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ABSTRACT 

Introduction and aim. Essential hypertension is a leading cause of global morbidity driven by complex 

genetic and physiological interactions. The roles of the Na+/K+-ATPase pump, sympathetic nervous 

system, and electrolyte balance are critical, yet their simultaneous interaction remains unexplored. This 

study aimed to investigate the serum levels of Na+/K+-ATPase alpha-1 subunit (ATP1A1), epinephrine, 

and key electrolytes (sodium, potassium, chloride, and calcium) in hypertensive patients, providing a novel 

multi-marker approach to evaluate their potential as diagnostic biomarkers. 

Material and methods. We enrolled 80 hypertensive patients and 40 normotensive controls in this cross-

sectional study. Serum ATP1A1 and epinephrine levels were measured by ELISA, and electrolytes were 

analyzed using an ion-selective electrode analyzer.  

Results. Hypertensive patients exhibited significantly higher serum levels of ATP1A1 (430±190 vs. 

161±71.16 ng/L), epinephrine (339±188 vs. 116.5±38.6 ng/L), sodium, chloride, and calcium, with 

significantly lower potassium (all p<0.001 ROC analysis demonstrated a promising discriminatory ability 

for ATP1A1 (AUC=0.92) and epinephrine (AUC=0.94). Multiple regression analysis identified ATP1A1, 

epinephrine, and chloride levels as significant independent predictors of systolic blood pressure. 

Conclusion. Patients with essential hypertension display a distinct biochemical signature of elevated serum 

ATP1A1 and epinephrine levels coupled with significant electrolyte disturbances. These preliminary 

findings suggest potential value as biomarkers for essential hypertension, although extensive validation in 

larger, independent cohorts is required before clinical application can be considered. 
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Introduction 

Hypertension, a medical condition characterized by persistently elevated arterial blood pressure, remains 

one of the most significant global health challenges of the 21st century.1 It affects approximately 15–20% 

of the adult population globally and is a leading risk factor for numerous serious health outcomes, including 

cardiovascular disease, stroke, chronic kidney disease, and dementia.2,3 It is frequently asymptomatic at 

onset; however, uncontrolled hypertension leads to early death in many parts of the world. This disorder is 

generally divided into two types: essential (or primary) and secondary hypertension. Essential 

hypertension, which represents 90–95% of cases, is idiopathic and is the consequence of a mix of genetic 

predispositions and unspecific lifestyle conditions, including high dietary salt consumption, obesity, and 

physical inactivity.4 The remaining 5–10% of cases are classified as secondary hypertension, high blood 

pressure with an identifiable cause such as chronic kidney disease, endocrine disorders, or use of birth 

control pills.5 

The complex control of blood pressure results from a tenuous interaction between hemodynamic and 

neurohormonal effects. Of these, electrolyte balance has been a major focus of research for many years.6 In 

the 1970s and the 1980s, preliminary research of early work initiated a direct correlation between dietary 

electrolyte intake and blood pressure.7 Disturbances in major electrolytes, such as sodium and potassium, 

may interfere with homeostatic mechanisms that regulate vascular tone and fluid status.8 These early 

observations have been subsequently elaborated, as recent studies have suggested that the ratio of sodium 

to potassium intake might be a better predictor of blood pressure levels than the intake of any one mineral 

in isolation.9 Since electrolyte disturbances are common and have been associated with increased morbidity 

and mortality, their role in the pathophysiology of hypertension is highly clinically relevant. 10 

The sodium-potassium pump Na+/K+-ATPase alpha-1 subunit (ATP1A1) plays a central role in the 

regulation of cellular electrolyte homeostasis. Its discovery in 1957 by Danish researchers Jens Christian 

Skou (this work was also honored with the Nobel Prize for Chemistry, in 1997) has been fundamental to 

modern physiology.11 This enzyme facilitates the active transport of sodium ions out of the cell and 

potassium ions into the cell, operating against their respective concentration gradients, a mechanism that is 

driven by the hydrolysis of ATP. This function is essential for the preservation of resting membrane 

potential, the regulation of cell volume, and the facilitation of secondary transport processes for various 

solutes.9 The alpha subunit is the catalytic subunit and ATP1A1 is a key isoform in both vascular and renal 

tissues. 

Growing evidence has implicated Na+/K+-ATPase dysfunction in the pathogenesis of essential 

hypertension. The pump is an important modulator of the contractile response in muscle cells. Inhibiting it 

would result in a higher intracellular sodium level, impact calcium handling, and cause vasoconstriction 

with an increase in blood pressure.12 Changes in the expression and/or function of the ATP1A1 subunit are 



 

 
 

associated with modification of vascular tone and blood pressure control. While traditionally studied as a 

membrane-bound protein, emerging evidence suggests that ATP1A1 can be detected in the circulation and 

may have a role as a biomarker in various pathological conditions. The circulating ATP1A1 protein is found 

in various locations throughout the body, including neurons and glial cells in the brain. Mammals have 

three auxiliary β subunits, identified as β1 to β3. The β1 subunit, encoded by ATP1B1, is present in nearly 

all tissues and cells, while β2 and β3 have more limited patterns of tissue expression. The β subunit plays a 

crucial role in positioning the Na+/K+ ATPase at the cell membrane. Additionally, it serves as a protein for 

intracellular adhesion by associating with adjacent β subunits from nearby cells. A functional pump is 

established through the assembly of one α subunit, one β subunit, and optionally one from a group of seven 

regulatory FXYD subunits. Among these, α1 and β1 are the most prevalent components that are believed 

to contribute to the formation of the essential Na+/K+ ATPase isozymes.13 For instance, studies have shown 

that ATP1A1 is overexpressed in certain tumor cells and can be released into the circulation. While the 

exact mechanisms of its release into the serum in the context of hypertension are not fully elucidated, we 

hypothesize that it may be shed from the cell membrane of vascular endothelial cells, smooth muscle cells, 

or renal tubular cells in response to the pathophysiological changes associated with hypertension, such as 

increased shear stress or neurohormonal activation. In addition, the sympathetic nervous system, an 

important controller of the cardiovascular system, can also have a large effect on blood pressure, which is 

mediated by epinephrine (adrenaline) release. Many years ago, early investigators reported that 

hypertensive subjects displayed increased plasma catecholamine levels and a state of sympathetic 

hyperactivity.14,15 Epinephrine, when released from the adrenal medulla during stress, directly augments 

the heart rate and cardiac output and has long been recognized to play a role in maintaining the hypertensive 

state. 16 

Despite extensive research focusing individually on genetic aspects of Na+/K+-ATPase, electrolyte 

imbalances, or catecholamines, the exact interaction between electrolyte balance, Na+/K+-ATPase activity, 

and sympathetic nervous system overactivity in hypertension remains a critical gap in the literature. While 

previous studies have examined these components in isolation, their simultaneous assessment has not been 

conducted. This study was conducted to address this gap by determining the serum ATP1A1 and 

epinephrine levels alongside key electrolytes (Na⁺, K⁺, Cl⁻, Ca²⁺) in hypertensive patients compared with 

healthy normotensive controls. This integrated multi-marker approach is highly novel, as it captures the 

complex interplay between different physiological systems implicated in hypertension. By simultaneously 

examining these interconnected biochemical pathways, we sought to clarify their roles in the 

pathophysiology of hypertension and assess their added value as integrated biomarkers for the disease, 

potentially offering a more comprehensive diagnostic window than single-parameter assessments. 

 

 



 

 
 

Material and methods 

Study design and population 

A 120-subject case-control study was conducted (case control design). The study group included 80 

hypertensive patients with an established diagnosis and 40 normotensive controls. Recruitment was 

performed in three medical centers at Najaf, Iraq, Al-Sadar General Hospital, Al-Hakeem General Hospital, 

and Al-Najaf General Hospital from September to December 2025. The study protocol was approved by 

the local ethics committee of the Najaf Health Department (No. 35083, dated 28.9.2025) and all participants 

provided informed consent prior to their inclusion. 

 

Inclusion and exclusion criteria 

Subjects were eligible if they were 30‒65 years old. Hypertensive patients were then classified into two 

groups: newly diagnosed hypertension (blood pressure ≥130/80 mmHg) without receiving drug therapy 

and patients with a history of hypertension under regular medication treatment drag include (Beta-blockers, 

also referred to as beta-adrenergic blockers, are medications prescribed to address heart-related ailments, 

including high blood pressure, angina, irregular heartbeats, and heart failure. They function by obstructing 

the effects of adrenaline, resulting in a decreased heart rate and lower blood pressure. These drugs are also 

beneficial for treating migraines, tremors, and anxiety disorders. Commonly prescribed types of these 

medications include atenolol, metoprolol, and propranolol. Candesartan is utilized either by itself or in 

combination with other drugs to manage hypertension in both adults and children aged between 1 and 16 

years. Elevated blood pressure increases the strain on the heart and arterial system. Captopril is a medication 

approved by the FDA that is crucial for controlling high blood pressure, managing left ventricular 

dysfunction following a heart attack, and treating diabetic kidney damage. Its effectiveness is largely due 

to its ability to inhibit the renin-angiotensin-aldosterone system (RAAS), which makes it essential for the 

treatment of these cardiovascular issues. 

Amlodipine is categorized as a calcium channel blocker that is employed to manage high blood pressure. 

For individuals suffering from hypertension, amlodipine can be instrumental in reducing the risk of future 

heart disease, heart attacks, and strokes.  

Diuretics, often referred to as "water pills," are medications that assist the body in removing excess salt and 

water by promoting increased urination. They are mainly prescribed to manage hypertension, heart failure, 

kidney disorders, and conditions involving fluid accumulation) for at least more than six months. 

Normotensive individuals without a prior history of cardiovascular disease served as controls. 

The exclusion criteria for all patients were secondary hypertension, chronic kidney disease, diabetes 

mellitus, and other endocrinopathies. Pregnant women and individuals taking medications known to affect 

electrolyte balance or sympathetic nervous system activity, such as corticosteroids or beta-agonists, were 

also excluded from the study. 



 

 
 

 

Sample collection and processing 

Venous blood samples, each measuring 5 mL, were collected from all participants. The blood was gathered 

in sterile gel tubes and permitted to coagulate at room temperature for a duration of 30 minutes prior to 

undergoing centrifugation at 3000 rpm for 10 minutes to facilitate the separation of the serum. The serum 

was subsequently divided into three Eppendorf tubes for each subject and preserved at -80°C until analysis 

to maintain the stability of the analytes. 

 

Biochemical analysis 

Serum concentrations of ATP1A1 (cat. no. E437hu) and epinephrine (cat. no. EA0033Hu) were quantified 

using two different ELISA kits (Bioassay Laboratory, China), following the instructions of manufacturer's. 

The assay procedure was performed as follows:  

1. Standards were diluted according to the manufacturer's protocol to generate a standard curve. 

2. Serum samples were added in duplicate to the respective wells. 

3. After incubation and washing steps, the specific antibodies were added. 

4. The absorbance was read at the specified wavelength. 

The ATP1A1 ELISA kit had an assay range of 10-3000 ng/L and a sensitivity of 5.12 ng/L. The intra-assay 

and inter-assay CV were <8% and <10%, respectively. The epinephrine ELISA kit had an assay range of 

15‒3000 ng/L and a sensitivity of 7.5 ng/L. The intra-assay and inter-assay CVs were <8% and <10%, 

respectively. Serum electrolyte levels (Na+, K+, Cl-, and Ca2+) were measured using a Seamaty SE1 

electrolyte analyzer (Seamaty, China). Laboratory personnel performing the biochemical assays were 

blinded to the clinical status (case vs. control) of the samples. 

 

Statistical analysis 

All statistical analyses were conducted using GraphPad Prism software (version 9.0). The Shapiro-Wilk 

test was utilized to evaluate the normality of data distribution prior to the implementation of parametric 

tests. For normally distributed variables, the independent t-test was used to compare mean values between 

hypertensive and control groups, after confirming the homogeneity of variance using Levene's test. 

Continuous variables are expressed as mean±SD (range), and categorical variables are shown as frequency 

and percentage. Multicollinearity among predictor variables (ATP1A1, epinephrine, and electrolytes) was 

assessed using the Variance Inflation Factor (VIF) in the context of multiple regression analysis; a VIF 

value<10 was interpreted as indicative of no significant multicollinearity. Bonferroni correction was 

applied to adjust the threshold for statistical significance when performing multiple comparisons across the 

different electrolyte and biomarker subgroups, setting the corrected significance level at p<0.05. 

 



 

 
 

Results  

Demographic, clinical, and biochemical profiles of the participants are presented in Table 1. Age and sex 

differences between the groups were not statistically significant (p=0.31, p=0.9, respectively). As 

anticipated, systolic and diastolic blood pressures were significantly higher in the patient group 

(150.12±10.85 mmHg and 90.00±6.94 mmHg, respectively) than in the control group (115.00±5.07 mmHg 

and 74.00±4.96 mmHg, respectively). The serum electrolyte profile was markedly deranged among 

hypertensive patients. In particular, serum levels of sodium (142.16±3.49 mmol/L), chloride (102.33±4.21 

mmol/L), and calcium (1.16±0.07 mmol/L) were significantly higher than in the control group (p<0.0001, 

p<0.0001, and p=0.0004; respectively). In contrast, serum potassium was significantly lower in the patients 

(4.25±0.48 mmol/L) than the controls (4.66±0.21 mmol/L; p<0.0001). In addition, the mean concentration 

of ATP1A1 was significantly higher in patients (430±190 ng/L) than in controls (161±71.16 ng/L). Blood 

epinephrine was also significantly increased in patients (339±188 ng/L) vs. healthy subjects (116.5±38.6 

ng/L). These differences were statistically significant (p<0.0001 for both biomarkers). 

 

Table 1. Comparative analysis of demographic, clinical, and biochemical profiles in hypertensive patients 

and normotensive controls* 

Characteristic Patients (n=80) Control (n=40) p 

Demographic and clinical data    

Age (years), mean±SD 49.8±11.6 44.5±6.7 0.31 

Gender, male, n (%) 40 (50%) 20 (50%) 0.9 

Gender, female, n (%) 40 (50%) 20 (50%)  

Systolic BP (mmHg), mean±SD 150.12±10.85 115.00±5.07 <0.0001 

Diastolic BP (mmHg), mean±SD 90.00±6.94 74.00±4.96 <0.0001 

Serum electrolytes    

Sodium (mmol/L), mean±SD 142.16±3.49 138.43±1.03 <0.0001 

Potassium (mmol/L),mean±SD 4.25±0.48 4.66±0.21 <0.0001 

Chloride (mmol/L), mean±SD 102.33±4.21 97.10±1.01 <0.0001 

Calcium (mmol/L), mean±SD 1.16±0.07 1.12±0.03 0.0004 

Biomarkers    

ATP1A1 (ng/L), mean±SD 430±190 161±71.16 <0.0001 

Epinephrine (ng/L), mean±SD 339±188 116.5±38.6 <0.0001 

* data are presented as the mean±SD, p-value from Chi-square/independent samples t-test 

 

Table 2 presents a comparison of biomarker levels between patients with hypertension receiving 

pharmacological treatment and those not receiving medication. Patients undergoing drug treatment 



 

 
 

exhibited significantly elevated levels of ATP1A1 (508.3±143 ng/L vs. 352±200 ng/L, p<0.0001), and 

epinephrine (384.3±175.5 ng/L vs. 295±192 ng/L, p=0.0338) compared to untreated patients. Similarly, 

electrolyte concentrations were higher in the treatment group for sodium (143.54±3.10 mmol/L vs. 

140.77±3.33 mmol/L, p=0.0002) and chloride (104.11±3.60 mmol/L vs. 100.55±4.06 mmol/L, p<0.0001), 

while potassium was significantly lower (4.08±0.49 mmol/L vs. 4.42±0.42 mmol/L, p=0.0014). Serum 

calcium levels showed a trend toward elevation in the treatment group but did not reach statistical 

significance (1.18±0.07 mmol/L vs. 1.15±0.06 mmol/L, p=0.0582). 

 

Table 2. Biomarkers in patients stratified by drug treatment* 

Biomarker Drug treatment  

(n=40) 

No drug  

(n=40) 

p 

ATP1A1 508.3±143 352±200 <0.0001 

Epinephrine 384.3±175.5 295±192 0.0338 

Sodium 143.54±3.10 140.77±3.33 0.0002 

Potassium 4.08±0.49 4.42±0.42 0.0014 

Chloride 104.11±3.60 100.55±4.06 <0.0001 

Calcium 1.18±0.07 1.15±0.06 0.0582 

* data are presented as the mean±SD, p-value from the independent samples t-test 

 

The discriminatory ability of ATP1A1 and epinephrine for HTN patients compared to normotensive 

controls was estimated using the ROC curve. Figure 1 shows the discriminatory abilities of both biomarkers. 

For ATP1A1, the Area Under the Curve (AUC) was 0.92 (95% CI: 0.85 to 0.96; p<0.001). A cutoff value 

of >218 ng/L was identified to achieve a sensitivity of 80% and a specificity of 92%. The Youden's index 

for overall diagnostic accuracy was 0.74 for ATP1A1. Epinephrine performed similarly, with an AUC of 

0.94 (95% CI: 0.90–0.98; p<0.001). A cutoff value of >162 ng/L yielded a sensitivity of 88% and specificity 

of 90%. This resulted in a Youden index of 0.78, indicating a high level of discriminatory ability in this 

study population.  



 

 
 

  

Fig. 1. Receiver operating characteristic curve for ATP1A1 and epinephrine in predicting hypertension 

 

A Pearson’s correlation analysis was also performed. The associations documented in the correlation matrix 

(Table 3) revealed various significant correlations that highlight the multifaceted pathophysiology of 

hypertension. There was a good correlation between systemic sodium and chloride (r=0.824, p<0.001) as 

physiological phenomenon, and ATP1A1 was also significantly positively associated with sodium 

(r=0.793, p<0.001) and chloride (r=0.682, p<0.001). In contrast, serum potassium levels were strongly and 

significantly negatively correlated with sodium (r=-0.846, p<0.001), chloride (r=-0.727, p<0-001) and 

ATP1A1 (r=-0.710, p < 0.001) levels. Systolic blood pressure was strongly positive correlated with several 

critical variables such as ATP1A1 (r=0.431, p=0.001), sodium (r=0.406, p=0.002), and chloride (r=0.364, 

p<0.009). However, diastolic BP had a less robust yet still significant positive correlation with SBP 

(r=0.421, p=0.001) and did not correlate significantly with the majority of electrolytes measured. 

Epinephrine showed no significant association with primary electrolytes or blood pressure.  

 

Table 3. Correlations analysis of biochemical and hemodynamic parameters 

Cl- (mmol/L) 1  
 

 
 

 
 

 
 

 
 

 
 

Na+ (mmol/L) 
0.824 

P<0.001 
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ATP1A1 
0.682 

p<0.001 

0.793 

p<0.001 
1 

 
 

 
 

 
 

 
 

Ca2+ (mg/dL) 
0.639 

p<0.001 

0.697 

p<0.001 

0.551 

p<0.001 
1 

 
 

 
 

 
 

Systolic BP  

(mmHg) 

0.364 

p=0.009 

0.406 

p=0.002 

0.431 

p=0.001 

0.343 

p=0.001 
1 
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Diastolic BP  

(mmHg) 

0.150 

p=0.182 

0.097 

p=0.390 

0.131 

p=0.245 

-0.073 

p=0.520 

0.421 

p=0.001 
1 

 
 

Epinephrine 
0.072 

p=0.526 

0.020 

p=0.858 

0.148 

p=0.188 

-0.036 

p=0.744 

0.117 

p=0.302 

-0.174 

p=0.12 
1 

K+ (mmol/L) 
-0.727 

p<0.001 

-0.846 

p<0.001 

-0.710 

p<0.001 

-0.519 

p<0.001 

-0.448 

p<0.001 

-0.184 

p=0.10 

-0.046 

p=0.65 

  Cl- (mmol/L) Na+ (mmol/L) ATP1A1 Ca2+ (mg/dL) Systolic BP 

(mmHg) 

Diastolic BP 

(mmHg) 

Epinephrine 

 

Multiple linear regression analysis was conducted to identify the significant biochemical and hormonal 

predictors of systolic blood pressure (Table 4). The model explained a substantial proportion of the variance 

in SBP (R²=0.59; Adjusted R²=0.57; F=41.86; p<0.001). Significant positive associations were observed 

for plasma ATP1A1 (β=0.038, p=0.0009), epinephrine (β=0.002, p=0.0004). Variables, such as sodium, 

potassium, and calcium levels, were not statistically significant in the final model. The VIF values for all 

variables were below 5, suggesting that multicollinearity did not pose a significant issue.  

 

Table 4. Analysis of multiple linear regression concerning predictors of systolic blood pressure*  

Predictor Beta (β)  

Coefficient 

Std. 

Error 

T-Value VIF p 

Intercept 2.78     

ATP1A1 0.037637 0.0009 3.39 2.88 0.0009 

Epinephrine 0.002499 0.0006 3.67 1.27 0.0004 

R-squared 0.59     

Adjusted R-squared 0.57     

* dependent variable: systolic BP, model summary: F=41.86, p<0.001 

 

Discussion 

This study provides a comprehensive analysis of the interplay between serum ATP1A1, epinephrine, and 

electrolytes in patients with essential hypertension. Our findings reveal a distinct biochemical signature in 

hypertensive individuals, characterized by elevated serum ATP1A1 and epinephrine levels, alongside 

significant electrolyte imbalances. These results, while preliminary, suggest that these markers warrant 

further investigation regarding their potential role in the clinical assessment of hypertension. 

To our knowledge, this is one of the first studies to simultaneously investigate the circulating levels of 

ATP1A1, epinephrine, and a panel of electrolytes in essential hypertension. While previous research has 



 

 
 

extensively focused on the genetic and tissue-specific aspects of the Na+/K+-ATPase,17 our work extends 

these findings by quantifying the circulating protein itself, offering a potential window into systemic 

pathophysiology. The integrated multi-marker approach employed here is a key novelty, aiming to capture 

the complex interplay between different physiological systems implicated in hypertension.18,19  

The most striking finding of this study was the pronounced elevation of ATP1A1 levels in the hypertensive 

cohort. Our observation of almost a three-fold increase in ATP1A1 levels in patients compared to controls 

strongly supports the growing body of evidence implicating ATP1A1 gene and its protein product as key 

molecules in blood pressure regulation. While many studies have focused on genetic mutations leading to 

conditions such as primary aldosteronism,17 our estimation of the circulating protein per se provides an 

indirect observation of its pathogenic upregulation in hypertensive patients. This aligns with recent reviews 

that confirmed that the Na+/K+-ATPase contributes to hypertension through mechanisms in multiple organ 

systems, including the vasculature and kidneys.20 Research indicates that variations in the abundance and 

activity of ATP1A1 significantly influence renal Na reabsorption, Na balance, and blood pressure.21  

Furthermore, an earlier investigation indicated that models of polygenic hypertension are associated with 

ATP1A1 in relation to salt-sensitive hypertension.22 The high positive correlations between ATP1A1 and 

serum sodium and chloride found in the full model also supports a mechanistic relationship, suggesting that 

down-regulation or overexpression of the pump may occur to counteract or induce changes in sodium 

balance, which may be related to compensatory machinery due to disturbed Na+ homeostasis, a 

characteristic feature of the hypertensive state and supported by recent models of Na+/K+-ATPase 

signaling.23 

The precise mechanism for the elevated circulating ATP1A1 levels observed in our study remains to be 

fully elucidated. One possibility is the shedding of the ectodomain of the protein from vascular endothelial 

or smooth muscle cells in response to hypertensive stimuli.24 Another potential mechanism is the release of 

ATP1A1 in extracellular vesicles, which are known to carry membrane proteins and have been implicated 

in various cardiovascular diseases.25,26 The observed correlation with epinephrine also suggests a potential 

crosstalk between the sympathetic nervous system and the regulation of Na+/K+-ATPase expression and 

activity.27 Further research is warranted to explore these potential mechanisms.  

Our findings regarding serum electrolyte levels are consistent with the current understanding of the 

pathophysiology of hypertension. The observed distribution of increased sodium and chloride with reduced 

potassium supports the wealth of epidemiologic data over recent years, highlighting the importance of the 

sodium-to-potassium ratio as a stronger predictor of BP than either ion alone.28,29 Large-scale analysis, 

including the KNHANES, consistently shows a strong relationship between a high urinary Na/K ratio and 

poor blood pressure control.30 Multiple regression analysis in our study underscored the significance of 

chloride and revealed it to be an independent predictor of systolic blood pressure. This supports recent 

research indicating that chloride is more than a passive follower of sodium, and has an independent role in 



 

 
 

the regulation of blood pressure and cardiovascular disease progression.31 Similarly, the mild but significant 

increase in serum calcium is consistent with the hypothesis that perturbed intracellular calcium handling 

contributes to increased vascular smooth muscle tone and peripheral resistance in essential hypertension. 

Additionally, the present investigation of hypertensive subjects demonstrated a state of marked sympathetic 

nervous system overactivity, as reflected by significantly increased plasma epinephrine concentrations. 

This result is consistent with the influential review by Grassi et al., who highlighted arterial epinephrine as 

a predictor of future hypertension.32 This finding was further supported by our regression analysis, which 

demonstrated that epinephrine was a significant independent risk factor for SBP. This underscores the 

importance of the sympathoadrenal axis in the rate-limiting progression of hypertensive disease, an idea 

that has been continuously revised by a recent meta-analysis of sympathetic nerve traffic.33 Moreover, 

identification of genetic mutations resulting in autonomous epinephrine production with consequent 

hypertension provides additional evidence for the causal association between catecholamines and elevation 

in blood pressure.34 This finding is consistent with earlier research that primes the body to release energy 

stores and triggers a host of changes, referred to as the fight-or-flight response. Epinephrine acts on alpha-

1 adrenergic receptors, resulting in higher PVR and BP.35 

A particularly noteworthy, though exploratory, finding of our study is the observed discriminatory ability 

of ATP1A1 and epinephrine. The mean AUC values from the ROC analysis for ATP1A1 (0.92) and 

epinephrine (0.94) suggest a strong discriminative ability in this study population. While these results are 

promising, it is crucial to interpret them with caution. The high sensitivity and specificity observed at the 

optimal cutoff values in our cohort suggest that these markers warrant further investigation as potential 

tools for risk stratification. However, extensive validation in larger, independent, and more diverse 

populations is required before any clinical utility can be considered.36,37 

Patients receiving antihypertensive therapy had even higher ATP1A1 and epinephrine levels and more 

severe electrolyte disruptions, which is an interesting finding. Although this may be counterintuitive, it is 

possible that these patients had a worse hypertensive phenotype (that required pharmacological therapy). 

However,  some recent guidelines and studies emphasize that some of these antihypertensive medications 

may in turn cause electrolyte disturbances, thus contributing to the complex biochemical picture.38 This 

intricate relationship calls for more longitudinal studies to distinguish diseases from their treatment effects. 

The results show that patients with essential hypertension had higher ATP1A1 and epinephrine.39 This study 

also describes how FXYD2, signaling from cardiotonic steroids, and hormones including angiotensin II, 

dopamine, insulin, and catecholamines influence the control of Na+/K+-ATPase. Additionally, this review 

underscores the significance of Na+/K+-ATPase in conditions like hypertension.40 

 

 

 



 

 
 

Study limitations 

This research presents several significant limitations that should be taken into account when analyzing the 

results. Initially, the ROC curve analyses were performed in the same cohort from which the data were 

derived, without an independent validation set. This approach is prone to overfitting and may substantially 

overestimate the true diagnostic performance of these biomarkers. Second, our single-center design limits 

the generalizability of our findings. Third, the cross-sectional design precludes the establishment of 

temporal relationships or causality 

 

Conclusion 

In conclusion, this study provides preliminary evidence for a concurrent dysregulation of serum ATP1A1, 

epinephrine, and electrolytes in patients with essential hypertension. These findings contribute to our 

understanding of the complex pathophysiology of the disease and suggest that a multi-marker approach 

may warrant further investigation. The results should be interpreted as hypothesis-generating, and extensive 

validation in larger, prospective, multi-center cohorts is essential before these biomarkers can be considered 

for any clinical application. 

 

Acknowledgments 

The authors thank participants for their participation in the study. We are grateful to the staff and ethical 

committee in Al-Furat Al-Awsat University, for their kind cooperation. We deeply appreciate the laboratory 

technicians for their support in sample processing and analyses. 

 

Declarations 

Funding 

This research received no external funding. 

 

Author contributions  

Conceptualization, A.A.A.M. and A.S.U.H.; Methodology, A.A.A.M. and A.S.U.H; Validation, A.A.A.M. 

and A.S.U.H.; Formal Analysis, A.A.A.M.; Investigation, A.A.A.M. and A.S.U.H; Resources, A.A.A.M.; 

Data Curation, A.A.A.M.; Writing – Original Draft Preparation, A.A.A.M. and A.S.U.H.; Writing – Review 

& Editing, A.A.A.M. and A.S.U.H.; Visualization, A.A.A.M.; Supervision, A.A.A.M.; Project 

Administration, A.A.A.M.; Funding Acquisition, A.A.A.M. and A.S.U.H. 

 

Conflicts of interest 

The authors have nothing to disclose. 

 



 

 
 

Data availability 

The datasets that were generated or analyzed during the current study are not publicly available due to 

concerns about participant privacy and confidentiality but are available from the corresponding author on 

reasonable request. 

 

Ethics approval 

Ethical approval for this study was obtained from the Medicine Department Ethical Committee of Medical 

Laboratories College of Health and Medical Technologies/Kufa-Iraq, with reference (35083) on 

(28.9.2025). 

 

References 

1.  Mills KT, Stefanescu A, He J. The global epidemiology of hypertension. Nat Rev Nephrol. 

2020;16(4):223-237. doi:10.1038/s41581-019-0244-2 

2.  World Health Organization. Global Report on Hypertension: The Race against a Silent Killer. 

World Health Organization; 2023. 

3.  Perry M. Hypertension: an overview. J Community Nurs. 2023;37(6). 

4.  Carretero OA, Oparil S. Essential hypertension: part I: definition and etiology. Circulation. 

2000;101(3):329-335. 

5.  Rimoldi SF, Scherrer U, Messerli FH. Secondary arterial hypertension: when, who, and how to 

screen? Eur Heart J. 2014;35(19):1245-1254. doi:10.1093/eurheartj/eht534 

6.  Feng Earley Y, Pan S, Verma H, et al. Central nervous system mechanisms of salt-sensitive 

hypertension. Physiol Rev. 2025;105(4):1989-2032. 

7.  Sriperumbuduri S, Welling P, Ruzicka M, Hundemer GL, Hiremath S. Potassium and hypertension: 

a state-of-the-art review. Am J Hypertens. 2024;37(2):91-100. 

8.  Stone MS, Martyn L, Weaver CM. Potassium Intake, Bioavailability, Hypertension, and Glucose 

Control. Nutrients. 2016;8(7). doi:10.3390/nu8070444 

9.  Perez V, Chang ET. Sodium-to-potassium ratio and blood pressure, hypertension, and related 

factors. Adv Nutr. 2014;5(6):712-741. doi:10.3945/an.114.006783 

10.  Zhang L, Staehr C, Zeng F, Bouzinova EV, Matchkov VV. The Na,K-ATPase in vascular smooth 

muscle cells. Curr Top Membr. 2019;83:151-175. doi:10.1016/bs.ctm.2019.01.007 

11.  Skou JC. The identification of the sodium pump. Biosci Rep. 1998;18(4):155-169. 

doi:10.1023/A:1020196612909 

12.  Iqbal S, Klammer N, Ekmekcioglu C. The effect of electrolytes on blood pressure: A brief summary 

of meta-analyses. Nutrients. 2019;11(6). doi:10.3390/nu11061362 

13.  Cinarli Yuksel F, Nicolaou P, Spontarelli K, et al. The phenotypic spectrum of pathogenic ATP1A1 



 

 
 

variants expands: the novel p.P600R  substitution causes demyelinating Charcot-Marie-Tooth 

disease. J Neurol. 2023;270(5):2576-2590. doi:10.1007/s00415-023-11581-w 

14.  Fernandez CJ, Hanna FWF, Pacak K, Nazari MA. Catecholamines and blood pressure regulation. 

In: Endocrine Hypertension. Elsevier; 2023:19-34. 

15.  Walther LM, von Känel R, Heimgartner N, Zuccarella-Hackl C, Stirnimann G, Wirtz PH. Alpha-

adrenergic mechanisms in the cardiovascular hyperreactivity to norepinephrine-infusion in essential 

hypertension. Front Endocrinol (Lausanne). 2022;13:824616. doi:10.3389/fendo.2022.824616   

16.  Oner E, Uruc S, Dokur E, Gorduk O, Sahin Y. Utilization of a selective paper-based flexible 

electrochemical sensor for epinephrine determination in artificial sweat using nickel oxide and 

sulfur-doped graphene conductive ink. J Electrochem Soc. 2025;172(2):27508. 

17.  Biondo ED, Spontarelli K, Ababioh G, Méndez L, Artigas P. Diseases caused by mutations in the 

Na(+)/K(+) pump α1 gene ATP1A1. Am J Physiol Cell Physiol. 2021;321(2):C394-C408. 

doi:10.1152/ajpcell.00059.2021 

18.  Ikonomidis I, Michalakeas CA, Lekakis J, Paraskevaidis I, Kremastinos DT. Multimarker approach 

in cardiovascular risk prediction. Dis Markers. 2009;26(5-6):273-285. doi:10.3233/DMA-2009-

0633 

19.  Bielecka-Dabrowa A, Gluba-Brzózka A, Michalska-Kasiczak M, Misztal M, Rysz J, Banach M. 

The multi-biomarker approach for heart failure in patients with hypertension. Int J Mol Sci. 

2015;16(5):10715-10733. doi:10.3390/ijms160510715 

20.  Staehr C, Aalkjaer C, Matchkov VV. The vascular Na,K-ATPase: clinical implications in stroke, 

migraine, and  hypertension. Clin Sci (Lond). 2023;137(20):1595-1618. doi:10.1042/CS20220796 

21.  Herrera VL, Pasion KA, Moran AM, et al. A functional 12T-insertion polymorphism in the ATP1A1 

promoter confers decreased  susceptibility to hypertension in a male Sardinian population. PLoS 

One. 2015;10(1):e0116724. doi:10.1371/journal.pone.0116724 

22.  Filippini T, Naska A, Kasdagli MI, et al. Potassium intake and blood pressure: A dose-response 

meta-analysis of randomized  controlled trials. J Am Heart Assoc. 2020;9(12):e015719. 

doi:10.1161/JAHA.119.015719 

23.  Gao Y, Xu Y, Bai F, Puri R, Tian J, Liu J. Factors that influence the Na/K-ATPase signaling and 

function. Front Pharmacol. 2025;16:1639859. doi:10.3389/fphar.2025.1639859 

24.  Hayashida K, Bartlett AH, Chen Y, Park PW. Molecular and cellular mechanisms of ectodomain 

shedding. Anat Rec (Hoboken). 2010;293(6):925-937. doi:10.1002/ar.20757 

25.  Wang C, Li H, Zhou H, et al. Intracranial aneurysm circulating exosome-derived LncRNA 

ATP1A1-AS1 promotes  smooth muscle cells phenotype switching and apoptosis. Aging (Albany 

NY). 2024;16(9):8320-8335. doi:10.18632/aging.205821 

26.  Pomatto MAC, Gai C, Bussolati B, Camussi G. Extracellular vesicles in renal pathophysiology. 



 

 
 

Front Mol Biosci. 2017;4:37. doi:10.3389/fmolb.2017.00037 

27.  Nguyen PT, Deisl C, Fine M, et al. Structural basis for gating mechanism of the human sodium-

potassium pump. Nat Commun. 2022;13(1):5293. doi:10.1038/s41467-022-32990-x 

28.  Park J, Kwock CK, Yang YJ. The effect of the sodium to potassium ratio on hypertension 

prevalence: A  propensity score matching approach. Nutrients. 2016;8(8):482. 

doi:10.3390/nu8080482 

29.  Muroya T, Satoh M, Metoki H, et al. Association between urinary sodium-to-potassium ratio and 

BNP in a general  population without antihypertensive treatment and cardiovascular diseases: the 

Ohasama study. Hypertens Res. 2025;48(9):2292-2302. doi:10.1038/s41440-025-02266-0 

30.  Yoon Y, Son M. Association between blood pressure control in hypertension and urine sodium to  

potassium ratio: From the Korea National Health and Nutrition Examination Survey (2016-2021). 

PLoS One. 2024;19(11):e0314531. doi:10.1371/journal.pone.0314531 

31.  Wu D, Chen Y, Guan H, Sun Y. Association of abnormal serum electrolyte levels with hypertension 

in a  population with high salt intake. Public Health Nutr. 2019;22(9):1635-1645. 

doi:10.1017/S1368980019000260 

32.  Grassi G, Mark A, Esler M. The sympathetic nervous system alterations in human hypertension. 

Circ Res. 2015;116(6):976-990. doi:10.1161/CIRCRESAHA.116.303604 

33.  Seravalle G, Grassi G. Sympathetic nervous system and hypertension: New evidences. Auton 

Neurosci. 2022;238:102954. doi:10.1016/j.autneu.2022.102954 

34.  Duan Y, Wu C, Lai Z, et al. Autonomous epinephrine release by KCNJ5 mutation drives familial 

thoracic aortic  aneurysm and dissection. Hypertens (Dallas, Tex  1979). 2025;82(4):752-764. 

doi:10.1161/HYPERTENSIONAHA.124.23795 

35.  Nakajima J, Sawada Y, Isshiki Y, et al. Influence of the prehospital administered dosage of 

epinephrine on the plasma  levels of catecholamines in patients with out-of-hospital cardiac arrest. 

Heliyon. 2021;7(8):e07708. doi:10.1016/j.heliyon.2021.e07708 

36.  Palmu J, Tikkanen E, Havulinna AS, et al. Comprehensive biomarker profiling of hypertension in 

36 985 Finnish individuals. J Hypertens. 2022;40(3):579-587. 

doi:10.1097/HJH.0000000000003051 

37.  Vasan RS. Biomarkers of cardiovascular disease: molecular basis and practical  considerations. 

Circulation. 2006;113(19):2335-2362. doi:10.1161/CIRCULATIONAHA.104.482570 

38.  Hua Q, Fan L, Wang ZW, Li J. 2023 Guideline for the management of hypertension in the elderly 

population in  China. J Geriatr Cardiol. 2024;21(6):589-630. doi:10.26599/1671-5411.2024.06.001 

39.  Wu IC, Chen YK, Wu CC, et al. Overexpression of ATPase Na+/+ transporting alpha 1 polypeptide, 

ATP1A1,  correlates with clinical diagnosis and progression of esophageal squamous cell 

carcinoma. Oncotarget. 2016;7(51):85244-85258. doi:10.18632/oncotarget.13267 



 

 
 

40.  Cordeiro BM, Leite Fontes CF, Meyer-Fernandes JR. Molecular Basis of Na, K-ATPase Regulation 

of Diseases: Hormone and FXYD2  Interactions. Int J Mol Sci. 2024;25(24). 

doi:10.3390/ijms252413398 

 

 

 


