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Abstract 

Hypertension is a leading global risk factor for cardiovascular disease, contributing significantly to 

morbidity and mortality worldwide. While traditional mechanisms such as the renin–angiotensin–

aldosterone system, sympathetic nervous system activation, and renal dysfunction are well recognized, 

increasing evidence highlights oxidative stress and inflammation as key contributors to the pathogenesis 

of hypertension. Oxidative stress results from an imbalance between the generation of reactive oxygen 

species and antioxidant defense mechanisms, leading to reduced nitric oxide bioavailability, endothelial 

dysfunction, vascular remodeling, and arterial stiffness. Concurrently, chronic low-grade inflammation 

characterized by immune cell activation and elevated levels of pro-inflammatory cytokines, including 

tumor necrosis factor-α, interleukin-6, and interleukin-17, further exacerbates vascular injury and blood 

pressure elevation. These processes are closely interconnected, forming a self-amplifying cycle in 

which oxidative stress promotes inflammation and inflammatory pathways enhance reactive oxygen 

species production. This interaction plays a central role in the initiation, maintenance, and progression 

of hypertension and its associated target-organ damage. Understanding the molecular and cellular 

mechanisms underlying the oxidative stress–inflammation axis provides valuable insights into disease 

development and highlights potential therapeutic targets. Interventions targeting these pathways, 

including renin–angiotensin–aldosterone system inhibitors, antioxidants, anti-inflammatory agents, and 

lifestyle modifications, may offer improved strategies for hypertension prevention and management. 

This review summarizes current evidence on the role of oxidative stress and inflammation in 

hypertension and discusses their clinical and therapeutic implications.  

 

Keywords Hypertension; Oxidative Stress; Inflammation; Reactive Oxygen Species; Endothelial 

Dysfunction; Vascular Remodeling; Immune Activation. 

 

Introduction  

Hypertension is a common health issue in the world, which is a major risk factor in cardiovascular 

disease, among every four adults, approximately ten million people die every year due to hypertension 

worldwide (1). Being directly connected to the changes in modern lifestyle and the aging of the 

population, this condition increased many times since 1990, reaching 1.3 billion in 2019 (2). Although 

the global average systolic blood pressure has been slightly decreasing since the 1980s, mostly in high-
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income nations, there is a worrying trend of the low- and middle-income nations especially the countries 

in South Asia (1). This epidemiological pattern highlights the multi-billion factors in international 

burden of hypertension that include genetic inclinations, environmental influences, and socioeconomic 

determinants. Alongside these demographic and lifestyle factors, underlying molecular processes also 

play a key role in the etiology of hypertension, and oxidative stress and inflammation present 

themselves as key paradigms of unification (3,4). All these interrelated biological processes play a role 

in vascular dysfunction, structural remodeling, and eventually, persistent increase of blood pressure that 

is typical of the disease (5,6).  

 

The etiology of hypertension is elusive, especially the exact mechanism but some factors have been 

observed as causes and they include genetic predispositions, sedentary lifestyle and diets like high 

content of salt have been known to be causes (7). Besides, a significant share of disability-adjusted life 

years in the world is caused by chronic non-communicable illnesses, which are often related to 

hypertension (2). The complex genetic, lifestyle, and molecular interaction underlines the need to have 

an in-depth understanding of hypertension in order to create effective preventive and therapeutic 

interventions (8). The close connection between inflammation and hypertension is one of the most 

important areas of study, in which it is examined whether inflammation is a causative or rather an effect 

of high blood pressure (9). However, recent studies are also giving growing attention to the value of 

inflammation as a separate cause of hypertension development, which is mediated by different numbers 

of pathways such as endothelial dysfunction and stiffening of arteries (2). To deepen this correlation, 

there is a substantial amount of evidence indicating that a close association exists between hypertension 

and an increase in oxidative stress in the vascular system, but the timing of this relationship, is it a cause 

or an effect, is still a topic under investigation (10). However, the majority of studies reflect that 

systemic inflammation and oxidative stress play a vital role in the pathogenesis of hypertension via the 

following processes endothelial dysfunction, vascular remodeling, and arterial stiffness (11). The 

complexity of this multiple creates a need to explore these pathways in-depth in order to come up with 

specific therapeutic interventions. In particular, the vascular health triad, which includes inflammation, 

reactive oxygen species, and endothelial dysfunction, is important in the regulation of blood pressure 

(12). Unregulated functioning of these elements may cause impaired vascularity and elevated peripheral 

resistance, which are symptomatic of hypertension (13,14).  

 

Defining Hypertension 

Epidemiology, clinical significance and new diagnostic recommendations. The disease is highly 

common with dire health repercussions and therefore the importance of understanding more of the 

underlying pathophysiology and developing effective management interventions on hypertension 

cannot be underrated. The key to that undertaking is the realization that it is the derailment of most of 

the neural, renal, hormonal, and vascular mechanisms, particularly, the loss of balance in the actions of 

vasoactive factors secreted by endothelium (15). The recent evidence identifies the long-term 

inflammation as a pivotal factor in the hypertension pathogenesis as actively promoting the increase of 

blood pressure, vascular inflammation, and microvascular remodeling (14). Oxidative stress and 

endothelial dysfunction and arterial stiffness are some of the pathological conditions brought about by 

these inflammatory reactions towards the onset and progression of hypertension (15,16). The 

consequence of this dysregulation, which entails the decrease in the synthesis of nitric oxide and the 

rise in the synthesis of endothelin-1 entails encouragement of oxidative strain and low-grade 

inflammation, which causes the endothelial dysfunction and heightened vasoconstrictor action (15). 

The existence of advanced glycation end products increases this inflammatory condition and interacts 

with their respective receptors and results in intracellular signal pathways that maintain endothelial 

malfunction and oxidative stress (17).  

 

Conventional Pathogenic Mechanisms 

Renin-angiotensin-aldosterone, sympathetic nervous, and vascular dysfunction. These recognized 

mechanisms, although central, are also being recognized to be synergistically interacting with oxidative 

stress and inflammation to produce a more detailed model of the multifactorial etiology of hypertension 

(18). One study also reports that T-cell activity, which is a component of the immune system, is a cause 

of hypertension (10). In addition, the renin-angiotensin-aldosterone system, which is a major regulator 
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of blood pressure, has a major contribution to hypertension development that is mainly contributed by 

angiotensin II (19,20). An example is the Angiotensin II that enhances the generation of reactive oxygen 

species and cellular attraction of inflammatory cells thus aggravating the inflammatory cascade (21).  

 

Emerging Concepts 

The increased acceptance of oxidative stress and inflammation as major catalysts. The complexity of 

their interaction causes damage to the endothelium, remodeling of the vascular system, and prolonged 

hypertension (20). As an example, more endothelin-1 production, a potent vasoconstrictor, is observed 

in arteries that are aging and developing atherosclerotic changes, further resulting in the arteries 

becoming hard and developing isolated systolic hypertension (15). This process is also closely 

associated with dysfunction of endothelium, since the loss of the potential to produce vasodilators such 

as nitric oxide and the excessive production of vasoconstrictors such as endothelin-1 are also among 

the factors contributing to the effect of vascular stiffness and high blood pressure (15). The presence of 

such dysfunction is a contributing factor to essential hypertension by various mechanisms such as an 

altered endothelium-dependent relaxation of the arteries and structural alteration of the arteries (22). 

The complexity of this relationship highlights the role of the endothelium as an important mediator in 

the pathophysiology of hypertension and is a integration of both an inflammatory and oxidative stress 

pathway.  

 

Oxidative Stress in High Blood Pressure 

The process of oxidative stress where generation of reactive oxygen species is disproportionate to 

antioxidant defense systems is gaining momentum as a determinant in the dysfunction of hypertension 

onset and development (23,24). Such disproportion causes augmented oxidative harm to cell 

constituents and especially to the vasculature that causes endothelial dysfunction and vascular 

remodeling (25). In particular, the overproduction of oxygen free radicals that is frequently aggravated 

by the malfunction of mitochondria and the build-up of glycosylation end products overwhelms the 

endogenous antioxidant system, resulting in extensive cellular damage of renal and vascular tissues (26). 

Activating RHO/ROCK, hexosamine, polyol, advanced glycation end products and protein kinase C 

pathways, hyperglycemia greatly increases the production of reactive oxygen species, which in turn 

enhances the activity of MAPK, JAK signal transducers and activators of transcription, and NFkB 

which play a significant role in the development of inflammation and fibrosis (21,27).  

 

Reactive Oxygen Species in Hypertension 

The NADPH oxidases of vascular smooth muscle cells, endothelial cells and immune cells. Additional 

noteworthy causes comprise xanthine oxidase, decoupled endothelial nitric oxide synthase (eNOS) and 

mitochondrion dysfunction (28). In this case, mitochondrial dysfunction and especially its involvement 

in diabetes-related oxidative stress and kidney inflammation is a very important issue in the production 

of an excess of reactive oxygen species (26). Electron transport chain and mitochondrial dysfunction. 

All of these pathways lead to an increase in the level of oxidative stress that further degrades the 

bioavailability of nitric oxide, hence, facilitating vasoconstriction and further worsening endothelial 

dysfunction (17). The result of this imbalance is an impaired nitric oxide-mediated vasodilation which 

is a characteristic of endothelial dysfunction seen in a number of cardiovascular diseases such as 

hypertension (10,27). 

 

Uncoupled endothelial nitric oxide synthase (eNOS). This dissociation reduces the bioavailability of 

nitric oxide, instead producing superoxide, which further causes endothelial dysfunction spreading 

oxidative stress (14). Xanthine oxidase, myeloperoxidase and other enzymatic sources. Angiotensin II 

also increased the production of reactive oxygen species, including superoxide, by the activation of 

membrane-bound NADH or NADPH oxidase in hypertension (29). This is worsened by hyperglycemia 

which causes the overexpression and hyperactivity of several NADPH oxidases such as NOX1, NOX2, 

NOX4, and NOX5 resulting in an increased level of reactive oxygen species (21). The complexity of 

the interplay between hyperglycemia and these enzymatic sources is a major cause of chronic oxidative 

stress that is evident in hypertensive condition. On the other hand, reduced antioxidant defense systems 

are also factors that drive the pathogenesis of hypertension (30).  
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TABLE 1: Sources of Oxidative Stress and Their Effects in Hypertension. 

Source of 

Reactive 

Oxygen 

Species 

Cellular 

Location 

Mechanism of 

Action 

Contribution to 

Hypertension 
References 

NADPH 

oxidases 

(NOX1, 

NOX2, NOX4, 

NOX5) 

Endothelial 

cells, vascular 

smooth muscle 

cells, immune 

cells 

Excess superoxide 

production leading 

to nitric oxide 

inactivation 

Endothelial 

dysfunction, 

vasoconstriction, 

vascular 

remodeling 

[4, 41] 

Uncoupled 

endothelial 

nitric oxide 

synthase 

(eNOS) 

Endothelium 

Reduced nitric 

oxide synthesis and 

increased 

superoxide 

generation 

Impaired 

vasodilation and 

increased 

peripheral 

resistance 

[34, 35] 

Mitochondrial 

dysfunction 

Vascular and 

renal cells 

Electron transport 

chain–derived ROS 

overproduction 

Vascular injury 

and arterial 

stiffness 

[36] 

Xanthine 

oxidase 

Endothelium 

and plasma 

ROS generation 

during purine 

metabolism 

Oxidative 

vascular damage 
[38] 

Reduced 

antioxidant 

defenses 

Systemic 

Decreased SOD, 

catalase, and 

glutathione 

peroxidase activity 

Sustained 

oxidative stress 
[25, 30] 

 

Mechanisms of Oxidative Damage 

Lipid peroxidation, protein alkylation, and damage to DNA. These oxidative changes undermine 

cellular integrity and cellular work resulting in increased cellular senescence and apoptosis in the 

cardiovascular tissues (31). Dysfunction of endothelial and bioavailability of nitric oxide. Oxidative 

stress, by producing superoxide anion, reacts with nitric oxide giving peroxynitrite which in turn reacts 

with tetrahydrobiopterin, an essential cofactor of endothelial nitric oxide synthase (eNOS), to uncouple 

eNOS, thereby lowering NO generation (32,33). The process does not only diminish the supply of the 

essential vasodilator nitric oxide, but also actively increases the production of reactive oxygen species, 

which contributes to the vicious circle of oxidative stress and vascular injury (34,35). Subsequent 

dysfunctional endothelium also leads to a compromised glomerular filtration rate and vascular 

inflammation, which is another typical antecedent to thrombosis (33). Subsequently, the production of 

peroxynitrite, a very potent reactive nitrogen species, further oxidizes biomolecules such as glutathione 

and tetrahydrobiopterin available, which further propagates devastating oxidative stress and triggers 

cellular pathways, such as the AGE-RAGE pathway and NFkB expression (17). It is this rampant 

oxidative injury that causes great cellular damage which in turn encourages inflammation and fibrosis 

of the cardiovascular system thus contributing to the formation and progression of hypertension (36).  

 
Antioxidant Defense Systems 

Enzymatic antioxidants (e.g. Superoxide Dismutase, Catalase, Glutathione Peroxidase). These are 

superoxide dismutase and catalase and glutathione peroxidase in which they all collaborate to 

counteract reactive oxygen species and provide redox homeostasis (25). Specifically, superoxide 

dismutase serves a key role in the antioxidant activity regarding converting superoxide radicals to 

hydrogen peroxide and molecular oxygen (37). 
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Non-enzyme antioxidants (e.g. Glutathione, Vitamin C, Vitamin E). These include an extensive list of 

molecules, including vitamins (e.g., vitamin C, vitamin E), minerals (e.g., selenium, zinc), and other 

phytochemicals, which either have a direct scavenging action of free radicals or indirectly facilitate the 

activity of enzymatic antioxidants (7). Disregard or inadequacy of these systems in hypertension. The 

oxidative burden has been further increased by the reduced activity of enzyme antioxidants including 

superoxide dismutase and glutathione peroxidase which have been reported as reduced in hypertensive 

states (30,38). This lack is usually enhanced by decreased concentrations of non-enzymatic antioxidants 

such as lycopene, ascorbate, and b-carotene in hypertensive patients that reduce the total ability to 

neutralize oxidative stress (7). These disparities between pro-oxidants and antioxidants cause not only 

disturbances of redox signals, but also cause post-translational alterations of the proteins, which result 

into massive cellular and tissue damage (4). The subsequent oxidative stress is a decisive element in the 

pathogenesis of hypertension which avails endothelial dysfunction, inflammation and augmentation of 

vascular contractility that culminates into cardiovascular tissue remodelling (39). This chronic oxidative 

stress results in a vicious cycle, so further production of ROS further degrades antioxidant defenses, 

and an environment that supports the further development of hypertension and related complications is 

created (40,41).  

 
TABLE 2: Inflammatory Mediators and Immune Cells Involved in Hypertension. 

Inflammatory 

Component 

Primary 

Source 

Pathophysiological 

Role 

Impact on 

Blood Pressure 
References 

Tumor necrosis 

factor-α (TNF-α) 

Macrophages, 

T lymphocytes 

Activation of NF-κB 

and endothelial 

dysfunction 

Increased 

vascular 

resistance 

[3, 14] 

Interleukin-6 (IL-

6) 

Immune and 

endothelial 

cells 

Induction of acute-

phase response and 

vascular inflammation 

Sustained 

hypertension 
[49] 

Interleukin-17 

(IL-17) 
Th17 cells 

Promotion of ROS 

generation and vascular 

injury 

Elevated blood 

pressure 
[47, 54] 

Macrophages 
Vascular and 

renal tissues 

Cytokine and ROS 

release 

Vascular 

remodeling 
[9, 53] 

T lymphocytes 
Kidney and 

vasculature 

Immune-mediated 

vascular dysfunction 

Development of 

hypertension 
[10, 51] 

 

Hypertension Inflammation 

Inflammation is since considered an essential pathophysiological factor in the pathogenesis and 

pathophysiology of hypertension, which is closely connected with oxidative stress and endothelial 

dysfunction (30). This persistent inflammatory condition facilitates the process of vascular remodeling 

and enhances the increase in blood pressure by using a number of immune cell-mediated mechanisms 

(14). In particular, immune cells activation and following pro-inflammatory cytokines release are the 

factors which contribute to vascular damage and dysfunction in hypertensive conditions (38). As an 

example, the ratio between the pro- and antioxidant factors directly affects the formation of 

cardiovascular conditions, such as arterial hypertension by activating systemic inflammation (25,42). 

This is the self-perpetuating cycle of reactive oxygen species and inflammation where ROS may 

stimulate the pathways of inflammation and where inflammatory mediators can stimulate the production 

of new ROS and so on, and this cycle perpetuates the pathogenesis of hypertension (43).  

Cellular participants in Hypertensive Inflammation 

Dendritic and T cells, T cells, macrophages, and dendritic cell infiltration and activation in vascular 

tissues and kidneys. Macrophages, T-cells, and dendritic cells are specifically involved, which release 

a range of inflammatory mediators, which play a role in vascular remodelling and dysfunction (12). In 

particular, activated T lymphocytes, as well as classic activated macrophages and neutrophils, release 

pro-inflammatory cytokines, including interferon-gamma and interleukin-17, 
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which cause oxidative stress and dysfunction of endothelium thereby worsening hypertension (14). This 

inflammatory environment also stimulates nuclear factor kappa-light-chain-enhancer of activated B 

cells which is one of the prominent transcription factors that promote a large number of pro-

inflammatory genes and thereby, this contributes to the further enhancement of the inflammatory 

environment (12,26,44).  

Sources of inflammatory mediators Resident vascular cells (endothelial cells, smooth muscle cells). 

When provoked by a high blood pressure and oxidative stress, endothelial, vascular smooth muscle, 

and fibroblasts are capable of release cytokines and chemokines, thereby enhancing the local 

inflammatory response in the vasculature (45). The resulting complex cumulative interaction involving 

such cellular interactions sustains inflammation of the vascular system in addition to facilitating 

structural and functional alterations that are characteristic of hypertension through the regulation of 

vascular tone and the facilitation of fibrosis (46).Some of the key inflammatory mediators that mediate 

the pathogenesis of hypertension include tumor necrosis factor-alpha, transforming growth factor-beta, 

and other interleukins (17). Regulatory T cells and alternatively activated macrophages, on the other 

hand, can play a protective role, which highlights the finer details of role of immune interference in 

hypertensive conditions (14). This complex immune response which involves both the innate and 

adaptive responses is a part of the inflammatory landscape in general which leads to pathological 

changes experienced in hypertension (47).  

 

Key Inflammatory Mediators 

Pro-inflammatory cytokines (e.g., TNF-$\alpha$ IL-6 IL-1). These cytokines play a significant role in 

the coordination of the inflammatory reaction, vasoconstriction, and endothelial dysfunction by 

stimulating signaling pathways such as NF-kB, which increases the expression of adhesion molecules 

and chemokines (21). It is important to note that, IL-1b also causes the expression of inducible oxidase 

synthase and cyclooxygenase type 2, as well as production of downstream inflammatory mediators, 

whereas TNF-a augments inflammation by promoting cell growth and proliferation and increasing 

MHC class I and II molecules (48). The other important pro-inflammatory cytokine is interleukin-6, 

which directly activates the synthesis of acute-phase proteins in the liver and is part of the overall 

inflammatory cascade due to the generation of secondary cytokine signatures (49, 50). Chemokines 

(e.g., MCP-1, RANTES), adhesion molecules (e.g., VCAM-1, ICAM-1). Those molecules support 

recruiting and extravasation of immune cells into vascular tissues fuelling the process of inflammation 

and causing the vascular remodeling and damage that can be noted in hypertension (51).  

Acute-phase proteins (e.g. C-reactive protein). The hypertensive individuals have also increased acute-

phase proteins, including C-reactive protein, which are markers and mediators of inflammation and are 

also indicators of the systemic inflammatory burden and an added contributor to vascular injury (49, 

52). T helper 17 cells secrete inflammatory cytokines (interleukin-17) and interferon-g that have an 

important effector role in hypertension, which can raise blood pressure and cause damage to end-organs 

(47). Also, the occurrence of T cells and monocytes/macrophages in the kidneys and blood vessels of 

hypertensive individuals also points to the fact that these cells also generate powerful cytokine that 

affects the work of the kidneys and vascularity (53).  

 
Involved Signaling Pathways 

NF-k B pathway and its stimulation by ROS and other stimuli. This route plays a significant role in 

triggering the expression of a wide range of pro-inflammatory genes, such as cytokine, chemokine, and 

adhesion molecule genes, increasing the level of the inflammatory response in hypertension (14). 

Activation of IL-6/JAK/STAT3 pathway also plays a crucial role in the pathogenesis of hypertension 

by the AngII (54). The stress hormones can also be dysregulated which can further increase this 

inflammatory condition by modifying the release patterns of the cytokines produced by the immune  

cells with predisposition to pro-inflammatory cytokines instead of anti-inflammatory cytokines (55).  
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Pyroptosis and activation of inflammasomes. The specific one is the NLRP3 inflammasome, which is 

a multiprotein complex specifically involved in hypertension, which results in the protein cleavage of 

pro-inflammatory cytokines, e.g., IL-1b and IL-18, and finally in pyroptosis, an extremely inflammatory 

form of programmed cell death (47). MAPK pathways. ERK, JNK, and p38 are also involved in the 

transduction of inflammatory signals, cellular response to stress, and vascular remodeling and 

endothelial dysfunction in hypertensive states involving the mitogen-activated protein kinase pathways. 

Moreover, NLR family pyrin domain containing 3-mediated inflammasome activation is a part of the 

inflammatory cascades that take place in diabetes, and it connects oxidative stress and end-products of 

advanced glycation to stimulating mesangial cells and triggering chronic kidney disease development 

(21). Th17 cells, macrophages, dendritic cells, and natural killer cells also produce another cytokine, 

IL-17, which is also implicated in hypertension and vascular dysfunction (possibly via its action on 

NOS3 phosphorylation and nitric oxide synthesis in endothelial cells) (54). A hyperstimulation of the 

NOX4, e.g. results in the burst of superoxide that harms the glomerular cells, causing diabetic 

nephropathy and vascular side effects through the enhancement of pro-inflammatory cytokines, NFkB, 

and adhesion molecules (17). This chain of action highlights the direct involvement of oxidative stress 

in the pathogenesis of inflammatory microenvironment of cardiometabolic diseases as a contributor of 

both systemic and local vascular damage (26, 56).  

 
In that regard, angiotensin II has a strong effect on vascular inflammation and oxidative stress through 

the activation of NADH/NADPH oxidase and the stimulation of multiple signaling molecules such as 

Rho/Rho kinase and the protein kinase C that result in endothelial dysfunction and vascular damage 

(57). Furthermore, renin per se has the capability of stimulating the mitogen-activated protein kinase 

signalling pathway, and angiotensin II stimulates fibrosis directly by enhancing transforming growth 

factors production, vascular endothelial growth factor, and cell adhesion molecules (21). Moreover, 

hyperglycemia-induced end-products of advanced glycation and their interplay with receptors on the 

kidneys promote the inflammation and fibrosis process through stimulating various intracellular 

signaling cascades, such as transforming growth factor-b and protein kinase C (26). It is the result of 

such a complex interaction that causes renal interstitial fibrosis, sclerosis of the arteries, and structural 

damage to the kidney (17, 26). Kidney is an active, mitochondria-rich organ that is especially vulnerable 

to oxidative stress-dependent hyperglycemia and may increase the rate of chronic kidney disease, a 

complication of hypertension and other ailments in late stages (17, 58). There is a vicious cycle between 

oxidative stress and chronic microinflammation that preserves and further enhances kidney damage and 

chronic kidney disease progression (59). This makes the management of hyperglycemia a key risk factor 

of diabetic nephropathy, which directly damages the endothelial cells and podocytes of the renal 

vascular directly by causing a number of molecular and cellular malfunctions (26). Increased oxidative 

markers are seen in diabetes and strategies to address the resulting oxidative stress and chronic 

inflammation would be an effective method of treating diabetic nephropathy (26, 60).  

 
TABLE 3: Therapeutic Targets Addressing Oxidative Stress and Inflammation in Hypertension. 

Therapeutic 

Strategy 

Target 

Pathway 
Mechanism of Action 

Potential 

Clinical 

Benefit 

References 

RAAS inhibitors 

(ACEIs, ARBs) 

Angiotensin II 

signaling 

Reduction of ROS 

generation and 

inflammatory signaling 

Improved 

endothelial 

function 

[15, 57] 

Antioxidants 

(Tempol, N-

acetylcysteine) 

Reactive 

oxygen 

species 

Direct scavenging of free 

radicals 

Reduced 

oxidative stress 
[25, 38] 

Nrf2 activators 

Antioxidant 

response 

element 

Upregulation of 

endogenous antioxidant 

enzymes 

Vascular 

protection 
[17, 101] 
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Anti-inflammatory 

agents 

NF-κB and 

cytokines 

Suppression of 

inflammatory signaling 

pathways 

Reduced 

vascular 

damage 

[14, 99] 

Lifestyle 

interventions 

Metabolic and 

inflammatory 

pathways 

Reduction of systemic 

oxidative stress and 

inflammation 

Blood pressure 

control 
[39, 102] 

 

Interaction between Oxidative Stress and Inflammation 

Oxidative stress, which can be defined as a disproportion between reactive oxygen species production 

and antioxidant responses, is a direct promoter of inflammation, and an important factor in the 

development of chronic kidney disease (59). This intensification of the oxidative stress can be observed 

at the early renal failure stages, which stimulates the activity of podocytes destruction, proteinuria, and 

tubulointerstitial fibrosis (59). This is further enhanced by hyperglycemia that intensifies the synthesis 

of advanced glycation end-products and their binding with receptor of advanced glycation end-products 

which results in an intensification of oxidative stress and activation of several pro-inflammatory 

signaling pathways that further promote renal injury (28,61). In particular, hyperglycemia triggers 

intracellular reactive oxygen species in mesangial and tubular epithelial cells and this stimulates the 

release of cytokines like IL-6 and TNF-a that also leads to the glomerular and tubular damage in the 

diabetic kidney (62). 

 
Vicious Cycle 

Mechanism of generation of oxidative stress and of exacerbation of oxidative stress by inflammation 

with respect to hypertension. Such bidirectional interaction plays a critical role in hypertension whereby 

oxidative stress that can be provoked by NADPH oxidase activation leads to the activation of 

inflammatory reactions, with inflammatory reactions further inducing the production of reactive oxygen 

species leading to a vicious cycle that perpetuates vascular damage (17,63). The constant hyperglycemia 

caused by diabetes is a major cause of this cycle that favors excessive production of reactive oxygen 

species and resultant mitochondrial damage to increase oxidative stress (17). It is this chronic exposure 

to high glucose levels that stimulate pathways like the polyol and hexosamine pathways, polyol and 

hexosamine increases protein kinase C activity, and converges on the production of reactive oxygen 

species in renal cells (64). In addition, the metabolic imbalances resulting in this trigger collateral 

pathways, such as polyol and sorbitol pathways that cause biochemical disorders of primary renal 

tissues and the alteration of their functions irreversibly (28). Moreover, chronic inflammation and 

oxidative stress are also major pathophysiological factors that cause nephropathy, which is a major 

reason of dialysis in diabetic patients around the world (65).        

                                                                             

Endothelial Dysfunction 

The oxidative stress-induced NO inactivation and inflammation as the central factors in the process of 

endothelial damage, causing vasoconstriction and vascular remodelling. This complex pathological 

interaction eventually leads to structural and functional renal degradation, which leads to end-stage 

renal disease (66,67). One of the main pathways through which oxidative stress can contribute to the 

development of CKD is by causing young renal failure through intracellular and extracellular generation 

of oxygen-derived radicals and the subsequent inflammatory reaction, where the free radical molecules 

react with the nephron components resulting in the loss of membrane integrity and damaged DNA (68).  

Vascular Remodeling 

Role in hypertrophy, fibrosis, and stiffening of blood vessels which are caused by oxidative stress and 

inflammation. Hyperglycemia as a characteristic of diabetes directly causes this vascular remodeling, 

damaging endothelial cells, disrupting vascular tone, and making them more permeable, thus increasing 

inflammation and oxidative stress (26). Also, saturation of glycolysis by high glucose condition diverts 

glucose to the other metabolic pathways, including polyol and sorbitol pathways, which overactivity 

also leads to a high level of metabolic imbalance and also an additional cause of biochemical disorders 

in the renal tissues (28).  
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Renal Dysfunction 

 Effect on renal hemodynamics and tubular activity which contributes to salt and water retention. This 

renal hemodynamic derangement is only augmented by the escalation of activity of the sympathetic 

nervous system that enhances vasoconstriction and worsens fluid retention hence increasing the rate at 

which kidney damage develops (69). In addition, the nephron is in persistent hypoxia, which is a result 

of reduced oxygenation and an overload of SGLT2 channels, worsening the renal dysfunction and 

further increasing oxidative stress (21). This creates a vicious cycle in which the problem of 

mitochondrial dysfunction generates more superoxides, which is directly associated with oxidative 

stress and causes additional renal damage (28). However, with time, hyperglycemia and the secondary 

impact on oxidative stress and inflammation eventually result in a widespread renal fibrosis, which is a 

principal pathological characteristic of diabetic kidney disease (21). It is not yet well understood how 

all these factors interact to produce tissue-specific damage (17). These complex interactions can only 

be understood to design specific therapeutic approaches to counter the development of diabetic 

nephropathy and cardiovascular complications that accompany it (5). As an example, peroxisome 

proliferator-activated receptor-gamma coactivator-1a (PGC-1a), one of the controllers of the 

mitochondrial biogenesis, has its expression changed in diabetic kidney disease, which leads to 

mitochondrial dysfunction (21). This impairment is presented in the form of the inability to produce 

ATP and the elevation of reactive oxygen species, which exacerbates the oxidative stress levels of renal 

cells.  

 

Consequences and Damage to Target Organs 

The chronic hyperglycemia which is the hallmark of diabetes not only triggers but also sustains the 

activation of a series of biochemical pathways that result in extensive destruction of various organ 

systems with the kidneys being the most susceptible (70). This hypersensitivity can be explained by the 

complexity of the microvasculature and intense metabolic activity of the kidney that makes it acutely 

sensitive to the metabolic mal-adaptation and oxidative stress caused by chronic hyperglycemia (71). 

The complexity of the relationship between hemodynamic and metabolic processes, which are often 

impaired in diabetes, is relevant in the onset and development of nephropathy (65). Particularly, a 

glomerulus that plays a key role in filtration is severely damaged because of the increased 

intraglomerular pressure and accumulation of end products of advanced glycation, contributing to 

proteinuria and a renal functional deterioration (17,26). It is a gradual deterioration of the glomerular 

filtration barrier which is sometimes called the podocyte centrality which emphasizes that it is the 

specialized podocytes that are susceptible to apoptosis which eventually causes glomerular permeability 

and the development of diabetic kidney disease (28). Heart failure, fibrosis, diastolic failure, and cardiac 

hypertrophy. This effect is not limited to the heart but it involves the rest of the cardiovascular system, 

which puts diabetic patients at a high risk of atherosclerosis, myocardial infarction, and stroke (26).  

Moreover, macrovascular complications associated with diabetes are significant contributors to 

cardiovascular disease, which is the leading cause of death in people with the type 2 diabetes (27).  

Peripheral and autonomic neuropathies, which result in sensory loss, pain, and dysfunction of an organ. 

The condition of diabetic neuropathy also includes the destruction of the autonomic nervous system 

that results in dysfunction of cardiovascular reflexes, gastrointestinal motor activity, and bladder 

problems (27). Furthermore, the complex metabolic disturbances that are presented by diabetic patients, 

i.e., insulin resistance and dyslipidemias, cause the neurohormonal activation to an even greater 

working order, undermining the fragile equilibrium between the metabolic, cardiac, and renal systems 

(72). These systemic effects explain the extensive impact of uncontrolled diabetes on multiple 

physiological systems that trigger a cascade of complications that cumulatively reduce the quality of 

life of patients and increase healthcare burdens (73,74). Microvascular abnormalities and ischemic 

alterations also result in ocular complications such as diabetic retinopathy and optic neuropathy, which 

causes impairment of vision (75). These are conditions, which are accompanied by diabetic nephropathy 

and peripheral neuropathy, which are categorized as micro-vascular complications, largely 

compromising the small blood vessels (76,77).  

 

http://www.diabeticstudies.org/


The Review of DIABETIC STUDIES 

Vol. 20 No. S9 2024 

 

WWW.DIABETICSTUDIES.ORG                                                                                                                                   315 

Glomerulosclerosis, tubulointerstitial fibrosis and development of chronic kidney disease. This is due 

to the changes in the microvasculature that lead to local ischemia and morphological and functional 

impairment of different tissues (72). In particular, one microvascular complication, diabetic 

nephropathy, can be defined by fibrosis in the kidney, and it is the most frequent cause of end-stage 

renal disease (78). In addition, panvascular diseases that involve the whole vascular system such as 

atherosclerosis, cardiovascular diseases and cerebrovascular disorders are prone in diabetes patients 

mainly because of the changes in vascular wall structure and they also affect the functioning (26). These 

extensive vascular pathologies have played a role in the high rate of morbidity and mortality that is 

witnessed in diabetic populations (77,79). A combination of all these complications imposes a 

significant burden on healthcare systems and requires all-encompassing measures in terms of early 

detection, prevention, and management (78-80). Having acknowledged the systemic nature of diabetes, 

it is essential to treat the patient holistically going beyond the glycemic control plainly and the 

multifaceted complications of chronic hyperglycemia (77,80).  

Cerebral accident, dysfunction of blood-brain barrier and cognitive deficiency. These neurobiological 

effects usually present in the form of a faster cognitive and more susceptible stroke, which remains a 

highly significant repercussion of diabetes on the integrity of the central nervous system. The retina is 

also damaged due to diabetes, and this is known as diabetic retinopathy, which may cause loss of vision 

(74). The most common microvascular complications include retinopathy nephropathy and neuropathy, 

which are the leading causes of blindness, end-stage renal disease, and amputation of lower extremities, 

respectively (81-83).  

 
These microvascular defects are usually accompanied by structural impairment of the endoneurial blood 

circulation and oxygen levels, which result in nerve fiber loss of the peripheral nerves, and in some 

cases, the optic nerve (75). Besides, the neuropoietic cytokines, including interleukin-1 and TNF-alpha, 

accumulate and worsen nerve damage by slowing nerve conduction and supporting the inflammation 

in the nervous system (75). All these microvascular and macrovascular complications, which are caused 

by chronic hyperglycemia, result in a high level of morbidity and mortality in patients with diabetes, 

which is why there is an urgent need to develop multifaceted therapeutic management (27,80). 

Macrovascular complications also caused by chronic hyperglycemia include atherosclerosis, a key 

cause of cardiovascular, cerebrovascular and peripheral artery diseases (84). These ailments are often 

based on persistent inflammation and endothelial malfunction, which are complicated by the persistent 

metabolic imbalances of diabetes (27). The extensive nature of persistent hyperglycemia, consequently, 

creates the extremely important connection between the persistence of high glucose and the broad 

spectrum of microvascular and macrovascular complications that can be seen in diabetics (85-87).  

 
Clinical Implications and Future Research 

The complexity of diabetes pathology that requires a multifaceted approach to treatment, not the simple 

glycemic regulation, but the treatment of the underlying molecular processes (27,88). This is coupled 

with coming up with interventions that focus on the neurodegenerative alterations in the retina, as they 

tend to be the first changes to have been affected in vascular disease and may be irreversible with 

chronic hyperglycemia (89). Moreover, the therapeutic approach should also be involved to lessen the 

effect of high levels of neuropoietic cytokines and ischemia that play important roles in neuropathy 

development and nerve fiber degeneration (75). These approaches may include the involvement of the 

abnormal metabolic pathways, where hyperglycemia out of control is associated with the increased 

activity of enzymes that have a role in the metabolic processes causing diabetic complications and 

therefore these enzymes can serve as a potential therapeutic target (90). To illustrate, sirtuins have been 

identified to be possible candidates as a therapeutic approach to diabetic nephropathy and retinopathy 

upon activation (17).  
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Recognizing valid biomarkers of oxidative stress and inflammation to detect hypertension early in the 

disease. Also, attention to the advanced glycation end products, the polyol pathway, which contribute 

to the damaging of cells, provides additional opportunities to confront therapeutic interventions to avoid 

microvascular and macrovascular complications (87,91). The proposed holistic solution is to break the 

vicious cycle where the hyperglycemia over time induces harmful biochemical pathways that result in 

the various complications witnessed among patients with diabetes (92).  The current studies have found 

a number of essential processes through which hyperglycemia triggers diabetic complications that 

include polyol pathway, hexosamine pathway, protein kinase C activation, and the presence of advanced 

glycation products endogenous (28,90). The overall pattern of these pathways leads to metabolic 

abnormalities and biochemical malfunctions in major tissues that trigger irreversible functional and 

structural alterations of diabetic nephropathy and other complications (28).  

The possibility of treating disease progression and patient outcomes in different complications of 

diabetes with these complex molecular pathways using novel therapeutic agents has great potential 

(26,27,93). Such specific interventions could involve the generation of certain agents, such as BH4 

supplement, or artemisinin that have shown their potential in the alleviation of diabetic complications 

through the handling of essential molecular phenomena such as nitric oxide impairment or TGFb 

overexpression (17). Additionally, the implementation of the strategies to avoid the simultaneous 

appearance of several complications of diabetes are also important in enhancing patient care and overall 

patient outcomes (80). Targeting Oxidative Stress:Antioxidant treatment (e.g., N-acetylcysteine, 

Tempol, polyphenols). Since surplus production of oxygen free radicals and the antioxidant system 

imbalance are major contributors to the development of intracellular oxidative stress, therapeutic 

strategies to reestablish balance to the antioxidant system, including Nrf2 activators or direct ROS 

scavengers, has significant potential in preventing the damage of cells in diabetic patients (17,26). A 

combination of modulating these pathways together with the approaches that target the advanced 

glycation end products and protein kinase C activity can offer a multi-pronged intervention that aims at 

offering an effective approach to manage the complex pathophysiology of diabetes (94-96). Moreover, 

it is also important to realize that all these different pathways eventually lead to hyperglycemia-induced 

oxidative stress which implies that an even more efficient way to prevent complications of diabetes is 

to use novel single-agent antioxidant treatments, other than the conventional scavengers (97).  

Methods to improve native antioxidants systems. In this respect, special attention should be paid to 

approaches that enhance the expression of Nrf2 or employ powerful antioxidant biomolecules that can 

eliminate reactive oxygen species and stimulate the expression of Nrf2 (17). The oxidative-

inflammatory network that is induced by chronic hyperglycemia further mounts the numerous 

interconnected pathogenic pathways such as the polyol pathway, hexosamine pathway, protein kinase 

C signaling, and the advanced glycation end products/receptor of advanced glycation end products axis, 

all of which play a role in the development of diabetic complications (95). Thus, oxidative stress, 

mitochondrial quality, and the regulation of inflammation and mesenchymal activation should be 

targeted as therapeutic interventions to deliver desirable outcomes in preclinical settings (78, 98). In 

particular, the vicious cycle between inflammation and vascular damage associated with the diabetic 

kidney disease can be interrupted with the help of strategies that prevent the nicotinamide adenine 

dinucleotide phosphate oxidases and reduce the consequential formation of reactive oxygen species 

(21).  

Targeting Inflammation 

Anti-inflammatory agents. Since oxidative stress and inflammation have been known to interact 

synergistically, anti-inflammatory treatments that can target the production of reactive oxygen species, 

possibly by inhibiting the NADPH oxidases activity, may be synergistically useful in the treatment of 

diabetic complications (26, 64). It has been noted that inflammatory mediators play a crucial role in 

diabetic kidney disease, and such targets as NLRP3 inflammasome inhibitors, NF-kB pathway 

modulators, and biologic agents targeting IL-6, IL-1b, and TNF-a are promising and have the potential 

to reduce disease progression (99). These anti-inflammatory methods in combination with antioxidant 

methods that support endogenous antioxidant defenses such as Nrf2 can provide a combination of 

therapeutic approaches to the complex pathology of diabetic complications (17, 100). 
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Immunomodulatory approaches. Other areas of intervention are emphasized by the fact that advanced 

glycation end products bind receptors, like RAGE, on renal endothelial cells and trigger the activation 

of pro-oxidative and pro-inflammatory pathways including NADPH oxidase, MAPK, and NF-kB (26). 

Since hyperglycemia triggers pro-inflammatory products and activates various pathways, which induce 

a pro-oxidant condition with dysfunctional antioxidant mechanisms, intervention in the inflammatory 

pathways directly or indirectly as a result of antioxidant strategies is essential in reducing the changes 

in the renal filtration unit (101). Lifestyle Interventions: Diet (e.g., DASH diet, Mediterranean diet), 

exercise, and their impact on oxidative stress and inflammation. Since the long-term hyperglycemia is 

a major causative factor in the progression of diabetic nephropathy, effective glycemic regulation by 

means of lifestyle changes, such as diet and exercise, can greatly decrease the prevalence of diabetic 

microvascular and macroangiopathic complications (28).  

 
Moreover, specific dietary interventions and exercise can have a direct effect on systemic inflammation 

and oxidative stress and thus provide renoprotective effects in diabetic kidney disease (102). Such non-

pharmacological measures are used in conjunction with pharmacological intervention options to 

decrease the load of renal cells and, possibly, reverse the initial damage stages due to the decreased 

systemic load of inflammation and oxidative stress (26, 28). In particular, the engagement of the Nrf2 

signaling pathway which may be stimulated by different mechanisms such as the inhibition of Keap1 

and the up-regulation of Nrf2 expression is a potential treatment option that could be used to alleviate 

oxidative stress caused by hyperglycemia in renal podocytes (17). In addition, diet, age, and lifestyle 

have many complex interactions that result in nephropathy in diabetic individuals, and other factors 

such as obesity play significant roles in causation, and hence the need to adopt multidisciplinary 

management strategies (103).  

 
These measures including tight glycemic regulation and hypertension control using such agents as ACE 

inhibitors or angiotensin receptor blockers are essential in reducing the progression of diabetic renal 

disease at its initial stages (104). Synergistic Strategies: The use of anti-hypertensive and anti-

oxidant/anti-inflammatory interventions. Since renin-angiotensin-aldosterone system is known to have 

a strong role in the pathogenesis of diabetic nephropathy, incorporating of RAAS blockers with 

antioxidant and antiphlogammatory drugs is a sound approach to a multifaceted approach to the 

treatment of this condition (26). This dual strategy is able to reach numerous pathways that cause kidney 

damage such as oxidative stress, inflammation, and fibrosis, and thus provides better renoprotection 

than single therapy (105). An example is rapamycin, which is a mTOR inhibitor that has been proven 

effective in animal models as it reduces the progression of DKD but has yet to be used in humans 

because of its side effects (21). These issues must offer a broad outline of your paper. In addition, 

regulating the KEAP1/Nrf2/ARE pathway has also become a potential approach to up-regulation of 

antioxidant genes and alleviation of oxidative stress, which is one of the major sources of kidney 

damage in diabetic nephropathy (101, 106).  

This approach makes use of the natural defense mechanism of the body to fight the excess of reactive 

oxygen species that are common with diabetes (107). In addition, natural products that stimulate Nrf2 

signaling and suppress the NF-kB system have provided a promise in preclinical research by improving 

the antioxidant defense mechanism and suppressing inflammatory events and fibrosis (106).  

 
Moreover, the complexity of the relationships between hyperglycemia and oxidative stress suggests the 

challenge of effective intervention, but also offers varied opportunities to reduce pathological 

consequences through targeting master transcription factors, i.e. NFkB, Nrf2 or FoxO (17). Although 

the modern treatment methods only slow down the disease development of diabetic nephropathy, Nrf2 

pathway still serves as a central focus of innovative therapies designed to stop or reverse the disease 

progression (108). 

 
Conclusion 

Oxidative stress and inflammation play critical and interconnected roles in the development and 

progression of hypertension. Excessive production of reactive oxygen species disrupts redox 
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homeostasis, reduces nitric oxide bioavailability, and promotes endothelial dysfunction, vascular 

remodeling, and arterial stiffness. Simultaneously, chronic low-grade inflammation, driven by immune 

cell activation and pro-inflammatory cytokines, further amplifies vascular damage and contributes to 

sustained elevation of blood pressure. The bidirectional interaction between oxidative stress and 

inflammation establishes a self-perpetuating cycle that accelerates target-organ injury and increases 

cardiovascular risk. Recognition of this oxidative–inflammatory axis extends the traditional 

understanding of hypertension beyond hemodynamic mechanisms and highlights novel molecular 

pathways involved in disease pathogenesis. Therapeutic strategies targeting oxidative stress and 

inflammatory pathways, including renin–angiotensin–aldosterone system inhibitors, antioxidants, anti-

inflammatory agents, and lifestyle interventions, show promise in improving vascular function and 

blood pressure control. Future research should focus on identifying reliable biomarkers and developing 

targeted therapies to disrupt this pathogenic cycle, which may lead to more effective prevention and 

management strategies for hypertension. 
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