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Abstract: Hypertension, commonly known as high blood pressure, is a chronic condition charac-
terized by elevated arterial pressure. It occupies a unique position in population health. It is the
leading cause of cardiovascular disease and the most common non-communicable condition af-
fecting millions worldwide and is a major public health challenge.

The etiology of hypertension involves a complex interplay of environmental and pathophysiolog-
ical factors alongside genetics, diet, lifestyle, and other coexisting medical conditions. Treatment
typically involves medication and lifestyle adjustments such as dietary changes, regular exercise,
weight management, and stress reduction to pharmacological interventions involving drugs like
diuretics, beta-blockers & ACE inhibitors to lower blood pressure. The pathogenesis of hyperten-
sion is linked to endothelial dysfunction, vascular remodelling, sympathetic nervous system acti-
vation, and the renin-angiotensin-aldosterone system. Diagnosis is made by measuring blood pres-
sure using a sphygmomanometer, with stages including prehypertension, stage 1 hypertension, and
stage 2 hypertension. Effective management of hypertension requires lifestyle modifications such
as dietary changes, regular exercise, weight control, and reduced alcohol consumption, alongside
pharmacological interventions. As hypertension continues to be a leading cause of death and disa-
bility globally, understanding and addressing these factors are crucial for mitigating the widespread
impact of hypertension on public health.
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1. INTRODUCTION therefore labeled as a “silent killer.” Patients typically experi-
ence a range of symptoms, including headaches, dizziness,
shortness of breath, chest pain, palpitations, and nosebleeds,
which can be challenging for them to self-evaluate [3, 4].
Globally, the disease is the leading cause of death and disabil-
ity. It is also one of the most prevalent preventable risk factors
for cardiovascular disease, CKD, and cognitive decline [2, 4,
5]. Peripheral artery disease, heart failure, myocardial infarc-
tion, atrial fibrillation, and coronary heart disease are all con-
sidered forms of cardiovascular disease. Reducing the preva-
lence of disease and increasing life expectancy among people
worldwide depend on the effective prevention and treatment
of hypertension (Table 1) [5, 6]. If left untreated, hypertension
can lead to serious health complications, including the follow-
ing heart complications:

High blood pressure, or hypertension, is a common medi-
cal disorder characterized by persistently increased blood
pressure in the arterial blood vessels. Over time, this elevated
pressure causes damage to the arteries and raises the risk of
major consequences, including heart attacks and strokes [1].
The systolic and diastolic blood pressure indicates the pres-
sure inside the arteries during a heartbeat and the pressure
within the arteries during the interval between heartbeats [1,
2]. Although it is common, but often goes unnoticed until sig-
nificant damage occurs and can lead to critical health issues if
left untreated. The asymptomatic nature of the disease leads
to major consequences such as stroke, ischemic cardiovascu-
lar disease (ICD), and chronic kidney disease (CKD) and is

- a) Heart Disease: The heart's supplying arteries
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constrict, decreasing blood flow and raising the
possibility of a heart attack or heart failure [5].
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Table 1. Complications of hypertension.
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Impact Organ

Complications

Cardiovascular system

Heart failure, angina pectoris, coronary heart disease, myocardial infarction, and cardiac hypertrophy.

Artery Atherosclerosis and aneurysms.

Brain Ischemic or haemorrhagic stroke, hypertensive encephalopathy, cognitive impairment and dementia.
Occular Retinopathy.
Kidney Hypertensive nephropathy and chronic kidney disease.

Table 2. Stages of hypertension.

Blood Pressure Category

Systolic (mm hg)

Diastolic (mm hg)

Normal Less than 120 Less than 80

Elevated 120-129 Less than 80
Hypertension stage 1 130-139 80-89
Hypertension stage 2 140 or higher 90 or higher

Hypertensive crisis

Higher than 180

Higher than 120

by

b) Stroke: An increase in blood pressure can con-
strict or burst brain arteries, which can result in a
stroke.

¢) Kidney Disease: Renal failure or the need for di-
alysis can result from high blood pressure's dam-
aging effects on the kidneys' blood arteries,
which compromises the organs' capacity to filter
waste from the blood.

d) Vision Loss: Hypertension may cause visual im-
pairments by rupturing the blood vessels in the
retina [1].

e) Peripheral Artery Disease: Insufficient blood
flow to the legs and feet due to high blood pres-
sure might result in discomfort and other issues

[6]-
2. STAGES, SYMPTOMS AND CAUSES OF
HYPERTENSION

The American Heart Association categorizes blood pres-
sure in five different stages: normal, elevated, stage 1 hyper-
tension, stage 2 hypertension, and hypertensive crisis which
requires immediate medical attention (Table 2) [7]. High
blood pressure is sometimes referred to as a "silent killer" be-
cause it rarely exhibits any symptoms but silently causes dam-
age within the body. Indeed, according to estimates from the
World Health Organization, 46% of persons with hyperten-
sion are unaware that they have it [6, 7]. Although the precise
etiology of hypertension is sometimes unknown, a number of
variables can lead to its development [1]. Stress, a poor diet,
tobacco use, excessive alcohol intake, and physical inactivity
are risk factors for hypertension. A family history of hyper-
tension and genetic predisposition also play significant roles
[8]. The prevention and control of hypertension are vital due
to the substantial impact this condition has on public health.

Promoting healthy lifestyles, early diagnosis through routine
blood pressure checks, and access to quality medical care and
treatment are the main goals of public health efforts [1, 8, 9].
There are certain prominent factors that greatly influence hy-
pertension:

a) Family History: The development of hyperten-
sion is largely influenced by genetics. One is
more likely to have high blood pressure if one or
both parents have it.

b) Age: An individual's age increases the likelihood
of acquiring hypertension.

¢) Gender: Men are more likely to develop hyper-
tension before the age of 55.

d) Race: Black people have a higher prevalence of
high blood pressure than any other group. For
Black individuals, it develops earlier than for
White individuals.

e) Obesity or Being Overweight: Changes in the
blood vessels, kidneys, and other bodily organs
are brought on by excess weight. The risk of heart
disease and associated risk factors, such as exces-
sive cholesterol, is also increased by being over-
weight or obese.

f) Lack of Physical Activity: Hypertension risk
may rise with a sedentary lifestyle. Additionally,
inactive individuals typically have greater heart
rates.

g) Smoking and Alcohol Consumption: Cigarette
smoking and binge drinking too much alcohol
can result in hypertension.

h) Excessive Salt Intake: The body may retain fluid
(water) if it consumes excessive amounts of salt.
The blood pressure rises as a result.



Alio (il gauass doy

e Ol b 3590

iranpoper = Downloaded from https://iranpaper.ir https://www.tarjomano.com

by

66 Current Hypertension Reviews, 2025, Vol. 21, No. 2

i) Stress: An abrupt rise in blood pressure can be
caused by high amounts of stress. Additionally,
stress-related behaviours like overeating, smok-
ing, or drinking alcohol exacerbates the condi-
tion.

j) Certain Chronic Conditions: Hypertension can
be caused by a number of illnesses, including kid-
ney disease, diabetes, and sleep apnea.

k) Pregnancy: High blood pressure can occasion-
ally be brought on by pregnancy.

1) Tobacco Use or Vaping: Smoking, chewing to-
bacco, or vaping accelerates the artery-hardening
process and damages blood vessel walls [1, 8, 9].

3. EPIDEMIOLOGY

The Global Burden of disease highlights hypertension as
one of the most significant risk factors for all-cause mortality.
Globally, this causes 9.4 million deaths annually [10]. Cur-
rently, 874 million individuals have systolic blood pressure of
>140 mmHg, whereas 3.5 billion people globally have sys-
tolic blood pressure that is not optimal (>110—-115 mmHg).
Consequently, high blood pressure affects around 25% of
adults [10, 11]. In India, the prevalence of hypertension is ris-
ing, especially among younger adults and those living in rural
areas. Research shows that 25-30% of urban and 10-15% of
rural populations in India are affected, amounting to over 100
million people [12].

The Fifth National Family Health Survey (NFHS-5) and
the Indian Council of Medical Research-INDIAB surveys
both highlight the significant differences or regional varia-
tions in hypertension prevalence, with higher prevalence rates
in more developed states and districts.

Young or early-onset hypertension is very common in less
developed regions as compared to more industrialized nations.
Also, the awareness, treatment, and control of the condition
remains low, especially in rural and underserved urban areas.
India has a noticeably higher prevalence of adverse outcomes
from cardiovascular disease connected to hypertension [13].

The first national-level Noncommunicable Disease (NCD)
survey was conducted in 2018-2019, and the findings showed
that 28.5% of individuals in the 18—49 age range had hyper-
tension. As per the survey, among those who had high blood
pressure, 27.9%, 14.5%, and 12.6% were informed, taking
medicine, and maintaining control over their blood pressure
[13-15]. Regional variations exist in the prevalence of hyper-
tension across different populations and countries. According
to NFHS-5 figures, 22.80% of Indians aged 15 to 49 had hy-
pertension overall. This estimate agrees with the results of the
Annual Health Survey (2012-2014) and the District Level
Health Survey [14]. The states of India in the northeast have
the highest rate of hypertension [15].

4. TYPES OF HIGH BLOOD PRESSURE

Hypertension is classified into two main types: primary
hypertension/essential hypertension and secondary hyperten-
sion.

Deepshikha et al.

4.1. Primary Hypertension/Essential Hypertension

This type of high blood pressure is more prevalent with no
single and obvious identifiable cause. The increased blood
pressure has no known reason that is brought on by cardiovas-
cular risk factors. It is thought to be a result of the combination
of factors such as nutritional, genetic, and environmental fac-
tors [16, 17]. The key contributors are unhealthy diet, lack of
physical activity, and excess weight. Diet impacts homeosta-
sis among environmental factors that affect blood pressure. In
high-risk people, appropriate lifestyle modifications are rec-
ommended to prevent the development of hypertension and
other cardiovascular diseases (CVDs) as well as to manage
hypertension. The earliest feasible initiation of pharmaceuti-
cal treatment is crucial. Different hypertension recommenda-
tions represent the environmental risk factors of primary hy-
pertension in slightly different ways. Based on the corpus of
clinical and scientific data, each of them proposes five to nine
lifestyle modifications [4]. A science advisory from the Amer-
ican Heart Association, the American College of Cardiology,
and the Centres for Disease Control and Prevention (CDC)
has reported on an effective approach to high blood pressure
control [6, 17].

4.2. Secondary Hypertension

Secondary hypertension occurs as a result of an underlying
condition such as kidney disease, sleep apnea, thyroid prob-
lems, or due to certain medications. It often appears suddenly
and can lead to a more severe increase in blood pressure. Sec-
ondary hypertension will have at least one distinct cause that
can be identified. It tends to appear suddenly and causes
higher BP than primary hypertension [18]. Sometimes, pri-
mary and secondary hypertension co-exists. Secondary hyper-
tension can result from a number of illnesses and drugs, in-
cluding:

1. Diseases such as adrenal gland tumours, thyroid prob-
lems, renovascular disease, kidney problems, and obstructive
sleep apnea.

2. Intoxication as found in acute alcohol abuse or chronic
alcohol use and illegal drug use such as cocaine and amphet-
amines.

3. latrogenic routes caused by certain medications such as
birth control pills, decongestants, OTC pain killers, cold rem-
edies & some prescription drugs.

4. Congenital anomalies leading to defects in blood ves-
sels.

Additionally, there are forms of hypertension that appear
and disappear depending on the circumstances [5, 8]. These
kinds of hypertension are needed medical interventions:

a) White Coat Hypertension: When you see a doctor,
your blood pressure is higher than it is at home.

b) Masked Hypertension: Your blood pressure is
raised at home but normal at a medical facility.

¢) Sustained Hypertension: Both at home and at
medical facilities, your blood pressure is high.

d) Nocturnal Hypertension: As you sleep, your
blood pressure rises.
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Fig. (1). Blood volume and blood pressure. Figure created using Biorender (https://biorender.com/). (4 higher resolution / colour version of

this figure is available in the electronic copy of the article).

5. TERMINOLOGIES ON THE PATHOPHYSIOLOGY
OF HYPERTENSION

Blood pressure is influenced by a number of cardiovascu-
lar system factors, such as cardiac output and blood volume,
as well as the balance of arterial tone, which is influenced by
intravascular volume and neurohumoral systems [19]. The
number of heart beats per minute (70 beats per minute) is
known as heart rate (HR). Stroke volume (SV) is the volume
(ml) of blood the heart expels throughout each beat OR the
amount of blood pushed into the aorta from the left ventricle
during a single contraction. SV represents the heart's contrac-
tion power. A heart's cardiac output, or CO, is the volume of
blood it pumps in a minute. Liters per minute is how it is stated
[20]. Heart rate, or the number of beats per minute, and stroke
volume determine cardiac output.

CO=SV*HR

The resistance that blood faces as it travels through the cir-
culatory system, notably in the peripheral arteries, is known
as peripheral resistance (PR). In order to maintain proper
blood pressure and general circulation throughout the body,
peripheral resistance is essential. It is mostly affected by var-
iables, including blood viscosity, blood vessel length, and ves-
sel diameter. Peripheral resistance rises with artery con-
striction and falls with artery dilatation [20]. The degree of
relaxation or constriction in the smooth muscle cells of the ar-
teries and arterioles, which influences the resistance to blood
flow via circulation, is precisely referred to as arterial tone. It
is an essential component in controlling blood pressure and
figuring out how blood flows through the body's tissues and
organs [21,22]. Blood volume is the total amount of blood that
is flowing through the circulatory system at any one moment.
Blood's liquid component, plasma, as well as its formed com-
ponents: RBC, WBC, and platelets—are all included. Blood
volume varies from person to person and is affected by things
like blood loss, level of hydration, and certain medical disor-
ders (Fig. 1) [21].

6. PATHOPHYSIOLOGY OF HYPERTENSION

The regulation of blood pressure involves complex inter-
actions between the cardiovascular, renal, and nervous sys-
tems, alongside genetic and environmental factors. Key ele-
ments include the renin-angiotensin-aldosterone system
(RAAS), natriuretic peptides, endothelial function, the sym-
pathetic nervous system (SNS), and the immune system.
These mechanisms may vary between individuals, but they all
play a vital role in the development of elevated blood pressure.
Disruption or dysfunction in any of these mechanisms can
lead to an increase in mean BP, BP variability, or both, ulti-
mately causing target organ damage [3, 19, 23].

A complex interaction of variables, including genetics,
lifestyle, and environmental effects, contributes to the patho-
physiology of hypertension. Despite this, the biology of es-
sential hypertension remains unclear because there is no dis-
tinct etiology for it [3]. These interconnected elements elevate
blood pressure, and each person may experience these com-
ponents' proportional contributions differently [19, 23]. A
handful of the most researched variables are:

a) Peripheral Resistance: Heart output and periph-
eral vascular resistance are balanced by normal
blood pressure. The resistance to blood flow in the
peripheral vasculature, particularly the arterioles,
is the key factor influencing blood pressure. Blood
pressure rises as a result of peripheral resistance
rising when the arterioles narrow. The heightened
resistance increases the afterload on the heart,
hence requiring greater CO to maintain proper tis-
sue perfusion, ultimately contributing to the onset
& progression of hypertension [21, 23, 24].

b) Renin-Angiotensin-Aldosterone System (RAAS):
The hormone system is essential for controlling
blood pressure and sodium balance. Renin is re-
leased by specific kidney cells in response to a

ol
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Fig. (2). Renin angiotensin aldosterone system. Figure created using Biorender (https://biorender.conv). (4 higher resolution / colour version
of this figure is available in the electronic copy of the article).

)

drop in blood volume or pressure [3]. Angiotensin-
converting enzyme (ACE), mostly located in the
lungs, transforms angiotensin I, which is then con-
verted into angiotensin II by renin's action on an-
giotensinogen, which is generated by the liver. An-
giotensin II increases water retention by vasocon-
striction, stimulates the production of aldosterone
(a hormone that encourages the kidneys to retain
salt), and induces the release of antidiuretic hor-
mone (ADH), all of which lead to raised blood
pressure (Fig. 2) [21, 25].

Sympathetic Nervous System Activation: The au-
tonomic nervous system plays a key role in main-
taining cardiovascular homeostasis by regulating
peripheral vasculature and kidney functions in re-
sponse to the pressure, volume & chemoreceptor
signals. Overactivity of the SNS is a major contrib-
utor to hypertension, driven by altered baroreflex
& chemoreflex pathways at both central and pe-
ripheral levels [3]. Modifications in baroreflex and
chemoreflex pathways at the peripheral and central
levels are among the processes behind the in-
creased sympathetic nervous system activity in hy-
pertension [21]. Arteriolar constriction and dilata-
tion can both be brought on by activation of the
sympathetic nervous system. A higher heart rate,
cardiac contractility, and vasoconstriction are all
associated with chronic sympathetic nervous sys-
tem activity, which also raises blood pressure.
Stress, obesity, and other variables might cause
this activation [23, 24].

d) Dysfunction of the Endothelium: The endothe-

e)

lium, the inner lining of blood arteries, is essential
for controlling vascular tone and preserving vascu-
lar health. Numerous autocrine and paracrine
chemicals, including NO, the primary endothe-
lium-derived vasodilator, and endothelin-1 (ET-
1), the primary vasoconstrictor, are released by the
endothelium to maintain vascular homeostasis
[21]. While there are many biochemical compo-
nents to the regulation systems, two important
ones in this case are NO and ET-1 [22]. Increased
arterial permeability, inflammation, and poor vas-
odilation are all consequences of endothelial dys-
function and can result in hypertension. Recently,
endothelin has been identified as a potent vascular
endothelium vasoconstrictor that may cause a salt-
sensitive spike in blood pressure. Moreover, it
stimulates regional renin-angiotensin systems. Ni-
tric oxide, a relaxant agent, is generated by the en-
dothelium of the arteries and veins and diffuses
into the smooth muscle via the vessel wall, result-
ing in vasodilatation (Fig. 3) [23, 26]. Endothelial
dysfunction is often linked to inflammation, oxi-
dative stress, and metabolic disorders like diabe-
tes.

Insulin Resistance and Metabolic Syndrome: In-
sulin resistance can cause inflammation, endothe-
lial dysfunction, dysregulation of glucose and lipid
metabolism, and obesity. These factors are all
linked to the pathophysiology of hypertension. It
contributes to hypertension by activating RAAS,

by
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Fig. (3). Endothelial dysfunction. Figure created using Biorender (https://biorender.com/). (4 higher resolution / colour version of this figure

is available in the electronic copy of the article).

[ Dysregulation of glucose & ]
lipid metabolites
\—’ [ Hyper insulinemia ]

Increased
sodium
retention

Endothelial SNS
activation

dysfunction

Changes in
transmemb
rane
electrolyte
transport

[ Hypertension ]

Fig. (4). Insulin resistance hypertension. Figure created using Biorender (https://biorender.com/). (4 higher resolution / colour version of this

figure is available in the electronic copy of the article).

causing sodium retention, and promoting endothe-
lial dysfunction & inflammation. Hypertension, in
turn worsens insulin resistance by impairing glu-
cose uptake and increasing oxidative stress [22,
23, 27, 28]. Insulin resistance is a condition
marked by a decreased cellular response to insulin.
It frequently occurs before type 2 diabetes and is
linked to a sedentary lifestyle, obesity, and genet-
ics. Through mechanisms including salt retention,
endothelial dysfunction, activation of the Renin-
Angiotensin-Aldosterone System and inflamma-
tory processes, insulin resistance leads to hyperten-
sion. On the other hand, by reducing insulin-medi-
ated glucose absorption and elevating oxidative
stress, hypertension might worsen insulin resistance
[27, 28]. Insulin resistance and hypertension fre-
quently occur in the metabolic syndrome, a collec-
tion of metabolic disorders linked to an elevated risk
of cardiovascular disease. Pharmacotherapy, tar-
geted therapies to address underlying metabolic ab-
normalities, and lifestyle adjustments are all neces-
sary components of a complete management strat-
egy for both disorders (Fig. 4) [27, 28].

6.1. Hereditary Factors

Hypertension often has a strong genetic component, with
family history emphasizing the condition's genetic nature and
being a key predictor of an individual's risk. Studies, including
family, twin, and genome-wide association studies, have iden-
tified genetic variants associated with hypertension. Recent
studies have significantly advanced the understanding of the
genetic factors influencing hypertension [22, 23]. The inter-
action of numerous genes determines a person's blood pres-
sure phenotype, each having small-to-moderate impacts, and
their genetic propensity to hypertension [24].

Due to their functions in controlling blood pressure, muta-
tions in genes encoding elements of the RAAS, such as angi-
otensinogen, (ACE), and angiotensin II receptor type 1
(AGTR1), are especially noteworthy [23]. Knowing the ge-
netic foundation of hypertension can help with risk assess-
ment, individualized treatment plans, and the creation of cut-
ting-edge therapeutics that target certain biochemical path-
ways involved in blood pressure regulation. Individual varia-
tions in blood pressure levels can be attributed to variations in
genes associated with the sympathetic nervous system, salt
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management, endothelial function, and the renin-angiotensin-
aldosterone system (RAAS).

6.2. Lifestyle Variables

The onset and treatment of hypertension are significantly
influenced by lifestyle variables. Risk factors for hypertension
that are well-established include unhealthy lifestyle choices,
including smoking, excessive alcohol use, physical inactivity,
and poor eating habits [22, 23]. Weight gain, insulin re-
sistance, and endothelial dysfunction can all be caused by di-
ets heavy in salt, saturated fats, and processed foods and defi-
cient in fruits, vegetables, and fibre [23]. Lack of regular phys-
ical activity and sedentary behaviour might aggravate these
metabolic disorders and raise blood pressure levels. Prevent-
ing and managing hypertension can be achieved by leading a
healthy lifestyle that includes a balanced diet high in fruits,
vegetables, and whole grains, frequent exercise, moderation
in alcohol use, and abstaining from tobacco use [23, 24]. Key-
stone strategies in the treatment of hypertension include life-
style adjustments such as weight loss, dietary adjustments,
frequent exercise, stress reduction, and quitting smoking.
These strategies frequently support pharmaceutical therapies
[29].

6.3. Obesity

Being overweight increases the chance of developing hy-
pertension. Overweight is closely linked to hypertension, par-
ticularly central obesity [29]. Visceral adipose tissue, in par-
ticular, is metabolically active and produces adipokines, in-
flammatory cytokines, and other bioactive compounds that
can lead to endothelial dysfunction, insulin resistance, and
dysregulation of the renin-angiotensin-aldosterone system
(RAAS). Elevated peripheral resistance and hypertension are
the results of these metabolic anomalies, which also encour-
age salt retention, vasoconstriction, and increased sympathetic
nervous system activity [29, 30]. Furthermore, obstructive
sleep apnea, diabetes, and dyslipidemia are further risk factors
for hypertension that are frequently linked to obesity, which
increases the risk of cardiovascular disease.

6.4. Sleep Apnea

Hypertension is linked to obstructive sleep apnea (OSA),
a disorder marked by intermittent airway obstruction during
sleep, and is associated with increased sympathetic activity,
intermittent hypoxia, endothelial dysfunction, and elevated
sympathetic nervous system activity [22]. Through a variety
of processes, these physiological alterations may play a role
in the onset and aggravation of hypertension. Blood pressure
is raised as a result of sympathetic activity, increased cate-
cholamine release, vasoconstriction, and intermittent hypoxia
and hypercapnia during apnea episodes [29, 30]. On the other
hand, hypertension can worsen OSA by encouraging fluid re-
tention, edema in the upper airways, and an increase in the
collapsibility of the upper airways, which can exacerbate the
frequency and severity of apnea. [29, 30].

6.5. Chronic Kidney Disease

Chronic kidney disease (CKD) is both a cause and a result
of hypertension, forming a complex interplay that signific-
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antly impacts both kidney function and cardiovascular health.
Chronically high blood pressure can harm the kidneys' struc-
tural integrity. Hypertension can develop and worsen as a re-
sult of CKD-related problems, including salt retention, vol-
ume overload, activation of the RAAS and dysregulation of
endothelial function [29]. The pharmacokinetics & dynamics
profile of antihypertensive drugs are altered by renal impair-
ment, which makes treatment plan modifications necessary
when CKD is present. Furthermore, active management of hy-
pertension is required to decrease the deterioration in kidney
function & lower the risk of cardiovascular events since hy-
pertension is a key risk factor for the development of (CKD)
[29, 30].

7. MANAGEMENT AND PREVENTION OF HYPER-
TENSION

By altering their lifestyle, many persons with high blood
pressure are able to either bring their readings into a healthy
range or maintain them there. Maintaining a healthy lifestyle
is crucial for the treatment of hypertension [31]. It is readily
controlled by:

a) Dietary Modifications: Limiting sodium, satu-
rated fats, and added sugars while consuming a
diet high in fruits, vegetables, whole grains, and
low-fat dairy products will help decrease blood
pressure [32].

b) Physical Exercise: Regular physical exercise can
help decrease blood pressure and enhance cardi-
ovascular health in general.

¢) Weight Control: Keeping a healthy weight can
help lower the chance of getting hypertension
[32].

d) Cessation of Smoking: Reducing tobacco use
can improve blood pressure and general health.

e) Reducing Alcohol Consumption: If alcohol is
consumed at all, doing it in moderation can help
decrease blood pressure.

f) Stress Management: Engaging in deep breathing
exercises, yoga, meditation, or other stress-re-
duction methods can help reduce blood pressure.

g) Medications (if needed): Medications like diu-
retics, beta-blockers, ACE inhibitors, or calcium
channel blockers may be prescribed to manage
hypertension [33].

8. DIET AND FOOD-BASED METHODS TO
CONTROL HYPERTENSION

8.1. Diet

Dietary approaches to stop hypertension is known as the
DASH diet. It is a nutrition based strategy for managing and
preventing hypertension. The DASH diet is an amalgam of
current and ancient cultures. The DASH diet is recommended
as a natural means of lowering blood pressure. Making dietary
choices that will increase potassium and decrease salt are par-
ticular tactics. Numerous clinical investigations have evalu-

by
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ated the diet and demonstrated its ability to reduce blood pres-
sure, cholesterol, and saturated fats [34,35]. It has been sug-
gested that the DASH diet is the most effective way to assist
patients in lowering their blood pressure, maintaining a
healthy weight, and losing weight [36].

DASH encourages the incorporation of micronutrients,
meat, dairy products, fruits and vegetables. Additionally, it
promotes cutting back on salt intake to around 1500 mg per
day. It also highlights the importance of eating fresh, mini-
mally processed food. Aside from promoting endothelium
smooth muscle relaxation and preventing endothelial dysfunc-
tion, the DASH diet discusses the inclusion of certain foods
high in potassium, calcium, and magnesium. The DASH diet
and various other dietary approaches that support cardiovas-
cular health are quite similar. There are several alternative di-
etary techniques for reducing blood pressure [36, 37]. Among
these alternate food approaches are:

Mediterranean Diet: This diet places less emphasis on
processed foods and red meat and more on whole grains,
fruits, vegetables, legumes, nuts, seeds, and olive oil. It also
encourages moderate consumption of fish, chicken, and dairy
products. It has been linked to lower blood pressure and a de-
creased risk of cardiovascular disease [38].

Plant-Based Diet: Plant-based diets, which include vege-
tarian and vegan diets, emphasize eating a diet high in plant-
based foods and low in or free of animal products. Because
they are abundant in fiber, vitamins, minerals, and phytonutri-
ents that can decrease blood pressure, fruits, vegetables,
whole grains, nuts, seeds, and legumes are often included in
these diets [38, 39].

Low-Sodium Diet: Cutting back on sodium is a dietary
strategy for decreasing blood pressure, particularly in those
who are sensitive to salt. Reducing sodium consumption can
be achieved by avoiding processed meals, canned soups,
sauces, and condiments and cooking at home with little to no
additional salt [38].

Dietary Strategies Including Foods High in Potassium:
Increasing the amount of potassium in the diet by eating more
fruits, vegetables, nuts, seeds, dairy products, and other foods
can help offset the effects of salt on blood pressure control.
Potassium aids in the promotion of vasodilation and diuresis,
both of which can reduce blood pressure [38].

Weight Reduction Diets: Blood pressure levels can be
improved for those who are overweight or obese by following
weight reduction plans that emphasize cutting calories and en-
couraging good eating habits. These diets frequently empha-
size controlling portion sizes, cutting back on high-calorie and
high-fat meals, and upping physical exercise [34].

8.2. Food

Integrating some foods that are known to help reduce
blood pressure into one's diet can assist in managing hyper-
tension. These foods provide a range of nutrients and bioac-
tive substances that help to regulate blood pressure and sup-
port cardiovascular health [39]. The following essential nutri-
ents have been demonstrated to help lower high blood pres-
sure:
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Berries: Antioxidant substances known as anthocyanins,
which are abundant in berries like strawberries and blueber-
ries, have been related to possible benefits on blood pressure
reduction [33, 40].

Bananas: The potassium found in bananas can help con-
trol hypertension. Bananas can help reduce the amount of po-
tassium you consume each day [34, 41].

Beets: Dietary nitrate, which beet juice includes, is con-
verted by the body into nitric oxide, a substance that helps to
relax and widen blood vessels, therefore lowering blood pres-
sure. Long-term and short-term blood pressure reduction has
been linked to beets [35, 42].

Dark Chocolate: It contains cacao and antioxidants. It has
been demonstrated that flavonoids enhance blood vessel func-
tion and reduce blood pressure [43].

Kiwis: Regular consumption of kiwis has been demon-
strated to help lower systolic blood pressure [38]. Their high
vitamin C content increases their nutritional value. Those with
primary hypertension have a considerable drop in blood pres-
sure while taking vitamin C supplements [44].

Watermelon: Watermelon includes citrulline, which the
body uses to produce arginine, which helps the body produce
nitric oxide, a gas that allows arteries to become more flexible
and relaxes blood vessels, supporting healthy blood flow [38].

QOats: Rich in beta-glucan fiber and high in fiber, oats have
been associated with lowered blood pressure and bad choles-
terol levels, which help to maintain normal blood pressure and
heart health in general [45].

Leafy Green Vegetables: Rich in nitrates that aid in blood
pressure regulation, leafy greens such as Swiss chard, spinach,
and kale are a great source of these nutrients [39]. They also
contain a lot of potassium, which counteracts the harmful ef-
fects of salt [44].

Garlic: It’s active element, allicin, has the capacity to reg-
ulate blood pressure; one of the many health advantages of
garlic is well recognized. Garlic may have certain benefits for
heart health, whether added to food or eaten raw [46].

Low-Fat Dairy: Low-fat dairy products, such as yogurt
and skim milk, are great providers of calcium and protein,
both of which can reduce blood pressure. [44,47].

Fatty Fish: Omega-3 fatty acids, which are abundant in
fatty fishlike salmon, mackerel, and sardines, have been
demonstrated to help decrease blood pressure and reduce in-
flammation [48].

Nuts and Seeds: Rich in magnesium, potassium, and fi-
bre, nuts, and seeds such as almonds, walnuts, flaxseeds, and
chia seeds can help control blood pressure [47].

9. LIFESTYLE MODIFICATIONS

Recent studies have highlighted the significant impact of
personalized exercise prescriptions in both the prevention and
treatment of hypertension. A personalized approach to exer-
cise is becoming increasingly important in managing hyper-
tension because they are tailored according to the patient’s
age, comorbidities (such as diabetes or obesity), and baseline
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BP levels, hence confirming the effectiveness of individual-
ized exercise programs. Exercise is a critical non-pharmaco-
logical strategy capable of reducing blood pressure. Aerobic
exercises (e.g., walking, cycling, swimming) are often the
first-line recommendation, as they have been shown to im-
prove vascular health and lower both systolic and diastolic
blood pressure.

High-intensity interval training (HIIT) has emerged as an-
other potent exercise modality for hypertensive individuals.
HIIT involves alternating between short bursts of intense ex-
ercise and periods of low-intensity recovery, which helps im-
prove heart health and reduce arterial stiffness more effec-
tively than moderate continuous exercise alone. However,
newer research highlights the added value of integrating dy-
namic resistance exercises and isometric training, such as wall
squats and handgrip exercises, into treatment regimens for
more effective results, particularly in patients with resistant
hypertension or those at risk of cardiovascular disease. For el-
derly hypertensive patients, resistance training is especially
useful to combat sarcopenia (muscle loss) while managing
blood pressure effectively. Additionally, combining aerobic
exercise with resistance or isometric workouts offers syner-
gistic benefits, ensuring sustained blood pressure control and
cardiovascular health improvement over time. This personal-
ized model aligns with recent guidelines from the European
Society of Preventive Cardiology (ESC), which emphasize the
need for targeted exercise programs to optimize therapeutic
outcomes. Furthermore, such tailored interventions improve
patient adherence and offer a sustainable approach to manag-
ing hypertension long-term, integrating physical activity as an
essential part of the overall treatment plan [33-36].

10. TREATMENT AND DIAGNOSIS

Medications for managing hypertension are widely pre-
scribed across the globe, with recent advancements expanding
the range of available drug classes, including beta-blockers,
calcium channel blockers (CCB), angiotensin II-AT 1 recep-
tor blockers, diuretics, angiotensin-converting enzyme inhib-
itors (ACE-I). [48] The selection of antihypertensive medica-
tion is tailored to individual patient factors such as the pa-
tient's age, race or ethnicity, pregnancy status, and the pres-
ence of coexisting medical conditions like diabetes mellitus,
nephropathy, and coronary artery disease. The process of di-
agnosing hypertension involves combining data from clinical
assessment, blood pressure readings, and other testing in order
to look for target organ damage and determine any underlying
causes or contributing variables [3, 49]. In order to diagnose
and treat hypertension, the following examinations and tests
are frequently performed:

a) Ambulatory Blood Pressure Monitoring
(ABPM): ABPM is a technique that involves the
use of a portable device that continuously moni-
tors blood pressure over the course of a day at
regular intervals over 24 hrs. It offers a more
comprehensive picture and helps confirm the di-
agnosis of hypertension. ABPM is also essential
in evaluating the effectiveness of treatment and
detecting white-coat hypertension [49, 50].
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b) Laboratory Tests: These tests help identify un-
derlying conditions contributing to hypertension
and assess organ function, such as measuring kid-
ney function (serum creatinine, estimated glo-
merular filtration rate), electrolyte levels (so-
dium, potassium), fasting blood glucose, lipid
profile (total cholesterol, low-density lipoprotein
cholesterol, high-density lipoprotein cholesterol,
triglycerides), and urinalysis (for proteinuria or
haematuria) [50].

¢) Basic Metabolic Panel: Tests for renal function
and electrolyte abnormalities are included, in-
cluding serum creatinine, blood urea nitrogen
(BUN), and electrolyte imbalances (sodium and
potassium).

d) Lipid Profile: Determines the risk of cardiovas-
cular disease by measuring triglycerides, total
cholesterol, low-density lipoprotein cholesterol
(LDL-C), and high-density lipoprotein choles-
terol (HDL-C).

e) Fasting Blood Glucose: This test checks blood
sugar levels for the presence of diabetes or low
glucose tolerance, two conditions that increase
the risk of hypertension.

f)  Urinalysis: Examines the body for signs of kid-
ney illness or urinary tract issues, such as pro-
teinuria, haematuria, or other abnormalities.

g) Electrocardiogram or ECG: ECG is a non-inva-
sive examination that records the electrical activ-
ity of the heart on paper by detecting it. It is able
to determine the heart rate in any direction. ECG
is useful for assessing signs of left ventricular hy-
pertrophy, a typical consequence of excessive
blood pressure, arrhythmias, or other cardiac
problems. It may also be used to evaluate for
damage to the heart muscle, such as heart attack
[50, 51].

h) Echocardiogram: Echocardiogram is a transtho-
racic ultrasonography used to examine the heart.
With the use of sound waves, this non-invasive
examination may produce precise photographs of
the beating heart. It illustrates the flow of blood
via the heart's valves. The heart beats and relaxes,
and sound waves capture these pictures, which
are subsequently sent to a TV display. An echo-
cardiography can identify cardiac conditions
such as hypertrophy, irregularities in the heart
wall's motion, blood clots, and abnormalities in
the heart valve. Additionally, it provides a relia-
ble assessment of cardiac muscle strength [50,
52].

11. MEDICATIONS TO LOWER BLOOD PRESSURE

Reducing blood pressure and averting consequences are
the clinical goals of treating hypertension. Occasionally, alter-

by
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ing one's lifestyle is insufficient to control high blood pres-
sure. Medication is the primary option when employing a
blood pressure-lowering strategy, and a healthy lifestyle can
positively influence adherence [53, 54]. Diuretics, which are
still widely used today, were the first class of medications to
be used to treat hypertension. The most often advised first-line
therapies for hypertension are ACE inhibitors and calcium
channel blockers (CCBs), in addition to thiazide diuretics
[53]. Because they limit cardiovascular remodelling, particu-
larly in the left ventricle, ACE inhibitors are one of the most
often used clinically antihypertensive medication groups.
They are used as a first-line therapy for hypertension. This re-
duces morbidity and mortality associated with hypertension.
ACE inhibitors and beta-blockers not only treat hypertension
but also serve as first-line therapies for heart failure; consid-
ering their therapeutic significance in treating a number of im-
portant illnesses, it is imperative to improve their efficacy and
side-effect profile [54].

a) ACE Inhibitors and Angiotensin Il Receptor
Blockers (ARBs): They are frequently used to
prevent the negative effects that patients may
have from ACE inhibitors by blocking the recep-
tor rather than the enzyme. Nevertheless, ARBs
are known for having low bioavailability and
need substantial dosages to provide the intended
results [54].

b) Thiazide Diuretics: Thiazide diuretics, are the
first medications used to treat hypertension,
which have fewer side effects than more recent
antihypertensives, such as limited solubility, very
low bioavailability, and rapid first-pass metabo-
lism. Many diuretics' drugs pharmacokinetic pro-
files should be improved to manage plasma levels
better, enabling lower dosages and fewer adverse
effects. Nano-formulation chemistry can maxim-
ize the effectiveness of a class of drugs. Due to
its weak water solubility, hydrochlorothiazide
has a poor gastrointestinal absorption rate and a
decreased 70%—-80% bioavailability. Hydrochlo-
rothiazide complexed to beta-cyclodextrin was
added to lecithin/chitosan-based nanoparticles to
enhance their solubility and enhance their bio-
pharmaceutical qualities [55, 56].

¢) ACE Inhibitors: These medications aid in blood
vessel relaxation. They function by blocking the
ACE activity, which lowers the amount of angi-
otensin II produced. Vasodilation, a decrease in
peripheral resistance, and a reduction in the re-
tention of salt and water result in a drop in blood
pressure and an improvement in cardiac function.
The first ACE inhibitor to be used orally to treat
hypertension was captopril. It’s limited oral bio-
availability causes brief, occasionally incon-
sistent therapeutic action despite its high solubil-
ity. Multiwalled lipid-core nano capsules were
created to administer either captopril alone or in
combination with the loop-diuretic furosemide in
order to address these drawbacks [57, 58].
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d) Calcium Channel Blockers (CCB): A family of

e)

drugs known as calcium channel blockers is fre-
quently used to treat angina, hypertension, and
certain cardiac arrhythmias. They function by
preventing calcium ions from entering cardiac
myocytes and vascular smooth muscle cells,
which causes the latter to relax and the former to
enlarge peripheral blood arteries. As a result,
blood pressure and systemic vascular resistance
are lowered. Among all first-line therapies for
hypertension that are advised, CCBs show the
greatest potential for improvement due to their
nanoformulation. This is because the majority of
CCB medications have low bioavailability. For
instance, isradipine, a dihydropyridine calcium
channel blocker, has a limited bioavailability
(about 15%-24%) due to its significant first-pass
metabolism. The drug was put into SLNs to in-
crease bioavailability, and the antihypertensive
qualities of the formulation were evaluated
against isradipine oral suspension. While SLN
achieved its maximal impact at 24 hours and con-
tinued to lower blood pressure for 36 hours after
delivery, commercial isradipine quickly de-
creased blood pressure and peaked at 2 hours.
Longer stomach residence time, improved solu-
bility, and lymphatic transport, which lowers
first-pass metabolism are probably the causes of
this extended effectiveness [58, 59].

Angiotensin ii Receptor Blockers (ARB): ARBs
limit angiotensin II's vasoconstrictive and aldos-
terone-releasing actions by specifically stopping
it from attaching to its receptors in blood vessels,
adrenal glands, and other tissues. Additionally,
they have a usually low bioavailability. Losartan
is one kind of angiotensin receptor blocker. Pa-
tients with heart failure who are intolerant to
ACE inhibitors may potentially benefit from the
usage of losartan, which is commonly recom-
mended for the treatment of hypertension. ARBs
have the potential to lower the risk of stroke, my-
ocardial infarction, and heart failure effects in ad-
dition to their antihypertensive effects. To lower
blood pressure, they are frequently used in com-
bination treatment with other antihypertensive
drugs such as diuretics or calcium channel block-
ers [57, 58]. Valsartan exhibits a greater affinity
for angiotensin I receptors than other competitive
angiotensin II antagonists. When taken orally, it
has low aqueous solubility, poor bioavailability
(<25%), substantial first-pass metabolism, and is
hindered by the presence of food. A solid self-
nanoemulsifying delivery system (S-SNEDDS)
for valsartan was created to prevent first-pass me-
tabolism and guard against degradation in the
stomach environment. Valsartan alone and S-
SNEDDS+valsartan administered orally both
markedly reduced blood pressure, from ~198-
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220 mm Hg before treatment to ~145 and 115
mm Hg after 0.5 hours and =122 and 112 at 2
hours, respectively [60, 61].

f) Beta-blockers: A family of drugs known as beta-
blockers is frequently used to treat heart failure,
angina, hypertension, and certain cardiac arrhyth-
mias. They function by inhibiting the actions of
catecholamines on beta-adrenergic receptors in
the heart and blood vessels, such as adrenaline
(epinephrine) and noradrenaline (norepineph-
rine), which lowers heart rate, myocardial con-
tractility, and sympathetic tone [53]. Carvedilol
is a nonselective beta- and alpha 1-blocker that is
poorly soluble and has significant first-pass me-
tabolism, leading to a low oral bioavailability of
around 20%. As a result, carvedilol was adminis-
tered by S-SNEDDS has enhance blood pressure
regulation. In research, the efficacy of carvedilol
administered via a nano lipid carrier and nano
formulated was examined for the treatment of rat
hypertension. The outcomes demonstrated that
when carvedilol was given alone, there was a sig-
nificant drop in blood pressure caused by the
nano formulation. Furthermore, animals given
the nano formulation continued to have reduced
blood pressure even after a 24-hour period,
whereas animals given carvedilol alone went
back to having high blood pressure before the
therapy. When compared to the carvedilol-alone
group, the nano formulation produced noticeably
greater levels of carvedilol in the animal's
plasma, suggesting improved oral absorption and
sustained drug concentrations. By lowering the
frequency of dose, this prolonged impact may en-
hance patient compliance and provide improved
blood pressure management [55].

12. NANOFORMULATIONS
APPROACHES

AND NOVEL

In order to increase solubility and bioavailability, provide
prolonged release, and circumvent gastrointestinal tract envi-
ronmental issues associated with oral delivery, drug formula-
tion into nanoparticles is a potentially effective strategy [60].
Nanotechnology is transforming drug delivery in the manage-
ment of hypertension. Nanoparticle formulations have
emerged as a promising solution to the challenges associated
with oral drug delivery for hypertension. They offer signifi-
cant improvements in solubility, bioavailability, and sustained
release, overcoming obstacles like GIT degradation and first-
pass metabolism. Engineered materials with at least one di-
mension and a size range of 1 to 100 nm are referred to as
nanoparticles. These formulations can improve therapeutic
outcomes by allowing drugs to reach precise sites of action
with minimal side effects. Additionally, nanoparticle-based
formulations are making inroads into personalized cardiovas-
cular care through targeted therapies and smart drug delivery
systems. Advancements in nanoformulation chemistry are en-
hancing the pharmacokinetics and therapeutic outcomes of
antihypertensive medications. Innovations, such as solid lipid
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nanoparticles and self-nanoemulsifying systems, extend drug
activity, reduce dosing frequency and improve patient com-
pliance. By optimizing the delivery, particularly for poorly
soluble and fast-metabolizing compounds, nanotechnology
offers significant promise for achieving more effective long-
term hypertension management [60-62].

Nanoparticles have certain benefits over small molecules
for drug administration because of the variety of engineering
techniques, materials, and processes established by the nano
sciences [60, 61]. For example, they can be precisely con-
structed, effortlessly multiplexed for numerous sensing mo-
dalities, and carry greater payloads with controlled distribu-
tion. Enhances the absorption of water-insoluble drugs by im-
proving solubility in the GIT. Site-specific delivery reduces
systemic exposure and side effects. Numerous nano therapies
based on CVD are currently undergoing clinical studies [62].
Numerous nano formulations have been created and evaluated
in preclinical settings to enhance their antihypertensive effi-
cacy. Since most of these nanomaterials are flexible, they can
be based on lipids or polymers, such as poly (D, L-lactide),
cyclodextrin, hydroxymethyl cellulose, poly-g-caprolactone,
and Eudragit RL/RS (polymethacrylate-based copolymer). By
regulating medication release and mitigating side effects,
these nano formulations may assist in achieving targeted local
drug concentrations at predefined periods, contingent upon
their specific design. These nano formulations often enhance
the bioavailability of loaded pharmacological agents and
boost therapeutic effectiveness with improved blood pressure
management [62].

Through the stomach's acidic environment, polymer-based
techniques allow the medication to remain intact and travel
through to the small intestine, where the polymer coating can
eventually breakdown and release the drug inside. Transla-
tionally speaking, though, nanoparticles need to be secure,
which might restrict their use. Nanoparticles must provide
some significant advantages over traditional medication for-
mulations without significantly raising toxicity or risk in order
to be a competitive substitute (Fig. 5) [62].

a) Renin Inhibitor: Renin inhibitors are a new fam-
ily of drugs used to treat hypertension. The first
stage in the RAAS cascade, the conversion of an-
giotensinogen to angiotensin I, is catalysed by the
enzyme renin, which is secreted from the kid-
neys. Renin inhibitors work by preventing the
synthesis of angiotensin I, which in turn reduces
the creation of angiotensin II, a powerful vaso-
constrictor, and aldosterone, a hormone that en-
courages the retention of salt and water. The first
commercial renin inhibitor, aliskiren, hit the
shelves in 2007. The first renin inhibitor to be li-
censed for use orally for the treatment of hyper-
tension is aliskiren. It inhibits renin's enzymatic
action directly, lowering the amount of angioten-
sin [ that is formed. It has been demonstrated that
aliskiren lowers blood pressure in both the sys-
tolic and diastolic phases, with effects that last for
awhole day. A Phase II clinical trial is being con-
ducted on a novel chemical called VTP27999
[63-65].
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Fig. (5). Novel molecular targets for hypertensives. Figure created using Biorender (https://biorender.com/). (4 higher resolution / colour

version of this figure is available in the electronic copy of the article).

b) Angiotensin ii Type 2 Receptor Agonist (AT2R): amount of cGMP, which lowers blood pressure
An interesting therapeutic target for the treatment and induces natriuresis [64, 65].
of hypertepsmn and cardiovascular disease is the ¢) Mas Receptor Modulator: The Mas receptor is
angiotensin II type 2 receptor. In contrast to - . .
. ; . known as a possible target for cardiovascular dis-
ATIR, AT2R acts in the opposite way. It is an- . .
D . . ease treatment. Through the angiotensin II type 1
tagonistic to the vasoconstrictor effect of angio- . . . .
. . . . receptor (AT1R), its natural ligand, angiotensin-
tensin [I-mediated AT 1R. The vasodilatory activ- . . L.
. . . e . (1-7), displays vasodilatory, anti-inflammatory,
ity of AT2R is mediated by cGMP, nitric oxide, - - .
. . o . and anti-fibrotic properties that balance the vaso-
and bradykinin. Natriuresis is also mediated by e . A
constrictive and pro-inflammatory activities of
AT2R [65]. ; : .
angiotensin II. Pharmacological substances
¢) Phosphodiesterase 5 (PDE-5) Inhibitor: PDE-5 called Mas receptor modulators work by selec-
inhibitors function by preventing the breakdown tively activating the Mas receptor to increase the
of cyclic guanosine monophosphate (cGMP), a effects of Ang-(1-7). Numerous physiological
signalling molecule that encourages smooth mus- reactions result from the activation of the Mas re-
cle relaxation and vasodilation, by the phos- ceptor by Ang-(1-7) or Mas receptor modulators,
phodiesterase type 5 enzyme. Cyclic GMP, an in- including vasodilation, reduction of oxidative
termediary stage in vasodilatory activity, is de- stress, inhibition of cell proliferation and hyper-
graded by PDE-5. Vasodilatation is the result of trophy, and enhancement of endothelial function.
PDE-5's inhibition of ¢cGMP breakdown. The These actions help to lower blood pressure, main-
PDE-5 inhibitor tadalafil was recently licensed tain cardiovascular homeostasis, and lessen car-
and has been shown to have a vasodilatory effect. diovascular remodelling and fibrosis. The Mas
Another PDE-5 inhibitor, KD027, is now under- receptor releases nitrous oxide, similar to the
going a phase II clinical trial [65]. AT2 receptor [64,65].
d) Natriuretic Peptide Receptor A (NPRA) Ago- f) Angiotensin-converting Enzyme 2 (ACE2)

nist: Pharmacological substances known as natri-
uretic peptide receptor A (NPRA) agonists oper-
ate on the natriuretic peptide system by activating
the NPRA receptor in particular. The body uses
this receptor as a crucial part of its regulatory sys-
tems to maintain blood pressure, fluid and elec-
trolyte balance, and cardiovascular homeostasis.
NPRA mediates vasodilation, diuresis, natriure-
sis, and inhibition of RAAS when natriuretic pep-
tides, such as brain and atrial natriuretic peptides
trigger it. An NPRA agonist such as PL3994,
which is undergoing a phase II trial, raises the

Modulator: Pharmacological drugs known as
ACE2 modulators aim to increase ACE2 expres-
sion or activity, which in turn promotes the ben-
eficial effects of the ACE2/Ang-(1-7) axis on car-
diovascular function. By increasing the synthesis
of Ang-(1-7) and blocking the effects of angio-
tensin II, ACE2 modulators can lower blood
pressure, enhance vascular health, and lessen car-
diac remodelling and fibrosis. The primary pep-
tides for RAAS, angiotensin I and angiotensin II,
are metabolized by ACE2. Through this method
of action, (ACE2) modulators such as APNO1
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Table 3. Novel antihypertensive drugs.
Drug Mechanism Development Phase References
Eplerenone Aldosterone-receptor blocker Marketed [63, 69]
APNO1 (thACE2) ACE 2 modulator Phase 11 [70]
ASI LCI699 Aldosterone synthase inhibitor Phase II [71]
Imidapril ACE inhibitor Marketed [72]
Compound 21 AT2R agonist Phase [ [65]
LCZ696Daglutril Combined ATIR blocker and NEP inhibitor Phase III Phase II [73]
AliskirenVTP27999 Renin inhibitor Marketed Phase IT [69]
Macitentan (PAH)Ambrisentan (PAH) Endothelin A receptor antagonist Marketed [68, 74]
Monoxidine Imidazoline-receptor blocker Marketed [68, 63]
PL3994 Natriuretic peptide receptor agonist Phase 11 [70]

)

h)

(rhACE2), which are undergoing Phase II clinical
trials, have shown encouraging results in treating
hypertension [65].

Endothelin a Receptor (ET4) Antagonist: Phar-
macological drugs classified as endothelin-antag-
onists (ETAs) specifically inhibit the activity of
endothelin-1 (ET-1) at the ETA receptor subtype,
hence targeting the endothelin system. ETA an-
tagonists block ET-1 from attaching to its recep-
tor, which stops the ET-1/ETA receptor signal-
ling that causes vasoconstriction, cell division, fi-
brosis, and inflammation. A number of ETA an-
tagonists have been created and investigated in
clinical studies to treat pulmonary arterial hyper-
tension, a disorder marked by increasing vascular
remodelling and high pulmonary artery pressure.
These medications, which include bosentan, am-
brisentan, and macitentan, have been shown to be
effective in enhancing exercise tolerance, lower-
ing symptoms, and slowing the course of the dis-
ease in pulmonary arterial hypertension patients.
[64-66].

Aldosterone Synthase Inhibitor: Aldosterone
stimulates potassium excretion and salt reabsorp-
tion in the kidneys, which increases blood vol-
ume and constricts blood vessels. This helps reg-
ulate blood pressure and electrolyte balance. A
aldosterone synthase inhibitors is made to sup-
press the enzyme that catalyses the last stage of
aldosterone production, aldosterone synthase.
Aldosterone synthase inhibitors lower aldoste-
rone production and its subsequent effects on po-
tassium excretion and sodium retention by block-
ing the synthesis of aldosterone. Because of the
decreased blood volume, arterial stiffness, and
blood pressure that ensue, aldosterone synthase

inhibitors are a desirable therapy option for hy-
pertension and associated cardiovascular dis-
eases (CVDs) [67].

Preclinical and clinical trials have been conducted on a
number of aldosterone synthase inhibitors to treat chronic re-
nal disease, heart failure, and hypertension. These medicines
include substances like pacapitant (FAD286) and osilodrostat
(LCI699), which have shown promise in reducing blood pres-
sure and enhancing cardiovascular outcomes in early clinical
trials and preclinical models (Table 3) [67].

13. NANOTECHNOLOGY IN HYPERTENSION

Traditional treatments for hypertension include lifestyle
changes and pharmacotherapy. However, recent advances in
nanotechnology have introduced innovative approaches to hy-
pertension management, offering potential solutions to these
limitations. Hypertension often requires long-term medication
and lifestyle changes. Traditional treatments face challenges
like patient non-compliance, adverse side effects, and limited
efficacy in resistant cases. Nanotechnology leverages the
unique properties of nanoparticles to enhance drug delivery,
target specific tissues, and improve therapeutic outcomes.
These nanoparticles can encapsulate antihypertensive drugs,
ensuring controlled release and increased bioavailability
while minimizing side effects [59, 75]. Nanotechnology also
offers novel therapeutic mechanisms and enhanced diagnostic
capabilities, revolutionizing the way hypertension is managed
and treated.

14. NANOPARTICLES IN DRUG DELIVERY

Nanoparticles are materials with dimensions typically be-
tween 1 and 100 nm. Due to their small size and unique phys-
ical and chemical properties, nanoparticles can interact with
biological systems at the molecular level, providing new op-
portunities for drug delivery and diagnostic applications [76].
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In the context of hypertension, nanoparticles are being ex-
plored for their ability to improve the delivery and efficacy of
antihypertensive drugs, enhance imaging techniques, and of-
fer novel therapeutic mechanisms.

One of the primary uses of nanoparticles in hypertension
treatment is in the targeted delivery of antihypertensive drugs.
Traditional oral or injectable medications often face chal-
lenges such as poor solubility, rapid degradation, and non-spe-
cific distribution, which can reduce their effectiveness and in-
crease side effects. Nanoparticles can encapsulate these drugs,
protecting them from degradation and facilitating controlled
release at the target site. For instance, liposomes, which are
spherical vesicles with a lipid bilayer, have been used to de-
liver antihypertensive drugs like captopril. Studies have
shown that liposome-encapsulated captopril has improved bi-
oavailability and prolonged circulation time compared to free
captopril, leading to more effective blood pressure reduction.
Similarly, polymeric nanoparticles made from materials like
PLGA (poly(lactic-co-glycolic acid)) have been used to de-
liver drugs, such as losartan, showing enhanced therapeutic
efficacy and reduced side effects [77].

Polymer-based nanoparticles, including PLGA, PCL, Eu-
dragit, HPMC, and chitosan, have been extensively re-
searched for their use in oral antihypertensive drug delivery.
These nanoparticles have various applications, including tis-
sue targeting, biotherapeutic delivery, and enhancing drug
solubility. PLGA nanoparticles have minimal toxicity due to
their degradation into endogenous lactic and glycolic acid
monomers. Chitosan, a natural biodegradable polysaccharide,
has been used as a sustained release and site-specific delivery
system for various drugs, including antihypertensives. HPMC
nanoparticles are nonionic water-soluble derivatives of cellu-
lose ether used for controlled-release dosage forms. Lipid-
based nanoparticles have been explored for their low solubil-
ity and high permeability, enhancing drug absorption through
mechanisms such as increasing membrane fluidity, altering
intestinal metabolism, and promoting lymphatic uptake. Lig-
uid emulsions, including self-micro emulsifying drug delivery
systems, microemulsions, and nanoemulsions, can achieve
high oral bioavailability. Solid lipid nanoparticles (SLNs) are
biocompatible excipients used in drug delivery, with four
models: matrix, compound-enriched shell, drug-enriched
core, and mixed type. Nanostructured lipid carriers (NLC)
have been developed to address the limitations of SLNs [75].

15. NANOPARTICLES IN IMAGING AND DIAGNOSIS

Accurate diagnosis and monitoring are crucial for effec-
tive hypertension management. Nanoparticles can enhance
imaging techniques, providing better visualization of cardio-
vascular structures and functions. Magnetic nanoparticles, for
example, can be used in magnetic resonance imaging (MRI)
to improve the contrast of blood vessels, aiding in the detec-
tion of abnormalities associated with hypertension [78]. Gold
nanoparticles have also been explored for their potential in
computed tomography (CT) imaging. Their high atomic num-
ber and electron density make them excellent contrast agents,
allowing for detailed imaging of blood vessels and the heart.
This enhanced imaging capability can help in early diagnosis
and monitoring of hypertension, facilitating timely interven-
tion and better management of the condition [79].
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16. NOVEL THERAPEUTIC MECHANISMS

Beyond drug delivery and imaging, nanoparticles are be-
ing investigated for their potential to influence biological
pathways involved in hypertension directly. For example, ni-
tric oxide (NO) is a potent vasodilator that plays a key role in
blood pressure regulation. However, NO has a very short half-
life in the bloodstream, limiting its therapeutic use. Nanopar-
ticles can be engineered to release NO in a controlled manner,
providing sustained vasodilation and blood pressure reduction
[80]. Moreover, nanoparticles can be used to deliver genetic
material, such as small interfering RNA (siRNA), to silence
specific genes involved in hypertension. This gene therapy ap-
proach holds promise for the long-term management of hyper-
tension by addressing its underlying genetic causes. Studies
have shown that siRNA-loaded nanoparticles can effectively
reduce the expression of target genes in animal models, lead-
ing to significant blood pressure reduction [81].

17. CHALLENGES AND FUTURE DIRECTIONS

Despite the promising potential of nanoparticles in hyper-
tension management, several challenges remain. The safety
and biocompatibility of nanoparticles are critical concerns, as
their small size and reactivity can lead to unintended interac-
tions with biological systems. The current ongoing research
focuses on refining the formulations to minimize toxicity and
optimize large-scale production techniques, such as continu-
ous-flow synthesis. With ongoing advancements in Al, stim-
uli-responsive systems, and combination therapies, the future
of hypertension management looks promising through the
lens of nanotechnology. Integrating artificial intelligence (Al)
in nanoparticle design further accelerates the development of
personalized drug delivery systems [40, 41]. Nanotechnology
is revolutionizing the treatment options for hypertension by
offering safer and more effective drug formulations. These in-
novations not only improve patient outcomes but also repre-
sent a step forward in personalized and precision medicine.
Long-term studies are needed to assess the potential toxicity
and side effects of nanoparticle-based therapies [82]. Regula-
tory approval and clinical translation of nanoparticle-based
treatments also pose significant hurdles. Ensuring consistent
and scalable production of nanoparticles with precise proper-
ties is essential for their successful application in clinical set-
tings. Comprehensive clinical trials are also required to estab-
lish the efficacy and safety of these novel therapies in humans.
As a takeaway, it can be established that nanoparticles offer a
promising avenue for the advancement of hypertension treat-
ment. Their ability to improve drug delivery, enhance imag-
ing, and provide novel therapeutic mechanisms could signifi-
cantly improve patient outcomes and reduce the burden of hy-
pertension. Continued research and development, along with
rigorous safety assessments, are essential to realize the full
potential of nanoparticles in this field (Table 4).

18. FUTURE DIRECTIONS
18.1. AI-Driven Nanoparticle Designs

Integrating artificial intelligence (AI) and machine learn-
ing into nanoparticle development can accelerate the identifi-
cation of optimal formulations for specific patients, further
advancing personalized medicine [41].
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Table 4. Lifestyle changes in hypertension.

Lifestyle Modifications Details
DASH Diet Consuming a diet rich in fruits, vegetables & low-fat dairy products with reduced saturated and total fat.
Sodium Restriction Limit the sodium intake to <2.4 g/day.
Weight Reduction Recommended, if the BMI > 25 kg/m?.
Exercise Engage in moderate physical activities for 150 minutes/week (i.e., 30 min./day for 5 days a week).

Women: no more than 1 drink/ day
Alcohol Limitation
Men: no more than 2 drinks/day.

Smoking Cessation Counselling tobacco users on the risks of smoking.

18.2. Combination Therapies with existing therapies, can improve adherence and outcomes,
particularly for individuals with masked or nocturnal hyper-
tension. In light of the increasing burden of hypertension
across diverse populations, particularly in underserved re-
gions, furthermore research is needed to address health dis-
parities by promoting accessible and affordable care options.
Additionally, advancements in renal denervation and gene-
based therapies hold promise for patients with treatment-re-
sistant hypertension.

Nanoparticles offer the possibility for co-delivery of mul-
tiple drugs, enhancing treatment efficacy and reducing the risk
of drug resistance. This approach is gaining attraction in the
treatment of hypertension and associated cardiovascular dis-
orders [41].

18.3. Smart Delivery Systems

Future systems may incorporate real-time monitoring

tools that respond to physiological changes, releasing drugs AUTHORS’ CONTRIBUTIONS
only when needed. This strategy can help greatly in optimiz-

ing blood pressure management and reducing the burden of It is hereby acknowledged that all authors have accepted

daily medications [41]. responsibility for the manuscript's content and consented to its
submission. They have meticulously reviewed all results and

18.4. Nanotechnology in Clinical Trials unanimously approved the final version of the manuscript.

Several nano-formulations are entering clinical trials for
(CVDs). The successful trials will pave the way for more na- LIST OF ABBREVIATIONS
nomedicines in mainstream healthcare [39].

Al = Artificial Intelligence
CONCLUSION ACE2 = Angiotensin-converting Enzyme 2
AT2R = Angiotensin ii Type 2 Receptor Agonist
Hypertension is a major global health concern, causing g. o P P &
cardiovascular morbidity and death. Despite advancements in ARB = Angiotensin ii Receptor Blockers
antihypertensive drugs and treatment plans, achieving ideal CCB = Calcium Channel Blockers
blood pressure management remains challenging. A compre- } )
hensive, precise approach is needed to address comorbidities, cGMP = Cyclic Guanosine Monophosphate
risk factors, and blood pressure regulation. Lifestyle changes, CT = Computed Tomography
such as eating adjustments, exercise, weight management, and L .
CKD = Chronic Kidney Disease

stress management, are crucial for prevention and treatment.
Pharmacological therapy remains the main approach, but CVDs = Cardiovascular Diseases
commercial antihypertensives have drawbacks like high me-

tabolism, low bioavailability, and poor water solubility. Nan- ET-1 - Endothelin-1

otechnology offers potential solutions to these issues, particu- HR = Heart Rate

larly lipidic and polymeric nanoparticles. However, chal- _ . .
lenges lpi)ke limited Ié)iru}é—entrapmentp efficiency, toxicity, scale- MRI B Magnetic Resonance Imaging
up, production costs, and regulatory issues need to be over- NCD = Noncommunicable Disease
come. Combining nanotechnology with conventional antihy- PR _ Peripheral Resistance
pertensive drugs could improve hypertension treatment, par-

ticularly in light of gaps in hypertension therapy and the need =~ RAAS = Renin-Angiotensin-Aldosterone System
for globally accessible remedies. Also, Digital health solu- GiRNA = Small Interfering RNA

tions have emerged as a promising supplement to traditional .

approaches. Wearable blood pressure monitors, mobile apps, SNS = Sympathetic Nervous System
and telehealth consultations are now enabling continuous and SV = Stroke Volume

remote patient monitoring, offering more personalized and

real-time interventions. These technologies, when combined SLNs - Solid Lipid Nanoparticles
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