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Abstract 

High blood pressure (hypertension) is a complex, multifactorial and multisystem disorder and a 

leading cause of morbidity and premature death worldwide. It is the major modifiable risk factor 

for heart disease, stroke and kidney disease. The underlying cause of hypertension is identified in 

∼5% of patients (secondary hypertension), while in 95% of patients, no specific etiology is found 

(primary hypertension). Multiple factors including genetics, environmental elements, 

hemodynamics and interacting physiological systems contribute to the pathophysiology of 

hypertension. At the molecular level, growing evidence indicates an important role for oxidative 

stress, mitochondrial dysfunction, inflammation, epigenetics and non-coding RNAs. In addition, 

new components of the renin angiotensin system, including alamandine, have been discovered as 

potential players in the development of hypertension. Here we highlight some novel concepts on 

molecular mechanisms and pathophysiological processes underlying hypertension.  

Introduction 

Blood pressure (BP) is the systemic arterial pressure and comprises systolic BP, pressure when the 

heart contracts, and diastolic BP, when the heart relaxes. Maintaining a normal BP is essential for 

organ perfusion. In healthy adults, the mean BP is <120/70 mmHg, above which individuals are at 

risk for cardiovascular events (1-5). However, BP is a continuous and not a static variable and 

changes depending on physiological and environmental factors. BP is regulated by multiple 

systems and organs and locally by factors that modulate peripheral vascular resistance and vascular 

tone (2,3). Acute changes in BP primarily involve neural systems that control heart rate, cardiac 

output and vascular resistance, whereas chronic BP changes are influenced by mechanisms that 

regulate sodium and volume homeostasis, including the renin angiotensin aldosterone system 

(RAAS) (2,3). Clinically elevated BP is diagnosed when SBP is persistently >130/80 mmHg and 

hypertension is diagnosed when BP is >140/90 mmHg. This definition is based on the latest 

international clinical guidelines (4,5). 

Hypertension is a major preventable risk factor for cardiovascular disease with prevalence 

rates of over 35% in adults (6-8). The rate of hypertension is increasing due to ageing populations, 

more comorbidities (obesity, diabetes), unhealthy lifestyle and environmental factors (pollution, 

geographic location, socioeconomic factors) (7,8). High BP has serious consequences because it 

increases the risk of heart disease, stroke, dementia and end-stage kidney disease (9).  
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Primary hypertension (previously termed essential hypertension) is the most common form 

of the disease, accounting for 95% of patients, and is characterized by being polygenic, 

multifactorial, and of unknown etiology (10,11). In 5% of patients, the cause of hypertension is 

known. This is termed secondary hypertension and is often reversible when the etiological factor 

is removed (12). Major causes of secondary hypertension include renal disorders (chronic kidney 

disease, polycystic kidney disease), endocrine disorders (primary hyperaldosteronism, 

pheochromocytoma), vascular disorders (renovascular stenosis, aortic coarctation, fibromuscular 

dysplasia), obstructive sleep apnea, or side effects of drugs (chronic use of non-steroidal anti-

inflammatory drugs, sympathomimetics, amphetamines, oral contraceptives, immunosuppressants 

and anti-angiogenic drugs) (12,13).  

The complex multifactorial nature of BP (dys)regulation was highlighted in the 1960s in 

the ‘Page Mosaic Theory’, which suggested that elevated BP is not due to a single factor, but is 

the result of multiple interacting factors involving numerous organs and systems (14). Major 

components of the original ‘Mosaic Theory’ included genetic, environmental, anatomic, adaptive, 

neural, endocrine, humoral, and hemodynamic factors (14). Since then, there have been advances 

in the molecular, cellular and systems processes that contribute to hypertension pathophysiology, 

resulting in an updated ‘Mosaic’, which comprises new elements including the RAAS, oxidative 

stress, the immune system, inflammation, the microbiome, vascular injury, insulin resistance, sex 

hormones and environmental and behavioural factors (Figure 1) (15). Here we provide an 

overview of the multisystem pathophysiology of hypertension focusing on recent advances 

(Figure 2). 

The kidney and hypertension 

The kidneys play a dominant role in the long-term control of BP. The most important renal 

mechanism in hypertension is volume expansion due to increased water and salt absorption. At the 

molecular level this involves activation of tubular ion channels/transporters/exchangers, many of 

which are therapeutic targets in hypertension.  

Renal sodium regulation  

Major sodium channels/transporters/exchangers in the kidney include sodium–hydrogen 

exchanger isoform 3 (NHE3), Na+-K+-2Cl− cotransporter (NKCC2), sodium chloride 

cotransporter (NCC), and amiloride-sensitive epithelial sodium channel (ENaC) (16). NHE3 and 

NKCC2 control 95% sodium absorption in the proximal tubule and thick ascending limb of the 
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loop of Henle, with 5% sodium absorption in the distal tubule controlled by aldosterone-regulated 

ENaC and NCC (17).  

NHE3 contributes to absorption of Na+, Cl−, HCO3
− and water. Animal studies indicate the 

importance of NHE3 in BP regulation and hypertension. Nhe3−/− mice exhibit low BP, which is 

normalized when the gene is rescued (18). Expression of NHE3 is increased in experimental 

hypertension (spontaneously hypertensive rats (SHR), Ang II-induced hypertension) (19,20). 

NHE3 has been suggested as a possible therapeutic target in hypertension, with NHE3 inhibitors 

(SAR218034) lowering BP in SHR (21). 

NCC is thiazide-sensitive and reabsorbs sodium and chloride (22). NKCC2 transports 

sodium, potassium and chloride into cells and establishes the concentration gradient that controls 

renal excretion of water. NKCC2 expression and activity are increased in salt-sensitive 

hypertension (23). Hyperactivation of NCC and NKCC2 leads to excessive sodium reabsorption 

and hypertension (23,24).   

ENaC fine-tunes sodium reabsorption in parallel with potassium secretion (25). Expression 

levels and channel activity are controlled primarily by aldosterone through SGK1 and Nedd4-2 

pathways (26). In low-renin hypertension, salt-sensitive hypertension and primary aldosteronism, 

ENaC activity is upregulated, leading to excessive sodium retention (27,28). Genetic insights 

confirm the importance of ENaC in hypertension. Gain-of-function mutations of ENaC cause 

Liddle syndrome characterized by hypertension, increased sodium reabsorption, hypokalemia, 

metabolic alkalosis and low plasma renin and aldosterone levels (29). Conversely, loss-of-function 

mutations are associated with low BP, hyponatremia, hyperkalemia, metabolic acidosis, 

dehydration and high plasma renin and aldosterone levels (pseudohyperaldosteronism) (30).  

The potassium switch 

Among electrolytes that influence BP, potassium has emerged as an important player. High dietary 

potassium intake is associated with BP-lowering and reduced hypertension risk, independent of 

sodium intake (31). A high potassium diet causes increased renal sodium loss, a phenomenon 

termed ‘potassium-induced natriuresis’ (22,32). Underlying mechanisms include potassium-

induced aldosterone suppression, reduced NCC activity, decreased sodium absorption and 

increased renal sodium loss (22,32). Low potassium activates WNK-SPAK,, which activates NCC 

leading to increased sodium retention and BP elevation (33). High potassium has opposite effects. 

Potassium-dependent activation of phosphatases drives NCC dephosphorylation causing NCC 
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suppression and reduced BP (34). This ‘potassium-switch signaling’ dictates acute BP responses 

to dietary potassium. Clinically, this reinforces the BP-lowering effects of potassium-rich diets 

(35). Major clinical hypertension guidelines, recommend increased dietary potassium intake in 

hypertension management (4,5).  

Other renal transporters in hypertension   

Beyond the classical renal ion transporters, growing evidence indicates that pendrin, transient 

receptor potential (TRP) cation channels and sodium-glucose cotransporter 2 (SGLT2) are 

involved in BP regulation (36,37). Pendrin is a chloride-bicarbonate exchanger in the cortical 

collecting duct. Together with NDCBE (Na+-driven Cl-/HCO3- exchanger), pendrin modulates 

exchange of internal HCO3- for external Cl- and is essential for renal Cl- and sodium balance. 

Aldosterone, Ang II and salt stimulate pendrin activity, through mTOR pathways (38). Mice 

lacking pendrin have excessive salt loss and are resistant to hypertension when fed a high-salt diet 

(39). Mice overexpressing pendrin are hypertensive and sensitive to high NaCl but not high 

NaHCO3 diet, indicating  chloride-dependent hypertension (40). Clinical studies confirm the 

potential importance of pendrin in BP regulation.  Patients with pendrin mutations are resistant to 

hypertension (41).  

TRP channels regulate renal reabsorption of cations, especially Ca2+ and Mg2+. TRP 

channels comprise seven subfamilies: TRPA, TRPC, TRPM, TRPML, TRPN, TRPP and TRPV, 

and may be potential new therapeutic targets (42,43). TRPM6 and TRPM7 are the main channels 

regulating Mg2+ homeostasis and both are expressed in kidneys (42,44). Impaired TRPM6/TRPM7 

function in the distal convoluted tubule leads to excessive Mg2+ loss and hypomagnesemia, which 

is associated with hypertension (45). Salt-induced hypertension is associated with downregulation 

of renal TRPM7 and hypomagnesemia (46). TRPM7 deficiency leads to oxidative stress, 

cardiovascular inflammation and fibrosis and increased susceptibility to aldosterone and salt-

induced hypertension (46,47). Renal TRPM6 has also been implicated in BP regulation, 

particularly circadian control. Kidney-specific TRPM6-deficient mice fail to exhibit BP circadian 

variation due to impaired renin secretion (48). Renal expression of Ca2+ channels, TRPV1 and 

TRPV4, is associated with renoprotective properties (49).  

Renal SGLT2 has gained interest in BP regulation. SGLT2 inhibitors cause natriuresis 

(preventing glucose-coupled sodium reabsorption) and consequently may have BP-lowering 
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effects (50). In patients with diabetes, SGLT2 inhibitors reduce BP by~5 mmHg. These drugs may 

have antihypertensive effects even in non-diabetic patients (50,51).  

Uromodulin, renal sodium and hypertension  

The importance of Na+ in BP regulation is supported by genetic studies. Most monogenic BP 

syndromes involve mutations in genes in the kidney and adrenal gland with important impact on 

Na+ homeostasis (52,53). Of the many loci and genes implicated in the pathophysiology of 

hypertension, uromodulin is particularly important. Genome-wide association studies identified 

single nucleotide polymorphisms of uromodulin.  Experimental models elucidated the role of 

uromodulin in Na+ homeostasis and BP regulation (54). Uromodulin is a multifunctional protein 

involved in salt reabsorption, water retention and BP elevation by activating NKCC2 and NCC 

(54,55). Circulating uromodulin levels are associated with salt-sensitive hypertension and have 

been suggested as a clinical biomarker of disease severity (56). Uromodulin-deficient animals 

exhibit reduced salt-induced hypertension (57). Individuals homozygous for the AA genotype of 

UMOD rs13333226 have high urinary levels of uromodulin and increased salt sensitivity and 

hypertension (58).  An ongoing clinical trial is testing the UMOD-NKCC2 interaction by 

investigating efficacy of the loop-diuretic torasemide in this group of patients 

(https://www.clinicaltrials.gov; Unique identifier: NCT03354897). 

The nervous system and hypertension 

Development, progression and maintenance of hypertension are related to dysegulation of the 

central and peripheral nervous system, including sympathetic overactivation, loss of 

parasympathetic and baroreflex homeostasis, cerebral Ang II production, and increased neural 

reactive oxygen species (ROS) (59.60). Loss of parasympathetic and baroreflex homeostasis 

contributes to impaired cardiovascular regulation, while excessive cerebral Ang II and oxidative 

stress activate central cardiovascular control centers including the subfornical organ (SFO), 

paraventricular nucleus (PVN), nucleus tractus solitarius (NTS), and rostral ventral lateral medulla 

(RVLM) promoting sympathoexcitation and neuroinflammation (61)  

The brain is highly sensitive to Ang II and salt, which induce alterations in neuronal 

membrane potential and overactivation of neuronal action potential, particularly in the SFO, PVN, 

and RVLM (62). Increased neuronal firing leads to secretion of vasopressin and activation of the 

sympathetic nervous system with consequent increase in BP (62).  

Downloaded from journals.physiology.org/journal/physiologyonline at Research4life (158.232.240.063) on July 2, 2026.



 7 

The sympathetic nervous system plays a pivotal role in BP regulation by influencing the 

vasculature, kidney, and heart (63). Sympathetic hyperactivity in human hypertension is evidenced 

by increased norepinephrine spillover, increased muscle sympathetic nerve activity and BP-

lowering effects of sympathectomy (64,65). This is especially evident in salt-sensitive 

hypertension and obesity-associated hypertension (64-66). The role of the nervous system in 

hypertension has been extensively reviewed (67). 

Renal sympathetic nervous system  

In the kidney, efferent renal nerves innervate renal arteries and veins and form the renal nerve 

plexus, which regulates the renal tubular system and juxtaglomerular cells. Hyperactivation of 

renal efferent nerves contributes to renal dysfunction, leading to decreased blood flow, renal 

tubular sodium retention, and renal vascular resistance (68). Hyperactivation of renal sympathetic 

nerves alters renal hemodynamics and urinary sodium excretion with a rightward shift of the 

pressure natriuresis curve and BP elevation (69).  Experimental models of hypertension exhibit BP 

reduction after renal denervation (70). Similar findings are evident in patients with hypertension 

who undergo renal denervation (71), which is now considered a therapeutic option in patients with 

resistant hypertension (4,5). 

Microglia, neuroinflammation and hypertension 

The neuronal pathophysiology of hypertension is related to neuroinflammation and activation of 

the brain immune system, a process involving microglial cells , which are brain-resident immune 

cells (72). Microglia constitute  20% of total brain glia. Ang II-induced hypertension is associated 

with microglial activation and increased production of cytokines (IL-1β, IL-6, TNFα) in the PVN 

and RVLM (73). Minocycline, which inhibits microglial activation, reduced sympathetic activity 

and attenuated development of hypertension in SHR and Ang II-infused mice (74). In salt-sensitive 

hypertension, blockade of microglial activation reduced IL-1β, IL-6, TNFα levels in PVN and 

decreased BP (75).  

Gut-brain axis, neuroinflammation and hypertension. 

The role of the gut microbiome in hypertension has been extensively reviewed elsewhere (76-79). 

Here we focus on the gut-brain axis, which is the bidirectional relationship between the gut 

microbiome and the brain. Gut dysbiosis increases BP through various mechanisms including 

increased intestinal permeability, immune activation, altered microbiome-derived metabolites and 
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activation of the enteric nervous system and vagus nerve (77). These processes are associated with 

neuroinflammation and microglial activation in the PVN. 

Most studies demonstrating the role of microglia in hypertension use minocycline, which 

also modifies the gut flora. In experimental hypertension, microglial activation and 

neuroinflammation increase gut sympathetic activation, leading to increased mucosal 

permeability, altered microbiota, and release of bacterial toxins/metabolites, further exacerbating 

systemic inflammation and increasing BP (78). Intracerebral treatment with a chemically modified 

tetracycline antibiotic (CMT-3), which inhibits microglia without an antibiotic effect, improved 

gut microbiota and integrity and reduced BP (76) further supporting a role for the gut-brain axis 

in hypertension.  

The vasculature in hypertension 

Vessels undergo functional, structural and mechanical changes in hypertension: i) functionally, 

decreased vasorelaxation and increased vasoconstriction contribute to altered vascular tone, ii) 

structurally, vascular fibrosis and inflammation lead to vascular remodeling, and iii) mechanical 

changes include arterial stiffness and reduced elasticity (80) (Figure 3). These processes are 

controlled by complex networking between the RAAS, sympathetic nervous system, immune 

activation, and oxidative stress that influence endothelial and VSMC function. 

The endothelium and endothelial mechanosensing.  

The endothelium is a dynamic sensor and secretor that regulates vascular tone and BP. Endothelial 

cells sense flow-induced shear stress and secrete vasoactive agents, of which endothelial NO 

synthase (eNOS)-generated NO is the most important (81). NO induces VSMC relaxation through 

guanylate cyclase-mediated cyclic guanosine monophosphate (cGMP) production. Inhibition of 

eNOS/NO causes BP elevation (81,82). Other vasoactive substances produced by the endothelium 

include vasodilators (EDHF, EDRF) and vasoconstrictors (ET-1, Ang II, prostanoids, 

thromboxane, ROS) (81,83).  

Shear stress is detected by endothelial mechanosensitive ion channels, such as PIEZO1. 

Activated Pieza1 leads to Ca2+-mediated activation of the CaMKII/MEKK3/ERK5 pathway 

important in maintaining endothelial integrity (84). Mice with endothelial Piezo1 downregulation 

have impaired flow-dependent vasodilation and develop hypertension (85). Other mechanosensors 

implicated in endothelial dysfunction in hypertension include TRPV2, TRPV4 and ENaC, as well 

as components of the glycocalyx and extracellular matrix (86). 
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Growing evidence indicates that endothelial cells express ENaC, which is sensitive to shear 

stress and aldosterone (87). ENaC activation increases endothelial cell Na+ influx, alters actin 

cytoskeletal organization and promotes cell stiffening. These processes, together with oxidative 

stress, reduce eNOS-NO production leading to endothelial dysfunction, vascular stiffening and BP 

elevation, effects that are amplified by high salt diet and aldosterone (17,88). 

Vasomoter tone and vascular smooth muscle cells in hypertension 

Altered vasomoter tone, due to increased vasoconstriction/decreased vasorelaxation, is a major 

determinant of vascular resistance in hypertension. Initially these changes are adaptive but in 

chronic conditions they become maladaptive leading to vascular remodelling and rigid vessels, 

hallmarks of hypertension. Arterial stiffness is associated with elevated BP and is an independent 

risk factor for cardiovascular disease (89). VSMCs are highly plastic, and in addition to their 

contractile state, assume a synthetic phenotype in hypertension (90). 

Vascular smooth muscle cell contraction and calcium handling  

VSMC contraction is triggered by an increase in intracellular free Ca2+ concentration ([Ca2+]i), 

leading to Ca2+–calmodulin-mediated phosphorylation of myosin light chain (MLC), actin–myosin 

cross-bridge formation and contraction (91).  VSMC [Ca2+]i is tightly regulated by membrane-

associated and sarcoplasmic/endoplasmic reticulum (SERCA) channels (92). In response to 

vasoactive agents, voltage-gated channels (VOCs), store-operated Ca2+ channels, receptor-

operated Ca2+ channels and transient receptor potential (TRP) channels are activated leading to 

increased Ca2+ influx and contraction (91-93). Sustained vasoconstriction and enhanced actin 

polymerization, contribute to vascular dysfunction and remodeling in hypertension, with MAP 

kinases, Rho kinase and ROS playing key regulatory roles (91,94,95).  

The most abundant VOC in VSMCs is the L-type Ca2+ channel (Cav1.2), which is 

dysregulated in hypertension and diabetes (96-99). Experimental models of hypertension show 

hyperpolarizing shifts in the voltage sensitivity of these channels. Expression of Cav1.2 and 

associated vasoconstriction are increased in arteries from models of hypertension (98,99). The 

importance of Ca2+ channels in clinical hypertension is supported by the effective antihypertensive 

actions of L-type calcium channel blockers (100,101).  

The Na+/Ca2+ exchanger (NCX) also influences VSMC [Ca2+]i in hypertension. Normally, 

NCX promotes Na+ influx and Ca2+ efflux. In conditions where Na+ levels are increased, NCX 

changes to reverse mode where Na+ efflux is favoured while Ca2+ influx occurs (102). In Ang II-
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dependent hypertension, TRPM2-regulated NCX operates in reverse mode, contributing to Ca2+ 

influx, MLC activation and VSMC contraction (103). 

VSMC Ca2+ dysregulation in hypertension is also due to increased release from 

intracellular stores (ER, mitochondria), or inappropriate buffering by Ca2+ reuptake by these stores. 

Other channels and molecular mechanisms implicated in VSMC Ca2+ abnormalities in 

hypertension have been extensively reviewed (97,104).  

Vascular smooth muscle cell phenotypic changes in hypertension: 

VSMCs are highly differentiated with two main types identified, contractile and synthetic. 

Contractile VSMCs are primarily in the tunica media and control vascular tone while synthetic 

VSMCs predominate in the tunica intima and adventitia and play a role in vascular remodeling.  

One of the hallmarks of VSMC phenotypic changes is the decrease in expression of 

contractile proteins, such as smooth muscle α-actin (αSMA), myosin heavy chain (SM-MHC), 

SM22/calponin and smoothelin and increased expression of pro-inflammatory, pro-fibrotic and 

mitogenic proteins (105). Many signalling pathways are involved including nexilin, Notch3, TGF-

β, NFκB, Piezo1 and KLF4 (90,105,106). Epigenetic modifications, by DNA methylation, histone 

deacetylation, and microRNAs, promote VSMC de-differentiation in hypertension (107,108). 

Many of these processes are exaggerated with aging, in part through stress-induced senescence of 

VSMCs. Senescent cells secrete pro-inflammatory cytokines and proteases, which promote 

fibrosis, inflammation and remodeling in hypertension (108) Clearing of senescent cells in aged 

mice with senolytic agents improved arterial compliance and endothelial function and reduced BP. 

Conversely, inducing a senescent phenotype in VSMCs (DNA damage or metabolic stress) 

increased BP in experimental models (109).  

Perivascular Adipose Tissue, vascular function and hypertension 

Vascular changes in hypertension are influenced by the surrounding metabolic environment, 

particularly through PVAT. Previously thought to be simply structural padding, PVAT is now 

recognized as an endocrine organ affecting vascular tone (110). Physiologically, PVAT secretes 

factors that induce vasodilation, including H2S, NO, H2O2, prostacyclin, Ang(1–7), adiponectin, 

leptin, and omentin (111). In obesity and hypertension, PVAT shifts from an anti-contractile and 

protective phenotype to a pro-contractile and pro-oxidative phenotype (112) This dysfunctional 

PVAT loses its ability to release protective anticontractile factors, and instead, promotes 

inflammation and oxidative stress. 
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Adipose tissue has a functionally active RAAS, and in obesity, diabetes and hypertension 

is a source of Ang II and aldosterone (113,114). Through paracrine actions PVAT-derived RAAS 

components modulate endothelial and VSMC function (113,114). Most of the vasoinjurious effects 

are linked to white adipose tissue (WAT). PVAT surrounding resistance arteries contains primarily 

WAT but also some beige and brown adipose tissue (BAT), which have vasoprotective effects 

(115). BAT and browning of WAT reduce vascular contraction and inflammation and restore 

endothelial function in experimental models of hypertension (116,117). Molecular mechanisms 

underlying these protective effects include increased NO production, Prdm16, Nox4-derived H2O2 

and redox-sensitive protein kinase G-1α (116-118). BAT may play a role in restoring vascular 

health mitigating development of hypertension (117).  

Renin angiotensin aldosterone system (RAAS) in hypertension 

Classical circulating RAAS 

The RAAS is amongst the most important endocrine systems in cardiovascular (patho)physiology 

(119). It regulates BP through hormonal pathways that integrate renal, cardiovascular, neural and 

other mechanisms. In the kidney, Ang II modulates renal hemodynamics by constricting efferent 

arterioles to maintain glomerular filtration rate and in the central nervous system it increases 

sympathetic outflow and modulates baroreflex sensitivity (120). In the cardiovascular system, Ang 

II is a major determinant of vascular tone and cardiac contraction (121,122). Ang II also activates 

inflammatory cells, while cytokines stimulate local angiotensinogen production, creating immune-

inflammation-RAS feedback loops (123).  

The classical RAAS is a multiorgan circulating system. Angiotensinogen (AGT), formed 

in the liver, is secreted into the circulation and cleaved to angiotensin I (Ang I) by renal-derived 

renin (121,122). Ang I is cleaved by angiotensin-converting enzyme (ACE) in endothelial and 

epithelial cells in the lungs, kidneys, and vasculature to generate Ang II (119,121,122). Ang II 

binds to the Ang II type 1 receptor (AT1R) in many cell types, leading to activation of pathways 

that regulate cardiac and vascular contraction, oxidative stress, inflammation, fibrosis, renal salt 

and water retention and adrenal-derived aldosterone production, processes contributing to BP 

elevation (121,124,125). Major signaling pathways activated by Ang II/AT1R include mitogen-

activated protein kinases (MAPK), tyrosine kinases, Rho kinase, PI3K, Akt, PKC, growth factor 

receptors, Ca2+ channels, Nox, and cytokine production (124-126). Considering the important role 

of the classical RAAS in the pathophysiology of hypertension, pharmacological inhibitors of the 
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system, including ACE inhibitors, AT1R blockers (ARB) and aldosterone/mineralocorticoid (MR) 

antagonists (MRA) are considered the foundational basis for cardiovascular therapeutics 

(127,128). 

Novel Ang-derived peptides  

Since the discovery of renin and Ang II there have been enormous advancements in the field. Over 

the past 30 years, new components of the RAAS have been discovered, alternative axes have been 

defined and the tissue RAAS has been identified (129). 

Beyond ACE, other peptidases (aminopeptidases, carboxypeptidases, endopeptidases) can 

further cleave AGT, Ang I and Ang II to generate Ang(1-12), Ang(1-9), Ang(1-7), Ang III and 

Ang IV (130). These peptides have (patho)physiological effects in the cardiovascular system and 

studies in experimental models demonstrate that they influence BP. Ang(1-12), Ang III and Ang 

IV are vasoinjurious and are associated with hypertension, while Ang(1-9) and Ang(1-7) are 

vasoprotective (131,132) (Figure 4). 

The alternate protective axes of the RAS. 

To counteract Ang II/AT1R actions, various systems have evolved with oppose actions including: 

i) Ang II/AT2 receptor (AT2R), ii) Ang-(1-7)/Mas receptor, and iii) alamandine/MrgD receptor. 

Ang II/AT2R, Ang-(1-7)/Mas and alamandine/MrgD mediate anti-fibrotic, anti-inflammatory, 

anti-oxidant and anti-hypertrophic effects, thereby opposing effects of Ang II/AT1R (129,133). 

Ang-(1-9) may also be vasoprotective (134). These systems constitute the ‘alternate’ arms of the 

RAAS.   

Alamandine/MrgD: a new protective axis of the RAAS 

The newest member of the RAAS to be discovered is alamandine (135). It shares characteristics 

with Ang-(1-7) and is found in the circulation and in rat vessels and heart, indicating its functional 

significance in cardiovascular pathophysiology. Alamandine is produced by catalytic hydrolysis 

of the octapeptide Ang A by ACE2 or by decarboxylation of Ang-(1-7) by an aspartate 

decarboxylase (135).  

Alamandine binds to MrgD, whichis expressed in the heart, ventricular myocytes and 

cultured cardiomyocytes and VSMCs (136,137). Experimental studies suggest that 

alamandine/MrgD is cardiovascular protective. In cultured cardiomyocytes, alamandine prevented 

Ang II-induced hypertrophy (138). In isolated ventricular myocytes from transgenic renin-

expressing hypertensive rats, alamandine increased AMPK activity (139). In vivo studies 
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confirmed the anti-hypertrophic and cardiac repair actions of alamandine (139). SHR treated with 

alamandine showed reduced cardiac hypertrophy (140). In experimental models of doxorubicin-

induced cardiomyopathy, hypertension and myocardial infarction, alamandine prevented cardiac 

dysfunction and vascular calcification, reduced oxidative stress, decreased production of cytokines 

(140,141). Molecular mechanisms associated with anti-contractile effects of alamandine involve 

NO-induced CaMKII activation (138). Further confirming a cardioprotective role of 

alamandine/MrgD, studies in MrgD knockout mice showed dilated cardiomyopathy and cardiac 

dysfunction (142). Alamandine/MrgD constitutes another arm of the RAS that is cardiovascular 

protective. The significance of alamandine/MrgD in humans awaits clarification. 

The tissue RAAS  

Ang II may also be generated locally within tissues, including vessels, heart and brain (144). The 

presence of all components necessary for Ang II production in these tissues is suggestive of a tissue 

RAAS. Renin, AGT, ACE, Ang II, ATR and MR receptors are present in cardiac, vascular and 

brain tissue and in cultured cardiomyocytes, VSMCs and fibroblasts (144). Intracellular generation 

of Ang II may contribute to cardiovascular dysfunction, fibrosis, inflammation and remodeling in 

hypertension. 

Although experimental evidence confirms the presence of a functional RAAS in tissues, 

levels of renin, AGT, ACE and Ang II are relatively low versus circulating levels. This raises the 

question as to the physiological significance of the tissue RAAS. Whether de novo renin synthesis 

occurs in the heart is unclear, at least in physiological conditions.  However in cardiovascular 

diseases and diabetic cardiomyopathy the intracardiac RAAS system may be upregulated leading 

to cardiovascular injury (145). To address this transgenic mice were studied. In a hypertensive 

mouse model with cardiac-specific knockout of AGT, the mice were still hypertensive and 

exhibited cardiac hypertrophy although to a lesser degree than mice with an intact cardiac RAAS 

(146). Hence local synthesis of Ang II may be involved, but not essential, in hypertension. 

Reactive oxygen species and hypertension 

Among the myriad molecular factors involved in the pathophysiology of hypertension are ROS, 

key mediators of cell signaling. In experimental hypertension, ROS levels are increased in the 

circulation, brain, heart, vasculature, and kidney. Increased ROS bioavailability (oxidative stress), 

as measured by plasma lipid and DNA oxidation and antioxidant capacity, is a feature of 
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hypertension in humans. The role of ROS in hypertension has been extensively reviewed (147). 

Here we provide an overview. 

ROS, specifically superoxide anion (O2
-) and hydrogen peroxide (H2O2), are products 

derived from the reduction of O2 to water by antioxidant enzymes (superoxide dismutase (SOD), 

catalase). In the cardiovascular and renal systems, the primary enzymatic source of ROS is 

NADPH oxidase (Nox), although secondary sources may also contribute, including mitochondrial 

dysfunction and ER stress (147,148). In addition, uncoupled eNOS produces O2
- instead of NO, 

further contributing to an oxidative milieau. Oxidative stress leads to disruption of redox signalling 

and molecular and cell damage (149). Antioxidant defense systems including SOD, catalase and 

glutathione peroxidase may be downregulated in hypertension (150).  

Sources of ROS in hypertension 

Noxs are the major source of ROS in th cardiovascular system. The Nox family comprises 7 

isoforms (Nox1-7) (150). Nox1, Nox2, and Nox4 has been demonstrated in most experimental 

models of hypertension (147). Nox isoforms typically generate O2
-, and when uncontrolled leads 

to oxidative stress. Nox4 produces mainly H2O2. In the endothelium Nox4-generated H2O2 acts as 

a vasodilator, promoting vasorelaxation (151). These effects are mediated via oxidation of PKG1α 

and hyperpolarization of VSMCs by opening of K+ channels and closure of Ca2+ channels, 

activation of redox-sensitive TRPM2 Ca2+ channels and increased NO production (151,152). Nox5 

is the major isoform in human VSMCs and has been implicated in vascular dysfunction in patients 

with hypertension, stroke, atherosclerosis, and diabetic nephropathy (153). Nox5 gene is absent in 

rodents. However, transgenic mice expressing human Nox5 in VSMCs or podocytes demonstrate 

increased ROS generation, vascular dysfunction and BP elevation, suggesting a 

pathophysiological role for Nox5 in hypertension (154).  

Mitochondria, ROS and hypertension 

Mitochondrial-and ER-derived ROS also contribute to oxidative stress and cardiovascular injury 

in hypertension. Oxidative stress is both a cause and consequence of mitochondrial dysfunction 

and ER stress (155).  Inactivation of the mitochondrial antioxidant Sirt3 leads to hyperacetylation 

of antioxidants SOD2 and cyclophilin D, and mitochondrial accumulation of pro-oxidant 

isolevuglandins (156). Mitochondrial ROS is involved in Ca2+ homeostasis and inflammation, 

which impact vascular function. Mitochondrial-targeted treatment with antioxidants reduces BP in 

experimental models (156,157), while Sirt3 downregulation is associated with mitochondrial 
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oxidative stress (158). SIRT3 silencing exacerbates, and SIRT3 overexpression protects mice 

against Ang II-induced hypertension, further supporting a role for mitochondrial ROS in 

hypertension (158). Mitochondrial hyperacetylation of SOD2 increases BP in Ang II-infused mice 

while deacytelation (mutating SOD2 at lysine residue 68 (SOD2-K68)) prevents mitochondrial 

ROS generation, normalizes eNOS activity, protects endothelial function and attenuates vascular 

injury and BP elevation. These findings suggest that SOD2-K68 deacetylation provides 

antioxidant protection against mitochondrial oxidative stress, inhibits formation of isolevuglandins 

and is vasoprotective (159).  Clinical studies support this since human hypertension is associated 

with SOD2-K68 acetylation, Sirt3 depletion, vascular inflammation and oxidative stress (158).  

Oxidative stress – a unifying molecular mechanism in hypertension 

Oxidative stress impacts all BP regulatory systems and accordingly we suggested it is a ‘unifying 

factor in hypertension’ (160, 161). In the cardiovascular system, oxidative stress is associated with 

endothelial dysfunction, increased vasoconstriction, altered vascular tone, cellular senescence, 

premature vascular aging and cardiovascular inflammation, fibrosis, and remodeling (147). In the 

endothelium, increased generation of O2
- quenches NO, leading to decreased NO bioavailability 

and formation of peroxynitrite (ONOO-), a highly reactive nitrogen species involved in cell 

damage, endothelial dysfunction and inflammation (162). Oxidative stress in the kidneys 

contributes to renal vasoconstriction, activation of renal afferent nerves, augmented contraction 

and myogenic responses of afferent arterioles, enhanced tubuloglomerular feedback and immune 

cell infiltration, contributing to glomerular dysfunction, inflammation and progressive kidney 

damage in hypertension (163). Brain-specific ROS production involves activation of Nox subunits 

and inflammatory cytokine expression in cardiovascular control centers, contributing to sustained 

sympathoexcitation (164). Intracerebral administration of SOD prevents Ang II-induced 

hypertension, supporting brain oxidative stress in disease development (165).  Molecular processes 

underlying oxidative stress-induced cell/tissue injury involve activation of redox-sensitive 

signaling molecules such as c-Src, MAPK, cation channels, transcription factors, cell cycle 

proteins, and cytoskeletal proteins (147).  

Immune–Inflammatory networks in hypertension 

A paradigm shift in the understanding of hypertension is the recognition that the immune system 

plays a role in in hypertension (166) (Figure 4). Experimental and clinical studies indicate that 
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immune cell accumulation in vessels, kidneys, heart, and brain promotes an inflammatory response 

in hypertension (167). 

Cardiovascular inflammation in hypertension is defined as a low-grade, sub-clinical chronic 

process associated with immune cell activation and oxidative stress. Vascular inflammation is 

triggered by increased expression of endothelial cell adhesion molecules (P-selectin, E-selectin), 

tyrosine kinase signaling, and expression of leukocyte-derived ligands (P-selectin ligand-1) (168). 

Leukocyte:endothelial cell interaction facilitates rolling and transmigration of circulating 

leucocytes to the subendothelial space and vascular media, where they induce an inflammatory 

response by stimulating production of cytokines and chemokines, which activate STAT3, NFAT, 

NFkB and GATA4 (169,170). Endothelial and VSMCs produce anti-inflammatory resolvins that 

regulate neutrophils and macrophages. Resolvin D2 (RvD2) has direct vasoprotective effects in 

Ang II-induced hypertension (171) 

Innate immune responses—first-line inflammatory drivers: 

Neutrophils, monocytes/macrophages and dendritic cells are important effector cells of the innate 

immune system. Circulating neutrophils release pro-inflammatory and pro-oxidant mediators. 

Neutrophil depletion in experimental hypertension reduces BP, supporting a role for the immune 

system in the pathophysiology of hypertension (172). Activated neutrophils form neutrophil 

extracellular traps (NETs), which are a meshwork of extruded DNA chromatin fibres with active 

granular and cytosolic proteins (173). NETs promote vascular injury via Akt/CDKN1b/TK1, 

TRPV4 and ROS (174). In NETosis-deficient mice Ang II-induced hypertension is attenuated and 

endothelial function is improved (175). Patients with hypertension exhibit increased levels of 

circulating NETs (176). 

Monocytes/macrophages are activated in hypertension. In experimental hypertension, 

macrophage deficiency, by genetic mutation or pharmacological manipulation, decreases BP and 

prevents vascular dysfunction, and kidney damage (177). In salt-sensitive rats, perivascular 

macrophages produce collagen leading to vascular fibrosis and remodeling in cerebral vessels 

(178). 

Dendritic cells are antigen-presenting cells and are at the interface of innate and adaptive 

immunity. They present antigens to T cells to initiate the adaptive immune response. The 

importance of dendritic cells in cardiovascular injury has been demonstrated in experimental 

hypertension (179). Hypertensive stimuli lead to dendritic cell activation and formation of highly 

Downloaded from journals.physiology.org/journal/physiologyonline at Research4life (158.232.240.063) on July 2, 2026.



 17 

reactive γ-ketoaldehydes (isoketals), which are processed by the immunoproteasome promoting T 

cell activation (180). High salt diet causes NLRP3 activation, Ca2+ influx, and ROS production in 

dendritic cells through ENaC and isolevuglandin production (181).  

Adaptive immunity: T cells as central mediators 

Activation of T lymphocytes by dendritic cells initiates the adaptive immune response following 

antigen presentation. Activated T lymphocytes differentiate into effector cells (182). The main 

populations of T lymphocytes are CD4+ (T helper cells) and CD8+ (cytotoxic T cells). In salt-

sensitive models, CD4+ and CD8+ T cells are increased in vessels and kidneys, effects that are 

reduced following salt restriction (183). Models of hypertension that are deficient in B and T 

lymphocytes have reduced BP. In these animals BP is corrected after adoptive transfer of T 

lymphocytes, but not B lymphocytes, indicating the pathogenic role of T lymphocytes in 

hypertension (184). T-lymphocytes are a major source of IFNγ in kidney inflammation (185). In 

models of salt-sensitive hypertension, activated Th17 and Th1 cells, through production of pro-

inflammatory mediators, upregulate renal Na+ channels (NHE3, NKCC2, NCC, ENaC), leading to 

Na+ retention (183,185,186).  

Immune cells express receptors for vasoactive agents including Ang II and ET-1, which 

when activated trigger pro-inflammatory pathways and ROS production, further amplifying low-

grade inflammation and oxidative stress, leading to cardiovascular damage in hypertension (187). 

Human hypertension is associated with decreased CCR10+ regulatory T cells (Treg) and PD-

1+CD57−CD8+ memory T cells, suggesting a profile of ‘cell exhaustion’, due to chronic antigen 

stimulation (188).  

The inflammasome and inflammation 

The inflammasome, especially NLRP3, is part of the innate immune system and is involved in 

vascular inflammation in hypertension. In experimental and human hypertension, NLRP3 

activation drives formation of the inflammasome complex, leading to IL-1β/IL-18 production 

(189). Human studies support a role for the inflammasome in hypertension, since individuals 

carrying NLRP3 polymorphisms have elevated BP (190).  

Epigenetics and non-coding RNAs in hypertension 

Epigenetic modifications: DNA methylation  

The role of epigenetics (reversible changes that influence gene expression without changing the 

underlying DNA sequence), has come to the forefront in hypertension research. Environmental 
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factors (diet, salt, behaviour, toxins) induce epigenetic changes (eg. DNA methylation) that 

influence BP-related genes (191). A genome-wide methylation study identified KCNK3 as being 

differentially methylated in hypertension (192). KCNK3 encodes a two-pore domain K+ channel 

(also known as TASK-1), which is expressed in VSMC and regulates membrane potential. In 

hypertension increased KCNK3 methylation is associated with reduced KCNK3 expression and 

activity, leading to decreased K+ conductance and hyperpolarization in VSMCs, promoting 

vasoconstriction and increased vascular tone (193,194).  

Other genes that are differentially methylated in hypertension include components of the 

RAAS, the ET-1 system and Na+ transporters (195). Other emerging epigenetic mechanisms 

involve epigenetic aging and microbiome-derived short-chain fatty acids that can inhibit histone 

deacetylases and thereby alter host gene expression, representing a potential pathway whereby gut 

microbiota influence BP (196,197).  

Non-coding RNAs: MicroRNAs and circular RNAs 

The human genome encodes many RNAs that do not translate into proteins but regulate gene 

expression, including microRNAs (miR), long non-coding RNAs (lncRNAs), and circular RNAs 

(circRNAs). These may be biomarkers and mediators of disease (198). MicroRNAs downregulate 

target mRNAs through post-transcriptional mechanisms. Each miR can target many genes making 

them powerful biological regulators.  

miR-143/145 are involved in maintaining the VSMC contractile phenotype and its 

knockdown in mice leads to decreased BP (198-200). Targeted mutation of miR-29b1 in salt 

sensitive rats exacerbates hypertension while overexpression of miR-21 and loss of miR-29a-3p 

and miR-29b-3p amplify BP (198,201). Various miRs target the RAAS and have been implicated 

in the development of hypertension including upregulation of miR-181a, miR-132, miR-121, miR-

483-3p and mir155 (198,202). miRs also influence renal mechanisms of hypertension. Intrarenal 

knockdown/knockout of miR-214-3p, miR-192-5p or miR-181a increase BP whereas intrarenal 

overexpression of miR-133a or miR-195-5p attenuates development of hypertension (198,203). In 

addition to their role in BP elevation, miRs influence hypertension-mediated target organ damage. 

miR-29 suppresses tissue fibrosis and miR-214 deletion prevents Ang II-induced periaortic fibrosis 

by inhibiting T-cell recruitment (204,205).  

In human hypertension, miR-29a-3p, miR-29b-3p and miR-21 have been implicated to play 

a role in vascular dysfunction (201,203). Clinically, circulating miRs are emerging as promising 
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biomarkers to distinguish primary hypertension from secondary hypertension (206). The most 

prominent circulating miRs distinguishing different types of hypertension are hsa-miR-15a-5p and 

hsa-miR-32-5p (206). 

Long non-coding RNAs (lncRNA) (>200 nucleotides) have also been implicated in 

hypertension. SENCR (smooth muscle and endothelial cell-enriched migration/differentiation-

associated lncRNA) helps maintain VSMCs in a contractile state, with its downregulation leading 

to proliferation and phenotypic switching, characteristic of vascular remodeling (207). The 

lncRNA CARMN (cardiac mesoderm enhancer-associated noncoding RNA) is a critical VSMC-

specific regulator that maintains the contractile phenotype through interaction with myocardin 

(208). Uncoupled protein 2 (UCP2), implicated in oxidative stress and endothelial function in 

arterial stiffness in human hypertension, is regulated by 30 lncRNAs including LINC02574, 

SCARNA9, LINC02972, MMP25-AS1, and ITPK1-AS1 (207).  

Circular RNAs are closed-loop RNA structures that regulate gene expression by acting as 

a miRNA sponge. Their stability makes them potential circulating biomarkers, with several 

circRNAs differentially expressed in hypertension. The circRNA hsa_circ_0014243 is upregulated 

in patients with hypertension and demonstrates diagnostic capability, particularly when combined 

with miR profiles (209). Recent studies identified circRNA Galntl6, which sponges miR-335 to 

reduce oxidative stress in the rostral ventrolateral medulla, thereby ameliorating stress-induced 

hypertension (210). It has also been suggested that increased expression of circulating 

hsa_circ_0037911 and hsa-miR-637 may be important biomarkers for early diagnosis of 

hypertension (211). 

The emerging paradigm suggests that non-coding RNAs form regulatory networks that 

fine-tune genes in response to environmental cues, with hypertension involving multiple 

regulatory RNAs. Future applications may include using miRNA signatures to subtype 

hypertension or predict therapeutic responsiveness (212,213). However, therapeutic targeting 

faces specificity challenges, though developments in antisense oligonucleotides, miRNA mimics, 

and targeted delivery systems show promise. RNA therapeutics targeting AGT, including the 

siRNA zilebesiran, and antisense oligonucleotides, demonstrates BP reduction in patients with 

hypertension, indicating the clinical feasibility of RNA therapies as an effective antihypertensive 

approach (214,215).  
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Conclusions 

The pathophysiology of hypertension is complex and multifactorial and is driven by genetic, 

behavioural, environmental, biological and physiological factors. Hypertension is best understood 

as a network disorder arising from maladaptive integration of multiple physiological systems 

leading to increased peripheral vascular resistance, volume expansion, impaired renal function, 

sympathetic activation, RAAS dysregulation and vascular dysfunction. While there have been 

many advances in the field, our review sheds light on some new and emerging concepts including 

i) novel components in the RAAS, ii) significance of neuroinflammation and the gut-brain axis, 

iii) interplay between the immune system, inflammation, inflammasome and oxidative stress, and 

iv) the potential importance of epigenetics and non-coding RNAs. Further research in these areas 

will help define mechanism- and disease-specific processes to guide improved therapies and better 

BP control in patients with hypertension. Already new approaches, including RNA therapeutics 

targeting AGT, show promise as novel and effective antihypertensive strategies. Such approaches 

would not have been possible without a deep understanding of the underlying molecular and 

pathophysiological processes underlying hypertension.   
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Figure legends 

Figure 1. An updated mosaic theory of hypertension. The mosaic theory of hypertension 

suggests that primary hypertension is not due to a single factor but rather to a complex interaction 
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of multiple physiological and environmental factors. The original Page theory incorporated 

genetics, environment, anatomical, adaptive, neural, endocrine, humoral, and hemodynamic 

perturbations that interdigitate to raise blood pressure (green boxes). The updated version includes 

molecular and cellular processes as well as oxidative stress, immune system, inflammation, the 

microbiome and behavioural and external factors.  

 

Figure 2. Pathophysiological processes underlying hypertension. Multiple interacting 

physiological systems involving the brain, vessels, heart, kidneys and immune cells contribute to 

blood pressure elevation. Increased Nox-derived reactive oxygen species causes oxidative stress 

leading to mitochondrial dysfunction, immune cell activation, inflammation and fibrosis, leading 

to tissue and vascular injury and consequent hypertension.  

 

Figure 3. Vascular injury in hypertension. Pro-hypertensive stimuli, such as Ang II, salt, 

aldosterone and ET-1 induce chronic low-grade inflammation, involving increased expression and 

activation of adhesion molecules, Nox activation, oxidative stress,  immune cell activation  and 

migration of pro-inflammatory immune cells into the vascular media, where they produce 

cytokines and chemokines. Collectively these processes cause endothelial and vascular 

dysfunction, vascular inflammation and fibrosis leading to vascular remodeling and stiffening, 

which are characteristic vascular features in hypertension. IL, interleukin; PAMPs, pathogen-

associated molecular patterns; DAMPs, damage-associated molecular patterns; PRR, patern 

recognition receptors; TNF, tumor necrosis factor; MCP-1, monocyte chemoattractant protein-1, 

ICAM, intercellular adhesion molecule; VCAM, vascular cell adhesion molecule; NO, nitric 

oxide; eNOS, endothelial nitric oxide synthase; Nox, NADPH oxidase 

 

Figure 4. Schematic representation of the alternate counter-regulatory arm of the renin 

angiotensin aldosterone system and effects in the cardiovascular system. Angiotensin II-

derived peptides include angiotensin III, angiotensin A, angiotensin – (1-7) and alamandine. These 

peptides are produced through enzymatic action of aminopeptidases A (APA), aminopeptidase N 

(APN), angiotensin converting enzyme (ACE2) and other related enzymes, Distinct receptor 

activation through angiotensin type 1 receptor (AT1R), type 2 receptor (AT2R), Mas receptor 

(MasR), Mas-related G protein–coupled receptor D (MrgD), and angiotensin IV receptor 
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(AT4R/IRAP). The classical ACE/Ang II/AT1R axis promotes vasoconstriction, oxidative stress, 

inflammation, fibrosis, sympathetic activation, and end-organ damage, contributing to increased 

blood pressure and cardiovascular injury. In contrast, the alternate RAAS pathways—primarily 

ACE2/Ang-(1–7)/MasR, alamandine/MrgD, and Ang IV/AT4R lead to counter-regulatory effects, 

including vasodilation, anti-inflammatory and anti-fibrotic actions, reduced cardiac hypertrophy, 

improved endothelial function, enhanced baroreflex sensitivity, and increased natriuresis. These 

pathways act in a tissue-specific manner in the brain, heart, kidney, and vasculature. The dynamic 

balance between deleterious and protective RAAS axes is a key determinant of cardiovascular 

homeostasis and hypertension-related organ damage.   
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