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1 | INTRODUCTION

Hypertension is one of the most prevalent chronic medical
conditions that is characterized by a persistent increase in arterial
pressure. It is a complex disorder and one of the most common
cardiovascular risk factors. Hypertension affects more than one
billion adults worldwide and contributes to substantial morbidity
and mortality (Wenzel et al., 2019).

Around 90% of hypertension cases are described as essential or
primary hypertension, where the exact cause is unclear. Patients with
secondary hypertension comprise a small minority of cases; these
patients have high blood pressure secondary to an identifiable cause
(Oparil et al., 2018). There are several mechanisms that are implicated

in the pathogenesis of hypertension. These include oxidative stress,
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Hypertension remains a major contributor to cardiovascular disease (CVD), a leading
cause of global death. One of the major insults that drive increased blood pressure is
inflammation. While it is the body's defensive response against some homeostatic
imbalances, inflammation, when dysregulated, can be very deleterious. In this
review, we highlight and discuss the causative relationship between inflammation
and hypertension. We critically discuss how the interplay between inflammation and
reactive oxygen species evokes endothelial damage and dysfunction, ultimately
leading to narrowing and stiffness of blood vessels. This, along with phenotypic
switching of the vascular smooth muscle cells and the abnormal increase
in extracellular matrix deposition further exacerbates arterial stiffness and
noncompliance. We also discuss how hyperhomocysteinemia and microRNA act as
links between inflammation and hypertension. The premises we discuss suggest that
the blue-sky scenarios for targeting the underlying mechanisms of hypertension

necessitate further research.

cardiovascular disease, cytokines, endothelium, microRNA, vascular smooth muscle

endothelial dysfunction, hyperhomocysteinemia, vascular smooth
muscle cell (VSMC) phenotype switching and alteration in the
extracellular matrix composition (Dinh et al., 2014; Krzeminska
et al., 2022; Prado et al., 2021). These abnormalities can be
precipitated by inflammation, which is a localized reaction to a
pathogen or tissue injury that leads to damaged tissue repair with the
intent of harmful agent elimination (Dinh et al., 2014). In fact,
vascular inflammation and immune system activation have been
increasingly recognized as the inciting events in hypertension
(Nasser et al., 2021). Contextually, a positive correlation between
levels of inflammatory mediators and blood pressure has been
reported in many clinical studies (Angeli et al., 2021). In this regard,
high circulating levels of tumor necrosis factor-alpha (TNF-a),
(Puszkarska et al., 2019) interleukin-6 (IL-6), C reactive protein
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(CRP) (Chamarthi et al., 2011), and leukocytes (Tatsukawa et al., 2008)
have been found in hypertensive patients compared to normotensive
subjects (Dinh et al., 2014; Patrick et al., 2021). In this review, we
discuss how the interplay between vascular inflammation and the
underlying pathological processes precipitates hypertension.

2 | THE INTERPLAY BETWEEN
OXIDATIVE STRESS AND INFLAMMATION

A prominent feature in inflammation-induced hypertension is the
elevation in the levels of reactive oxygen species (ROS) leading to
conditions of oxidative stress. Under normal conditions, when
immune cells are faced with a pathogen, they attack by releasing
ROS, such as hydrogen peroxide and superoxide by the action of
enzymes like NADPH oxidase, to protect the body from the invading
organisms (Vaziri & Rodriguez-lturbe, 2006). In such an inflammatory
state, neutrophils and other inflammatory cells are attracted and bind
to endothelial cells through adhesion molecules, namely leukocyte
cell adhesion molecules (CAMs), which activate leukocytes (Justin
Rucker & Crowley, 2017). Activated leukocytes produce pro-
inflammatory cytokines and chemokines, which further lead to more
elaboration of ROS (He et al., 2020). Reciprocally, the profusely
generated ROS contribute to inflammatory reactions in blood vessels
by promoting immune cell activation and subsequent production of
pro-inflammatory cytokines, thus creating a feed-forward vicious
cycle (Li & Trush, 2016). Additionally, the produced ROS provoke
endothelial dysfunction via oxidation of proteins essential for cellular
signaling (Mittal et al, 2014). The dysfunctional endothelial cells
attract and bind platelets, promoting a pro-thrombotic phenotype
(Crowley, 2014). This increases the risk of developing serious
complications of hypertension, namely myocardial infarcts and deep
vein thromboses.

ROS are also known to oxidize arachidonic acid-generating
metabolites such as isolevuglandins (IsoLGs) (Davies et al., 2020).
IsoLGs are reactive molecules that have the ability to covalently
interact with the lysine residues of proteins (Dixon et al., 2017).
These newly formed protein adducts are not subject to degradation
by proteasomes and are even able to inhibit proteasomal activity. The
protein adduct-induced inhibition of proteasomes evokes the
activation of the inflammatory nuclear factor kappa B (NF-kB)
pathway, leading to the production of inflammatory cytokines and
chemokines (Xiao et al., 2018). Additionally, IsoLG-adducted proteins
are presented by dendritic cells as neoantigens to T cells of the
adaptive immune system. This leads to T-cell activation, which will
further promote the release of more inflammatory intermediates
(Kirabo, 2017). Notably, T cells can infiltrate the renal system where
they can release their pro-inflammatory mediators, which disturb the
normal functioning of the vasculature, subsequently leading to
sodium and water retention, and ultimately blood pressure elevation
(Xiao et al., 2018). As such, the inflammatory mediators and
ROS synergistically coordinate in precipitating perturbations in

blood pressure.
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Inflammation-induced oxidative stress is accentuated by an
exhausted antioxidant system. Antioxidants elicit their protective
effects by preventing and offsetting the detrimental effects of ROS.
Major entities in the antioxidant system are ROS scavengers, such as
superoxide dismutase (SOD), catalase, glutathione peroxidase (GPx),
peroxiredoxins (Prx), heme oxygenease-1 (HO-1), thioredoxin (Trx),
and glutathione (Montezano & Touyz, 2012). Excessively produced
ROS under inflammatory conditions interact with the antioxidant
molecules, resulting in depletion of the antioxidant pool, hence
blunting the cellular defense mechanisms. Moreover, ROS can inhibit
sirtuin 1 (SIRT1) activity via oxidizing its cysteine residues (Gallo
et al.,, 2021). Of note, SIRT1 is a NAD-dependent deacetylase enzyme
involved in major metabolic processes such as apoptosis, energy
expenditure, and inflammation (Dakroub et al., 2020). In the context
of the latter, ROS-abrogated SIRT1 activity provokes the NF-kB
signaling pathway, which mediates pro-inflammatory signaling
responses and drives a reduced expression of antioxidant enzymes
such as SOD, catalase, and Trx (Fisslthaler & Fleming, 2009).
Moreover, a body of evidence suggests that a deficiency or
impairment in antioxidants culminates in elevated blood pressure.
For instance, mice deficient in mitochondrial SOD, an enzyme that
converts oxygen radicals (type of ROS) into molecular oxygen,
exhibited salt-sensitive hypertension compared to wild-type mice
(Vaziri, 2008). In addition, depleted levels of GPx, an enzyme that
oxidizes glutathione, resulted in raised blood pressure in mice.
Furthermore, inhibition of GSH synthase in mice caused a marked
elevation in blood pressure as a result of a three-fold decrease in
tissue glutathione levels (Vaziri et al., 2000). On the other hand, a
deficiency in antioxidants has been shown to enhance vascular
inflammation. In this regard, GPx-1 suppression has been shown to
promote a pro-inflammatory phenotype in endothelial cells via
augmenting leukocyte adhesion expression in an NF-kB-dependent
manner (Incalza et al., 2018; Lubos et al., 2011). Moreover, HO-1
deficient mice exhibit a significant increase in chemokine receptor
CCR2 expression in monocytes and the aorta, leading to increased
aortic infiltration of monocytes and neutrophils and more pro-
nounced leukocyte rolling and adhesion to the endothelial cell layer
(Wenzel et al., 2015). These findings demonstrate that disruption of
the antioxidant system and depletion of its mediators has been
correlated with elevated levels of blood pressure and concomitant
augmentation of the inflammatory response. Hence, inflammation
and oxidative stress are tightly linked pathophysiological culprits
of hypertension.

The crosstalk between inflammation and oxidative stress con-
tributes to hypertension as demonstrated in the activity switch of
xanthine oxidoreductase. Xanthine oxidoreductase performs
various enzymatic activities, namely oxidation, reduction, and
dehydrogenation depending on the circumstances (Battelli
et al.,, 2016a). In its oxidase form, it catalyzes the oxidation of
hypoxanthine to xanthine and further into uric acid (Figure 1). This
coupled reaction results in the production of oxygen radicals from
molecular oxygen (Harrison & Gongora, 2009). The switching from

the xanthine dehydrogenase form to the xanthine oxidase form is
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FIGURE 1 The activity of xanthine oxidoreductase is augmented under inflammatory conditions, leading to the production of reactive
oxygen species (ROS), which will in turn cause endothelial dysfunction and promote pro-thrombotic phenotypes, leading to hypertension.

achieved by oxidation of the cysteine residues 532 and 992 and/or oxidase activity has been implicated in the induction of endothelial
proteolytic conversion (Incalza et al., 2018). Endothelial xanthine inflammation and in the regulation of vascular tone and blood
oxidase activity is enhanced under inflammatory conditions and pressure (Battelli et al., 2016b).

contributes to the production of ROS, which as discussed earlier, will Several lines of evidence demonstrate that xanthine oxidase
contribute to endothelial dysfunction leading to elevated blood activity is increased two-fold in treatment-resistant hypertensive
pressure (Battelli et al., 2016a). Additionally, enhanced xanthine patients when compared to healthy individuals, and that it is
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positively correlated with left diastolic dysfunction and left ventricle
mass hypertrophy, two common manifestations of hypertension
(Butts et al., 2019).

3 | THE INTERPLAY BETWEEN
ENDOTHELIAL DYSFUNCTION AND
INFLAMMATION

The endothelium plays a key role in the regulation of vascular tone
through the synthesis of nitric oxide (NO), prostaglandins, and other
relaxing molecules. Endothelial dysfunction is characterized by a
phenotypical alteration of the vascular endothelium characterized by
a pro-inflammatory, prothrombotic, and pro-constrictive state.
Therefore, endothelial dysfunction significantly participates in the
pathogenesis of hypertension (Gallo et al., 2021), and many studies
point out to the association between the two (Leong et al., 2010; Ng
et al.,, 2012; Zhang et al., 2014). One proposed mechanism by which
inflammation sparks off hypertension-associated endothelial dys-
function is endothelial activation, which refers to the upregulation of
chemokines and CAM, such as intracellular adhesion molecule
(ICAM)-1 and vascular cell adhesion molecule (VCAM)-1, (Li &
Trush, 2016) and other proteins involved in cell-cell interactions
(Sun et al., 2019). Multiple triggering factors include circulating
inflammatory cytokines, TNF-a, and ROS (Steyers & Miller, 2014).
Subsequent to this increased endothelial expression of adhesion
molecules and chemoattractant secretion, recruitment and activation
of neutrophils is prompted (Quillard et al., 2015). Activated
neutrophils further generate ROS, which, as discussed earlier, play
a key role in the progression of inflammation. In addition, neutrophil
activation propels the production of neutrophil extracellular traps
(NETs), filamentous extracellular DNA structures coated with
histones and granule-derived proteins, which are known to further
contribute to local endothelial inflammation (Yu et al., 2022). In a
similar fashion, T cells and macrophages are recruited into the artery
wall, whereby they profoundly secrete pro-inflammatory cytokines
activating other macrophages and endothelial cells and thus exacer-
bating local inflammation (Wu et al., 2017). Obviously, these findings
support a closely related bidirectional relationship between inflam-
mation and endothelial dysfunction in eliciting hypertension.
Another potential mechanism by which inflammation induces
endothelial dysfunction is by impairing the synthesis and activity of
the endothelium-derived NO. NO is a prominent vasodilator
produced under normal conditions by endothelial nitric oxide
synthase (eNOS) (Bruno et al., 2018). However, under inflammatory
conditions, the generated ROS suppress NO synthesis by uncoupling
the eNOS through two main mechanisms. In one mechanism, ROS
depletes the eNOS's tetrahydrobiopterin (BH4) cofactor pool by
oxidizing it to BH3, (Suresh & Shimoda, 2017). Alternatively, eNOS
uncoupling occurs through ROS-mediated oxidation and subsequent
denaturation of the Zn-thiolate cluster, an important subunit of
eNOS (Suresh & Shimoda, 2017). Instead of producing NO,
uncoupled eNOS generates superoxide anions, which react with
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existing NO, elaborating peroxynitrite (ONOO). ONOO in known to
oxidize BH4 cofactor, further contributing to eNOS uncoupling and
decreased NO availability (Schramm et al., 2012).

On the other hand, inflammation-evoked endothelial dysfunction
may ensue from decreased eNOS mRNA stability. It has been shown
that many pro-inflammatory cytokines, namely TNF-q, IL-1f, or
interferon-y, upregulate miR-155 in human endothelial cells via NF-
kB-dependent pathway. Upregulated miR-155 induces eNOS mRNA
destabilization, which is correlated with decreases of eNOS activity
and NO production (Sun et al., 2012).

There are quite a few mechanisms by which decreased NO
availability contributes to hypertension. Along with the loss of its
vasodilatory effect, increased renal vascular resistance and subse-
quent inhibition of natriuresis are believed to be associated with
reduced levels of NO. Thus, sodium and water retention raise blood
pressure, precipitating salt-sensitive hypertension (McMaster
et al., 2015). Furthermore, reduced NO levels in the brain stimulate
the activity of the sympathetic nervous system, resulting in intense
vasoconstriction (Sartori et al., 2005). This exaggerated vaso-
constriction will ultimately, in case, the blood pressure through the

loss of the vasodilatory tone (Figure 2).

4 | HYPERHOMOCYSTEINEMIA AS A LINK
BETWEEN INFLAMMATION AND
HYPERTENSION

Hyperhomocysteinemia is widely recognized as an independent risk
factor for hypertension. Indeed, numerous clinical studies have
confirmed a positive correlation between hyperhomocysteinemia and
hypertension (Wang et al., 2014; Wu et al., 2018; Zhong et al., 2017).
Homocysteine, a substrate in methionine metabolism, is elevated in
cases of nutritional deficiencies in vitamin cofactors B6, B9, and B12
and/or mutations in the enzymes responsible for its clearance
(Familtseva et al, 2016). Vitamin B6 is an essential cofactor for
cytokine production (Doke et al., 1998) and for lymphocyte prolifera-
tion/activation, (Kwak et al., 2002) both of which are characteristic
features of the inflammatory response. Hence, an inflammatory state
would cause depletion of vitamin B6 which in turn leads to elevated
levels of homocysteine (Morris et al, 2010). Indeed, numerous
epidemiological studies have demonstrated elevated homocysteine
levels in inflammation-related conditions, such as rheumatoid arthritis
(Lazzerini et al., 2006), acute coronary syndrome (El Oudi et al., 2011),
and inflammatory bowel disease (Oussalah et al., 2011).
Hyperhomocysteinemia has been implicated in modulating inflam-
matory responses via various mechanisms. For instance, homocysteine
upregulates the expression of cytokines and chemoattractants in
monocytes (Meng et al., 2013) and endothelial cells (Poddar
et al., 2001). Moreover, owing to its highly reactive thiol group,
homocysteine undergoes autoxidation leading to the production of
hydrogen peroxide and superoxides (Familtseva et al., 2016). In line
with that, others have shown that under conditions of hyperhomo-

cysteinemia, there is an increased expression of NADPH-oxidase
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FIGURE 2 Inflammation-generated ROS leads to NOS uncoupling, BH4 cofactor depletion, and increased peroxynitrite levels, which are all
factors that decrease NO levels, leading to increased sympathetic activity, sodium and water retention, as well as loss of vasodilatory tone, three
mechanisms that are all implicated in the pathogenesis of hypertension. NOS, nitric oxide synthase; ROS, reactive oxygen species.

(NOX) enzyme, which further increases the cellular pool of oxidants,
precipitating oxidative stress (Cheng et al., 2009). Elevated levels of
oxidants disrupts the oxidant-antioxidant balance by abrogating the
activity and expression of the antioxidant enzyme glutathione
peroxidase (Austin et al, 2004). Hyperhomocysteinemia-driven

oxidative stress has also been shown to initiate inflammation via
activating NF-kB transcription factor (Au-Yeung et al., 2004).
Importantly, hyperhomocysteinemia can cross-activate toll-like-
receptor 4 (TLR4) (McCarthy et al., 2014). TLR4 are membrane
receptors that are expressed abundantly in vascular cells. Normally,
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TLR4 recognizes pathogen-associated molecular patterns (PAMPs),
the products released by pathogen breakdown, and the damage-
associated molecular patterns (DAMPs), the endogenous molecules
secreted by injured cells (Molteni et al., 2016). Homocysteine-
mediated activation of TLR-4 triggers inflammation via inducing
activation and translocation of NF-kB, leading ultimately to increased
pro-inflammatory cytokine expression of IL-1, IL-6, and TNF-a
(Familtseva et al., 2016). The chronic vascular inflammation mediated
by these cytokines leads to mitochondrial-dependent apoptosis
(Familtseva et al., 2016; Kim et al., 2006; Sipkens et al., 2013).
Notably, mitochondria-dependent apoptosis is implicated in promot-
ing vascular remodeling (Zhang et al., 2016), a process that leads to
diameter constriction and lumen narrowing of blood vessels, thus
contributing to elevated systemic vascular resistance in hypertension
(Figure 3).

Elevated levels of homocysteine also contribute to endothelial
dysfunction by inhibiting the action of NO. The thiol groups of
the homocysteine molecule can react with NO to form
S-nitrosohomocysteine, decreasing the bioavailability and hence the
activity of NO (Cheng et al., 2009). Another hyperhomocysteinemia-
related endothelial dysfunction event involves the activation of
angiotensin Il (Ang Il) receptor. AT1. When bound to its receptor, Ang
Il regulates the vasomotor tone and thus regulates blood pressure
level (Carnagarin et al., 2019). Hyperhomocysteinemia results in the

[ Hyperhomocyteinemia ]
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release of vasoconstrictor prostanoids, such as prostaglandin F2a
(PGF2a), prostaglandin H2 (PGH2), and thromboxane A2 (TXAZ2),
which activate AT1, ultimately leading to a vasocontractile response

and thus hypertension (Hernanz et al., 2014).

5 | IMPACT OF INFLAMMATION ON
VASCULAR SMOOTH MUSCLE CELLS
PHENOTYPIC SWITCHING

Endothelial cells lining blood vessels are surrounded by VSMCs,
whose contraction and relaxation are critical regulators of vasotone
and blood pressure (Brozovich et al., 2016). Inflammatory conditions
could lead to endothelial cell dysfunction, as well as alterations in the
phenotype of the VSMCs (Virdis et al., 2014). VSMCs assume either a
contractile differentiated or a dedifferentiated synthetic phenotype
depending on various cues and insults (Sawma et al, 2022).
Phenotypic switching is regulated by several mechanisms, including
inflammatory stimuli. Inflammatory cytokines, like TNF-a and IL-1,
which bind to lectin-like oxidized low-density lipoprotein receptor
(LOX-1), a type of oxidized low-density lipoprotein receptor
abundantly present on VSMCs, are key players in the onset of the
switch (Cheng et al, 2009). In addition, during inflammation,
PAMPs and DAMPs bind to TLR-4 (Caillon & Schiffrin, 2016).

() R4

Macrophage

Inward remodeling

Intima

=
O Media
E=o==)

Adventitia

Hypertension

FIGURE 3 Elevated levels of homocysteine during inflammation activate TLR-4, receptors on macrophages, which releases inflammatory
cytokines that promote mitochondrial-dependent apoptosis of endothelial cells leading to narrowed vasculature and, thus hypertension.
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Activation of LOX-1 and TLR-4 drives the downstream NF-«kB
inflammatory pathway, leading to a change in the VSMC phenotype
(Grootaert et al., 2018).

Inflammation-triggered switching of VSMC to a proliferative
phenotype is also mediated by microRNAs (miRNAs) (Kim et al., 2023).
A miRNA is a short noncoding single-strand RNA that binds to
messenger RNAs (mRNAs), regulating gene expression (Suzuki &
Miyazono, 2012). Evidence shows that inflammation-induced
deactivation of miR-22 provokes VSMC proliferation through a
p53-dependent mechanism (Yang et al., 2018a). miR-22 usually
prevents VSMC phenotype switching and blocks neointima formation
by inhibiting its downstream target genes, methyl-CpG binding
protein 2 (MECP2) and histone deacetylase 4 (HDAC4). However,
in the presence of platelet-derived growth factor BB (PDGF-BB), a
growth factor, which increases dramatically during inflammation,
miR-22 transcription is significantly inhibited, thus promoting VSMC
proliferation and, hence VSMC switching (Andrae et al., 2008).

VSMC switching may be regulated by another miRNA, such as
miRNA-17 in an NF-kB-dependent manner. miR-17 stimulates the
proliferation of VSMCs through different mechanisms, including
directly binding to the 3'-untranslated region of retinoblastoma (Rb)
mRNA, a key tumor suppressor and cell cycle regulator (Yang
et al., 2018b). This increases the levels of cell cycle-regulating factors,
namely E2F1 and proliferating cell nuclear antigen (PCNA), thus
enhancing G1/S cell cycle transition, DNA synthesis, and mitosis
(Yang et al., 2018b). miR-93, another specific microRNA that belongs
to the miR-17 cluster, has been also reported to increase VSMC
proliferation. In contrast to other miRNAs, inhibiting miR-93
expression has been shown to suppress VSMC proliferation and

Activated NOD-Like
receptor

FIGURE 4

=
o™

migration due to decreased cyclin D1 levels, which was achieved
through various cellular pathways, such as the Raf-ERK1/2 pathway
(Feng et al., 2019). VSMC proliferation leads to a decreased wall-to-
lumen ratio of blood vessels, also known as hypertrophic remodeling,
which causes hypertension (Figure 4).

VSMC phenotype switching can also be triggered by activation of
the nucleotide-binding oligomerization domain (Nod)-like receptor
containing pyrin domain 3 (NLRP3) inflammasome in an NF-kB
dependent manner (De Miguel et al., 2015). On activation, NLRP3
forms a complex with its adaptor, facilitating the conversion of
procaspase-1 into caspase-1, the active form (Nishida & Otsu, 2017).
The activated caspase-1 processes pro-IL-1B into mature IL-1B, an
inflammatory cytokine that triggers an inflammatory response
(Barrows et al., 2019). IL-1B results in decreased expression of
contractile proteins such as a-smooth muscle actin (a-SMA) and
smooth muscle 22a (SM22a) (Cho et al.,, 2018). These contractile
proteins are markers of VSMC, and their downregulation indicates
vascular remodeling, where blood vessels have decreased recoil and
increased stiffness, hence leading to hypertension (Sun et al., 2017).

The impact of inflammation on the VSMC phenotypic switching
has been investigated within the context of oxidative stress (Badran
et al, 2020). Under pathological inflammatory conditions, the
generated ROS interact with and oxidize low-density lipoprotein
(LDL) producing oxidized LDL (oxLDL) (Agita & Alsagaff, 2017). In
VSMCs, oxLDL promotes phenotypic switching towards the pro-
inflammatory phenotype associated with dedifferentiation and prolif-
eration. At high concentrations, oxLDL induces LOX-1-mediated
apoptosis of VSMCs by increasing expression of the apoptotic cellular
protein Bax (Chistiakov et al., 2015). VSMC apoptosis releases DAMPs,

P

MECP2 mRNA

/ Cell proliferation
\ ) R
e N
HDAC4 mRNA

’ 4 - ‘s
Rb mRNA —
Enhanced G1/S cell

cycle tr

=————ep> Decreased synthesis of
contractile proteins (a-SMA)

VSMC
== | phenotype
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Inflammatory pathways lead to transcription of microRNAs (miRNA), including miR-22 and miR-17 that enhance cell proliferation

and vascular smooth muscle cell (VSMC) phenotype switching. Inflammatory pathways also lead to caspase activation that decreases synthesis

of contractile proteins, also leading to VSMC phenotypic switching.
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which contribute to further inflammation and VSMC remodeling by
activating their NF-kB pathways (Allahverdian et al., 2018). Together,
hyperplasia, hypertrophy, and dedifferentiation of VSMCs form a
vicious cycle that eventually precipitates hypertension (Al Attar
et al,, 2022; De Ciuceis et al., 2014).

6 | ECM DEPOSITION IN INFLAMMATION
AS A CONTRIBUTOR TO HYPERTENSION

Inflammatory mediators, such as transforming growth factor B (TGF-
B), IL-1B, and TNF-a, cause endothelial cells to loss many of their
markers and acquire mesenchymal ones. This endothelial-to-
mesenchymal transition (EndMT) leads to endothelial dysfunction,
exhibited by the loss of the endothelial cell ability to secrete enzymes
necessary to maintain homeostasis in the composition of the
extracellular matrix (ECM) of the vessel (Cho et al., 2018; Giordo
et al., 2021). The ECM is composed of laminin, collagen IV, elastin,

and perlecan, with collagen being responsible for the strength and

Normal Conditions

Endothelial to hymal transition
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stiffness of the vessel wall (Chistiakov et al., 2015). Endothelial cells
secrete enzymes, such as matrix metalloproteinases, responsible for
the degradation of excess collagen under normal conditions (Duca
et al., 2016). With EndMT, these enzymes are no longer secreted in
adequate amounts by the endothelial cells, causing deposition of
excess collagen in the wall of the vessel (Thenappan et al., 2018). This
increases the ratio of collagen to elastin, where the latter is
responsible for the elastic ability of the vessel to dilate and constrict
with varying levels of blood pressure (Familtseva et al., 2017). Hence,
an increase in this ratio decreases compliance and contributes to
hypertension (Figure 5).

Changes in the ECM composition can also precipitate or
exacerbate hypertension via a different mechanism that involves
CD44, a cell surface glycoprotein. Signaling via ROS during
inflammation leads to the increased expression of CD44 and
synthesis of hyaluronic acid, a component of the ECM (Carnagarin
et al., 2019). CD44 interacts with hyaluronic acid to transmit pro-
inflammatory signals to VSMCs. In response to these signals, VSMCs
release vascular cell adhesion molecule | (VCAM-1) and start

Elastic ability
to dilate

Loss of
vasodilatory
ability

Hypertension

FIGURE 5 Under normal conditions, an increase in blood volume is met with an increase in vessel diameter due to the elastic ability of the
vessels to dilate. Under inflammatory conditions, endothelial to mesenchymal transition causes an excess collagen deposition unable to be
degraded by MMPs, leading to loss of vasodilatory ability and hence hypertension.

85U8017 SUOWWIOD AITeID) 8|qet[dde 8y} Ag peusenob aJe So il O ‘8sN J0 S8|nJ o} Akeid8UIUO AS|IA UO (SUOTIPUOD-PUB-SWLB) W00 A8 1M Ale.q1|BulUoy/:SANy) SUONIPUOD pue swie | 8y} 8es *[1Z0z/c0/.2] uo Ariqiauliuo Ae|Im ‘NONVYEE T-IdVNIH Aq 6TOTE dol/Z00T 0T/I0p/wod Ao im Areiqjuluoy/:sdny woiy pepeojumod ‘9 ‘€202 ‘ZS9v.60T



ABOUKHATER ET AL.

1156 Journalof:
—LWI |} DA & Ccllular Physiology

migrating (Vendrov et al., 2019). VSMC migration occurs under
normal conditions during tissue repair (Louis & Zahradka, 2010). A
proliferative and migratory phenotype is necessary to induce ECM
deposition, leading to vascular healing. However, this very phenotype
may also be pathologic under conditions where VSMCs start to
produce excess ECM that hinders their normal contractile ability
(Duca et al., 2016). Under these conditions, VSMCs no longer
withstand or properly respond to situations of increased levels of

blood pressure, thus hypertension ensues.

7 | CONCLUSION AND FUTURE
PERSPECTIVES

Inflammation has been implicated in the pathogenesis of hyper-
tension. Many underlying mechanisms have been explored. These
include elicitation of oxidative stress, endothelial dysfunction,
increased VSMCs stiffness, and abnormal ECM deposition. We,
therefore, stress upon the focus of future research on targeting
inflammation-mediated pathways as a method of treatment for
hypertension. For example, drugs that stabilize the levels of ROS in
the body can be suggested as anti-hypertensive medications in future
studies. Alternatively, intervening with VSMC phenotype switching
pathways, including miRNAs and their target represents very
promising potential pharmacotherapeutic targets for the manage-

ment and treatment of hypertension.
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