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1. INTRODUCTION
Hypertension remains one of the most prevalent chronic 

diseases worldwide and continues to pose a substantial public 
health challenge. Recent estimates indicate that approximately 
1.4 billion adults aged 30–79 years were living with hypertension 
in 2024, with a disproportionate burden observed in low- and 
middle-income countries. Despite the broad availability of 
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ABSTRACT
Hypertension-related fatigue involves both elevated blood pressure and reduced exercise tolerance, yet its molecular 
basis remains unclear. This study investigated the repositioning effects of spironolactone on hemodynamic and metabolic 
parameters in a uninephrectomy–deoxycorticosterone acetate-salt rat model of salt-sensitive hypertension. Male 
Sprague–Dawley rats were randomized to receive spironolactone (100 mg/kg/day) or vehicle (carboxymethylcellulose) 
for 5 weeks. Blood pressure was measured noninvasively, exercise capacity was assessed using a weighted swimming 
test, plasma sodium was quantified by enzyme-linked immunosorbent assay, and cardiac hypoxia-inducible factor 
1 alpha (HIF-1α) expression was analyzed by quantitative polymerase chain reaction. Complementary in silico analyses 
included functional enrichment of spironolactone–HIF-1α targets, molecular docking with factor inhibiting hypoxia-
inducible factor-1 (FIH1; PDB ID: 8II0), free energy calculations, and quantum mechanical assessment. Spironolactone 
prevented increases in systolic, diastolic, and mean arterial pressure, normalized plasma sodium levels, and suppressed 
cardiac HIF-1α expression. A non-significant trend toward prolonged time-to-fatigue was observed in spironolactone-
treated rats. When interpreted alongside metabolic and hypoxia-related molecular findings, this trend suggests a potential 
antifatigue effect, although definitive conclusions cannot be drawn from the current dataset. Computational analyses 
identified HIF-1α and glycolytic pathways as central interaction hubs, with spironolactone demonstrating favorable 
binding to catalytic residues of FIH1, an asparaginyl hydroxylase, consistent with a mechanism that may enhance HIF-1α 
hydroxylation and attenuate hypoxia-driven glycolytic reprogramming in the hypertensive myocardium. These findings 
suggest that spironolactone exerts integrated hemodynamic and metabolic benefits and may hold therapeutic potential for 
hypertension-related fatigue, warranting confirmation in future studies or clinical translation in salt-sensitive populations.
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this model [14,15]. Its influence on exercise intolerance has not 
been clearly defined. Recent experimental observations indicate 
that spironolactone may interfere with the HIF-1α signaling 
axis in DOCA-induced hypertension [16]. Thereby modulating 
downstream molecular responses that possibly contribute to 
cardiac stress adaptation and reduced exercise capacity.

While the UNX–DOCA–Salt animal models provide 
valuable insight into the physiological and molecular effects 
of spironolactone in salt-sensitive hypertension, it remains 
essential to clarify the molecular mechanisms that may link 
spironolactone exposure to fatigue-related pathways. To 
complement the in vivo findings, we incorporated computational 
analyses to characterize potential molecular interactions and 
signaling modulations involving HIF-1α. Previous studies have 
associated spironolactone with anti-hypoxia and HIF-related 
mechanisms in DOCA-salt hypertension; however, based 
on our updated literature search, we were unable to identify 
studies that integrate HIF-1α-centered in silico predictions with 
fatigue or exercise-tolerance outcomes in hypertensive rodents. 
Therefore, the present research employed an integrative approach 
combining in vivo assessment of hypertension-related fatigue in 
UNX–DOCA–Salt rats with stepwise computational analyses, 
including functional enrichment of spironolactone–HIF-1α 
targets, molecular docking, mechanics generalized Born/
Poisson–Boltzmann surface area (MMGB(PB)SA) free-energy 
estimation, and density functional theory (DFT)-derived 
electronic descriptors. The aim of this strategy was not to assert 
a performance-enhancing effect of spironolactone, but rather 
to explore whether molecular modulation of HIF-1α signaling 
could correspond with changes in fatigue physiology under 
hypertensive stress. By aligning molecular predictions with 
physiological readouts, this approach provides a mechanistic 
basis for future studies on drug repositioning and targeted 
validation of spironolactone’s effects on hypoxia-related 
metabolic pathways.

2. MATERIAL AND METHODS

2.1. Animal experimentation, ethics, welfare monitoring, and 
humane endpoints

Male Sprague–Dawley rats, aged 8–10 weeks and 
weighing approximately 200–250 g, were acclimated for 
7 days before experimentation. The animals were housed 
under controlled environmental conditions with a 12:12 hours 
light–dark cycle and had free access to standard laboratory 
chow pellets (Rat Bio®, Citrafeed, Indonesia; containing 
approximately 20% crude protein, 4% crude fat, 4%–5% 
crude fiber, and ≤12% moisture) and water ad libitum. A total 
of 15 rats were (n = 5 rats per group) randomly allocated 
into three groups: (1) Sham control [sham surgery + vehicle, 
carboxymethylcellulose (CMC) 0.5%], (2) UNX-DOCA-Salt 
(uninephrectomy + DOCA-salt induction + vehicle), and 
(3) UNX-DOCA-Salt+Spiro (uninephrectomy + DOCA- 
salt induction + spironolactone). Left uninephrectomy was 
performed in a sterile surgical facility under ketamine (100 mg/
kg BW, i.p.) and xylazine (10 mg/kg BW, i.p.) anesthesia for all 
experimental animals. After a 1-week recovery period, DOCA-
salt hypertension was induced by twice-weekly subcutaneous 
injections of deoxycorticosterone acetate (25 mg/kg BW in 

antihypertensive therapies, a considerable proportion of affected 
individuals remain undiagnosed or inadequately controlled. As a 
result, hypertension persists as a leading contributor to premature 
mortality and long-term disability, largely through its association 
with cardiovascular, cerebrovascular, and renal complications [1].

Beyond its high prevalence, hypertension is 
increasingly recognized as a multisystem disorder characterized 
by complex pathophysiological mechanisms, including 
sustained sympathetic activation, endothelial dysfunction, 
oxidative stress, inflammation, and maladaptive neurohormonal 
signaling. Chronic exposure to elevated blood pressure leads to 
progressive target-organ damage, manifesting as left ventricular 
hypertrophy, myocardial fibrosis, vascular remodeling, and 
renal impairment. These structural and functional alterations 
substantially increase the risk of ischemic heart disease, 
heart failure, stroke, and chronic kidney disease. Moreover, 
hypertension frequently coexists with metabolic comorbidities, 
further complicating disease management and contributing to 
impairments in cardiovascular performance, reduced physical 
capacity, and diminished exercise tolerance—clinical features 
that are increasingly recognized as integral components of 
hypertension-related fatigue [2].

Hypertension-related fatigue represents a multifactorial 
condition characterized not only by elevated blood pressure but 
also by reduced exercise tolerance [3,4]. In preclinical studies, 
the interplay between mineralocorticoid signaling and cardiac 
stress has been increasingly recognized as a key contributor to 
both hemodynamic changes and exercise intolerance [5,6].

Spironolactone, a classical mineralocorticoid 
receptor antagonist, has long been used in clinical practice 
for the management of resistant hypertension and stable heart 
failure [7,8]. Recent evidence, however, has suggested that 
spironolactone’s therapeutic potential may extend beyond 
classical hemodynamic modulation toward improving exercise 
capacity and attenuating fatigue-related cardiovascular 
dysfunction. Preclinical studies in rodent models have 
demonstrated that spironolactone can modulate molecular 
pathways associated with hypoxia-inducible factor 1 alpha (HIF-
1α) oxidative stress and inflammation, which are all implicated 
in fatigue and exercise intolerance in hypertensive states [9].

Several debates have reached controversy over 
whether spironolactone either improved [10–12] or did not 
improve [13,14] exercise intolerance in cardiovascular patients 
related to hypertension conditions, even though it overall 
reduces patients’ mortality and morbidity [8]. Inconsistency 
results might come from diverse phenotypes of disease, as 
spironolactone primarily works on the renin-angiotensin-
aldosterone systems. Among these, salt-sensitive hypertension 
represents a distinct phenotype in which mineralocorticoid 
signaling plays a pivotal role. This highlights the need for robust 
preclinical evidence to elucidate how spironolactone modulates 
not only hemodynamic regulation but also exercise tolerance in 
salt-sensitive conditions.

Animal models induced by uninephrectomy combined 
with deoxycorticosterone acetate administration (DOCA) and 
high-salt intake (UNX-DOCA-Salt) have been established to 
reproduce the salt-sensitive phenotype commonly observed 
in resistant hypertension [15]. While spironolactone has been 
reported to attenuate cardiac remodeling and fibrotic changes in 
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0.1 ml dimethylformamide), together with ad libitum with 1% 
NaCl solution for 2 weeks. Blood pressure was then measured 
noninvasively before beginning the treatment phase, in which 
animals received either spironolactone (100 mg/kg BW/day in 
0.5% CMC, p.o.), as previously reported, [19] or a vehicle for 
5 weeks.

All of the experimental protocols were reviewed and 
approved by the Ethics Committee of the Faculty of Medicine, 
Universitas Indonesia, with ethics number (KET 1551/UN2.
F1/ETIK/PPM.00.02/2024). Use of postsurgical analgesia 
was exempted based on scientific rationale granted by the 
Ethics Committee, as common analgesics in rats (non-steroidal 
anti-inflammatory drugs and opioids) due to the potential 
interference of analgesia with the blood pressure; thus, animal 
welfare monitoring was intensified. To ensure animal welfare 
despite the absence of analgesia, rats were monitored twice daily 
for body weight, food and water intake, hydration, locomotor 
activity, scrotal swelling, and general appearance. Humane 
endpoints were predefined (>15% body-weight loss, persistent 
immobility, or respiratory distress), and no animal reached these 
endpoints or required early sacrifice. No unexpected mortality 
occurred throughout the study.

2.2. Blood pressure measurement
Blood pressure was measured using noninvasive 

methods (CODA Scientific®) in rats. Briefly, the rats were 
acclimatized before data collection for 15–30 minutes. Systolic 
blood pressure (SBP, mmHg), diastolic blood pressure (DBP, 
mmHg), and heart rate (beats per minute) were measured 

and compared using internal control from weeks 0, 2, and 5. 
In addition, mean arterial pressure (MAP) changes were also 
determined using below formula:

2.3. Weighted swimming exercise test
Rats’ exercise capacity was determined using 

a swimming exercise test to estimate tolerance against 
high-intensity activity. Rats were weighed, and a load equivalent 
to 2% of body weight was tied to the tail. Before testing, rats 
were acclimatized in the swimming tube for 15 minutes/
day without weight for 3 consecutive days. The swimming 
apparatus consisted of a cylindrical tube (40 cm diameter, 
60 cm height) filled with water to a depth of 50 cm, and the 
temperature was maintained at 28°C ± 1°C. During the test 
session, two independent blind observers monitored the animals. 
Time-to-fatigue (seconds) served as the primary performance 
variable and was defined based on predefined exhaustion 
criteria: failure to reach the surface for 10 consecutive seconds 
and loss of coordinated swimming movements. A humane 
endpoint and a maximum cut-off duration of 15 minutes were 
applied to avoid excessive physical stress with additional 
warming using an animal incubator. Swimming sessions were 
video recorded for welfare documentation, and fatigue time 
was recorded manually using a stopwatch according to the 
exhaustion criteria.

2.4. Sodium plasma concentration
The sodium plasma concentration was determined 

using blood collected from rats via the retro-orbital plexus. After 
centrifuging at 5,000 g × 15 minutes, the plasma was separated 
and collected. The sodium concentration was determined using 
an enzyme-linked immunosorbent assay kit, Elabscience, 
according to a standardized protocol.

2.5. Isolation of total mRNA, cDNA synthesis, and qPCR of 
Cardiac HIF-1A mRNA expression

A total of 100 mg of cardiac tissue was isolated from 
sacrificed animals using DirectZol® TriReagent according to 
the predetermined protocols. Further, 500 ng of purified (A230/
A260 1.8–2.0) mRNA were transcribed in each group for cDNA 
using the ReverTra Ace Toyobo kit. The reaction mixture 
was then subjected to qPCR using HIF1A primer (Forward 
primer 5′-AATCCATTTTCAGCTCAGGAC-3′; Reverse 
primer 5′-GGCAGTGACAGTGATGGTAGG-3′; Bp product 
198; Tm: 60°C) and normalized using beta-actin (Forward 
primer 5′-TGTTGTCCCTGTATGCCTCT-3′; Reverse primer 
5′-TAATGTCACGCACGATTTCC-3′; Bp product 222; Tm: 
60°C) as a housekeeping gene. The relative mRNA expression 
was calculated using the Livak method.  

2.6. Functional enrichment of spironolactone HIF-1A-related 
gene targets

To elucidate the potential mechanistic relationship 
between spironolactone and the HIF-1α signaling pathway, 
a multi-step in silico workflow was performed. Genes 
involved in the HIF 1α signaling pathway were obtained from 
the Kyoto Encyclopedia of Genes and Genomes (KEGG; 
https://www.kegg.jp/), while spironolactone-related targets 
were retrieved from the Comparative Toxicogenomics 
Database (https://ctdbase.org/). The intersecting targets 
between these two datasets were determined using the 
JVENN web platform (https://bioinformatics.psb.ugent.be 
/webtools/Venn/) to identify common molecular nodes 
potentially modulated by spironolactone within the HIF-1α 
pathway. The intersected genes were further analyzed in 
ShinyGO v0.85 (http://bioinformatics.sdstate.edu/go/) to 
explore enriched pathways and Gene Ontology categories, 
including Biological Process, Molecular Function, and Cellular 
Component, using Fisher’s exact test with Benjamini-Hochberg 
false discovery rate (FDR) correction (FDR ≤ 0.05). This 
integrative approach provided a systems-level overview of 
spironolactone’s functional targets potentially linked to HIF-1α 
regulation.

2.7. Molecular docking of HIF-1α protein
The crystal structure of the human factor inhibiting 

HIF-1α (FIH1; PDB ID: 8II0) was retrieved from the 
Protein Data Bank (https://www.rcsb.org/structure/8II0), as 
FIH1 represents a key regulatory enzyme that hydroxylates 
(asparaginyl hydroxylase) and thereby inactivates HIF-1α 
under normoxic conditions. Human FIH protein was chosen as 
the rat protein had not been present yet on the PDB website. 
The protein structure was preprocessed and corrected using 
PDBFixer under Windows Subsystem for Linux (WSL) to 

MAP = DBP + 
SBP − DBP

                    (1)
3
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remove alternate conformations, add missing residues, and 
optimize hydrogen geometry. Validation of the docking protocol 
was performed by redocking the native ligand into the active site, 
ensuring a root mean square deviation (RMSD) value < 2.0 Å, 
thus confirming the reliability of the docking setup. Docking 
simulations were conducted using Molegro Virtual Docker, 
with all hydrogen atoms added at pH 7.4 for both protein and 
ligands. The 3D structure of spironolactone was obtained from 
PubChem (https://pubchem.ncbi.nlm.nih.gov/) and protonated 
at pH 7.4 before docking. Comparative docking analysis 
between spironolactone and the native inhibitor was performed 
based on MolDock Score, Re-rank Score, and Hydrogen Bond 
Energy for the five top-ranked poses. Binding interactions were 
visualized using LigPlot, with particular attention to hydrogen 
bonding at Tyr102, which represents a critical residue in the 
FIH1 catalytic pocket.

2.8. MMGB(PB)SA analysis
Post-docking free energy estimations were performed 

using the MMGB(PB)SA approach to provide a more 
comprehensive insight into the binding thermodynamics beyond 
docking scores. This analysis was conducted on the WSL 
platform utilizing the UniGBSA-pipeline, which automates the 
process of parameterization, trajectory generation, and energy 
decomposition. The top five poses of both the native ligand 
and spironolactone were extracted from the docking results and 
exported in MOL2 format. Each ligand–protein complex, along 
with the cleaned FIH1 receptor structure, was subsequently 
parameterized using the ACPYPE (Antechamber Python Parser 
Interface) tool to generate topology and coordinate files under 
the AMBER force field, applying GAFF parameters for ligands 
and assigning partial charges through the AM1-BCC method. 
The MMGB(PB)SA calculations were then performed with 
UniGBSA to estimate the binding free energy (ΔG_bind) using 
the following equation:
		  ΔGbind = ΔEMM + ΔGsolvation −T Δ S	          (2)

where ΔEMM represents the molecular mechanics energy (van 
der Waals + electrostatic interactions), ΔGsolvation is the solvation 
free energy (polar + nonpolar contributions), and T Δ S denotes 
the entropic term (approximated or neglected in some setups). 
The MMGBSA method complements molecular docking by 
accounting for solvent effects and molecular flexibility, thereby 
providing a more realistic estimate of binding affinity that 
docking scores alone cannot fully capture. For each ligand, 
mean and standard deviation (SD) values of ΔG_bind across the 
five poses were calculated to assess stability and reproducibility 
of the predicted binding energies.

2.9. Density functional theory
To characterize the electronic properties and reactivity 

profiles of spironolactone and the native FIH1 ligand, 
DFT calculations were performed using the Python-based 
Simulations of Chemistry Framework package implemented 
under the WSL environment. Before calculation, the optimized 
3D geometries of both ligands were obtained from PubChem 
and preprocessed to ensure proper protonation at physiological 
pH (7.4).

The geometry optimization and subsequent single-
point energy calculations were carried out using the B3LYP 
functional with the 6-31G(d,p) basis set, which provides a 
balanced accuracy–cost trade-off for organic molecules. The 
convergence criteria were set to 10−6 a.u. for energy and 10−4 a.u. 
for gradient, ensuring optimized and stable geometries. Solvent 
effects were simulated using the Polarizable Continuum Model 
with water as the dielectric medium (ε = 78.4).

The outputs included the highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) energies, the energy gap (ΔE = ELUMO − EHOMO), and 
derived descriptors such as electronegativity (χ), hardness (η), 
and softness (S) according to Koopmans’ theorem:

2.10. Statistical analysis
In vivo experimental data were analyzed descriptively 

and comparatively using GraphPad Prism version 8 (GraphPad 
Software, San Diego, CA). Descriptive data are presented 
as mean ± SD. For comparisons involving more than two 
groups, Two-way analysis of variance (ANOVA) was used to 
assess overall group differences, followed by Tukey’s multiple 
comparison test for normally distributed data or Dunn’s post-hoc 
test for non-normally distributed data when appropriate. A 
p-value < 0.05 was considered statistically significant. No prior 
sample size or power calculation was performed.

3. RESULTS AND DISCUSSION

3.1. The effect of spironolactone on blood pressure and the 
weighted swimming exercise test

Two-way ANOVA showed a significant time effect 
on both SBP and DBP in UNX-DOCA-salt rats treated 
with spironolactone (p < 0.01). For SBP, the mean value 
increased markedly from week 0 (136.1 ± 2.7 mmHg) to 
week 2 (199.9 ± 6.9 mmHg; p = 0.0017), confirming the 
successful induction of hypertension. Following spironolactone 
administration, SBP declined at week 5 (177.4 ± 6.9 mmHg; 
p = 0.0085 vs. week 0), though the difference between weeks 
2 and 5 was not significant (p = 0.0663). A similar pattern was 
observed in DBP, which significantly increased from weeks 0 
2 (p = 0.0002) and decreased again by week 5 (p = 0.0011) 
(Fig. 1A–C). These findings indicate that spironolactone 
effectively attenuates the rise in blood pressure induced by 
UNX-DOCA-salt treatment, consistent with its established role 
as an antihypertensive agent acting through mineralocorticoid 
receptor blockade [20].

At the end of the fifth week, the weighted swimming 
test revealed that the UNX-DOCA-Salt group showed a 
significantly shorter time to fatigue compared to the control 
group (p < 0.05), indicating reduced exercise tolerance due 
to hypertension-induced cardiac and systemic dysfunction. 
Treatment with spironolactone slightly improved the duration of 
fatigue, although the difference was not statistically significant 
compared to the DOCA group (Fig. 1D and E).

χ =  −
EHOMO+ ELUMO , η = 

ELUMO+ EHOMO , S = 
1

  (3)
2 2 2η
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Previous reports in human studies have also suggested 
a potential antifatigue or exercise-performance benefit of 
spironolactone [8,9]. Despite some contradictory findings 
regarding spironolactone, eplerenone has demonstrated more 
consistent efficacy in reducing fatigue, likely due to its stronger 
binding affinity to mineralocorticoid receptors compared with 
spironolactone, which may explain the discrepancy between 
studies [11]. In this context, our findings support a possible 
antifatigue effect of spironolactone. Nevertheless, this 
interpretation should be approached with caution, particularly 
considering patient demographics—such as salt-sensitive 
individuals—for whom subgroup analyses in previous trials 
of exercise intolerance remain limited. Therefore, further 
studies are needed to clarify whether the antifatigue benefit of 
spironolactone is generalizable across different populations or 
specific to certain physiological profiles.

3.2. The effect of spironolactone on plasma sodium 
concentration and cardiac tissue mRNA HIF1A expression 

The plasma sodium concentration was significantly 
elevated in the UNX-DOCA-Salt group compared to the 
control group (p < 0.05), confirming the successful induction 
of salt-sensitive hypertension. Administration of spironolactone 

markedly reduced plasma sodium levels compared to the 
UNX-DOCA-Salt group (p < 0.05), indicating its effectiveness 
in attenuating sodium retention (Fig. 2A). This finding 
aligns with the pharmacological action of spironolactone as 
a mineralocorticoid receptor antagonist, which counteracts 
aldosterone-induced sodium reabsorption in the distal nephron. 
By reducing sodium overload, spironolactone contributes to 
improved volume regulation and blood pressure control in 
mineralocorticoid-induced hypertension. A previous study has 
demonstrated a similar effect of spironolactone in mitigating 
sodium retention and vascular remodelling in UNX-DOCA-salt 
hypertensive models through Na+/H+ exchanger [17].

The relative expression of HIF1A mRNA was 
significantly increased in the UNX-DOCA-Salt group compared 
with the control (p < 0.05), indicating that the hypertensive 
condition induced by UNX-DOCA-salt was associated with 
upregulation of hypoxia-related signalling. Treatment with 
spironolactone reduced the elevated HIF1A expression compared 
to the UNX-DOCA-Salt group, although the reduction did not 
fully normalize the levels to those of the control group.

This result suggests that spironolactone partially 
attenuates cardiac hypoxic stress in the UNX-DOCA-salt 
model. The decrease in HIF1A expression likely reflects an 

Figure 1. Effects of spironolactone on blood pressure and exercise tolerance in the UNX-
DOCA-salt rat model. (A) SBP, (B) DBP, (C) MAP, and (D) time-to-fatigue measured using 
a weighted swimming exercise test in spironolactone-treated UNX-DOCA-salt rats. (E) 
Representative visualization of the weighted swimming exercise protocol. Data are presented 
as mean ± SD.
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improvement in myocardial oxygen balance and perfusion 
following aldosterone receptor blockade. Previous studies 
have shown that spironolactone mitigates tissue hypoxia 
and oxidative stress through inhibition of mineralocorticoid 
receptor–mediated in different tissues [18,21]. 

3.3. The functional enrichment of spironolactone on  
fatigue-related gene/protein

Bioinformatic integrative analysis revealed that 
spironolactone shared 95 common target genes with HIF-
1A–associated genes (Fig. 3A), indicating a strong molecular 
intersection between Spiro activity and the hypoxia-related 
transcriptional network. KEGG pathway enrichment further 
showed that these overlapping genes were predominantly 
involved in the HIF-1 signaling pathway, with several 
components—such as EGFR, AKT1, mTOR, VEGFA, and 
LDHA—highlighted in the pathway map (Fig. 3B). Pathway 
enrichment ranking also identified HIF-1α signaling as the most 
significantly enriched pathway (Fig. 3C), followed by other 
metabolic and signaling cascades, including PI3K-Akt, mTOR, 
and glycolysis/gluconeogenesis pathways.

Functional enrichment analysis identified several 
predominant biological themes among the Spironolactone–
HIF-1α overlapping genes. The enriched terms were mainly 
related to glycolytic, pyruvate, and adenosine triphosphate 
metabolic processes, suggesting an overall enhancement of 
cellular energy turnover. Structural enrichment highlighted 
enzyme complexes such as phosphofructokinase and vesicular 
components, implying potential modulation of intracellular 

trafficking and metabolic compartmentalization. In parallel, 
enrichment in kinase- and nucleotide-binding activities indicated 
a broad regulation of enzymatic catalysis and phosphorylation-
dependent signaling (Fig. 3D–E).

The current enrichment analysis revealed that 
spironolactone-regulated genes predominantly intersect with 
glycolytic biosynthesis, 6-phosphofructokinase complex 
formation, and carbohydrate kinase activity, reflecting a 
coordinated modulation of HIF-1α–mediated metabolic processes. 
HIF-1α serves as a central transcriptional regulator of cellular 
adaptation or metabolic switch in hypoxic conditions by promoting 
glycolysis and limiting oxidative phosphorylation—mechanisms 
that are highly relevant in hypertensive organ remodeling or other 
similar insults, where oxygen utilization becomes inefficient 
[22,23]. Clinically, spironolactone treatment has been associated 
with reduced HIF-1α expression following ischemic or surgical 
stress, supporting its role in normalizing cellular hypoxia 
signaling, which was also observed in our experimental study 
[22]. Collectively, these findings imply that spironolactone may 
attenuate hypertension-induced fatigue and maladaptive metabolic 
reprogramming by partially suppressing HIF-1α activation and 
restoring energy homeostasis, thereby linking its molecular effects 
to improved functional outcomes in hypertensive models.

3.4. The molecular docking and MMGB(PB)SA
Docking was validated using RMSD (Fig. 4I). The 

binding box was coordinated according to the native ligand, with 
x, y, and z located on 23.07, −25.87, and 3.30, respectively, with 
a radius of 11. The molecular docking RMSD was consistently 
below 2 Å (Table S1), which tightly focuses on Tyr102 as an 
anchoring target in the binding box. The validation finding will 
be further complemented with MMGB(PB)SA. 

3.5. Molecular docking and MMGB(PB)SA results
Molecular docking analysis demonstrated that both 

the native ligand and spironolactone exhibited strong binding 
affinity toward the FIH (factor inhibiting HIF-1α) enzyme. 
The native ligand showed a slightly stronger binding profile 
(Moldock score: –128.8 ± 1.3 a.u.; Rerank score: –105.7 ± 2.4 
a.u.) compared to spironolactone (Moldock score: –115.9 ± 
2.9 a.u.; Rerank score: –75.6 ± 10.5 a.u.). Despite this, both 
ligands formed energetically stable complexes. The hydrogen 
bonding energy of the native ligand (–8.8 ± 3.2 kJ/mol) was 
slightly higher than that of spironolactone (–5.3 ± 2.0 kJ/
mol), consistent with the greater number of hydrogen bonds 
observed in the native complex (five H-bonds) compared to 
spironolactone (four H-bonds).

MMGB(PB)SA energy decomposition further 
supported these observations. The total binding free energy 
(ΔG_total) of spironolactone averaged –32.9 ± 2.6 kJ/
mol, which was comparable to that of the native ligand 
(–26.9 ± 1.4 kJ/mol). The van der Waals contribution 
dominated the stabilization for both ligands, being slightly 
more favorable in spironolactone (–34.9 ± 2.7 kJ/mol) than 
in the native complex (–28.4 ± 2.3 kJ/mol). Meanwhile, 
electrostatic energy was negligible in spironolactone 
(≈ 0 kJ/mol) but markedly higher in the native ligand 
(+42.0 ± 3.2 kJ/mol), indicating that spironolactone relies 

Figure 2. Effects of spironolactone on plasma sodium concentration and 
cardiac HIF-1α expression. (A) Plasma sodium concentration and (B) HIF-1α 
mRNA expression in cardiac tissue of spironolactone-treated UNX-DOCA-
salt rats compared with untreated UNX-DOCA-salt controls. HIF-1α mRNA 
levels were quantified by real-time PCR and normalized to the appropriate 
housekeeping gene. Data are presented as mean ± SD.
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Figure 3. Functional enrichment and pathway analysis of spironolactone-associated target genes. (A) Venn diagram illustrating the intersection 
between predicted spironolactone target genes and genes involved in the HIF-1α signaling pathway. (B) Representative spironolactone-
associated genes within the HIF-1α signaling pathway based on the KEGG database. (C) Pathway enrichment analysis of spironolactone target 
genes. GO enrichment analysis showing (D) biological processes, (E) cellular components, and (F) molecular functions.

Figure 4. Molecular docking and binding energy analysis of spironolactone interaction with HIF-1α-related targets. (A) MolDock score, (B) 
hydrogen bond energy, (C) free binding energy, (D) van der waals energy, (E) electrostatic energy, (F) polar solvation energy, (D) nonpolar 
solvation energy, and (G) total solvation penalty obtained from MMGB(PB)SA; (I) molecular docking validation showing the binding pose 
of the native ligand, and (J) predicted binding pose of spironolactone within the target binding site.
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less on charge–charge interactions and more on hydrophobic 
stabilization. Interestingly, the polar solvation term was 
positive for spironolactone (+9.4 ± 1.0 kJ/mol) but negative for 
the native ligand (–35.1 ± 1.4 kJ/mol), implying that reduced 
desolvation penalties accompany spironolactone binding. The 
nonpolar solvation energy (–5.4 ± 0.4 kJ/mol) was consistently 
favorable in both complexes. Collectively, these results suggest 
that spironolactone achieves thermodynamically stable 
binding primarily through van der Waals and solvation-driven 
mechanisms rather than electrostatic attraction (Fig. 4A–H).

Residue-level interaction profiling based (Table S2) 
on LigPlot visualization revealed that the native ligand formed 
seven hydrogen bonds with Asn294(A) (2.94 Å), Arg238(A) 
(2.39 Å), Lys214(A) (2.47 Å), Thr196(A) (2.71 Å), Gln147(A) 
(3.31 Å), Tyr145(A) (3.01 Å), and Tyr102(A) (3.00 Å), securing 
its orientation within the catalytic pocket of FIH. In contrast, 
spironolactone established four major hydrogen bonds involving 
Arg238(A) (3.12 Å), Gln203(A) (3.04 Å), Glu202(A) (3.22 
Å), and Asp201(A) (3.10 Å), while maintaining hydrophobic 
contacts with Tyr102(A) (3.30–3.81 Å), Leu186(A) 
(2.70–3.30 Å), Phe207(A) (3.60–3.70 Å), and Trp296(A) (2.97–
3.68 Å). Notably, Tyr102(A) emerged as a critical anchoring 
residue positioned near the iron coordination center, consistent 
with its conserved role in ligand stabilization across HIF-1α 
inhibitor complexes. The hydrophobic interactions surrounding 

Tyr102(A) and Arg238(A) further reinforced the compactness 
and rigidity of the spironolactone-FIH complex (Fig. 4J–K).

3.6. DFT of spironolactone
The quantum chemical parameters of the native ligand 

and spironolactone were calculated using DFT to evaluate 
their stability and electronic reactivity (Table 1). The HOMO 
and LUMO energies for the native ligand were –6.65 and 
–1.85 eV, respectively, resulting in a gap of 4.81 eV. In contrast, 
spironolactone exhibited a narrower gap of 0.89 eV, with higher 
HOMO (–1.72 eV) and LUMO (–0.83 eV) energies. Meanwhile, 
spironolactone displayed lower electronegativity (1.27 eV) and 
hardness (0.45 eV) but markedly higher softness (30.52 eV−1) 
compared with the native ligand.

The DFT-based quantum chemical analysis 
demonstrated that spironolactone exhibits higher electronic 
reactivity and greater molecular softness compared with 
the native ligand. Its elevated HOMO energy and narrower 
energy gap indicate a more polarizable and electron-donating 
character, which facilitates charge-transfer and soft–soft 
interactions with electron-deficient residues at the protein 
binding site. This observation aligns with the hard and soft 
acids and bases theory and the frontier molecular orbital [24]. In 
contrast, the native ligand’s wider energy separation and higher 
electronegativity suggest greater intrinsic stability and a more 

Table 1. Quantum chemical parameters of native ligands and spironolactone.

HOMO (eV) LUMO (eV) Gap (eV) Electronegativity (χ) Hardness (η) Softness (S)

Native −6.65 −1.84 4.80 4.25 2.40 5.65

Spironolactone −1.71 −0.82 0.89 1.27 0.44 30.52

HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital. Quantum chemical parameters were calculated to evaluate the electronic 
properties and reactivity of spironolactone relative to the native ligand.

Figure 5. Proposed mechanism by which spironolactone modulates HIF-1α signaling and improves fatigue in salt-sensitive hypertensive rats.
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electrophilic nature, consistent with descriptors of chemical 
hardness and electrophilicity. These findings collectively imply 
that spironolactone’s softer electronic profile may underlie its 
stronger charge-transfer capacity and potential for enhanced 
molecular interaction within the protein active site.

The integrated evaluation of quantum chemical 
descriptors and interaction profiles reveals a consistent pattern 
between the electronic characteristics and binding behavior 
of the ligands. Spironolactone, exhibiting a higher HOMO 
energy, a narrower HOMO–LUMO gap, and greater molecular 
softness, can be characterized as a more electron-donating and 
polarizable molecule. This electronic configuration is reflected 
in the LigPlot-derived interaction map, where spironolactone 
establishes multiple hydrogen bonds and close polar contacts 
with acidic and polar residues, particularly Asp201, Glu202, 
and Gln203, along with a polarizable sulfur-containing 
moiety that may further contribute to complex stabilization.  
In contrast, the native ligand—defined by a wider energy gap 
and higher electronegativity—demonstrates a more dispersed 
and rigid interaction profile, forming contacts with a broader 
range of polar and aromatic residues such as Asn294, Arg238, 
Trp296, and Tyr102, but exhibiting comparatively fewer deep 
interactions with the acidic residue cluster. Collectively, these 
findings suggest that spironolactone interacts with the target 
protein through a more dynamic, donor-driven, and adaptive 
binding mode, whereas the native ligand displays a relatively 
stable and electrophile-oriented interaction pattern.

3.7. Research implications and study limitations
The present findings provide a mechanistic extension of 

spironolactone’s pharmacological profile beyond its classical role 
as a mineralocorticoid receptor antagonist (Fig. 5). In the UNX–
DOCA–Salt hypertensive model, spironolactone prevented the 
progressive rise of systolic, diastolic, and MAP, accompanied by 
normalization of plasma Na+ and suppression of cardiac HIF-1A 
mRNA expression, suggesting partial restoration of electrolyte 
imbalance and oxygen-sensing homeostasis. Functional 
enrichment and molecular docking analyses further identified 
HIF-1A and glycolytic pathways as major interaction hubs, while 
the predicted binding of spironolactone within the FIH catalytic 
pocket—supported by coordinate interaction mapping and DFT-
derived electronic descriptors—suggests a potential modulation 
of the FIH–HIF-1α regulatory axis. Although this hypothesis 
remains computational and requires biochemical validation, the 
in silico interactions suggest that spironolactone may facilitate 
HIF-1α hydroxylation and turnover via donor-type electronic 
interactions with key residues in the FIH active site (Asp201, 
Glu202, Gln203, Tyr102).

A trend toward increased time-to-fatigue was observed 
in spironolactone-treated rats; however, this change did not reach 
statistical significance, and therefore, the findings cannot confirm 
an antifatigue or exercise-enhancing effect. This trend should 
be interpreted cautiously and warrants further studies with a 
larger sample size and pre-induction baseline fatigue assessment 
to determine whether spironolactone meaningfully influences 
exercise capacity under hypertensive stress without any standard 
drug use for comparison. Importantly, these observations should 
be contextualized within previous evidence showing that 

spironolactone reduces hypoxia markers in the DOCA model [14] 
and that clinical trials have reported mixed or modest effects of 
mineralocorticoid receptor antagonism on exercise performance 
[9], indicating that the antifatigue signal identified in the present 
study is mechanistic and hypothesis-generating rather than 
indicative of an established clinical benefit.

Nonetheless, the present study is limited by the 
absence of direct enzymatic validation of FIH activity 
and HIF-1A hydroxylation status. Further in vitro and 
molecular assays—including co-crystallization, site-directed 
mutagenesis of the FIH binding pocket, and metabolic flux 
analysis—are warranted to confirm this proposed FIH–HIF-
1A regulatory mechanism. These findings might also be 
validated through clinical studies that focus exclusively on the 
salt-sensitive hypertensive population to further strengthen the 
repositioning potential of spironolactone. It is also important 
to note that our study involves a small number of rats, which 
restricts the extent to which definitive functional claims can 
be made.

4. CONCLUSION
In summary, the present study demonstrates that 

spironolactone showed a trend toward improving fatigue 
tolerance associated with salt-sensitive hypertension through 
integrated modulation of hemodynamic stability and metabolic 
regulation. In the UNX-DOCA-salt model, spironolactone not 
only prevented the progressive increase in arterial pressure but 
also improved fatigue tolerance, accompanied by normalization 
of plasma sodium levels and downregulation of cardiac HIF-1α 
expression. Together, these findings suggest that spironolactone 
contributes to the restoration of ionic balance and oxygen-
sensing regulation under hypertensive stress.

Notably, through the integration of in vivo 
physiological data with functional enrichment and molecular 
modeling analyses, this study identifies the HIF-1α–
glycolytic pathway as a novel mechanistic link underlying 
spironolactone-associated improvement of fatigue in salt-
sensitive hypertension. Computational analyses further suggest 
a favorable interaction between spironolactone and factor 
inhibiting HIF, which may facilitate HIF-1α hydroxylation and 
attenuate hypoxia-driven metabolic activation. While further 
mechanistic validation is warranted, these findings support a 
broader role of spironolactone in modulating fatigue beyond its 
established antihypertensive effects.
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