sug-
gest that inflammation plays a pivotal role in the pathogenesis
of hypertension, which is substantiated by some clinical stud-
ies conducted in different groups of individuals.

Mahdur et al. investigated the plasma levels of IL-17 in
diabetic individuals with and without hypertension and ob-
served that the group of hypertensive individuals presented
higher levels of this cytokine when compared with the normo-
tensive group (7.1 £ 1.6 pg/mL vs. 2.2 + 1.4 pg/mL respec-
tively) [15]. The Multi-Ethnic Study of Atherosclerosis
(MESA) study has suggested that inflammatory biomarkers,
including IL-6, are able to predict the incidence of hyperten-
sion in middle-aged or elderly individuals without CVD [17].
In addition, Ridker et al. observed that pro-inflammatory
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cytokines IL-6 and TNF-o are involved in predicting CVD,
regardless of traditional risk factors and hypertension [18, 19].

Based on those clinical and experimental data, a notewor-
thy question arises: how would the pro-inflammatory profile
of RH patients be, given the high CV risk in these patients?

Table 1 represents the main clinical studies reported in the
literature that explore cytokines in RH. The most recent study
conducted by Chen et al. found that cytokines such as IL-6
and TNF-o are associated with the occurrence of apparent RH
in individuals with chronic kidney disease. Interestingly, in
this study, no difference was found between the inflammation
profile and individuals using > 3 antihypertensive drugs (BP >
140/90 mmHg) and those on therapy with > 4 antihyperten-
sive drugs (BP < 140/90 mmHg), except for fibrinogen and
TNF-o, which were slightly higher in uncontrolled patients
using > 3 antihypertensives [7¢¢].

Previous clinical studies have shown TNF-o and IL-13 are
associated with arterial stiffness in RH patients [20, 21].
Barbaro et al. observed that TNF-«, IL-10, and IL-1{ plasma
levels are higher in individuals with RH when compared with
normotensive individuals. However, no differences in IL-6
levels were found between the groups [20]. Individuals with
uncontrolled RH have also been observed to have a deregula-
tion in their adipokine profile consisting of (i) an increase in
leptin and resistin plasma levels, and (ii) a decrease in
adiponectin [6, 22, 23]. This imbalance was also associated
with the presence of metabolic syndrome, [24] TOD [6, 22],
and increased BP and aldosterone levels [23] in RH.
Adipokines are involved in pathophysiologic mechanisms
that regulate inflammation, and therefore play an important
role in the pathogenesis of metabolic disorders associated with
RH, such as obesity and type II diabetes mellitus [25, 26].
These coexisting co-morbidities further contribute to the acti-
vation of the immune system with a consequent increase in
pro-inflammatory cytokines [27, 28].

Given the relevance of the inflammatory process in the
evaluation, and potentially in the prognosis of RH subjects,
researchers have proposed the use of inflammatory scores.
This tool was indicated to address, in a single measure, a
variety of mechanistically aligned cytokines involved in the
pathophysiology of RH [7, 29+¢]. Such scores may provide a
better approach, than when only a single biomarker is ana-
lyzed, since they could be more effective in predicting low-
grade inflammation and CV risk in high-risk populations, such
as RH patients. However, as the authors suggest, to be safe
and effective in clinical practice, further studies are necessary
to validate this score in larger populations.

These findings suggest that the deregulation in plasma
levels of pro-inflammatory cytokines and adipokines contrib-
ute to increased CV risk in RH associated with maladaptive
consequences (Fig. 1). This leads us to an intriguing idea that
drugs able to alter the inflammatory status could have high
potential as a complementary therapy in RH.
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Antihypertensive Therapies and their
Anti-inflammatory Properties

By definition, RH needs 4 or more classes of antihypertensive
drugs, commonly including a CCB, ACEI or ARB and a
diuretic to achieve BP control [1]. Within the commercially
available pharmacological range, it has been observed that
some classes of antihypertensives are able to change the plas-
ma concentration of pro-inflammatory cytokines, and thus
may provide some benefit in this way.

As previously stated, Ang II is involved, not only in mecha-
nisms that elevate BP, but also by promoting vascular remodel-
ling, production of TNF-¢ in human podocytes, and indirectly
stimulating IL-6 via downstream signalling of aldosterone
(through activation of MR), which contributes to increase the
inflammatory response [5, 30]. Clinical trials have shown that
Ang II pathway—altering drugs such as ACEI and ARB are able
to reduce plasma levels of pro-inflammatory cytokines.
Administration of ramipril—an ACEI—in normotensive indi-
viduals with repaired coarctation of the aorta decreased the ex-
pression of IL-6 as well soluble CD40 ligand (sCD40L) and
soluble vascular cell adhesion molecule 1 (SVCAM-1)—these
latter biomarkers also being involved in inflammatory process
[31]. In addition, candesartan (when compared with placebo)
reduced plasma levels of TNF-« and monocyte chemoattractant
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protein 1 (MCP-1) in patients with mild-to-moderate hyperten-
sion [32]. These results suggest that, regardless of the presence of
hypertension, these antihypertensives have antiatherogenic ef-
fects, reducing endothelial dysfunction by regulating inflamma-
tory cytokines [31, 32].

Ang T indirectly activates genomic and nongenomic mech-
anisms that contribute to increased BP by stimulating the glo-
merular zone of the adrenal cortex gland to produce aldoste-
rone, in turn interacting with its MR. Such effects include
increased sodium and water reabsorption, oxidative stress,
and vascular inflammation [33]. Antagonism of MR, repre-
sented by spironolactone and epleronone, was effective in
reducing the expression of several pro-inflammatory cyto-
kines among them TNF-x [34] and IL-6 [5] in humans, in
addition to increasing adiponectin levels in obese, diabetic
db/db (inactivating mutation in the leptin receptor) mice
[35], probably by suppressing the aldosterone pathway.

Despite all the evidence of the anti-inflammatory properties
of these antihypertensive classes (Fig. 1)—which are used in
routine clinical practice of RH—a deregulation in plasma
levels of pro-inflammatory cytokines in RH individuals can
still be found, which may contribute to increased CV risk [20].
This justifies the hypothesis of if biological agents with anti-
inflammatory effects positively modulate BP levels and
associated-clinical features in individuals with RH.
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Fig. 1 Summary of the pro-inflammatory profile of resistant
hypertension and the therapies to treat inflammation in this condition.
This is a representative flowchart relating the pro-inflammatory profile
of resistant hypertensive individuals and their possible clinical outcomes,
as well as the therapies involved in the improvement of cytokine levels in
these individuals. ACEI, angiotensin-converting enzyme inhibitors;
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Metabolic syndrome
Target organ damage
Increase blood pressure
Increase aldosterone

ARB, angiotensin receptor blockers; CVD, cardiovascular disease; IL,
interleukin; MR, mineralocorticoid receptor; NLRP3, nucleotide
oligomerization domain-like receptor protein-3 inflammasome; RAAS,
renin-angiotensin aldosterone system; TNF-«, tumor necrosis factor-
alpha; T2DM, type II diabetes mellitus
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Clinical Perspectives

TNF-« inhibitors, such as infliximab and etanercept, are com-
monly used to treat individuals with autoimmune diseases.
Currently, they represent the most studied class of biological
therapies in hypertension. So far, it is not well established how
these agents act to decrease BP in humans, although studies
have shown promising results [9, 10, 36, 37].

Experimental studies have shown that TNF-« inhibitors are
able to prevent an increase in systolic BP (SBP), mean BP
(MBP), and heart rate (HR), as well as improve vascular func-
tion in fructose-fed rats [8e, 38].

Etanercept has been able to not only attenuate BP eleva-
tion, but also provide renal protection in Dahl salt-sensitive
rats on a high-salt diet [39] and in mice with systemic lupus
erythematosus [40]. In addition, it regulated IL-6 expression
and exerted a positive inotropic effect in a rat model with early
heart failure due to hypertension [41]. Chronic inhibition of
TNF-o by etanercept in the brain of spontaneously hyperten-
sive rats (SHR) and rats with Ang II-induced hypertension has
also shown to (i) slow the progression of hypertension, (ii)
restore the balance of pro-inflammatory cytokines, (iii) atten-
uate oxidative stress, (iv) reduce the sympathetic hyperactivity
induced by hypertension and cardiac hypertrophy, and (v)
restore the balance between the pro and antihypertensive axes
of RAAS [42, 43].

Infliximab was effective in reducing SBP and left ventricular
hypertrophy in SHR after 8 weeks of treatment, through the re-
duction of endothelial inflammation, by recovering both serine/
threonine kinase and endothelial nitric oxide synthase [44]. An
in vitro study found that human umbilical vein endothelial cells
incubated with serum of RH subjects showed increased cell apo-
ptosis and a higher production of reactive oxygen species when
compared with cells that were incubated with serum of normoten-
sives. When treated with infliximab, attenuation of apoptosis was
observed only in cells incubated with RH serum [21].

Clinical studies involving this class are still scarce and have
conflicting results. Infliximab is the most studied so far showing
efficacy in reducing SBP and DBP [9, 36], and some parameters
of ambulatory BP monitoring in individuals with rheumatoid
arthritis (RA) [10]. It is suggested that BP decreases are due to
inflammatory suppression and consequently reduction in RA
activity that occurs after infliximab therapy [9], resulting in
endothelium-dependent microvascular dilation [36] and reduc-
tion of sympathetic activity [10]. However, in a retrospective
cohort study conducted by Desai et al., no reduced risk of inci-
dent hypertension was shown in subjects on any TNF-« inhibi-
tors (adalimumab, certolizumab, etanercept, golimumab, and
infliximab) when compared with subjects on non-modifying an-
tirheumatic drug therapies (hydroxychloroquine, sulfasalazine,
minocycline, gold compounds, azathioprine, cyclophosphamide,
and penicillamine) [37].

Although these studies have associated TNF-« inhibitors with
a reduction in BP, there are no reports on the action of these drugs
in subsets of a hypertensive population, such as RH. Recently, the
study (yet to be published) “Effects of the TNF-alpha Inhibition on
Hemodynamic Parameters in Resistant Hypertension”
(ClinicalTrials.gov Identifier: NCT02743390) has been
conducted by our research group, whose main purpose was to
evaluate the change in MBP levels after infliximab infusion,
compared with placebo in RH individuals. Such results may
provide us with more accurate information which could
elaborate more evidence on the potential use of these biological
agents in a high-risk group of RH subjects [45¢¢].

Another promising biological agent that possibly modulates the
hypertensive pro-inflammatory status is the IL-6 inhibitor, toci-
lizamab. This drug is a humanized recombinant anti-IL-6R mono-
clonal antibody used for the treatment of RA and it is responsible
for blocking the IL-6-mediated signalling pathway [46]. An exper-
imental study with SHR showed that after administration of toci-
lizumab, there was a reduction in MBP and HR, but not in SBP.
Furthermore, this drug improved vascular function by normalizing
the maximum contractile response of the superior mesenteric arter-
ies of fructose-fed rats without changing acetylcholine sensitivity
[8]. Since this is the first study of tocilizumab of this kind reported,
further studies are warranted, including clinical trials, which may
investigate its effects as a complementary therapy for RH.

There is currently on-going research associating the
MCC950 molecule with BP reduction [47¢, 48]. This drug
is a selective inhibitor of the nucleotide oligomerization
domain-like receptor protein-3 (NLRP3) inflammasome,
which is associated with IL-1{3 maturation and secretions in
systemic circulation, and activation of the inflammatory pro-
cess [49, 50]. A pilot study showed that MCC950 was able to
reduce BP and improve the pro-inflammatory profile in ASC
(=/-) mice, an inflammasome-deficient animal model [47¢].
Subsequently, the same group of researchers conducted a fur-
ther study and observed that this drug has protective effects on
renal dysfunction, fibrosis, and inflammation associated with
the development of hypertension in the animal model used.
Due to its favorable pharmacokinetic and pharmacodynamic
properties, the authors suggest that MCC950 is a promising
alternative for the treatment of hypertension [48].

Finally, clinical trials have investigated the efficacy of surgical
procedures such as renal denervation performed in individuals
with RH as a way to achieve BP control in these patients
[51-53]. Some studies have also evaluated whether this therapeu-
tic approach is able to affect the inflammatory profile in RH. Both
studies conducted by Kampmann et al. and Eikelis et al. found
reductions in BP levels between 3 and 6 months after renal dener-
vation, but none have found changes in pro and anti-inflammatory
cytokines after the procedure [54, 55]. However, a subset of obese
individuals with RH showed an increase in adiponectin levels and
reduction in non-esterified fatty acids after 3 months of renal
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denervation, suggesting that BP reduction occurs, in part, through
these pathways [56¢] (Table 1).

Taken together, all the mentioned procedures and novel
emerging therapies discussed above represent potential op-
tions in the advancement of treatment of RH (Fig. 1). New
treatments that modulate pathophysiological derangements in
RH individuals, such as the pro-inflammatory profile, and that
may improve their CV risk should be researched in clinical
trials to support these preliminary findings.

Conclusions

Despite clinical and experimental preliminary findings in the
literature, an improvement in the pro-inflammatory profile
associated with BP control and CV risk reduction in RH are
still hypotheses that have not been scientifically confirmed in
clinical trials. For this reason, treatments able to modulate the
immune response, such as the inhibitors of TNF-oc and IL-6,
are promising and should be encouraged to be tested as com-
plementary therapies to treat RH population. In future, these
studies will elucidate any clinical benefits that these
inflammation-related therapies may offer to patients with RH.
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