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ARTICLEINFO ABSTRACT

Hypertension remains one of the leading causes of mortality globally, with complex mechanisms involving hormonal
regulation and vascular reactivity. Recent studies have identified the Liver X receptor (LXR) as a potential key
modulator in the regulation of blood pressure and vascular function. LXRs play a critical role in the modulation of the
renin-angiotensin-aldosterone system (RAAS), which is central to blood pressure homeostasis. This review explores
the relationship between LXRs and hypertension, emphasizing the role of LXR agonists in modulating renin gene
transcription and angiotensin Il (Ang Il)-mediated vascular responses. LXR activation has been shown to
downregulate angiotensin Il receptor expression (AT1 and AT2), thereby reducing vascular responsiveness to Ang Il
and lowering blood pressure. Additionally, LXR agonists such as T0901317 and GW3965 have been demonstrated to
decrease NF-kB and TNF-a expression in hypertensive models, contributing to reduced inflammation and improved
endothelial function. Moreover, LXR agonists enhance nitrite production and improve nitric oxide (NO)
bioavailability, which are crucial for vascular health. These findings highlight the potential of LXRs as therapeutic
targets for hypertension management. Targeting LXR pathways could provide a novel approach to controlling blood
pressure through modulation of the RAAS and inflammatory pathways, offering new avenues for therapeutic
intervention in hypertensive patients.
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1. Introduction

Hypertension, characterized by elevated systolic,
diastolic, or both blood pressures beyond normal
levels, is a widespread condition in both
industrialized and developing nations, with its
prevalence increasing with age [1]. It occurs when
the long-term force of blood against the walls of the
arteries becomes high enough to cause health
complications such as heart disease. Chronic high
blood pressure significantly raises the risk of
developing severe health problems, including heart

disease, heart attack, and stroke [2].

Blood pressure is determined by two primary
factors: the amount of blood the heart pumps and the
resistance the arteries exert against blood flow.
When the heart pumps more blood or the arteries
become narrower, blood pressure increases,
measured in millimeters of mercury (mm Hg).
Hypertension is the leading preventable risk factor
for cardiovascular diseases (CVDs), which include
coronary heart disease, heart failure, stroke,
myocardial infarction, atrial fibrillation, and
peripheral artery disease. It is also a significant
contributor to chronic kidney disease (CKD), which
remains one of the leading causes of death and
disability globally, and is associated with cognitive
decline [1]. Hypertension continues to be the
primary cause of mortality and disability worldwide
[2] and is projected to remain a leading health issue
in 2040 [3].

According to the 2003 guidelines, hypertension is
defined as a blood pressure exceeding 140/90 mm
Hg. However, the 2017 guidelines have lowered the
threshold for hypertension, now defining it as blood

pressure higher than 120/80 mm Hg.
1.1 Types of Hypertensions

Primary (Essential) Hypertension
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Primary hypertension, which accounts for 90-95%
of hypertension cases, refers to high blood pressure
without a specific identifiable cause. It is primarily
influenced by a combination of genetic
predisposition and lifestyle factors. Key risk factors
include obesity, smoking, excessive alcohol

consumption, and a diet rich in sodium.
Secondary Hypertension

Secondary hypertension results from an identifiable
cause, such as chronic kidney disease, narrowing of
the renal arteries, hormonal imbalances, or the use
of certain medications like contraceptive pills. This
type accounts for the remaining 5-10% of

hypertension cases.
1.2 Pathophysiology of Hypertension
1.2.1 Blood Pressure Regulation

Blood pressure is regulated through several
interrelated factors, including cardiac output (the
volume of blood the heart pumps per minute), blood
volume, and arterial tone. These factors are
influenced by intravascular volume and various
neurohumoral systems. Key regulators include the
sympathetic nervous system (SNS), immune system,
natriuretic peptides, endothelial function, and the
renin-angiotensin-aldosterone  system (RAAS).
Disruptions or malfunctions in any of these systems
can lead to sustained high blood pressure, blood
pressure fluctuations, or both. Over time, these
conditions can result in organ damage, such as left
ventricular hypertrophy, chronic kidney disease, and

cardiovascular complications [4].
1.2.2 Sodium Homeostasis

Excess sodium in the blood leads to water retention,
which in turn increases blood volume and raises
blood pressure. Individuals who experience a
significant increase in systolic blood pressure (at

least 10 mmHg) within hours of consuming salt are
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considered salt-sensitive. Salt sensitivity is often
associated with endothelial dysfunction, which may
arise due to genetic predispositions or
environmental factors. These individuals tend to
have an overproduction of transforming growth
factor (TGF) and lower levels of nitric oxide,
making them more vulnerable to oxidative stress and
tissue fibrosis. Even in those who are generally
resistant to salt, prolonged high salt intake can
impair endothelial function, alter gut microbiota,
increase salt sensitivity, and eventually contribute to
the development of hypertension [5]. Additionally,
high salt intake activates T-helper cells, which can
trigger autoimmune responses, further exacerbating

hypertension [5].

1.2.3 Renin-Angiotensin-Aldosterone  System
(RAAS)

The RAAS plays a pivotal role in the development
of hypertension by regulating blood pressure and
sodium balance. It is crucial in controlling sodium
retention, pressure natriuresis (reduced sodium
reabsorption and increased sodium excretion), salt
sensitivity, vasoconstriction, endothelial
dysfunction, and vascular damage [4]. The RAAS
maintains the kidney's pressure-volume balance.
Renin, produced and stored by the juxtaglomerular
cells in the kidneys, is released in response to
external stimuli. Renin cleaves angiotensinogen to
form angiotensin 1, which is further converted to
angiotensin 1l. Angiotensin Il is a potent

vasoconstrictor and a key mediator of hypertension.
1.2.4 Natriuretic Peptides

Atrial natriuretic peptide (ANP) and brain
natriuretic peptide (BNP) play essential roles in
regulating hypertension and salt sensitivity. These
peptides are crucial for maintaining blood pressure
and sodium homeostasis, particularly during periods

of sodium loading [6]. Their natriuretic and
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vasodilatory properties help control blood volume
and reduce blood pressure. ANP and BNP are
released in response to sodium overload, which
causes stretch in the atria and ventricles, leading to
systemic vasodilation, a reduction in plasma volume
(due to fluid movement from the intravascular to the

interstitial space), and a decrease in blood pressure

[7].

These peptides exert direct effects by reducing the
activity of sodium-glucose co-transporters and Na+-
K+-ATPase in the proximal tubule, as well as
inhibiting the epithelial sodium channel in the distal
nephron. Indirectly, they reduce the release of
aldosterone and renin. A deficiency in natriuretic
peptides has been associated with exacerbated
hypertension. Corin, a serine protease primarily
expressed in the heart, is responsible for activating
ANP and BNP from their precursor forms (pro-ANP
and pro-BNP). Corin deficiency has been linked to
conditions such as volume overload, heart failure,
and salt-sensitive hypertension [8]. Additionally,
reduced levels of natriuretic peptides are associated
with insulin resistance and type 2 diabetes, and
obesity has been shown to exacerbate this shortage,
possibly due to increased expression of the
natriuretic peptide scavenger receptor NPR-C in

adipose tissue [9].
1.2.5 Sympathetic Nervous System

The sympathetic nervous system (SNS) is more
active in individuals with hypertension compared to
normotensive individuals. It is also more
pronounced in obese individuals, men, and those
with advanced renal disease [10]. Elevated
sympathetic activity has been identified in
normotensive individuals with a family history of
hypertension, as evidenced by increased
catecholamine spillover and higher sural nerve
activity, measured through microneurography [11].
Increased sympathetic activity is correlated with
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more severe hypertension [12]. It is particularly
evident in conditions such as obesity-related
hypertension, metabolic syndrome, and
hypertension exacerbated by heart failure or renal

disease [13].
1.2.6 Endothelial Dysfunction

Vascular endothelial cells are critical in
cardiovascular regulation due to their role in
producing potent vasoactive substances, such as
nitric oxide (a vasodilator) and endothelin (a
vasoconstrictor). Endothelial dysfunction has been
closely associated with essential hypertension in

humans.

One potential therapeutic approach for mitigating
the adverse effects of hypertension is the restoration
of endothelial function. Certain antihypertensive
medications have been shown to improve the
production of nitric oxide, which helps in vascular
relaxation. However, despite this improvement, the
endothelium's  response to agonists remains
impaired in many hypertensive individuals,
suggesting that endothelial damage may be a
primary and irreversible consequence of the
hypertension process once it has begun. This
irreversible endothelial damage highlights the
difficulty in fully restoring vascular function after

chronic hypertension has developed.
2. Liver X Receptor (LXR)

Liver X receptors (LXRs) are members of the
nuclear receptor superfamily, functioning as ligand-
activated transcription factors. These nuclear
hormone receptors regulate various physiological
processes such as cell growth, death, cancer
progression, and angiogenesis. Initially identified in
the mid-1990s, LXRs were considered "orphan
receptors” because their natural ligands were
unknown. However, the discovery of oxysterols and

cholesterol metabolites as their endogenous
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activators led to the recognition of LXRs as
functional receptors. There are two main isoforms of
LXR: LXRo (NR1H3) and LXRp (NR1H2), both of
which partner with the retinoid X receptor (RXR) to
form heterodimers. These complexes play a
significant role in regulating inflammation, lipid and
glucose metabolism, and cholesterol homeostasis,
making LXRs potential therapeutic targets for
conditions like atherosclerosis and metabolic
diseases [14-16].

LXRs are expressed in several tissues involved in
metabolism, including the liver, adipose tissue,
macrophages, heart, skeletal muscle, kidneys, and
lungs. They regulate gene expression by binding to
LXR response elements (LXRES) in the promoter
regions of target genes. These genes include those
that control lipid, glucose, fatty acid, and cholesterol
metabolism, such as fatty acid synthase (FAS),
apolipoprotein E (ApoE), sterol regulatory element-
binding protein-1c (SREBP-1c), and ATP-binding
cassette (ABC) transporters like ABCALl and
ABCG1. The LXR receptor consists of functional
domains: a hydrophobic ligand-binding domain
(LBD), an activation function domain (AF-1), and a
DNA-binding domain (DBD) with two zinc fingers.
The LBD adopts a helical sandwich structure,

characteristic of many nuclear receptors [17-21].

LXR forms a permissive heterodimer with RXR,
which can be activated by either LXR-specific
agonists or RXR ligands, such as 9-cis retinoic acid.
Upon ligand binding, the LXR/RXR complex binds
to the LXRE, a DNA sequence consisting of two
direct repeats of hexameric nucleotides separated by
either four or one nucleotide(s). This complex
regulates the expression of various target genes,
including those involved in lipid metabolism and
cholesterol transport, such as FAS, ABC
transporters, ApoE, and cholesteryl ester transfer
protein (CETP) [22, 23].
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2.1 Function

LXRs are involved in multiple physiological
functions, including the regulation of cholesterol
metabolism, insulin secretion, and sensitivity. They
also play anti-inflammatory and anti-autoimmune
roles, and have been shown to reduce the formation
of amyloid plaques in the central nervous system.
Furthermore, LXRs regulate steroidogenesis and
gonadal function, contributing to various health
conditions, including atherosclerosis, cancer,
neurological disorders (such as multiple sclerosis,
Alzheimer's, and Parkinson's diseases), arthritis, and
skin diseases [24-26].

2.2 Liver X Receptor Agonists
2.2.1 Endogenous Agonists

Oxysterols, oxidized derivatives of cholesterol, are
the endogenous ligands for LXRs. Key oxysterols,
24(S)-hydroxycholesterol, 27-
hydroxycholesterol, and 25-hydroxycholesterol,

such as

have been shown to activate LXR pathways. These
compounds regulate genes involved in cholesterol
efflux, lipid metabolism, and other metabolic
processes. For example, 24(S)-hydroxycholesterol
is abundant in the brain and plays a significant role
in activating LXR-regulated genes like ABCAL.
Additionally, 27-hydroxycholesterol,  produced
from cholesterol by sterol 27-hydroxylase, acts as an
LXR agonist. Desmosterol and zymosterol, other
intermediates in cholesterol synthesis, are also
potent activators of LXR [28].

2.2.2 Natural Agonists

Several natural compounds have been identified as
LXR agonists. Fucosterol, found in marine algae,
has hypocholesterolemic properties and enhances
plasma HDL activity, thereby increasing LXR
activation. Podocarpic acid, a non-steroidal

compound from plant resins, has been shown to
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activate both LXRa and LXRp, leading to changes
in plasma cholesterol levels. Cyanidin, a flavonoid
present in fruits and vegetables, also activates LXRa
and LXR}, affecting lipid metabolism and reducing
triglyceride levels in cells. Additionally, cineole, a
component found in teas and plants, has been shown
to promote LXR transactivation and reduce cellular
cholesterol levels in macrophages, although it
selectively activates LXR without promoting

lipogenesis in the liver.
2.2.3 Synthetic Agonists

Synthetic ligands, such as T0901317, T0314407,
and GW3965, have been developed to activate
LXRs. T0901317 is a potent non-steroidal LXRa
ligand, while GW3965 is a synthetic ligand that
enhances LXR transcriptional activity. These
compounds have demonstrated efficacy in
increasing HDL cholesterol concentrations and
enhancing the expression of reverse cholesterol
transporters like ABCAL. LXR-623, another
synthetic ligand, has shown promise in animal
models of atherosclerosis by upregulating ABCA1
and ABCG1 expression. AZ876, a novel high-
affinity LXR agonist, has been found to modulate
hypertrophic and fibrotic pathways, offering
potential in heart failure prevention. Furthermore,
partial agonists like BMS-779788 and BMS-852927
have been developed to selectively activate LXRp or
LXRa, showing therapeutic potential with reduced

side effects compared to full agonists.
2.3 Role of LXR in Hypertension

Hypertension is a major risk factor for
cardiovascular diseases, contributing to pathological
hypertrophy of the heart, increasing arterial
stiffness, and promoting atherosclerosis. One of the
key hormonal signaling systems involved in the
regulation of blood pressure, fluid balance, and

systemic vascular resistance is the renin-
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angiotensin-aldosterone system (RAAS). Recent
research has highlighted the role of Liver X
Receptors (LXR) in modulating RAAS activity,

linking LXR signaling to blood pressure regulation.

LXR was first identified as a transcriptional
regulator of renin, a key enzyme in the RAAS [50].
It has since been shown that LXR signaling interacts
with the RAAS; for instance, acute treatment with
LXR agonists increases renin mMRNA levels in vivo,
whereas LXR-null mice fail to upregulate renin in
response to [-adrenergic stress. Furthermore,
studies have demonstrated that the LXR agonist
T0901317 (T09) effectively reduces the rise in blood
pressure in mice subjected to chronic pressure-
volume overload, suggesting a protective role for
LXR in hypertension. However, this effect is lost in
mice with a knockout of LXR in the heart,
reinforcing the importance of LXR signaling in the

cardiovascular system.

Additionally, LXR modulation has been shown to
influence the expression of natriuretic peptides,
which are involved in the regulation of blood
volume and vascular tone. Specifically, cardiac
overexpression of LXR increases natriuretic peptide
expression, which may help mitigate RAAS
activation and reduce hemodynamic stress on the
heart. These findings suggest that LXRs could serve
as a potential therapeutic target for controlling blood
pressure and alleviating the cardiovascular strain

caused by hypertension [29].
2.4 LXR effect on hypertension
2.4.1 AT1R expression

Angiotensin Il (Ang 1) exerts its effects through two
primary receptors: the type 1 receptor (AT1R) and
type 2 receptor (AT2R). The majority of Ang Il's
physiological effects, including cell proliferation,
vasoconstriction, and atherogenesis, are mediated
via the ATIR. It has been shown that LXR
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activation, specifically through ligands such as 22-
(R)-hydroxycholesterol, can downregulate AT1R
expression. The synthetic LXR agonist T0901317
(T09) reduces both ATIR mRNA and protein
expression in a dose- and time-dependent manner,

with peak effects observed 6 hours after incubation.

T0901317-induced downregulation of ATIR
expression requires de novo protein synthesis.
Inhibition of protein synthesis with cycloheximide
(CHX) blocked the T0901317-induced decrease in
ATIR mRNA expression, indicating that new
protein synthesis is required for this effect. In
addition, T0901317 treatment enhanced pl6
expression and reduced Sp1 phosphorylation, which
is believed to play a role in the downregulation of
ATI1R. The modulation of Spl by pl16 suggests a
potential mechanistic pathway through which LXR
agonists influence gene transcription and receptor

expression.

Furthermore, T0901317-induced downregulation of
ATI1R expression has functional consequences on
Ang Il signaling. Ang Il, through the ATIR,
activates extracellular signal-regulated kinase
(ERK) in vascular smooth muscle cells (VSMCs). In
cells treated with T0901317, ERK phosphorylation
was significantly reduced, correlating with the
suppression of AT1R expression. However, when
ERK activation was triggered by phorbol ester (a
potent activator of protein kinase C), T0901317 did
not seem to influence this pathway, suggesting that
LXR agonists specifically affect AT1R-mediated

signaling rather than global ERK activation.

In vivo studies in LXR-deficient (LXR-/) and wild-
type (WT) C57BI/6J mice further confirm the role of
LXR in regulating RAAS components. WT mice
treated with T0901317 and isoproterenol (1SO), a
RAAS inducer, showed significantly decreased
expression of renal renin, ACE, and AT1R mRNA,
as well as lower cardiac ACE mRNA compared to
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those treated with 1SO alone. In contrast, LXR-
deficient mice did not exhibit these transcriptional

changes, underscoring the imp

In another study, the synthetic LXR agonist
GW3965 administered to Sprague-Dawley rats was
shown to attenuate Ang Il-mediated pressor
responses. This effect was associated with a
reduction in vascular Ang |l receptor gene
expression, further establishing LXRs as key
regulators in blood pressure control, RAAS activity,

and lipid metabolism [30].
2.4.2 Renin Modulation

Both LXR isoforms (LXRa and LXRp) regulate
renin  transcription through binding to a
noncanonical responsive region in the renin
promoter. In vitro studies have shown that while
LXR is a cAMP-activated transcription factor,
cAMP itself has an opposing effect on LXR activity.
In vivo, LXRs are localized to the juxtaglomerular
(JG) cells in the kidney, where they are particularly
concentrated. These JG cells, located in the afferent
arterioles of kidney glomeruli, are responsible for
synthesizing and releasing renin, an aspartyl
protease that catalyzes the first and rate-limiting step
in the renin-angiotensin-aldosterone  system
(RAAS)—the cleavage of angiotensinogen to
angiotensin I. Renin plays a crucial role in regulating
blood pressure, fluid balance, and salt-volume

homeostasis.

LXRs regulate the expression of the renin gene by
binding to its promoter. In cultured As4.1/LXR
cells, an increase in intracellular cAMP levels led to
an overexpression of renin mRNA after 6 hours of
stimulation. However, overexpression of LXR was
associated with higher basal levels of renin mMRNA,
while cAMP treatment decreased renin mRNA
levels. Furthermore, in vivo studies have shown that

LXRs are highly enriched in JG cells, where they co-
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localize with the renin promoter. This suggests that
LXRs are directly involved in modulating renin gene

expression in the kidney.
2.4.3 Vasoreactivity

LXR agonists, such as GW3965, have been shown
to reduce Ang Il receptor gene expression, which
likely contributes to a decreased vasopressor
response to Ang Il. In hypertensive rats, GW3965
treatment was associated with a significant
reduction in vasoreactivity, particularly in response
to Ang Il infusion. It was noted that this decrease in
vasoreactivity correlated with a reduction in AT1
receptor gene expression. Notably, the reduced Ang
Il-mediated pressor response was observed
primarily at the 6-8 hour post-treatment interval,
coinciding with lower Ang Il receptor gene

expression during this period.

In addition to these findings, treatment with
GW3965 for one week resulted in a marked
reduction in systolic blood pressure in hypertensive
rats (p < 0.05). In normotensive mice, GW3965
treatment also led to an increase in plasma nitrite
levels (p < 0.05), further supporting the potential

vasodilatory effects of LXR activation.
2.4.4 Nitrite Levels

The effects of GW3965 on plasma nitrite levels have
been investigated in both hypertensive and
normotensive rat models. In hypertensive rats,
plasma nitrite levels remained stable, while
GW3965 treatment resulted in a significant
elevation of plasma nitrite levels in both
hypertensive and normotensive rats. This increase in
nitrite levels is likely linked to improved nitric oxide
(NO) production. The LXR agonist GW3965 has
been shown to reverse TNF-a-induced suppression
of endothelial nitric oxide synthase (eNOS)
expression and to improve NO bioavailability in
endothelial cells. These findings suggest that the
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beneficial vascular effects of GW3965 may, in part,

be attributed to its impact on NO production.
2.4.5 NF-xB and TNF-a

In hypertensive rats, an upregulation of NF-xB and
TNF-a expression has been observed in the
mesenteric arteries and aorta. TNF-a is a pro-
inflammatory cytokine that plays a critical role in
the pathogenesis of hypertension by promoting
vascular inflammation. Treatment with GW3965
resulted in a significant reduction in both TNF-a and
NF-kB expression in hypertensive rats, bringing
their levels down to those observed in control
animals. Specifically, NF-xB protein expression in
the aorta was markedly elevated in hypertensive rats
but decreased significantly after treatment with
GW3965 (p < 0.05). Similarly, TNF-a expression
was significantly reduced following GW3965
administration, further suggesting the anti-
inflammatory potential of LXR activation in the

context of hypertension.
Conclusion

Hypertension remains a leading cause of mortality
worldwide, underscoring the importance of
identifying novel therapeutic targets. The Liver X
receptor (LXR) emerges as a key player in the
regulation of blood pressure, as evidenced by its
involvement in modulating the renin-angiotensin-
aldosterone system (RAAS). This review highlights
the role of LXRs in regulating renin gene
transcription through binding to a noncanonical
response region in the renin promoter, suggesting a
potential mechanism through which LXRs influence
blood pressure regulation.

The administration of LXR agonists has been shown
to attenuate Ang Il-induced blood pressure
increases, providing direct evidence of LXRS'
involvement in blood pressure control. Specifically,

LXR activation results in the downregulation of
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AT1 and AT2 receptor gene expression, leading to
reduced vascular responsiveness to Ang Il. Since
AT1 receptor stimulation is primarily responsible
for vascular dysfunction in the context of RAAS
activation, the modulation of LXR activity offers a
promising avenue for controlling hypertension.
Furthermore, LXR agonists have been found to
regulate NF-xB and TNF-a levels, both of which are
elevated in hypertensive conditions. By reducing
these pro-inflammatory markers, LXRs may help
mitigate the vascular inflammation associated with
hypertension. Additionally, LXR agonists increase
nitrite levels in both normotensive and hypertensive
rats, potentially contributing to improved
endothelial function and nitric oxide availability.
The synthetic LXR agonist T0901317 has also
demonstrated inhibitory effects on AT1IR mRNA
and protein expression, further supporting the
potential of LXRs as therapeutic targets. Given these
findings, targeting the LXR pathway at various
stages of hypertension could prove to be a promising
strategy in the development of new antihypertensive
therapies. Therefore, the Liver X receptor represents
a viable and novel target for hypertension treatment,
warranting further investigation and clinical
exploration.
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