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Abstract Heart failure (HF) represents a multifaceted syndrome wherein dysfunction of the microcirculation plays a
significant role in the progression of the disease and the occurrence of adverse outcomes. This review delves into the
pathophysiological mechanisms that underlie microvascular impairment across various HF phenotypes, encompassing heart
failure with reduced ejection fraction (HFrEF), preserved ejection fraction (HFpEF), and mildly reduced ejection fraction
(HFmrEF). Endothelial dysfunction, capillary rarefaction, and impaired vasoreactivity are fundamental to the
microvascular abnormalities associated with HF. While guideline-directed medical therapy (GDMT) aspires to enhance
cardiac function, its direct impact on microcirculation continues to be the subject of ongoing research. Recent
advancements in biomarker research have unveiled novel indicators of microvascular health, including endothelin-1,
asymmetric dimethylarginine, circulating microRNAs, and markers of endothelial glycocalyx degradation, thereby
presenting new opportunities for risk stratification and early intervention. Personalized therapy, which incorporates genetic
profiling, pharmacogenomics, and assessment of endothelial function, has emerged as a promising strategy for optimizing
the efficacy of treatment. Furthermore, innovative microvascular-targeted interventions, such as endothelial-protective
agents, therapies that promote angiogenesis, and regenerative cell-based treatments, possess the potential to restore the
integrity of the microvasculature. Notwithstanding these advancements, challenges remain in the standardization of
techniques for assessing microcirculation and in the implementation of microvascular therapies within the routine
management of HF. Future research endeavors should prioritize the integration of microcirculatory endpoints into clinical
practice to enhance therapeutic strategies and improve patient outcomes.
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1. Introduction ventricular ejection fraction (LVEF), HF is classified
into three primary phenotypes, each with distinct
Heart failure (HF) remains a significant global health pathophysiological mechanisms, clinical presentations, and
challenge, affecting millions of individuals and contributing  therapeutic implications [3].
to high morbidity and mortality rates. Despite advancements  oart Failure with Reduced Ejection Fraction (HFrEF,
in pharmacological and non-pharmacological management | g < 40%)
strategies, HF continues to impose substantial economic
and healthcare burdens. One of the key pathophysiological
mechanisms underlying HF progression is microcirculatory
dysfunction, which significantly impacts myocardial
perfusion, tissue oxygenation, and overall cardiac function.
Understanding the dynamic changes within the microcirculatory
bed in different HF phenotypes is crucial for optimizing
treatment strategies and improving patient outcomes [1,2].
Heart Failure (HF) is a heterogeneous clinical syndrome
characterized by impaired cardiac function, leading to
inadequate perfusion of peripheral tissues. Based on left

HFrEF is primarily characterized by significant systolic
dysfunction, where the left ventricle fails to eject sufficient
blood during systole. This phenotype is associated with
progressive ventricular remodeling, including chamber dilatation,
increased wall stress, and fibrosis [4]. Neurohormonal activation,
involving the renin-angiotensin-aldosterone system (RAAS)
and the sympathetic nervous system (SNS), plays a crucial
role in disease progression. Elevated levels of natriuretic
peptides (e.g., BNP, NT-proBNP) reflect the increased
myocardial wall stress. The primary treatment strategy for
HFrEF focuses on neurohormonal modulation through
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Heart Failure with Preserved Ejection Fraction
(HFpEF, LVEF > 50%)

HFpEF represents a distinct pathophysiological entity
driven by diastolic dysfunction, endothelial dysfunction,
and systemic microvascular inflammation. Unlike HFrEF,
ventricular systolic function remains relatively preserved,
but the myocardium exhibits increased stiffness, impairing
left ventricular relaxation and filling [6,7]. Chronic systemic
inflammation, often associated with comorbidities such as
hypertension, obesity, diabetes mellitus, and chronic kidney
disease, leads to microvascular rarefaction and increased
extracellular matrix deposition. Elevated left atrial pressures
and pulmonary hypertension further exacerbate symptoms.
Given the absence of well-established disease-modifying
therapies, current management strategies focus on volume
control, blood pressure optimization, and addressing underlying
comorbidities. Recent evidence suggests that SGLT2
inhibitors and aldosterone antagonists may provide benefit
in select HFpEF patients [8].

Heart Failure with Mildly Reduced Ejection Fraction
(HFmrEF, LVEF 40-49%)

HFmMrEF represents an intermediate phenotype that
shares overlapping characteristics with both HFrEF and
HFpEF. Although its pathophysiology remains an area
of active investigation, evidence suggests that patients
with HFmrEF may exhibit varying degrees of systolic and
diastolic dysfunction, with neurohormonal activation patterns
resembling HFrEF [9]. Recent clinical trials indicate that
HFmrEF patients respond favorably to guideline-directed
medical therapy (GDMT) traditionally used in HFrEF,
including RAAS inhibitors, beta-blockers, MRAs, and
SGLT2 inhibitors. However, unlike HFrEF, the degree of
fibrosis and microvascular dysfunction in HFmrEF is more
heterogeneous, necessitating further research into tailored
therapeutic strategies [10].

Microcirculatory Dysfunction and Therapeutic
Considerations

Each HF phenotype exhibits distinct microvascular
abnormalities, influencing myocardial perfusion, oxygen
supply-demand balance, and endothelial-dependent vasodilation.
In HFrEF, reduced cardiac output leads to systemic
hypoperfusion, triggering compensatory vasoconstriction
and sympathetic overactivity, which further impairs coronary
microvascular function. In HFpEF, increased vascular
stiffness, endothelial dysfunction, and pro-inflammatory
cytokine activation contribute to impaired myocardial
relaxation and reduced capillary density. These differences
underscore the need for phenotype-specific interventions to
optimize outcomes [11].

Emerging pharmacological targets, including soluble
guanylate cyclase (sGC) stimulators, GLP-1 receptor agonists,
and anti-inflammatory agents, hold promise in addressing

the underlying microvascular dysfunction in HF phenotypes.

As research progresses, a more refined understanding of
phenotype-specific mechanisms may lead to the development
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of precision medicine approaches for HF management [12].

2. Materials and Methods

Literature Review
Literature Review

A comprehensive literature review was conducted to
explore the role of microcirculation in heart failure (HF),
the assessment methods used to evaluate microvascular
function, and the impact of standard therapy on microcirculatory
dynamics. The databases searched included PubMed,
Scopus, and Google Scholar, with keywords such as "heart
failure,” "microcirculation,” "microvascular dysfunction,"
"endothelial dysfunction," "capillary rarefaction," "coronary
flow reserve," and "heart failure phenotypes." Studies were
selected based on their relevance, methodological rigor,
and contribution to understanding the interplay between
microcirculatory alterations and HF progression.

Inclusion and Exclusion Criteria

The inclusion criteria encompassed peer-reviewed
original research articles, clinical trials, systematic reviews,
and meta-analyses published in English within the last 20
years. Articles focusing on the pathophysiological mechanisms
of microcirculatory dysfunction in HF, non-invasive and
invasive methods for microvascular assessment, and the
impact of HF therapies on endothelial recovery were prioritized.
Studies that exclusively examined macrovascular function
or were not directly related to microcirculation in HF were
excluded. Additionally, non-peer-reviewed sources, conference
abstracts without full publications, and articles in languages
other than English were not considered.

Data Extraction

A structured approach was employed for data extraction.
Key information related to pathophysiological mechanisms
of microvascular dysfunction, differences in endothelial
responses across HF phenotypes, techniques for assessing
microcirculation, and therapeutic interventions targeting
endothelial recovery and vascular remodeling was systematically
collected. Special emphasis was placed on comparative
analyses of HFrEF, HFpEF, and HFmrEF, highlighting
the variations in microvascular involvement and treatment
responses. Data were categorized into themes such as
mechanistic insights, diagnostic methodologies, and therapeutic
strategies for targeted analysis.

Analysis

The extracted data were analyzed to identify common
trends, emerging therapeutic targets, and phenotype-specific
microvascular alterations in HF. Studies reporting on
non-invasive and invasive assessment techniques were
compared to evaluate their clinical applicability and
diagnostic accuracy. The impact of standard HF therapies
on vascular remodeling, endothelial function, and capillary
density was assessed, with a particular focus on how
different HF phenotypes respond to treatment. Prognostic
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implications of microcirculatory dysfunction were also
examined to understand its role in disease progression and
treatment outcomes.

Ethical Considerations

As this study was based on a literature review, there were
no ethical concerns involving human or animal subjects. All
sources were appropriately cited to acknowledge original
authorship and maintain academic integrity.

Limitations

The primary limitation of this review is its reliance on
existing literature, which may introduce potential biases
related to publication quality and study availability. The
heterogeneity in methodologies across different studies
assessing microvascular function in HF poses a challenge in
drawing uniform conclusions. Further prospective cohort
studies and randomized controlled trials with standardized
microcirculatory assessments are necessary to validate
the findings and improve clinical decision-making in HF
management.

3. Results

The Role of Microcirculation in Cardiac Pathophysiology

The microcirculation, consisting of arterioles, capillaries,
and venules, is fundamental in maintaining myocardial
oxygen delivery and systemic perfusion. In heart failure
(HF), microcirculatory dysfunction plays a crucial role in
disease progression by contributing to impaired myocardial
remodeling, inadequate tissue oxygenation, and systemic
congestion. This dysfunction is primarily driven by endothelial
impairment, capillary rarefaction, increased vascular
permeability, and coronary microvascular dysfunction, each
of which exacerbates cardiac dysfunction and worsens
clinical outcomes [13,14].

Endothelial dysfunction is one of the earliest and most
significant manifestations of microcirculatory impairment in
HF. The loss of endothelial nitric oxide (NO) bioavailability
leads to impaired vasodilation, increased vascular resistance,
and heightened oxidative stress. The accumulation of reactive
oxygen species (ROS) further damages endothelial cells and
promotes a pro-inflammatory state, which perpetuates vascular
stiffness and reduces the ability of the microcirculation to
regulate perfusion according to metabolic demands [15,16].

Capillary rarefaction, characterized by a progressive reduction
in microvascular density, further exacerbates myocardial
oxygen supply-demand imbalance. The loss of capillaries
results in regional hypoxia, which stimulates maladaptive
fibrotic remodeling, increases myocardial stiffness, and
accelerates ventricular dysfunction. In HFpEF, microvascular
dysfunction is particularly relevant, as systemic inflammation
and endothelial dysfunction contribute to increased left
ventricular stiffness, impaired relaxation, and elevated
filling pressures [13,17].

Increased vascular permeability and venous congestion
in HF lead to interstitial edema, which disrupts oxygen
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diffusion and impairs myocardial cellular metabolism. The
extravasation of fluid into surrounding tissues creates a
hypoxic environment that enhances fibrotic signaling
pathways, leading to progressive diastolic dysfunction and
worsening heart failure symptoms. In addition, coronary
microvascular dysfunction can induce myocardial ischemia
even in the absence of obstructive coronary artery disease.
Reduced coronary flow reserve (CFR) is commonly
observed in HF, particularly in HFpEF, where systemic
inflammation and vascular stiffness further compromise
myocardial perfusion [18].

Addressing microcirculatory dysfunction has become a
key focus in HF management, with emerging therapeutic
strategies targeting endothelial function, inflammation,
and myocardial metabolism. Soluble guanylate cyclase
(sGC) stimulators and GLP-1 receptor agonists have shown
promise in improving endothelial function and enhancing
vasodilation. Anti-inflammatory approaches, including SGLT2
inhibitors, IL-1 blockers, and colchicine, may attenuate
systemic inflammation and protect against capillary loss.
Additionally, metabolic modulators such as trimetazidine
and ranolazine aim to optimize myocardial efficiency by
improving oxygen utilization and reducing ischemic injury
[19].

Advancements in microvascular imaging and biomarker
research have provided valuable insights into the
pathophysiology of HF-related microvascular dysfunction.
Non-invasive techniques such as myocardial contrast
echocardiography (MCE) and cardiac magnetic resonance
(CMR) perfusion imaging enable more precise assessment
of coronary microvascular function, while biomarkers such
as endothelin-1 serve as potential indicators of endothelial
health. Integrating microvascular dysfunction assessment
into routine HF evaluation may facilitate personalized
therapeutic approaches and improve clinical outcomes,
underscoring the importance of microcirculation in cardiac
pathophysiology [20,21].

Methods for Assessing Microcirculation in Heart Failure

The assessment of microcirculatory function in heart
failure (HF) is essential for understanding disease progression,
guiding therapeutic strategies, and evaluating response to
treatment. Both non-invasive and invasive techniques have
been developed to evaluate endothelial function, capillary
integrity, and myocardial perfusion efficiency [17,22].

Non-invasive methods provide valuable insights into
systemic microvascular function without the need for
catheter-based interventions. Nailfold capillaroscopy is a
widely used technique that allows for the visualization
of microvascular architecture, capillary density, and blood
flow patterns in the nailfold region. This method is
particularly useful in detecting microvascular rarefaction
and endothelial abnormalities in HF patients with systemic
vascular involvement. Laser Doppler flowmetry measures
skin perfusion by assessing real-time microvascular blood
flow changes in response to various stimuli, providing an
indirect but reliable indicator of endothelial function and
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peripheral vascular reactivity. Another commonly used
approach is peripheral arterial tonometry, which evaluates
endothelial-dependent vasodilation by assessing pulse
amplitude changes in response to reactive hyperemia. This
technique provides a non-invasive means of quantifying
endothelial dysfunction, a key contributor to HF
pathophysiology [13,23].

Invasive techniques offer direct and precise evaluation
of myocardial microvascular function. Coronary flow
reserve (CFR) measurement is a well-established method
that assesses the ability of coronary circulation to increase
blood flow in response to increased metabolic demands.
A reduced CFR is indicative of coronary microvascular
dysfunction, particularly in HFpEF, where impaired myocardial
perfusion occurs despite the absence of obstructive coronary
artery disease. Intravascular imaging modalities such as
optical coherence tomography (OCT) and intravascular
ultrasound (IVUS) provide high-resolution visualization of
coronary vessel morphology, allowing for the identification
of microvascular obstructions, endothelial thickening, and
functional impairments that contribute to HF progression
[24,25].

The integration of these assessment methods into clinical
practice enhances the ability to characterize microvascular
dysfunction across different HF phenotypes. Non-invasive
approaches serve as valuable screening tools, while invasive
techniques provide detailed mechanistic insights that
can inform personalized therapeutic strategies. Ongoing
advancements in microvascular imaging and functional
testing continue to refine the understanding of microcirculatory
abnormalities in HF, highlighting the need for targeted
interventions to improve patient outcomes [26,27].

The management of heart failure (HF) involves a
combination of pharmacological and non-pharmacological
interventions, many of which have significant effects on
microcirculatory function. Given that microvascular dysfunction
plays a pivotal role in HF progression, understanding the
impact of these therapeutic strategies on endothelial function,
capillary perfusion, and myocardial oxygen delivery is
crucial for optimizing treatment outcomes [28].

Pharmacological Therapy and Microcirculatory Effects

Angiotensin-Converting Enzyme (ACE) Inhibitors and
Angiotensin Receptor Blockers (ARBs) play a central
role in HF management by reducing afterload, preventing
maladaptive cardiac remodeling, and improving endothelial
function. These agents enhance nitric oxide (NO) biocavailability,
reduce oxidative stress, and inhibit vascular inflammation,
thereby promoting vasodilation and improving microvascular
perfusion. The attenuation of renin-angiotensin-aldosterone
system (RAAS) overactivation also mitigates capillary
rarefaction and improves tissue oxygenation [19].

Beta-Blockers contribute to hemodynamic stabilization
by reducing heart rate, myocardial oxygen demand, and
sympathetic overactivation, all of which are essential in
protecting the microcirculation. By decreasing adrenergic-
mediated vasoconstriction, beta-blockers improve coronary
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microvascular reserve and facilitate capillary recruitment,
enhancing perfusion at the tissue level. In addition, long-term
beta-blockade has been shown to reduce endothelial
apoptosis, preserving microvascular integrity in HF patients
[29,30].

Mineralocorticoid Receptor Antagonists (MRAS) such
as spironolactone and eplerenone exert anti-fibrotic and
anti-inflammatory effects, which indirectly benefit the
microcirculation. These agents reduce myocardial and
vascular fibrosis, leading to improved compliance of the
coronary and systemic microvasculature. Their diuretic effect
also alleviates venous congestion, reducing microvascular
permeability and interstitial edema, which are common
contributors to impaired oxygen diffusion in HF [31].

Sodium-Glucose Cotransporter-2 (SGLT2) Inhibitors
have emerged as novel agents with beneficial effects on
microcirculatory dynamics in HF. Initially developed for
glycemic control in diabetes, SGLT2 inhibitors such as
dapagliflozin and empagliflozin have demonstrated
improvements in vascular endothelial function, capillary
perfusion, and mitochondrial efficiency. These agents modulate
inflammatory signaling, reduce oxidative stress, and enhance
NO availability, leading to improved microvascular
autoregulation and better myocardial oxygen supply [32,33].

Ivabradine, Nitrates, and Other Vasodilators also play an
essential role in modifying microvascular function. Ivabradine,
by selectively reducing heart rate without affecting
contractility, improves coronary diastolic perfusion, thereby
enhancing microvascular oxygenation. Nitrates and other
vasodilators act primarily through NO-mediated pathways,
improving endothelial function, increasing capillary recruitment,
and reducing vascular stiffness. However, their efficacy in
HFpEF remains less well established, highlighting the need
for further research into phenotype-specific microvascular
responses [33].

Non-Pharmacological Interventions and Microcirculatory
Health

Beyond pharmacological therapy, lifestyle modifications
and non-pharmacological interventions play a critical role
in preserving and restoring microvascular function in HF.
Regular physical exercise has been shown to improve
endothelial-dependent vasodilation, enhance capillary density,
and reduce systemic inflammation. Both aerobic and resistance
training contribute to improved microvascular perfusion by
increasing shear stress-mediated NO production, stimulating
angiogenesis, and improving mitochondrial efficiency in
cardiac and skeletal muscle [34].

Dietary modifications also influence endothelial health
and microcirculatory function. Diets rich in omega-3 fatty
acids, polyphenols, and antioxidants promote endothelial
repair mechanisms, enhance NO bioavailability, and reduce
oxidative stress. Sodium restriction and adherence to a
Mediterranean or DASH (Dietary Approaches to Stop
Hypertension) diet have demonstrated beneficial effects in
reducing vascular inflammation and improving endothelial
responsiveness in HF patients [35,36].
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Integrating both pharmacological and non-pharmacological
strategies into HF management is crucial for optimizing
microcirculatory function and preventing further deterioration
of myocardial perfusion. As research advances, targeting
phenotype-specific microvascular dysfunction may enable
more personalized treatment approaches, ultimately improving
clinical outcomes in HF patients.

Comparative Analysis of Microcirculatory Changes
Across HF Phenotypes

Microcirculatory dysfunction plays a crucial role in the
pathogenesis and progression of heart failure (HF), with
distinct alterations observed across different phenotypes.
While heart failure with reduced ejection fraction (HFrEF),
heart failure with preserved ejection fraction (HFpEF), and
heart failure with mildly reduced ejection fraction (HFmrEF)
share common underlying mechanisms, their microvascular
responses to therapy, endothelial recovery patterns, and
long-term prognostic implications vary significantly [37,38].

Response to Standard Therapy

In HFrEF, microcirculatory dysfunction is primarily
driven by impaired myocardial perfusion, neurohormonal
activation, and capillary rarefaction due to ongoing ventricular
remodeling. Standard therapy, including RAAS inhibitors,
beta-blockers, mineralocorticoid receptor antagonists (MRAS),
and SGLT2 inhibitors, has been shown to ameliorate
endothelial dysfunction, reduce oxidative stress, and improve
coronary flow reserve (CFR). These agents contribute
to vascular stabilization and attenuate capillary dropout,
ultimately improving microcirculatory dynamics in patients
with HFrEF [39,40].

In contrast, HFpEF is characterized by systemic endothelial
dysfunction, increased vascular stiffness, and microvascular
inflammation. Traditional HFrEF therapies have demonstrated
limited efficacy in this phenotype, as microvascular
dysfunction in HFpEF is more inflammatory and metabolic
in origin rather than neurohormonally driven. SGLT2
inhibitors, which have shown benefit in HFpEF, are
believed to improve endothelial function, reduce microvascular
congestion, and enhance myocardial energy efficiency.
Other potential therapeutic approaches targeting inflammation,
oxidative stress, and NO signaling pathways are currently
under investigation to improve microvascular health in
HFpEF patients [41].

HFmrEF represents an intermediate phenotype with
overlapping characteristics of both HFrEF and HFpEF.
Emerging evidence suggests that HFmrEF patients exhibit
variable responses to standard HF therapies, with some
individuals showing improvements in microvascular perfusion
and endothelial function following neurohormonal blockade,
while others display persistent vascular stiffness and
inflammatory activation similar to HFpEF. Given this
heterogeneity, optimizing treatment in HFmrEF requires
further investigation to determine the most effective
microvascular-targeted interventions.

Differences in Endothelial Recovery and Remodeling
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Endothelial recovery and vascular remodeling differ
markedly between HF phenotypes. In HFrEF, progressive
left wventricular dilation and wall stress contribute to
coronary microvascular dysfunction, but early therapeutic
intervention with beta-blockers, RAAS inhibitors, and
SGLT2 inhibitors can facilitate vascular repair, restore
endothelial integrity, and enhance capillary perfusion.
The dynamic nature of ventricular reverse remodeling in
response to therapy often correlates with improvements in
microcirculatory function [4].

In HFpEF, endothelial dysfunction is primarily driven
by chronic inflammation, metabolic dysregulation, and
microvascular stiffening, leading to poor endothelial
recovery even in response to therapy. Vascular remodeling
in HFpEF is characterized by increased extracellular matrix
deposition, impaired nitric oxide signaling, and reduced
capillary recruitment, all of which contribute to persistent
diastolic dysfunction. Unlike HFrEF, where vascular
remodeling is partially reversible, the structural changes
in HFpEF microcirculation tend to be more fibrotic and
resistant to intervention, necessitating novel anti-inflammatory
and endothelial-stabilizing therapeutic approaches [10].

HFmrEF presents a more heterogeneous pattern of
vascular remodeling, with some patients exhibiting adaptive
endothelial responses similar to HFrEF, while others
experience persistent microvascular dysfunction akin to
HFpEF. This variability highlights the need for personalized
therapeutic approaches based on specific microcirculatory
and endothelial profiles in HFmrEF patients [10].

Prognostic Implications of Microcirculatory Dysfunction

The degree of microvascular dysfunction is a critical
determinant of clinical outcomes across all HF phenotypes.
In HFrEF, persistent capillary rarefaction and impaired
myocardial perfusion are associated with an increased risk
of arrhythmias, worsening heart failure, and sudden cardiac
death. However, patients who exhibit microvascular
recovery following standard therapy tend to have better
long-term survival and reduced hospitalization rates [9,11].

In HFpEF, microvascular dysfunction is highly predictive
of exercise intolerance, pulmonary hypertension, and
adverse cardiovascular events. The lack of effective
microvascular-targeted therapies in HFpEF further exacerbates
the prognosis, as persistent endothelial dysfunction contributes
to progressive ventricular stiffening and hemodynamic
congestion. Given that microvascular dysfunction is strongly
linked to worsening diastolic dysfunction, it remains a
crucial area for future therapeutic advancements [42].

HFmrEF patients exhibit intermediate prognostic
outcomes, with those displaying HFrEF-like microvascular
impairment having a higher likelihood of disease progression,
while those with HFpEF-like endothelial dysfunction often
develop worsening vascular inflammation and metabolic
disturbances. Given the evolving classification of HFmrEF,
further studies are needed to establish prognostic biomarkers
that accurately stratify patients based on microvascular
health [43].
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Microcirculatory dysfunction is a shared but phenotype-
specific feature of HF, influencing disease progression,
therapeutic response, and long-term prognosis. While
traditional HFrEF therapies target neurohormonal and
hemodynamic pathways to restore microvascular function,
HFpEF remains a challenge due to its distinct inflammatory
and endothelial-driven pathophysiology. HFmrEF, as an
evolving entity, presents a heterogeneous microvascular
profile, necessitating personalized therapeutic strategies.
Future research should focus on developing precision
medicine approaches that integrate microvascular imaging,
endothelial biomarkers, and targeted pharmacological
interventions to improve patient outcomes across all HF
phenotypes [37,41].

Future Perspectives and Research Directions

Advancements in biomarker research have opened new
avenues for assessing microcirculatory function in heart
failure (HF). Traditional markers such as NT-proBNP
and troponins provide insights into cardiac stress and injury
but do not directly evaluate microvascular health. Emerging
biomarkers of endothelial function and microvascular
integrity could provide a more targeted approach for
identifying microcirculatory dysfunction and guiding
therapeutic decisions. Among them, endothelin-1 (ET-1)
has been recognized as a potent vasoconstrictor involved
in endothelial dysfunction, with elevated levels correlating
with impaired microvascular perfusion and increased mortality
in HF patients. Similarly, asymmetric dimethylarginine
(ADMA), an endogenous inhibitor of nitric oxide synthase,
plays a crucial role in nitric oxide dysregulation, endothelial
dysfunction, and increased vascular stiffness, all of which
contribute to HF progression [43]. Circulating microRNAs,
particularly miR-126 and miR-223, have emerged as key
regulators of endothelial repair, angiogenesis, and inflammatory
modulation, with altered expression profiles serving as
potential indicators of microvascular damage. Furthermore,
the degradation of the endothelial glycocalyx, reflected by
elevated levels of syndecan-1 and heparan sulfate, represents
another important aspect of microvascular impairment,
particularly in HFpEF and HFmrEF. In addition to these
circulating biomarkers, non-invasive imaging techniques
such as contrast-enhanced ultrasound, optical coherence
tomography (OCT), and near-infrared spectroscopy (NIRS)
are gaining attention as valuable tools for real-time
microcirculatory assessment. The integration of these
biomarkers and imaging techniques into clinical practice
holds promise for early detection, phenotypic differentiation,
and risk stratification of HF patients. Future research should
focus on developing multi-biomarker panels that combine
biochemical, imaging, and functional parameters to enhance
diagnostic accuracy and therapy monitoring [44,45].

Given the heterogeneity of HF phenotypes and their
distinct microcirculatory alterations, personalized therapy
holds significant potential in optimizing treatment responses.
The concept of precision medicine in HF is gaining
momentum, shifting from a uniform approach to a tailored
strategy based on individual endothelial and inflammatory
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profiles. Genetic and epigenetic profiling can help identify
patient subgroups with specific microvascular impairments,
while pharmacogenomics can refine drug therapy by
accounting for individual variations in drug metabolism
and receptor sensitivity. Understanding polymorphisms in
beta-adrenergic receptors or the renin-angiotensin system
could enhance the effectiveness of beta-blockers, RAAS
inhibitors, and SGLT2 inhibitors. Moreover, targeted
neurohormonal modulation, guided by endothelial function
markers, could allow for more precise adjustments in medication
regimens, minimizing side effects while maximizing
therapeutic benefits. Beyond pharmacotherapy, lifestyle and
metabolic interventions play a crucial role in improving
microvascular function. Structured exercise programs
tailored to microvascular dysfunction have been shown to
enhance capillary recruitment and endothelium-dependent
vasodilation, particularly in patients with HFpEF [10,15,23].
Dietary interventions, such as nitrate-rich diets, have
demonstrated the potential to improve nitric oxide bioavailability
and endothelial health. Furthermore, metabolic control through
GLP-1 receptor agonists and SGLT2 inhibitors offers
promising avenues for reducing endothelial inflammation
and oxidative stress, thereby exerting protective effects on
the microcirculation. To validate these approaches, future
clinical trials should incorporate microcirculatory endpoints
alongside conventional cardiac function parameters,
ensuring that therapeutic strategies adequately address both
macrovascular and microvascular dysfunction in HF. The
integration of multi-omics approaches, including genomics,
proteomics, and metabolomics, may further refine patient
stratification and enhance our understanding of microvascular
heterogeneity in HF [1].

While current HF therapies exert indirect effects on
microcirculation, novel interventions specifically targeting
endothelial and capillary function are under active investigation.
Several promising strategies aim to directly modulate
endothelial integrity, vascular tone, and inflammatory
pathways to restore microvascular function [13,21,27].
Endothelial-protective agents such as soluble guanylate
cyclase (sGC) stimulators, including vericiguat, have shown
potential in enhancing nitric oxide-cGMP signaling, leading
to improved endothelial function and microvascular dilation.
Nitric oxide donors, such as molsidomine and sodium
nitroprusside, may also enhance endothelium-dependent
vasodilation in patients with endothelial dysfunction and
microvascular ischemia. Angiogenesis-promoting therapies,
including vascular endothelial growth factor (VEGF)
agonists, are being explored to counteract microvascular
rarefaction, a hallmark of HFpEF and HFmrEF, while
hypoxia-inducible factor (HIF) stabilizers are emerging as
potential regulators of adaptive responses to myocardial
hypoxia. In parallel, anti-inflammatory and antifibrotic
agents such as IL-1 inhibitors, including anakinra and
canakinumab, are being investigated for their ability to
reduce systemic and endothelial inflammation, thereby
improving microvascular endothelial integrity. The inhibition
of galectin-3, a key mediator of fibrotic remodeling in the
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microcirculation, is another avenue with potential benefits,
particularly in HFpEF patients with extensive capillary
rarefaction. Beyond pharmacological interventions, regenerative
therapies such as mesenchymal stem cell transplantation
and endothelial progenitor cell therapy are being explored
for their ability to enhance capillary density and restore
endothelial function in patients with refractory HF [4,6].
Despite the promising results seen in preclinical models
and early-phase clinical trials, several challenges must be
addressed before these targeted microvascular interventions
can be widely implemented in clinical practice. The
heterogeneity of microvascular pathology across different
HF phenotypes necessitates a more personalized therapeutic
approach, as not all patients exhibit the same degree of
endothelial dysfunction or capillary rarefaction. Additionally,
the lack of standardized assessment tools for evaluating
microcirculatory function poses a significant barrier to
clinical translation. While several non-invasive techniques
exist, their widespread adoption is limited by cost, availability,
and operator dependence. Another critical challenge is
the gap between experimental findings and real-world
applicability [46]. Many promising microvascular therapies
lack large-scale, multicenter trial data, making it difficult to
assess their long-term clinical efficacy and safety. Furthermore,
the potential for unintended systemic effects, such as
hypotension, excessive vasodilation, or pro-inflammatory
activation, underscores the need for cautious implementation.
Future research should prioritize large, randomized controlled
trials that incorporate microvascular-specific endpoints
and assess long-term outcomes. Additionally, integrating
biomarker-driven  decision-making into routine HF
management could enable earlier intervention and more
precise risk stratification, ultimately improving patient outcomes.
As our understanding of microcirculatory dysfunction in HF
evolves, a comprehensive, multi-disciplinary approach that
combines innovative diagnostics, precision therapeutics,
and targeted interventions will be essential for optimizing
microvascular health and reducing the burden of HF [47,48].

4. Conclusions

Microcirculatory dysfunction plays a crucial role in the
pathophysiology of HF, contributing to impaired perfusion,
endothelial dysfunction, and progressive myocardial damage.
Different HF phenotypes exhibit distinct microvascular
alterations, necessitating phenotype-specific therapeutic
approaches. While guideline-directed medical therapy
(GDMT) improves cardiac function, its direct impact on
microcirculation remains an evolving field of research.
Emerging biomarkers, personalized treatment strategies,
and novel vascular-targeted interventions hold promise for
optimizing HF management.

Integrating microcirculatory assessment into routine HF
care can provide valuable insights into disease progression
and treatment response. Biomarkers of endothelial function,
advanced imaging techniques, and functional assessments

Microcirculatory Dynamics in Different Phenotypes of Chronic Heart Failure

of capillary perfusion may serve as crucial tools for
risk stratification and therapy optimization. Understanding
microvascular dynamics could enhance therapeutic decision
-making, particularly in HFpEF and HFmrEF, where
conventional treatment strategies remain less defined.

Given the pathophysiological heterogeneity of HF, a
one-size-fits-all approach may not be sufficient. Future HF
treatment paradigms should incorporate microvascular
considerations, tailoring interventions based on endothelial
function, inflammatory status, and capillary integrity.
Addressing microcirculatory dysfunction may not only
improve cardiac function but also enhance systemic
perfusion and overall patient outcomes.

In conclusion, a deeper understanding of microvascular
alterations in HF and their modulation by basic therapy
can lead to more precise, effective, and patient-centered
therapeutic strategies. Ongoing research efforts should
focus on refining microcirculatory diagnostics, advancing
targeted interventions, and integrating personalized medicine
into HF management.

REFERENCES

[1] D.K. Tobias et al., “Second international consensus report on
gaps and opportunities for the clinical translation of precision
diabetes medicine,” Nature medicine, vol. 29, no. 10, pp.
2438-2457, 2023.

[2] A.J. Morrow et al., “Rationale and design of the Medical
Research Council’s precision medicine with Zibotentan in
microvascular angina (PRIZE) trial,” American Heart Journal,
vol. 229, pp. 70-80, 2020.

[3] E.Y. Chew et al., “Standardization and clinical applications
of retinal imaging biomarkers for cardiovascular disease:
a Roadmap from an NHLBI workshop,” Nature Reviews
Cardiology, pp. 1-17, 2024.

[4] A.R. Leite, M. Borges-Canha, R. Cardoso, J. S. Neves, R.
Castro-Ferreira, and A. Leite-Moreira, “Novel Biomarkers
for Evaluation of Endothelial Dysfunction,” Angiology, vol.
71, no. 5, pp. 397-410, May 2020,
doi: 10.1177/0003319720903586.

[5] S. Balta, “Endothelial dysfunction and inflammatory markers
of vascular disease,” Current vascular pharmacology, vol. 19,
no. 3, pp. 243-249, 2021.

[6] E. Rocco et al., “Advances and challenges in biomarkers
use for coronary microvascular dysfunction: from bench to
clinical practice,” Journal of Clinical Medicine, vol. 11, no. 7,
p. 2055, 2022.

[7]1 S. Mehta and S. E. Gill, “Improving clinical outcomes in
sepsis and multiple organ dysfunction through precision
medicine,” Journal of Thoracic Disease, vol. 11, no. 1, p. 21,
2019.

[8] O. Kovamees et al., “Arginase inhibition improves
microvascular endothelial function in patients with type 2
diabetes mellitus,” The Journal of Clinical Endocrinology &
Metabolism, vol. 101, no. 11, pp. 3952-3958, 2016.



(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

American Journal of Medicine and Medical Sciences 2025, 15(2): 398-406

I. Heinonen, O. Sorop, V. J. De Beer, D. J. Duncker, and D.
Merkus, “What can we learn about treating heart failure from
the heart’s response to acute exercise? Focus on the coronary
microcirculation,” Journal of Applied Physiology, vol. 119,
no. 8, pp. 934-943, Oct. 2015,

doi: 10.1152/japplphysiol.00053.2015.

A. B. Gevaert, K. Lemmens, C. J. Vrints, and E. M. Van
Craenenbroeck, “Targeting Endothelial Function to Treat
Heart Failure with Preserved Ejection Fraction: The Promise
of Exercise Training,” Oxidative Medicine and Cellular
Longevity, vol. 2017, no. 1, p. 4865756, Jan. 2017,

doi: 10.1155/2017/4865756.

K. Fujisue et al.,, “Prognostic significance of peripheral
microvascular endothelial dysfunction in heart failure with
reduced left ventricular ejection fraction,” Circulation Journal,
vol. 79, no. 12, pp. 2623-2631, 2015.

M. M. Alem, “Endothelial dysfunction in chronic heart failure:
assessment, findings, significance, and potential therapeutic
targets,” International Journal of Molecular Sciences, vol. 20,
no. 13, p. 3198, 2019.

J. D. Torres-Pefia, O. A. Rangel-Zufiga, J. F. Alcala-Diaz, J.
Lopez-Miranda, and J. Delgado-Lista, “Mediterranean diet
and endothelial function: a review of its effects at different
vascular bed levels,” Nutrients, vol. 12, no. 8, p. 2212, 2020.

M. Millan-Orge et al., “Influence of dietary intervention on
microvascular endothelial function in coronary patients and
atherothrombotic risk of recurrence,” Scientific Reports, vol.
11, no. 1, p. 20301, 2021.

J. D. Torres-Pefia, O. A. Rangel-Zufiiga, J. F. Alcala-Diaz, J.
Lopez-Miranda, and J. Delgado-Lista, “Mediterranean diet
and endothelial function: a review of its effects at different
vascular bed levels,” Nutrients, vol. 12, no. 8, p. 2212, 2020.

M. Millan-Orge et al., “Influence of dietary intervention on
microvascular endothelial function in coronary patients and
atherothrombotic risk of recurrence,” Scientific Reports, vol.
11, no. 1, p. 20301, 2021.

G. Favero, C. Paganelli, B. Buffoli, L. F. Rodella, and R.
Rezzani, “Endothelium and Its Alterations in Cardiovascular
Diseases: Life Style Intervention,” BioMed Research
International, vol. 2014, pp. 1-28, 2014,

doi: 10.1155/2014/801896.

R. Spoladore et al., “Cardiac fibrosis: emerging agents in
preclinical and clinical development,” Expert Opinion on
Investigational Drugs, vol. 30, no. 2, pp. 153-166, Feb. 2021,
doi: 10.1080/13543784.2021.1868432.

X. Chen, M. Huang, Y. Chen, H. Xu, and M. Wau,
“Mineralocorticoid receptor antagonists and heart failure with
preserved ejection fraction: current understanding and future
prospects,” Heart Fail Rev, vol. 30, no. 1, pp. 191-208, Oct.
2024, doi: 10.1007/s10741-024-10455-1.

M. Banerjee, I. Maisnam, R. Pal, and S. Mukhopadhyay,
“Mineralocorticoid receptor antagonists with sodium—glucose
co-transporter-2 inhibitors in heart failure: a meta-analysis,”
European Heart Journal, vol. 44, no. 37, pp. 3686-3696,
2023.

D. Tousoulis et al., “Endothelial dysfunction in conduit
arteries and in microcirculation. Novel therapeutic approaches,”
Pharmacology & therapeutics, vol. 144, no. 3, pp. 253-267,
2014.

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

[31]

(32]

[33]

[34]

[35]

[36]

405

S. Maréchaux et al., “Vascular and microvascular endothelial
function in heart failure with preserved ejection fraction,”
Journal of cardiac failure, vol. 22, no. 1, pp. 3-11, 2016.

C. De Ciuceis et al., “Effect of antihypertensive treatment on
microvascular structure, central blood pressure and oxidative
stress in patients with mild essential hypertension,” Journal of
Hypertension, vol. 32, no. 3, pp. 565-574, 2014.

S. Masi et al., “Assessment and pathophysiology of microvascular
disease: recent progress and clinical implications,” European
heart journal, vol. 42, no. 26, pp. 2590-2604, 2021.

M. A. Marinescu, A. . Loffler, M. Ouellette, L. Smith,

C. M. Kramer, and J. M. Bourque, “Coronary Microvascular

Dysfunction, Microvascular Angina, and Treatment Strategies,”
JACC: Cardiovascular Imaging, vol. 8, no. 2, pp. 210-220,

Feb. 2015, doi: 10.1016/j.jcmg.2014.12.008.

C. N. Bairey Merz, C. J. Pepine, H. Shimokawa, and C. Berry,
“Treatment of coronary microvascular dysfunction,”
Cardiovascular research, vol. 116, no. 4, pp. 856-870, 2020.

O. Villemain et al., “Non-invasive imaging techniques to
assess myocardial perfusion,” Expert Review of Medical
Devices, vol. 17, no. 11, pp. 1133-1144, Nov. 2020,

doi: 10.1080/17434440.2020.1834844.

R. A. P. Takx et al., “Diagnostic Accuracy of Stress Myocardial
Perfusion Imaging Compared to Invasive Coronary Angiography
With Fractional Flow Reserve Meta-Analysis,” Circ:
Cardiovascular Imaging, vol. 8, no. 1, p. e002666, Jan. 2015,
doi: 10.1161/CIRCIMAGING.114.002666.

M. P. Theodorakopoulou, D. R. Bakaloudi, K. Dipla, A.
Zafeiridis, and A. K. Boutou, “Vascular endothelial damage
in COPD: current functional assessment methods and future
perspectives,” Expert Review of Respiratory Medicine, vol.
15, no. 9, pp. 1121-1133, Sep. 2021,

doi: 10.1080/17476348.2021.1919089.

A. Dara, A. Arvanitaki, M. Theodorakopoulou, C.
Athanasiou, E. Pagkopoulou, and A. Boutou, “Non-invasive
assessment of endothelial dysfunction in pulmonary arterial
hypertension,” Mediterranean Journal of Rheumatology, vol.
32, no. 1, pp. 6-14, 2021.

D. Tousoulis et al., “Endothelial dysfunction in conduit

arteries and in microcirculation. Novel therapeutic approaches,”
Pharmacology & therapeutics, vol. 144, no. 3, pp. 253-267,

2014.

W. B. Horton and E. J. Barrett, “Microvascular dysfunction in
diabetes mellitus and cardiometabolic disease,” Endocrine
reviews, vol. 42, no. 1, pp. 29-55, 2021.

U. Aksu, B. Yavuz-Aksu, and N. Goswami, “Microcirculation:
Current Perspective in Diagnostics, Imaging, and Clinical
Applications,” Journal of Clinical Medicine, vol. 13, no. 22, p.
6762, 2024.

F. Vancheri, G. Longo, S. Vancheri, and M. Henein, “Coronary
microvascular dysfunction,” Journal of Clinical Medicine,
vol. 9, no. 9, p. 2880, 2020.

P. G. Camici, C. Tschdpe, M. F. Di Carli, O. Rimoldi, and S.
Van Linthout, “Coronary microvascular dysfunction in
hypertrophy and heart failure,” Cardiovascular research, vol.
116, no. 4, pp. 806-816, 2020.

J. R. Santos-Parker, T. R. Strahler, C. J. Bassett, N. Z.



406

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Copyright © 2025 The Author(s). Published by Scientific & Academic Publishing

Nizamova N. G. and Agababyan I. R.:

Bispham, M. B. Chonchol, and D. R. Seals, “Curcumin
supplementation improves vascular endothelial function in
healthy middle-aged and older adults by increasing nitric
oxide bioavailability and reducing oxidative stress,” Aging
(albany NY), vol. 9, no. 1, p. 187, 2017.

J. Chen et al., “Nitric oxide bioavailability dysfunction
involves in atherosclerosis,” Biomedicine & Pharmacotherapy,
vol. 97, pp. 423-428, 2018.

H. Zeng and J.-X. Chen, “Microvascular rarefaction and heart
failure with preserved ejection fraction,” Frontiers in
cardiovascular medicine, vol. 6, p. 15, 2019.

D. Manning, E. J. Rivera, and L. F. Santana, “The life cycle
of a capillary: Mechanisms of angiogenesis and rarefaction
in microvascular physiology and pathologies,” Vascular
Pharmacology, p. 107393, 2024.

X. Zhou et al., “Precision test for precision medicine:
opportunities, challenges and perspectives regarding pre-eclampsia
as an intervention window for future cardiovascular disease,”
American Journal of Translational Research, vol. 8, no. 5, p.
1920, 2016.

Y. Alexander et al., “Endothelial function in cardiovascular
precision medicine: a position paper on behalf of the
European Society of Cardiology,” Cardiovascular research,
vol. 117, no. 1, pp. 29-42, 2021.

G. M. Rosano, C. Vitale, and I. Spoletini, “Precision cardiology:
phenotype-targeted therapies for HFmrEF and HFpEF,”
International Journal of Heart Failure, vol. 6, no. 2, p. 47, 2024.

A. Palazzuoli and M. Beltrami, “Are HFpEF and HFmrEF so
different? the need to understand distinct phenotypes,” Frontiers
in Cardiovascular Medicine, vol. 8, p. 676658, 2021.

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

Microcirculatory Dynamics in Different Phenotypes of Chronic Heart Failure

C. Franssen et al., “Myocardial Microvascular Inflammatory
Endothelial Activation in Heart Failure With Preserved
Ejection Fraction,” JACC: Heart Failure, vol. 4, no. 4, pp.
312-324, Apr. 2016, doi: 10.1016/j.jchf.2015.10.007.

L. Cuijpers et al., “Microvascular and lymphatic dysfunction
in HFpEF and its associated comorbidities,” Basic Res
Cardiol, vol. 115, no. 4, p. 39, Jul. 2020,

doi: 10.1007/s00395-020-0798-y.

C. E. Hamo et al., “Heart failure with preserved ejection
fraction,” Nature reviews Disease primers, vol. 10, no. 1, p.
55, 2024.

V. T. Mitic et al.,, “Cardiac remodeling biomarkers as
potential circulating markers of left ventricular hypertrophy
in heart failure with preserved ejection fraction,” The Tohoku
Journal of Experimental Medicine, vol. 250, no. 4, pp. 233—
242, 2020.

J. Hartupee and D. L. Mann, “Neurohormonal activation in
heart failure with reduced ejection fraction,” Nature Reviews
Cardiology, vol. 14, no. 1, pp. 30-38, 2017.

M. S. Maurer, D. L. King, L. E.-K. Rumbarger, M. Packer,
and D. Burkhoff, “Left heart failure with a normal ejection
fraction: identification of different pathophysiologic mechanisms,”
Journal of cardiac failure, vol. 11, no. 3, pp. 177-187, 2005.

A. Singh et al., “Heart failure and microvascular dysfunction:
an in-depth review of mechanisms, diagnostic strategies, and
innovative therapies,” Annals of Medicine and Surgery, pp.
10-1097.

D. D’Amario et al., “Microvascular dysfunction in heart
failure with preserved ejection fraction,” Frontiers in
physiology, vol. 10, p. 1347, 2019.

This work is licensed under the Creative Commons Attribution International License (CC BY). http://creativecommons.org/licenses/by/4.0/



