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The immune system plays a prominent role in the initiation and maintenance of hypertension. The innate immune system, via toll-
like receptors (TLRs), identifies distinct signatures of invading microbes and damage-associated molecular patterns and triggers a
chain of downstream signalling cascades, leading to secretion of pro-inflammatory cytokines and shaping the adaptive immune
response. Over the past decade, a dysfunctional TLR-mediated response, particularly via TLR4, has been suggested to support a
chronic inflammatory state in hypertension, inducing deleterious local and systemic effects in host cells and tissues and contrib-
uting to disease progression. While the underlying mechanisms triggering TLR4 need further research, evidence suggests that
sustained elevations in BP disrupt homeostasis, releasing endogenous TLR4 ligands in hypertension. In this review, we discuss the
emerging role of TLR4 in the pathogenesis of hypertension and whether targeting this receptor and its signalling pathways could
offer a therapeutic strategy for management of this multifaceted disease.
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Introduction

Hypertension, one of the most prevalent cardiovascular risk
factors, can exhibit numerous pathophysiologies and is typi-
cally attributed to dysregulation of the cardiovascular and re-
nal systems, and the CNS (Dominiczak and Kuo, 2018). Such
dysregulation has been known to be associated with abnor-
mal immune system activity for more than a half century. A
proper immune response requires precise coordination of
the innate and adaptive elements of immunity. The contribu-
tions of aberrant activation of adaptive immunity to high BP
have been well documented in various models of hyperten-
sion (Harrison et al., 2010; Idris-Khodja et al., 2014; Lopez
Gelston and Mitchell, 2017; Norlander et al., 2018). However,
the molecular mechanisms that activate the innate immune
system and lead to priming/activation of the adaptive im-
mune response in hypertension are still not fully understood.

Recent work reveals a core and pathogenic role for innate
immune system activity in hypertension (Bomfim et al.,
2017; Lopez Gelston and Mitchell, 2017; Norlander et al.,
2018). Evidence suggests that the receptors of innate immune
cells act as gateways in hypertension, promoting end-organ

damage through the propagation of chronic inflammation,
oxidative stress and vascular remodelling (Abais-Battad
etal.,2017; Bomfim etal., 2017; Nosalski et al., 2017). The ini-
tial response to potential pathogens and tissue damage is de-
termined by the innate immune cells through pattern
recognition receptors (PRRs), which include the toll-like
receptors (TLRs) (Kawai and Akira, 2010). In the absence of
stimulation, TLRs are primarily expressed at either the cell
membrane (TLR1, TLR2, TLR4-TLR6 and TLR9-TLR12)
or within endosomes (TLR3, TLRZ7, TLR8 and TLR9)
(McGettrick and O’Neill, 2010). TLR activation occurs in re-
sponse to both exogenous pathogen-associated molecular
patterns and endogenous molecules released by cells follow-
ing tissue damage, termed damage-associated molecular pat-
terns (DAMPs) (Matzinger, 2002; Kawai and Akira, 2010).
DAMP-stimulated TLR activation has gained much attention
as a central component of hypertension pathogenesis
(McCarthy et al., 2014). In particular, persistent activation
of TLR4, resulting in low-grade chronic inflammation, has
been linked to significant kidney, cardiovascular and CNS tis-
sue damage within the context of hypertension (Figure 1)
(McCarthy et al., 2014; Biancardi et al., 2017). Thus, the
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TLR4 signalling pathway may allow pharmaceutical
targeting of the innate immune system through direct TLR4
modulation and/or signal transduction inhibitors. In this re-
view, we will focus on recent findings regarding the TLR4 sig-
nalling pathways, discussing the putative role for their
various components in hypertension as well as advance-
ments in potential target discovery within TLR4-mediated
hypertension.

DAMP-mediated TLR4 activation in
hypertension

When homeostatic disturbances inflict tissue insult, whether
via cellular stress or direct damage, DAMPs are released from
the site of insult and act as PRR ligands. Among the molecules
classified as DAMPs are cell-derived nucleic acids, fatty acids,
heat shock proteins (HSPs) and high-mobility group box
1 (HMGB1), as well as components of the extracellular ma-
trix (ECM), such as proteoglycans, hyaluronic acid and fi-
bronectin (Kawai and Akira, 2011). The activation of TLRs
by DAMPs plays an inherently protective role, alerting cells
to damage for its resolution and repair. However, excessive
or prolonged DAMP-mediated stimulation of these innate
immune system receptors provokes a chronic inflammatory
state that contributes to the maintenance of hypertension
(McCarthy et al., 2014). Through intracellular adaptor
protein-dependent signal cascades, DAMP-induced TLR acti-
vation increases the expression of pro-inflammatory genes
(Akira and Takeda, 2004). TLR4 is unique in this sense, be-
ing the only TLR known to recruit four adaptor molecules
and signal through two distinct pathways to produce pro-
inflammatory cytokines and chemokines (Kawai and Akira,
2010). Of particular interest, a variety of cell types that have
long-been associated with cardiovascular diseases have been
found to express TLR4, such as macrophages, renal epithe-
lial cells, cardiomyocytes, vascular smooth muscle cells

Table 1
DAMPs that can activate TLR4 in hypertension

(VSMCs), endothelial cells (ECs), glial cells and neurons
(Vaure and Liu, 2014). Indeed, a myriad of studies show
that abnormal activation of TLR4, primarily by DAMDPs,
contributes to cardiovascular dysfunction and remodelling,
kidney disease and CNS dysregulation. These studies form
the basis of the suggestion that DAMP-induced TLR4 stimu-
lation may be the missing link between inflammation and
hypertension.

In this review, we will examine a variety of organs and
systems known to be impacted by DAMP-mediated TLR4
activation during hypertension. Of note, it is not the pur-
pose of this review to provide an in-depth discussion of
TLR4 endogenous ligands in hypertension but rather to
concisely list those ligands specifically related to induction
of TLR4’s downstream pathways. Table 1 contains a sum-
mary of hypertension-related DAMPs that are proposed to
modulate TLR4.

TLR4 signal transduction in
hypertension

TLR4 contains an extracellular domain of leucine-rich repeats
and an intracellular toll-IL-1 receptor (TIR) domain that is
responsible for signal transmission. Once activated, TLR4
signal transduction occurs through both myeloid differentia-
tion primary response 88 (MyD88)-dependent and MyD88-
independent (TRIF-dependent) pathways (Akira and Takeda,
2004). Together, the two arms of TLR4’s signalling cascade
induce the production and release of pro-inflammatory
cytokines, chemokines and costimulatory factors (pro-
inflammatory profile). For an overview of TLR4 signalling in
hypertension, please refer to Figure 2.

Following activation, TLR4 recruits TIR domain-
containing adaptor/MyD88 adaptor-like protein (TIRAP/
MAL), which connects MyD88 to the TIR domain and initi-
ates the MyD88-dependent pathway (Yamamoto et al.,

DAMP Cell type/tissue (reference)

(EiRler et al., 2011)
ADMA Adipocytes (Yang et al., 2009b)
C-reactive protein
Fibrinogen

Fibronectin-EDA Aorta (Doddapattar et al., 2015)

Hyaluronan
Oxidized LDL

Uric acid

ECs (Taylor et al., 2004)
Macrophages (Miller et al., 2003)

Angll Arteries (Bomfim et al., 2012; De Batista et al., 2014; Hernanz et al., 2015), VSMCs (De Batista et al., 2014),
PVN (Dange et al., 2014; Dange et al., 2015; Li et al., 2016a), corpus cavernosum (Nunes et al., 2017),
mesangial cells (Wolf et al., 2006), tubular epithelial cells (Nair et al., 2015) and cardiomyocytes

VSMCs (Liu et al., 2010b; Liu et al., 2011)
Cardiomyocytes (Li et al., 2009) and monocytes (Smiley et al., 2001)

HMGBI1 ECs (Szasz et al., 2016) and macrophages (Park et al., 2004)
HSPs VSMCs (Zhao et al., 2015) and cardiomyocytes (Kim et al., 2009)

Macrophages (Liu-Bryan et al., 2005)

ADMA, asymmetric dimethylarginine.
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Figure 2

Overview of TLR4 signalling in hypertension and potential therapeutic targets. Activation of TLR4 by hypertensive stimuli, such as DAMPs, may
involve a primary interaction with MD2. Stimulated TLR4 initiates the early MyD88-dependent phase and late TRIF-dependent phase cascades.
In the MyD88-dependent pathway, TIRAP associates with the receptor TIR domain, facilitating MyD88 association. MyD88 then recruits and ac-
tivates IRAKs, leading to sequential stimulation of TRAF6 and TAK1. The downstream MAPK and IKK pathways ultimately result in the nuclear
translocation of activator protein 1 (AP-1) and NF-kB transcription factors and production of pro-inflammatory mediators. In the delayed TRIF-de-
pendent phase, recruitment of TRAM to the TIR domain allows TRIF binding, which up-regulates IRF3 expression through TRAF3. TRAM recruit-
ment also leads to NF-«B activation through RIPK1 (RIPT). Although NF-kB expression is shown to be increased in animal models of hypertension,
it has not yet been determined whether RIPK1 activation is involved in hypertension (a), nor is the exact mechanism of RIPK1-mediated NF-«xB
activation fully understood (b). TLR4 stimulation also activates NADPH oxidase, increasing ROS production and thus ROS-induced NF-«B translo-
cation. As a result of these signalling pathways, TLR4 stimulation causes the up-regulation of pro-inflammatory mediators, such as TNFq, IL-6 and
IL-1B. Several molecules have been developed that inhibit TLR4 signalling and may be beneficial in hypertension management. Eritoran, tested in
sepsis patients, binds to the pocket of the MD2 adaptor protein (1). NI-0101 inhibits both exogenous and endogenous bindings and is currently in
a phase lll clinical trial for rheumatoid arthritis (2). TAK-242 binds to the TIR domain of TLR4 and has been tested in clinical trial for sepsis (3).
ST2825 inhibits the dimerization of MyD88, thus halting the MyD88-dependent pathway (4). Other drugs (not shown here) have been developed
that inhibit TLR4 binding of Angll, while several decrease TLR4 signalling through unknown mechanisms. Suggested therapeutic targets within
the TLR4 signalling cascades are highlighted above (A-D) and discussed throughout the review.
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2002). MyD88 then recruits and activates IL-1 receptor-
associated kinase (IRAK) 4, forming the myddosome
(Suzuki et al., 2002). IRAK4 participates in the recruitment,
phosphorylation and degradation of IRAK1 and IRAK2, af-
ter which these IRAKs dissociate from MyD88 to bind TNF
receptor-associated factor (TRAF) 6 (Kawagoe et al., 2007).
TRAF6 is crucial for signal transduction downstream of IRAK4
and IRAK1/2 (Li et al., 2002). In combination with TGF-$-
activated kinase 1 (TAK1) binding proteins 2 and 3, TAK1 trig-
gers activation of the IkB kinase (IKK) complex and MAPK
pathways (Kawai and Akira, 2011). Within the IKK pathway,
two catalytic subunits, IKKe and IKKp, along with one regu-
latory subunit (IKKy/NEMO) degrade IxB proteins through
phosphorylation and ubiquitination (Israél, 2010). This
TLR4-mediated activation of the IKK pathway results in early
nuclear translocation and activation of NF-xB (Oeckinghaus
and Ghosh, 2009).

The influence of TLR4 upon downstream MAPKs may be a
critical component of cytokine and chemokine production.
The highly conserved MAPK family is typically divided into
three subfamilies: (i) ERKs, (ii) JNKs and (iii) p38/stress-acti-
vated protein kinases (SAPKs) (Morrison, 2012). Downstream
of TLR4, the primary MAPKs appear to be JNKs and
p38/SAPKs (Kiper ef al., 2012). MAPK-stimulated transcrip-
tional factors, activator protein 1 and cAMP-responsive ele-
ment protein, are intrinsically involved in cytokine and
chemokine production, and TLR4-induced transcriptional
activation of COX-2 is shown to depend upon MAPK signal-
ling in cells of the renal collecting ducts (Ktiper et al., 2012).

Conversely, signal transduction through MyD88-
independent pathway involves recruitment of TIR domain-
containing adaptor-inducing IFN-p (TRIF/TICAM-1) via
TRIF-related adaptor molecule (TRAM/TICAM-2) (Yamamoto
et al., 2003). TRIF interacts with TRAF3 to activate IKK path-
ways, resulting in translocation of NF-xB, via adapter kinase
receptor-interacting protein (RIPK) 1 and IFN regulatory fac-
tor (IRF) 3 stimulation (Kawai and Akira, 2010). Phosphory-
lated IRF3 translocates to the nucleus and modulates the
expression of type I IFNs, which are crucial to viral defence
(Kumar et al., 2011; Chen et al., 2017).

Understanding TLR4 in BP regulation
through hypertensive animal models

Animal models are an essential tool for understanding the
pathophysiology of diseased states and for exploring new
pharmacological interventions. Different rodent models
have been used to study the role of TLR4 and its downstream
signalling mechanisms in inflammation, oxidative stress,
vascular remodelling, sympathetic overactivity and renal in-
jury in the context of hypertension. The studies discussed
herein were primarily conducted using animal models, par-
ticularly rodents, and, as such, care is required in translating
their results to human applications. However, such animal-
based research continues to allow for the development of
new pharmacological approaches to prevent and/or manage
hypertension. With regard to TLR4, rodents and humans
share approximately 60-70% similarity in the amino acid se-
quence of TLR4’s extracellular and transmembrane domains
(Vaure and Liu, 2014).
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While the influence of TLR4 on BP control is not
completely elucidated, TLR4 up-regulation is suggested to
contribute to the pathogenesis of hypertension in animal
models. Spontaneously hypertensive rats (SHRs), a geneti-
cally hypertensive model, have proved crucial to evaluat-
ing TLR4 expression and cytokine profiles. SHRs are
characterized by age-dependent elevations in BP, reaching
approximately 175-200 mmHg during the established
phase of hypertension at 10-15 weeks of age (Okamoto
and Aoki, 1963). SHRs are also susceptible to multiple
types of organ damage, including cardiac hypertrophy
and failure, impaired endothelium-dependent vascular
relaxation, increased sympathetic drive and renal dysfunc-
tion (Leong et al., 2015). In these animals, in vivo treat-
ment against TLR4 has shown attenuation of some of the
organ damage observed. For instance, systemic long-term
treatment with a TLR4 antibody lowered BP and decreased
both cardiac hypercontractility and remodelling in SHRs
(Bomfim et al., 2012; Bomfim et al., 2015). Furthermore,
a study investigating TLR4 modulation of hypertension
via CNS cardioregulatory centres showed that TLR4 inhibi-
tion in the paraventricular nucleus of the hypothalamus
(PVN) decreases BP in SHRs (Dange et al., 2015; Wang
et al., 2018).

Conversely, systemic TLR4 blockade in the angiotensin
IT (Angll) infusion model of hypertension results in less pro-
nounced BP changes as compared with SHR. Systemic infu-
sion of Angll progressively enhances BP, mainly due to
increases in oxidative stress and vascular remodelling
(Lerman et al., 2005). However, in Angll-infused mice with a
TLR4 deficiency, despite significant inhibition of vascular re-
modelling through reduced levels of ROS, TLR4 deficiency
did not impact Angll's effects on BP (Nakashima et al.,
2015). In corroboration with these results, Angll-infused
mice treated with a TLR4 antibody had superior vascular
function but no difference in BP compared with untreated
animals (Nunes et al., 2017). Based on the literature, there is
a consensus that, in response to higher levels of Angll, TLR4
is an important contributor to vascular dysfunction and oxi-
dative stress, both hallmarks of hypertension. Interestingly,
systemic blockade of TLR4 does not affect BP in Angll-infused
animals in the same manner as observed in SHR. Zhang et al.
(2015) showed that after 4 weeks of treatment with TAK-
242, a specific TLR4 inhibitor, not only was a reversal in high
BP observed in aldosterone-induced hypertensive animals,
but renal and cardiac inflammation were also inhibited.
Aldosterone, the primary human mineralocorticoid, is signif-
icantly involved in cardiovascular morbidity and hyperten-
sion (Freel and Connell, 2004). The main regulators of
aldosterone production are plasma levels of potassium and
Angll. Thus, in hypertension, plasma levels of aldosterone
and AnglI positively correlate. However, in animals where
hypertension is induced by external aldosterone administra-
tion, the plasma levels of Angll are not modified.
Because the levels of Angll remain within normal ranges,
the aldosterone model of hypertension might be considered
an Angll-independent model. This could explain the contro-
versial results regarding BP changes in hypertensive animals
with higher circulating levels of AngII.

In order to target TLR4, however, the following question
remains to be elucidated: why do the BP-lowering effects of
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TLR4 blockade differ between animal models while appearing
to modulate similar events during the progression of hyper-
tension? At this point, we can speculate that blockade of
TLR4 may minimize the end-organ damage triggered by hy-
pertension; however, it is not yet clear whether such blockade
would be enough to prevent this pathology.

TLR4 effects in specific organs and
systems during hypertension

Kidneys

The kidneys, in combination with the renin-angiotensin sys-
tem (RAS), play central roles in BP regulation (Yim and Yoo,
2008). AnglI has powerful control of sodium uptake in prox-
imal tubules and affects glomerular filtration rate (GFR),
which increases water reabsorption in a process responsible
for maintaining homeostatic BP levels. However, prolonged
increases in circulating Angll levels contribute to the
aetiology of hypertension (Crowley et al., 2006). Likewise,
there is substantial evidence supporting the hypothesis that
increased natriuresis, with a rightward shift in the sodium re-
tention curve, contributes to the maintenance of a hyperten-
sive state. In the kidneys, Angll, via its angiotensin type 1
receptor (AT; receptor), has the potential to damage the
renal microvasculature and is posited to be associated with
fibrosis, vascular rarefaction and glomerular dysfunction
(Xu et al., 2017). Additionally, Angll has been demonstrated
to be a strong inflammatory mediator and is suggested to act
in concert with TLR4 pathways to promote inflammation
(Phillips and Kagiyama, 2002; Biancardi et al., 2017; Xu
et al., 2017). In fact, Angll is among the most commonly
investigated possible endogenous ligands of TLR4 during
hypertension. Still, while we have compiled extensive knowl-
edge regarding Angll’s actions in the kidneys as a long-term
mechanism of BP regulation, the implications of AnglI-
mediated TLR4 activation in the renal system is not
completely understood.

TLR4 is expressed in renal epithelial cells, and its
overactivation is implicated in the nephropathy associated
with various diseases (Zhang et al., 2008; Souza et al., 2015).
In the context of the hypertensive kidney, current literature
points to Angll as the main mediator of TLR4 activation. In
corroboration with this statement, it has been reported that
myeloid differentiation factor 2 (MD2)-deficient mice were
protected from renal inflammatory injury and fibrosis (Xu
etal., 2017). The adaptor protein MD2 is known to play a role
in LPS recognition by promoting TLR4-LPS-MD2 complex
dimerization (Park et al., 2009). More specifically, Han
et al. (2017) have demonstrated that direct hydrogen bond
interactions may occur between MD2 and AnglI in a man-
ner similar to that of the MD2 and LPS interaction. Based
on this evidence, it is reasonable to speculate that Angll
could mediate the activation of TLR4 within the kidneys,
thereby contributing to inflammation and oxidative stress,
both intrinsic factors for the development of end-organ
damage in hypertensive patients.

TLR4-mediated renal damage in hypertension plays a key
role in the development and progression of microvascular
complications and may represent a new treatment target.

Diuretics are one of the main antihypertensive drug classes
targeting the kidneys, favouring water and sodium excretion
to help relieve tubular pressure and lower BP. However, as
Angll is produced systemically, it may continue to activate
TLR4 in the face of diuretic therapy, thereby propagating re-
nal microvascular damage. Supporting this notion, combin-
ing diuretics with angiotensin converting enzyme (ACE)
inhibitors appears to produce better outcomes in hyperten-
sive patients (Ruoff, 1989). A plausible explanation is that
inhibiting AnglIl production may decrease the extent of
TLR4 activation, ameliorating renal oxidative stress and
inflammation.

Another cause of renal damage in hypertension comes
from the high BP itself, which injures the endothelial layer
and contributes to elevated ROS generation. While the pre-
cise molecular mechanisms underlying the damage-induced
ROS generation are not completely elucidated, recent find-
ings showing an association between increased renal TLR4 ac-
tivation and worsened outcomes in hypertensive model
point to DAMP-mediated TLR4 activation (Pushpakumar
etal.,2017). In the kidneys, increased levels of ROS are associ-
ated with dysfunctional glomerular and tubular cells (Araujo
and Wilcox, 2014). Importantly, as NF-«xB is mediated down-
stream of TLR4 activation and is described as a source of
pro-inflammatory cytokines, this may be one mechanism by
which TLR4 contributes to renal dysfunction and end-organ
damage in hypertension. Renal parenchymal TLR4 was
shown to mediate inflammation and tissue damage following
cisplatin exposure in a murine model of nephrotoxicity
(Zhang et al., 2008). In a mouse model of hypertension,
TLR4 deficiency protected against renal oxidative damage
and was further found to increase antioxidant capacity
(Pushpakumar ef al., 2017). Taken together, the aforemen-
tioned data implicate TLR4 activation in tying inflammation
to kidney dysfunction in hypertension.

CNS

As in other systems, CNS alterations in TLR4 expression, ROS
and the pro-inflammatory cytokine profile are linked to the
pathogenesis of hypertension. In neural tissue, innate pro-
inflammatory mediators are produced primarily by the resi-
dent immune cells, microglia and astrocytes (Ransohoff and
Brown, 2012). TLR4 is constitutively expressed by microglia,
while the nature of its expression in other CNS cells, includ-
ing astrocytes and neurons, remains somewhat controversial
(Olson and Miller, 2004; for review, see Lehnardt, 2010;
Hanke and Kielian, 2011). Despite low TLR4 surface expres-
sion detection, particularly in astrocytes and neurons, stimu-
lation with LPS is shown to trigger innate immune activity in
non-microglia cells through various processes.

A complex communication system exists among microg-
lia, astrocytes and neurons that allow the innate immune
cells to sense environmental perturbations and subsequently
influence neuronal activity. A primary mechanism by which
such communication is achieved is through the secretion
and detection of pro-inflammatory mediators. The
neuroimmune communication has been implicated in the
pathogenesis of hypertension, wherein DAMP/danger signal
recognition by CNS cells propagates a pro-inflammatory
CNS milieu, resulting in inflammation, elevated sympathetic
outflow and increased BP.
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Numerous studies have characterized, at least partially,
the responses of various CNS cell types to stimulation by
LPS. Surface expression of TLR4 is particularly abundant in
microglia, and it is well accepted that LPS stimulation acti-
vates quiescent microglia, up-regulating the innate immune
response and increasing cytokine and chemokine secretion
(Olson and Miller, 2004). While direct activation of the
MyD88-dependent pathway is shown in astrocytes upon
LPS exposure, they are also shown to have an alternative re-
sponse, propagating the LPS-mediated microglial inflamma-
tory response and furthering neurotoxic factor production
(Saijo et al., 2009; Gorina et al., 2011). In neuronal cultures,
LPS stimulation induces transendothelial migration of neu-
trophils and activation of cerebral ECs, the hallmarks of
neuroinflammatory response (Leow-Dyke et al., 2012). To-
gether, these studies point to TLR4 dysregulation as a key can-
didate for modulating neuroinflammation in hypertension.
Most of the evidence implicating neural TLR4 dysregulation
within the CNS in the pathogenesis of hypertension is de-
rived from animal models, which either have elevated levels
of circulating Angll or are exposed to exogenous Angll
(in vivo or in vitro). Within the CNS, AnglI is intrinsic to the
inflammatory process, acting as a pro-hypertensive neuro-
transmitter and promoting innate immune activation
through AT, receptors (Ando et al., 2004; Zhou et al., 2006;
Benicky et al., 2009; Benicky et al., 2011; Harrison et al.,
2011; Zubcevic et al., 2011; Young and Davisson, 2015).

Whether endogenous to the hypertensive model or exog-
enously applied, chronic AnglI elevations aggravate TLR4, ac-
tivate microglia and up-regulate pro-inflammatory cytokine
production (Benicky et al., 2009; Shi et al., 2010; Benicky
et al., 2011; Zubcevic et al., 2011; Biancardi et al., 2016).
Benicky et al. (2009; 2011) found LPS-induced neuroinflam-
mation in normotensive animals to be blocked by AT; recep-
tor antagonists. This AT; receptor blockade decreased
production of TLR4-regulated pro-inflammatory mediators
and reduced microglia activation, both in vitro and in vivo.
These alterations were observed in multiple nuclei, includ-
ing, of note, several associated with autonomic control such
as the PVN and the subfornical organ (SFO) (Benicky et al.,
2009; Benicky et al., 2011). In TLR4-competent mice, exoge-
nous Angll applied to PVN-containing hypothalamic slices
caused microglial activation and ROS production (Biancardi
et al., 2016). These response were shown to be attenuated in
the PVN of TLR4-deficient mice, demonstrating the contribu-
tion of TLR4 to these predecessors of hypertensive autonomic
dysfunction (Biancardi et al., 2016).

TLR4 protein and mRNA expression within the PVN are
elevated in both AnglI infusion models and SHR, and chronic
i.c.v. infusion of a viral TLR4 inhibitory peptide normalized
these parameters in Angll-infused animals (Dange ef al.,
2014; Dange et al., 2015; Li et al., 2016a). Furthermore, this
chronic TLR4 blockade ameliorated cardiac function, de-
creased the cardiac inflammatory profile and reduced mean
arterial pressure (MAP) (Dange et al., 2014). In SHRs, inhibi-
tion of PVN TLR4 attenuates the pro-inflammatory cytokine
profile as well as elevations in inducible NOS (iNOS) and
NF-kB levels, which are linked to the elevated BP and circulat-
ing plasma noradrenaline characteristic of this model (Dange
et al., 2014; Dange et al., 2015). Li et al. (2016a) showed re-
duced MAP in SHR via chronic bilateral PVN infusion of the
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AT, receptor inhibitor, telmisartan. PVN AT, receptor inhi-
bition also down-regulated the MyD88-dependent pathway,
resulting in decreased CNS IL-1p and IL-6 levels (Li et al.,
2016a).

Compellingly, these studies show that abolishment or
attenuation of altered microglial and TLR4 signalling activ-
ity occurs upon blockade of TLR4 or the AT; receptor, sug-
gesting a role for neural TLR4, particularly through AT,
receptor-TLR4 crosstalk, in hypertension. The findings
discussed above highlight the involvement of hypothalamic
TLR4 and pro-inflammatory signal transduction in driving
Angll-mediated hypertension and demonstrate the powerful
cardiovascular effects of TLR4 activity in the CNS. As such,
the TLR4 signalling pathways represent potential antihyper-
tensive therapeutic targets. Importantly, CNS inflammation
is a known component in numerous pathologies beyond
hypertension, including neurodegenerative disorders (Appel
et al., 2010; Perry et al., 2010; Lopes Pinheiro et al., 2016).
Thus, elucidating the extent of TLR4’s role in the hyperten-
sive CNS may allow for an expansion of pharmaceutical tar-
gets in many neuroinflammatory diseases. On the basis of
this commonality, there arises the potential that therapeu-
tics currently employed in the management of other
CNS-associated diseases may represent novel antihyperten-
sive therapies.

Vasculature

Chronic high BP and shear stress damage the vascular endo-
thelium over time and contribute to the migration and accu-
mulation of both innate and adaptive immune cells in blood
vessels (Goulopoulou et al., 2016). Augmented TLR4 expres-
sion and activation positively correlate with vascular inflam-
mation, remodelling and vasoconstriction. As in other cell
types, increased TLR4 activity increases the production of
pro-inflammatory cytokines and ROS. Within the vascula-
ture, TLR4 has been demonstrated to modulate NADPH
oxidase activity, enhancing the production of ROS and
free radicals (Nakashima et al., 2015). TLR4-induced ROS pro-
duction decreases the availability of NO, a vasoprotective
molecule imperative to the regulation of blood flow and tis-
sue oxygenation (Schiffrin, 2008; Nunes et al., 2017). Further-
more, it has been suggested that, following TLR4 activation, a
crosstalk interaction occurs between ROS and NF-xB wherein
ROS can influence NF-kB nuclear translocation while NF-«xB
may regulate ROS production via gene expression (Morgan
and Liu, 2011). Additionally, cytokines secreted from individ-
ual cells can diffuse to adjacent tissue where they stimulate
ROS production (Mittal et al., 2014). These hypertension-
induced disruptions abolish endothelial and vascular func-
tionality, the latter of which is vital to maintaining vascular
homeostasis and depends upon proper VSMC contractile re-
sponses (Sanchorawala and Keaney, 1997; De Batista et al.,
2014; Biancardi et al., 2017; Nunes et al., 2017). In the hyper-
tensive vasculature, altered TLR4 expression is found in
VSMCs and ECs (De Batista et al., 2014; Hernanz et al.,
2015). De Batista et al. (2014) reported that TLR4 mRNA levels
are up-regulated in VSMCs and aorta of SHRs and that treat-
ment with a TLR4 antibody reduced heart rate, BP and
phenylephrine-induced contraction. In a separate study,
TLR4 blockade with a TLR4 antibody prevented pro-
inflammatory cytokine secretion, decreased vascular
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structural and mechanical changes, ameliorated vascular re-
activity and increased NO production (Hernanz et al., 2015).
Additionally, Bomfim ef al. (2015) showed TLR4’s pro-
inflammatory actions to be ultimately mediated through
the MyD88-dependent pathway in SHRs.

As previously discussed, Angll has regulatory roles in
long-term BP regulation and vascular homeostasis through
its interaction with AT, receptors. TLR4 is implicated as a
key mediator of Angll-induced vascular remodelling in hy-
pertension through MyD88-dependent ROS generation via
JNK/NF-xB activation (Hernanz et al., 2015; Nakashima
et al., 2015). Angll-induced elevations in ROS have been
shown to occur through TLR4-impairment of SOD in addi-
tion to TLR4-stimulation of NADPH oxidase (Nakashima
etal., 2015). Ji et al. (2009) have shown that AngII stimulates
TLR4 in VSMCs, triggering the production of TNF-a and
MMP-9, among others mediators, and contributing to vascu-
lar dysfunction. Pharmacological inhibition of TLR4 with
CLI-095 (TAK-242) attenuated NADPH oxidase activity
and superoxide production and decreased both cell migra-
tion and proliferation in response to Angll (De Batista
et al., 2014). Importantly, antibody inhibition of TLR4 de-
creases MAP and vascular contractility and TLR4 protein ex-
pression in SHR mesenteric resistance arteries (Bomfim
et al., 2012). In murine cavernosal smooth muscle, a highly
vascularized structure, we have shown that AnglIl alters
TLR4 expression and that chronic TLR4 blockade rescues
muscle relaxation, decreases TNF-a production and im-
proves NO levels (Nunes et al., 2017). As evidenced, TLR4
enhances inflammation and contributes to vascular remod-
elling in models of hypertension, and its inhibition appears
to be protective.

In hypertension, vascular remodelling involves complex
interactions between endogenous growth factors, vasoactive
substances and haemodynamic alterations (Schiffrin, 2012).
As both vascular remodelling and endothelial damage prog-
ress, a positive feedback loop forms in which vasoconstric-
tion is constantly favoured over vasodilatation. In this way,
the physiological adaptations promoted by TLR4 in response
to hypertensive stimuli ultimately turn to pathophysiological
consequences. The labyrinth of signalling pathways acti-
vated by TLR4 involve numerous overlapping mechanisms
and crosstalk interactions that have been highlighted as po-
tential therapeutic targets to combat the pathogenesis of
hypertension.

Heart
Although myocardial tissue alterations underlying the transi-
tion from a healthy to a hypertensive heart are unclear, the
eventual cardiac dysfunction is known to be characterized
by myocardial remodelling and low-grade inflammation
(Nadruz, 2015). Chronically elevated BP, coupled with fac-
tors such as altered neurohormone and cytokine levels, in-
duces compensatory left ventricular hypertrophy (Drazner,
2011). It has been shown that cardiomyocytes express many
TLRs, including TLR4, which trigger signalling pathways
leading to local inflammation (Boyd et al., 2006). Conse-
quently, during hypertension, the heart is a significant target
for active immune cells.

Indeed, mRNA and protein TLR4 expression levels were
found to be up-regulated in cardiomyocytes of SHR (Eiller

etal., 2011). Interestingly, treatment of SHRs with the ACE in-
hibitor, ramipril, showed a dose-dependent response: a
therapeutic dose (1 mg-kg '-day ') was sufficient to lower
BP, while a supratherapeutic dose (10 mg-kg™'-day ') was
needed to elicit reductions in the observed up-regulation of
cardiac TLR4 expression (Eif3ler ef al., 2011). This indicates
that, while ACE inhibitors can alleviate BP elevations, they
may or may not affect the associated TLR4-driven low-grade
inflammation in cardiac tissue. Thus, it is important to take
into consideration that AnglI is not the only endogenous li-
gand for TLR4 in the hypertensive heart. For example, in-
creased circulating levels of HSP60 positively correlate with
the development of cardiovascular diseases and have been
shown to modulate the TLR4/MyD88/p38/NF-xB pathway
in cardiac cells (Pockley et al., 2000; Tian et al., 2013). Con-
versely, TLR4 knockout mice have reduced left ventricular hy-
pertrophy after aortic banding compared with wild-type
mice, and animals with a dysfunctional LPS response
(TLR4'™*% mice) show no changes in oxidative stress, ventric-
ular hypertrophy or cardiac dysfunction when infused with
Angll (Ha et al., 2005; Matsuda et al., 2015). It has been
further demonstrated that these effects are mediated by an es-
sential chemokine, monocyte chemoattractant protein
1 (MCP-1; also known as CCL2), which regulates macro-
phage tissue infiltration and is up-regulated by TLR4 stimula-
tion (Matsuda ef al., 2015). These results suggest that TLR4
stimulation, whether via AngllI or other ligands, contributes
to cardiac damage in hypertension.

It should be noted that neural TLR4 is reported to partially
mediate physiological alterations of the myocardium in
Angll-infused animals. In this model, specific blockade of
TLR4 in the CNS down-regulates myocardial inflammation
(Dange et al., 2014). Lastly, reduced myocardial hypertrophy
and remodelling were observed in MD2 /" mice infused with
Angll and in cardiomyocyte-like H9¢2 cells incubated with
Angll in the presence of L6H21 (an inhibitor of MD2) (Han
etal., 2017). These data indicate that MD2 may directly bind
to Angllin the heart, causing dysfunction of the myocardium
via TLR4 activation (Han et al., 2017). As there remains a pau-
city of information regarding the contribution of TLR4 to
myocardial injury in response to high BP, it is unclear if
blockade of TLR4 is cardioprotective in this condition. Thus,
future experiments are needed to elucidate whether the onset
and development of hypertension-associated heart damage,
including complications such as heart failure, would be min-
imized by targeting TLR4.

Translational potential of TLR4 targets
in hypertension

Considering the ability of TLR4 to initiate and boost inflam-
mation, and the literature that links TLR4 to hypertension,
there is significant interest in developing novel pharmacolog-
ical drugs that target either TLR4 itself or its downstream
pathways in diseases associated with abnormal innate im-
mune system overactivity. Although many mechanisms un-
derlying disease mediation by TLR4 have yet to be fully
clarified, insights into TLR4’s signal transduction have
recently opened the doors to development of effective modu-
lators. Even now, there is preclinical evidence of the
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therapeutic potential for targeting TLR4 in inflammatory dis-
eases. Table 2 summarizes pharmacological compounds that
are currently being used in basic research to target TLR4
and/or its downstream signalling pathways.

Eritoran (E5564) is a synthetic TLR4 antagonist that
has been well studied in inflammatory disease models and

has been used in four clinical trials in the last decade
(NCT00334828, NCT00756912, NCT02267317 and
NCTO02321111). Unfortunately, the promising results ob-
served in animal models of inflammatory diseases were not
translated to human subjects. As an example, in a phase III
randomized control clinical trial that compared the efficacy

Table 2

Pharmacological therapies currently in use that target TLR4 and its downstream signalling

Mechanism Disease model or

Compound Description of action cell type tested Main outcome (reference)

Eritoran (E5564)  Synthetic LPS MD2 Competitively binds a Rat model of kidney Ameliorated kidney ischaemia/
lipid A analogue large pocket of MD2 ischaemia/reperfusion  reperfusion-related inflammatory

responses (Liu et al., 2010a)

SPA4 Peptide TLR4 Binds to surfactant A HEK293 cells Decreased secretion of pro-
and blocks TLR4 inflammatory cytokines
activation (Ramani et al., 2013)

TAK-242 Small molecule/  TLR4 Binds TIR domain and Rat model of Inhibited hypertension and
cyclohexene affects the recruitment  hyperaldosteronism cardiac and renal fibrosis and
inhibitor of adapters attenuates aldosterone-induced

epithelial-mesenchymal transition
(Zhang et al., 2015)

Rat VSMCs Decreased NADPH oxidase
activity, superoxide anion
production and cell migration
and proliferation (De Batista
etal., 2014)

Mouse model of Reduced Angll-induced increase

hypertension (Angll) in phospho-JNK1/2 and p65
NF-kB subunit nuclear protein
expression (Hernanz et al., 2015)

NI-0101 Monoclonal TLR4 Antagonist Synovial explant Decreased pro-inflammatory
antibody culture model cytokine secretion (TNF-a and

IL-6) (Page et al., 2011)

Valsartan AT, — Angll TLR4 Unknown Rat model of Improved myocardial injury,
receptor blocker myocardial such as smaller infarct size, and

ischaemia/ decreased release of myocardial

reperfusion enzymes and pro-inflammatory
mediators (Yang et al., 2009a)

Candesartan Angll receptor TLR4 Angll receptor Rat mesangial cells Decreased oxidative stress and
blocker independent exerted anti-apoptotic effects

(Lv et al., 2009)

Fluvastatin HMG-CoA TLR4 Inhibits NF-kB Rat model of Decreased ischaemic injury
reductase activation myocardial and inhibited the expression
inhibitor ischaemia/ levels of TLR4, TNF-a and

reperfusion NF-kB (Yang et al., 2011)

Atorvastatin HMG-CoA TLR4 Impairs TLR4 Rabbit model Impaired TLR4/NF-kB activation
reductase recruitment of lipid of atherosclerosis in atherosclerotic plaques that
inhibitor raft and inhibits decreased inflammation

NF-kB activation (Fang et al., 2014)

ST2825 Peptidomimetic =~ MyD88  Inhibits Mouse model of Decreased NADPH oxidase
homodimerization hypertension (Angll) activity (Hernanz et al., 2015)
of MyD88

dnMyD88 Mutated form MyD88  Inhibits Rat model of Prevented ischaemia/reperfusion
of MyD88 homodimerization myocardial via inhibition of NF-kB

of MyD88 ischaemia/ (Ha et al., 2006)
reperfusion

HMG-CoA, hydroxymethylglutaryl CoA.
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of eritoran in preventing mortality in patients with severe
sepsis, human subjects receiving the drug did not have an en-
hanced chance of survival compared with those who received
the placebo (NCT00334828). However, in the context of eval-
uating drug efficacy, it is important to take into consideration
the aetiological and pathological differences among diseases,
such as between sepsis and hypertension. In the same trial, it
was reported that eritoran clearance is affected by the pa-
tient’s weight, HDL levels and age, features that are highly
important factors over the course of hypertension. Eritoran
inhibits MD2-mediated TLR4 stimulation by binding to a
large pocket of this adaptor protein. As previously discussed,
this mechanism of action is similar to the one reported to
be used by AnglI to activate TLR4. To date, the possible bene-
fits of TLR4 blockade by eritoran are still unknown in hyper-
tensive patients. Thus, it is possible to speculate that this
drug might have therapeutic applications in the manage-
ment of hypertension.

One of the most widely used TLR4 antagonists in basic re-
search is TAK-242, which binds to the TIR domain at Cys’*’
and, consequently, inhibits TLR4’s ability to recruit both
adaptor proteins (TIRAP/MAL and TRAM) responsible for me-
diating TLR4 actions (Matsunaga et al., 2011). Despite its con-
sistent inhibitory effects in animal models, the drug failed to
decrease sepsis symptoms when tested in human subjects
(NCT00633477). Nevertheless, TAK-242 may yet have a po-
tential application in hypertension treatment due to the dif-
ferent natures of these pathologies. This drug has been
tested in different animal models of hypertension and has
produced exciting results. TAK-242 has been reported to
block NF-kB, reduce oxidative stress, decrease cell migration
and proliferation and lower BP (De Batista et al., 2014;
Hernanzetal., 2015; Zhang et al., 2015). Overall, the pharma-
cological benefits of this inhibitor in animal models of hyper-
tension are clear. However, it remains unknown whether the
same effects would be observed in hypertensive human
subjects.

Another drug used to block TLR4 signalling, NI-0101, is a
monoclonal antibody currently being assessed in a clinical
trial for rheumatoid arthritis (NCT01808469). In cultured
cells, the drug has been shown to decrease pro-inflammatory
cytokine secretion (Page et al., 2011). It is not yet known
whether the drug would be effective when used systemically
in animal models of hypertension. Further exploring the
available data using TLR4 antibodies in basic research, there
are promising outcomes regarding their abilities to amelio-
rate the inflammatory state and reduce oxidative stress,
which, together, blunt the deleterious effects of hypertension
in the major organs studied.

Repurposing drugs is a key process in unearthing new op-
tions in the treatment of a disease. In this sense, statins,
which are primarily prescribed to lower cholesterol, have pro-
duced promising results in modulating the TLR4 pathway. In
particular, atorvastatin has been shown to decrease TLR4
activation, which abolishes inflammation in atherosclerosis,
and fluvastatin has been demonstrated to prevent myocar-
dial ischaemia and reperfusion (Yang et al., 2011; Fang et al.,
2014). Based on these data and the findings of other studies,
it can be predicted that, because treated animals had de-
creased TLR4 levels in the atorvastatin and fluvastatin stud-
ies, they might also have had decreased oxidative stress. As

hypertension and atherosclerosis have overlapping path-
ways, it would be of interest to explore whether the same out-
comes would be observed in hypertensive animal models.

The pharmacological effects of the AT, receptor blockers,
valsartan and candesartan, have also been examined in
animal models (Lv et al., 2009; Yang et al., 2009a). These
drugs were shown to reduce oxidative stress and decrease cy-
tokine profiles. These studies were conducted before it was
shown that Angll could activate TLR4 by interacting with
MD2. It is still unclear whether Angll has two independent
mechanisms to modulate TLR4, one through MD2 and the
other via AT, receptor crosstalk. Additionally, it has been sug-
gested that, when AT, receptor blockers are used, AnglI levels
might accumulate and favour TLR4 activation (Campbell,
1996). However, increased Angll levels also contribute to
the formation of angiotensin-(1-7), another important
peptide of the RAS system that opposes the effects of Angll
(Santos, 2014).

The drug ST2825, a mutated form of MyD88 that inhibits
MyD88 homodimerization, has also been tested. In a model
of hypertension, it was observed that ST2825 decreases
NADPH oxidase activity, which in turn ameliorates oxidative
stress (Hernanz et al., 2015). When used in a model of myo-
cardial infarction, ST2825 blocked NF-«B activity (Ha et al.,
2006). While the effects of ST2825 differed between these
studies, both showed treatment outcomes that are favourable
in the management of hypertension. When comparing the
results of TLR4 blockade with the use of adaptor molecule in-
hibitors, it must be taken into consideration that TLR4 signal
transduction occurs through two arms, one led by MyD88
and the other by TRIF. This means that targeting MyD88
rather than TLR4 itself would only partially inhibit TLR4's
signalling, which may prove to be an advantage depending
on the clinical application.

We have presented evidence supporting the role of TLR4
in hypertension. TLR4-mediated hypertension involves
many different aspects of cardiovascular, renal and CNSs,
much of which require further investigation. Indeed, there
are many questions regarding TLR4 and hypertension that re-
main to be addressed. A paramount question is whether the
use of immunological suppressants would produce better re-
sults in hypertensive patients when compared with the
well-established pharmacological drugs available in the mar-
ket. Thus far, it is possible to speculate that such a treatment
could be promising in patients who do not respond to stan-
dard pharmacotherapy and inevitably succumb to end-organ
damage.

TLR4 and hypertension-associated
diseases

Pulmonary hypertension

Pulmonary hypertension (PH) of different aetiologies and
prognoses share a central pathogenesis characterized by per-
sistent pulmonary vasoconstriction, vascular remodelling
and thrombosis in situ. Pulmonary vascular remodelling,
through pulmonary arterial (PA) smooth muscle cell
(PASMC) proliferation and fibrosis, plays a critical role in PH
development and involves a chronic imbalance in vasoactive
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substances. Pulmonary arterial hypertension (PAH), in which
small pulmonary arteries progressively narrow, leading to in-
creases in pulmonary vascular resistance and pressure, right
heart failure and ultimately death, is strongly associated with
dysregulated immunity and pulmonary vascular inflamma-
tion largely regulated through TLR4 signalling pathways
(Gerges and Lang, 2018). In response to local injury (acute
lung injury) or stress (hypoxia; cold exposure), TLR4 stimula-
tion causes PA ECs to produce and secrete fractalkine
(CX3CL1), a chemokine that attracts immune cells
(Amsellem et al., 2017; Florentin and Dutta, 2017). Activation
of TLR4 has been demonstrated to regulate MMP-9 produc-
tion in lungs after hypoxia exposure, increasing ECM degra-
dation and PASMC migration and proliferation (Young
et al., 2010). PA ECs also release TLR4 endogenous agonists,
such as HMGB1, which activate platelets and stimulate their
aggregation at the injured/stressed PA sites (Bauer et al.,
2013; Sun, 2014). The TLR4-activated platelets produce and
secrete vasoactive substances (5-HT and TxA,), mitogenic
and growth factors (PDGF, TGF-f and VEGF) and pro-
inflammatory cytokines (IL-lo, IL-1 and TNF-o) (Bauer
etal., 2013; Sun, 2014). HMGB1 has also been shown to pro-
mote both pulmonary vascular remodelling and right ven-
tricular hypertrophy through stimulation of TLR4 (Hilbert
etal.,2017). The pathogenesis of PAH has been further linked
with Notch, TGF-B, PI3K/Akt and Hippo signalling, many of
which point to a dysregulation in either ligands or substrates
or TLR4 signalling (Li et al., 2017). However, it is yet to be de-
termined whether TLR4-induced inflammation is a primary
or secondary mechanism in PAH pathogenesis, what may be
the implications of these findings in other forms of PH or
how these pathways might be therapeutically targeted.

Pre-eclampsia

Pre-eclampsia (PE) is a severe complication of pregnancy
characterized by the development of hypertension and pro-
teinuria (Whelton et al., 2018). The maternal immune sys-
tem, specifically maternal systemic inflammation, is
strongly implicated as a key contributor to the pathogenesis
of PE (Bounds et al., 2015). The excessive pro-inflammatory
response is suggested to be mediated through TLR recogni-
tion of DAMPs and other danger signals from placental dys-
function, metabolic syndrome and/or vascular dysfunction
(Yeh et al., 2013; Bounds et al., 2015; Zhao et al., 2017).
TLR4, MyD88 and NF-xkB are widely expressed in the
maternal-fetal interface, and their expressions are increased
in the placenta of women with PE (Zhu et al., 2013; Bounds
etal., 2015; Qian et al., 2015; Xue et al., 2015). Similarly, the
cytokines TNF-q, IL-6 and MCP-1, are increased in PE pa-
tients, both systemically and within placental tissue (Xue
etal., 2015). Zhao etal. (2017) found both TLR4 and NF-«B se-
rum expressions to be elevated in PE patients and demon-
strated that either could be used as a serum marker for PE
diagnosis. In vitro studies showed that binding of LPS by
TLR4 in trophoblasts increased cytokine secretion signifi-
cantly and resulted in monocyte chemotaxis (Yeh et al.,
2013). Furthermore, TNF-a infusion in pregnant mice was as-
sociated with placental TLR4 up-regulation and resulted in
the development of both hypertension and proteinuria
(Bomfim et al., 2017). Preliminary investigations into the po-
tential therapeutic application of immune modulation in PE
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have yielded promising results. Qian ef al. (2015) showed vi-
tamin D3 supplementation to decrease peripheral blood
monocyte TLR4 expression, serum pro-inflammatory cyto-
kines and PE incidence in at-risk pregnant women. Addition-
ally, down-regulation of the TLR4 signalling pathway with
curcumin attenuated both high BP and proteinuria in a rat
model of PE (Gong et al., 2016). While still very few, these
results highlight the potential therapeutic application of
TLR4 modulation in preventing PE. Further investigation is
warranted to understand whether the supplements tested
would provide similar findings in different models/types of
hypertension.

Obesity-associated hypertension

Development of obesity-associated hypertension has been
linked with metabolic dysregulation, autonomic dysregula-
tion and vascular dysfunction (endothelial dysfunction and
arterial stiffening) (Kang, 2013; Matsuda and Shimomura,
2013; Li et al.,, 2016b; Reho and Rahmouni, 2017). The
chronic low-grade inflammatory state associated with obesity
is characterized by elevations in cytokines, ROS production
and secretion and immune cell recruitment (Kang, 2013;
Matsuda and Shimomura, 2013; Schneider et al., 2015;
Catrysse and van Loo, 2017). Hypertrophy of adipose tissue
induces the production of inflammatory mediators (TNF-a,
IL-6, MCP-1 and iNOS) from adipocytes, which leads to re-
cruitment of immune cells, especially macrophages and T
lymphocytes, to the adipose mass (Kang, 2013; Matsuda and
Shimomura, 2013; Schneider et al., 2015; Catrysse and van
Loo, 2017). Both adipocytes and recruited cytokine-
producing immune cells continue production of pro-
inflammatory cytokines and chemokines, maintaining local
and, eventually, systemic inflammation (Kang, 2013;
Matsuda and Shimomura, 2013; Schneider et al., 2015;
Catrysse and van Loo, 2017). Ahmad et al. (2012) found a sig-
nificant elevation in TLR2 and TLR4 expression in adipocytes
and peripheral blood mononuclear cells from obese subjects
in correlation with increased cytokine levels, supporting the
notion that these TLRs may mediate crosstalk between me-
tabolism and the immune system. Obesity is also linked to
elevations in TLR4 ligands: Western diets provide pro-
inflammatory free fatty acids and alter the composition of
the gut microbiota, increasing intestinal permeability such
that LPS can translocate from the gut (Schneider et al.,
2015). Once in the bloodstream, these TLR4 ligands can
contribute to vascular-mediated alterations (Schneider
et al.,, 2015). Studies demonstrating elevated oxidative
stress and NADPH oxidase subunit expression in the hypo-
thalamus of obese rats, concurrent with antioxidant-
induced reduction of arterial BP and sympathetic nerve ac-
tivity in obese mice, suggest an important role for sympa-
thetic excitation in the pathogenesis of obesity-associated
hypertension (Matsuda and Shimomura, 2013). Together,
oxidative stress and inflammatory signalling are likely to
underlie the vascular dysfunction and development of
obesity-associated hypertension. Given that obesity-
associated hypertension is also associated with low-grade
chronic inflammation, the extent to which TLR4 is in-
volved in the genesis and/or maintenance of this disease
likely merits further exploration.
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Final remarks

As highlighted in this review, the chronic low-grade inflam-
mation observed in hypertension is due, in large part, to acti-
vation of TLR4 and its downstream signalling pathways.
Elevations in TLR4 expression have been observed in hyper-
tensive animal models across renal, neural, vascular and myo-
cardial tissues. When combined with the extensive evidence
of increased innate pro-inflammatory mediator profiles, it
can be postulated that inhibition of TLR4 signal transduction
would be globally beneficial in preventing the lifelong com-
plications associated with this disease. Furthermore, hyper-
tensive models have proven the ability of TLR4 inhibition
to ameliorate the deleterious effects of sustained hyperten-
sion. In some of the hypertensive models tested, inhibition
of TLR4 was also able to normalize elevated BP. Thus, design-
ing antagonists of TLR4 and its downstream signalling com-
ponents is a compelling strategy to pharmacologically target
the dysregulated TLR4 and, feasibly, the progression of
hypertension.

There is, however, much to be said for the remaining gaps
in our knowledge regarding TLR4 signalling in terms of their
application to therapeutic development. In this light, it must
be taken into consideration that TLR4, as a facet of the innate
immune system, is ultimately involved in both initial and
chronic innate immune activation states. The promotion of
inflammation is, first and foremost, a beneficial process,
protecting against invading pathogens and responding to
stress or injury. It is when this initial protective process be-
comes excessive or chronic that innate immune activation
and, specifically, TLR4 signalling, can be calamitous. With
overactivation, the disrupted immune homeostasis becomes
pathogenic, manifesting as chronic inflammation, such as
that observed in hypertension.

In Figure 2, we present several therapeutic targets known
to modulate TLR4 signal transduction, as well as potential tar-
gets for future pharmaceutical development. As illustrated,
activation of TLR4 triggers two signalling cascades, which ul-
timately lead to the production of pro-inflammatory cyto-
kines. Based on studies to date, it can be argued that NF-xB
is implicated as the principal downstream component, or-
chestrating aberrant innate immune system activity in hyper-
tension through TLR4. With similar recent findings of NF-«xB
dysregulation in other inflammation-associated diseases,
pharmaceutical constraint of this transcription factor un-
doubtedly demands further exploration, particularly as a
point of target given the multitude of crosstalk within the
TLR4 signalling web.

Multidisciplinary investigations suggest a plethora of ad-
ditional crosstalk mechanisms within and between the two
TLR4 pathways, and it is evident that TLR4 signal transduc-
tion is yet more intricate than we understand. While not
within the scope of this review, it is of note that all TLRs have
been shown to induce NF-«B activity upon stimulation, de-
spite their extensive diversity (Singh et al., 2014). Thus, high
specificity in an NF-kB governing agent is essential to combat-
ting potential activation of this pro-inflammatory transcrip-
tion factor either by other TLR pathways or by as of yet
undetermined TLR4 mechanisms. On the one hand, our lack
of knowledge regarding the extent of TLR4’s pathways in hy-
pertension may result in unforeseen complications with

putative therapeutics. On the other hand, the potential of
supplementary connections could allow for fewer pharma-
ceutical risks — by targeting the component essential to dis-
ease propagation rather than the entire cascade, it is
possible that the beneficial effects of TLR4 stimulation will
be retained.

Lastly, it is of critical importance that the potential risks
of targeting TLR4 in hypertension be considered. As evi-
denced by its vast array of ligands, the TLR4 pathway plays
a substantial role in shaping the immune response, and the
consequences of inhibiting this arm of the immune system
are still unclear. Essential hypertension is a chronic condi-
tion that often requires lifelong treatment and, as such,
the potential benefits of targeting TLR4 must be weighed
against the risks and disadvantages of immunosuppressant
treatment.

Nomenclature of targets and ligands

Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the IUPHAR/BPS Guide to PHARMACOLOGY (Harding
et al., 2017), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2017/18 (Alexander et al.,
2017a,b).
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